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Abstract 

Type 2 diabetes or adult onset diabetes, has been a global epidemic for the past 

two decades, and the number of new cases accelerates every year. Insulin 

resistance is one of the major factors behind this, wherein the insulin receptor, 

which signals to regulate glucose levels, based on the hormone insulin, loses its 

sensitivity. Obesity is one other major concern which is caused due to the 

improper balance between the caloric intake and the energy utilized.  Gastric 

bypass surgeries (GBP) are performed to avert obesity. However, a beneficial 

side-effect is that the state of insulin resistance is reset to near baseline levels 

within a few days after the procedure. The reason behind this remains 

unexplained, with possible humoral effects, hypothesized to occur after the 

bariatric procedure.  

In this work, high-five insect cell line was utilized to recombinantly produce full 

length insulin receptors (IR). However commercially sourced IR ectodomains 

(eIR – soluble version of the full length IR with the completely extracellular α 

subunits along with extracellular and transmembrane regions of the β subunit), 

were used to study the interaction. 

Measuring the kinetics of IR-insulin interactions is critical to improving our 

understanding of this disease. In this study, a multiplex surface plasmon 

resonance (SPR) assay was developed for studying the interaction between 

insulin and the eIR. A scaffold approach was used in which anti-insulin receptor 

monoclonal antibody 83–7 (Abcam, Cambridge, UK) was first immobilized on 

the SPR sensorchip by amine coupling, followed by eIR capture. The multiplex 

SPR system (ProteOn XPR36
TM

, Bio-Rad Laboratories, Hercules, CA) enabled 

measurement of replicate interactions with a single, parallel set of analyte 

injections, whereas repeated regeneration of the scaffold between measurements 

caused variable loss of antibody activity. The main approach was to replicate the 

physiological IR-insulin interaction using this assay. It was also observed that 

insulin at higher concentrations tend to form dimers and hexamers in solution. 
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This was tested using size exclusion chromatography analysis and proved to be 

true. Therefore an alternative analyte with the similar binding properties and 

affinity of insulin and at the same time with reduced self- association 

characteristics was explored. Lispro, the analogue of insulin with reduced self-

association properties (generated by swapping of residue 28 and 29 with Lys 

and Pro respectively) was finally used to study the interaction with eIR.  

Interactions between recombinant human insulin with eIR-A (A isoform of the 

insulin receptor ectodomain) followed a two-site binding pattern (consistent 

with the literature), with a high-affinity site (dissociation constant KD1 =38.1 ± 

0.9 nM) and a low-affinity site (KD2 =166.3 ± 7.3 nM). The predominantly 

monomeric insulin analogue Lispro had corresponding dissociation constants 

KD1 =73.2 ± 1.8 nM and KD2 =148.9 ± 6.1 nM, but the fit to kinetic data was 

improved when conformational change factor was included in which the high-

affinity site was converted to the low-affinity site. Kinetics of interaction of 

insulin with eIR-A and eIR-B isoforms were then compared. eIR-A bound 

insulin with apparently higher affinity (with both the binding sites) when 

compared with eIR-B. This was again consistent with literature that IR-A had 

two-fold higher affinity for binding insulin than IR-B. 

The assay was further extended to study the effect of external factors such as 

glucose, visfatin on this interaction. Glucose (the main biomolecule which is 

regulated by the IR-insulin interaction) was tested, if it had any direct effect on 

the interaction. It was observed that glucose did not have any effect on eIR-

insulin interactions. Visfatin, an adipocytokine which has been highly debated 

in literature for its insulin mimetic effects and IR binding properties, was then 

tested. The standard assay did not provide much insights as the reference 

channel immobilized with 83-7 monoclonal antibody to the receptor had much 

affinity for visfatin, leading to non-specific binding and negative responses. 

Therefore, in an alternative methodology was used - visfatin, Lispro and insulin 

were immobilized on separate channels along with bovine serum albumin 

immobilized on reference channel and eIR isoforms used as analyte to study the 

effect of visfatin on IR. This study showed that visfatin, a higher molecular 
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weight protein compared to insulin, bound both the eIR isoforms. This is 

consistent with literature that visfatin binds IR at a site distinct from insulin, but 

the assay described here could not confirm the fact that it mimicked the 

signalling carried out by IR-insulin binding. Further studies are required to 

interpret the kinetics of visfatin-eIR interaction. 

To my knowledge, this is the first SPR assay developed to study eIR-insulin 

interactions in real-time. This could potentially be extended to study the 

interaction of insulin with full length insulin receptors and the effect of humoral 

and other external factors on the interaction, without the need for insulin 

labelling. 
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Preface 
 

I believe that development of rapid, label-free assay to study the IR-insulin 

interactions in real-time would be a valuable contribution to the literature, in 

what may be called a small step, or a big leap in advancing us closer to find a 

permanent cure to diabetes.  
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1. Introduction 

 

 

This thesis describes the development and application of a new assay for following the 

interactions between insulin and its receptor in real time, providing a new tool for 

researchers working on diabetes and related diseases. 

 

Type 2 diabetes mellitus (T2DM) is a metabolic disorder affecting millions of people 

worldwide.  It is estimated that about 552 million people may be affected globally by 

T2DM in the year 2030 (Whiting et al. 2011). At present, about 270,000 people in New 

Zealand are affected by T2DM, with more than 100,000 estimated to be undiagnosed. 

The number of people developing this disorder is increasing exponentially, with studies 

estimating about 406,867 New Zealanders will be affected by the year 2022 

(http://www.diabetes.org.nz/resources/research_and_reports#Research%20&%20Repor

ts, 21 May 2013). 

 

This disorder is characterised by elevated blood sugar levels caused by improper 

functioning of the glucose control machinery in the body. Glucose (sugar) is the basic 

source of energy for cell survival. The proper utilization of the consumed glucose 

depends on the uptake and regulatory mechanisms that control them (Ashcroft and 

Rorsman 2004; Feig and Palda 2002).  

 

Extensive research has been undertaken in the past and continues in the present to 

improve our understanding and find a logical cure to T2DM, but there has been limited 

progress. The main reason behind this lack of progress is the complexity of this 

disorder. Overall glucose regulation occurs as a result of cascaded signalling events and 

the process spans several levels (Saltiel and Kahn 2001). Finding the exact point of 

failure and targeting it with an apt remedial measure will bring us closer to solving this 

problem. 

 

http://www.diabetes.org.nz/resources/research_and_reports%23Research%20&%20Reports
http://www.diabetes.org.nz/resources/research_and_reports%23Research%20&%20Reports
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The techniques described in the past to study insulin-IR interactions were based on 

radiolabelling or plate assays (Cuatrecasas 1971; Kristensen et al. 1998; Whittaker and 

Whittaker 2005). These processes require incubation and protein tags or radio labelling 

(for example with I125) to detect the interaction. The presence of these additional 

variables (labels, tags and incubation parameters) resulted in a range of kinetic 

constants for the same IR-insulin interaction being reported in the literature. These 

variations were attributed mainly to the differences in techniques used. This thesis 

therefore focuses on insulin-receptor (IR) interactions, mainly with insulin and 

describes a rapid, label-free, real-time surface plasmon resonance (SPR) based assay, 

developed to study the interaction of insulin with the ectodomain of the insulin receptor 

(eIR). The assay was developed with a view to devise a standard, straightforward 

method to study the kinetics of eIR-insulin interactions, eliminating the additional 

variables present in earlier techniques. The SPR technique described is a new research 

method that can be developed further to gain a better understanding of the IR - insulin 

interaction, which plays a crucial role in T2DM. 

 

1.1 Background and significance 

To understand type 2 diabetes in greater depth, it is useful first to have a broader view 

of the disorder. This broader view is termed “metabolic syndrome”. Metabolic 

syndrome is a cluster of cardiovascular risk factors (shown in Figure 1-1), which are 

identified as the major causes of mortality in developed nations. Type 2 diabetes, 

hyperlipidemia and hypertension are classified as the major risk factors for metabolic 

syndrome. The presence of one of these factors increases the risk of developing other 

associated factors (Kahn et al. 2005). The International Diabetes Federation defines 

metabolic syndrome as ”a cluster of the most dangerous heart attack risk factors” which 

comprises diabetes, raised fasting plasma glucose, abdominal obesity, high cholesterol 

and high blood pressure. (http://www.idf.org/webdata/docs/IDF_Meta_def_final.pdf, 

21st May 2013). 

http://www.idf.org/webdata/docs/IDF_Meta_def_final.pdf
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Figure 1-1: Factors contributing to metabolic syndrome 

In the United States alone, about 80 million out of 228 million adults were affected by 

metabolic syndrome according to a study conducted in 2007 (Esposito et al. 2012). 

These levels are alarmingly high and it is a major economic burden.  Type 2 diabetes 

and obesity account to majority of the cases contributing towards metabolic syndrome.  

Gastric bypass procedures (GBPs) are increasingly used to combat obesity. An 

interesting observation about GBPs is that they eliminate T2DM in the majority of the 

subjects who undergo this surgical intervention by improving insulin sensitivity to near 

baseline levels, as explained in Section 1.1.1 below (Cummings et al. 2004; Hayes et al. 

2011; Wickremesekera et al. 2005).  

The real-time assay developed in this work is expected to help us gain a better 

understanding of the normal IR-insulin interaction (as it takes place in a healthy 

subject) and could potentially enable us to determine how the interaction takes place in 

a diabetic subject (altered IR-insulin binding). Therefore, it is hoped that this technique 

will enable researchers to understand the receptor-protein interaction between IR and 

insulin in greater depth than currently available techniques. 

 

1.1.1 Obesity and Type 2 Diabetes 

The World Health Organization (WHO) defines obesity as “abnormal or excessive fat 

accumulation that may impair health”. Obesity occurs due to improper balance between 

the energy uptake and energy utilized 

(http://www.who.int/mediacentre/factsheets/fs311/en/, 21 May 2013). 

http://www.who.int/mediacentre/factsheets/fs311/en/
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There are two types of diabetes, namely type 1 and type 2. Type 1 diabetes is called 

“Insulin-Dependent Diabetes Mellitus”, in which the body does not produce enough 

insulin, whereas, with type 2 or “Non-Insulin-Dependent Diabetes Mellitus”, the body 

neither produces adequate insulin nor properly utilizes it. Type 2 is now the most 

common form of the disease, accounting for 90–95% of diabetes (Dayaratne 2010; Li et 

al. 2004). Insulin resistance and impaired insulin secretion at the β cells of the pancreas 

are the major causes for T2DM. Although there are many factors discussed with regard 

to T2DM, insulin resistance is the most relevant pathophysiological feature of the pre-

diabetes state (Escribano et al. 2009; Kahn 1995).  

 

Studies have shown that obesity and type 2 diabetes are highly inter-linked. Many 

morbidly obese patients who have undergone GBP have been successful in eliminating 

their risk of type 2 diabetes. In a trial of over 2,000 people who had undergone this 

procedure, a two year follow-up showed an 86% success rate and a ten year follow up 

was shown to be 75% successful (Ahmad and Crandall 2010), where “success” was 

defined as the subject maintaining normal levels of insulin sensitivity after GBP 

without the need for other T2DM medications. The mechanism by which this rapid- 

switch in insulin sensitivity (reversion of type 2 diabetic state) takes place, is not clearly 

understood. This study paves way for an attempt towards finding this mechanism. 

1.1.2 Insulin resistance 

Insulin resistance is the common phenomenon underlying metabolic syndrome and is 

associated with a number of diseases, including cardiovascular disease, hypertension, 

cancer, obesity and T2DM. Insulin resistance is the reduced sensitivity in the 

functioning of insulin response mechanisms in the body towards available insulin for 

glucose uptake. Insulin sensitivity reduces normally as a result of aging but appears 

also to be associated with risk factors for diabetes, including obesity. Research into 

insulin resistance has focused on insulin signalling, showing that the primary defect lies 

in the response of target cells to insulin (Kolka et al. 2010). The insulin resistance 

mechanisms have strongly suggested that the defect lies either at the point of IR-insulin 

binding or post-receptor level of insulin signalling (Arai et al. 2009; Draznin 2006). 

Moreover, diabetic patients are shown to express high levels of eIR in plasma, 

compared with healthy control subjects (group 2007). Although the insulin resistant 
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state could arise from either the IR-insulin binding event or post-binding, this thesis 

focuses mainly on studying eIR-insulin binding and its kinetics, with eIR being chosen 

in particular because of difficulties associated with working with full-length IR. 

 

 

1.2 Objectives 

The overall objectives of this project were to develop a rapid, real-time assay to study 

the interaction between the human insulin-receptor ectodomain (A & B isoforms) and 

human insulin using a surface plasmon resonance biosensor and to study the effect of 

external factors on this interaction. To achieve these objectives, the following sub-

objectives were identified. 

 

1)  To tether the eIR on the SPR chip surface using a stable protein tethering 

method, to maintain it in a functionally active state, enabling it to bind insulin 

and to quantify the interaction in real-time. 

  

2)  To develop a high-throughput SPR assay for following the eIR-insulin 

interaction and to use this data to study the kinetics of the interaction.  

 

3)  To study the effect of external factors such as glucose and other gut hormones 

on the eIR-insulin interaction.  

 

4) To produce full-length functional human insulin receptor A and B isoforms, by 

recombinant methods using the Tricoplusnia ni (High-FiveTM) insect cell line. 

 

1.3 Thesis Organization  

A review of literature is presented in Chapter 2. This chapter contains the following five 

sections – (i) treatment strategies for T2DM and obesity (ii) molecular structure of IR, 

insulin and the binding pockets involved in IR-insulin binding (iii) tethering methods to 

bind IR onto solid surfaces (iv) kinetic constants reported in literature for IR – insulin 

binding (v) principles and functioning of the surface plasmon resonance biosensor. 

Chapter 3 describes the materials and methods involved in the study. The four sections 

in this chapter are (i) materials used (ii) techniques involved in recombinant full-length 
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human insulin receptor synthesis using a baculovirus-directed insect cell expression 

system (iii) SPR assays designed to study eIR – insulin interaction and (iv) methods 

used to study the effect of external factors on eIR – insulin interactions. 

 

Results are presented and discussed in Chapter 4. The results obtained from insect cell 

expression of full-length IR isoforms are discussed initially, followed by the size 

exclusion chromatography analysis to study the oligomeric states of the analytes 

(insulin and Lispro, the latter being a modified version of insulin designed to remain in 

monomeric form) used in the study. An SPR sensorchip used for affinity binding of 

recombinantly synthesized carboxyl terminal histidine-tagged eIR and the reasons for 

the failure of this approach are described. A successful assay based on an antibody 

scaffold approach is described thereafter. Kinetic models used to explain the eIR – 

insulin interaction, along with the equilibrium dissociation constants from eIR-A – 

insulin, eIR-B – insulin, eIR-A – Lispro and eIR-B – Lispro interactions are then 

described. Finally, the effects of glucose on eIR – insulin and eIR – visfatin interactions 

are reported. 

 

The conclusions from this thesis and recommendations for further work are presented 

in Chapter 5, followed by references and appendices.  
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2. Review of literature 

 

2.1 Introduction 

This chapter outlines the treatment strategies for type 2 diabetes and obesity currently 

in practice, the structure of insulin and insulin receptor (IR), binding sites and the 

present understanding of the IR – insulin binding, recombinant expression techniques to 

synthesize IR, different approaches to tether IR on a solid surface and finally the 

surface plasmon resonance technique along with the previously reported affinities for 

IR – insulin binding. 

 

2.2 Type 2 diabetes treatment 

There is no straightforward remedy to counter type 2 diabetes mellitus (T2DM). T2DM 

is defined by elevated glycemic levels in the blood mainly due to defects in insulin 

action and also with secretion, which cannot be reset to baseline levels with most of the 

current treatment strategies. These remedies only impact over a short-term interval. To 

achieve normal glycemic levels (long term), a combinatorial approach is used, which is 

a combination of events such as medication, diet and lifestyle changes, to collectively 

stabilize glucose levels over a period of time (Buse et al. 2009).  

Insulin substitution or drugs such as metformin and a combinatorial approach have 

been used for some time now. Lifestyle-directed interventions and the use of 

sulfonylureas are some other approaches used to counter type 2 diabetes (Nathan et al. 

2009). Metformin is a biguanide drug that has been used to improve the sensitivity of 

insulin (improving insulin resistant state, promoting the sensitivity of available insulin, 

to enhance glucose uptake in type 2 diabetes patients) (Kirpichnikov et al. 2002). 

Recent approaches involve drugs and mechanisms targeted to the receptor, such as 

transplantation of the islet cells (which synthesize insulin to regulate blood glucose 

levels) (Revel et al. 2011), proliferation of islet cells using glucagon like peptide -1 

(GLP) and its analogues, continuous subcutaneous insulin infusion CSII (insulin pump 

therapy), IR activators and protein tyrosine phosphatase inhibitors (Jain and Saraf 

2010). 
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2.3 Obesity treatment 

Obesity is another major health concern, where the energy utilized is far less than the 

calories of energy consumed in a person’s diet. This imbalance causes deposition of fat 

in tissues. It is a serious health hazard, ranked 6
th
 among the overall burden of diseases 

worldwide, and is linked to a series of other disorders – type 2 diabetes, high 

cholesterol, elevated blood pressure levels and cancer risk. In fact, diabetes and obesity 

are inter-related in most cases and this has been termed “diabesity” (Golay and Ybarra 

2005; Haslam and James 2005).  

 

Figure 2-1: Classification of underweight, normal, overweight and classes of obesity.  

 

A proportional link between the state of insulin resistance, age with obesity are shown 

in Figure 2-1. Body mass index (BMI) is a ratio calculated by the formula = mass (kg) / 

(height (m))
2
. This can be used to classify a person as normal, overweight or obese. As 

age (shown below) progresses, the BMI of a person increases (shown in the middle 

section, with markings 18, 20, 25, 30, 35 and 40 years). The state of insulin resistance 

increases with increasing obesity (shown in top section of figure).  

In cases of overweight and class-1 obesity where the BMI is less than 35 kg/m
2
, 

exercise and diet control could be an optional remedy, but in the case of morbidly obese 

patients, this may not be effective. Gastric bypass procedures (GBP) are the only hope 

for patients with BMI ≥ 40 kg/m
2
, also called morbid obesity, to lose weight. These 

surgeries, apart from reducing the BMI over a period of time, significantly reduce the 

risk of other co-morbidities, such as cardiovascular disease, hypertension, high 

cholesterol levels, sleep apnoea (Guh et al. 2009). 
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GBP (also referred to as bariatric surgeries, explained in Figure 2-2) are carried out on 

obese patients with BMI ≥ 30.  

 

Figure 2-2: Illustration of the different bariatric procedures (Karra et al. 2010) 

 

Amongst the procedures illustrated in Figure 2-2, Roux-en-Y gastric bypass is the most 

successful procedure with very low rates of relapse or remission of obesity. This 

procedure involves a combination of gastric restriction and mal-absorption. 

2.3.1 Roux-en-Y gastric bypass (RYGBP) 

Roux-en-Y is a bariatric surgery performed by reorganization of the abdominal food 

transport system by creation of gastric pouch bypassing the duodenum and a portion of 

jejunum to anastom (connect) with the distal jejunum as illustrated in Figure 2-3, 

performed to prevent comorbidites caused due to obesity (Schauer et al. 2000). There 

are two similar methods of GBP. They are silastic ring Roux-en-Y gastric bypass 

(SRGBP) and the Fobi pouch, a technique modified from SRGBP. Significant 

improvement in insulin resistance is observed after this procedure, even before there is 
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an obvious weight loss. The mechanism behind this rapid loss/improvement of insulin 

resistance is still unknown but it has been hypothesized that there may be important 

effects (including factors from the circulatory system) brought about through the bypass 

of the stomach, duodenum or proximal jejunum (White et al. 2005; Wickremesekera et 

al. 2005).  

 

Figure 2-3: An illustration of Roux-en-Y gastric bypass procedure (Scott and Batterham 2011) 
 

2.4 Bariatric surgery as a remedy for type 2 diabetes 

Bariatric procedures were originally performed as a solution for morbidly obese 

patients but the reversal of the state of insulin resistance has made it a potential remedy 

for type 2 diabetes. The resolution of type 2 diabetes eliminates the need for all 

diabetes-related medications, along with maintenance of normal blood glucose levels. 

The successful resolution rate for RYGB has been reported to be 84% and it is the most 

successful of the bariatric procedures. The laparoscopic method of the Roux-en-y 

procedure also helps to avoid perioperative complications and reduces the recovery 

time (Karra et al. 2010; Schauer et al. 2000).  

2.4.1 Possible mechanisms behind the success of RYGBP  

A number of factors have been postulated to explain the reversion of insulin sensitivity 

in diabetic subjects undergoing this bariatric surgery for obesity, starting with caloric 

restriction to humoral effects and the effects of gut peptides such as gherlin, PYY, or 

incretins - GLP (glucagon like peptide) and GIP (gastric inhibitory peptide) 
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(Wickremesekera et al. 2005). GLP and GIP affect meal-related insulin secretion. The 

levels of glucose, incretins and other hormones pre- and post-operation are expressed in 

Table 2-1.  

 

Table 2-1 Blood glucose and hormone levels prior – to and post RYGBP – 

from (Rubino et al. 2004) 

 

Because the Roux-en-Y gastric bypass is a gastric restriction procedure, subjects tend to 

reduce their intake of calorie-dense foods post-operation, which is another reason for 

the high success rate of this procedure (Cummings et al. 2004). This shows that satiety 

is attained immediately after consuming food and studies show increased levels of 

incretins after RYGBP, with improved incretin-related insulin secretion, a month after 

performing RYGBP (Laferrère et al. 2007). 

2.4.2 Possible causes for reversion of insulin sensitivity 

Presence / absence of a protein or another molecule – “factor X” – could be responsible 

for the reversion of insulin sensitivity between the pre-operative and post-operative 

conditions. The following proteins have been identified in literature as playing a crucial 

role in glucose metabolism – calnexin, calreticulin, visfatin, fetuin, castanospermine, 

and the gut hormones GLP and GIP were identified in the literature. The way(s) in 

which GBP affects/alters these factors is yet to be studied. 

Homodimerization of IR is a crucial process before the receptor is transported to the 

cell surface, which is its active functioning site. Calnexin and calreticulin, the 

homologous chaperones associate with newly synthesized IR to form disulphide 

bridges. Castanospermine, on the other hand, abolishes the binding of IR to these and 
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promotes misfolded IR and reduced cell surface expression of the receptors by 30% 

(Bass et al. 1998). The absence or abundant presence of the factors mentioned above 

could affect the folding, conformational freedom of IR, hence altering its insulin 

binding affinity. 

Visfatin, also called the Pre B cell colony enhancing factor (PBEF) is a 52 kDa 

adipocytokine that binds to the IR at a site different from that of insulin and mimics the 

insulin action. One interesting fact about visfatin is its increased expression in plasma 

during obesity (Adeghate 2008) which suggests that it may perform an insulin-mimetic 

function, by binding IR, as hypothesized in obese subjects 

Fetuin, also called the α-HS glycoprotein, is a ~55 kDa serum protein that is 

synthesized by hepatocytes. It binds at the Fn-III site, present in the extracellular region 

of the IR and is reported to repress receptor tyrosine kinase activity, which is crucial in 

the signaling and glucose uptake process. Circulating AHSG levels are higher in 

patients with insulin resistance and diabetes (Goustin and Abou-Samra 2011). 

2.5 Molecular level IR-insulin interaction 

Deducing the structure of insulin was one of the initial triumphs of protein 

crystallography, but it was not an easy task to unravel the functions and molecular 

structure of IR, the counterpart to which insulin binds to initiate a series of signalling 

cascades. Insulin is a peptide hormone, synthesized by the β cells of the pancreas. This 

regulates glucose homeostasis by stimulating the uptake of excess glucose into insulin-

sensitive fat and muscle cells.  When blood glucose levels become elevated after a 

meal, insulin is secreted and opens up the GLUT (Glucose transporter) channels, which 

enables the cells to take up the glucose from blood by facilitated diffusion (Pessin and 

Bell 1992). GLUT4 is one specific type of glucose transporter stimulated by insulin 

(Khan and Pessin 2002). Insulin has both metabolic and somatic functions. 

 

2.5.1 Structure of insulin 

Insulin is a peptide hormone with two peptide chains. The A chain made of 21 amino 

acids and the B chain with 30 amino acids.  

 

These chains are linked covalently by two inter-chain disulfide bonds and one intra-

chain disulfide bond (linking Cys6 and Cys11) in the A chain. Cys7 (of the A chain) is 

linked to Cys7 (of the B chain) and Cys20 (of the A chain) is linked to Cys19 (of the B 

chain), as shown in Figure 2-4. The molecular structure is represented in Figure 2-5. 
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 Alpha amino groups   Epsilon amino group 

 

Figure 2-4: Structure of insulin (disulfide bonds are indicated). 
 

  

Figure 2-5: Molecular structure of Insulin (PDB id: 1T1Q) with the A and B chains, shown as 

ribbons with three disulfide bridges represented by a ball and stick model. Model generated 

using Accelrys Discovery Studio 2.5 software. 

 

Insulin is normally stored in the pancreas as a hexamer that is stabilized by Zn
2+

, but 

binds to insulin as a Zn
2+

-free monomer (Nakagawa et al. 2000). The molecular weight 

of insulin is 5808 Da (Neue et al. 2010). Insulin has two sites involved in binding the 

IR. The insulin residues responsible for dimerization and hexamerization (insulin 

oligomerization) respectively, form the two sites that bind the receptor (Menting et al. 

2013). Therefore, completely monomeric insulin will differ from its oligomers in 

binding IR, with the former exhibiting a complete binding event. In this complete 

binding process, both insulin and IR undergo a conformational change (Menting et al. 

2013) that leads to the initiation of signalling cascade for glucose uptake. 
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2.5.2 Insulin receptor 

The insulin receptor is a membrane protein that belongs to a class of trans-membrane 

Receptor Tyrosine Kinases (RTK) (Soll and Beck-Sickinger 2001). It is a hetero-

tetrameric integral membrane protein (Figure 2-6), made up of two  and two  

subunits. The mature  and  subunits appear to be derived from a single precursor 

polypeptide chain by proteolytic cleavage(s).  

The  subunits bind insulin, whereas the C terminal region of the  subunits, have the 

tyrosine-kinase catalytic region, which mediates tyrosine phosphorylation (Czech 

1985). Each IR has two binding sites for insulin; one binds the receptor with high-

affinity, whereas the second binds the IR with lower affinity. At higher concentrations 

of insulin, the number of insulin bound sites on the receptor increases, but average 

affinity diminishes. This phenomenon is referred to as “negative cooperativity” (Shanik 

et al. 2008). 

 

Figure 2-6: Schematic view of the structure of insulin receptor showing the two α and two β 

chains. The positioning of 22 exons that code the receptor are shown in the left and the domains 

are shown in the right side. Disulphide bridges are indicated by black lines. Image adapted from 

(De Meyts and Whittaker 2002) 

2.5.2.1 The two isoforms of insulin receptor 

The human IR has two isoforms derived from alternative splicing of exon 11 (Figure 

2-6) of the insulin receptor (INSR) gene. The type B isoform (containing exon 11, or 

exon 11+) binds insulin with two-fold lower affinity than the type A isoform (lacking 
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exon 11, or exon 11- ) (Huang et al. 1994). Cloning of the IR cDNA has earlier revealed 

the presence of two different forms of IR differing by the 12 amino acids near the C-

terminal end of α-subunit of the receptor (Mosthaf et al. 1990). The A isoform is 

expressed ubiquitously, and is the only isoform in lymphocytes, brain, and spleen and 

the B isoform is expressed predominantly in liver, muscle, adipocytes and kidney. (de 

Groot et al. 2007; Goldstein and Dudley 1990; Moller et al. 1989; Mosthaf et al. 1990; 

Seino and Bell 1989). The B isoform (with metabolic significance) is predominantly 

expressed in liver, which is responsible for 60% of the insulin turnover that is secreted 

into the portal venous system (Wilcox 2005). 

 

2.5.2.2 Structure of insulin receptor: 

The IR is a hetero-tetrameric structure consisting of two α and two β subunits. The IR 

precursor is made up of a signal sequence, 27 amino acids in length, followed by an 

alpha subunit and a beta subunit. The signal sequence contains the information 

regarding the localisation of the receptor and is cleaved in the final stage of protein 

formation (Ullrich et al. 1985). The α subunit of the IR has a molecular weight of 135 

kDa and the β subunit is 95 kDa (Ebina et al. 1985). A fully functional IR is made up of 

two α and two β units linked together. The α and β units are linked by a strong class II 

disulfide bond, which can be denatured only under extreme conditions. On the other 

hand, the two alpha subunits are interlinked by weak class I disulfide bonds (Wu and 

Guidotti 2004) at Cys 524 and a triple bond at Cys 682, Cys 683 and Cys 685 

(Macaulay et al. 1994) (De Meyts and Whittaker 2002). The α and β subunits are linked 

at Cys 647 from Fn III 2 of α subunit, with Cys 872 from FnIII 3 of β subunit.  
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Figure 2-7: Dimeric structure of insulin receptor ectodomain from monomeric structures (one 

Cα stick and other as surface representation) from PDB id: 2DTG. Model generated using 

Accelrys Discovery Studio 2.5 software. 

  
 

The α subunit is totally extracellular and is made of two leucine rich regions, - L1 and 

L2, separated by a cysteine-rich region C1 in-between them. It also has three 

fibronectin type III regions - Fn-III 1, Fn-III 2 and Fn-III 3. The β subunit is made up of 

extracellular, trans-membrane and cytoplasmic domains. This subunit has the tyrosine 

phosphorylation site and activates a series of signalling cascades upon binding of 

insulin to the α subunit. 

The receptors are synthesised as single chain prepro-receptors from a ~1370 amino acid 

sequence (Flores-Riveros et al. 1989; Ullrich et al. 1985). The prepro-receptors are 

proteolytically cleaved at the RKRR site to form the α and β subunits that are 

glycosylated, folded, linked by disulfide bonds and dimerized to yield the mature α2β2 

receptor (De Meyts 2004). The ectodomain of the insulin receptor (eIR) (Figure 2-7) 

consists of the alpha subunits and the trans-membrane region of the beta subunits.  

2.5.2.3 Binding Sites of Insulin receptor 

There are two sites of interaction of insulin with IR. The receptor tyrosine kinases 

(RTK) usually occur as monomers and they dimerize / oligomerize only in the presence 

of ligand (Li et al. 2006). The steric hindrance between the extracellular domains of the 

Epidermal Growth Factor (EGF), a RTK is eliminated and a trans-membrane 

dimerization is achieved through the conformational changes created by the ligand 
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(Tanner and Kyte 1999). Although IR comes under the family of RTK, it differs in that 

it is a dimer in its native state. (De Meyts 2008). 

The eIR binds insulin with higher affinity when fused with a leucine zipper region, 

while the ectodomain region shows poor affinity for insulin (Hoyne et al. 2000). Lou et 

al. (2006) confirmed that the IR485 comprising the first three domains – L1, CR and L2 

(1-469 residues) along with next 16 residues from Fn III 1 region – does not bind 

insulin, as reported by Schaefer et al. (1990) and Molina et al. (2000). It is clear from 

Kristensen et al.’s work (2002), which involves either 468 or 308 residues from the N 

terminal region of the α subunit, along with a synthetic peptide corresponding to the CT 

(also called α-CT) peptide (peptides from the C terminal end of α subunit) that the 

initial 255 residues (from L1,CR regions) and CT peptide were enough to replicate 

insulin binding site and play a crucial role in insulin binding. From these results, it 

could be speculated that the L1, CR and CT regions form the insulin binding pocket. 

The high-affinity insulin binding site consists of site 1 from one of the monomers 

interacting with site 2 from the other (as shown in Figure 2.9), which is explained by 

the folded-over conformation of IR (Ward et al. 2008). The low-affinity binding site 

involves the central portions of the L1 and CR domains, along with the CT peptide 

(region at the end of the alpha chain) (McKern et al. 2006). 

From the thermal factor sharpening and improvements done with the available 3.8 Ǻ 

data from the ectodomain (top view shown in Figure 2-8) of IR (PDB: 2DTG), the sites 

of interaction of insulin with IR residues A2, A3, A8, A13, A19, A21 from A chain and 

residues B12, B16, B17, B24, B25 and B26 from the B chain are stated by Smith et al. 

(2010). 

The recent results reported by Menting et al. (2013) from crystal structures of 

recombinant IR (fragments) bound with insulin revealed the residues involved in 

binding and emphasize the importance of the α-CT peptide.  It was stated that the 

insulin residues - Gly
A1

, Ile
A2

, Val
A3

, Tyr
A19

, Gly
B8

 and Leu
B11

 are involved in binding 

with the IR residues His 710 and Phe 714 of the α-CT segment.  

Further, that paper states that direct contact of the L1 region of IR occurs only with the 

B-chain residues of insulin. It was also reported that direct interaction of insulin with 

the L1 domain are sparse; instead insulin was found to bind the α-CT segment. This 

binding was reported to create a conformational change in insulin, forcing the B-chain 

C terminal β strand of insulin away from its core, possibly leading to binding the L1 

residues of IR.  
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Figure 2-8: Structure of insulin receptor (top view of the representation in 2-7), site 1 formed by 

L1, CR, L2 domains of one monomer (shown as ribbon) and Fn-III 1, Fn-III 2 and Fn-III 3 of 

the other monomer (shown as surface) and the site 2 by the remaining domains of the two 

monomers. Model generated using Accelrys Discovery Studio 2.5 software. 
 

2.5.2.4 Negative cooperativity of the insulin receptor 

The insulin receptors exhibit a phenomenon called negative cooperativity. Scatchard 

plots (Scatchard 1949) that are curvilinear and concave indicate the presence of two 

binding sites in the receptor (Hao et al. 2006). The truncated, soluble eIR binds insulin 

with lower affinities and also exhibits a linear Scatchard plot, when compared with 

wild-type IR, which shows a curvilinear Scatchard plot, representing negative 

cooperativity. This does not signify what goes on in a wild-type receptor, because the 

ligand-induced transitions to the receptor remains unresolved (Hoyne et al. 2000). 

The following section outlines the several research work performed earlier on IR – 

insulin binding kinetics and the kinetic constants reported. 

 

 

2.6 Kinetics of insulin receptor – insulin interactions 

A wide variety of kinetic constants has been reported in literature for IR – insulin 

binding, ever since the discovery of insulin. The IR binding is complex and cannot be 

explained by a simple bi-molecular interaction model (I + R = IR) I – Insulin, R – 
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Receptor, IR –Insulin Receptor complex. Wanant and Quon (2000), developed a model 

for IR binding kinetics which takes into account the divalent nature and the aggregation 

of IR. 

Negative cooperativity (a phenomenon shown by reduced affinity for insulin, as more 

sites of IR get bound with insulin) is expressed at higher insulin concentrations and 

positive cooperativity might be expressed at lower concentrations of insulin (Surinya et 

al. 2002). In simple terms, the binding of first insulin to the IR, diminishes the affinity 

of the secondly bound insulin. As a result of this, two classes of binding sites are 

present (high-affinity low-capacity and low-affinity high capacity) (Cuatrecasas 1972). 

This phenomenon has been reported in intact cell membranes such as adipocytes. 

Negative cooperativity is exhibited in both cell free systems and intact cells, where the 

presence of more insulin molecules leads to reduced affinity for insulin by the receptor. 

This indicates that this is an intrinsic property of the receptor, irrespective of the 

environment. 

2.6.1 Reported equilibrium dissociation kinetic constants 

Initial studies of insulin binding were carried out on tissues and cell membranes to 

study the binding of insulin.    
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 Table 2-2: Reported values of equilibrium dissociation kinetic constants (K D) for insulin, insulin receptor interaction. 

Constants KD1 and KD2 were reported in the cases where high- and low- affinities were reported.  

Insulin receptors from different studies were obtained from several sources, recombinantly synthesized differently. IRWT - Insulin receptor wild 

type, ED – ectodomain of the insulin receptor, MIDI IR – (Insulin receptor  subunit without the exon 9), mIR – mini insulin receptor, *hIR-ED 

Zip – human insulin receptor ectodomain attached to a leucine zipper from S. cerevisiae, IR-A and IR-B refers to the short (ex 11-) and long 

(ex11+)  isoforms of IR respectively, **IR468.CT – first 3 domains of IR (residues 1–468) fused to a 16-amino acid peptide from the C terminus 

of the  subunit (residues 704–719) followed by the FLAG epitope (DYKDDDDK). 

Year Title 

Source of 

insulin 

receptor 

used 

Source of 

insulin used 

Key 

experimental 

method / 

Possible 

variable 

involved 

Temp

eratu

re 

condi

tions 

Method / 

Kinetic model 
KD 

kD1 (high 

affinity site) 

kD2 (low affinity 

site) 

1971 

Insulin-receptor 

interactions in liver 

cell membranes 

(Cuatrecasas 1971) 

Liver 

membrane 

(from 

Sprague-

Dawley rats) 

Radiolabelled 

[
125

I] insulin 

Incubation / 

radiolabel 

and other 

proteins in 

membrane 

 

Displacement 

analysis and 

equilibrium 

studies 

70 pM 
  

1971 

Insulin-Receptor 

Interactions in 

Adipose Tissue 

Cells: Direct 

Measurement and 

Properties 

(Cuatrecasas et al. 

1971) 

Fat cells 

Radiolabelled 

[
124

I] insulin 

from porcine 

Incubation / 

radiolabel 

and other 

proteins in 

membrane 

24°C 

Equilibrium 

binding 

analysis  

50 pM 
  

1972 
Properties of the 

Insulin Receptor 

Liver and fat 

cell 

Radiolabelled 

[
125

I] insulin 

Incubation / 

radiolabel 
24°C 

Equilibrium 

binding 

20 pM 

(calculated)   
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Isolated from Liver 

and Fat Cell 

Membranes 

(Cuatrecasas 1972) 

membrane 

(from 

Sprague-

Dawley rats) 

from porcine and other 

proteins in 

membrane 

analysis 

1978 

Insulin receptors in 

isolated rat 

hepatocytes. 

Reassessment of 

binding properties 

and observations of 

the inactivation of 

insulin at 37 degrees 

C (Gammeltoft et al. 

1978) 

Hepatocytes 

from female 

Wistar rats 

Radiolabelled 

[
125

I] insulin  

Incubation / 

radiolabel 
37°C 

Ratio of bound 

and bound to 

free insulin 

analysis 

(equilibrium 

analysis) 

520 (pM) 

Steady-state = 

400 +/- 60 pM 
  

1978 

Development of 

hormone receptors 

and hormonal 

responsiveness in 

vitro. Insulin 

receptors and insulin 

sensitivity in the 

preadipocyte and 

adipocyte forms of 

3T3-L1 cells (Rubin 

et al. 1978) 

Preadipocytes 

from 3T3-L1 

cells 

Radiolabelled 

[
125

I] insulin 

Incubation / 

radiolabel 
18°C 

Equilibrium 

binding data 

analysis using 

Scatchard plot 

Pre-adipocyte 

affinity - 0.8 nM 

Adipocyte 

affinity - 

4 nM 

  

1987 

Insulin receptors and 

insulin action in 

dissociated brain 

cells (Masters et al. 

1987) 

Brain cell 

suspension 

(from 

Sprague-

Dawley rats) 

Human 

proinsulin 

and B26-

1abelled 

[
125

I] porcine 

insulin 

Incubation / 

radiolabel 
24°C 

Equilibrium 

binding 

analysis 
 

0.03 nM (high 

affinity) 

6.6 nM (low 

affinity) 

1990 

Kinetics of insulin 

binding and kinase 

activity of the 

Solubilized 

IR from 

wheat germ 

Tyr-A14 

labelled 

[
125

I] insulin 

Incubation / 

radiolabel 
37°C 

Equilibrium 

binding data 

analysis using 

30 +/- 3 pM 
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partially purified 

insulin receptor 

from human skeletal 

muscle 

(Bak et al. 1990) 

eluate of 

muscle 

biopsy  

Scatchard plot 

1993 

Ligand-binding 

properties of the two 

isoforms of the 

human insulin 

receptor 

(Yamaguchi et al. 

1993) 

Stable CHO 

cell 

transfectants 

overexpressin

g IR 

(CHO-

Ex11+) and 

(CHO-Ex11-) 

Tyr-A14 

labelled 

[
125

I] insulin 

and 

unlabelled 

insulin 

competition 

binding 

experiment / 

radiolabel 

15°C 

Single site with 

no interactions 

model 

(assumed) and 

tested in Mlab 

software 

IR-A (0.91 +/- 

0.3 nM) IR-B 

(1.56 +/- 0.5 nM 

) 

  

1998 

Expression and 

characterization of a 

70-kda fragment of 

the insulin receptor 

that binds 

insulin: minimizing 

ligand binding 

domain of the 

insulin receptor 

(Kristensen et al. 

1998) 

IRwt and 

receptor 

deletion 

constructs 

(IRΔ599, 

IRΔ649, 

IRΔ703)   

Tyr-A14 

labelled 

[
125

I] insulin 

and 

unlabelled 

insulin 

competition 

binding 

experiment / 

radiolabel  

25°C 

IRwt - two-site 

binding model 

IRΔ599,  

IRΔ649, 

IRΔ703 – one 

site model 

insulin binding 

assay = 2 -3 nM                                                 

PEG assay (Full-

length ED) - 

single site model 

= 5 +/- 0.2 nM 

IRWT - High 
affinity site = pM 

range 

IRWT -Low 
affinity site = 3.1 

+/- 0.9 nM 

2000 

High affinity insulin 

binding by soluble 

insulin receptor 

extracellular domain 

fused to a leucine 

zipper 

(Hoyne et al. 2000) 

Purified 

recombinant 

hIR-ED and 

hIR-ED Zip* 

Tyr-A14 

labelled 

[
125

I] insulin 

and 

unlabelled 

insulin 

competition 

binding 

experiment / 

radiolabel 

 

Scatchard 

analysis  - 

LIGAND 

program 

KD = 11 nM (for 

non-zippered 

hIRed) 

hiREd Zip = 82 

pM IRWT = 57 

pM 

hiREd Zip = 16 

nM IRWT  = 6.3 

nM 
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2000 

Ligand-induced 

conformational 

change in the 

minimized insulin 

receptor 

(Schlein et al. 2000) 

Purified 

version of 

recombinant 

minimized 

insulin 

receptor 

fragment 

IRΔ703 

B29NBD -

labelled 

human 

insulin with 

NBD 

fluorophore 

(retaining 

50% 

biological 

activity) 

Fluorescence 

detection 

assay / 

fluorophore 

25°C 

Displacement 

assay – one-site 

binding model 

native insulin = 

(18 +/- 4 nM) 

B28ND insulin = 

(11 +/- 6 nM) 

Equilibrium 
titration – 23 

nM 

  

2002 

Functional 

Reconstitution of 

Insulin Receptor 

Binding Site from 

Non-binding 

Receptor Fragments 

(Kristensen et al. 

2002) 

Purified 

recombinant 

IR468.CT ** 

FLAG-tagged 

Minireceptors 

Tyr-A14 

labelled 

[
125

I] insulin 

and 

unlabelled 

insulin 

competition 

binding 

experiment / 

PEG 

precipitation /  

radiolabel 

4°C 

Ternary 

complex 

between 

IR.468CT and 

IR.468 insulin 

IR468.CT 
(mIR) = 11 +/- 1 

nM           IR468 

+ 10 uM CT 
(added)  =  9.3 

+/- 0.6 nM 

  

2002 

Comparison of the 

Functional Insulin 

Binding Epitopes of 

the A and B 

Isoforms of the 

Insulin Receptor 

(Whittaker et al. 

2002) 

Recombinant 

B isoform of 

a C-terminal 

FLAG-tagged 

secreted 

extracellular 

domain of the 

insulin 

receptor 

HPLC 

purified Tyr-

A14 labelled 

[
125

I] insulin 

and 

unlabelled 

insulin 

competitive 

receptor 

binding 

(modification 

of the 

microtiter 

plate 

antibody 

capture 

assay) / 

radiolabel 

25°C 
One-site 

binding model 

IR-A (2.1 +/- 0.2 

nM)     IR-B (1.8 

+/- 0.2 nM) 
  

2005 

Characterization of 

the functional 

insulin binding 

epitopes of the full-

length insulin 

Recombinant 

secreted full 

length version 

of insulin 

receptor 

HPLC 

purified Tyr-

A14 labelled 

[
125

I] insulin 

and 

competitive 

receptor 

binding 

(modification 

of the 

 

Two-site 

sequential 

models 

similar 

conditions = 2.1 

nM 

30 +/- 1 pM 0.4 +/- 0.1 nM 
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receptor 

(Whittaker and 

Whittaker 2005) 

extracellular 

domain 

unlabelled 

insulin 

microtiter 

plate 

antibody 

capture 

assay) / 

radiolabel 

2009 

Harmonic oscillator 

model of the insulin 

and IGF1 receptors' 

allosteric binding 

and activation 

(Kiselyov et al. 

2009) 

IM9 and 293 

EBN cells 

expressing IR 

Labelled and 

unlabelled 

insulin 

radiolabel in 

analysis 
15°C 

Harmonic 

oscillator 

modelling 

(simplified to 5 

parameters) 

0.19 +/- 0.005 

nM 
6.41 +/- 0.78 nM 399 +/- 0.76 nM 

2011 

Insight into the 

molecular basis for 

the kinetic 

differences between 

the two insulin 

receptor isoforms 

(Knudsen et al. 

2011) 

CHO cells 

overexpressin

g human IR-

A, IR-B 

[
125

I] insulin 

and 

unlabelled 

insulin 

Applying  

mathematical 

model  

proposed 

to the data 

obtained 

from 

homologous 

competition 

assay and 

dose response 

assay / 

radiolabel in 

analysis 

15°C 

Harmonic 

oscillator 

modelling 

(simplified to 5 

parameters) 

 

Two-site model 

fitting (cross-

linked)       [high 

affinity site]     
Kd =d1/a1 x 

d2/Kcr               

IR-A = 236 +/- 

86 pM    IR-B = 

349 +/- 128 pM  

[IR-A 1.5 times 

higher affinity 

compared to IR-

B] 

Two-site model 

fitting (non-cross 

linked site 1) 

[low affinity 
site]        Kd = 

d1/a1 or d2/a2   

IR-A =1.75 +/- 

5.86 nM    IR-B 

= 2.62 +/- 8.80 

nM 
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Interaction of insulin in liver and adipose tissues done in early 1970s, reported 

equilibrium dissociation constants (KD) of 70 pM and 50 pM, respectively (Cuatrecasas 

et al. 1971; Cuatrecasas 1971). Further, IR isolated from liver and fat cells exhibited a 

different affinity of 20 pM (Cuatrecasas 1972). The difference in affinity was attributed 

to the fact that the receptors buried in the membrane bilayer are exposed during the 

extraction process. Rubin et al., (1978) observed significant differences in insulin 

binding to pre-adipocytes and adipocytes. Wang et al. (1988) reported that negative 

cooperativity of the insulin receptor is closely dependent on the four residues Asn
A21

, 

Gly
B23

, Phe
B24

, Phe
B25 

and Tyr
B26

 (more specifically with residue Gly
B23

) residues of 

insulin. When these residues were altered, the negative cooperativity phenomenon was 

either altered significantly or abolished completely (Gammeltoft 1984).  

Gavin et al. (1973) have reported pH 7.8 to be optimal for the binding of radiolabelled 

[
125

I] insulin with lymphocytes. In another set of kinetic studies reported by  Wang et al. 

(1988), the insulin binding properties exhibited by purified insulin receptors were the 

same in interaction studies from whole cells and membrane preparations. Unlabelled 

insulin accelerated the dissociation of 
125

I labelled insulin after 1:50 dilution. The effect 

of pH on dissociation was also found to be similar in purified receptor. pH 8.0 was 

reported to have the maximal dissociation (with presence/absence of unlabelled insulin) 

and reduced dissociation was observed with lower or higher pH. It was also reported 

that intact dimeric receptors are crucial in exhibiting the phenomenon of negative 

cooperativity, which is otherwise not observed in the case of isolated monomeric units 

of insulin receptor.  

Paul et al. (1990) reported that human insulin holoreceptor (HIR) (consisting of 1 α and 

1 β subunit of IR) and secretory version of the insulin receptor (HIRsec) with the α 

subunit and the extracellular region of the β subunit were expressed using the 

baculovirus expression system.  Complex kinetics were reported with kinetic constants 

KD1 in the range of 0.5 to 1 nM and KD2 at 100 nM. The infected cells were reported to 

contain 1 x 10
6
 receptors/cell; 1-2 mg HIR/10

9
cells. The purified version of rHIRsec 

was reported to bind insulin with higher affinity with KD at 1 nM. 

Table 2-2 contains a detailed set of previously reported kinetic rate constants of insulin, 

receptor interactions. Initial studies (Cuatrecasas 1971; Cuatrecasas 1972; Desbuquois 

and Cuatrecasas 1973; Gammeltoft et al. 1978) till the 1980s agreed to a bimolecular 

reaction with a single KD value ranging at pM levels for the insulin – IR interaction, but 

later studies (Bak et al. 1990; Hoyne et al. 2000; Kiselyov et al. 2009; Knudsen et al. 
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2011; Kristensen et al. 1998; Kristensen et al. 2002; Mosthaf et al. 1990; Rubin et al. 

1978; Yamaguchi et al. 1993) using recombinant wild-type IR and various other altered 

forms showed a wide range of constants, representing single-site and two-site models 

and equilibrium dissociation constants ranging from pM to nM affinities.   A series of 

different versions of insulin receptors were recombinantly synthesized - IRWT- Insulin 

receptor wild type, ED – ectodomain of the insulin receptor, MIDI IR – (Insulin 

receptor  subunit without the exon 9), mIR – mini insulin receptor, hIR-ED Zip – 

human insulin receptor ectodomain attached to a leucine zipper from S. cerevisiae and 

their affinities to insulin were studied. Hoyne et al. (2000) reported that hIR ED zip 

exhibited an affinity close to native insulin receptor. 

Table 2-3 : Kinetic constants reported for insulin binding IR isoforms using harmonic oscillator 

model by (Knudsen et al. 2011). S.D. – standard deviations, kcr – cross linking constant ka1, ka2 – 

association constants, kd1, kd2 – dissociation constants 

Parameter IR-A (± S.D.) IR-B (± S.D.) Significance 
IR-A/IR-B 

(± S.D.) 

     
kcr (s

−1
 ) 0.79 ± 0.23 0.70 ± 0.23 0.22 1.13 ± 0.50 

ka1 (M
-1

 s
-1

) (306 ± 23) x 10
3
 (135 ± 21) x 10

3
 3.94 2.27 ± 0.39 

kd1 (s
-1

) 0.0057 ± 0.0006 0.0036 ± 0.0008 1.48 1.58 ± 0.39 

ka2 (M
-1

 s
-1

) (25 ± 18) x 10
3
 (33 ± 23) x 10

3
 0.18 0.76 ± 0.76 

kd2 (s
-1

) 0.015 ± 0.006 0.012 ± 0.005 0.58 1.25 ± 0.72 

 

Table 2-3 compares the binding of insulin with IR isoforms using a harmonic oscillator 

model that uses the constants ka1, ka2 for association, kd1, kd2 for dissociation and kcr as 

the constant for crosslinking of two IR chains. This study confirms the fact that the A 

isoform has higher affinity (1.5 to 2 fold) than the B isoform of the receptor. There has 

been consensus with the fact that the A isoform has higher affinity in binding insulin 

compared to the B isoform of IR.  

 

The difference in affinity between the two isoforms for binding insulin can be 

confirmed using the SPR assay developed in this thesis. 

 

It is very clear that a range of kinetic constants have been reported for IR – insulin 

binding, using varying versions of recombinant IR synthesized by different groups. Not 

many of them are in consensus, the reason for which has been attributed to differences 

in techniques and starting materials (Knudsen et al. 2011).  
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There are two main limitations driving these inconsistencies. One, the lack of a better 

molecular level understanding of the insulin receptor and two, the variables in the 

techniques employed to study IR – insulin binding kinetics. Taking a closer look at the 

former, we do not have a better view of the crystal of insulin receptor, due to the 

following reasons. A) IR is not completely soluble B) It exhibits multiple orientations 

(due to its function as receptor) C) It cannot be crystallised for X-ray diffraction 

studies. Only the ectodomain region of IR has been crystallised and X-ray diffraction 

yielded lower resolution structures (Ex: Protein data bank ID: 2DTG. 3LOH - 

http://www.pdb.org/). Now observing the latter, the techniques employed to study the 

IR – insulin kinetics were not in consensus due to the following reasons. A) Different 

starting material (varying regions of IR) used B) Use of labels such as [
125

I] to interpret 

the binding C) Other variable parameters such as incubation involved in the studies. 

 However, the more recent literature with improved understanding of the molecular 

level functioning, supports the evidence of two-binding sites with distinguished 

affinities (Kiselyov et al. 2009; Knudsen et al. 2011; Menting et al. 2013; Whittaker and 

Whittaker 2005).  This definitely adds to our understanding of the IR – insulin 

interaction, which has been investigated for over 30 years, that “a molecular- 

handshake”, as termed by Menting et al. (2013), takes place between insulin and IR and 

both the interaction partners undergo a conformational change to initiate the post-

interaction signalling functions for glucose uptake. This is acceptable due to the fact 

eIR – insulin bound complexes have been crystallographed for the first time, which 

shows the “primary” (classical) binding site of insulin on IR.  

 

Earlier studies focussed on alanine scanning mutagenesis where crucial amino acids 

involved in interaction with insulin are mutated to alanine, which affects the binding. 

These set of mutants point mutated (particular amino acid mutated) with alanine are 

allowed to interact with insulin and the failure to establish binding proved the 

importance of that particular amino acid. These studies focussed on certain insulin 

binding pockets only and not the IR as a whole (Whittaker et al. 2002).  

 

Although our molecular level understanding of insulin receptor has improved in the 

past few years, our ability to study the eIR – insulin interactions still relies on the use of 

radioactive labels, fluorescence tags and plate based incubation assays. These are 

extrapolated to create a dose response curve from which the results of the interaction 
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are interpreted. Therefore, the study explained in this thesis was geared towards 

developing a surface plasmon resonance assay to study this crucial receptor protein 

interaction, which could potentially be standardized for studying eIR – insulin 

interactions without the use of labels, tags or incubation. Moreover, this method does 

not rely on any external tags or radioactive labels for detection and therefore provides 

consistent results without many variations between repeats. The cost involved in 

performing this SPR assay is high, which would be the only current limitation. 

However, this assay has a great potential to become a day to day assay method for 

studying IR-insulin interactions. One potential application would be to study the 

interaction of insulin with IR extracts from healthy and diabetic subjects, hence 

providing further insights into the differences in kinetics between IR-insulin 

interactions in these subjects. 

 

As described earlier regarding solid surface protein tethering methods to bind IR or 

insulin, the SPR technique requires one of the binding partners to be immobilized on 

the SPR chip surface. The other interaction partner is then passed across the bound 

protein in solution state to study the protein-protein interaction. The following section 

describes the SPR technique. 

 

2.7 Recombinant insulin receptor synthesis 

Insulin receptor is a eukaryotic membrane protein, which requires a complex system for 

recombinant production, because it involves a series of post-translational modifications 

to render a fully functional receptor. Human embryonic kideney 293 (HEK 293) or 

Chinese hamster ovary (CHO) cell lines are typically used in the synthesis of 

recombinant human insulin receptor (Kellerer et al. 1998; Perfetti et al. 1997) 

Escherechia coli and other prokaryotic organisms cannot be used to express the full-

length IR, because they do not have the post translational machinery for transforming it 

into the functional form. Baculovirus-directed insect cell expression systems are cheap, 

simple, robust alternatives that have the potential to express mammalian proteins that 

undergo the process of glycosylation, disulphide linkage and other modifications. 

2.7.1 Molecular Cloning  

The human insulin receptor gene is very large (4000+ base pairs). The two isoforms 

(short “A” and long “B” isoform – IR-A and IR-B respectively) are generated by 
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alternative splicing of exon 11. The IR-A is coded by 4113 bp and the IR-B 4149 bp, 

differing by the presence of 36 base pairs, leading to a 12 amino acid difference 

between these (Mosthaf et al. 1991).  

The commonly used molecular cloning techniques and the one used in this study is 

explained further in Appendix A. 

2.7.2 Baculovirus directed insect cell expression system 

Eukaryotic protein expression systems can be broadly classified into three – yeast, 

insect cells (baculovirus directed expression) and mammalian cells. Insect cells have 

been reported to be better host cells for expression of human proteins compared to 

bacteria and yeast. Insect cells are relatively cheap to maintain compared with 

mammalian cells (the most complex of the eukaryotic protein expression systems) and 

are capable of producing accurately translated and correctly processed heterologous 

proteins (McCarroll and King 1997).  The most commonly used lepidopteran insect 

cells are isolates from Spodoptera frugiperda (Sf-9 and Sf-21) and Trichoplusia ni (Tn-

5). (Schneider and Seifert 2010).  

 

Many types of viruses can infect insect cells. However, Autographa californica 

multiple nuclear polyhedrosis virus (AcMNPV) and Bombyx mori (silkworm) nuclear 

polyhedrosis virus (BmNPV) are the most commonly used baculoviruses for foreign 

gene expression. These baculoviruses are pathogenic for invertebrates and are 

characterized by a circular double-stranded DNA genome and a rod-shaped enveloped 

virion. The expression of foreign genes by infecting insect cells with the baculoviruses 

is popularly called the baculovirus expression vector system (BEVS).  

The virus enters the insect cells by a process called endocytosis and sheds its genetic 

material in the host cell nucleus for replication and viral assembly. Two types of viral 

progeny are generated  

a) Budded virus (BV)  

b) Polyhedra - derived virus (PDV) or occluded virus.   

The BV is responsible (both in-vivo and in-vitro) for the spread of infection through 

cell-to-cell transmission of the virus (Blissard and Rohrmann 1990). The PDVs are 

produced in the later stages of the infection (~ 24 hours post infection) and are covered 

by polyhedral protein, which protects the virus particles from proteolytic inactivation. 
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AcMNPV is the extensively used baculovirus for recombinant protein expression by 

infecting commercial insect cell lines (Somasundaram 2013).  

Genetically modified baculoviruses (Autographa californica) encoding the gene of 

interest (GOI) is used to infect the insect cells (Aricescu et al. 2006). In nature the 

baculovirus expresses very high levels of polyhedrin proteins. The infection with wild-

type baculoviruses results in the high-level expression of polyhedrin, which is a viral 

protein. The polyhedrin gene is not crucial in the production of functional baculoviruses 

(Choi et al. 2000) hence it can be replaced by the gene of interest, to express the desired 

protein. The polyhedrin promoter is used for the expression of recombinant proteins.  

p10 is another promoter that is also present in the baculovirus expression system 

(Schneider and Seifert 2010). In certain cases, to co-express two proteins, both 

polyhedrin and p10 promoters are utilized. Paul et al. (1990) have used the baculovirus 

based insect cell expression system for the synthesis of IR. 

 

2.7.3 Insect cell lines 

Sf9 and Sf21 are cell lines traditionally used for baculovirus directed insect cell 

epression. These are derived from pupal ovarian tissue of the fall army worm 

(Spodoptera frugiperda). High-Five cells on the other hand are from cabbage looper 

(Trichoplusina ni), which are excellent alternatives to Sf9 and Sf21, offering superior 

secretion and enhanced post translational modifications to the expressed recombinant 

proteins (Hunt 2005).  Table 2-4 describes the cell morphology of three widely used 

cell lines.  

Insect cell lines are cultured either as suspension cultures in shake flasks, or monolayer 

cultures in T-flasks at 28 ºC. The present day commercially-available serum-free media 

(SFM), such as Sf-900 II SFM and Express-five
TM

 SFM have several advantages over 

serum supplemented media. Unlike the serum-supplemented media, which possess 

nutritional deficiencies, SFM contains amino acids, carbohydrates, vitamins and lipids 

required for cell growth.  
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Table 2-4 Insect cell lines commonly used in BEVS applications.  

Insect 

Species 

Cell 

Line 
Cell morphology Texture 

Surface 

adherence 

Spodoptera 

frugiperda 

Sf9 

 

Spherical (regular in 

size) 
granular 

firm 

attachment 

Spodoptera 

frugiperda 

Sf-21 

 

Spherical (regular in 

size) 
granular 

firm 

attachment 

Trichoplusia 

ni 

High-

Five™ 

Spherical (oval) — 

(different sizes) 
- 

loose 

attachment 

 

SFM also makes protein purification much easier because of the absence of serum. 

Some proteins and constituents present in serum can introduce difficulties in 

purification, which are easily avoided by the use of SFM  (Carlini et al. 2007; Pham et 

al. 2003). Continuous supply of essential nutrients results in faster cell doubling time 

and promotes high cell densities. This becomes a very crucial factor during 

recombinant protein production, resulting in higher protein yields. 

2.7.4 Baculovirus expression technologies 

To produce a recombinant virus, first the GOI is cloned into a transfer vector. Selecting 

a suitable transfer vector depends on the type of technology used for generating 

recombinant viruses.  

Bac-to-Bac®: This method, works on the principle of site-specific transposition. The 

GOI is cloned into a donor plasmid (eg: pFastBac
TM

) that possess a mini-Tn7 gene. 

This recombinant plasmid is then transformed into DH10Bac
TM

 bacterial competent 

cells. The competent cells contain a baculovirus shuttle vector called the bacmid. The 

bacmid contains a lacZα gene, kanamycin resistance gene and a short segment called 

the bacterial transposon Tn7 (mini-attTn7), which helps in site-specific transposition. 

The bacteria also contain a helper plasmid that encodes for transposase (gene that 

supports the site-specific transposition). Successful transposition results in recombinant 

bacmids. Recombination results in the disruption of the lacZα gene. Recombinant 

colonies are identified by blue and white colonies (presence or absence of the LacZ 
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gene, respectively) as a selection method. DNA from selected E. coli clones containing 

the recombinant bacmid are extracted and used to transfect insect cells (Figure 2-9) 

(Invitrogen manual).  

BaculoDirect
TM

: The in-vitro approach for the production of recombinant baculovirus 

vectors, by Franke and colleagues at Life Technologies led to commercialization of this 

system by Harwood and colleagues at Invitrogen (Jarvis 2009). This is a rapid, easy to 

use system where the GOI is cloned into an entry clone containing attL sites. Using a 

LR clonase
TM

 enzyme, which mediates the site specific recombination reaction, the 

GOI is then transferred from the entry clone into the BaculoDirect™ Linear DNA 

(destination vector) containing attR sites. The resulting recombinant baculovirus can be 

used to infect insect cells for protein expression (Figure 2-10) (Invitrogen manual).  

flashBAC
TM

: Developed by Oxford expression Technologies Ltd, Oxford, UK, this 

technology is the latest method. The baculovirus transfer vectors in this case contain the 

polyhedrin promoter followed by restriction enzyme recognition sites for cloning the 

GOI. After the GOI is cloned into the transfer vector, the gene is flanked by viral-

specific sequences at the 5 ′ and 3 ′ ends. The flashBAC
TM

 DNA contains a modified 

baculovirus (AcMNPV) genome that has the polyhedrin gene replaced by bacterial 

artificial chromosome (BAC) and lacks an open reading frame (ORF) 1629 (preventing 

viral replication within insect cells), hence it prevents virus replication within insect 

cells. When the insect cells are co-infected with the transfer vector containing the GOI 

and flashBAC
TM

 DNA, homologous recombination takes place. This restores the 

function of the essential gene required for viral DNA replication and simultaneously 

inserts the GOI under the control of the polyhedrin gene promoter, replacing the BAC 

sequence (Figure 2-11) (Oxford expression Technologies manual). In this case, the 

survival of the non-recombinant virus is not possible, apparently reducing the time and 

effort needed for screening recombinant viruses. 

 

One of the technologies mentioned above can be adopted for creating recombinant 

baculoviruses to synthesize full-length IR.  
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Figure 2-9: Schematic representation of Bac-to-Bac protein expression system. A) The gene of interest (GOI) is cloned into a donor plasmid containing a 

promoter and mini-Tn7 gene. B) The recombinant donor plasmid is transformed into DH10Bac
TM

 bacterial competent cells for the recombinant bacmid 

formation. C) Recombinant bacmid extracted D) and used to transfect insect cells.   E) P1 virus stock is generated. F) Higher volume of insect cells were 

generated by further infection with P1 stock to generate P2 stock which were further used for large scale protein expression. 
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Figure 2-10: Schematic representation of stages of protein expression using BaculoDirect™ system. A) Recombinant baculovirus is generated using an LR 

reaction between the entry clone carrying the gene of interest (GOI) and BaculoDirect™ Linear DNA. B) P1 virus stock is generated by transfecting the insect 

cells with the recombinant baculovirus and subsequent selection using ganciclovir. C) P1 stock is used to amplify and scale up virus. Higher volume of insect 

cells were generated by further infection with P1 stock to generate P2 stock, which were further used for large-scale protein expression.  



2-29 

 

 

Figure 2-11: Schematic diagram showing various stages of protein expression using of flashBAC
TM

 system from Oxford expression technologies. A) 

Homologous recombination inside the insect cells resulting in the formation of recombinant virus. B) Recombinant baculovirus P1 stock. C) P2 recombinant 

virus virus stock (50 ml) scaled up from P1 stock. This stock is then used for large scale protein expression. 
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The full-length IR synthesized from this baculovirus directed insect cell expression in 

insect cells, were intended for use in the SPR studies explained further below. However, 

due to some problems faced during the expression of full-length insulin receptors, as 

explained in Chapter 4 Section 4.4.2, commercially purchased recombinant insulin 

receptor ectodomains were used in SPR studies. 

Once the IR and insulin are synthesized recombinantly, focus shifts towards tethering 

one of these interaction partners to the sensor chip surface to study the interaction. 

Several tethering methods (chemistries) are available. These methods have their own 

advantages and disadvantages such as specificity, strength of binding and inertness. 

Additional care should be taken to ensure that the immobilization process does not limit 

the interaction freedom of both insulin and IR. The following section is about the 

different surface tethering chemistries than could be used to bind IR or insulin to chip 

surface. 

 

2.8 Surface plasmon resonance (SPR) 

Surface plasmon resonance is an optical biosensor technique that is widely used to 

study interactions between two binding molecules (proteins, DNA, drug molecules). 

One of the binding partners (the ligand) is bound (immobilized) to the chip surface and 

the other interaction partner (the analyte) in solution is allowed to flow across the 

immobilized ligand.  Their interaction generates a sensogram (Figure 2-12) that can be 

used to infer the nature of the binding mechanisms and binding affinity. Extensive 

reviews of SPR work published from the past have been reported annually by Rich and 

Myszka (2005; 2008; 2011). 
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Figure 2-12: A typical response (sensogram) from surface plasmon resonance biosensor. The 

resulting change is observed in response units (RU) versus time (s). Initial buffer injection gives 

a “baseline” response, followed by association of insulin with insulin receptor (association 

phase), followed by release of the bound insulin (dissociation phase). The flat region in the 

association phase where association equals dissociation is “equilibrium” phase.  

 

2.8.1 Working principle of SPR 

Surface plasmons can be defined as the collective oscillation of free 

electrons at the interface between metallic-dielectric surfaces. These plasmons cause 

intense scattering of emitted light at their resonant frequency (Hia and Nasir 2011). 

Optical radiation from an incident monochromatic light source generates surface 

plasmon waves on the metal surface (Figure 2-13). Gold or silver are usually used to 

coat a SPR chip surface. There are two important detection methods by which the 

changes due to surface binding events are followed – angular modulation and 

wavelength modulation. Light intensity and phase changes can also be used to monitor 

the binding process.  

In angular modulation (Figure 2-13), a part of the energy from incident monochromatic 

light on the metal is converted into an electron wave that travels along the gold surface 

(the surface plasmon wave or SPW) and the change in angle is measured by a drop in 

the reflected light intensity at a particular position. A local refractive index change (at a 

particular point on the gold coated surface) occurs, due to the refractive index 
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difference between the glass and aqueous side of the gold layer when a molecule 

(protein) is bound on the aqueous side, which causes a change in the angle of light 

energy coupled with the SPW. The change in angle of lowest reflected light intensity is 

proportional to the amount of molecule bound on the surface. 

Unlike the angular modulation, the angle of incidence remains constant in wavelength 

modulation, whereas different wavelengths of light are used to excite the SPW.  The 

wavelength of light with the strongest coupling to SPW is detected and this varies with 

the refractive index changes, which, in-turn, is proportional to the amount of molecule 

bound to the surface (Fee 2013; Homola et al. 1999). 

The ProteOn
TM

 XPR36 protein interaction system (Bio-Rad Laboratories, Hercules, 

CA, USA) used in this study works on the principle of angular modulation. 

 

Figure 2-13: Configuration of a surface plasmon resonance apparatus 

2.8.2 BIO-RAD
TM 

ProteOn 360 SPR biosensor 

Preliminary versions of biosensors used sequential analysis of analytes to study the 

interaction and to interpret the kinetic data, but recently developed approaches enable 

simultaneous injection of samples over several channels, enhancing the process of 

studying the protein interactions by multiplexing, hence increasing throughput. The 

Bio-Rad ProteOn
TM

 XPR 36 protein interaction array system (Bio-Rad Laboratories, 

Hercules, CA, USA) employs a novel high throughput “one-shot kinetics” approach 

which utilizes six ligand and six analyte channels (Figure 2-14) to generate kinetic data 

out of the 36 interactions that can take place at one time (Bravman et al. 2008). 
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Figure 2-14: View of a Bio-Rad GLM SPR chip surface (cartridge removed from chip enclosure) 

The vertical strips represent the 6 ligand channels and the horizontal strips (dull appearance) 

represent 6 analyte channels. 

2.8.3 Steps involved in SPR 

There are three important steps (ligand immobilization, analyte interaction, surface 

regeneration) in an SPR experiment apart from the conditioning steps performed 

initially to ensure a clean chip surface and equilibration using running buffer. The 

conditioning steps usually involve mild detergent (a low % tween solution) followed by 

a base (NaOH) and acid (HCl) wash. Ligand immobilization is done using amine 

coupling, thiol coupling, biotin or Hisx based binding on the respective chip used, after 

conditioning steps. The analyte (interaction partner) is then passed across as analyte 

over the immobilized ligand and the interaction responses are studied. To remove the 

analyte after the interaction to perform further analysis, a regeneration procedure is 

followed. A strong acid (which preferably does not negatively affect (damage) the 

ligand) is injected for short intervals to perform regeneration. The analyte interaction 

process may then be repeated to validate/obtain further interaction data (Fee 2013; Rich 

and Myszka 2011). 

2.8.4 Analyzing kinetics on a SPR biosensor 

To derive the kinetics of an interaction, the biosensor data is prepared for kinetic 

analysis by zeroing the time and response before the first injection. Refractive index 

changes and nonspecific binding in the binding responses generated were corrected by 

subtraction from the responses from the interaction in the reference channel (Joss et al. 

1998). In the SPR sensograms, Rmax is the maximum response beyond which the ligand 



2-34 

 

is unable to bind any further, whereas Req is the response in the association phase where 

the rate of association equals the rate of dissociation. 

A simple bimolecular interaction with the analyte A and the ligand B is represented by 

Equation 1.  

 

      ka 

A  +  B AB         (1) 

      kd 

 

The association rate of the product [AB] is 

d[AB]/dt = ka . [A].[B]        (2) 

 

The dissociation rate of the product [AB] is 

d[AB]/dt = – kd . [AB]        (3) 

 

At equilibrium, the rate of association is equal to the rate of dissociation 

ka . [A].[B] = kd . [AB]          (4) 

 

The equilibrium dissociation constant KD can be represented by the following equation 

KD (kd / ka) = 
[A].[B]

[AB]
         (5) 

 

 

ka (kon) is the association constant with units (M
-1

 s
-1

) and kd (koff) the dissociation 

constant with units (s
-1

). The equilibrium dissociation constant KD is represented as the 

ratio of kd/ka with units (M). The kinetics of the interaction will follow the form as 

shown in equation 5. 

 

 
d[AB]

dt
 = ka [A][B] – kd [AB]                  (5) 
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a. Association phase  

The kinetic data obtained from biosensors could be analysed by linear regression or 

non-linear regression analysis. Comparing the sensogram data (obtained from the 

interaction) with the kinetic equation in a simple bimolecular interaction explained in 

equation 1, the SPR signal at particular time (Rt) is given by equation 7. This is the 

 

d[AB]

dt
 = ka [A]t [B]t – kd [AB]t        (6) 

 

In the association phase, the analyte concentration is constant as it is injected at a 

constant flow rate.  

 

[A]t = constant        (7) 

 

The concentration of unoccupied ligand [B] at time t (which is [B]t is the difference 

between the complex at time t (which is [AB]t )from the maximum available sites of 

ligand B (which is [B]max) as shown in equation 8. 

 

[B]t = [B]max – [AB]t       (8) 

 

[AB]t is proportional to Rt. [B]max is proportional to Rmax. 

Therefore, substituting equations 7 and 8, equation 6 becomes 

 

t
a max t d t

dR
=k [A](R R ) k R

dt
       (9) 

 

From equation 9, Rt can be obtained 

 

 a d(k [A]+k )tmax  
t

D

–R [A]
R = × 1 e

K +[A]
–

     (10) 
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b. Dissociation phase 

The complex dissocation rate follows simple exponential decay or first-order kinetics. 

In dissociation phase, the analyte concentration [A] is reduced to zero and is substituted 

back with running buffer. Therefore substituting [A] = 0 in equation 5,  

d[AB]/dt = – kd [AB]         (11) 

dRt/dt = – kd Rt         (12) 

dk t

0

–

tR =R e           (13) 

In equation 13, R0 represents the signal at the beginning of dissociation. 

Equation 10 and 13 govern the association and dissociation rates of the interaction as 

shown in Figure 2-15. 

 

Figure 2-15: The equations that determine the rate of association, dissociation and equilibrium 

dissociation constants 

 

The on rate could be obtained by linearization of the association data. Linearization of 

the dissociation phase could be done by plotting the log of the dissociation signal 

obtained corresponding to the time and the slope would yield the off-rate. nThe major 

disadvantage of this linearization is that it transforms the error-associated along with 

the data. Non-linear least-squares analysis is an excellent alternative to this method 

(Morton et al. 1995).   
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The two commonly used non-linear regression analysis techniques to compute the rate 

constants are Integral rate equation, which was initially proposed by O'Shannessy 

(1994) and numerical integration. 

Clamp is one of the biosensor programs that can perform the curve fit analysis using a 

non-linear regression method, for a given set of sensograms along with the given 

binding model. It uses the numerical integration analysis mentioned earlier. Particularly 

it uses the “semi-implicit extrapolation method” of Bader and Deuflhard that integrates 

differential equations. The association and dissociation phases are fitted simultaneously 

and the rate constants are derived for a series of concentrations. Clamp uses the 

Levenburg–Marquardt nonlinear minimization algorithm to ensure the best fit for the 

sensograms using the given model. There are different models that are commonly used 

for this. Some of them are – a) Simple bimolecular interaction model (A + B ↔ AB), b) 

Mass transport limited model (A0 ↔ A, A+B ↔ AB), c) Conformational change model 

(A + B ↔ AB, AB ↔ (AB)*) and d) Surface heterogeneity model (A + B ↔ AB, A + 

B* ↔ AB*) where A is the analyte and B, B* are available ligands, immobilized on the 

chip surface (Myszka and Morton 1998).  

Multiple repeats (triplicate or more) of interaction data from each analyte concentration 

are used simultaneously to improve the robustness of the curve fitting process. While 

fitting the parameters, there are two different options available – “local fit” and “global 

fit”. The “local fitting” involves one particular concentration of analyte to determine the 

ka and kd values. These can be error prone, since the number of available sites of the 

ligand immobilized on the surface cannot be determined by one particular 

concentration. Therefore, to perform kinetic analysis, the “global fit” is used, where a 

range of analyte concentrations are fitted at the same time to generate a ka and kd. The 

sensograms differ in the response levels based on the concentration of analyte used.  

 

2.8.5 Proposed IR – insulin binding mechanisms / models 

There have been several binding mechanisms proposed in the past for IR – insulin 

binding. Early studies in the 1970s focussed on insulin binding to cell membranes and 

focussed on simple bimolecular interaction from a one-site binding model as described 

in the previous section. In the 1980s the two site binding model was proposed and 

considerable evidence was shown for two-site binding.  The model that is widely 
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accepted currently, evolved from Schäffer (1994) and De Meyts and Whittaker’s (2002) 

hypothesis.  

Schäffer’s model suggested that the insulin initially cross-links the two IR monomers 

by bringing sites 1 and 2’ together, shown in Figure 2-16. 

 

Figure 2-16: The possible sites for insulin to bind on the IR are represented as 1, 2, 1’ and 2’. 

(Sites 1 and 2 are from one monomer and 1’ and 2’ from the other) 
 

This gave rise to the possibility of a second insulin molecule binding to site 2 and a 

third to site 1’. This model, however, did not provide a convincing explanation for the 

negative cooperativity observed in Scatchard plots. This problem was overcome by De 

Meyts and Whittaker (2002), with their alternative theory of high-affinity cross-linking 

between sites 1 and 2’ in one position, causing a conformational change, affecting the 

corresponding sites 1’ and 2, where a second insulin molecule can bind with lower 

affinity. This would then be followed by shuffling of the insulin between the two 

positions. 

The current model for insulin binding is that each chain in the IR dimer contains two 

insulin binding pockets: sites 1 and 2 on one IR chain and sites 1’ and 2’ on the other. 

Binding of insulin to one of the pockets is described as ‘low-affinity binding’, whereas 

the cross-linking of sites 1 and 2’ or 2 and 1’ by one insulin molecule is responsible for 

‘high-affinity binding’ (Lawrence et al. 2007; Ward et al. 2007). Figure 2-17 shows the 

harmonic oscillator model of insulin binding to IR and the simplified model from the 

works of Kiselyov et al. (2009). Figure 2-18 shows the sequence of binding of two 

insulin molecules to the IR heterotetramer (applicable to eIR tetramers as well). The 

insulin binds to the IR’s first binding site, leading to a high-affinity (cross-linking of IR 

monomeric α subunits present in anti-parallel orientation) or low-affinity binding (non-

cross-linked binding of insulin to monomers). The second insulin then binds to the 
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other available site, which would be a low-affinity binding. It is always possible for the 

IR to shuffle between a high-affinity and a low-affinity binding, which could be 

explained by the negative-cooperativity it exhibits (De Meyts 2004; De Meyts 2008). 

The kinetic constants involved in the process are denoted in the figure as association 

constants ka1,ka2 and ka4, and dissociation constants kd1,kd2 and kd4. The constants that 

represent the high-affinity switching to a low-affinity are denoted by kf3 and kf6, 

denoting the forward and kr3 and kr6, representing the backward shuffling. 

 

Figure 2-17: A depiction of insulin binding to IR. A) IR in Inactive state, (B, C) insulin receptor 

intermediates. Insulin is represented as black dots (Kiselyov et al. 2009)  

 

Figure 2-18: The simplified model for insulin binding to the different sites and cross-linking 

of receptor monomers is shown with the respective rate constants (Knudsen et al. 2011) 
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For a more complete review of harmonic oscillator model and the current 

understanding of insulin–insulin receptor interactions, the reader is referred to the work 

of Menting et al. (2013), Kiselyov et al. (2009) and Knudsen et al. (2011). 

Our current understanding of IR – insulin interaction is explained further in Chapter 4 

Section 4.8.5. 

 

 

2.9 Solid surface protein tethering methods 

Proteins are very fragile molecular entities. They are maintained in their active state in-

vivo by the presence of vesicles, proper physiological conditions or callipered on to the 

cell surface in the case of membrane proteins, by a lipid bilayer. To achieve the binding 

of a functionally active protein on a solid matrix, the tethering should be a mimic of the 

native state and should not interfere with the conformational freedom of the bound 

protein. 

2.9.1 Sensor chip chemistry 

Amine coupling is the most common method of tethering proteins on to the sensor chip, 

which involves binding via the primary amines present on the protein. The surface of 

amine coupling chips are made of a carboxy methyl layer that is activated by using 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and N-

hydroxysulfosuccinimide, forming esters which interact with primary amines (Fischer 

2010).  Three different chips with varying densities of carboxy methyl layers (GLC, 

GLM and GLH) are available to perform varied levels of immobilization using amine 

coupling from Bio-Rad for use with the ProteOn XPR36 interaction system. There are 

other approaches to tethering than amine coupling, which involve attachment of 

proteins with biotin or histidine tags. The ProteOn
TM

 NLC chip (from Bio-Rad
TM

) is 

coated with a layer of neutravidin, which binds biotinylated proteins (Swain et al. 

2010), and the ProteOn
TM

 HTG sonsor chip consists of the novel tris-NTA complex for 

capturing His tagged proteins. Apart from these chemistries, lipid capturing surfaces 

and plain gold chips to generate desired binding moieties are currently available (Nico 

2012). 

 

2.10 Tethering insulin receptor to the chip surface 

The following methods could be used for tethering insulin receptor to the chip surface. 



2-41 

 

2.10.1 Antibody based binding of Insulin receptor: 

The antibody based binding has been a common approach to tether proteins onto the 

SPR chip surface. This is a scaffolding approach in which the antibody specific to the 

IR is tethered to the chip surface and IR is immobilized over the antibody. This 

approach enhances the conformational freedom of the immobilized IR. The different 

antibodies that recognize IR and their binding epitopes are represented in Figure 2-19. 

Monoclonal antibodies might favour or prevent the binding of insulin to the IR. The 

epitope for 83-7 Fab binds to IR at CR domain with residues 233-281, without 

inhibiting insulin action, whereas the monoclonal antibody 83-14, which binds to the 

Fn III 1 domain of IR, inhibits binding of insulin (McKern et al. 2006; Roth et al. 1982; 

Soos et al. 1986). Similarly, the antibodies shown in Figure 2-19, have a favouring or 

detrimental effect in binding insulin, when tethering the receptor depending on their 

binding epitope on the receptor. Insulin binds to the IR on first 150 residues of L1 

region and the αCT residues at the C terminal end of α subunit. Therefore, the 83-7 

antibody is one of the best choices for binding IR without affecting its insulin 

interaction potential (Menting et al. 2013). 

 

 

Figure 2-19: Antibody epitope map for insulin receptor (adapted from Gropep –Technical 

bulletin 7 - www.gropep.com.au/index.php/filemanager/download/1061/tb7.pdf, 20 March 

2013) 

2.10.2 Site specific tethering of insulin  

Insulin could be tethered on to the chip with more specificity by site specific tethering, 

by using a site specific tag to bind to the chip surface.  

http://www.gropep.com.au/index.php/filemanager/download/1061/tb7.pdf
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Figure 2-20: Structure of Biotin 
 

 

Figure 2-21: Nature of biotinylation (primary amine group) of Insulin  
 

The process of adding a biotin (Figure 2-20) tag is one of the approaches to site 

specifically bind insulin on the SPR chip. The process of Biotinylation is described in 

Figure 2-21. The avidin-biotin interaction is supposed to be the strongest non-covalent 

interaction known, with a Kd of 10
-15 

M (Gitlin et al. 1987). Therefore, use of site-

specific biotinylated proteins could serve as a method for immobilizing insulin on the 

chip surface, as shown in Figure 2-22. Either glycine (G) or phenylalanine (F) the 

primary alpha amine groups of insulin from both A and B chains (Gao et al. 1995) 

could be biotinylated respectively by amide linkage, under mild conditions in aqueous 

medium, at 4⁰ and neutral pH (Cuatrecasas and Parikh 1972). Biotinylation of insulin 

could lead to two different species of biotinylated insulin – one biotinylated at glycine 

on the A chain and the other at phenylalanine on the B chain.  The site A1 glycine of the 

insulin is considered to play an important role in its binding, structure and function 

(Mayer et al. 2007), whereas the phenylalanine on the B chain is not crucial in binding 

the receptor. Therefore, insulin biotinylated specifically at the B1 phenylalanine can 

then be immobilized on the neutravidin-coated chip surface to study the interaction.  
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Figure 2-22: Schematic view of Insulin biotinylated at alpha amino region tethered to 

neutravidin on the SPR chip surface. (I) Biotinylated at F (phenyl alanine) on the insulin B 

chain. (II) Biotinylated at G (glycine) of the insulin A chain. The sites of interaction of insulin 

with the insulin receptor are marked blue (in the A chain) and red (in the B chain).  

 

 

2.10.3 Direct coupling of insulin receptor with His tag 

Polyhistidine (HisX) tags are the commonly used affinity tags that consist of a series of 

histidine residues at either the N or the C terminal of the protein.  

 

Figure 2-23: Schematic representation of a His tag protein attached to tris-NTA coated Bio-Rad 

His tag sensor chip surface 

 

They are usually used for protein purification by a technique called immobilized metal-

ion affinity chromatography (IMAC) (Nieba et al. 1997). The affinity between Nickel 

and HisX makes it favourable for binding IR to the layer of NTA on the SPR chip 

surface. The Bio-Rad
TM

 HTG sensor chip utilizes the multivalent chelator 

trisnitrilotriacetic acid (Tris-NTA), which can be activated using nickel sulphate. This 
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creates Ni
2+

 ions on the surface, which in turn helps binding of the HisX tagged 

proteins, as shown in Figure 2-23. 

 

The chemistries mentioned can be used to tether the protein (IR or insulin) to the chip 

surface. Once this has been achieved, the other binding counterpart can be prepared in 

solution state, to be passed across the immobilized protein. This “interaction” can be 

interpreted from the resulting sensogram (response vs. time). This data will be used to 

decipher the kinetics of IR – insulin interaction as explained earlier in Section 2.8.4. In 

order to understand the kinetics of IR – insulin interaction from this assay, it would be 

relevant to compare the kinetic constants obtained from other techniques, described 

earlier in the literature.  

 

 

2.11 Summary of literature review 

T2DM is a state where the insulin receptor, which binds circulating insulin in the body 

(to open up the channels for uptake of blood glucose), fails to respond adequately. 

Improving our understanding of how insulin binds to IR would be beneficial in 

focusing on a proper strategy to treat insulin resistance and type 2 diabetes. Although 

insulin was one of the initial proteins to be crystallized, the molecular level 

understanding of how the insulin receptor binds insulin is still not completely clear 

from the past research which spans over three decades. 

Currently used techniques to study insulin – IR binding include alanine scanning 

mutagenesis, photo-crosslinking, synthesis of different regions of IR recombinantly 

(Leucine rich L1, L2, Cysteine rich C1). Most of these techniques focus only the 

binding at specific regions of the receptor and not the receptor as a whole. They fail to 

explain the complete picture of binding. The resolution of the available eIR 

(crystallographic studies) is also relatively low (2 - 3 Å). X ray crystallography of 

insulin bound eIR complexes are the latest presentation revealing more about this 

binding. 

The kinetic constants for IR – insulin interactions reported from earlier studies in 

literature have little or no consensus which are commonly attributed to the deficiencies 

in the experimental approaches to measure kinetics. Therefore, there is a need for a new 

real-time, label-free assay for following IR – insulin interaction kinetics. T2DM is a 
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complex disease, and there is a lack of understanding of the mechanisms behind it. In 

particular, there is no explanation for the reversion of insulin sensitivity to baseline 

levels after GBP procedures or for the effects of various humoral factors. Thus, one 

application of the new assay developed might be to investigate these.  

Different tethering approaches such as antibody based binding, site specific biotin 

tagging of insulin, histidine tag based coupling are available to perform the 

immobilization of the insulin receptor ectodomains (eIR-A and eIR-B – isoforms A & 

B) on the SPR chip surface. Our current understanding of insulin binding eIR takes 

place as a sequential multi-site binding event, unlike a simple bimolecular interaction, 

leading to different affinities (one higher and one lower affinity). In this process, insulin 

binds to one of the IR monomers resulting in a low-affinity binding and then cross-links 

the monomers which generates a high-affinity binding. This study aims at developing a 

standard, straight-forward SPR assay to study eIR – insulin interactions in real-time and 

interpret the kinetics of this interaction. The assay developed could also be used to 

study the effect of external factors on this interaction. 
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3. Materials and Methods 

 

Recombinant insulin receptor synthesis and insulin-receptor, insulin interaction analysis 

are described with the different techniques used. For the interaction analysis of insulin 

with IR, the surface plasmon resonance (SPR) technique was used. The full-length IR 

was recombinantly synthesized by baculovirus-directed insect cell expression using 

High-Five
TM

 insect cell line. Although the full-length IR was synthesized using insect 

cell expression, ectodomain versions (eIR-A and eIR-B) used in the SPR studies were 

commercially purchased. This chapter also describes techniques used to study the 

effects of glucose and visfatin (an adipocytokine discovered during the last decade) on 

the eIR-insulin interaction. 

3.1 Materials  

The materials involved are listed under the technique / protocol used, as sections below. 

Recombinant insulin receptor synthesis 

 

(a) Ampicillin (Gibco, Carlsbad, California, U.S, cat. # 11593027) 

(b) Bio-Rad
TM

 C-1000 thermal cycler (Bio-Rad, Hercules, CA, USA, cat. # 

185-1048) 

(c) Bio-Rad
TM

 iProof
TM

 mastermix (Bio-Rad, cat. # 172-5310) 

(d) Bio-Rad
TM

 sub-cell GT (DNA electrophoresis tank) (Bio-Rad, cat. # 164-

0302) 

(e) cDNA of full-length human insulin receptor A (pFastbac1-P06213-

2_human-INSR short) and B isoform (pcDNA3.1-hIR-B) 

(f) High DNA mass ladder (Invitrogen, Carlsbad, CA, USA, cat. # 10496-016) 

(g) Luria Bertani agar (LB agar) – formulated in laboratory prior to use 

(h) Molecular biology grade agarose (for DNA gel) (Bio-Rad, cat. # 161-

3102EDU) 

(i) Nano-drop ND 1000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA) 

(j) Novagen pBAC™ 2cp E. coli Ek/LIC Vector Kit (EMD Millipore, 

Darmstadt, Germany, cat. # 70021) 
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(k) Primers (forward and reverse) purchased from Invitrogen, Auckland, New 

Zealand 

a. NLIC Forward – 5’ GACGACGACA AGAGCCCATG GGCACCGGCG GCC 3’ 

b. NLIC Reverse – 5’ GAGGAGAAGC CCTCAGGAAG GATTGGACC 3’ 

c. NCO1 hIR-A – 5’ GGCCATGGAT GGGCACCGGG GGCC 3’ 

d. NCO1 hIR-B – 5’ GCCATGGGTT AGGAAGGATT 3’ 

(l) QIAquick gel extraction kit (Qiagen, Venlo, Limburg, Netherlands, cat. # 

28704) 

(m)  Restriction enzymes NCO1 HF, Xho1 and XBA1 (from NEB, Ipswich, 

MA, USA and Invitrogen, Carlsbad, CA, USA) 

Insect cell culture 

(a) 0.1% Trypan Blue (Gibco cat. # 15250-061)  

(b) Hemacytometer (Neubauer cat. # 717805) 

(c) Insect cells (High-Five cells – Tricoplusnia ni,) were gifted by Protein 

Expression Facility, University of Queensland. 

(d) Inverted microscope 

(e) Sf-900II SFM, Serum Free Medium (Gibco cat. # 10902) 

Infection of insect cells 

(a) Antibiotics and antimycotics, 100X (Gibco cat. # 15240-062) 

(b) Cellfectin® Reagent, 1 mg/mL (Invitrogen cat. # 10362-010) 

(c) flashBAC virus DNA (for infection of insect cells) (Oxford Expression 

Technologies, cat. # 100201) 

(d) Grace’s Insect medium, unsupplemented (Gibco cat. # 11595) 

(e) Sterile 24-well Flat bottom plate 

Protein analysis 

(a) ÄKTA explorer 10 chromatography system (GE, Healthcare Life Sciences) 

(b) GE image-quant LAS 500 gel documentation unit (GE, Healthcare Life 

Sciences) 

(c) Nano-drop ND 1000 spectrophotometer (Thermo Fisher Scientific) 

(d) Syngene G-Box EF2 gel documentation system (Syngene) 
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Protein oligomeric state / interaction studies 

(a) Bio-Rad
TM

  ProteOn XPR 36 - surface plasmon resonance (SPR) 

(b) Superdex HR 10/30 (Size Exclusion Chromatography column) 

Proteins  

 Insulin, Recombinant Human was purchased from SAFC Biosciences (Lenexa, 

Kansas, US), cat. # 91077C 

 Lispro insulin was purchased from USP (Rockville, Maryland, US), CAS# 

133107-64-9 

 Recombinant insulin receptor ectodomain - A isoform (eIR-A) was purchased 

from Sino Biological inc., (Beijing, China), cat. # 11086-H08H 

 Recombinant insulin receptor ectodomain - B isoform (eIR-B) was purchased 

from Sino Biological inc., (Beijing, China), cat. # 11081-H08H 

Antibody 

 Mouse monoclonal [83-7] antibody to insulin receptor α subunit was purchased 

from Abcam (Cambridge, UK), (cat. # Ab36550) (Boado and others 2011) 

Factors 

 Glucose (Dextrose) was purchased from Sigma-Aldrich, (St. Louis, MO, US), 

cat. # D9434 

 Visfatin (NAMPT / PBEF Protein (GST Tag) (Cytokine) was purchased from 

Sino Biological inc., (Beijing, China), cat. #  10990-H20B 

Buffers used 

 The following buffers (shown in Table 3-1) were used in the study and were 

filtered using 0.22 µm filters prior to use. 

Table 3-1: List of buffers used 

Buffer Constituents 

Phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4) at pH 7.4 

Phosphate buffered saline tween (PBST) (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4 , 0.005% 

Tween 20) at pH 7.4 

Blocking buffer (Western blot) 5% skimmed milk powder in PBST 
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Lysis buffer (insect cell lysis) (0.15 M NaCl, 0.05 M Tris, pH 8.0, 

Glycerol 10%, Triton X-100 1%) + 

Roche
TM

 protease inhibitor cocktail 

Immobilization buffer (HTG chip – SPR) 10 mM Nickel sulphate in 10mM MES 

buffer (pH 6.0) 

Immobilization buffer (GLM chip – SPR) (10 mM sodium acetate) at pH 5.0 

Blocking/deactivation buffer 

(GLM chip – SPR) 

1 M ethanolamine HCl 

Regeneration buffer (GLM chip – SPR) (10 mM glycine HCl) at pH 2.0 

Stabilization buffer (GLM chip – SPR) (10 mM sodium acetate) at pH 3.0 

 

Media 

1) LB media 

a. Bacto tryptone - 10 g 

b. Bacto yeast  - 5 g 

c. Sodium chloride - 10 g 

All constituents were dissolved in 950 mL water. The volume of the mix was 

adjusted to 1000 mL with water after adjusting the pH of the solution to 7.5 

using sodium hydroxide. The media was further autoclaved at 121°C for 20 

minutes and stored at 4°C until use. 

2) LB agar plate 

a. Bacto tryptone - 10 g 

b. Bacto yeast  - 5 g 

c. Sodium chloride - 10 g 

d. Agar – 15 g 

The constituents were dissolved in 950 mL water and the volume was adjusted 

to 1000 mL with water after adjusting the pH to 7.5 using sodium hydroxide. 

The media was further autoclaved at 121°C for 20 minutes and stored at 4°C 

until use. 

3) SOC media 

a. Bacto tryptone - 2 g 

b. Bacto yeast  - 0.5 g 

c. 5 M NaCl – 0.2 mL 
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d. 1 M KCl  – 0.25 mL 

e. 1 M MgCl2 – 1 mL 

f. 1 M MgSO4 – 1 mL 

g. 1 M glucose – 2 mL 

The contents were dissolved in 90 mL water and adjusted to 100 mL. The media 

was further autoclaved at 121°C for 20 minutes and cooled prior to use. 

3.2 Cloning strategy 

The CDNA clone pcDNA3.1 hIR-B of the full-length human insulin receptor (hIR-B) – 

shown in Figure 3-1 was gifted by Ronald Kahn, Joslin Diabetes Centre (Harvard 

University) and pFastbac1-P06213-2_human-INSR short (hIR-A) – shown in Figure 

3-2 was purchased from Epoch Life Science, Inc., Sugar Land, TX, USA . These were 

used as the template DNA to generate copies of the genes of interest (hIR-B and hIR-A) 

for cloning into pBac vector to carry out recombinant full-length insulin receptor 

synthesis using an insect cell expression technique. pBac-2cp EK/LIC kit from 

Novagen was used to clone the gene of interest into pBac vector. 

 

Figure 3-1: pcDNA3.1-hIR-B construct, used to amplify the long isoform of the human insulin 

receptor (hIR-B), highlighted in orange, using PCR technique  
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Figure 3-2: pFastbac1-hIR-A construct, used to amplify the short isoform of the human insulin 

receptor (hIR-A), highlighted in orange, using PCR technique 

 

Multiple copies of construct DNA (pcDNA 3.1 hIR-B and pFastbac1-P06213-

2_human-INSR short) were synthesized by transformation into competent cells (BL-21, 

DH5α), followed by mini-prepping (DNA extraction in small volumes) to extract the 

plasmid DNA. NLIC-F and NLIC-R primers (shown in Figure 3-3) were used to 

amplify the gene of interest (GOI) - hIR-B from the construct pcDNA3.1-hIR-B used as 

template. However, the hIR-A GOI was restriction digested from the construct 

pFastbac1–hIR-A using the restriction enzymes EcoR1 and Xho1 and cloned into the 

unique restriction sites EcoR1 and Xho1 of the transfer vector pBac-2p, which was also 

digested (by restriction digestion) using the same enzymes to remove the interleaving 

sequence.  

The pBac-2p EK/LIC is a ligation independent cloning kit, which did not require the 

enzymes involved in traditional ligation process, nor the gene to be flanked by non-

native sequences which promote recombination (Aslanidis & de Jong, 1990; Haun et 

al., 1992). The B isoform of hIR was cloned into the pBac vector as per the directions 

provided by the kit manufacturer. The pbac 2cp - EK/LIC vector along with the treated 

hIR-B band was annealed. 10 µL of this mixture was then transformed into 50 µL of 

competent cells.  
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Figure 3-3: NLIC-F and NLIC-R primers used for amplifying the gene of interests (hIR-A and hIR-B) from the constructs pFastbac1–hIR-A and pcDNA3.1-

hIR-B. 2Bac-2p EK/LIC transfer vector, used to clone the inserts are also shown. 
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The transformed mixture was then plated on LB agar plate with ampicillin to select for 

colonies. Random colonies were picked using a sterile prick on the following day and 

resuspended in 20 µL of sterile water. These were used as templates to perform the 

colony PCR. The PCR products were analysed using agarose-gel electrophoresis. The 

clones that had the GOI properly cloned were identified using the gel. An overnight 

culture was grown from the positive colony and mini-prep was made from the 

overnight culture. The positive clones of pBac-2cp-hIR-A and pBac-2cp-hIR-B were 

confirmed using DNA sequence analysis, which were further used for infecting insect 

cells. 

3.2.1 Transformation   

50 μL of XL1-Blue competent cells were thawed and transferred into a transformation 

tube placed on ice. 2 μL of DNA was then added to the tube. The tube was left on ice 

for 30 min, then was kept in a water bath at 42˚C for 45 s and again placed on ice for 2 

min. 950 μL of pre-warmed SOC media was added and incubated at 37˚C, 200 rpm for 

1 h. Agar plates with antibiotic ampicillin were prepared (50 μL of ampicillin (100 

mg/mL)). After 1 h incubation, 100 μL of the sample was plated on one LB agar plate. 

The remaining 900 μL was spun down and 800 μL of the supernatant was discarded. 

The pellet was re-suspended in 100 μL of supernatant, which was platted on to the 

second LB agar plate. The plates were incubated at 37˚C overnight. The following day, 

the plates were removed from the incubator and colonies were found. Three random 

colonies were picked up using a sterile loop and an overnight culture was grown (5mL 

LB medium + 50 μL of ampicillin). The next day, the three overnight cultures were 

mini-prepped. The concentrations of the three samples were measured on the Nanodrop 

spectrophotometer and the samples were sent to Canterbury Sequencing and 

Genotyping at Biological Sciences, University of Canterbury for sequencing.  

3.2.2 DNA Mini-prep   

The S.N.A.P.™ Mini-Prep Kit (Life Technologies cat. # K1900-01) was used for mini-

preping bacterial cells with transformed DNA. The overnight cultures were transferred 

to a 50 mL falcon tube and centrifuged at 1500 × g, 4˚C for 10 min to pellet the cells. 

The supernatant was discarded and the pellets were re-suspended in 150 μL of re-

suspension buffer (from kit) by gently pipetting up and down. 150 μL of lysis buffer 

(from kit) was added and mixed gently by inverting the tube 5-6 times. The tubes were 

incubated for 3 min at room temperature. 150 μL of ice-cold precipitation salt (provided 
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in the kit) was added and mixed well by inverting the tubes 6-8 times. The tubes were 

centrifuged at 14,000 × g for 5 min. S.N.A.P. ™ mini-prep column (A) was placed 

inside the 2 mL collection tube provided. 600 μL of binding buffer (provided in kit) was 

added to the supernatant and mixed by inverting 5-6 times. This mixture was 

transferred to the collection tube containing the column (A). The S.N.A.P. ™ mini-prep 

column/collection tube was centrifuged at room temperature at 3,000 x g for 30 s. The 

column flow-through was discarded. 500 μL of wash buffer (from kit) was added and 

centrifuged at room temperature at 3,000 x g for 30 s. The column flow though was 

discarded. 900 μL of 1X final wash buffer (provided in the kit) was added and 

centrifuged at room temperature at 3,000 x g for 30 s. The column flow through was 

discarded. The collection tube was again centrifuged for 1 min to dry the resin. 60 μL 

of sterile water was added to tubes and incubated for 3 min at room temperature. The 

column was centrifuged for 30 s at maximum speed and the flow through containing 

the DNA was collected.  

3.2.3 Polymerase chain reaction (PCR) 

The gene of interest(s) hIR-A and hIR-B were amplified from the pFastbac1-P06213-

2_human-INSR short and pcDNA3.1 hIR-B constructs respectively used as templates 

(obtained from the mini-prep process). A touch down PCR protocol (Figure 3-4) was 

followed to amplify the target gene of interest using the PCR mix prepared as shown in 

Table 3-2. 

Table 3-2: PCR mix for amplifying gene of interest  

Product Control mix PCR mix 

Vector (100 ng) from mini-prep - 1.0 µL 

NLIC F primer (Tm = 69°C) 2.5 µL 2.5 µL 

NLIC R pimer (Tm = 61°C) 2.5 µL 2.5 µL 

2X iProof
TM

 master-mix 12.5 µL 25.0 µL 

5% DMSO - 0.5 µL 

MilliQ water 7.5 µL 18.5 µL 

Total volume 25.0 µL 50.0 µL 

Tm = Melting temperature 

Dimethyl sulfoxide (DMSO) was added to improve the amplification of GC rich target 

regions of IR. 
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Touch down PCR protocol 

 

Figure 3-4: Touch down PCR protocol followed to amplify the gene of interest 

Touchdown PCR was carried out on the template DNA with less number of cycles (30 

cycles) with initial denaturation at 98°C (the temperature is slightly higher as specified 

for the iProof
TM

 enzyme) to denature double-stranded DNA. This is followed by a 

reduction in temperature to allow annealing of primers. The annealing temperature 

depends on the melting temperatures (Tm) of the primers used. Tm of the primers used 

were 61 and 69°C. As the enzyme activity was around 72°C, touchdown protocol was 

started with an initial annealing temperature of 70°C down to 50°C for the last cycle 

using Bio-Rad iProof
TM

 polymerase HF master-mix. The annealing temperature was 

brought down by 1°C per cycle. 

PCR products (amplified DNA) could be recovered from other unwanted enzymes and 

substances either by using gel filtration or ethanol precipitation technique, explained 

later in this chapter. 

3.2.4 Restriction digestion of DNA  

The template DNA (PCR mix) and the restriction enzymes, along with the appropriate 

buffers were mixed as shown in Table 3-3 and placed at 37 ˚C for 1 hour as specified in 

the specification sheet for the particular enzyme. 

Table 3-3: Restriction digestion mixture 

DNA (PCR mix) 17.0 µL 

Restriction Enzyme 1 0.5 µL 
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Restriction Enzyme 2 0.5 µL 

10x Reaction Buffer appropriate for both enzymes 2.0 µL 

Total volume 20.0 µL 

 

Following this procedure, the enzymes were heat inactivated (at enzyme specific 

temperatures) ~65 to 80˚C for 20 minutes. The digested samples were run on agarose 

gel to perform electrophoresis to verify the completeness of the digestion process. 

3.2.5 Agarose-gel preparation 

1-2% agarose-gel was prepared by dissolving 1.0 g to 2.0 g agarose was dissolved in 

100 mL 0.5x TBE buffer. The agar was dissolved by heating in a microwave and was 

cooled to about 60˚C. 5 μL of SYBR
®
 safe DNA gel stain was added and the solution 

was poured into a electrophoresis chamber (DNA tank) and the comb was placed prior 

to solidification. DNA samples were loaded on the solidified gel, after gently removing 

the comb. The gel electrophoresis was run at 120V for 45 minutes. The DNA fragments 

were visualized and documented using Syngene G-Box EF2 gel documentation unit. 

3.2.6 Gel purification of DNA 

The DNA band of interest was cut from the agarose gel after visualizing using the 

Syngene G-Box EF2 gel documentation unit using a sterile scalpel and placed inside a 

1.5 mL (pre-weighed) Eppendorf tube. The weight of the cut band was determined and 

solubilisation buffer from the QIAquick gel kit was added (volume of buffer added was 

3 times the weight of the gel). The tubes were incubated at 50˚C for 10 min to enhance 

the solubilisation process. A quick gel extraction column was placed in the quick gel 

wash tube. The dissolved gel containing the desired DNA was placed in the centre of 

the column. The tube was centrifuged at 14,000 × g for 1 min and the flow though was 

discarded. 750 μL of wash buffer containing ethanol from the kit was added. The tube 

was centrifuged at 14,000 × g for 1 min and the flow though was discarded. The tubes 

were again centrifuged at 14,000 × g for 3 min to remove residual wash buffer. The 

column was placed in the quick gel recovery (fresh Eppendorf) tube. 50 μL of quick gel 

elution buffer was added and incubated at room temperature for 1 min. The recovery 

tube was centrifuged for 1 min at 14,000 × g. The flow though collected in the recovery 

tube contained the desired DNA. 
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3.2.7 Ethanol precipitation 

The mixture of constituents shown in Table 3-4 was placed at -20°C for 30 minutes. 

After this, the mix was then hard-spun at 4°C for 5 minutes at 14,000 × g. The liquid 

was removed using a micropipette and 100 µL of 70% cold ethanol was added. 

Table 3-4: Ethanol precipitation mixture 

PCR product mixture 35.5 µL 

1/10 Volume of 3 M Sodium Acetate pH 5.2 3.55 µL 

2 Volumes of 100% Cold Ethanol 78.1 µL 

 

The mixture was left undisturbed at -20°C for 30 minutes. Following this procedure, 

the mix was hard-spun at 4°C for 5 minutes at 14,000 × g. The ethanol was removed 

completely and the pellet was dried. After the pellet was dried, 17 µL of autoclaved 

double distilled water was added and the tube flicked manually to ensure proper 

mixing. This was left on ice for 30 minutes. 

3.2.8 Ligation  

The gene of interest hIR-A and hIR-B (target insert) were treated prior to the annealing 

procedure. The following mixture shown in Table 3-5 was added to a 1.5 mL microfuge 

tube on ice and mixed well with a pipette tip. 

Table 3-5: LIC mix for treating insert prior to cloning into pBac2 EK/LIC vector  

Product Control mix Ligation mix 

Control insert 2.4 µL - 

0.02 pM purified hIR-A / hIR-B PCR 

product (dissolved in TlowE buffer from kit) 
- 3.9 µL 

10X T4 DNA polymerase 2.0 µL 2.0 µL 

25 mM dATP 2.0 µL 2.0 µL 

100 mM DTT 1.0 µL 1.0 µL 

Nuclease free water 12.2 µL 10.7 µL 

T4 DNA polymerase (2.5 U/µL) 0.4 µL 0.4 µL 

Total volume 20.0 µL 20.0 µL 
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The T4 DNA polymerase was finally added to the mixture and was incubated at 22°C 

for 20 minutes, followed by the inactivation procedure. For this, the mix was incubated 

at 75°C for 20 minutes. 

3.2.8.1 Annealing gene of interest with pBac vector 

The mixture shown in Table 3-6 was incubated at 22°C for 5 minutes after mixing the 

mixture using pipette tip. Although the annealing process is complete in about 5 

minutes, the mixture was left for 1 hour at 22°C, to ensure proper annealing. 

Table 3-6: Contents to perform annealing of gene of interest with pBac vector 

pbac 2cp - EK/LIC vector 1 µL 

0.02 pM T4 DNA polymerase treated hIR-A / hIR-B insert  2 µL 

25 mM EDTA 1 µL 

Total volume 4 µL 

 

3.2.8.2 Transformation of vector into competent cells 

The transformation procedure was carried out as described earlier in section 3.2.1. 

3.2.8.3 Colony screening  

The colonies formed on the plate containing the antibiotic, from the transformation 

process was screened using a colony PCR process. For this procedure, nine random 

colonies were picked and re-suspended in 30 µL of sterile water. This was used as the 

template for the PCR process. Vector specific primers could be used for this process as 

the gene of interest is cloned into the target vector. The mix shown in Table 3-7 was 

prepared to analyse the colonies. 

Table 3-7: Polymerase Chain Reaction (PCR) mixture for performing colony 

screening 

Product PCR mix 

Colony template 2.0 µL 

NLIC F primer  1.0 µL 

NLIC R pimer  1.0 µL 

Taq enzyme 0.2 µL 

dNTP mix 0.2 µL 
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MgSO4 1.0 µL 

MilliQ water 12.6 µL 

Total volume 20.0 µL 

 

3.3 Insect cell expression 

Insect cell stock (1 mL stock from -80°C), were taken and thawed carefully by gentle 

swirling. The thawed cells were transferred into 50 mL of Sf-900II SFM media. The 

flasks were incubated at 28°C in a shaking incubator at 120 rpm. The cells were 

analysed after 3 days and sub-cultured (passaged) after determining the density and 

viability. The cells were passaged regularly, every 3-4 days. 

3.3.1 Sub-culturing of cells  

The insect cells were sub-cultured mainly to replenish them with fresh nutrients and 

removal of cell debris. The SFM media was used in this procedure. The media was pre-

warmed to room temperature before this procedure. Cell density and viability of the 

existing cultures were calculated. The High-Five cells were seeded at 1.5 x 10
6
 

cells/mL. Volume of the cultures was maintained as 50 mL in subsequent passages. 

Cells were usually sub-cultured from mid to late exponential growth phase to ensure 

optimal growth. Growth cycles of the cells (High-Five and Sf9, although not used for 

infection) were studied by a separate flask of cells, left without sub-culturing. This 

provides the time range for the four phases of growth – lag, log, stationary and death 

phase. 

3.4 Transfection using flashBAC BEVS. 

3.4.1 Seeding of cells 

Six well plates were used for the infection process. Three wells were used for the 

procedure. The first well was used as control and the second, third used for the short, 

long isoform of insulin receptor respectively. 2 x 10
5
 cells/mL was seeded in 2 mL of 

Sf900II medium per well. The plate was gently moved from side to side to enable even 

distribution and further left for incubation at 28°C for 1 hour to allow attachment of 

cells. 

3.4.2 Transfection mix 

The following mix, shown in Table 3-8 was prepared for transfection purpose. 

Table 3-8: Transfection mix 
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Mixture A 

flashBAC DNA (100 ng)  5 µL 

Transfer vector DNA (500 ng) 5 µL 

Grace’s medium 100 µL 

Mixture B 

Cellfectin® 6 µL 

Grace’s medium 100 µL 

 

Mixture A and B (100 µL each) were then mixed together and incubated for 30 minutes 

at room temperature. 800 µL of Grace’s medium was then added to the transfection 

mix. 1 mL of Grace’s medium was used as control transfection mix. 

3.4.3 Infection 

The plate was then removed from incubator and the media was removed using sterile 

pipette without disturbing the surface. Immediately, 2 mL of Grace’s medium was 

added without letting the cells to dry out. The medium was then removed and 1 mL of 

transfection mix was added in drops. The cells were then incubated at 28°C for 5 hours. 

After 5 hours, the transfection mix was removed and 2 mL of Sf900II medium 

supplemented with antibiotics and antimycotics (100X) was added. The plate was then 

left in a plastic container wrapped with moist paper towels and incubated at 28°C for 7 

days.  After 5 days post infection (dpi), the cells were monitored for increased cell 

diameter, increased cell nuclei and detachment from surface. After ensuring this, at 7 

dpi, the cells were harvested. The 2 mL medium from plate was transferred to sterile 10 

mL tube. Passage 1 (P1), budded virus (BV) was harvested by centrifuging the cells at 

~300 × g for 5 min. The supernatant was stored in a sterile 10 mL tube at 4°C, called 

the P1BV stock. 

3.4.4 BV Amplification 

800 µL of P1 BV was added to passage cells to generate P2 BV. P2 BV culture was 

monitored 2 days after being infected. Once the viability started to decrease close to 

70% (sign of infection), the cells were harvested similar to the P1 BV process and 

stored at 4°C. Further, P3 BV was also cultured and harvested in a similar fashion, 

except for the fact that 10 µL of P2 BV cell culture supernatant was used to infect the 

cells. The P3 BV stock was stored at 4°C. 
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3.4.5 Protein expression screening 

High-Five cells were seeded at a density of 1.5 x 10
6
 cells/mL.  0.75 mL of P3 BV was 

added per 50 mL and the flasks were incubated at 28°C, maintained at 120 rpm. 

Cultures were sampled for 4 days at 24 hour intervals. The samples were spun at 5 min 

at maximum speed using a micro-centrifuge. The supernatant and cell pellets were 

stored separately in 4°C. The samples were used for SDS-PAGE and western blot 

analysis to determine the expression. 

3.5 Identification of expressed insulin receptor 

The expressed insect cell culture samples were lysed using a lysis buffer.  

3.5.1 Lysis buffer 

The ice cold lysis buffer was prepared using 0.15M NaCl, 0.05M Tris, pH 8.0, Glycerol 

10%, Triton X-100 1% containing Roche
TM

 protease inhibitor cocktail. The cells were 

washed with ice cold PBS. The lysis buffer was used to solubilize insulin receptors 

from cultured cells. Cells were sonicated on ice for a min with intermittent pause. The 

cell suspension was centrifuged for 30 min at 14,000 × g at 4°C. The supernatant was 

discarded and the pellet was re-suspended in lysis buffer and sonicated again.  

3.5.2 Western blot 

a. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Samples of recombinant cell lysates were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using an Invitrogen novex mini cell. 

Samples were mixed with β-mercapto-ethanol and SDS, heated and then centrifuged at 

12,000 × g for 60 sec before being loaded into the gel. The electrophoresis was run at 

200 V for 45 min. After electrophoresis, the gel was stained in staining solution (0.22% 

Commassie Brilliant Blue R-250, 50% methanol, 10% glacial acetic acid) for 40 min 

with gentle agitation. The gel was detained in de-staining solution (20% methanol, 10% 

glacial acetic acid) with gentle agitation. The gel image was documented using Syngene 

G-Box EF2 gel documentation system.  

b. Semi dry electrophoretic transfer 

For electro-blotting the protein bands were separated using SDS-PAGE (staining and 

de-staining procedures were not performed for electro-blotting). Electro-blotting was 

performed using Trans-Blot
®
SD semi-dry electrophoretic transfer cell. 12 sheets of 
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Whatman filter paper and 1 sheet of nitrocellulose membrane (pore size 0.2 m) were cut 

to the size of the page gel and soaked in transfer buffer for 45 min. Six filter papers 

were placed onto the platinum anode. A test tube was rolled over the surface of the filter 

paper to remove all air bubbles. The pre-wetted nitrocellulose membrane was placed on 

top of the filter paper. Again a test tube was rolled over the surface to remove all air 

bubbles. The PAGE gel was carefully placed on top of the transfer membrane. The gel 

was aligned to the centre of the membrane. A test tube was rolled over the surface to 

remove all air bubbles. The remaining six filter papers were placed on top of the gel. A 

test tube was rolled over the surface to remove all air bubbles. The cathode was placed 

onto the stack. The gel was transferred to the membrane by applying 25 V for 30 min.  

c. Antibody staining  

The membrane was blocked for 1 hour at room temperature using blocking buffer.  The 

membrane was the incubated with 83-7 monoclonal antibody (to insulin receptor α 

subunit), overnight at 4°C. The antibody was diluted in blocking buffer (1:1000). The 

membrane was washed thrice (15 minutes each wash) with PBST. The membrane was 

incubated with labelled secondary antibody (mouse IgG secondary antibody HRP 

conjugate) for 1 hour at room temperature. The antibody was diluted in blocking buffer 

(1:10,000). The membrane was washed thrice (15 minutes each wash) with PBST. The 

secondary antibody was allowed to develop a chemiluminesent signal with ECL 

western blotting detection agents. The signal was documented using the GE detection 

system.    

3.6 Size exclusion chromatography  

An ÄKTA explorer 10 liquid chromatography system was used with a PBS running 

buffer. The S75 column (from GE healthcare lifesciences) used was packed with 

Superdex size exclusion media. The column and injection loop were initially 

equilibrated with PBS buffer. The sample was then injected into the sample loop 

manually and the program was setup in Unicorn software (version 5.31) to maintain the 

flow-rate at 0.75 mL/min and detection by UV absorbance at 215 nm. A series of 

insulin and Lispro samples (500 l) at 1345, 2690, 5381 and 8609 nM were analysed.  

3.7 Surface Plasmon Resonance (SPR) assay to study the IR – insulin interaction 

A ProteOn XPR36 protein interaction array system (Bio-Rad Laboratories, Hercules, 

CA, USA) was used for the SPR studies. This system has multiplexing capabilities to 
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study thirty six interactions at a given point of time. The system comes with a series of 

chips (ProteOn
TM 

sensor chips) with different chemistries to bind one of the interaction 

partners involved in the binding. 

 ProteOn
TM 

sensor chips are detachable enclosures which contain the glass prism, 

coated with a gold surface and an alginate (polymer) layer followed by a surface 

chemistry depending on the type of chip. The types of chips and the chemistry used for 

coupling are listed in Table 3-9 below. 

Table 3-9: Chip varieties for Bio-Rad ProteOn
TM

 XPR 36 interaction system 

Chip type Chip surface chemistry Type of coupling 

GLC/GLM/GLH Caboxy methylated layer Primary amine coupling 

HTG Tris – NTA* coated His-nX   coupling** 

NLC Neutravidin coated Biotin coupling 

* Tris- Nitrilotriacetic acid   

** n - refers to the number of histidine residues in the tag (usually 6 or 10) 

 

3.7.1 HTG chip assay – Tethering using the histidine tag 

The Bio-Rad HTG chip is made up of tris-NTA matrix to bind histidine-tagged 

proteins. The chip contains tris-NTA bound to a polymer matrix layer. When nickel 

sulphate is passed through the chip surface, it gets activated forming Ni
2+

 ions. The 

histidine tag in the protein then binds to the Ni
2+ 

on the chip surface. This serves the 

immobilization step. The analyte is then passed over the ligand to study the interaction. 

The coupling via His-tag provides sufficient intramolecular flexibility to allow for 

activity in the reconstituted protein. Above all, it renders the proposed method 

universally applicable to all His-tagged membrane proteins. 

3.7.1.1 Reagents 

a) Running buffer: Filtered phosphate buffer saline (PBS) at pH 7.4 was used as 

the running buffer 

b) Ligand buffer: Filtered PBS was used as the ligand buffer 

c) Activation solution: 10mM Nickel Sulphate in 10mM MES buffer were used for 

the activation of the tris – NTA coated HTG chip surface. 

d) Regeneration solution: Ethylenediaminetetraacetic acid (EDTA) was used  

e) Pre-conditioning solutions: 
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o 0.5% SDS 

o 50 mM NaOH 

o 100 mM NaCl 

o 300 mM EDTA, pH 8.5 

The working stock of insulin receptor was prepared by dissolving 50 µg in 100 µL of 

PBS (0.5 mg/mL). Insulin was reconstituted in PBS to form a working stock solution of 

2.5 mg/mL. 

3.7.1.2 HTG chip protocol: 

1. The HTG chip was inserted, and then buffer-A (filtered PBS, pH 7.4) was 

passed through the system.  

2. Then the samples required for pre-conditioning (0.5% SDS, 50mM NaOH, 100 

mM NaCl, 300 mM EDTA) were prepared and they were passed through both 

ligand and analyte channels on the chip surface to remove any contaminants.  

3. Activation step: 

The chip surface was activated using 10 mM Nickel sulphate in 10 mM MES 

buffer (pH 6.0) with a flow rate of 30 µL/min for a minute. 

4. Ligand injection step: 

The ligand (insulin receptor) was reconstituted by dissolving in PBS pH 7.4. 

Following the activation step, the ligand was injected immediately to avoid Ni
2+

 

leakage, which may lead to reduced levels of immobilization. One channel was 

immobilized with the receptor, whereas the other channels had running buffer 

through them. The ligand was injected at a flow rate of 30 µL/min for 300 

seconds. 

5. Buffer injection step: 

Running buffer was passed twice through the ligand channel to equilibrate and 

then twice on the analyte channel to avoid any changes introduced to the chip 

surface on MCM rotation to allow injection through the analyte channels. The 

running buffers were injected at a rate of 100 µL/min for 1 minute. 

6. Analyte injection step: 

Insulin was prepared from the working stock. The analyte was injected at a rate 

of 50 µL/min for 2 minutes. 

7. Regeneration step: 
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This step was carried out to knock the insulin (analyte) off without disturbing 

the insulin receptor bound to the NTA on the chip surface. 50 mM sodium 

acetate along with 0.5 M sodium chloride at pH 5.0 was used to remove insulin 

from the chip surface. This was not a very good regeneration agent as it did not 

knock off much insulin from the receptor, which was obvious from the RU 

difference before and after the injection. The regenerate was injected at a flow 

rate of 100 µL/min for 18 seconds. 

3.7.2 GLM chip assay – Tethering using amine coupling 

3.7.2.1 Reagents 

a) Running buffer: Filtered phosphate buffer saline tween (PBST) at pH 7.4 was 

used as the running buffer.  

b) Ligand buffer: Sodium acetate pH 5.0 was used as the ligand buffer 

c) Activation solution: EDC/NHS was used for the activation of the carboxyl 

methyl coated GLM chip surface 

d) Regeneration solution: Glycine HCl pH 2.0 was used to regenerate the bound 

analyte 

e) Pre-conditioning solutions: 

o 0.005% (V/V) Tween 20 

o 10 mM NaOH 

o 100 mM HCl 

The working stock of insulin receptor was prepared by dissolving 50 µg in 100 µL of 

PBST (0.5 mg/mL). Insulin was reconstituted in PBST to form a working stock 

solution of 2.5 mg/mL. A series of scouting tests to find the optimal pH for 

immobilization and the concentration of ligand (83-7 antibody) to be used were 

performed initially to get the best results. 

3.7.2.2 GLM chip protocol: Multiplex SPR assay 

A ProteOn XPR36™ SPR with a GLM (medium density) biosensor chip (Bio-Rad 

Laboratories). Figure 3-5 shows the layout of interaction spots on the GLM biosensor 

chip surface. Amine coupling activation reagents, running buffer or samples containing 

ligands (antibody to eIR or eIR) were injected in the “ligand” direction (channels L1 to 

L6) during ligand immobilization steps, while analyte samples or buffer were injected 

in a direction normal to this in the “analyte” channels (A1 to A6) during interaction 
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experiments. Thus, up to five identical ligand channels (L2–L6) could be prepared, with 

the sixth channel (L1) used as a control and analyte sample (insulin) injection across 

the ligand channels enabled parallel samples to interact sequentially with the ligand and 

the control channels. Each interaction “spot” at the intersection of an analyte channel 

with a ligand channel e.g. spot A1L2, therefore produced an SPR response curve with 

time or “sensogram”.  

 

Figure 3-5: Layout of the GLM SPR chip surface, showing ligand channels L1 to L6, analyte 

channels A1 to A6 and the interaction spots 1 to 36 formed at their intersections. 

 

The eIR isoforms were synthesized recombinantly and have a histidine tag at the C-

terminal region (after lysine residue 944 for IR-A and 956 for IR-B). The presence of 

the C-terminal His tag was not expected to affect insulin binding because it is not 

involved in the insulin binding sites, which are predominantly present around the N-

terminal region of the α subunit, as shown previously (Kubiak and others 2002). We 

approximated physiological conditions during the assay by using phosphate buffered 

saline (PBS, 137 mM sodium chloride, 2.7 mM pottasium chloride, 10 mM sodium 

phosphate dibasic, 2 mM potassium phosphate monobasic) containing 0.005% (v/v) 

Tween 20 non-ionic surfactant (PBST) at pH 7.4 as the running buffer. The temperature 

of the sample holders and the chip were maintained at 25ºC throughout experiments. 
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Recombinant human insulin was purchased from SAFC Biosciences (Lenexa, Kansas, 

US) and Lispro insulin was from USP (Rockville, Maryland, US).  

3.7.2.3 Chip initialization 

A series of surface conditioning steps was applied prior to antibody immobilization, 

according to the manufacturer’s instructions, using one-minute injections of 0.005% 

(v/v) Tween20, 10 mM sodium hydroxide and 100 mM hydrochloric acid solutions 

prepared in water, passed across the chip surface sequentially in both the ligand and 

analyte directions. A series of five consecutive blanks (i.e. running buffer injected as 

“samples”) were then injected in each of the ligand and the analyte directions 

alternately, to ensure stable baseline SPR signals before proceeding with ligand 

immobilization.  

3.7.2.4 Ligand immobilization 

Preliminary experiments showed that direct amine coupling of eIR on the chip surface 

severely reduced insulin binding (data not shown), presumably through loss of the 

conformational freedom required for binding (Menting and others 2013). Although 

direct binding did not completely eliminate IR – insulin interactions, the SPR response 

was very low and it has been reported that problems can arise through random 

orientation of protein ligands during immobilization (Morton and Myszka 1998), 

causing uncertainties during analysis of the interaction kinetics. Therefore, a scaffold 

technique was used in this study, in which the anti-IR 83-7 antibody was first 

immobilized to capture eIR (A or B isoform respectively) prior to measuring the latter’s 

interactions with insulin. 

The 83-7 anti-IR was immobilized via conventional amine coupling (Fischer 2010) 

using an amine-coupling kit (Bio-Rad Laboratories) following the manufacturer’s 

instructions. Anti-IR 83-7 captures IR in the CR region residues 223-28 (Roth and 

others 1982; Soos and others 1986), without affecting the insulin binding pocket, which 

involves the L1 and C-terminal regions of the α subunit (Surinya and others 2002; Ward 

and others 2008; Ward and Lawrence 2009). 

The GLM chip surface (carboxylated alginate) was activated on all six ligand channels 

(L1 to L6) using a mixture of 0.4 M 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDAC) and 0.1 M N-

hydroxysuccinimide (NHS) mixed in a 1:1 ratio to maintain a uniform composition 
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throughout the chip. The antibody was then passed across all ligand channels, followed 

by 1 M ethanolamine-HCl to block residual NHS-activated carboxyl groups on the 

surface. After antibody immobilization, the eIR was injected in the ligand direction at a 

concentration of 0.01 mg/mL, at a flow rate of 25 µL/min for 5 minutes through 

channels L2 to L6 at a uniform concentration, with PBST-only injected over the L1 

reference channel. The responses in L1 during analyte interactions were subsequently 

subtracted from all other channel responses to remove non-specific interactions and the 

large step changes in response due to changes in buffer refractive index (“buffer shift”) 

from analysis. 

Prior to amine coupling of the 83-7 antibody, the SPR response without chemical 

activation of the chip surface was tested at various antibody concentrations and buffer 

pH values, adjusted with sodium acetate. These scouting trials showed that 0.02 mg/mL 

of 83-7 antibody in sodium acetate pH 5.0 gave the best SPR response of over 10,000 

RU (response units). After immobilization of antibody and exposure to eIR, a series of 

regenerators (10 mM glycine-HCl at various pH values) were tested, showing that 10 

mM glycine-HCl at pH 2.0 could completely remove the immobilized eIR, whereas 

higher pH values did not completely remove eIR (data not shown). Therefore, the 

above conditions were used to immobilize the antibody and regenerate the surface 

(remove insulin and eIR) between runs in subsequent experiments, although see further 

comments below regarding problems with repeated regeneration. 

The SPR assay involves tethering (immobilizing) one interaction partner (the “ligand”) 

onto the polymeric layer on a biosensor chip surface and then passing the other 

interaction partner (the “analyte”) over the ligand to follow the binding interactions. In 

this case, the ligand comprised a scaffold of an anti-IR antibody (monoclonal antibody 

83-7, Abcam Inc., Cambridge, UK (Boado and others 2011)) tethered to the biosensor 

by amine coupling, followed by capture of the respective (A or B) isoform of the IR 

ectodomain (eIR-A and eIR-B, Sino Biological Inc., Beijing, P.R. China).  

 

3.7.2.5 Interactions of insulin and Lispro with eIR 

A series of insulin samples at six concentrations, 168, 336, 673, 1345, 2690 and 5381 

nM, was passed simultaneously in the analyte direction at a flow rate of 25 µL/min for 

300 s of association with eIR, followed by dissociation for 650 seconds. The Lispro 
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insulin analyte samples assigned to the specific analyte channels were randomized 

between injections to avoid systematic variations between interaction spots on the 

sensor chip. The surface was regenerated between analyte injections with a single brief 

(18 s) injection of glycine-HCl (pH 2.0) along ligand channels L2 to L6 to strip both the 

eIR and insulin off the surface. After regeneration, the surface was again prepared with 

eIR, as described above, to study the interaction of a subsequent set of insulin samples 

at lower concentrations, 11, 21, 42, 84 168 and 336 nM, passed along the analyte 

direction for 300 s of association and 650 s of dissociation. The same set of lower 

insulin concentrations were then injected two more times in the analyte direction, 

without regeneration between injections. The same procedure was carried out to study 

the interaction of Lispro (11–5381 nM) with eIR. 

3.8 Studying the effect of external factors 

After standardizing the assay to understand the binding characteristics of insulin and 

Lispro insulin with both the isoforms of the eIR, studying the effect of external factors 

that could possibly have an effect on the interaction were performed.  

Glucose and visfatin were chosen as two factors initially, to carry out the testing. The 

main reason for choosing glucose because, it is the key factor that is regulated 

effectively IR – insulin interaction. Visfatin was chosen because of the current 

controversial debate in the literature about visfatin as an insulin mimic which binds to 

IR.  Therefore, the effects of glucose and visfatin on this interaction were studied. 

3.8.1 Studying the effect of glucose on the interaction 

To study the effect of glucose on this interaction, initial trials were conducted, 

identifying the fact that glucose did interact with the GLM chip surface used. Measures 

were taken to reference subtract any interaction of glucose with chip surface, before 

comparing the effect of glucose on the interaction.  

3.8.1.1 Glucose interaction on biosensor surface 

To study the effect of glucose on the chip surface, varying concentrations of glucose 

(0.1 nM to 1000 mM) were passed across a non-activated chip surface along the analyte 

direction. Certain higher concentrations of glucose interacted with the chip surface, 

resulting from non-specific binding responses, which returned back to baseline (0 RU) 

at the end of the injection phase. The concentrations of glucose utilized for the final 

interactions to study the effect of glucose were carefully selected covering a wide span 

on either sides of the physiological range. The reference channel (generated by 
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activation, immobilization of 83-7 monoclonal antibody and deactivation steps only) 

had the same concentrations of glucose as the interaction channels, during the final run 

to study the effect, to reference subtract any non-specific interactions between glucose 

and the chip surface. 

3.8.1.2 Effect of glucose on IR – insulin interaction 

One particular concentration of Lispro (insulin), 2690 nM, was arbitrarily chosen to 

study the effect of glucose on the insulin-eIR interaction. Varying concentrations of 

glucose (100 mM down to 0.1 mM) were mixed with 2690 nM Lispro and incubated at 

25°C for 30 minutes prior to studying the interaction. The samples were then analysed 

using the SPR. The interactions were then reference subtracted with the responses from 

reference channel to subtract any non-specific interactions. 

3.8.2 Studying the effect of visfatin on the interaction 

Visfatin, also called as nicotinamide phosphoribosyltransferase (NAMPT) or Pre-B cell 

colony enhancing factor (PBEF) is an adipo-cytokine known to play a link between 

obesity and diabetes. To study the effect of visfatin on the IR – insulin interaction, two 

different approaches were taken 

a) To introduce visfatin to the existing assay (described in section 3.7.2) 

b) To immobilize visfatin on the chip and study the effect of IR on visfatin 

Initial studies were conducted on the assay by just replacing Lispro with visfatin. The 

main reason behind approach (b) was to find the effect of IR on visfatin before knowing 

about the effect of visfatin on Lispro – IR interaction. 

3.8.2.1 Visfatin interaction on biosensor surface 

To study the effect of visfatin on the chip surface, varying concentrations of visfatin 

(140 pM, 1.4 nM, 14 nM, 140 nM and 1.4 µM) were passed across non-activated chip 

surface. Visfatin had high affinity for the chip, especially at the higher concentrations 

140 nM and 1.4 µM. Therefore, these concentrations were eliminated while studying 

the effect of visfatin on IR and the IR – insulin interaction.  

3.8.2.2 Effect of visfatin on IR – insulin interaction 

a) Introducing visfatin to the existing assay  

Visfatin bound preferentially to the chip and the monoclonal antibody (that was 

immobilized on the reference channel), hence resulting in a negative response 



3-26 

 

after reference subtraction. Therefore, to avoid this non-specific binding, bovine 

serum albumin (BSA) was immobilized to the reference channel, which avoided 

much of the non-specific interactions. 

Visfatin (at varying concentrations) was introduced as analyte to the GLM chip 

multiplex assay, instead of Lispro initially, to study the Visfatin – eIR 

interaction.  

b) Immobilizing visfatin to chip and using IR/Lispro/visfatin as analyte 

Visfatin, although found to bind IR in the earlier approach, also bound non-

specifically to the chip surface. To confirm that visfatin binds IR, it was 

immobilized on the chip surface by amine coupling as a ligand, alternatively 

and IR was passed across as analyte.  

Three ligand channels were immobilized with visfatin, Lispro and insulin 

respectively and then eIR was passed across the analyte channels to study the 

interaction of eIR with all three binding partners. The results were then 

compared. 
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4. Results and Discussion 

 

4.1 Recombinant insulin receptor synthesis 

The human insulin receptor (hIR) is a complex membrane protein that cannot be 

produced using normal bacterial expression techniques. It is a eukaryotic protein 

involving many of post-translational modifications such as proteolytic cleavage, 

disulfide bond formation and glycosylation. Escherichia coli and other prokaryotic 

organisms cannot be used to express the full-length insulin receptor (IR), because they 

do not have the post-translational machinery for transforming it into the functional 

form. Mammalian cell lines such as HEK 293 (Human Embryonic Kidney cell line), 

CHO (Chinese Hamster Ovary) are commonly used to overexpress eukaryotic 

membrane proteins such as IR (Kellerer et al. 1998; Perfetti et al. 1997).  

Baculovirus directed insect cell expression systems are simple, robust and have the 

potential to express mammalian proteins that undergo the process of glycosylation, 

disulphide linkage and other modifications. This technique is cheaper to maintain when 

compared with mammalian cells and can also process post-translational modifications. 

Therefore, it was used to express both the full-length hIR isoforms (A and B) in this 

study (McCarroll and King 1997). 

 

Figure 4-1: Agarose gel of PCR products following ethanol precipitation and gel-purification 

techniques. Lane 1 – molecular weight ladder, Lane 2 – NIL, Lane 3 – PCR product of amplified 

hIR-B with LIC overhangs, Lane 4 – ethanol precipitated LIC hIR-B insert (0.25 µL), Lane 5 – gel-

purified LIC hIR-B insert  
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The LIC hIR-B insert was amplified using PCR and the product amplified was treated 

as described in the Chapter 3 Section 3.2.8. The digested hIR-A and the amplified hIR-

B insert were run on an agarose gel to confirm the presence of the desired bands. The 

PCR product for hIR-B GOI using NLICF and NLIC R primers yielded 4181 bp (4149 

bp hIR-B gene + 32 bp LIC primer overhangs) as shown in Figure 4-1. The desired 

bands were then gel-purified. The PCR product was ethanol precipitated to remove the 

enzyme mixtures to obtain the clean DNA fragments. A sample of the gel-purified and 

ethanol-precipitated DNA were run on the agarose gel to show that the process was 

successful. The concentration of DNA in the samples was analyzed by UV absorbance 

using a Nanodrop instrument.  

4.2 Insect cell culture 

 

Sf9 cells and High-Five cells were obtained as frozen stocks and stored at -80°C. One 1 

mL vial of Sf9 and High-Five cells was cultured in a 50 mL of Sf900 II SFM 

respectively for 7 days (168 hours). 1 mL samples were collected at 24 hour intervals to 

determine the cell density and viability (shown in Figure 4-2). The cell densities of Sf9 

cells increased exponentially over the first four days and reached a maximum of 1.2 x 

10
7 

cells/mL (the growth phase). The cell density reached a plateau during days 5 and 6 

(the stationary phase). The cell viability remained above 96% until day five, after which 

a gradual decrease in cell viability was observed and on the 7th day, it fell to 77%, 

indicating that the death rate of the cells exceeded the growth and hence marked the 

death phase.  

For the High-Five cells, which grow (double) faster than the Sf9 cells, the cell density 

reached a maximum of 5.4 x 10
6
 cells/ mL. The growth phase lasted for 3 days, with a 

stationary phase observed on day 4 and the cells entered the death phase on the fifth 

day, when the viability dropped (to 88%) and further dropped to close to 70% on the 

last day.  

To perform cell-passaging, it is essential to culture the cells from the exponential phase. 

The optimal time for performing the sub-culturing was estimated to be between 72 to 

96 hours, from the growth curve plotted (Figure 4-2). 
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Figure 4-2: Growth curve of Sf9 and High-Five insect cells. Samples were collected every 24 

hours and cell density, viability were analysed in triplicates. Standard deviation from mean 

values is depicted by the error bars. 

4.3 Infection of insect cells 

Infection of insect cells with pBac-2cp-hIR-A and pBac-2cp-hIR-B were performed 

only using the High-Five cell line because High-Five cells are more efficient than Sf9 

cells at expressing secretory proteins. 

4.3.1 Preparation of P1, P2 and P3 budded virus stocks 

Transfection of High-Five insect cells was performed in an un-supplemented Grace’s 

Medium using a 6-well tissue culture plate as described in Chapter 3 Section 3.4. Six μl 

of Cellfectin® reagent was used for enhancing the transfection process. After 5 hours 

post-transfection, the cells were cultured in 2 mL Sf900II medium supplemented with 

antibiotics and antimycotics (100X) for 7 days at 28˚C. The infection was monitored 

for five days post infection (dpi). When compared to the non-transfected control cells, 

the infected cells showed an increase in cell diameter, cell growth cessation and 

detachment from the surface, which are signs of infection. Passage 1 (P1) viral stock 

was isolated and collected at 7 dpi. 

The collected P1 viral stock was a low-titre stock and therefore it was amplified to 

obtain high-titer P2 and P3 stocks as described in Chapter 3, Section 3.4.4.  
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Figure 4-3: Time course analysis (cell viability) of control (non-infected cells) and High-Five 

cells infected with hIR-A and hIR-B from P3 viral stocks (P3BV). 1 mL samples were collected 

every 24 h. Cell viability (percentage of total viable cells) was measured and plotted. 

When compared with the non-transfected (control), the infected cells decreased in cell 

viability. After the viability fell below 80%, (Figure 4-3) the P2 and P3 virus stocks 

were harvested. It can be clearly observed from Figure 4-3 that the insect cells infected 

(from P2 stocks to obtain a P3 BV) with hIR-A underwent a decrease in viability within 

1 dpi, whereas the insect cells infected with hIR-B took much longer to show a 

decrease in viability. Decrease in viability, which is one of the major factors for 

identifying a successful infection process, shows that the infection process did not work 

properly in the cells infected with hIR-B. This may be because the cells were not 

completely infected with HIR-B, leaving a proportion of un-infected cells. This could 

be confirmed from the trend by comparison with the control cells, which retained a 

higher viability, in contrast to cells infected with pBac-2cp-hIR-A. 

4.4 Protein Expression Analysis 

Protein expression screening was performed to identify the presence and amount of 

insulin receptor expressed by the insect cells. The insect cells infected with pBac-2cp-

hIR-A and pBac-2cp-hIR-B were harvested 72 hours post infection and lysed according 

to the protocol described in methods section. 
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4.4.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Insulin receptor is a hetero-tetrameric structured protein, consisting of two identical α 

and β subunits cross linked by disulphide bridges. The molecular weight of each α 

subunit is 130 kDa and each β subunit is 95 kDa (Belfiore et al. 2009). A full-length 

insulin receptor, after undergoing post-translational modifications, therefore has a 

molecular mass of 350-400 kDa (Bass et al. 1998). However, running a protein gel 

under reducing conditions disrupts the disulphide bonds, giving bands corresponding to 

the molecular weights of the individual chains rather than the functional assembly. SDS 

analysis of the cell pellet and supernatant (several dilutions from 1:10 to 1:80) resulted 

in several bands as shown in Figure 4-4. It was very difficult to identify the insulin 

receptor band(s) from the SDS gel of expressed proteins because of the dominant 

presence of host cell proteins among the very minor amounts of the desired proteins 

(hIR-A and hIR-B).  

 

Figure 4-4: SDS-PAGE analysis of expressed hIR-A and hIR-B using insect cell culture cell 

supernatant and pellet samples (varying dilution) from 72 hour samples stained using coomassie 

blue stain. A perfectly digested band (without glycosylation) would be expressed at 130 kDa (α 

subunit) and 95 kDa (β subunit). Lane 1-molecular weight ladder, Lane 2- High Five 1/10 

dilution of hIR-A cell supernatant, Lane 3- High Five 1/10 dilution of hIR-A cell pellet, Lane 4-

High Five 1/10 dilution of hIR-B cell supernatant, Lane 5-High Five 1/10 dilution of hIR-B cell 

pellet, Lane 6- High Five 1/20 dilution of hIR-A cell supernatant, Lane 7- High Five 1/20 dilution 

of hIR-A cell pellet, Lane 8- High Five 1/20 dilution of hIR-B cell supernatant, Lane 9- High Five 

1/20 dilution of hIR-B cell pellet, Lane 10-NIL, Lane 11- molecular weight ladder, Lane 12- High 

Five 1/40 dilution of hIR-A cell supernatant, Lane 13- High Five 1/40 dilution of hIR-A cell pellet, 

Lane 14- High Five 1/40 dilution of hIR-B cell supernatant, Lane 15- High Five 1/40 dilution of 

hIR-B cell pellet, Lane 16- High Five 1/80 dilution of hIR-A cell supernatant, Lane 17- High Five 
1/80 dilution of hIR-A cell pellet, Lane 18- High Five 1/80 dilution of hIR-B cell supernatant, Lane 

19- High Five 1/80 dilution of hIR-B cell pellet. 
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Therefore, a western blot was performed further to confirm the presence of proteins of 

interest. 

4.4.2 Western blotting 

Western blot analysis was performed to confirm the presence of full-length hIR-A and 

hIR-B from insect cells. The lysed High-Five insect cell samples from 72 hours post 

infection were diluted in PBS (dilutions from 1:10 to 1:80). The cell supernatant and 

pellet at every particular concentration were run on SDS-PAGE initially. The samples 

were then blotted onto a nitrocellulose membrane after SDS-PAGE analysis. 

Monoclonal antibody to human insulin receptor α subunit (83-7) was used in the 

western blot detection process. This should recognize the α subunit of the insulin 

receptors (hIR-A and hIR-B). Figure 4-5 established the presence of hIR-A in the 

supernatant fraction at 1:10 and 1:20 dilutions. The variation in the predicted molecular 

weight and the blotted version of the expressed IR was due to the presence of post-

translational modifications. However, the hIR-B was not evident in any of the dilutions. 

This method of utilizing an antibody to detect the α subunit of the receptor could be 

used as a method to confirm the presence of the receptor, however using a monoclonal 

antibody to recognize the β subunit additionally would eliminate the questions 

concerning the expression of full-length receptors. 

The hIR-B was not identified as expressed from this analysis. This was consistent with 

the earlier speculation that the infection process for hIR-B was not comparable with the 

hIR-A samples infected. The samples infected with pBac-2cp-hIR-B did not show signs 

of proper infection, such as a decrease in viability (Mena et al. 2007) as shown in 

Figure 4-3. The failure of expression of hIR-B could be due to lack of complete 

infection of cells, evident from the consistent viability for 2 dpi, comparable with the 

control cells. 

The initial idea behind the objective of synthesizing the full-length human insulin 

receptor was to use them in SPR studies after purifying the expressed IR to study the 

feedback inhibition exhibited by the C-terminal region of the full length receptor. 

Neither the full-length IR, nor the ectodomains have been tested in the past, for their 

interaction with insulin using a SPR assay. However, when successfully synthesized 

and purified, the extracted IR would require a membrane-like mechanism to maintain it 

in a functionally active state. This requires much more investigation and only a few 
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research groups around the world have been successful (Whittaker, 2011, personal 

communication) in extracting functionally active full-length IR (Woldin et al. 1999). 

Therefore, it was decided that the SPR studies in this thesis should be carried out with 

commercially purchased, recombinantly synthesized, ectodomain versions of IR (eIR-A 

and eIR-B), which can bind insulin and elicit the differences in affinity caused by the 

isoforms, even though the additional information of how a full-length IR would respond 

(with feedback inhibition) would be missing. 

 
 

Figure 4-5: Western blotting analysis of the expression of the full-length human insulin receptor 

in High-Five insect cells, detected at two different dilutions (1:10 and1:20) using cell 

supernatant (sup.) and pellet (pel.) with the 83-7 monoclonal antibody to insulin receptor α 

subunit. Lanes correspond to those in Figure 4-7. 

4.5 Identification of the oligomeric states of insulin using size exclusion 

chromatography  

Insulin has an increased tendency to form dimers and hexamers in solutions above 

physiological concentrations (Brange et al. 1990) and native human insulin is partially 

hexameric under physiological conditions. The extent to which it is in hexameric form 

in solution depends on the pH, and the concentrations of both zinc and insulin. It 

dissociates to form the biologically active dimeric and monomeric forms mainly 

through dilution (Evans et al. 2011). The monomeric form of insulin is the active form 

that binds the insulin receptor to initiate the signalling cascade for cellular glucose 

uptake. Other oligomeric states of insulin do not have optimal binding or are totally 

inactive in binding the receptor. Therefore, it is essential to test that the insulin (at the 
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concentrations used in this study) is monomeric, similar to their physiologically active 

forms (which exist at much lower concentrations than those used in this study). 

To study the form of insulin at the range of concentrations used in this study, the 

samples were analyzed by size exclusion chromatography (SEC) with a 24 mL 

Superdex S75 HR10/30 column (GE Healthcare Life Sciences, Uppsala, Sweden).  

SEC was used to test for aggregation of insulin and Lispro insulin at concentrations 

1345, 2690 and 5381 nM, the three highest concentrations used in the SPR, and at 8609 

nM. The elution volume decreased with concentration, as shown in Figure 4-6 for 

recombinant insulin, indicating an increase in the average size of the molecules in the 

samples with concentration. It can also be noted that the SEC peak asymmetry is 

consistent with the presence of a rapid and reversible equilibrium. Therefore, from the 

SEC analysis and from literature results, it can be concluded from this result that the 

proportion of dimeric insulin increased at micromolar concentrations (Brange et al. 

1990; De Meyts 2004).  

On the other hand, Lispro insulin is designed to be monomeric even at high 

concentration (Pillion et al. 1998). Lispro is a recombinantly synthesized analogue of 

insulin, designed by swapping the lysine (B29) and proline (B28) residues from the B 

chain (Frasca et al. 2008). The analogues of insulin, designed by swapping or 

modifying the residues B26-B30 have similar insulin receptor recognizing and binding 

potentials with reduced self-association properties (Rakatzi et al. 2003). The constant 

elution volumes over the range of concentrations shown in Figure 4-7 is consistent with 

the view that Lispro insulin remains monomeric over the concentration range tested 

(Ding et al. 2003). 
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Figure 4-6: Elution profiles of varying concentrations of insulin by UV absorbance at 215 nm 

on a Superdex S75 HR 10/30 SEC column at a flow rate of 0.75 mL/min. 

 

 

Figure 4-7: Elution profiles of varying concentrations of Lispro by UV absorbance at  215 nm on 

a Superdex S75 HR 10/30 SEC column at a flow rate of 0.75 mL/min. 
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4.6 Surface Plasmon Resonance (SPR) assay to study the eIR – insulin 

interaction 

4.6.1 Instrumentation 

A ProteOn XPR36
TM

 protein interaction system was used for the SPR assay 

development. Instrument control was carried out using the ProteOn Manager Software 

Version 3.0. Scrubber 2.0 program from BioLogic software (Campbell, ACT, Australia) 

and ClampXP software (Myszka and Morton 1998) were used for data processing and 

analysis. The Bio-Rad SPR chip (as described in Chapter 3 Section 3.7.2.2) consists of 

six ligand channels – L1 to L6 (to immobilize proteins, ligands) and six analyte 

channels – A1 to A6 normal to the ligand channels to pass the (interacting partners, 

analytes) proteins in solution across the immobilized ligands. Although these are in the 

same plane physically, these two sets of channels are conceptually referred to as 

“vertical” and “horizontal” orientations, to match the software interface. The two sets of 

six parallel channels thus intersect at 36 points so the ProteOn XPR36
TM

 system has a 

high throughput multiplexing capacity to carry out 36 interactions simultaneously 

(Bravman et al. 2008).  

4.6.2 Assay design 

A surface plasmon resonance assay was designed to study the insulin-receptor 

ectodomain, insulin interaction for the first time. Different approaches were attempted 

to bind the insulin receptor to the SPR chip surface as the ligand. The main 

considerations for this step were 

a) The immobilized eIR should be free to bind insulin – The immobilization of the 

receptor to the chip, should not affect the binding of insulin in any manner. 

b) Avoiding non-specific binding of eIR – The immobilization of insulin receptor 

should not be non-specific. If the binding of eIR takes place at multiple points 

on the protein surface, it would introduce further more complexity to the 

binding kinetics through steric effects, rather than helping us understand its 

physiological binding with insulin. 

c) To study the eIR – insulin interaction relatively close to physiological 

conditions. Therefore a pH of 7.4 was and temperature of 25°C was maintained 

throughout the assay. 25°C was chosen instead of 37°C to avoid evaporation of 
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small-volume samples, prior to and during the process of interaction.  PBST 

was used as the sample buffer in most cases. 

4.7 HTG chip assay to study eIR – insulin interaction 

The HTG chip was initially considered a straightforward method to study the 

interaction between insulin and histidine (HIS) tagged eIR. Initial studies were carried 

out using selective channels for immobilization. 

4.7.1 Studying the effect of analyte (insulin) on HTG chip surface 

The HTG chip is made up of medium density of tris-NTA (tris- nitrilotriacetic acid), for 

capture of large HIS tagged proteins (Anderson et al. 2013). 

 

Figure 4-8: Interaction of insulin at varying concentrations with non-activated HTG chip 

surface 

To check for the inertness of insulin (analyte) with the chip surface, it was passed over 

a non-activated HTG chip surface. This generated a response of ~2600 RU for 172.18 

µM insulin injection, showing that it was not inert (blank channel injected with varying 

concentrations of insulin, as shown in Figure 4-8). Proceeding further, interaction of 

insulin on an activated surface was tested. The activation of the chip surface was 

performed using immobilization buffer - nickel sulfate (generating Ni
2+

 ions on the chip 

surface by activation procedure specified by the manufacturer). The interaction of 

insulin, which had no HIS tag, was then passed across, which generated a response of 
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~2000 RU (data not shown) for the highest concentration 172.18 µM This could be 

attributed to  non-specific interactions between insulin and the activated NTA surface 

loaded with Ni
2+

 ions. “Non-specific interactions” in this context, refers to any 

unwanted interactions between insulin and the activated NTA surface, caused by Nickel 

coordination chemistry or electrostatic attractions. 

4.7.2 Immobilization of HIS tagged eIR to the HTG chip surface 

The HIS tagged eIR was immobilized at a concentration of 0.001 mg/mL on the HTG 

chip surface after the activation process (10 mM nickel sulphate in 10 mM MES buffer 

(pH 6.0) injected a flow rate of 30 µL/min for 1 min). The SPR responses were 

obtained from a single ligand channel (L1) immobilized with eIR.  

 

Figure 4-9: SPR sensograms showing immobilization of histidine tagged insulin receptor 

ectodomain at 0.001 mg/mL on channel L1 of HTG chip surface (for a period of 300 s injection) 

The main problem in the immobilization procedure here was that the interaction spots 

in the same ligand channel behave differently from one another. This is evident in the 

SPR responses obtained from a single channel (L1) shown in the Figure 4-9, which 

indicate varied levels of immobilization. The first interaction spot (L1A1) gave the 

lowest response and the last interaction spot in the channel (L1A6) gave the maximum 

response. This non-uniformity creates uncertainty about the levels of non-specific 

binding affecting the intended (HIS-tag based) binding. 
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Channel L2 was activated without immobilization (no ligand was immobilized) to serve 

as a blank to reference subtract any unwanted interactions other than insulin binding to 

the eIR-A. Insulin was then passed along the analyte channels at varying concentrations 

to study the interaction with the immobilized eIR. The sensograms obtained prior to 

referencing with blank channel are shown in Figure 4-10. It is evident from this data 

that the non-activated surface (L3) binds more insulin when compared with the 

activated channels L1 and L2. Moreover channel L1 with eIR, generated a similar 

response compared with the L2 channel, which did not have any eIR immobilized.  

Therefore, reference subtracting L2 from L1 generated a negative response, which was 

attributed to the non-specific interactions between insulin and chip surface. 

To avoid these non-specific interactions between insulin and the chip surface, 

imidazole, which had a similar structure of histidine, was used as a competing agent 

with ligand and analytes.  

4.7.3 Troubleshooting HTG chip assay issues 

Figure 4-11 shows a trouble-shooting flow chart for studying the interactions of insulin 

with insulin receptor on a HTG chip. These troubleshooting steps were carried out to 

resolve the issues faced when using this immobilization procedure. The tris-NTA of the 

HTG chip cross-interacts with insulin.  
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Figure 4-10: Sensograms obtained by passing insulin across channels L1 to L3, where channels 

L1 and L2 were activated and immobilization of his tagged eIR was carried out on L1 only. 

Channel L3 was not-activated. Insulin at varying concentrations (172.18 µM down to 5.38 µM) 

were passed across as analyte. 
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The activation of the chip surface with nickel sulphate (generating Ni
2+

 ions on the 

surface) reduced the non-specific interaction to ~2000 RU for the highest insulin 

concentration on channels L1 and L2. Imidazole was added along with ligands and 

analytes in an attempt to avoid non-specific interactions. This reduced the non-specific 

interaction to an extent, but did not completely resolve the issue. Because imidazole 

competed with insulin to prevent it from binding the HTG chip surface, reference 

subtracting resulted in negative responses and an alternative was sought.  

One other major issue faced was the high affinity of insulin with multivalent metal ions 

such as Zn
2+

,
 
with which it forms hexamers, and others such as Co

2+
,
 
with which the 

affinities are higher (Coffman and Dunn 1988). Ni
2+

, used for the activation of the HTG 

chip surface, was no exception. 50 mM (EDTA), a metal chelating agent (Tokuda et al. 

1990), used to strip bound HIS tagged proteins (Nieba et al. 1997) was then added to 

buffers to avoid contamination by any metal ions influencing any non-specific binding. 

Although this procedure reduced the amount of non-specific binding, it did not improve 

the resolution of the interaction on channel L1, compared with the blank L2 channel. 

Referencing the sensograms, again resulted in a negative response. 

Although it was not feasible to inundate the activated chip surface with eIR-A to bind 

all nickel activated sites, a higher concentration injection of eIR-A (0.004 mg/mL) was 

attempted and the sensograms were referenced with L2, which again resulted in a 

negative response. 
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Figure 4-11 The schematic outline of issues faced and alternative approaches attempted with studying the insulin, insulin-receptor interaction on a HTG chip. 

The RU response range denoted were obtained from 172.18 µM insulin injection in particular steps                     
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4.7.4 Disadvantages of HTG chip assay: 

1) Insulin bound to Ni
2+

 metal ions on the chip surface creating non-specific 

binding, which could not be corrected by referencing. 

2) Insulin interacted with the non-activated and activated NTA chip surface 

containing Ni
2+

 ions, predominantly because of its negative charge at pH 7.4 

(The isoelectric point (pI) of insulin is 5.3 which would render a net negative 

charge at pH 7.4 which is higher than its pI (Srinivasan et al. 1989)). 

Due to the above issues, which could not be resolved using addition of EDTA or 

imidazole used as competing agents to overcome the non-specific interactions on HTG 

chip surface, an alternative immobilization procedure was sought to develop the assay.  

4.8 GLM chip assay 

GLM chips are coated with a thick alginate polymer (Jiang and Neil Barclay 2010)  that 

has surface exposed carboxylic acid groups and are used for general amine coupling of 

proteins. General amine coupling is a process by which the primary amine group of the 

proteins are bound after prior activation of the sensor’s carboxyl surface using an 

EDAC/NHS mixture (Fischer 2010). 

4.8.1 Studying the effect of analyte (insulin) on GLM chip surface 

Insulin was subject to electrostatic interactions (responses immediately returning to 0 

RU at the end of the association phase) on the unactivated GLM chip surface (data not 

shown), but did not bind non-specifically to the extent that it interacted with the NTA 

coated HTG chip surface as described earlier. 

4.8.2 Capture of eIR 

Initial studies to test the feasibility of binding the eIR directly to the chip surface by 

amine coupling, were performed in our laboratory, in which insulin failed to interact 

with the immobilized eIR (data not shown). This may be because the eIR immobilized 

via amine coupling loses its conformational freedom to bind insulin. Therefore, eIR 

was captured using 83-7 monoclonal antibody to the insulin receptor α subunit.  

Activation was performed using a homogenous mixture of 0.4 M 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride and 0.1 M N- hydroxysuccinimide 

(NHS) in the ratio of 1:1, injected at a flow-rate of 30 µl/min, for 300 s. The 83-7 
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monoclonal antibody was then injected at a flow-rate of 50 µl/min, for 300 s, followed 

by de-activation using 1 M ethanolamine-HCl at 30 µl/min, for 300 s. eIR was then 

passed across in the ligand direction at a flow rate of 25 µl/min for 300 s, after passing 

a series of two consecutive blanks, using running buffer PBST to stabilize the surface.  

The sensogram from all these steps are shown collectively in Figure 4-12, except for 

the blanks prior to eIR immobilization. It is very clear from the figure that the 

immobilization process is uniform, with responses from all the six interaction spots 

with responses closely similar to one another, unlike the responses from the HTG chip 

(Figure 4-9). 

 

 

Figure 4-12: A overall sensogram from one channel (6 interaction spots represented by 6 curves 

with responses closely similar to each other) showing responses obtained from activation using 

EDAC (0 - 300 s), 83-7 antibody (580 – 880 s), deactivation (from 1100 – 1400 s) and eIR 

immobilization (1700 – 2000 s) sequentially 

4.8.3 GLM Multiplexing assay - to study eIR-insulin interactions 

The assay was performed using multiple six ligand channels, simultaneously (as 

described in the Chapter 3 Section 3.7.2.2) to produce replicate binding data. This 

increased the throughput of the assay. It was not just the high-throughput, but also one 

of the limitations with regeneration of the chip surface after capturing IR using the 

monoclonal antibody that was overcome with multiplexing. Further details about this 

limitation are presented in Section 4.8.4. 

Figure 4-13 shows the SPR responses obtained from all channels during 

immobilization, showing that the immobilization levels on channels L2, L3, L5 and L6 

Activation Immobilization 
of 83-7 mAB 

Insulin 

receptor 

ectodomain 

(eIR) 

Deactivation 



4-19 

 

were closely similar, with RU values of 10800±300 RU. Channel L4 showed a slightly 

lower response so was not used in subsequent experiments, while L1 had the lowest 

immobilization level, at ~8000 RU. It is not clear why there was variation in the 

immobilization levels between channels, given that great care was taken to pre-

condition the chip surface prior to immobilization and the immobilization conditions 

were identical in all channels. Channel L1 was used only as a reference channel, to 

offset buffer shift and subtract non-specific interactions of the analytes with the chip 

surface from SPR responses in the eIR channels. Buffer shifts are minute differences 

between the refractive indices of the running buffer through the system and the blank 

(running buffer in samples), which are picked up by the sensitive SPR system. In 

practice, a reference channel need not be immobilized with protein but can simply be 

NHS-activated and then blocked with ethanolamine to remove (negatively charged) 

carboxyl groups and reduce electrostatic interactions. Thus, antibody immobilization on 

that channel was additional to normal requirements and its level was not considered 

critical. Following immobilization, the ligand channels were deactivated with a 1 M 

ethanolamine-HCl to block residual NHS-activated carboxyl groups, to remove loosely 

bound antibody molecules and ensure a uniform baseline. Figure 4-14 shows the 

responses obtained during capture of eIR-A on the antibody. As expected, channel L4 

showed lower responses compared with the other channels (L2, L3, L5 and L6) because 

of the reduced level of antibody immobilized during the previous step, so was ignored.  

A stable baseline response of 1200 ± 50 RU was obtained in channels L2, L3, L5 and 

L6 following eIR capture, so there was no drift in SPR response that would affect the 

apparent kinetics during insulin and Lispro interaction analysis. 

eIR-B was immobilized in a similar fashion using a separate chip used to study eIR-B, 

insulin interactions. Not much difference was observed between eIR-A and eIR-B in the 

levels of binding to 83-7 monoclonal antibody (data not shown). 
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Figure 4-13: Responses obtained from immobilization of 83-7 antibody across 36 spots from 

channels L1 to L6. Outlier L4 was eliminated in further studies. L1 was subsequently used as a 

reference channel. 

 
Figure 4-14: Stable baseline SPR responses obtained from eIR-A bound to the immobilized 83-7 

monoclonal antibody. Responses were obtained by subtracting the L1 (on which anti -IR antibody 

was immobilized but not eIR-A) response. 
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4.8.4 Insulin – eIR interactions 

Sensograms (after subtraction of L1 responses) for a single injection of six insulin 

samples with concentrations from 168 to 5381 nM immediately after capture of eIR-A 

are shown in Figure 4-15, grouped by analyte channels A1–6. The six insulin analyte 

samples interacted with the eIR-A on channels L2 to L6, so that, neglecting L4, four 

replicate sets of interaction data were obtained from 24 interaction spots on the chip 

surface. The sensograms in the four ligand channels overlap at each analyte 

concentration, showing good reproducibility.  

 

Figure 4-15: Quadruplicate data of eIR-A insulin interaction responses for insulin 

concentrations from 168 to 5381 nM, obtained from channels L2, L3, L5 and L6. 

Interaction of Lispro insulin with eIR (A and B isoforms respectively) were also studied 

because, as described above in Section 4.5, recombinant human insulin self-associates 

to form dimers and possibly forms hexamers in solution, especially at the higher 

concentrations used in this study. There were concerns that this may affect the SPR 

responses and also the calculated kinetic parameters for the interaction described later 

in this chapter.  
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To check that there were no mass transport limitations on the interaction (i.e. that SPR 

responses reflected ligand association-dissociation and not mass transport), insulin 

injections were performed at 25 µL/min for 300 seconds and at 100 µL/min for 120 

seconds, as shown in Figure 4-16 for five different insulin concentrations, with each 

flow rate run in duplicate. The SPR responses at 5381, 1345 and 673 nM were identical 

at 25 and 100 µL/min. If there were mass transfer limitations, the response curves 

would be higher at the higher flow rate. The lower SPR responses at 100 µl/min than at 

25 µl/min for 2690 and 336 nM are opposite to what would be expected with mass 

transfer limitations, and were probably caused by the degeneration of the antibody on 

the corresponding spots on the chip surface after repeated use and regeneration. The 

responses shown in Figure 4-16 confirm that there were no mass transfer limitations 

during analyte interactions. The flow rate 25 µL/min was therefore chosen for 

subsequent experiments to allow a longer association step during analyte injection 

(limited by the maximum sample injection volume available in the SPR autosampler 

system).  

 

Figure 4-16: SPR responses (duplicate runs) from the interaction of insulin (336 to 5381 nM) 

with immobilized eIR-A at 25 µL/min (300s injections) and 100 µL/min (120 s injections). Each 

flow rate was repeated twice. 
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Figure 4-17 (a) shows sensograms obtained from six insulin concentrations of 11 to 336 

nM, immediately after refreshing the IR-A ligand (i.e. after removal of eIR-A and 

insulin by 10 mM glycine-HCl at pH 2.0  and re-capture of eIR-A). 

A slight decrease in response was observed after a single regeneration (data not shown). 

The regeneration step removes both the eIR-A and the insulin from the antibody but 

may possibly damage the immobilized antibody, while a higher pH did not completely 

remove the eIR-A and insulin during our preliminary regeneration scouting 

experiments. It was also found that three or more regeneration steps caused not only 

loss of activity but significant variations between individual interaction spots (data not 

shown), probably because of variable levels of antibody degradation. This would be a 

significant problem if multiple (serial) measurements were required with regeneration 

between each one, but this was avoided in the multiplex SPR system because replicate 

data could be obtained simultaneously from four channels, with each set of insulin 

injections at six concentrations. In cases where single regeneration has been reported, 

the allocation of analyte sample concentrations to specific analyte channels was 

randomized to avoid systematic errors between the first and second eIR-A interaction 

measurements. 

The eIR-A insulin interactions (in Figure 4-15 and Figure 4-17 (a)) showed rapid 

association, during which the interaction reaches equilibrium within the first few 

seconds of insulin injection at the highest concentrations. The dissociation phase was 

also rapid but the responses of the higher insulin concentrations in Figure 4-15 did not 

return to baseline, which indicates the presence of residual insulin on a high-affinity 

binding site that only slowly dissociated and was not completely dissociated on the 

time-scale of this first interaction with freshly immobilized eIR-A. 
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Figure 4-17:(A) Global kinetic analysis of response data for the eIR-A interation with 

recombinant human insulin. Experimental data is given by black lines at six insulin 

concentrations (11, 21, 42, 84, 168 and 336 nM). The two-site model fit (Eq. (1)) is given by the 

red lines. (B) Residuals between experimental data and fitted curves. 
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The eIR-A – Lispro, eIR-B – insulin and eIR-B – Lispro, interactions were studied 

similar to the eIR-A – insulin interaction, but regeneration affected the ligand scaffold 

much more severely than the minor damage observed after regeneration of insulin (data 

not shown). Therefore, to avoid the regeneration required between two analyte injection 

sets to cover the wider concentration range from 11 to 5381 nM, only the responses 

from a single set of analyte injections were chosen in both the cases for data analysis 

and to interpret the kinetics. The lower concentration range (11 to 336 nM) sets, 

relatively closer to physiological levels were chosen to minimize potential problems 

with insulin aggregation. 

4.8.5 What happens when insulin binds the insulin receptor? 

The binding of insulin to IR is a complex process, which in-turn activates a series of 

signalling cascades to regulate the blood glucose levels. This is achieved by glycolysis 

and glycogen storage (processes where glucose is stored) and suppression of 

gluconeogenesis and glycogenolysis (where the glucose stored in released). In the 

inactive state, the IR’s extracellular region exerts a negative effect on the intracellular 

kinase activity of the insulin receptor. The tyrosine kinase becomes functional by 

proteolytic action, removing the extracellular domain. There are two pockets for insulin 

binding on the extracellular region of the insulin receptor. A single insulin molecule has 

the capacity to cross link the two α subunits of insulin receptor, activating them 

furthermore than the stabilizing action of the disulphide linkages (Chan et al. 2007) 

(Myers and White 1996). The tyrosine kinase of the insulin receptor undergoes 

autophosphorylation to phosphorylate the tyrosine residues in the intracellular region of 

β subunit. IRS 1 -4, Gab-1, p60
dok

, Cb1,APS, SHC have been identified as the common 

intracellular substrates of insulin receptor kinases (Saltiel and Kahn 2001). 

At the molecular level, what happens when insulin binds the IR remains speculative in 

the literature, with several models being proposed regarding the binding mechanism. 

This is much more complex than suggested by earlier studies, which proposed simple 

one-site binding. The past three decades of research on the insulin receptor binding has 

shed some light about its binding and certain basic principles it exhibits such as 

negative co-operativity. However, a complete understanding about the sequence of 

actions in the binding event and its functioning is not available. The most recent 

picture, revealed from the work of Menting et al. (2013), describes the classical insulin 



4-26 

 

binding site of IR. Currently, a complete understanding of how insulin binds to IR is not 

available. 

4.8.6 IR - insulin binding models 

Many mechanisms have been proposed for IR-insulin binding. Each chain in the IR 

dimer contains two insulin binding pockets, sites 1 and 2 on one IR chain (linked α and 

β subunit) and sites 1’ and 2’ on the other. Binding of insulin to one of the pockets is 

described as “low-affinity binding”, whereas the cross-linking of sites 1 and 2’ or 2 and 

1’ by one insulin molecule is responsible for “high-affinity binding" (Lawrence et al. 

2007; Ward et al. 2007). Schaffer (1994) proposed a model initially, where the insulin 

initially cross-links the two IR monomers by bringing sites 1 and 2’ together. This gave 

rise to the possibility of a second insulin molecule binding to site 2 and a third to site 

1’. This model, however, did not provide a convincing explanation for the negative co-

operativity observed in Scatchard plots. The problem was overcome by De Meyts and 

Whittaker (2002), with their alternative theory of high-affinity cross-linking between 

sites 1 and 2’ in one position, causing a conformational change, affecting the 

corresponding sites 1’ and 2, where a second insulin molecule can bind with lower 

affinity. This would then be followed by shuffling of the insulin between the two 

positions. This is the current model, which is widely accepted in the literature for 

insulin binding, with additional support from the recent crystallographic findings of the 

eIR and eIR-insulin complexes.  

The sequential binding of two insulin molecules to the IR is explained in Figure 4.18. 

The complete insulin binding process is based upon assumptions from De Meyts and 

Whittaker’s model (De Meyts and Whittaker 2002). According to this model, there is a 

possibility for a third insulin to bind with low affinity (not-represented in the scheme), 

along with the final state represented in the scheme, wherein the IR has one high-

affinity and one low-affinity bound insulin. Although the model seems complete, it 

involves many assumptions including   

 eIR existed in the native heterotetrameric (dimeric α subunits) state and behaves 

in a fashion similar to membrane anchored receptors.  

 The insulin is completely monomeric when binding the receptor. With the use of 

Lispro insulin, the likelihood of the presence of multiple oligomeric species of 

insulin is low.  
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 The eIR – insulin binding takes place as proposed by the models of Schaffer, De 

Meyts and Whittaker (De Meyts and Whittaker 2002; Schäffer 1994).  

The insulin has two binding sites which are involved in binding IR, the classical dimer 

formation site and the other being hexamer formation site. Insulin binding to the IR 

exhibits negative cooperativity, which was not explained by earlier models of IR – 

insulin binding. De Meyts proposed that the sites 1 and 2 on either of the IR monomers 

would have an antiparallel symmetry that allows for alternative cross-linking. This 

model was confirmed by the crystallographic studies on  structure of the IR 

extracellular domain later (McKern et al. 2006). This has been the widely accepted 

model in literature.  

The difference in kinetic affinities between the two different isoforms of insulin can be 

attributed to the subtle change (presence or absence) of 12 different amino acids at the 

C terminal end of α subunit, which is a crucial binding site for insulin on IR. 

The models used in this study are explained in Figure 4.19. It is based on the 

assumptions from the De Meyts and Whittakers model, which is expressed in a 

simplified fashion in Figure 4.18. The two-site model explained in Figure 4.19 A  and 

the two-site with conformational change model in Figure 4.19 B are also based on  

 an additional assumption where only a single insulin molecule would bind IR. 

Subsequent insulin molecules binding to IR are ignored to avoid introducing 

multiple modelling parameters.  

 The two-site with conformational change model also has an assumption where a 

high affinity site could shift to a non-cross linked low affinity site and vice-

versa theoretically.  

Having designed a scheme based on the above proposed models, fitting this to the 

obtained sensograms would be a complex procedure, involving more than six variables 

to account for the mechanism shown in Figure 2-18. The model by Kiselyov et al. 

(2009) takes into account all the possible (~35) conformations by which insulin could 

bind to IR and results in equilibrium constants KD1, KD2  (from two association and two 

dissociation rate constants) and a separate cross-linking constant Kcr by which insulin 

binding which brings two IR chains together. Using more complex models will almost 

inevitably provide better fits to the data because there are more variables to adjust but 
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this does not necessarily provide confidence in the experimental evidence behind a 

particular mechanism. Therefore the simplified models shown in Figure 4-19 were 

adopted.  

There is little justification for adopting more complex models than required to fit a data 

set and hence the simplest possible models consistent with the literature, and using the 

least number of variables to describe the interactions, are presented below. 
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Figure 4-18: Overall scheme of insulin binding to insulin receptor ectodomain. It shows the sequential binding of first insulin to the rec eptor in the high and 

low-affinity state, followed by binding of second insulin to the receptor.  
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Figure 4-19: Simplified binding scheme of insulin binding to insulin receptor, used for 

modelling the SPR interactions of insulin with insulin receptor ectodomain. The scheme depicts 

the binding of first insulin molecule to the insulin receptor in high and low-affinity state. It also 

includes the constants kf3 and kr3 (forward and reverse rates) for the transition of high-affinity 

to low-affinity state and vice-versa. A) Two-site model B) Two-site with conformational change 

model. 
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4.8.7 Kinetic analysis 

The SPR responses were fitted to a heterogeneous ligand (two-site) model, according to 

Eq. (1), using ClampXP software (Myszka and Morton 1998), where A represents 

insulin, and B1 and B2 are the high- and low-affinity binding sites on IR-A, 

respectively. 

1

1

2

2
* *

ka

kd

ka

kd

A B AB

A B AB

 

           (1) 

A brief overview of how ClampXP performs the curve-fit process, based on the input 

model is presented below. 

ClampXP performs a routine fitting analysis based on the input parameters from the 

given equation, based on the model and the sensograms presented. The input 

parameters in equation 1 are [A] - concentration of insulin, [B] - concentration of the 

site B of the eIR, [B*] - concentration of the site B* of the eIR, [AB],[AB*] -

concentrations of the low and high-affiniy eIR – insulin complex, ka1, ka2 - forward 

reaction rates and kd1, kd2 - reverse reaction rates. Of all these variables, [A] is the 

analyte insulin that is injected at various concentrations and [AB] and [AB*] are a 

function of response units that are obtained from the sensogram data.  

[A] is assumed to be constant. Also [B]0 - [B]t = [AB]t; [AB]0 = 0 and [B*]0 -[B*]t = 

[AB*]t; [AB*]0 = 0 

There are six remaining variables that are adjusted to fit the curves using ClampXP, 

starting from arbitrary initial values.  
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a1 d1

a 2 d 2

d1 a1

d 2 a 2

d[A] / dt = 0

d[B] / dt = -k [A][B]+ k [AB]

d[B*] / dt = -k [A][B*]+ k [AB*]

d[AB] / dt = -k [AB]+ k [A][B]

d[AB*] / dt = -k [AB*]+ k [A][B*]

         (2) 

The differential equations used to describe the model presented in (1) are expressed in 

set of equations in (2). 

t B B* AB AB*R = R [B]+ R [B*]+ R [AB]+ R [AB*]  (3) 

The response at a given time “t” can be obtained by Rt. RB, RB*,RAB and RAB* are used to 

account for difference in mass between insulin binding sites on eIR and eIR-insulin 

complexes. Substituting Equation (2) in (3), the expression for response is presented in 

Equation (4). 

t t

t B a1 d1 B* a 2 d 2

0 0

t t

AB d1 a1 AB* d 2 a 2

0 0

R = R (-k [A][B] + k [AB])dt+ R ( - k [A][B*] + k [AB*])dt

+ R (-k [AB] + k [A][B])dt + R ( - k [AB*] + k [A][B*]) dt

 

 

      (4) 

The integration is performed by introducing the arbitrary values, which are initially 

entered and the fitting iterations occur to obtain the best fit. ClampXP generates a 

simulation overlaying the sensogram using a semi-implicit extrapolation method. The 

overlaid simulation is fitted to the sensograms by altering the variables, leading towards 

the best possible fit. In this fitting process, the goodness of the fit is observed using the 

sum of squares or the chi-squared (χ²) value. χ² is the square of the value obtained from 

subtracting the simulated data from the experimental data. In the process of moving 

towards a good fit, the input variables are altered to obtain the least χ² value using the 

Levenburg–Marquardt nonlinear minimization algorithm. The results, including 

standard deviations and residual plots can be analysed and exported further (Morton et 

al. 1995; Myszka and Morton 1998). Figure 4-17(A) shows the curve fits and Figure 
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4-17(B) shows the residuals, indicating the goodness of the fit. The kinetic constants for 

the fits shown in Figure 4-17 are reported in Table 4-1. The equilibrium dissociation 

constants, KD1 and KD2, were 166.3 and 38.1 nM for the low-affinity and high-affinity 

sites, respectively. This kinetic model for insulin is consistent with the two-site binding 

pattern reported previously (McCowen et al. 2002; McKern et al. 2006; Ward et al. 

2008). The IR-insulin interaction has been reported to be complex and does not fit into 

a simple one-to-one binding model (Kiselyov et al. 2009), consistent with the fits 

shown in Figure 4-17. Kiselyov et al. (2009) reported equilibrium dissociation 

constants for IR-insulin interaction with KD values of 399 and 6.41 nM for the low- and 

high-affinity sites, respectively. They obtained their values from a mathematical model, 

applying the experimental data from interaction analysis in IM9 and 293 EBN cell lines 

at 15C with 8 pM radio-labeled insulin and a series of unlabelled insulin from 

picomolar to nanomolar levels. Hoyne et al. (2000) reported KD values of 0.057 and 6.3 

nM for the two-site interaction of insulin with membrane-bound, native insulin 

receptor, whereas their results for a eIR-A – insulin interaction gave a KD of 11 nM, 

obtained from a single-site model (for a non-specified isoform of IR). They attempted 

to improve the binding affinity of the eIR-A – insulin interaction by fusing a leucine 

zipper to the ectodomain (IR ecto-zip), for which they reported KD values of 0.082 and 

16 nM, close to the values they obtained for the full-length IR-insulin interaction. 

Masters et al. (1987) reported the binding affinities from interaction of insulin with 

dissociated rat brain cells to be 0.03 and 6.6 nM. Knudsen et al. (2011), reported 0.236 

and 1.75 nM for the interaction between insulin and IR-A using a homologous 

competition assay with un-labeled insulin concentrations of the range of 16.7 pM to 

16.7 µM and 50 µL of labeled 
125

I-insulin. 

Thus, there has been considerable variation in reported kinetic constants ever since the 

interactions of insulin with different cell membranes were first tested in the early 1970s  

(Cuatrecasas and Parikh 1972; Cuatrecasas et al. 1971; Cuatrecasas 1971; Gammeltoft 

1984). The interaction kinetics for the eIR-A – insulin interaction, were quantified 

using insulin concentrations from 11 to 336 nM. Insulin dimerizes at micromolar 

concentrations (De Meyts 2004), altering the kinetics of the insulin-IR interaction 

above the normal range of physiological concentrations of insulin of up to 300 pM 

(Dick and Sturek 1996). The kinetic constants reported in this study for eIR-A – insulin 
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are closest to the values reported by Kiselyov et.al. (2009), although they used a wider 

range of unlabelled insulin concentrations in their analysis. 

Testing physiological concentrations would require more receptor to be immobilized 

onto the SPR chip surface to obtain sufficient responses with low analyte 

concentrations but this may lead to mass transfer effects on the interaction kinetics.  

Two surfaces of a single insulin molecule are known to interact with the insulin 

receptor (De Meyts 2004), which coincide predominantly with the residues involved in 

the dimerization and hexamerisation of insulin (Menting et al. 2013). It is clear 

therefore that hexameric insulin is unable to interact with insulin receptor because both 

its binding sites are occupied. Dimeric insulin would be only partially active in binding 

the receptor, with one available binding region. Therefore, any modification of these 

residues would lead to insulin with completely different receptor binding capabilities 

(Shoelson et al. 1992).  

The initial results from the eIR-A – insulin interaction seem to fit well using the two-

site model, where insulin binds to either site B or B* on the receptor. This suggest that 

the monomeric insulin species in the solution that interacts with the receptor to generate 

the interactions shown in Figure 4-17. 

The soluble insulin receptor ectodomain used in this study, captured on the sensor chip 

surface by the 83-7 monoclonal antibody, should behave similarly to a membrane-

anchored receptor, considering that it exists in the native dimeric state, in that there 

were apparently two binding sites, one high- and the other low-affinity. 

However, despite the apparent simplicity of the two-site model fitted to the sensograms 

from eIR – insulin interaction and the agreement of the measured kinetic parameters 

within the range reported in the literature, the formation of dimeric or hexameric insulin 

might affect the interactions. To address this issue, the interaction of (monomeric) 

Lispro with eIR-A were studied under the same conditions.  

4.8.8 Lispro-eIR interaction 

The kinetic fits of Lispro insulin – eIR-A interactions with the two-site model are 

shown in Figure 4-20 and the kinetic constants are reported in Table 4-2.  
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Figure 4-20:(A) Global kinetic analysis of SPR response data for the eIR-A interactions with 

Lispro insulin. Experimental data is given by black lines at six Lispro insulin concentrations 

(11, 21, 42, 84, 168 and 336 nM) and the two-site model (Eg. (1)) is represented by the red lines. 

(Note: All data is shown by responses from five replicate channels, except 11 nM, which shows 

only duplicate data.) (B) Residuals between experimental data and fitted curves.  
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The sensograms shown are from five replicate channels at the five highest 

concentrations but the 11 nM sensograms show only duplicate data because of signal 

drift in the other three channels at this concentration.  

The residuals in Figure 4-20 (B) show a trend at the highest concentration and the fits 

do not completely match the sensograms, so clearly, the two-site model does not fully 

explain monomeric insulin interactions. Therefore the model in Eq. (1) was modified 

by introducing a third pair of rate constants in Eq. (5) to include shuffling of the high- 

and low-affinity sites after binding, based on the simplified insulin binding scheme 

proposed in Figure 4-19.         

Model (5) thus describes a two-site with conformational change model, wherein the 

eIR-A – insulin complex AB does not remain distinct from AB*. 

 

1

1

2

2

3

3

* *

*

ka

kd

ka

kd

kf

kr

A B AB

A B AB

AB AB

 

 



      (5)  

 

The set of equations presented in (6) are the differential rate equations used to represent 

the model (5). In model (5), B and B* are the two different affinity sites available to 

bind insulin. The forward rate constants for eIR-insulin complexes are ka1 and ka2 and 

the reverse rate constants are kd1 and kd2. There is also a shuffle between the high and 

low affinity sites represented by kf3 and kr3 (forward and reverse constants). All the 

other values remain the same as shown in model (1). [A] is assumed to be constant. 

Also [B]0 - [B]t = [AB]t; [AB]0 = 0 and [B*]0 -[B*]t = [AB*]t; [AB*]0 = 0 
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a1 d1

a 2 d2

d1 a1 r3 f 3

d2 a 2 f 3 r3

d[A] / dt = 0

d[B] / dt = - k [A][B] + k [AB]

d[B*] / dt = - k [A][B*] + k [AB*]

d[AB] / dt = - k [AB] + k [A][B] + k [AB*]- k [AB]

d[AB*] / dt = - k [AB*] + k [A][B*] + k [AB]- k [AB*]

         (6) 

The response at a given time “t” can be obtained by Rt. 

 

t B B* AB AB*R = R [B]+ R [B*]+ R [AB]+ R [AB*]   (7) 

RB, RB*, RAB and RAB* are used to account for difference in mass between insulin binding 

sites on eIR and eIR-insulin complexes. Substituting Equation (6) in (7), the expression 

for response is presented in Equation (8). 

t t

t B a1 d1 B* a 2 d 2

0 0

t

AB d1 a1 r 3 f 3

0

t

AB* d 2 a 2 f 3 r 3

0

R = R (-k [A][B]+ k [AB])dt+ R ( - k [A][B*] + k [AB*])dt

+ R (-k [AB]+ k [A][B]+ k [AB*] - k [AB])dt

+ R ( - k [AB*] + k [A][B*] + k [AB]- k [AB*])dt

 





            (8) 

The integrations shown in (8) are performed by ClampXP to obtain the resulting fit 

based on the sensograms, analyte concentrations using the model. 

The two-site model (Eq. 4) fit to the eIR-A – Lispro SPR data is shown in Figure 4-21 

(A). The fit to this model was improved and the residuals in Figure 4-21 (B) do not 

show significant trends.  
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Figure 4-21:(A) Global kinetic analysis of SPR response data for the eIR-A interactions with 

Lispro insulin. Experimental data is given by black lines at six Lispro insulin concentrations 

(11, 21, 42, 84, 168 and 336 nM). The two-site with conformational change model fit (Eq. (5)) is 

represented by the red lines. (Note: All data is shown by responses from five replicate channels, 

except 11 nM, which shows only duplicate data.) (B) Residuals between experimental data and 

fitted curve.  
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There is no evidence, from the current literature, that insulin-IR interactions should 

follow a one-site model. The three parameters (goodness of the fit, trend-free residuals, 

χ2 or sum of squares (SSQ)) to determine the goodness of fit are poor for a single site 

model.  

 

 

Figure 4-22: (A) Global kinetic analysis of SPR response data for the eIR-A interactions with insulin. 

Experimental data is given by black lines at six Lispro insulin concentrations (11, 21, 42, 84, 168 and 

336 nM). The one-site binding model fit is represented by the red lines. (Note: All data is shown by 

responses from five replicate channels, except 11 nM, which shows only duplicate data.) (B) Residuals 

between experimental data and fitted curve. 
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It can be observed from Figure 4-22 that the one-site model for a eIR – Lispro 

interaction does not converge with a good fit, with the simulations varying from the 

sensogram data, trends observed in the residuals and a higher SSQ value, compared 

with the two-site and two-site with conformational change models presented in Section 

4.10.   

 (The fit using the one-site model for eIR – insulin interaction is presented in Appendix 

B)  

However, while the results are consistent with two-site binding, the better fit by 

introducing the conformational change (cross- linking) in the two-site with 

conformational change (Eq. 8) suggests that the first insulin molecule binds either with 

high-affinity (AB) through cross-linking of the IR dimer or by low-affinity (AB*), 

without cross-linking, consistent with the De Meyts and Whittaker mechanism. 

Although binding of a second insulin molecule with low-affinity may then occur (as 

shown in Figure 4-18), the additional fitting parameters introduced by such a model 

were not justified by the current results, presented here.  

4.9 Comparing eIR-A – versus eIR-B – Lispro binding 

From Table 4-1, Table 4-2, Table 4-3 and Table 4-4 we have a complete picture of 

kinetic constants (based on models 1 and 5), for insulin and the monomeric Lispro 

binding to eIR-A and eIR-B, respectively. The interaction of IR with insulin (at 

monomeric state in picomolar concentrations), can be compared to the eIR – Lispro 

interaction at the higher concentrations performed in the study.  

From Table 4-2 and Table 4-4 using model 1 for modeling, it is observed that the A 

isoform of the eIR binds Lispro with significant difference between the high and low-

affinity sites. There was about two-fold difference between the affinities, which lie in 

the nanomolar range (73.2 nM and 148.9 nM for the high and low-affinity sites). On the 

other hand, the B isoform bound Lispro with significantly lower affinities (234.3 nM 

and 272.8 nM) overall and the high and low-affinity sites observed were more similar 

in magnitude. Moreover, when model 5 was applied to the eIR-A – Lispro interaction, 

the fit improved significantly with major change in kinetic constants. This was 

observed from the improvement in the fit, reduction in residual trends observed and a 

reduced sum of squares value. The introduction of kf3 and kr3 increased the affinities 
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greatly (from 73.2 nM to 6.5 nM for the high-affinity and 148.9 nM to 89.6 nM for the 

low- affinity site), whereas it did not affect the eIR-B – Lispro interaction significantly, 

neither was the fit improved greatly (observed from Figure 4-24 and Figure 4-25). This 

can be compared with what has already been reported in the literature, that insulin binds 

the A isoform with ~2-fold higher affinity compared with the B isoform, although both 

bind insulin with a similar absolute affinity (Glendorf et al. 2011; Mosthaf et al. 1990). 

 

Figure 4-23: (A) Global kinetic analysis of SPR response data for the eIR-B interactions with 

insulin. Experimental data is given by black lines at five insulin concentrations (21, 42, 84, 168 

and 336 nM). The two-site model fit (Eq. (1)) is represented by the red lines. (Note: All data is 

shown by responses from five replicate channels) (B) Residuals between experimental data and 

fitted curve.  
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Figure 4-24: (A) Global kinetic analysis of SPR response data for the eIR-B interactions with 

Lispro insulin. Experimental data is given by black lines at six Lispro insulin concentrations 

(11, 21, 42, 84, 168 and 336 nM). The two-site model fit (Eq. (1)) is represented by the red lines. 

(Note: All data is shown by responses from five replicate channels) (B) Residuals between 

experimental data and fitted curve.  
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Figure 4-25: (A) Global kinetic analysis of SPR response data for the eIR-B interactions with 

Lispro insulin. Experimental data is given by black lines at six Lispro insulin concentrations 

(11, 21, 42, 84, 168 and 336 nM). The two-site with conformational change model fit (Eq. (5)) is 

represented by the red lines. (Note: All data is shown by responses from five replicate  channels, 

except 11 nM, which shows only duplicate data.) (B) Residuals between experimental data and 

fitted curve.  
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The isoforms differ in their distribution in body tissues, with IR-A occurring mainly in 

brain, central nervous system and hematopoietic cells, and IR-B ocurring mainly in 

adipose tissue, liver, and muscle, which have a major influence on the metabolic effects 

of insulin (Moller et al. 1989; Mosthaf et al. 1990). Certain tissues express both 

isoforms in certain proportions. Studies have shown that the proportion of expression of 

these isoforms did not alter in pancreatic insulin-resistant T2DM rat models. However, 

many studies suggest that hyperinsulinemia is associated with elevated IR-A 

expression. It is also observed that an increased proportion of IR-A:IR-B isoforms leads 

to cancer, greatly affecting cell’s response to circulating IGF and insulin. This is a 

significant trend observed in breast, colon and lung cancers (Belfiore et al. 2009).The 

current understanding of how IR splicing regulation is poorly understood, though it is 

observed that the A isoform is involved in mitogenic functions in contrast to the B 

isoforms which play a role in metabolic functions (Frasca et al. 2008). This could be a 

reason behind the role of higher IR-A expression in cancer and this might have some 

significance, with the varied affinities the isoforms of IR have towards insulin binding. 

Patients who have undergone GBP, have been reported to have restored levels of insulin 

secretion, within 3 weeks post-surgery, especially in the case of RYGBP. As suggested 

earlier, in Chapter 2 Section 2.5.2, the B isoform (with metabolic significance) is 

predominantly expressed in liver, which is responsible for 60% of the insulin turnover 

that is secreted into the portal venous system. Any variation in the proportion of the A : 

B isoform could lead to a significant alteration in insulin based signalling (metabolic 

function) to enable glucose uptake. Therefore, it can be predicted that the balance 

between A and B isoforms expression is crucial for maintaining normal glycemic levels, 

which is speculated to happen in patients who have undergone GBP (Schauer et al. 

2000; Wilcox 2005). 

Unlike when using insulin as an analyte, it is clear from the Lispro interactions that 

introducing a set of kinetic constants kf3 and kr3 improves the kinetic fit. This could be 

due to the presence of multiple oligomeric species, interfering with sites that would be 

points of potential interaction. It is also evident that the shuffle is favored uni-

directionally (i.e. from a high-affinity to a low-affinity site), whereas for the reverse, kr3 

= 0, in all cases. This shows that a cross-linked high-affinity site is favored towards a 

non-cross linked low-affinity state, whereas the reverse transformation does not occur.  

It is also difficult to comment on the parameters kf3 and kr3, for the reason that the 
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values lie in the range of 4 x 10
-3

 to zero and the introduction of many parameters 

reduces the relevance of the curve-fit process to mechanistic understanding, as stated 

earlier. 

Although it is difficult to model the interaction, without a complete picture of what 

happens when the insulin binds the IR at the molecular level without speculation, the 

models used in this study were based on the models agreed widely in the literature (De 

Meyts and Whittaker 2002; Schäffer 1994).  

Further work is required to explore the binding kinetics in greater detail. 
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Table 4-1: Kinetic constants for recombinant human insulin interacting with the eIR-A. 

Constant Fitted value Error Equilibrium dissociation constants 

eIR-A  –  insulin interaction (two-site model, Eq. (1)) 

ka1 (M
-1

s
-1

) 1.382 x 10
5
 ± 0.0198 x 10

5
 

 

KD1  = 38.1 ± 0.9 nM 

KD2 = 166.3 ± 7.3 nM 

 

kd1 (s
-1

)
 

5.275 x 10
-3

 ± 0.0476 x10
-3

 

ka2 (M
-1

s
-1

)
 

5.903 x 10
5
 ± 0.138 x 10

5
 

kd2 (s
-1

)
 

9.814 x 10
-2

 ± 0.204 x 10
-2

 

eIR-A  –  insulin interaction (two-site with conformational change model, Eq. (5)) 

ka1 (M
-1

s
-1

) 1.142 x 10
5
 ± 0.0164 x 10

5
 

 

KD1  = 34.8 ± 0.8 nM 

KD2 = 156 ± 7.6 nM 

kf3 = 1.095 x 10
-3

 ± 0.387 x 10
-3 

M
-1

s
-1

 

 

kd1 (s
-1

)
 

3.98 x 10
-3

 ± 0.0393 x10
-3

 

ka2(M
-1

s
-1

)
 

6.30 x 10
5
 ± 0.177 x 10

5
 

kd2 (s
-1

)
 

9.83 x 10
-2

 ± 0.201 x 10
-2

 

kf3 (M
-1

s
-1

)
 

1.095 x 10
-3

 ± 0.387 x 10
-3

 

kr3 (s
-1

)
 

0 ± 0.272 x 10
-3
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Table 4-2: Kinetic constants for Lispro insulin interacting with eIR-A. 

Constant Fitted value Error Equilibrium dissociation constants 

eIR-A  –  Lispro interaction (two-site model, Eq. (1)) 

ka1 (M
-1

s
-1

) 6.538  x 10
4
 ± 0.0980 x 10

4
  

KD1  = 73.2 ± 1.8 nM 

KD2 = 148.9 ± 6.1  nM  

 

 

kd1 (s
-1

)
 

4.785  x 10
-3

 ± 0.0448 x10
-3

 

ka2 (M
-1

s
-1

)
 

4.116 x 10
5
 ± 0.089 x 10

5
 

kd2 (s
-1

)
 

6.128 x 10
-2

 ± 0.117 x 10
-2

 

eIR-A  –  Lispro insulin interaction (two-site with conformational change model, Eq. (5)) 

ka1 (M
-1

s
-1

) 4.565 x 10
4
 ± 0.032 x 10

4
 

 

KD1  = 6.5  ± 0.7 nM 

KD2 = 89.6 ± 2.9 nM  

kf3 = 4.064 x 10
-3

 ± 0.312 x 10
-3 

M
-1

s
-1

 

 

kd1 (s
-1

)
 

2.959  x 10
-4

 ± 0.282 x10
-4

 

ka2 (M
-1

s
-1

)
 

7.920 x 10
5
 ± 0.156x 10

5
 

kd2 (s
-1

)
 

7.099 x 10
-2

 ± 0.093 x 10
-2

 

kf3 (M
-1

s
-1

)
 

4.064 x 10
-3

 ± 0.312 x 10
-3

 

kr3 (s
-1

)
 

0 ± 0.190 x 10
-3
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Table 4-3: Kinetic constants for recombinant human insulin interacting with the eIR-B. 

Constant Fitted value Error Equilibrium dissociation constants 

eIR-B  –  insulin interaction (two-site model, Eq. (1)) 

ka1 (M
-1

s
-1

) 1.269 x 10
5
 ± 0.014 x 10

5
 

 

KD1  = 33.7 ± 0.6 nM 

KD2 = 371.1 ± 13.6 nM 

 

kd1 (s
-1

)
 

4.285 x 10
-3

 ± 0.030 x10
-3

 

ka2 (M
-1

s
-1

)
 

2.308 x 10
5
 ± 0.048 x 10

5
 

kd2 (s
-1

)
 

8.564 x 10
-2

 ± 0.130 x 10
-2

 

eIR-B  –  insulin interaction (two-site with conformational change model, Eq. (5)) 

ka1 (M
-1

s
-1

) 9.678 x 10
4
 ± 0.116 x 10

4
 

 

KD1  = 30.3 ± 1 nM 

KD2 =321.9 ± 11.7 nM 

kf3 = 1.197 x 10
-3

 ± 0.0493 x 10
-3 

M
-1

s
-1

 

 

kd1 (s
-1

)
 

2.927 x 10
-3

 ± 0.059 x10
-3

 

ka2(M
-1

s
-1

)
 

2.640 x 10
5
 ± 0.055 x 10

5
 

kd2 (s
-1

)
 

8.497 x 10
-2

 ±0.132 x 10
-2

 

kf3 (M
-1

s
-1

)
 

1.197 x 10
-3

 ± 0.049 x 10
-3

 

kr3 (s
-1

)
 

0 ± 0.112 x 10
-3
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Table 4-4: Kinetic constants for Lispro insulin interacting with eIR-B. 

Constant Fitted value Error Equilibrium dissociation constants 

eIR-B  –  Lispro interaction (two-site model, Eq. (1)) 

ka1 (M
-1

s
-1

) 6.341  x 10
5
 ± 0.208 x 10

5
  

KD1  = 234.3 ± 14.2 nM 

KD2 = 272.8 ± 7.3  nM 

 

 

 

kd1 (s
-1

)
 

1.486  x 10
-1

 ± 0.041 x10
-1

 

ka2 (M
-1

s
-1

)
 

3.585 x 10
4
 ± 0.066 x 10

4
 

kd2 (s
-1

)
 

9.779 x 10
-3

 ± 0.082 x 10
-3

 

eIR-B  –  Lispro insulin interaction (two-site with conformational change model, Eq. (5)) 

ka1 (M
-1

s
-1

) 8.215 x 10
5
 ± 0.298 x 10

5
 

 

KD1  = 194.8  ± 12.8 nM 

KD2 = 250.3 ± 6.3 nM 

 kf3 = 1.096 x 10
-3

 ± 0.312 x 10
-3 

M
-1

s
-1

 

 

kd1 (s
-1

)
 

1.600 x 10
-1

 ± 0.047 x10
-1

 

ka2 (M
-1

s
-1

)
 

3.472 x 10
4
 ± 0.054 x 10

4
 

kd2 (s
-1

)
 

8.690 x 10
-3

 ± 0.084 x 10
-3

 

kf3 (M
-1

s
-1

)
 

1.096 x 10
-3

 ± 0.312 x 10
-3

 

kr3 (s
-1

)
 

0 ± 0.190 x 10
-3
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4.10 Statistical significance 

As described in the earlier Section 4.8.7 the reduction in SSQ, which is one of the 

parameters to judge goodness of fit, is probably the best indication of statistical 

significance for adding the conformational change into the two-site model for eIR-A – 

Lispro interaction. The SSQ analysis for eIR-A – insulin interaction using the two 

models along with its SSQ values are presented in Table 4-5. Using the SSQ analysis, 

involving 33340 observations, the two-site with conformational change model yields a 

19% improvement for the eIR-A – Lispro interaction, compared with only a 1% 

improvement in the case of eIR-A – insulin  interaction (values presented in Table 4-6 

based on the values from Table 4-5). 

Further statistical validation of the more complex model is problematic because of the 

number of data points. An F test (statistical) was performed on the fits to compare the 

two models, showing that F > Fcritical (Fcritical = 2.99, F = 3996.69) thus indicating 

that the two-site model with conformational change fits the data better than the two-site 

model alone for Lispro. However, the F test gives an overestimation of significance, 

where F > Fcritical by a factor of thousand because the number of “observations” (data 

points) was 33340. The residuals from both models follow a normal distribution, 

confirmed using Q-Q plots indicating the significance of the F test performed. 

Table 4-5: Sum of squares (SSQ) between the simulated model and observed data 

Interaction 
 

One-site model 

 

Two-site model 

 

Two-site with 

conformational change 

model 

 

eIR-A – insulin 

SSQ 

1.927 x 105 1.282 x 105 1.267 x 105 

 

eIR-A – Lispro 

SSQ 

1.53 x 105 1.073 x 105 0.865 x 105 

  

Table 4-6: Percentage improvement in the sum of squares with two-site and two-site with 

conformational change model 

Interaction 
SSQ improvement with two-

site from one-site model 

SSQ improvement with two-

site with conformational 

change from two-site model 

eIR-A – insulin 

 

33% 
1% 

eIR-A – Lispro 

 

30% 19% 
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The parameters estimated using the models (6 parameters in the case of two-site model 

and 8 parameters in the case of two-site with conformational change model) are 

correlated. Therefore, the error estimates from the fitting process might not be a true 

estimation of the error associated. Although the values (kinetic constants) presented 

from the two models appear to lie within an acceptable error range, the parameter 

correlation, underestimates the reliability of the error associated with each of the 

modelled parameters. Hence, caution should be excised in interpreting the kinetic 

constants presented, especially due to the uncertainties associated with inter-relation of 

estimated parameters. 

4.11 Studying the effect of external (humoral) factors 

The effects of humoral factors on the IR-insulin interaction was the next important 

investigation to be explored using this assay. The interaction of eIR isoforms with 

insulin/ Lispro can now be monitored using the assay described earlier. An insight into 

the kinetics of the interaction was also presented, but, how does this help us solve the 

type 2 diabetes puzzle? In some cases, the presence or absence of biological “factors” 

may affect the interactions described above. This is evident in GBP patients whose 

serum samples were tested prior-to and post-operation (Hayes et al. 2011). Humoral 

factors are also predicted to play a role in causing the loss in insulin sensitivity 

(Wickremesekera et al. 2005). A series of “factors” which could potentially affect this 

interaction were chosen to study their effect, using the assay. Two different approaches 

were handled to study these – incubation and sequential injection of Lispro with the 

“factor(s)”, prior to interaction with eIR-A. 

Glucose and visfatin were two different factors chosen for preliminary studies. 

4.11.1 Effect of glucose on eIR-Lispro interaction 

The main function of the IR-insulin interaction is to maintain blood glucose levels in 

the body (De Meyts and Whittaker 2002; De Meyts 2008), although glucose uptake is 

signaled through a series of proteins to initiate insulin IR binding, which in turn 

activates a series of signaling cascades to take up glucose from the bloodstream through 

GLUT. Elevated blood glucose levels have been reported to inhibit the insulin receptor 

kinase activity (Pillay et al. 1996). Therefore, glucose was tested to determine whether 

it has any effect on this interaction using a series of different concentrations at and 

beyond normal physiological levels. 
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Figure 4-26: SPR responses from interaction of varying concentrations of glucose with non-

activated GLM chip surface 

 

Figure 4-27: SPR responses from the interaction of analyte mixtures of Lispro (2691 nM) in 

varying concentrations of glucose (incubated for 30 minutes at 25°C) with immobilized eIR-A at 

25 µL/min (300 s injection). 
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Glucose was initially tested to study the response it generated on interaction with the 

chip surface, although it was known that glucose binds to the carboxylated layer of the 

GLM chip surface. Concentrations between 0.1 to 100 mM were chosen for these 

studies because the physiological concentrations (~ 1 – 15 mM) lie within this range. 

Fasting plasma glucose levels of the order of 5 – 10 mM refers to normoglycemic, >10 

mM it is considered hyperglycemic and any less than 5 mM is hypoglycemic (Colagiuri 

et al. 2002; Li 2005). Passing glucose across the non-activated chip surface generated 

non-specific binding responses to the chip surface, as shown in Figure 4-26. Glucose 

was incubated with Lispro insulin at 25°C for 30 minutes in the SPR auto-sampler, 

prior to interaction with immobilized eIR-A. Five different concentrations (0.1, 1, 10 

and 100 nM) and a control (0 nM glucose) were prepared in a 2691 nM Lispro insulin 

solution.  

Glucose did not have an observable effect on incubation with Lispro. There was no 

competition between glucose and Lispro nor gain/loss of affinity for eIR-A with Lispro 

with glucose, compared with the control sample. Figure 4-27 shows the effect of 

glucose at varying concentrations on the eIR-A – insulin interaction. The glucose also 

did not show any significant effect on the eIR-B – insulin interaction (data not shown). 

Although there were slight variations in response between the samples, these were not 

because of the glucose effect, but were caused due to damage/loss of surface activity by 

repeated regeneration. This could be confirmed from the fact the regeneration (post-

interaction with glucose and Lispro) did not remove the receptor completely and the 

consecutive immobilization with eIR showed a reduced response (RU) (data not 

shown). The interactions at the concentrations used were carried out in parallel using 5 

ligand channels with the 6
th
 used for reference subtraction, although only one channel 

has been shown in Figure 4-29. 

4.11.2 Effect of visfatin on eIR-Lispro interaction 

Visfatin is a recently discovered adipocytokine, found to play a crucial role in glucose 

regulation. It is secreted by visceral fat and its potential for binding with IR, mimicking 

insulin, has been hotly debated in the literature (Revollo et al. 2007; Yammani and 

Loeser 2012). One publication by Fukuhara et al. (2005), supporting the claim that 

visfatin binds to IR has been retracted due to the article raising “many questions”. One 

of the primary questions was the speculation if insulin was an “insulin-mimetic” or 
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“inflammatory protein” - associated with increase in inflammation. However, the 

authors of this publication with over 200 citations at the time of retraction (October 

2007), have reasserted the validity of their conclusions (http://www.the-

scientist.com/?articles.view/articleNo/25600/title/Visfatin-study-retracted-from-

Science/, retrieved 26 October 2013). The work of (Adeghate 2008) states the visfatin 

binds IR at a site distinct from insulin, but performs a similar function by promoting 

glucose utilization in adipocytes and monocytes, along with reducing glucose release 

from liver cells.  

To determine whether or not visfatin actually binds eIR, contributing a similar response 

as Lispro and insulin, the following experiments were designed. Initial studies were 

carried out to study the effect of visfatin on the chip surface. It was found that there 

were electrostatic interactions taking place at almost all concentrations tested, whereas 

the higher concentrations of visatin used (1.4 µM (0.01 mg/mL) and 140 nM (0.001 

mg/mL)), exhibited other non-specific interactions, apart from electrostatics, which are 

clearly evident in Figure 4-28.  

4.11.3 Visfatin as analyte  

The GLM multiplex assay described earlier was performed with visfatin as analyte 

(instead of Lispro). The responses obtained are shown in Figure 4-28. One observation 

here was that the 83-7 monoclonal antibody specific to insulin receptor α subunit bound 

more visfatin compared with a channel immobilized with eIR (channel L2). This led to 

negative responses on referencing (Figure 4-29).  

Therefore an alternative approach of binding visfatin, Lispro and insulin to separate 

ligand channels on a GLM chip surface, then using eIR-A and eIR-B as analytes, was 

attempted.   

http://www.the-scientist.com/?articles.view/articleNo/25600/title/Visfatin-study-retracted-from-Science/
http://www.the-scientist.com/?articles.view/articleNo/25600/title/Visfatin-study-retracted-from-Science/
http://www.the-scientist.com/?articles.view/articleNo/25600/title/Visfatin-study-retracted-from-Science/
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Figure 4-28: Non-specific interactions observed at the concentrations 1.4 µM (0.01 mg/mL) and 

140 nM (0.001 mg/mL) of visfatin with the GLM chip surface 
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Figure 4-29: Visfatin interaction with eIR (post- reference subtraction from channel L1) giving 

negative responses. This is due to visfatin binding more specifically to 83-7 antibody bound on 

reference channel L1, in comparison with eIR. 

4.11.4 Immobilizing visfatin, Lispro and insulin to the chip surface 

Initial attempts were made to study the effect of visfatin on the eIR – insulin 

interaction, with experiments designed similar to the study involving the effect of 

glucose on the interaction. However, referencing complexities, the current debate in the 

literature about the eIR –visfatin interaction and the possibility that visfatin may mimic 

the action of insulin, led to studying the eIR-visfatin interaction in detail. 

A fresh GLM chip was used to study this interaction. However, because visfatin bound 

to the 83-7 monoclonal antibody on the reference channel, an alternative protein (inert 

towards visfatin) was bound to the reference channel. Hence, bovine serum albumin 

(BSA) and α-lactalbumin (α-lac) were immobilized on channels L1 and L2 for 

reference subtraction. The ligand channels L3, L4 and L5 were immobilized with 0.05 

mg/mL of visfatin, Lispro and insulin, respectively. Approximately 3700 RU of 

Visfatin, Lispro and insulin were immobilized uniformly on all the six spots in their 

respective channels, as shown in Figure 4-30. The reference channel L1 was 

immobilized with ~8000 RU of BSA and L2 with ~2000 RU of α-lac. A series of three 

buffer injections were performed in both ligand and analyte orientations to avoid any 

signal drift that occurred during the re-orientation of the chip flow channels from ligand 

to analyte direction. 
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4.11.5 eIR (isoforms) as analyte  

The SPR responses obtained from similar concentrations of eIR-A and eIR-B were used 

as analytes to study how they interacted with the three ligands. The responses in 

channel L3 in Figure 4-31 and 4-32 show the interactions of eIR-A and eIR-B, 

respectively, binding to immobilized visfatin, by exhibiting shark-fin curves for the 

association and dissociation phases, which are clearly an indication of proper 

interaction (Rich et al. 2011).  

The visfatin eIR-A interaction (eIR-A concentration range 11.57 – 185.19 nM) showed 

about 400 RU for the highest concentration of eIR-A at the end of the 300 s association 

phase, then started to dissociate, and after a gradual drop, stabilized at 230 RU. The 

eIR-B behaved similarly, with the highest concentration 185.19 nM giving a response 

of 280 RU at the end of association phase, which stabilized at about 240 RU, after a 

few seconds in the dissociation phase.  

Although both eIR-A and eIR-B show a similar kind of association / dissociation 

pattern with the three ligands, the response levels differ significantly between the two. 

This cannot be attributed to the efficiency of binding because there were certain 

limitations with surface regeneration in removing the bound eIR-A, prior to work 

involving eIR-B. Therefore, a direct comparison of response levels will not provide the 

affinity differences between the isoforms. To understand more about the differences in 

affinity between the isoforms, either a fresh chip or ligand channel should be utilized, 

or a good regeneration condition that would regenerate the surface without damaging 

the ligand, should be optimized for use between the runs involving the two isoforms.
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Figure 4-30: SPR responses from immobilization of ligands visfatin, Lispro and insulin shown in a series of 3  steps (activation, ligand and deactivation) at 0.05 

mg/mL concentrations on channels L3, L4 and L5 respectively. L1 and L2 were immobilized with 0.02 mg/mL bovine serum albumin and 0.05 mg/mL α-

lactalbumin for reference subtraction purpose 
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Figure 4-31: SPR responses obtained (after reference subtraction from channel L1 immobilized with BSA) from the interaction of eIR -A at varying 

concentrations with visfatin, Lispro and insulin immobilized to similar levels on channels L3, L4 and L5 respectively 
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Figure 4-32: SPR responses obtained (after reference subtraction from channel L1 immobilized with BSA) from the interaction of eIR -B at varying 

concentrations with visfatin, Lispro and insulin immobilized to similar levels on channels L3, L4 and L5 respectively 
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However, comparing the responses obtained from visfatin, Lispro and insulin binding 

to eIR-A, (a comparison as shown in Table 4-7) shows that Lispro has the best affinity, 

followed by visfatin and insulin. Lispro, being the monomeric analogue and a potential 

binder of eIR with a molecular weight of just 5808 Da (similar to insulin) binds eIR 

most efficiently among the three ligands. Although visfatin does not generate a similar 

response, with a molecular weight of ~ 85 kDa, it generates ~ 230 RU. A similar 

proportion of responses were obtained when the same concentration of eIR-B interacts 

with the three ligands. 

Table 4-7: SPR responses obtained at 500 s post-dissociation using highest concentration of eIR-

A and eIR-B interacting with visfatin, Lispro and insulin 

 Visfatin (L3) Lispro (L4) Insulin (L5) 

eIR-A (185.19 nM) ~230 RU ~820 RU ~210 RU 

eIR-B (185.19 nM) ~250 RU ~570 RU ~120 RU 

 

Therefore, it is clear from these results that visfatin binds insulin receptor as stated 

earlier by others (Adeghate 2008; Fukuhara et al. 2005). To obtain the kinetics of the 

eIR–visfatin interaction, the assay must be refined to compensate for ligand loss 

(caused by regeneration) and to ensure reproducible responses. It is also observed that 

the interaction of Lispro and insulin with eIR shows a completely different trend, with 

stable responses in dissociation phase, unlike the rapid association, rapid dissociation 

trend reaching 0 RU (Figure 4-15) when eIR was used as scaffolded ligand in the assay 

described earlier. The potential reasoning behind this difference is due to the fact that 

insulin and Lispro immobilized to the chip surface remain partially locked in 

conformation, so unable to experience a complete two-site binding. The eIR – insulin 

interaction is considered to be a molecular-handshake between insulin and eIR, where 

both the molecules undergo a conformational change to activate the normal signalling 

functions of the receptor (Menting et al. 2013). It appears that the insulin and Lispro 

exhibit a stable single site binding, without any accelerated dissociation in this case 

(responses from channels L4, L5 in Figure 4-31 and Figure 4-32), unlike the two-site 

binding with two different affinities reported earlier. However, these are very 

preliminary results and need further analysis to be validated before comparison with the 

SPR assay described in this thesis. 
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This study has showed that visfatin binds eIR, but has opened up further questions 

about the nature of visfatin aggregation.   Some very preliminary results from a series 

of Lispro and visfatin injections as analytes are presented in Appendix C to demonstrate 

the utility of SPR, but these would require substantial further work to confirm the 

trends and make interpretations. 

4.12 Summary of results  

The SPR assay designed, has been successful in studying the eIR insulin interactions 

and to compare the eIR insulin binding kinetics with those reported in the literature. 

The results obtained in this study are comparable to those presented by Kiselyov et al. 

(2009) and the work of Knudsen et al. (2011). Although the range of the kinetic 

constants obtained using this SPR study is similar to those presented by Kiselyov and 

Knudsen, these values do not exactly compare with the other research works describing 

the kinetic constants. This might be because of the techniques adopted in those studies, 

which involved the use of radioactive labels, tags for detection and a range of IR 

fragments (not just the ectodomain) used to study the IR – insulin binding event.  The 

studies of Kiselyov and Knudsen were predominantly based on modelling using 

obtained interaction parameters in contrast to the SPR assay described in this study 

which is real-time. 

The SPR assay has been demonstrated to study the eIR – insulin interactions. Kinetic 

analysis is in consensus with the widely accepted fact in literature that the A isoform of 

insulin has a higher affinity towards binding insulin, when compared to the B isoform. 

The assay was also used to study the effect of glucose on eIR – insulin interactions. The 

effect of visfatin on eIR – insulin interactions were also aimed at. However, based on 

the complications involved, eIR – visfatin interactions were focussed upon in greater 

detail. The studies using the SPR assay showed that visfatin binds eIR at a different 

binding site, without affecting eIR – insulin interactions, as suggested in the literature. 

Although this can be confirmed from this SPR study, it is beyond the scope of this work 

to understand, if visfatin performs an insulin-mimetic activity further, by initiating the 

signalling cascade post binding the eIR for cellular glucose uptake. 
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5. Conclusions and recommendations for further research 

 

5.1 Conclusions  

Full-length human insulin receptor was synthesized recombinantly using baculovirus-

directed insect cell expression. A flashBAC
TM

 baculovirus expression vector system 

was used to infect High-Five insect cells with the genes of full-length insulin receptor 

short (IR-A) and long (IR-B) isoforms, respectively. The infected insect cell lysate 

samples (cell pellet and supernatant) were harvested and tested for the presence of 

target proteins. Full-length IR-A was detected by a Western blot, using the 83-7 

monoclonal antibody to insulin receptor. However, the B isoform was not identified in 

the detection process, which was preceded by a poor infection (reduced quantity of 

viable cells infected), in comparison with the un-infected control cells. The layout of 

the infection process from construct to detection of expressed IR is outlined in Figure 

5-1. 

 

Figure 5-1: Process flow outline of expressing IR isoforms using insect cells post cDNA construct 

verification 

The cDNA constructs of both the isoforms used in the infection of insect cells were 

verified prior to infection, reconfirming that the error occurred in the infection process 

itself.  The most likely source of error is the reduced infection rate, resulting from the 

low number of cells (P3 cell stock) used in the final infection process, which can be 

inferred from the slow decline in viability of the cells infected with the B isoform of IR. 

A successful expression of both the isoforms would demand purification of this 

structurally complex membrane protein (which is partially insoluble) for further use in 

SPR studies. Purification of these full-length insulin receptors in their functionally 
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active states post-expression was another concern, as very few groups have been 

successful in extracting them. Most of the purification strategies employed by these 

other groups yielded full-length, “dead” receptors, without complete functional activity. 

The main objective of this thesis was to study IR – insulin interactions and was not 

focused primarily on recombinant synthesis and purification of full-length insulin 

receptors. Hence, commercially purchased ectodomain versions of the IR isoforms 

(eIR-A and eIR-B) involving the binding sites for insulin interactions, which were 

synthesized recombinantly and completely soluble, were used to study IR – insulin 

interactions in this thesis. 

An SPR assay to study eIR – insulin interactions has been designed in this thesis, for 

the first time to my knowledge. The key advantages of using an in-vitro SPR technique 

is that the interactions can be analysed in real-time without the need for labels. This is 

also a quick technique that can be used to study the interactions. Incubation, use of 

labels, radioactive tags are some of the common variables present in earlier techniques, 

reported in the literature to study IR – insulin interactions. The SPR assay described 

here is free from these variables. However, a major limitation at the moment is the cost 

factor involved with the SPR chip, as the chip cannot be reused for multiple 

experiments, due to the current regeneration conditions, which fail to remove all of the 

bound eIR, without damaging the antibody that captures it.  

Initial SPR studies were performed using eIR bound to a tris-NTA chip using the C 

terminal His tag. There were several complications with this technique, as insulin (pI - 

5.3) remained negatively charged at pH 7.4 of the running buffer, causing non-specific 

interactions. Attempts to control this non-specific binding using imidazole and EDTA 

failed. Alternatively, eIR was bound directly to the carboxymethyl surface layer (GLC 

chip studies), but this failed to bind the insulin in solution, passed across the chip as 

analyte. A recent study by Menting et al. (2013), suggested that the eIR – insulin 

interaction is a “molecular-handshake” where both insulin and eIR undergo a 

conformational change during the binding event. This may be the reason for reduced or 

complete absence of insulin binding to eIR directly immobilized to the GLC chip by 

amine coupling. Amine coupling takes place by immobilization of the protein using its 

primary amine groups at the N-terminus, in a non-specific manner or through the 

primary amine groups of the lysine residues more numerous and more significant for 

functioning of the receptor. Therefore, amine coupling leads to varied eIR orientations, 
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generated from the immobilization process, thus reducing or completely eliminating its 

conformational freedom to bind insulin. After these immobilization techniques failed to 

bind insulin, eIR was instead captured using the 83-7 monoclonal antibody to insulin 

receptor as an alternative strategy. The 83-7 monoclonal antibody has been shown not 

to affect the IR – insulin interaction, because it binds IR at a site distinct from the 

latter’s active insulin binding site (Soos et al. 1986). The eIR was immobilized by 

amine coupling to the carboxymethyl surface layer (GLM chip – medium density), thus 

acting as a scaffold to bind the eIR. Insulin and Lispro were used as analytes to study 

the interaction with eIR isoforms. Some of the earlier studies with full-length IR 

reported picomolar affinities, however in this case, where ectodomains were used, the 

assay was sufficiently sensitive to provide equilibrium dissociation constants in the 

nanomolar range, as expected. 

Size exclusion analysis was performed on recombinant human insulin at concentrations 

used in the SPR studies, which showed that multiple oligomeric species of insulin were 

present. Therefore Lispro, an insulin analogue with similar IR binding characteristics, 

was tested. This test confirmed that Lispro, unlike insulin, existed predominantly in the 

monomeric form at the same concentrations used in SPR studies. Hence, Lispro was 

also tested in the SPR study to understand the interaction of monomeric insulin (which 

is the active form in binding IR) interacting with IR under physiological conditions. 

The assay was designed to mimic the interaction that takes place in the body. Therefore, 

the running buffer used in the study was chosen to be close to the neutral pH with 

PBST at a pH of 7.4. However, the assay was conducted at 25°C, instead of 37°C to 

avoid evaporation of samples.  

Interactions of eIR-A and eIR-B with insulin and Lispro, respectively, were studied 

using the SPR assay developed. Kinetic analysis was performed by curve-fitting using 

kinetic models over the obtained sensograms. The goodness of the curve-fit between 

the sensograms and kinetic model was determined from the three following parameters 

1) visual inspection of fitted model overlapping the sensograms obtained, 2) absence of 

trends in residuals and 3) sum of squares values. Although it is normal to start SPR 

kinetic analysis from a simple one-site binding model, both literature and experimental 

analysis clearly rule out the possibilities of eIR – insulin interaction taking place in this 

fashion. Therefore, kinetic constants for the binding and dissociation were calculated 

using two different models – a) the heterogeneous ligand (two-site binding) model and 
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b) a two-site with conformational change model. The two-site with conformational 

change model included two additional parameters over the two-site model, which 

accounted for a possible shift in conformation between the high-affinity and low-

affinity (binding) states. Although the two-site model fitted well in most cases, a well-

defined improvement during curve-fit analysis was observed using the two-site with 

conformational change model for the eIR-A – Lispro interaction. However, the 

introduction of the additional parameters in the two-site with conformational change 

model did not improve the fit in the eIR-B – Lispro interaction, compared with the two-

site model. 

The eIR-A – insulin interaction followed a two-site binding pattern, consistent with the 

literature, with a high-affinity site (KD1 = 38.1 ± 0.9 nM) and a low-affinity site (KD2 = 

166.3 ± 7.3 nM). The eIR-B – insulin interaction had the higher affinity site with KD1 = 

33.7 ± 0.6 nM and lower affinity site with KD2 = 371.1 ± 13.6 nM. The predominantly 

monomeric insulin analogue Lispro, on interaction with eIR-A, had corresponding 

dissociation constants KD1 = 73.2 ± 1.8 nM and KD2 = 148.9 ± 6.1 nM and the eIR-B – 

Lispro interactions had corresponding dissociation constants KD1 = 234.3 ± 14.2 nM 

and KD2 = 272.8 ± 7.3 nM. The fit to kinetic data was improved when a conformational 

change factor was included in the case of eIR-A – Lispro interaction.  Understanding 

the eIR – Lispro interactions should be physiologically relevant because the active 

insulin present in the body is monomeric. These values are comparable with the recent 

studies by Kiselyov et al. (2009) and the work of Knudsen et al. (2011). Although the 

values obtained lie well within an acceptable error range, the error estimates presented 

here underestimate the true error associated. The main reason behind this 

underestimation is the correlation of estimated parameters from the curve fit process. 

Hence caution should be excised in the interpretation of the kinetic constants estimated 

from the models presented. 

It was also confirmed that the eIR-A – Lispro interaction showed higher binding 

affinities compared with the eIR-B – Lispro interaction. This is in agreement with 

previously reported affinities in the literature, stating that IR-A binds insulin with two-

fold higher affinity than IR-B. 

External factors such as glucose and visfatin were studied for their effect on eIR – 

insulin interactions. Glucose did not have any effect on eIR – Lispro interactions over 



5-5 

 

the concentration range (0.1 to 100 mM) tested. Visfatin exhibited multiple non-specific 

binding events, which was confirmed from its interaction with a non-activated chip 

surface during injection (at every concentration) and the gradual fall in response (at 

certain higher concentrations) during the post-injection phase. The eIR – visfatin 

interaction was tested by immobilizing visfatin alongside insulin and Lispro (at the 

same concentrations, leading to similar immobilization response levels) on separate 

interaction channels. The eIR was then passed at varying concentrations, across the 

immobilized visfatin, Lispro and insulin. The sensograms obtained from passing eIR 

over visfatin were reference-subtracted, using a reference channel that was immobilized 

with bovine serum albumin (which is inert towards binding eIR). Analysis of the 

interaction data confirmed that visfatin bound eIR, generating an interaction response 

higher than that of insulin, but with reduced response compared with eIR binding to 

immobilized Lispro. This study confirms that visfatin binds eIR and provides some 

evidence to support that it binds eIR at a site distinct from that at which insulin binds. 

Although this study shows that visfatin binds eIR, exploring the insulin-mimetic 

function of visfatin, i.e. the initiation of signalling cascade for glucose uptake, was 

beyond the scope of this study. 

The eIR-B (with metabolic significance), which is predominantly the isoform that is 

expressed in the liver, is responsible for 60% of the insulin turnover that is secreted into 

the portal venous system. It has been reported that variation in the proportion of A : B 

isoforms could lead to significant alteration in insulin-based signalling (metabolic 

function) to enable glucose uptake. Increased expression of the A isoform (with 

mitogenic function) is observed in patients with cancer and T2DM (Belfiore et al. 

2009). Therefore, observing the predominance of B isoform in the liver, the differences 

between A and B isoforms should be noted when determining and reporting the insulin 

sensitivity. It can also be speculated that the balance between A and B isoform 

expression is crucial for maintaining normal glycemic levels, and it is possible that 

there is a return to normal proportions in patients who have undergone GBP. However, 

this is admittedly highly speculative and beyond the scope of this thesis to explore. 

Nevertheless, the SPR technique developed herein may be useful in exploring the 

effects of the A:B isoforms proportion on expected IR-insulin binding kinetics (in 

which, presumably, the overall kinetic parameters would be directly related to a 
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numerical averaging of the individual isoform kinetics) or other competitive analytes 

and insulin analogues. 

5.2 Recommendations 

The following experiments and procedures can be performed to further improve our 

understanding regarding IR-insulin interactions.  

5.2.1 Purified full-length recombinant insulin receptor synthesis 

The SPR assay described in this thesis paves the way for a rapid in-vitro technique for 

studying the eIR – insulin interaction. The assay would be much more comprehensive if 

tested using a full-length insulin receptor. Although the ectodomain versions provide 

the details of the interaction by binding insulin / Lispro, the full-length receptor might 

exhibit allosteric (feed-back) inhibition, improving our understanding about the 

interaction, closely mimicking their physiological structure and function, thus helping 

us gain further insights into its mechanism.  

 The recombinant full-length insulin receptor isoforms can be expressed using 

insect cells or mammalian cells and purified further using chromatographic 

techniques. As the full-length IR is only a partially soluble membrane protein, 

care should be taken to optimize the detergents used for purification, such that 

they strike a balance between purified product and the activity of the purified 

IR. Either insulin affinity chromatography (binding of IR to insulin present in 

the column) or a histidine / GST (affinity) tag could be added at the C terminal 

of the full length IR. This tag can then be used for purification using 

immobilized metal affinity chromatography (IMAC). A further polishing step 

such as size exclusion chromatography could be performed to further purify the 

product. These purified full-length IR isoforms should be verified for their 

functional activity, prior-to use in SPR experiments. 

5.2.2 Surface plasmon resonance assay 

The SPR assay used in this study involved a homogenous lot of eIR isoforms (A or B) 

to study the interaction with insulin and Lispro. However, the isoforms are expressed in 

varied proportions in different organs of the body. The A isoform has a mitogenic role, 

whereas the expression of B isoform is supposed to play a pivotal role in metabolic 

functions.  
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 Therefore changes to the existing assay could be done with mixture of A and B 

isoforms immobilized in varying proportions on different channels, to study the 

effect of the interaction with insulin and Lispro. This would provide a closer 

replication of the interactions between insulin and the IR isoforms expressed in 

different tissues. The A isoform is expressed predominantly in brain, central 

nervous system and hematopoietic cells, and the B isoform mainly in adipose 

tissue and muscles. Binding insulin to an altered proportion of IR isoforms may 

elicit an altered response. For example, a higher expression of the A isoform is 

observed in cancer and T2DM. Thus, understanding the nature of insulin 

binding to a mixture of isoforms may improve our understanding of the eIR – 

insulin interactions.   

Although the new SPR technique developed here to study eIR – insulin interaction is 

useful, our understanding of the IR – insulin interaction would be enhanced by using 

the full-length IR to study the interaction. The full-length insulin receptor is a complex 

protein that is only partially soluble (the ectodomain portion). Because the full-length 

receptor is a membrane protein (anchored on the cell surface under physiological 

conditions), it may be unstable when immobilized without a membrane support. It 

should therefore be supported by vesicles or lipid bilayers. For this purpose, recently 

developed amphipols (APols) with mixed levels of hydrophillicity and hydrophobicity, 

could be utilized to trap the full-length receptor, creating a natural membrane-like 

environment for the receptor. This could also be used as a tether to the chip surface, to 

study the full-length IR – insulin interaction. 

 

5.2.3 Study of external factors  

In this thesis, the effects of glucose and visfatin were studied. Glucose did not have an 

effect on the eIR – Lispro interaction, whereas visfatin was proven to bind eIR. It has 

been speculated that visfatin, an adipocytokine discovered in the past decade, has 

insulin-mimetic activities, including binding to the insulin receptor. However, when 

visfatin was passed over as analyte with immobilized eIR as ligand, a steady increase in 

response units was observed. It has not yet been tested whether visfatin aggregates, in a 

similar fashion as insulin. Aggregation of visfatin should be tested, using size exclusion 

analysis. 
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 Effects of other external factors such as calnexin, calreticulin could be studied 

for their effect on the eIR – insulin interaction. 

 Effects of gut hormones such as glucagon like peptide (GLP), gastric inhibitory 

peptide (GIP), could be studied to determine whether they have an effect on IR-

insulin binding. 

5.2.4 Study of GBP patients serum sample library 

A library of pre and post-operative serum samples from obese patients with type 2 

diabetes who have undergone gastric bypass surgeries (GBP) is held by the Wakefield 

Biomedical Research Unit, Wakefield Hospital, Wellington, New-Zealand. These 

samples could be studied using 2D gel electrophoresis (2DGE) or serum microarray 

analysis tests, for differences in proteins or other molecular components observed from 

patient serum samples prior-to and post-GBP. If any potential factor(s) are identified, 

they could be tested for their effect on the eIR insulin interaction using the SPR assay. 

This would improve our understanding of how GBP plays a pivotal role in resetting 

type 2 diabetes. Furthermore, it may help us develop better drugs against this metabolic 

disorder, rather than increasing insulin levels or using drugs simply to improve insulin 

sensitivity. 
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Appendix - A 

Recombinant IR expression 

 
The IR-A is coded by 4113 bp and the IR-B 4149 bp, differing by the presence of 36 

base pairs, leading to a 12 amino acid difference between these (Mosthaf et al. 1991). It 

would not be practically possible to use generic Taq enzymes with low-fidelity (higher 

error rates/1000 bp) to amplify the gene of interest (GOI) – IR-A and IR-B. Moreover, 

the 5’ and 3’ ends of the GOI have > 80% GC content, adding to the complexity of the 

polymerase chain reaction (PCR) technique (Sahdev et al. 2007). PCR is the process of 

amplifying the gene of interest using Taq polymerase enzyme. GC refers to the 

proportion of guanine (G) and cytosine (C) residues present among the 4 residues 

adenine (A), thymine (T), G and C that make up the DNA.  

The ambient temperature for PCR amplification would be 72°C (extension step), 

depending on the particular Taq polymerase enzyme used. Therefore, a desirable 

annealing temperature (to bind the separated DNA strands) based on the primer’s Tm 

(melting temperature) should be less than 72°C. The presence of a GC-rich region adds 

to the coiling of DNA and in most cases, the primers targeted at these GC-rich ends 

leads to a higher Tm. A touchdown protocol could be used to hit the desired temperature 

for the annealing process. 2 – 5% dimethyl sulfoxide (DMSO) could be added to the 

PCR mixture to facilitate strand separation and to enhance the PCR process (Frackman 

et al. 1998).  
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A 1: Types of molecular cloning to incorporate the gene of interest into the host vector 

 

Several cloning strategies are available (A 1) to clone the gene of interest (IR isoforms) 

into the target vector, such as in-vitro cloning, in-vivo cloning and ligation independent 

cloning. In-vitro cloning is the most common cloning method, which involves the use 

of restriction endonuclease cleavage (using site-specific enzymes followed by joining 

of DNA fragments with DNA ligase enzyme (Yu et al. 2000). However, the in-vivo 

cloning (also called gap-repair cloning) is advantageous, as it does not rely on the 

enzyme DNA ligase for fusion of DNA (Kitazono 2009). In this method, E. coli’s 

endogenous enzymatic activities are exploited to join the DNA fragments. A linearized 

target DNA fragment, along with linearized vector having homologous regions, is fused 

inside E. coli. The success rate of recombination is proportional to the homology 

between the DNA fragment and vector (Oliner et al. 1993).  
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Ligation independent cloning is a relatively faster approach to cloning that completely 

eliminates the need for site-specific enzymes. It utilizes the 3' > 5' activity of T4 DNA 

polymerase to generate specific ~15-base single overhangs in the vector. DNA 

fragments containing complementary overhangs with appropriate extensions into the 

primer regions are created with T4 DNA polymerase treatment. The annealing process 

is performed by mixing of the DNA fragments in the absence of ligase (Aslanidis and 

de Jong 1990). This process is considered to be the most efficient amongst the three 

methods discussed here and was employed in this work to generate the target vector.  

Once the cloning process is complete, the construct cloned with the gene of interest is 

taken for infection with insect cells. The following section explains about insect cell 

culture and the baculovirus directed expression of the target proteins. 
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Appendix - B 

 

 

 

B 1: (A) Global kinetic analysis of SPR response data for the eIR-A interactions with insulin. 

Experimental data is given by black lines at six insulin concentrations (11, 21, 42, 84, 168 and 336 

nM). The one-site binding model fit is represented by the red lines. (Note: All data is shown by 

responses from five replicate channels, except 11 nM, which shows only duplicate data.) (B) Residuals 

between experimental data and fitted curve.  
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Appendix - C 

Analyte injections (in series) to study the effect of binding 

Preliminary studies were conducted using visfatin, Lispro and eIR passed consecutively 

to identify the binding responses. A series of eIR analyte injections were carried out on 

channels immobilized with visfatin, Lispro and insulin. Channel 1 immobilized with 

BSA was used as described earlier for reference subtraction purposes.  

Channels L1 – L5 were injected with varying concentrations of eIR-B as analyte 

initially giving a series of gradual association responses as described earlier. 

Consecutive injections of visfatin 14 nM and Lispro 5381 nM (swapped as Lispro 5381 

nM and visfatin 14 nM in few cases) were injected over the same surface (analyte 

direction), without regeneration between injections. Higher concentrations of visfatin, 

which exhibited non-specific binding to the chip in earlier studies, were eliminated in 

this analysis and a 14 nM visfatin concentration was chosen. 

The reference-subtracted SPR responses, obtained in-parallel, from channels L3, L4 

and L5, with injection phases represented from 0 - 240 s, 1200 - 1460 s, 1760 - 2000 s 

(between dotted lines) are shown in Figure C1 , Figure C2  and Figure  C3, 

respectively. 
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Figure C1: SPR responses from the channel L3 (immobilized with visfatin 0.05 mg/mL)with three intermittent injections (240 s each)of varying concentrations of eIR-B, 

followed by injections of 5381 nM Lispro and 14 nM visfatin. 
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Figure C2: SPR responses from the channel L4 (immobilized with Lispro 0.05 mg/mL)with three intermittent injections (240 s each)of varying concentrations of eIR-B, 

followed by injections of 5381 nM Lispro and 14 nM visfatin. 
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Figure C3: SPR responses from the channel L5 (immobilized with insulin 0.05 mg/mL)with three intermittent injections (240 s each)of varying concentrations of eIR-B, 

followed by injections of 5381 nM Lispro and 14 nM visfatin. 


