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ABSTRACT 
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Type 2 Diabetes Mellitus (T2DM) is a metabolic disorder of global concern that is 

primarily characterized by insulin resistance, relative insulin deficiency, and hyperglycemia. G- 

Protein Coupled Receptors (GPCRs), important mediators of cellular signaling responses, have 

been prime targets of drug discovery efforts in various therapeutic areas. Human G-Protein 

Receptor 40 (HGPR40) is highly expressed in the pancreas and has been implicated in the 

regulation of glucose metabolism and pathophysiology of T2DM. For effective control of 

diabetes, combination therapy is being considered because no single drug can completely control 

diabetes and its associated complications. This necessitates the identification of novel drug targets 

including HGPR40 which might permit development of drugs which function differently from 



 

 

existing drugs. This project focused on the construction of two chimeric receptor proteins named 

HGPR40.1-715_43.709-1013 (Chimera I) and HGPR40.1-431_43.389-1013 (Chimera II) which 

were made by exchanging domains within trans-membranes regions 6 and 4, of HGPR40 and 

HGPR43 DNA, homologous receptors which vary in amino acid sequence but which have the 

same three-dimensional structure. After PCR amplification of sufficient quantities of the desired 

gene fragments they were ligated together to form the desired recombinant chimeric proteins 

which were cloned into the expression vector pcDNA3.1 in two successive cloning steps. The 

vector contains CMV promoter, multiple cloning sites, neomycin resistance gene etc for high-

level expression in a wide range of mammalian cells. The two full-length chimeras were designed 

to be 6452 bp and 6483 bp by exchanging either the first or the first two external domains of 

HGPR40 with those of HGPR43. The creation of the correct chimeras was verified by both 

agarose gel electrophoresis and PCR analysis. Then chimeric DNA was transformed into 

Escherichia coli to obtain sufficient amounts of DNA for sequencing verification of the desired 

construct. Upon verification, the cloned DNA was to be transfected into cultured mammalian 

kidney (HEK293) cells for expression of the chimeric proteins. A (FLIPR) Fluorometric Imaging 

Plate Reader analysis by our collaborators at Eli Lilly would have been used to measure the 

extent of Ca
2+

 efflux from the endoplasmic reticulum testing a variety of stimulatory molecules to 

obtain an indication of which would activate the receptor. Activation would initiate the internal 

(second messenger cascade) G-protein signaling pathway and result in the secretion of insulin. 

However, transformation of the chimeric membrane receptors into E. coli resulted in altered 

sequences which could not be used for the FLIPR analysis. Expression of membrane proteins in 

E. coli can lead to such gene rearrangements. These experiments will be repeated in the future 

using another type of competent cell designed to prevent genetic re-arrangements. Construction 

of stable clones will permit us to test numerous potential ligands to aid in development of novel 

therapeutic drugs targeting HGPR40 to aid in combating diabetes.  
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INTRODUCTION 

 

 
Diabetes is a disease in which the body does not produce or properly use insulin. Insulin 

is a hormone (signal molecule) needed to stimulate cell receptors to initiate metabolism of 

glucose and glucose rich food products to generate energy. When insulin is not produced or the 

body is unable to utilize insulin present this can lead to accumulation of high levels of glucose in 

blood which can cause macro- and micro-vascular complications and morbidity (American 

Diabetes Association, 2006). Besides being an important factor in hardening and narrowing of the 

arteries (atherosclerosis), leading to stroke, coronary heart disease, and other large blood vessel 

diseases, diabetes has the potential of causing blindness, kidney failure and nerve damage (ADA, 

2008). The exact cause of diabetes continues to be an unsolved mystery, although both genetics 

and environmental factors such as obesity and lack of exercise play roles. Diabetes is one of the 

most prevalent and devastating diseases, causing tremendous loss of health, life and economy, 

globally.  

Two types of diabetes, type 1 and type 2, have been reported. Type 2 Diabetes Mellitus 

(T2DM) is the most common form of diabetes and is found more frequently in middle-aged 

adults. T2DM is an increasingly prevalent disease throughout the world, with dramatic 

consequences in terms of individual well-being, public health and economic costs to society.  



 

 

 Given the increase in the worldwide patient population affected by T2DM, there 

is a need for novel treatment therapies which are effective with minimal bad side effects 

(Kahn, 2006). This necessitates the identification of novel drug targets which might 

function differently compared to address with existing drugs. 

Because G-protein-coupled receptors (GPCRs) are important mediators of cellular 

signaling responses, they have been a prime target of drug discovery efforts in various therapeutic 

areas (Rayasam, 2007). GPCRs are key regulators of numerous physiological functions in a cell, 

including mediation of the release of insulin from beta pancreatic cells. The GPCR receptors have 

a highly conserved structure such that all display seven, transmembrane segments predicted to 

span the lipid bilayer of the cell membrane. GPCRs have the N terminus and three loops external 

to the membrane while there are three intracellular loops and a carboxy (carbon) tail that 

constitutes the cytoplasmic domain of these receptors (Ahumada, 2002). A specific molecule 

binding a GPCR receptor via the external loops and/or pockets of amino acids within the 

membrane stimulates an internal signaling pathway.  Then an internal G-protein is activated by 

binding GTP and initiates chain of events leading to an increase in cytoplasmic calcium. In the 

case of HGPR40, the result is secretion of insulin into the blood (Briscoe, 2003). There are many 

different GPCRs which bind a variety of molecules such as inorganic ions, peptides, and fatty 

acids but the ligands (binding molecules) for many of the GPCRs are unknown.  

Though there are hundreds of GPCRôs this research will focus on two important human 

G-protein coupled receptors called HGPR40 and HGPR43. HGPR40 has been implicated in 

T2DM disease and is a potential drug target because of its role in Free Fatty Acid (FFA)-

mediated enhancement of insulin release. The HGPR40 families of receptors are encoded on 

genes without introns located in tandem on chromosome 19q13.1. HGPR40, which is 

preferentially expressed in pancreatic beta-cells, mediates the majority of the effects of FFAs on 
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insulin secretion (Rayasam, 2007). HGPR43 activates a different family of cellular G-proteins but 

is a member of the same homologous family of orphan (not well characterized) GPCRs including 

HGPR40, HGPR41, and HGPR43 that are tandemly encoded at a single chromosomal locus in 

both humans and mice (Brown, 2003). These receptors share 30-40% amino acid sequence 

identity and have all recently been shown to be activated by FFAs (Rayasam, 2007). GPR40 

responds to medium- and long-chain fatty acids while 41 and 43 respond to short-chain fatty 

acids.  

This project will focus on the construction of several chimeric receptor proteins made by 

exchanging domains of HGPR40 and HGPR43 while maintaining the same three-dimensional 

structure. Studies have focused upon three regions of the receptors, namely the outer membrane 

face, the trans-membrane regions, and the cytoplasmic domains. For many receptors that bind 

peptide/protein ligands, the external domains including both the loops and the membrane pockets 

are critical to ligand binding (Ahumada, 2002). However, it is important when making chimeras 

to retain uncharged amino acids in the transmembrane regions and the correct protein length to 

insure appropriate folding and function of the chimeric protein (Gelling, 1997). Thus, 

conservative mutagenesis must be employed to maintain overall structure. 

Previous studies on GPCRs, found that the ligand binding involves the extracellular N-

terminal region of the glycoprotein receptors and trans-membrane domains (Gelling, 1997).  

Genetic manipulation or exchange of genes has been extensively used technique to delete specific 

genes in the insulin signal transduction pathway and the results of such types of studies has 

provided invaluable outcomes to understand the molecular mechanism and biochemical pathways 

of human type 2 Diabetes Mellitus (Grosse, 2006). The use of orphan GPCRs as targets to 

identify new transmitters may provide insights into new avenues for therapeutic use (Bjenning, 

2004).  

3 



 

 

Modifications of the gene at the nucleotide level continue to provide significant insights 

into the structural elements critical to gene and protein function (Heckman, 2007). Site-directed 

mutagenesis generates targeted changes including single or multiple nucleotide 

insertions, deletions or substitutions, generally via the use of an oligonucleotide primer 

that introduces the desired modification. However, site-directed mutations often inactive 

the whole receptor if a significant residue is targeted.   

The chimeric approach has evolved to become a much more powerful and 

practical approach to address several challenges in the study of the biology and 

pharmacology. Chimeras can be created to bypass limitations in the biological activity of 

a receptor agonist, to study the real mechanics of HGPCRs, to identify valuable ligands 

that may be coupled to receptors of interest that are orphans. This approach has 

previously lead to creative strategies in new drug discovery by linking well understood 

ligand-binding domains to unique downstream signaling outputs (Ahumada, 2002). 

Although the chimeric approach has evolved to become a powerful and significant approach to 

combat several problems in the study of biology of GPCRs, it has some limitations too. Due to 

the problems in folding following construction of chimeras, some receptors may not function 

properly (Yin, 2004). 

It is not advisable that to simply cut off portions of HGPR40 in order to look at 

ligand binding because resulting partial length receptors might not even be integrated into 

the membrane. It is a better approach to replace portions of GPR40 with another GPCR 

(GPR43) that is similar, but does not respond to the same ligands.  This will maintain a 

full length receptor that ends up in the membrane. For this project we opted to switch the 
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transmembrane domains 4 & 6 between GPR40 and GPR43.  This will potentially impact 

the ligand binding more directly and significantly and amino acids in the third 

transmembrane loops of receptors are known to play critical roles in G-protein coupling 

(Ethan, 1996). 

Regarding the therapeutic relevance of GPCRs, a research lead by Gilchrist and 

his colleagues (2008) found that the final selection and screening of GPCR targeted drug 

discovery approach depends on the end goal of the drug. An article by Bond (2006) 

summarized different aspects of the impact of constitutive receptor activity on their 

therapeutic potential for the drug-discovery process, including such aspects as: use in 

orphan receptor assays, improving the link with pharmacogenetics and genomics, and 

supporting the relevance for currently prescribed drugs. Brady (2002) described the 

therapeutic relevance of GPCR-interacting proteins with the potential to enhance or 

disrupt target cell-specific events for medical advantage. 

An extensive study by Stadel (1997) described strategies for converting one large 

class of novel genes, orphan G protein-coupled receptors (GPCRs), into therapeutic 

targets which have great potential for pioneer drug discovery. Onuffer (2002) describes 

the therapeutic significance of the discovery of small-molecule antagonists of chemokine 

receptors which are part of the G-protein-coupled receptor family functioning in acute 

and chronic inflammation, angiogenesis and angiostasis, and which act as co-receptors 

for the cellular entry of HIV as well. 

Considering the significant role of ɓ-cell dysfunction in the production of insulin, the 

research focus of premier pharmaceutical companies including Eli Lilly has shifted towards 
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developing novel drugs which can stimulate insulin secretion. We are collaborating on this 

project with Eli Lilly with a goal to ultimately develop novel therapeutic drugs for treating 

T2DM. This research collaboration represents a great opportunity for me to interact and work 

with a researcher at a premier biotechnology company. It is hoped that the results of the project 

will provide additional information on the regions of the receptor stimulated by specific 

molecules that can lead to the development of a new drug to aid in fighting diabetes. 

We plan to construct several chimeras of full-length receptors with portions of both 

HGPR40 and HGPR43 by exchanging domains of HGPR40 with those of HGPR43. This will be 

done using the Polymerase Chain Reaction (PCR), a technique used to amplify designated regions 

of DNA in vitro. After amplification to produce sufficient quantities of the desired fragments they 

can be ligated together to make recombinant chimeric DNA. The chimeric DNA will be cloned 

into a plasmid vector (pcDNA3.1) which permits initial work in bacteria (E. coli) but which can 

later be transfected into cultured mammalian cells for expression of the chimeric proteins. To 

assay the resulting constructions, we will work at Eli Lilly and use previously identified ligand 

molecules to measure their ability to activate the chimeras. This analysis will be performed by a 

fluorometric imaging plate reader (FLIPR) analysis which quantifies activation by measuring the 

extent of Ca
2+

 efflux from the endoplasmic reticulum. In pancreatic ɓ-cells the Ca
2
+ released into 

the cytoplasm will result in secretion of insulin from the cell. 
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REVIEW OF THE LITERATURE 

 

 

The History and Prevalence of Diabetes 

 Diabetes as a disease was first described in 250 BC by Aretaeus as ñthe melting 

down of flesh and limbs into urineò. The word ódiabetesô was derived from the Greek verb 

ódiabaineinô. The prefix dia means ñacrossò, and the verb bainein is óto walk, or standô.  This term 

described the disease symptoms ï ñone that straddlesò or ña siphonò, referring to the excessive 

urine output.  Around 1425 diabetes was first recorded in an English medical text, in the form of 

ñdiabeteò (http://www.thefreedictionary.com/diabetes). After that, in 1675, Thomas Willis added 

the word ñmellitusò, from the Latin meaning óhoneyô, a reference to the sweet taste of the urine 

which was known to attract ants. This (honey) sweet taste had been noticed in urine by many 

people throughout the world. Then, in 1776, Matthew Dobson linked the disease diabetes with 

these symptoms (Nabipour, 2003).  

 Avicenna (AD 980 to 1037) was the first to recognize two types of diabetes and named 

them primary (type 1) and secondary (type 2). He also described diabetes insipidus very 

precisely, but it was later described by Johann Peter Frank who differentiated between diabetes 

mellitus and diabetes insipidus (Patlak, 2002). It was in 1936 that the distinction between type 1 

diabetes and type 2 diabetes was first lucidly described by Harold P. Himsworth. Banting and 



 

 

MacLeod received the Nobel Prize in Physiology/Medicine in 1923 for their path breaking work 

in diabetes treatment through insulin injection (Himsworth, 1936).  

 In 1922 the first person received insulin injections to treat diabetes and Eli Lilly began 

the mass manufacture of insulin (http://www.diabetes.ca/Section About/timeline.asp). In 1980, 

the U.S. biotech giant Genentech developed human insulin for the first time for commercial use 

(Department of Health, Malta, 1972). In 1982 Eli Lilly used recombinant DNA to develop the 

first synthetic human insulin ï humulin (http://www.diabetes.ca/Section_About/timeline.asp).   

 In 2000, according to the World Health Organization, at least 171 million people suffered 

from diabetes or 2.8% of the world population (Wild, 2004). It is estimated that by the year 2030, 

the number will almost double (Wild, 2004). Diabetes mellitus occurs throughout the world, but 

type 2 is more common in the developed nations (Narayan, 2003). Currently, diabetes is a 

chronic metabolic disorder affecting around 5% of the population in developed nations 

(ADA, 2008). Severe reduction in insulin secretion due to autoimmune destruction of 

pancreatic ɓ cells is responsible for type 1 diabetes mellitus. The most prevalent is type 2 

Diabetes Mellitus (T2DM) which accounts for more than 90% of cases (ADA, 2008). 

The pathogenesis of T2DM is complex, involving progressive development of insulin 

resistance and a relative deficiency in insulin secretion (ADA, 2008).  

 In the future, a higher prevalence rate is expected to occur in Asia and Africa 

(Wild 2004, and Narayan, 2003). The expected higher incidence of T2DM in developing 

countries is due to the trend of urbanization, lifestyle changes, and a western-style diet 

system (Narayan, 2003).  The ADA predicts that 1 in every 3 Americans born after 2000 

will develop diabetes during their lifetime (ADA, 2006). Currently 23.6 million people in 

8  
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the United States have diabetes but only 17.9 million have been diagnosed.  

Approximately 5.7 million people are unaware that they have pre-diabetes symptoms 

(ADA, 2008). Gestational diabetes can occur in late pregnancy. Around 5% of all pregnant 

women in the United States each year and 5-10% of women with gestational diabetes have T2DM 

(ADA, 2008). 

Major Symptoms and Types of Diabetes 

Symptoms of diabetes include: Frequent urination, extreme hunger, excessive thirst, 

unusual weight loss, and blurry vision. Some complications frequently associated with diabetes 

include: high blood pressure, heart disease and stroke, kidney disease, sexual dysfunction, 

blindness, nervous system damage and collapse, complications in pregnancy and coma 

(DCCTRC, 1993). 

Type 1 diabetes is an autoimmune disease in which the insulin-producing cells of 

the pancreas are permanently destroyed and the body fails to produce insulin. It often 

develops early in life and requires the injection of insulin or the disease is fatal. Approximately 5-

10% of Americans who are diagnosed with diabetes have type 1 diabetes (ADA, 2008). 

 Type 2 diabetes (T2DM) is seen in people of all ages and races, but some groups have a 

higher risk.  For example, T2DM is more common in African Americans, Latinos, Native 

Americans, Asians, and in older people. T2DM individuals are characterized by defects in insulin 

secretion or insulin resistance and abnormalities in glucose uptake. T2DM is serious, but with 

proper treatment people with diabetics can live long and healthy lives (ADA, 2008). In T2DM the 

body becomes resistant to the effects of insulin presumably because of defects in the insulin 

signaling pathway (Bjenning, 2004). T2DM is strongly associated with obesity, which is 

characterized by hyperlipidemia and elevated circulating free fatty acids (Xu, 2005).  
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Insulin  

Insulin is the principal hormone that regulates uptake of glucose from the blood into most 

of the tissues, primarily muscle and fat tissues (Vella, 2000). Insulin is essential for maintaining 

glucose homeostasis and regulating carbohydrate, lipid, and protein metabolism (Xu, 2007). 

Therefore, deficiency of insulin might play a central role in all forms of diabetes mellitus.   

In the history of T2DM, the ongoing interaction between insulin secretion and insulin 

resistance has been well described. About 20-25% of individuals are severely resistant towards 

insulin or shows a minimum level of insulin sensitivity (Lawrence, 2008). Several findings have 

suggested that decreases in insulin receptor number may cause down-regulation in response to 

hyperinsulinemia in tissues from T2DM patients (NIDDK, 2007).  

Fig. 1,- describes GPCR-mediated amplification of insulin secretion, showing how 

glucose metabolism raises the internal ATP/ADP ratio which ultimately causes secretion of the 

insulin. In this figure the increase in the ATP/ADP ratio first closes ATP-sensitive potassium 

channels (KATP channels) and then depolarizes the cell membrane which further activates 

voltage-gated calcium channels (Ca
2
+ channels). Finally it results in a calcium influx into the 

cytoplasm, which triggers the insulin secretion. Several extracellular signals can stimulate this 

process through the activation of GPCRs. These include receptors for glucagon like peptide-1 

(GLP1), glucose-dependent insulinotropic polypeptide (GIP), free fatty acid (FFA), acetylcholine, 

and the receptor GPR119 activated by lyso-phosphatidyl-choline/oleoyl-ethanol-amide 

(LPC/OEA). These receptors couple to various downstream signaling pathways in the cell leading 

to an increase in cyclic AMP levels and/or intracellular calcium and converge to amplify glucose 

stimulated insulin secretion (GSIS) (Endocrinology, 2007 June; 148(6):2598-2600). 

GPCRs 

G-protein-coupled receptors (GPCRs) are the largest and most diverse group of trans-  
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Fig. 1: GPCR-mediated amplification of insulin secretion. (Adapted from: 

Endocrinology, 2007 June; 148(6):2598-2600) 
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Fig. 2:  Diagram of GPCR; 7 transmembrane helices divide the protein into three 

domains, the cytoplasmic, the transmembrane and the extracellular domains. 
(Adapted from: http://en.wikipedia.org/wiki/G_protein-coupled_receptor) 
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membrane proteins involved in signal transduction. They are comprised of seven trans-membrane 

(TMS) segments, making a hepta-helical receptor embedded in the lipid bilayer as is show in Fig. 

2. The seven transmembrane helices divide the protein receptor into three domains, the 

cytoplasmic, the transmembrane and the extracellular domains. The trans-membrane 

regions are composed of 20 residues of hydrophobic amino acids which are Ŭ-helical in nature. 

The human genome encodes about 865 GPCRs (Rayasam, 2007). 

Since 1988 chimeric receptors have been in used to determine which regions of a GPCR 

are responsible for ligand binding, to follow the activation of the receptor in the signaling 

pathway, and to determine how this signal is propagated to the downstream process (Doronin, 

2002).  Figure 3, shows the initial ligand binding and the subsequent activation and splitting of 

the G-protein which will initiate the downstream signaling. This might be a good spot to mention 

that two different G-protein types are stimulated by HGPR40 versus HGPR43. 

There are 614 different GPCRs, stimulated by diverse ligands such as biogenic amines, 

amino acids, peptides, glycoproteins, phospholipids, nucleotides, and Ca
2+ 

(Flamez, 1999). Since 

GPCRs respond to diverse extracellular ligands, many commercial therapeutic drugs have been 

developed to modulate their activity (Tan, 2003).  

 Surprisingly, there are many orphan GPCRs (>100) that provide novel drug 

targets and that are involved in metabolic regulation and glucose homeostasis, including 

the GLP-1 receptor, the glucagon receptor, and the adiponectin receptor. Currently free 

fatty acids (FFAs) have been demonstrated as ligands for some orphan GPCRs and play a 

critical role to maintain physiological glucose homeostasis. HGPR41 and HGPR43 are 

activated by short-chain FFAs where as HGPR40 and GPR120 are activated by medium  

and long-chain FFAs (Brown, 2003). HGPR40, activated by medium and long-chain fatty  
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Fig. 3: Activation cycle of G-proteins by GPCR. (Adapted from: 

http://en.wikipedia.org/wiki/G_protein-coupled_receptor) 
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acids, has been shown to regulate insulin secretion at the beta-cell, and it is assumed to participate 

in the detrimental effects of chronic fatty acid exposure on beta-cell function. Some studies  

 showed that HGPR41 and HGPR43 are responsible to stimulate leptin release and adipogenesis, 

respectively, through activation by short-chain fatty acids which play significant roles in 

metabolic diseases (Briscoe, 2003). 

HGPR40 

Recently, the ligands responsible for binding and stimulating HGPR40 (which is shown 

in Fig. 4) have been identified as FFAs and HGPR40 is also known as FFAR-1. The HGPR40 

mRNA is mainly expressed in the pancreas, brain and monocytes. It was previously believed that 

the intracellular metabolism of the malonyl COA pathway was responsible for fatty acids 

enhancement of glucose stimulated insulin secretion but later several studies demonstrated that 

fatty acids might trigger glucose stimulated insulin secretion (GSIS) by acting on HGPR40 

(Brown, 2003 and Sum, 2007). GSIS also is modulated by a number of hormones and 

neurotransmitters (Thorens, 1992). 

Sum et al. (2007) and Tikhonova et al. (2007) have used a synthetic agonist, GW9508, 

(developed by Garrido et al.) in mutagenesis experiments to examine HGPR40 activation.  

HGPR40 is primarily Gq coupled and ligand binding results in the activation of phospholipase C 

with subsequent increase in ctytoplasmic free calcium. It was shown that HGPR40 also inhibits 

the activity of potassium channels through a cAMP-dependent pathway (Tikhonova, 2007). 

HGPR40, also known as free fatty acid receptor-1 (FFAR1), as a receptor for medium 

and long chain fatty acids. FFAs were used as ligands for HGPR40 activation by using 

intracellular calcium signalling assays to activate cAMP pathways. Both saturated (12-16 carbon 

units) and unsaturated fatty acids (18-20 carbons) act as ligands for HGPR40. The C- terminals                                    
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Fig. 4: Adapted and expanded from: http://expasy.org/cgi-bin/ft_viewer.pi?Q76JU9 
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