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Abstract 

Blood glucose homeostasis is highly regulated and is essential for survival. A key 

process is the insulin-stimulated recruitment of the facilitative glucose transporter 

GLUT4 to the plasma membrane in adipocytes and muscle cells; defects in this 

pathway can cause insulin resistance and type 2 diabetes. The insulin signalling and 

GLUT4 trafficking pathways in these cells have been extensively characterised, and 

a prominent role for protein phosphorylation has been uncovered. In contrast, 

relatively little is known about the role of other post-translational modifications 

(PTMs) in these pathways. The aim of this study was to expand existing knowledge 

of how palmitoylation, a PTM involving reversible attachment of fatty acids onto 

cysteine residues, affects components of the insulin signalling and GLUT4 trafficking 

pathways. For this, palmitoylated proteins were isolated from 3T3-L1 adipocytes by 

resin-assisted capture of S-acylated proteins (acyl-RAC), and screened to identify 

novel palmitoylated components of the insulin signalling and GLUT4 trafficking 

pathways. This approach successfully identified the following novel palmitoylated 

proteins: GLUT4, insulin-responsive aminopeptidase (IRAP) and caveolin-2. 

Furthermore, click-chemistry confirmed palmitoylation of caveolin-2 and IRAP and 

also enabled identification of the palmitoylation sites on these proteins.  

Palmitoylation has been shown to regulate proteins in many different ways, in 

particular by modulating protein trafficking, protein stability and protein-protein 

interactions. Mutation of the palmitoylation sites in caveolin-2 and IRAP had no 

obvious effect on protein localisation. However, palmitoylation-deficient mutants of 

caveolin-2 exhibited: (i) a deficit in conversion of monomeric caveolin-2 into low 

molecular weight oligomeric complexes, and (ii) decreased oligomer stability, 

revealed by a loss of SDS-resistant caveolin-2 complexes. 

Overall, this work has identified novel palmitoylated proteins in 3T3-L1 adipocytes, 

mapped the palmitoylation sites of these proteins, and determined the effect of this 

PTM on the localisation and oligomeric status of these proteins. These findings have 

thus expanded existing knowledge on the potential regulation of                         

insulin signalling and GLUT4 trafficking pathways by PTMs.



 

1 
 

 

Chapter 1:  Introduction 

1.1 Glucose and glucose homeostasis 

Glucose is a hexose and an important source of energy for many eukaryotes and 

prokaryotes. The energy in its chemical bonds is crucial for the generation of power 

and warmth in organisms. Eukaryotes and prokaryotes are able to utilise the energy 

which is released during the oxidation process of glucose to carbon dioxide and 

water for synthesis of an energy storage molecule called adenosine triphosphate 

(ATP). A succession of biochemical processes beginning with glycolysis followed by 

the Krebs-Cycle and the respiratory chain oxidises one mole of glucose (C6H12O6) 

into six moles of carbon dioxide (CO2) and six moles of water (H2O) to generate up 

to 36 mole of ATP (Madeira, 2012). 

After ingestion in mammals, glucose is absorbed in the intestinal tract and circulates 

within blood until it is ultimately taken up by cells (Kellett and Helliwell, 2000). The 

concentration of glucose in the blood serum decreases during fasting and increases 

significantly after ingestion of carbohydrates and proteins. In order to maintain 

stable serum glucose levels, a signal peptide based regulatory circuit evolved with 

the key hormones insulin and glucagon. The process of preserving a constant 

glucose concentration is called glucose homeostasis and involves a complex 

interplay of several organs such as brain, pancreas, liver, skeletal muscle and 

adipose tissue, which secrete peptide hormones or respond to them or both (Jordan 

et al., 2010; Aronoff et al., 2004). An intact glucose regulatory circuit is able to 

maintain the blood glucose level between 4-6 mM through fasting and postprandial 

periods (American Diabetes Association, 2008). When blood glucose concentration 

is low, the hormone glucagon is secreted by α-cells of the pancreas and results in 

mobilisation of glucose reserves from liver into the bloodstream (Weir et al. 1974). 

On the other hand, when blood glucose levels are elevated, the hormone insulin is 

secreted by β-cells of the pancreas and stimulates glucose depletion from the blood 
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into insulin-responsive organs such as liver, muscle and adipose tissue (Levine 

1981).  

Blood glucose concentration below 4 mM (hypoglycaemia) or an increased 

concentration of above 7 mM (hyperglycaemia) can cause severe medical 

conditions. Therefore, mechanisms that are able to sense glucose concentration in 

the blood have evolved in cells of the brain and the pancreas (Oomura and 

Yoshimatsu, 1984; Yaney and Corkey, 2003). In the pancreas, glucose enters the 

insulin-secreting β-cells via a glucose-specific transporter (GLUT2) in a concentration 

gradient dependent manner. The intracellular rise of glucose results in an increased 

rate of glycolysis and is further metabolised to create ATP by oxidative 

phosphorylation, which increases the ratio of ATP: ADP. This in turn causes an 

increase in intracellular potassium due to the closure of ATP-gated potassium 

channels and leads to depolarisation of the β-cell.  As a consequence, voltage-gated 

calcium channels open and calcium streams into the cell, which triggers the fusion 

of insulin-containing granules with the plasma membrane (PM) of the β-cell and 

releases the stored insulin into the bloodstream (Yaney and Corkey, 2003).      

Following insulin secretion, glucose is depleted from the blood by its uptake into 

cells located in insulin-responsive tissues such as liver, adipose tissue and skeletal 

muscle cells, mediated by specific glucose transporters. Simultaneously, insulin 

blocks the action of its counter hormone glucagon (Levine, 1981). The liver and 

skeletal muscles store glucose in the form of the polymer glycogen, which consists 

of glucose monomers, whereas adipose tissue stores mainly triglycerides, which 

were previously synthesised by the liver from glucose. While adipose tissue is the 

major site for energy storage, glucose disposal mainly occurs in skeletal muscles 

(James et al., 1985).  

On the other hand, if the blood glucose concentration is lower than the 

physiological optimum (<4 mM), α-cells of the pancreas secrete the hormone 

glucagon, which blocks the action of insulin and stimulates the liver and skeletal 

muscles to convert glycogen back into glucose, in order to increase glucose levels in 

the blood or utilise it as energy (Nilsson and Hultman, 1974).   
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Furthermore, blood glucose level is also controlled by the action of the central 

nervous system (CNS), which has glucose level sensing cells  (Oomura and 

Yoshimatsu, 1984). Glucose-excited and glucose-inhibited neurons are mainly 

located in the hypothalamus of the brain close to the blood brain barrier. Together 

with cells that respond to metabolic hormones such as insulin or leptin, these 

glucose-sensing cells create a specialised hypothalamic neuronal circuit, which 

controls a subpopulation of neurons in the CNS, that are involved in the regulation 

of energy expenditure, glucose homeostasis and food intake (Jordan et al., 2010). 

Other hormones are also involved in maintaining constant blood glucose levels. For 

example, the pancreatic hormone amylin, that is co-secreted together with insulin 

and complements its function (Moore and Cooper, 1991). Amylin modifies blood 

glucose dynamics through the suppression of postprandial glucagon secretion and 

by slowing down the rate of gastric emptying (Gedulin et al., 1997; Samsom et al., 

2000). Hormones secreted by the gut also play a role in glucose homeostasis. The 

incretin hormones gastric inhibitory peptide (GIP) and glucagon-like peptide-1 (GLP-

1) stimulate glucose-dependent insulin secretion (Yip and Wolfe, 2000; Lugari et al., 

2002). In addition, akin to amylin,  GLP-1 inhibits glucagon secretion and slows 

down the rate of gastric emptying (Matsuyama et al., 1988).        

In summary, glucose homeostasis is crucial for the constant energy supply of 

organisms and to avoid hypoglycaemia or hyperglycaemia. Glucose levels are 

predominantly controlled by the action of the pancreas, the CNS and the insulin 

responsive tissues. The two main regulating hormones are insulin and glucagon but 

other molecules such as the appetite controlling hormones leptin and ghrelin, the 

pancreatic hormone amylin or the incretin hormones GLP-1 and GIP are also 

involved in glucose homeostasis (Jordan et al., 2010; Aronoff et al., 2004). A 

simplified model of the glucose homeostasis is displayed in Figure 1.1. 
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Figure 1.1. Glucose homeostasis. Outline of the interplay between hormones and organs involved in 
glucose homeostasis is illustrated. Blue arrows indicate the uptake of glucose by organs. Green 
arrows indicate the release of glucose into the blood. The action of insulin is highlighted with red 
arrows or lines whereas the action of glucagon is illustrated in purple. Black lines and arrows 
symbolise released substances from the adipose tissue such as adipokines and free fatty acids (FFAs). 
Glucose is taken up by the digestive tract and is released into the blood where it is taken up by the 
liver, pancreas, brain, muscle and adipose tissue. In muscle, glucose is either used as fuel or stored as 
glycogen, whereas adipocytes store glucose as triglycerides. The uptake of glucose into the pancreas 
triggers insulin secretion from its β-cells. Insulin stimulates the uptake of glucose into adipose tissue 
and muscle and simultaneously inhibits the release of glucose from glycogen stores of the liver. 
Adipose tissue releases FFAs which can be utilised as energy by various organs. Additionally adipose 
tissue also secretes hormones such as leptin or adiponectin, which can act on the brain to control 
appetite and contribute to the global energy balance of the body. In the case of low glucose levels, α 
cells of the pancreas release glucagon, which stimulates the release of glucose from liver stores.  
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1.2 Glucose transporters 

As discussed above, glucose is the primary source of energy for most organisms. In 

order to utilise glucose as a fuel, cells have to transport it across the hydrophobic 

PM. Because glucose has a hydrophilic nature, membrane proteins are needed to 

mediate glucose transport across the PM into the cell cytosol. There are two groups 

of these transporter proteins. One group of glucose transporting proteins acts as a 

passive, ATP-independent transporter and facilitates glucose passage across the 

membrane according to its concentration gradient (Hruz and Mueckler, 2001). 

Proteins of this group are referred to as facilitative glucose transporters (GLUT). The 

other type of transporter proteins mediates the movement of glucose across the 

membrane against its concentration gradient utilising the concentration gradient of 

sodium ions (Na+) as a source of energy. These proteins are symporters and are 

known as sodium-dependent glucose transporters (Mueckler, 1992). 

The type of glucose transporter proteins that are mainly involved in glucose 

homeostasis are the facilitative transporters. 14 different GLUT isoforms including 

the H+/myo-inositol transporter (HMIT) are encoded in the human genome (Wood 

et al., 2003). The glucose transporter isoforms can vary in their substrate specificity 

and all have different transport kinetics. They are named according to their 

chronological discovery, numbered from 1 to 14 (GLUT1-14). Usually cell types 

express more than one isoform according to the kinetic requirements of the tissue 

they are located in. The GLUT isoforms share structural similarities and have 12 

transmembrane domains (TMDs) with the N-terminus and C-terminus located in the 

cell cytosol. N-glycosylation sites are located within the first extracellular loop 

between transmembrane helix one and two or within the fifth extracellular loop 

(Gould and Holmant, 1993). Five of the TMDs are amphiphatic and potentially 

cluster together to form a aqueous channel (Mueckler et al., 1985).  

The 14 GLUT isoforms are divided into three classes based on the primary sequence 

and characteristic elements. Class I, also referred to as the classical transporters, 

comprise the well-characterised GLUT isoforms GLUT1, GLUT2, GLUT3, GLUT4, 

GLUT14. The remaining odd-numbered GLUT isoforms GLUT5, GLUT7, GLUT9 and 
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GLUT11 belong to class II. Members of class III are the remaining even-numbered 

GLUT isoforms GLUT6, GLUT8, GLUT10, GLUT12 and HMIT (or GLUT13). The N-

glycosylation site of members of class I and class II isoforms is within the first 

extracellular loop, whereas the N-glycosylation site of class III GLUT isoforms is 

located in the fifth extracellular loop between transmembrane helix number 9 and 

10  (Augustin, 2010). As already mentioned, the GLUT isoforms expression pattern 

varies in the body in a tissue-specific manner. The brain for example, expresses 

GLUT1 and GLUT3 isoforms, which transport the required glucose into brain cells. 

GLUT1 is expressed in the brain endothelium and enables glucose to pass the blood 

brain barrier (Pardridge et al., 1990). Insulin-responsive tissues express GLUT4 in 

addition to other GLUT isoforms. Skeletal muscle for instance expresses GLUT5, 

GLUT11 and GLUT12 and adipose tissue expresses GLUT1 and GLUT8, but both 

types of tissue also express GLUT4 (Stuart et al., 2006). Table 1.1 summarises the 

tissue-specific expression for the GLUT protein family. 

GLUT4 is unique among the other GLUT isoforms as it is predominantly stored in 

intracellular membrane compartments, whereas the other isoforms are 

predominantly located at the PM (Bryant et al., 2002). GLUT4 was cloned for the 

first time in 1989 and is encoded by the gene SLC2A4 (Fukumoto et al., 1989). Its 

tissue-specific expression is regulated by a region which is located 2.4 kb upstream 

from the start codon (Liu et al., 1992). The subcellular distribution of GLUT4 is not 

dependent on the cell type (Haney et al., 1991), which suggests a localisation motif 

is present within the amino acid sequence of the protein, which is operational in 

many cell types. Indeed, the N-terminus and the C-terminus of GLUT4 have been 

reported to contain distinctive sequences capable of controlling the trafficking 

events of this protein and its localisation within the cell. The C-terminus of GLUT4 

contains a characteristic dileucine and acidic motif which can also be found in the C-

terminus of the insulin-responsive aminopeptidase (IRAP). Both GLUT4 and IRAP 

reside in intracellular insulin-responsive vesicles (Martinez-Arca et al., 2000). Within 

the N-terminus of GLUT4, the tetrapeptide phenylalanine-glutamine-glutamine-
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isoleucine (FQQI) was shown to be important for the transporters subcellular 

localisation (Huang and Czech, 2007).  

   

Table 1.1. Summary of classification and tissue-specific expression of GLUT isoforms. 

Isoform Class Tissue distribution 

GLUT1 1 

widely expressed in fetal tissue, 
erythrocytes, endothelial barrier of brain 
(also eye, peripheral nerves and placenta), 
adipocytes 

GLUT2 1 
hepatocytes, pancreatic β-cells, Kidney 
(renal tubular cells, small intestine 
epithelium (basolateral membrane))   

GLUT3 1 brain, testis (spermatozoa), placenta, cancer 
tissues  

GLUT4 1 skeletal muscle, heart, brown and white 
adipose tissue 

GLUT5 2 testis, small intestines, muscle, kidney 

GLUT6 3 brain, spleen, peripheral leukocytes 

GLUT7 2 small intestine (enterocytes), colon, 
prostate and testis (low level) 

GLUT8 3 testis, brain (cerebellum) and adipose tissue 
(low level) 

GLUT9 2 kidney, liver 

GLUT10 3 liver, pancreas, brain, placenta, hurt, lung, 
kidney 

GLUT11 2 pancreas, kidney, placenta, skeletal muscle, 
heart,  

GLUT12 3 skeletal muscle, heart, small intestine, 
prostate, breast cancer 

HMIT (GLUT13) 3 brain (hippocampus, hypothalamus, 
cerebellum, brainstem),  

GLUT14 1 Testis 

 

GLUT4 is strongly involved in blood glucose homeostasis, which is a major property 

of the transporter and manifests its special position among the GLUT isoforms. 

Upon an insulin stimulus, the glucose transporter is recruited to the PM and allows 

glucose uptake into cells of insulin-sensitive tissues. This translocation of GLUT4 to 



 

8 
 

the PM is the rate-limiting process in insulin-stimulated glucose uptake (Huang and 

Czech, 2007). Because of this important physiological role, GLUT4 is related to 

medical conditions such as insulin resistance, metabolic syndrome and obesity. 

Some patients suffering from obesity or type 2 diabetes were found to have down-

regulated expression levels of GLUT4 (Garvey et al., 1991). Surprisingly, constitutive 

GLUT4 knock-out in mice does not lead to a disturbed blood sugar level, despite the 

development of insulin resistance and postprandial hyperinsulinemia (Katz et al., 

1995a). Interestingly though, 50% of heterozygous GLUT4 null mice develop 

diabetes after 6 months. These mice exhibit reduced glucose uptake in muscle 

which is associated with hyperglycemia and hyperinsulinemia (Stenbit et al., 1997). 

Furthermore, selective knockout of GLUT4 from either adipose tissue or muscle 

leads to the development of insulin resistance to the extent as seen in diabetic 

animals (Abel et al., 2001; Zisman et al., 2000).  

 

 1.3 Insulin and the insulin receptor 

1.3.1 Insulin 

Insulin is a peptide hormone which is secreted by β-cells located in the islets of 

Langerhans in the pancreas (Houssay et al., 1942). It is one of the most powerful 

anabolic hormones in the body and stimulates the synthesis of complex 

carbohydrates, lipids and proteins. At the same time, it prevents the degradation of 

these molecules. Besides the regulation of blood glucose level, insulin also regulates 

the turnover of triglycerides in liver and adipose tissue, stimulates amino acid 

uptake and has a major role in electrolyte homeostasis (Gupta et al., 1992; Clausen, 

2008; Czech et al., 2013). The function of insulin is mediated by the modulation of 

various cellular processes such as vesicle transport, activation of protein 

transcription or stimulation of protein kinases and phosphates (Saltiel and Pessin, 

2002). One of the main functions of insulin in the body is in blood glucose 

homeostasis. High blood sugar triggers the secretion of insulin from the pancreas, 

and glucose is taken up into cells of insulin-responsive tissues, which in turn 
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decreases the glucose blood levels. Simultaneously, the release of additional 

glucose into the bloodstream from carbohydrate stores within the liver is 

supressed, as insulin inhibits the action of its counter hormone glucagon (Saltiel and 

Kahn, 2001). Moreover, insulin is involved in the regulation of appetite (Schloegl et 

al., 2011). Insulin also regulates the serum levels of β-hydroxybutyrate, a ketone 

body which serves as an energy source for the brain during periods of starvation 

and famine (Vanitallie and Nufert, 1967). Taken together, insulin has a major 

function in the regulation of metabolism, and homeostasis of glucose and 

electrolytes.  

Insulin was first isolated in 1921 by Frederick Banting. The primary amino acid 

structure of the 5808 Da protein was determined by Frederick Sanger in the year 

1955 (Ryle et al., 1955). It was the first amino acid sequence of a protein to be 

completely solved. Insulin circulates as a monomer in its active form consisting of a 

21 amino acid long A-chain and a 30 amino acid long B-chain. The two chains are 

linked by two disulphide bridges between the cysteine residues at positions A7-B7 

and A21-B30. The A chain contains an N-terminal helix linked to the antiparallel C-

terminus, whereas the B-chain has a central helix extended by N- and C-terminal 

strands (Dodson and Whittingham, 2002). At a micromolar concentration, insulin 

forms dimers and in the presence of zinc it further associates into a hexamer (Baker 

et al., 1988). Each monomer has two non-polar surfaces, which are buried when 

forming a dimer or hexamer. It is hypothesised that these non-polar surfaces 

interact with the insulin receptor (IR) (De Meyts, 2004).   

1.3.2 Insulin receptor (IR) 

The IR belongs to the tyrosine kinase receptor (TKR) superfamily. It is present on the 

PM of all mammalian cell-types including cells of the brain. Although receptor 

numbers can vary strongly in different cell types, for example erythrocytes exhibit 

only approximately 40 receptors per cell, whereas 200,000 to 300,000 receptors can 

be found on the membranes of adipocytes and hepatocytes (Watanabe et al., 

1998). The gene encoding the IR is greater than 120 kbp and has 22 exons and 21 

introns. The most efficient promoter region was identified as a 247 bp long 
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fragment stretching from bp positions 276 to 523 upstream of the receptor 

initiating ATG site, and includes three transcription initiation sites (Seino et al., 

1989). Later research revealed that the complete promoter region extends over 

1800 bp upstream from the translation initiation site and does not include a TATA-

box or CAAT-box resembling promoter features of commonly known housekeeping 

genes (Brunetti et al., 2001). At present, it is not completely understood how the 

expression of the IR is regulated. A few factors have been suggested to modulate IR 

expression levels, such as the medical conditions of insulin-resistance and 

hyperglycemia, the high-mobility group (HMG) protein family, or the hormone 

angiotensin II (Brunetti et al., 2001; Venkatesan and Davidson, 1995; Tiwari et al., 

2007). Alternative splicing in exon 11 can result in the expression of an isoform 

lacking 12 amino acids between 717-729 (Seino and Bell, 1989). 

Although the receptor consists of different subunits, it is synthesized as a single pro-

receptor. A 30 amino acid long signal peptide is cleaved co-translationally, and the 

pro-receptor undergoes folding and glycosylation under guidance from calnexin and 

calreticulin in the endoplasmic reticulum (ER) before being transported into the 

Golgi apparatus (Bass et al., 1998). Subsequently in the Golgi apparatus, the pro-

receptor is processed by proteolytic cleavage into its mature subunits. The protease 

furin recognises the basic tetrapeptide arginine-lysine-arginine-arginine (RKRR) at 

the amino acid positions 732-735 of the pro-receptor. The furin-mediated cleavage 

results in the formation of the 740 amino acid long α subunit and the 619 amino 

acid long β subunit (Nakayama, 1997; Yoshimasa et al., 1988). The α subunit resides 

extracellularly and bares the insulin binding site. In contrast, the β subunit is 

inserted into the PM by a predicted 20 amino acid long TMD (amino acids 947-967) 

and the majority of the protein is intracellular. The juxtamembrane intracellular 

part of the β subunit is thought to be involved in binding of its interaction partner, 

IR substrate (IRS) (De Meyts and Whittaker, 2002). The receptor’s intrinsic tyrosine 

kinase domain is predicted to stretch from amino acids 1013-1288 of the β subunit 

(predicted by UniProt). The two subunits are covalently bound via a disulphide-

bridge on the extracellular side, which involves cysteine-647 of the α subunit and 
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cysteine-872 of the β-subunit (De Meyts and Whittaker, 2002). Furthermore, the 

two monomers (αβ) consisting of connected subunits are linked via more 

disulphide-bridges involving cysteine residues of the α subunits, to form the 

functional IR dimer (α2β2) (Taylor, 1992).               

Insulin binding to the receptor activates the intrinsic tyrosine kinase which catalyses 

the transfer of the γ phosphate of ATP onto a tyrosine residue of its substrates. The 

first substrate of the receptor kinase is the IR itself. In contrast to other TKRs, the IR 

resides as a covalently bound dimer even in the absence of insulin, and does not 

require dimerisation upon ligand binding for its auto-phosphorylation (Hubbard et 

al., 1994).  

 

1.4 Vesicle trafficking 

Vesicles are closed membrane-bound organelles present within all cells. They are 

crucial for the uptake of nutrients and other molecules into the cell, and for 

secretion of signalling molecules to the cell exterior. Moreover, there is constant 

vesicle trafficking within the cell in order to distribute proteins and lipids to 

different intracellular compartments or to the cell surface (Peer et al., 2011; Keller 

and Simons, 1997). There are two types of vesicle trafficking. The first is constitutive 

vesicle trafficking, which occurs constantly within the cytosol and maintains the 

basic function of the cell. Examples for a common constitutive vesicle trafficking 

pathway are newly synthesised proteins which travel in vesicles from the ER to the 

cisternae of the Golgi apparatus where they undergo post-translational 

modifications. Subsequently, these proteins may be transported from the trans-

Golgi-network (TGN) to their final compartment via vesicle trafficking 

(Ponnambalam and Baldwin, 2003). The second type of vesicle trafficking is 

regulated. In contrast to the constitutive pathway, regulated trafficking only occurs 

following a stimulus. Regulated vesicle trafficking is typical in synapses of neurons 

and mediates neural communication but can also be observed in endocrine and 

exocrine tissues (Weir et al., 1974; Lin and Scheller, 2000). Furthermore, regulated 
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exocytosis occurs in adipocytes and striated muscle cells, whereby GLUT4 

containing vesicles fuse with the PM upon an insulin stimulus (Govers et al., 2004). 

Vesicle trafficking can be dissected into three major steps. Firstly, an existing 

membrane begins to form a cavity followed by budding into a circular, closed 

membrane which surrounds the molecules and proteins to be transported. The 

second step comprises the translocation of the vesicle, which is mediated by motor 

proteins along the cytoskeleton. The final and third step is the fusion with the target 

membrane and the release of the vesicle interior into the target compartment or 

the cell exterior (Bonifacino and Lippincott-Schwartz, 2003; Bonifacino and Glick, 

2004). 

The budding process requires the interaction of several proteins in order to 

facilitate curvature of the membrane and to anchor the correct cargo proteins to 

the vesicle. There are three types of protein-coated vesicles each of which regulate 

characteristic trafficking pathways. The COPI coats mediate intra-Golgi trafficking 

and retrograde transport from the Golgi apparatus to the ER (Letourneur et al., 

1994). COPII coated vesicles travel from the ER to the Golgi passing the ER-Golgi 

intermediate compartment (Barlowe et al., 1994). The third type of vesicle coats are 

clathrin coats, which mediate the transport from the TGN to the cell surface and the 

endocytic pathways (Boettner et al., 2011). Assembly of the coat complex is similar 

for all vesicle coats and will therefore be explained using the COPII coat proteins as 

an example. Firstly a guanosine triphosphate (GTP)ase (Sar1) of the Ras superfamily 

is recruited by a guanosine nucleotide exchange factor (GEF) (Sec 12) to the 

membrane and loaded with GTP. The Ras GTPase Sar1 then recruits a protein sub-

complex (Sec23 and Sec24), the Sar1-Sec23-Sec24 complex is also referred to as the 

pre-budding complex and functions as an adaptor for cargo proteins (Bi et al., 

2002). Within this protein sub-complex, Sec23 interacts directly with Sar1 and 

functions as a GTPase-activating protein (GAP). Once the pre-budding complex is 

assembled at the membrane it acts as a polymerisation site for further coat proteins 

(Sec13 and Sec31) (Lederkremer et al., 2001). With completion of the assembly of 

the protein complex consisting of the membrane-proximal layer (Sar1, Sec23, 
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Sec24) and the membrane-distal layer (Sec13, Sec31) the membrane is ready for 

budding. Upon vesicle formation, the GTP hydrolysis activity of Ras-like GTPase Sar1 

is stimulated by its GAP (Sec23), which induces the disassembly of coat proteins 

from the vesicle. The GAP activity of Sec23 increases significantly with the binding 

of the membrane-distal layer. This mechanism prevents premature or delayed 

disassembly of the protein coat (Antonny et al., 2001). Clathrin coat assembly is 

more complex than for COPI and COPII coats, as apart from the Ras GTPase, 

phosphoinositides are also able to recruit a variety of clathrin adaptors from the 

cytosol (Bonifacino and Lippincott-Schwartz, 2003). 

After the vesicles translocate into the proximity of the target membrane, an 

interplay of various proteins is required for vesicle fusion with the target 

membrane. In particular, soluble NSF attachment protein receptor (SNARE) proteins 

(where NSF stands for N-ethylmaleimide-sensitive factor), that reside either on the 

vesicle membrane (referred to as R-SNAREs) or the target membrane (Q-SNAREs) 

play an essential role in vesicle fusion (Chen and Scheller, 2001). Vesicle-associated 

membrane proteins (VAMPs) are R-SNAREs that bind to cognate Q-SNAREs on the 

target membrane. The pairing of cognate R- and Q-SNAREs ensures that vesicles 

fuse with the correct target membrane. Common Q-SNARE proteins are syntaxin 

and 23 kDa synaptosome-associated protein (SNAP23) and SNAP25. Most SNARE 

proteins are anchored to the membrane by a C-terminal TMD while the N-terminus 

is facing the cytosol exposing one or two SNARE motifs. Exceptions are SNAP23 and 

SNAP25, which are anchored to the membrane through palmitate groups attached 

to cysteine residues of the protein (Veit et al., 1996; Vogel and Roche, 1999). During 

fusion of the target and vesicle membrane, a 4-helix SNARE bundle is formed. One 

helix is derived from the R-SNARE and three from the Q-SNAREs. At the beginning of 

the fusion process, the alpha helix bundle is formed through SNAREs located on 

opposing membranes. This transient topology of the SNARE complex is referred to 

as a trans-SNARE complex (Jahn et al., 2003). Other proteins are thought be 

involved in the transformation of the trans-SNARE complex into a post-fusion cis-

SNARE complex, where the SNAREs making up the helical bundle are situated on 
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one membrane. One suggested protein that regulates the transition of the trans- to 

the cis-SNARE complex is the calcium sensing protein synaptotagmin (Collins and 

Wickner, 2007). The formed 4-helical bundle is stable and the individual SNARE 

proteins remain attached together after membrane fusion. In order to recycle the 

SNARE proteins, NSF is recruited to the 4-helix bundle by the soluble NSF 

attachment protein (alpha SNAP). NSF uses the energy from ATP hydrolysis to 

dissemble the cis-SNARE complex back into free R-SNAREs and Q-SNAREs (Rice and 

Brunger, 1999). 

Vesicle fusion is tightly regulated and there are many more proteins involved in this 

process than are described above. Higher specificity of the fusion process is 

achieved by the assembly of Rab GTPases onto the vesicle membrane (Jahn et al., 

2003). Munc18 prevents premature fusion via its interaction with syntaxin and is 

involved in the priming of the fusion reaction (Rickman and Duncan, 2010).  

 

1.5 Insulin and GLUT4 translocation 

The peptide insulin is a key hormone regulating glucose homeostasis, and a major 

function of insulin is to stimulate the translocation of GLUT4 from intracellular 

stores to the PM (see section 1.3). GLUT4 is sequestered intracellulary within the 

endosomal system and also in specialised, highly insulin-responsive, GLUT4 storage 

vesicles (GSVs). Insulin released from pancreatic β-cells stimulates the translocation 

of GLUT4-containing vesicles to the PM and the subsequent fusion of these two 

membrane compartments (Govers et al., 2004). The major pool of GLUT4 recruited 

to the PM is derived from GSVs, although there is also an increased movement of 

GLUT4 from recycling endosomes (Lampson et al., 2001; Bryant et al., 2002). As 

insulin-stimulated GLUT4 vesicle translocation and fusion is rate limiting for glucose 

uptake into the cell, it has been a subject of intense interest for many researchers in 

the past decades.  

The activation of intracellular insulin signalling pathways is induced by the binding 

of insulin to the α-subunit of the IR on the cell surface. This results in the activation 

of the intrinsic tyrosine kinase activity, which leads to the auto-phosphorylation of 
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the receptor. Following activation of the receptor, its tyrosine kinase 

phosphorylates IRS proteins (Gammeltoft and Vanobberghen, 1986). The 

phosphorylated IRS proteins then recruit the p85 regulatory subunit of 

phosphatidylinositol 3-kinase (PI3K) through Src homology (SH)2 and SH3 domains. 

PI3K catalyses the transfer of phosphate from ATP to phosphatidylinositol 4, 5 

bisphosphate (PIP2) to form phosphatidylinositol 3, 4, 5 trisphosphate (PIP3) on the 

cytosolic side of the PM. The pleckstrin homology domain of protein kinase B (PKB; 

also known as AKT) binds to PIP3 at the membrane. AKT is then activated through 

dual phosphorylation at serine-473 and threonine-308 by 3-phosphoinositide 

dependent protein kinase-1 (PDK1) and mammalian target of rapamycin complex 2 

(mTORC2)  (Alessi et al., 1996; Sarbassov et al., 2005). Once the protein kinase AKT 

is activated, it triggers several events that result in the translocation of intracellular 

GSVs to the PM. The fusion of the GSVs with the PM exposes the GLUT4 transporter 

to the extracellular environment and enables glucose uptake into the cell.  

The pathway downstream of AKT activation has not yet been fully dissected, and is 

the subject of intense investigation. However, several important targets of AKT have 

been identified. AKT phosphorylates a protein known as AKT substrate of 160 kDa 

(AS160; also referred to as TBC1/4), which is a Rab GTPase-activating protein (Kane 

et al., 2002). AS160 is thought to be a negative regulator of GLUT4 translocation by 

maintaining several Rab proteins (such as Rab-8, -10 and -14) in their inactive/ 

guanosine diphosphate (GDP)-bound state (Mîinea et al., 2005). Upon its 

phosphorylation by AKT, AS160 dissociates from the Rab proteins and binds the 

chaperone protein 14-3-3. This enables the Rab proteins to be in an active/GTP-

bound form because of the removal of the AS160 G activity (Sakamoto and Holman, 

2008). As Rab proteins are involved in vesicle trafficking and were shown to reside 

in GSVs (Ishikura et al., 2008), this phospho-regulation of AS160 by AKT is thought 

to play a crucial role in GLUT4 trafficking. The action of AKT is not only restricted to 

the phosphorylation of AS160 and the regulation of GLUT4 translocation to the PM, 

it is also involved in regulating the fusion of GSVs with the PM. Phosphorylation of 

Synip by AKT enables fusion to proceed by initiating the dissociation of Synip from 
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the SNARE protein syntaxin 4 (Yamada et al., 2005). Furthermore, AKT 

phosphorylates another SNARE regulatory protein called 138 kDa C2 domain-

containing phoshoprotein (CDP138), which in a phosphorylated state positively 

impacts the GSV fusion event with the PM (Xie et al., 2011). Thus, several 

mechanisms linking the activation of AKT with GLUT4 vesicle translocation and 

fusion in response to insulin stimulation are beginning to emerge. 

Although the activation of AKT through the PI3K-dependent pathway is sufficient to 

cause GLUT4 translocation in 3T3-L1 adipocytes (Ng et al., 2008), insulin is also 

thought to act via other signalling pathways. A PI3K-independent pathway functions 

in parallel to the PI3K-dependent pathway to couple insulin stimulation to the 

translocation of intracellular GSVs to the PM. This pathway is initiated by the 

binding of the adaptor protein APS to the activated IR and its subsequent 

phosphorylation by the receptor (Hu et al., 2003). Phosphorylated APS in turn 

serves as a binding site for the SH2 domain of the proto-oncogene-c-CBL (c-CBL) and 

the c-CBL associated protein (CAP) and this is important for the phosphorylation of 

c-CBL by the IR (Liu et al., 2002). Once phosphorylated, c-CBL can recruit the 

adaptor protein CRKII together with the GEF C3G to lipid raft domains of the PM 

(Chiang et al., 2001). C3G activates the small GTPase TC10, which also resides in 

lipid raft microdomains of the PM, via its GEF activity (Watson et al., 2001). Once 

TC10 is activated, it interacts with several effector proteins that are involved in the 

translocation and tethering of GSVs to the PM. One of the identified downstream 

targets of TC10 is EXO70, which assembles together with other proteins into the 

“exocyst” protein complex upon activation by TC10. The exocyst complex is thought 

to play an important role in guiding and tethering GSVs to appropriate domains in 

the PM in order to facilitate their fusion with the PM (Inoue et al., 2003). Other 

effectors of TC10 are the actin related protein-3 (Arp-3) and the actin-regulatory 

neural Wiskott-Aldrich syndrome protein (N-WASP), which participate in shaping 

the dynamic actin network within cells (Jiang et al., 2002). Interestingly, insulin-

stimulated GLUT4 trafficking involves cytoskeleton proteins, as GLUT4 vesicles have 

been shown to associate with actin filaments and microtubules (Fletcher et al., 
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2000). Following insulin stimulation, the cytoskeleton protein actin is remodelled 

into a cortical mesh, and blocking this mesh formation by application of a G-actin 

polymerisation inhibitor inhibits GLUT4 translocation (Lopez et al., 2009). 

Movement of GLUT4 vesicles along the actin filament, which is mediated by the 

motor protein myo1, was suggested to also be controlled by the Ca2+/calmodulin-

dependent protein kinase II  (Yip et al., 2008). Although the remodelling of the 

cytoskeleton was shown to be important for GLUT4 translocation in both muscle 

cells and adipocytes, the involvement of the PI3K-independent pathway in this 

process is mainly limited to adipocytes (JeBailey et al., 2004).   

 

1.5.1 Endocytosis of GLUT4 

The amount of GLUT4 at the PM is determined by the net rate of its exocytosis and 

endocytosis. It is well established that insulin increases the net rate of exocytosis in 

muscle and adipose tissue (see section 1.5). In contrast the effect of insulin on the 

rate of GLUT4 endocytosis is debated and less well studied. Internalisation of GLUT4 

is mediated by at least by two independent pathways. Clathrin-mediated 

endocytosis is one of the GLUT4 internalisation pathways and takes place in both 

muscle and adipose tissue (Antonescu et al., 2008; Blot and McGraw, 2006). An 

alternative GLUT4 internalisation mechanism in adipocytes is thought to involve a 

cholesterol-dependent pathway but this mechanism has not been identified in 

muscle cells (Blot and McGraw, 2006; Lajoie and Nabi, 2010; Antonescu et al., 

2008). After internalisation via both clathrin- and cholesterol-dependent pathways, 

the endocytosed GLUT4 containing vesicles are likely to be trafficked to the sorting 

endosome compartment (Leto and Saltiel, 2012). Both internalisation mechanisms 

require dynamin for vesicle abscission (Henley et al., 1998; Mettlen et al., 2009), 

and subsequent migration of the formed vesicles towards the cell interior is 

mediated by microtubule-associated dynein motors (Huang et al., 2001). The FQQI 

motif in the N-terminus of GLUT4 has been found to be important for clathrin-

mediated internalisation. This motif interacts with adaptor protein 2 (AP2), which 
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functions as an endocytic adaptor and coordinates the packaging of GLUT4 into 

clathrin-coated vesicles (Blot and McGraw, 2006).  

 

 

 

Figure 1.2. Insulin-stimulated GLUT4 translocation in adipocytes. Insulin-stimulated GLUT4 
translocation is mediated by two separate pathways in adipocytes. On the left hand side of the 
figure, the PI3K-independent pathway is illustrated. IR auto-phosphorylation is stimulated by insulin 
binding and recruits APS (adaptor protein with pleckstrin homology and Src homology). APS in turn 
recruits c-CBL and CAP (c-CBL associated protein), which results in tyrosine phosphorylation of c-CBL 
by the IR. Phosphorylation of c-CBL stimulates the recruitment of the adaptor protein CRK and GEF 
C3G to the PM. C3G then activates the small GTPase TC10, and activated TC10 (GTP-bound) creates 
targeting sites for GSVs by interaction with the exocyst complex. On the right hand side the PI3K-
dependent pathway is shown. Insulin stimulation triggers auto-phosphorylation of the IR which in 
turn phosphorylates IRS (IR substrate). Phosphorylated IRS serves as a docking site for PI3K, which 
catalysis synthesis of phosphatidylinositol 3, 4, 5 trisphosphate (PIP3) from phosphatidylinositol 4, 5 
bisphosphate (PIP2) at the PM. PIP3 serves as a binding site for PDK1 (phosphoinositide-dependent 
kinase 1) and protein kinase AKT. PDK1 together with mTORC2 (mammalian target of rapamycin 
complex 2) activate AKT through phosphorylation. Activated AKT in turn phosphorylates AS160 (AKT 
substrate 160 of kDa), which then stops acting as a GAP (GTPase activating protein) for several Rab 
proteins (Rab8, Rab10 and Rab14). As a consequence these Rab proteins become active and 
contribute to the translocation of GSVs to the PM. Cholesterol-dependent GLUT4 internalisation is 
also illustrated on the far left hand side.        

 

In turn, the cholesterol-dependent internalisation of GLUT4 in adipocytes is thought 

to be mediated by specific invaginated microdomains of the PM called caveolae, 

which are enriched with the protein caveolin and cholesterol (Shigematsu et al., 



 

19 
 

2003). Evidence for this notion derives from work showing that the depletion of 

both caveolin and cholesterol resulted in a reduced rate of GLUT4 internalisation 

(Ros-Baro et al., 2001; Shigematsu et al., 2003; Blot and McGraw, 2006). 

Furthermore, GLUT4 was found in some studies to be localised in caveolae, 

however not all studies support this idea (Antonescu et al., 2009). 

The role of insulin in the regulation of GLUT4 internalisation is currently unclear. 

Insulin does not affect the rate of GLUT4 endocytosis in muscle cells (Antonescu et 

al., 2008). In contrast, a decrease in the rate of GLUT4 internalisation upon insulin 

stimulation was reported in adipocytes (Czech and Buxton, 1993). This decrease in 

GLUT4 endocytosis is thought to be caused by a switch from the potentially faster 

cholesterol-dependent internalisation mechanism to the slower clathrin-mediated 

and AP2-dependent GLUT4 endocytosis pathway (Blot and McGraw, 2006). In 

agreement with this finding, the accumulation of GLUT4 into clathrin-coats of the 

PM was stimulated by insulin (Huang et al., 2007). 

 

1.6 Insulin-responsive aminopeptidase (IRAP) 

The insulin-responsive aminopeptidase (IRAP) was originally identified in low 

density microsomal fractions from adipocytes and muscle cells. It was found that 

IRAP resides in the same vesicles as GLUT4 and translocates to the PM upon an 

insulin stimulus (Keller et al., 1995; Ross et al., 1998). Because of its molecular 

weight and origin it was originally named vesicle protein of 165 kDa (vp165 (Mastick 

et al., 1994). An alternative name was glycoprotein of 160 kDa (Kandror et al., 

1994). Characterisation of IRAP classified it as a type II membrane protein with a 

single TMD, an N-terminal cytosolic domain comprising 109 amino acids and a large 

extracellular C-terminal domain with 894 amino acids. IRAP is detected on SDS-

polyacrylamide gels at a molecular weight of 165 kDa in most tissues and this 

exceeds the predicted molecular weight of 117.3 kDa. It is suggested that this 

difference originates from post-translational processing in the form of multiple 

glycosylation of the extracellular C-terminal domain (Keller et al., 1995). Indeed, 

protein databases such as UniProt predict 17 glycosylation sites for mouse IRAP. 
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Analysis by northern and western blotting demonstrated that IRAP  messenger RNA 

(mRNA) and protein can be found in striated muscle, brain, spleen, lung, kidney and 

white adipose tissue (Keller et al., 1995). In brain, IRAP was detected at the 

apparent molecular size of only 140 kDa on SDS gels, which is suggested to originate 

from alternative glycosylation. Furthermore, structural analysis showed that parts 

of the extracellular domain share homology with the catalytic domain of the 

aminopeptidases A and N and thyrotropin-releasing hormone degrading enzyme. 

Hence, IRAP was classified as a member of the group of zinc-dependent 

aminopeptidases (Keller et al., 1995). Correspondingly, subsequent research 

identified IRAP as a homolog of the human oxytocinase/placental leucine 

aminopeptidase (P-LAP) (Rogi et al., 1996). Potential substrates of IRAP are 

vasopressin, oxytocin, lys-bradykinin and angiotensin III and IV, as these molecules 

are cleaved by IRAP in vitro (Herbst et al., 1997). In addition to its function as an 

aminopeptidase, IRAP was also identified as a receptor of angiotensin IV (Albiston et 

al., 2001). Because IRAP can potentially exert multiple functions (aminopeptidase 

for several signal peptides, angiotensin IV receptor) and is expressed in brain, it was 

suggested to be involved in memory and learning. Indeed, a study proposed that 

inhibition of IRAP enhanced memory and cognitive function (Albiston et al., 2001). 

Congruently, mice with a knockdown of IRAP exhibit an age-specific deficit in spatial 

memory (Albiston et al., 2010). 

In contrast to other members of the zinc-dependent aminopeptidases, the majority 

of IRAP molecules do not reside at the PM of adipocytes and muscle cells. IRAP 

shares several similarities in its subcellular localisation and trafficking dynamics with 

GLUT4. Only approximately 10% of total IRAP proteins can be detected at the PM 

and the remaining 90% are found in intracellular vesicles and the endosomal 

recycling compartments  (Karylowski et al., 2004; Ross et al., 1998). As mentioned 

above, IRAP co-resides in the same intracellular vesicles as GLUT4 in muscle cells 

and adipocytes. Furthermore, it was reported that 50% of IRAP molecules 

translocate to the PM within 5 minutes following stimulation with insulin, as 

reported for GLUT4 (Ross et al., 1997). Amino acid residues between 56-84 in the 
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cytosolic N-terminal domain were identified to be essential for intracellular 

retention and insulin-stimulated translocation of IRAP (Johnson et al., 2001). 

Together, these observations have classified IRAP as cargo and marker protein for 

GSVs. Subsequent research highlighted a role of IRAP beyond being simply a cargo 

molecule of GSVs and demonstrated that IRAP is implicated in processes such as the 

retention of GLUT4 in intracellular vesicles and translocation of GSVs to the PM. 

Overexpression of cytosolic regions of IRAP, including amino acids 1-52 or 55-82, 

caused an increase in GLUT4 translocation to the PM independently of insulin 

(Waters, 1997). Furthermore, knockdown of IRAP or its interaction partner 

tankyrase in cultured adipocytes impaired insulin-stimulated movement of GLUT4 

to the PM (Yeh et al., 2007). Furthermore, knockdown of IRAP was shown to result 

in a three-fold increase of GLUT4 at the PM of unstimulated cells (Jordens et al., 

2010).  

 

1.7 Diabetes mellitus 

Diabetes mellitus is a common metabolic disease characterised by hyperglycaemia 

and polyuria. The name derives from the Greek word for “siphon” (diabetes) and 

the Latin word for “honey sweet” (mellitus). The name diabetes mellitus was 

established by Thomas Willis in 1675, before the disease was referred to simply as 

diabetes. In the UK, 3.2 million people have been diagnosed to have Diabetes 

mellitus in the year 2013, which makes up 4.99% of the whole UK population and 

the numbers are rising. Additionally, it is estimated that approximately 600,000 

people live with that condition but were not diagnosed (www.diabetes.org.uk). The 

prevalence of diabetes is not only rising in the UK, at the beginning of this century 

171 million people world-wide had the condition. At this time, studies estimated 

the numbers of affected individuals to double by 2030 (Wild et al., 2004). However, 

recent studies reported that in 2013, 382 million people had diabetes, which 

already had exceeded the estimation for 2030 made in 2004, and current 

projections suggest the numbers will rise to 592 million people by 2035 (Guariguata 

et al., 2014). The main characteristic of this disease is hyperglycaemia, although 

http://www.diabetes.org.uk/


 

22 
 

patients with diabetes mellitus exhibit more symptoms such as polyuria, increased 

thirst and fatigue (American Diabetes Association, 2004). Long-term effects of 

hyperglycaemia can result in damage to and dysfunction of nervous tissue, blood 

vessels or kidney, and can also lead to retinopathy with potential loss of vision. 

These effects are primarily caused by the unregulated and excessive uptake of 

glucose into endothelial cells, which supply these tissues with oxygen and nutrients. 

Endothelial cells are not able to reduce their glucose uptake in response to high 

blood glucose concentration, and therefore exhibit an elevated intracellular glucose 

concentration in the case of hyperglycaemia (Kaiser et al., 1993). The increased 

intracellular glucose is excessively oxidised in the mitochondria of these cells and 

generates cell damaging reactive oxygen species (ROS) due to an overstrained 

respiratory chain. The oxidative damage can lead to death of the affected 

endothelial cells, which then fail to supply the tissues they surround, which in turn 

can result in the dysfunction of these tissues (Brownlee, 2005). 

Diabetes mellitus is subdivided into two types according to the pathophysiology and 

the cause of the disease. Type 1 diabetes is characterised by the insufficient 

secretion of insulin (see section 1.3.1 Insulin). The insulin secreting β-cells of the 

islets of Langerhans in the pancreas are attacked by an autoimmune reaction. 

Symptoms of Diabetes mellitus occur when over 70% of the β-cells are degraded, 

which is mediated by the T-helper 1 cells of the immune system (Katz et al., 1995b). 

A common treatment for patients with type 1 diabetes is the subcutaneous 

injection of insulin. The insulin responsive tissues such as liver, muscle and adipose 

tissue are not affected in this type of diabetes and are capable of insulin-stimulated 

glucose clearance from the blood. This treatment of type I diabetes only became 

possible with the isolation of insulin in 1921 by Frederick Banting. Before this 

achievement, type I diabetes was lethal. Because insulin is crucial for the survival of 

the patients, this type of diabetes is also referred to as insulin-dependent diabetes 

mellitus. 

Type 2 diabetes is by far the more common type of diabetes and accounts for 

approximately 90-95% of all diabetes cases (American Diabetes Association, 2004). 
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As the number of people with diabetes is rapidly rising world-wide, type 2 diabetes 

has become a global health challenge. In contrast to type I diabetes, the secretion 

of insulin is not affected at early stages in type 2 diabetes. Hyperglycaemia is caused 

by a loss of insulin-stimulated glucose uptake by the insulin-responsive tissues 

(American Diabetes Association, 2004). Because insulin is not needed for treatment 

(in the early stages) of this disease, type 2 diabetes is also referred to as non-insulin 

dependent diabetes. Neither the exact underlying mechanisms of the genesis of 

insulin resistance and the associated hyperglycemia, nor the factors that cause its 

onset are known, and are the subject of ongoing research. It is believed the onset of 

type 2 diabetes has its origin in a combination of genetic predisposition and 

environmental factors (Zimmet et al., 2001; O’Rahilly et al., 2005). For example, 

point mutations in the IR gene, which disable its correct processing, have been 

identified to cause insulin resistance (Yoshimasa et al., 1988). Insulin resistance and 

hyperglycemia can be also caused by an inappropriate diet and lack of exercise and 

commonly coexists with obesity. There are several suggested mechanisms and 

shared physiological observations that link obesity to type 2 diabetes (Kahn et al., 

2006). Both obesity and type 2 diabetes are accompanied by a disturbed blood lipid 

profile due to the increased release of non-esterfied fatty acids (NEFA) from adipose 

tissue (Reaven et al., 1988). At least two different mechanisms are proposed to 

explain how the elevated NEFA in the blood serum contributes to the development 

of insulin resistance and hyperglycemia. Elevated NEFAs interfere with glucose 

metabolism, as they lead to the inhibition of enzymes that are involved in the 

oxidation of glucose such as pyruvate dehydrogenase, phosphofructokinase or 

hexokinase II, and hence slow down the oxidation of glucose (Randle et al., 1963). 

There is also evidence that the fatty acid metabolites diacylglycerol, fatty acyl-

coenzyme A and ceramides accumulate as a consequence of increased intracellular 

NEFA levels. These metabolites in turn can lead to the phosphorylation of serine 

and threonine residues of IRS and decrease the activation of PI3K or impede the 

kinase activity of AKT via a protein-phosphatase-2A dependent pathway (Shulman, 

2000; Mahfouz et al., 2014). Furthermore, akin to obese individuals, patients with 
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type 2 diabetes have reduced levels of GLUT4 expression and an impaired GLUT4 

recruitment to the PM following an insulin stimulus (Sinha et al., 1991). Collectively, 

the above listed observations can be interpreted that type 2 diabetes can be 

partially caused by a defect in the pathway of insulin-induced GLUT4 translocation. 

In addition to the faulty pathway of insulin-dependent GLUT4 recruitment to the 

PM, abnormalities in the levels of hormones other than insulin can be observed in 

type 2 diabetes. The secretion of the pancreatic hormone amylin is impaired and 

the postprandial level of the incretin hormone GLP-1 is decreased (Young, 1997; 

Lugari et al., 2002). Both hormones were shown to complement and enhance the 

action of insulin (see section 1.1) (Young, 1997; Lugari et al., 2002; Aronoff et al., 

2004). 

 

1.8 Caveolae and caveolins 

1.8.1 Caveolae 

Caveolae are specialised membrane compartments, typically forming flask-shaped 

invaginations in the PM. They were first discovered by electron microscopy over a 

half century ago (Palade, 1953; Yamada, 1955) and were described as “smooth 

uncoated pits”. The nature, composition and function of these membrane 

invaginations remained largely unknown until the identification of a caveolae 

marker protein named vip-21, which was later renamed caveolin-1 (Rothberg et al., 

1992). The flask-shaped invaginations have a diameter varying from 50-100 nm, and 

can be dynamic structures that can fuse or transform in order to form multi-

caveolar assemblies. Conglomerations of caveolae were reported in several 

different shapes and seem to be cell type specific. At the PM of adipocytes, 

caveolae can be found in a circular assembly of numerous caveolae often referred 

to as circular or caveolar “rosettes” (Parton et al., 1994). In contrast, grape-like 

clusters of caveolae are mostly found in developing muscle cells (Parton, 1997) and  

the caveolae of endothelial cells can form detached tubular structures (Simionescu 
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et al., 1975). It is likely that these different structures are linked to specific 

physiological roles within these cell types. 

As more research has been conducted, caveolae have been linked to various cellular 

processes such as transportation of molecules across the PM via transcytosis or 

endocytosis (Montesano et al., 1982; Schnitzer, 2001), cholesterol homeostasis 

(Fielding and Fielding, 1995) and signal transduction (Lisanti et al., 1994). Major 

insights into the function of caveolae, and particularly its effect on whole organism 

physiology, were generated by Razani and colleagues in studies examining mice 

lacking caveolae (Razani et al. 2002). These mice were lean, resistant to high fat 

diet-induced obesity and exhibited a disturbed blood lipid profile. Additionally, 

these mice suffered from vascular abnormalities due to irregular functioning of 

epithelial cell, which is thought to be linked to disturbed caveolae. Another study 

that examined a different mouse model with defects in caveolar formation and 

function found that these mice had elevated triglycerides, were insulin resistant and 

overly lean (Liu et al., 2008). These studies suggested an important involvement of 

caveolae in lipid metabolism, specifically for lipid deposition into adipocytes, but 

also questioned the general importance of caveolae in global (whole organism) 

physiology. 

Caveolae can be found in the vast majority of cells, although the number and 

structure of caveolae varies widely from cell type to cell type. Adipocytes, smooth 

and striated muscle cells, endothelial cells, fibroblasts, and type I pneumocytes 

were reported to be the richest in caveolae (Napolitano, 1963; Gabella, 1976; 

Mobley, 1975; Palade, 1953; Gil, 1983). In adipocytes for example, caveolae can 

account for up to 30-50% of the surface of the PM (Fan et al., 1983; Thorn et al., 

2003). The lipid composition of caveolae is thought to differ from the bulk PM.  

Specifically, caveolae are thought to be enriched in cholesterol, sphingolipids and 

saturated glycerophospholipids (Razani et al., 2002c), and to have a similar lipid 

profile as lipid “raft” microdomains. The lipid composition of caveolae and lipid raft 

microdomains is thought to lead to relative  insolubility of these structures in the 

non-ionic detergent Triton X-100 at 4˚C (Brown and London, 1998). Despite 
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caveolae and lipid rafts sharing similarities in their lipid composition they are 

distinct, as some proteins associate with one or the other type of microdomain but 

not with both (Liu et al., 1997). 

Although caveolae were originally described as smooth invaginations, later research 

revealed that a striated and rough layer coated the caveolae suggesting the 

involvement of structural proteins (Izumi et al., 1989). Various proteins have been 

identified to reside in the caveolar coat such as its marker protein caveolin-1 

(Rothberg et al., 1992), caveolin-2 (Scherer et al., 1996) and, more recently, cavins 

(Hill et al., 2008). The exact molecular composition of the caveolar coat is as yet 

unknown and the current subject of ongoing research. Like the composition of the 

molecular coat, the detailed mechanism of caveolar biogenesis it not yet fully 

deciphered. Certain proteins and molecules have been identified to play a crucial 

role in the formation of caveolae. Not surprisingly, this includes the proteins 

residing in the molecular coat (caveolins and, cavins) and also membrane lipids, 

specifically cholesterol. Before discussing the formation of caveolae in more detail, 

it is important to introduce the proteins in this process.  

1.8.2 Caveolin-1 

Caveolin-1 was originally discovered as a 22 kDa substrate of the v-Src tyrosine 

kinase (Glenney, 1989). This protein was later identified as a marker protein of 

caveolae and therefore named caveolin (Rothberg et al., 1992).  At the same time 

Kurzchalia and colleagues isolated a protein from a CHAPS insoluble membrane 

fraction and named it vesicular integral-membrane protein of 21 kDa (VIP21) 

(Kurzchalia et al., 1992). Subsequently, caveolin and vip-21 were shown to be the 

same protein (Glenney, 1992). The names of both proteins were unified to “vip21-

caveolin” which later was simplified to just caveolin. With the discovery of more 

isoforms of this protein family, caveolin has been renamed as caveolin-1 (Scherer et 

al., 1996; Tang et al., 1996). Caveolin-1 is expressed in most major tissues including 

brain (Li et al., 2001). It is encoded by a single gene (Glenney, 1992) and can be 

found in a larger 24 kDa alpha- and a smaller 21 kDa beta- isoform. These isoforms 

differ only in their N-terminal region and are produced as the result of an 
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alternative initiation of translation. The start of translation at the first start codon of 

caveolin-1 mRNA results in production of the alpha isoform with a total amount of 

178 amino acids. The alpha isoform has a second methionine at position 32 which is 

the first amino acids of the shorter beta isoform (Figure 1.3). These isoforms were 

reported to have an overlapping but partially different subcellular localisation 

(Scherer et al., 1995). Furthermore, some research indicates that the ratio of alpha 

to beta isoform can determine caveolar morphology (Fujimoto et al., 2000). 

Caveolin-1 and other members of the caveolin family (caveolin-2 and caveolin-3) 

exhibit a nonconventional membrane topology. The N- and the C-termini are both 

localised within the cytosol (Dupree et al., 1993) and are separated by a 32-amino 

acid long intramembrane domain. Membrane insertion of this domain takes place 

co-translationally in the ER (Monier et al., 1995).  Analysis of caveolin-1 by Lisanti 

and colleagues suggested that this central hydrophobic intramembrane domain 

(amino acids 102-134) forms an incomplete hairpin loop within the lipid bilayer. In 

contrast, the protein database UniProt predicts an intramembrane domain of only 

20 amino acids (105-125). After translation and insertion of caveolin-1 into the 

membrane, caveolin-1 undergoes several PTMs. The N-terminal tyrosine at the 

position 14 and serine at position 80 are important phosphorylation sites (Seitz, 

1996; Fielding et al., 2004). The C-terminal domain has been reported to be 

palmitoylated at all three cysteine residues 133, 143 and 156, of which cysteine 133 

is thought to be the major site of palmitoylation (Dietzen et al., 1995). Although 

palmitoylation plays a well-defined role in membrane association of soluble 

proteins and in the targeting of proteins to caveolae and lipid rafts, it was found 

that palmitoylation of caveolin-1 was not required either for membrane attachment 

nor to direct caveolin into detergent resistant membrane microdomains (Dietzen et 

al., 1995). 

Caveolin-1 is essential for many aspects of caveolar physiology. As mentioned 

above, it is a major component of the caveolar coat. Indeed, overexpression of 

caveolin-1 in caveolae-deficient cells is sufficient to initiate de novo synthesis of 

caveolae (Fra et al., 1995). Concordantly, mice with a knockout of caveolin-1 gene, 
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showed a loss of caveolae (Razani et al. 2002). Furthermore, these mice were 

reported to have a disturbed lipid metabolism. Caveolin-1 has also been proposed 

to be involved in the transportation of fatty acids across the PM into cells 

independent of caveolae. Caveolin-1 was demonstrated to bind long chain fatty 

acids in HEK293T and cells with high expression levels of caveolin-1 showed 

increased fatty acid uptake (Meshulam et al., 2006). Moreover, caveolin-1 was 

demonstrated to bind to cholesterol in the ratio of 1:1 (Murata et al., 1995) and 

cholesterol transport from the ER to the PM was increased by overexpression of 

caveolin-1 (Meshulam et al., 2006). Hence, there is evidence that caveolin-1 is 

involved in cholesterol transport and metabolism in addition to its implication in 

fatty acid uptake.  

 

 

Figure 1.3. Alignment of the amino acid sequences of the caveolin protein family. Initiating 
methionines are highlighted in blue. Oligomerisation domain is shaded grey and predicted 
intramembrane domain highlighted in yellow (membrane prediction by Lisanti and colleagues). 
Palmitoylated cysteines of caveolin-1 and caveolin-3 are highlighted in red. The cysteine residues of 
caveolin-2 are highlighted in green. Amino acid position is indicated on the left side of the alignment 
panel.  
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However, Lisanti and colleagues found evidence that the amino acids localised 

between positions 82 and 101 exert function as a scaffold-domain.  Moreover, 

caveolin-1 was shown to form homo-oligomers and the amino acids from 61 to 102 

were identified as an oligomerisation domain, as deletion of this domain prevented 

its assembly into oligomeric structures (Sargiacomo et al., 1995).  

 

1.8.3 Caveolin-2 

Caveolin-2 is an additional member of the caveolin gene family, which was 

identified by microsequencing of a caveolin-enriched membrane preparation from 

murine adipose tissue (Scherer et al., 1996). Caveolin-2 was demonstrated to reside 

in caveolae, as it co-purified in these membrane microdomains with caveolin-1 

(Scherer et al., 1996). Moreover, analysis by confocal microscopy revealed co-

localisation of caveolin-1 and caveolin-2 (Scherer et al., 1997). Caveolin-2 was 

initially reported to be abundantly expressed in adipose and lung tissue (Scherer et 

al., 1997). Although later studies expanded this knowledge about tissue-specific 

expression, and reported that caveolin-2 was also detected in kidney, small 

intestines, colon, heart, uterus and to a lesser extent in muscle (Li et al., 2001). 

Unlike caveolin-1, caveolin-2 could not be detected in brain. Two different isoforms, 

alpha and beta, of caveolin-2 were identified, of which the alpha isoform is the 

more abundantly expressed (Scheiffele et al., 1998). Similar to caveolin-1, it is 

thought that these two isoform originate from the use of different translation start 

sites, as caveolin-2 has two methionines in the N-terminus which could potentially 

both function as the start of translation (Figure 1.3). In contrast to caveolin-1, only a 

small amount of research has been conducted to elucidate the membrane topology 

of caveolin-2, but it was also suggested to have cytosolic N- and C-termini, 

separated by an intramembrane domain forming an incomplete hairpin structure in 

the lipid bilayer. Like caveolin-1, caveolin-2 has been reported to be phosphorylated 

(Scheiffele et al., 1998), and phosphorylation sites identified as tyrosine at positions 

19 and 27, and serine at positions 23 and 26 (Lee et al., 2002; Wang et al., 2004; 
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Sowa et al., 2003). Although caveolin-2 has 4 cysteines at the positions 72, 109, 122 

and 145, no palmitoylation of these residues has been reported yet. 

The importance of caveolin-2 for cell and organism physiology has been studied to a 

far lesser extent than caveolin-1. Mice deficient in the caveolin-2 gene had 

membranes with normal caveolae in all examined tissues and no disturbed vascular 

responses or lipid homeostasis could be observed. Regardless of the fact that 

regular caveolae structures formed within lung parenchyma, caveolin-2 deficient 

mice exhibited pulmonary dysfunction manifested in hypercellularity with thickened 

aveolar septa within lung parenchyma. This abnormality renders the knockout mice 

intolerant to exercise (Razani et al., 2002b). Hence, caveolin-2 seems to exert a 

physiological role independent of caveolin-1. As the expression of caveolin-2 is 

initiated throughout the differentiation of 3T3-L1 pre-adipocytes into adipocytes 

and is abundant in adipose tissue, caveolin-2 in thought to play a role in adipocyte 

physiology (Scherer et al., 1997). It is speculated that caveolin-2 functions together 

with caveolin-1, as they were found to form hetero-oligomers (Scherer et al., 1997) 

and mice deficient of caveolin-1 expressed lower levels of caveolin-2 and vice versa 

(Razani et al., 2002a; b). Additionally, there is some evidence that caveolin-2 is 

involved in formation of caveolae. Although caveolin-2 knockout mice had regular 

caveolae, caveolin-2 seems to be required for the formation of caveolae on the 

basolateral surface of Madin-Darby canine kidney (MDCK) cells (Scheiffele et al., 

1998; Lahtinen et al., 2003).   

1.8.4 Caveolin-3 

Caveolin-3 is the third member of the caveolin family and was isolated from muscle 

cells where it localises in caveolae of the sarcolemma (Parton, 1997). The 

expression of caveolin-3 differs from the expression pattern of caveolin-1 and 

caveolin-2 as it is mostly limited to the cells of heart and skeletal muscle tissue and 

can be only found to a significantly lower extent in lung, stomach and small 

intestine (Li et al., 2001). Hence, caveolin-3 is predominantly expressed in striated 

and smooth muscle tissue.  The structural properties of caveolin-3 are thought to be 

very similar to the ones of caveolin-1, and indeed these proteins share 85% 
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similarity and 65% identity at the amino acid level. As depicted in Figure 1.3, 

caveolin-3 is slightly shorter than caveolin-1 and has only 151 amino acids in 

comparison to the 178 in caveolin-1. In general, it is though that caveolin-3 is the 

equivalent of caveolin-1 in muscle cells. In agreement with this notion, the caveolin-

3 derived caveolae are enriched with the same signalling proteins as caveolin-1 

derived caveolae (Feron et al., 1996; Song et al., 1996). In addition, the expression 

of caveolin-3 also drives the formation of caveolae (Shengwen et al., 1998). 

Furthermore, the three palmitoylated cysteines in caveolin-1 are conserved in 

caveolin-3 and are also palmitoylated (Tang et al., 1996; Couet et al., 2001). 

1.8.5 Cavins 

The cavin protein family is a group of cytosolic proteins with 4 members, which 

have been linked to caveolae. The individual members of this group were 

discovered unrelated to their involvement in the formation and physiology of 

caveolae. Cavin-1 for examples was discovered as the polymerase I and transcript 

release factor (PTRF) (Jansa et al., 1998) and later identified to be associated with 

caveolae (Vinten et al., 2005). Akin to cavin-1, cavin-2 was originally discovered as a 

phosphatidylserine binding protein and a substrate of protein kinase C (Burgener et 

al., 1990), and later found to localise in caveolae (Mineo et al., 1998). Cavin-3 and 

cavin-4 were also originally discovered unrelated to caveolae and have alternative 

names whereby cavin-3 was originally named sdr-related gene product that binds to 

c-kinase (SRBC) and the alternative name of cavin-4 is muscle-restricted coiled-coil 

protein (MURC) (Briand et al., 2011). The sizes of cavin proteins vary, with cavin-2 

being the largest (418 amino acids) and cavin-3 the smallest (260 amino acids). It is 

though that cavins undergo extensive post-translational modifications, as their 

detected molecular size by SDS-PAGE is up to 15 kDa higher than the predicted 

molecular weight (Hill et al., 2008; Vinten et al., 2005; Hansen et al., 2009; Liu and 

Pilch, 2008). All members of the cavin family are cytosolic and have a conserved N-

terminal domain with a repeating heptad of hydrophobic amino acids, which are 

likely to form a coiled-coils (Bastiani et al., 2009). Cavin proteins have a broad tissue 

expression profile and, in contrast to caveolin-1, their expression can be found in 
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both muscle tissue and in adipose tissue. Cavin-4 is an exception however, as its 

expression is confined to muscle cells (Bastiani et al., 2009).  There is evidence that 

members of the cavin protein family play an essential role in caveolae formation, as 

mice lacking cavin-1 expression were not able to form caveolae and displayed a 

similar phenotype as caveolin-1 and caveolin-3 double knockout mouse (Liu et al., 

2008). Additionally, cultured cells with a loss of cavin-2 expression also lacked 

caveolae (Hansen et al., 2009). Complementary to these knockout studies, the 

overexpression of cavin-1 was demonstrated to correlate with an increased number 

of caveolae (Hansen et al., 2009). Cavin-3 and cavin-4 are less well studied than the 

other cavin proteins, although they have also been linked to the formation or 

function of caveolae (McMahon et al., 2009; Bastiani et al., 2009).  

1.8.6 Biogenesis of Caveolae    

The exact mechanism of caveolar biogenesis is not yet known and the subject of 

ongoing research. The current model is based on the trafficking pathway of 

caveolin-1. Caveolin-1 is synthesised in the rough ER and inserted into the 

membrane co-translationally (Monier et al., 1995). Shortly after its biosynthesis, 

caveolin-1 begins to assemble within the ER into homo-oligomeric structures with 

the size of approximately 150-200 kDa corresponding to the size of 8S on velocity 

gradients (Hayer et al., 2010; Monier et al., 1995). It is estimated that these 

oligomers consist of 7 to 10 caveolin-1 monomers (Fernandez et al., 2002). If 

caveolin-2 is co-expressed, this isoform is also incorporated into the oligomeric 

assemblies, although the amount of caveolin-1 is at least twice as much as caveolin-

2 in those hetero-oligomers (Scheiffele et al., 1998). Indeed homo-oligomers of 

caveolin-1 and hetero-oligomers of caveolin-1 and caveolin-2 have been reported in 

various studies and are thought to play an essential role in caveolae formation 

(Sargiacomo et al., 1995; Scherer et al., 1997; Fernandez et al., 2002; Lahtinen et al., 

2003; Hayer et al., 2010). The N-terminal region of caveolin-1 from amino acid 61-

102 was identified to be essential for oligomerisaton (Sargiacomo et al., 1995). 

Furthermore, the C-terminus of caveolin-1 was demonstrated to interact with both 
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the C- and the N-terminus of caveolin-1 in homo-oligomers to enhance oligomeric 

assemblies (Song et al., 1997). 

These caveolin oligomers traffic via COPII-dependent transport from the ER to the 

Golgi apparatus, where they assemble into larger oligomers of an approximate size 

of 70S (Hayer et al., 2010). In the compartments of the Golgi apparatus, these larger 

oligomers acquire a resistance to solubilisation by certain detergents such as Triton 

X-100 (Scheiffele et al., 1998). It is thought that the special membrane environment, 

including the presence of membrane microdomains in the Golgi apparatus, plays an 

important role in the maturation of the caveolin oligomers. Moreover, it is 

proposed that in the Golgi apparatus caveolin-1 and caveolin-2 undergo post-

translational modifications (Parat and Fox, 2001). As mentioned above, caveolin-1 

was identified to be palmitoylated at all three of its cysteine residues (Dietzen et al., 

1995), and this attachment of long chain fatty acids to caveolin-1 stabilised its 

oligomeric assemblies (Monier et al., 1996). Besides long chain fatty acids, caveolin-

1 has been demonstrated to tightly bind cholesterol in an approximate ratio of one 

mole cholesterol per mole of caveolin-1 (Murata et al., 1995). The binding of 

cholesterol to caveolin-1 plays a crucial role in the biogenesis of caveolae, as 

treatment of cells with cholesterol depleting drugs such as filipin or nystatin 

resulted in flattening of the caveolar invaginations and the disassembly of the 

caveolar coat (Rothberg et al., 1992). In agreement with these findings, cholesterol 

was demonstrated to stabilise oligomeric structures of caveolin-1 (Monier et al., 

1996) and to accelerate the export of the protein from the Golgi apparatus towards 

the PM (Pol et al., 2005). 

Following assembly and maturation, the 70S caveolin oligomers exit the Golgi 

apparatus and translocate to the PM, where they assemble with proteins from the 

cavin family to form mature caveolae (Hayer et al., 2010). It is not clear whether the 

70S large caveolin oligomers in the Golgi apparatus correspond to the caveolar 

scaffold which together with cavins forms mature caveolae. Recent estimations 

revealed that the 70S caveolin oligomer consists of approximately 160 caveolin 

monomers (Hayer et al., 2010), which is consistent with previous studies where 144 
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± 39 caveolin monomers per caveolae had been suggested (Pelkmans and Zerial, 

2005). The transport vesicles in which the caveolin oligomers exit the Golgi 

apparatus have been termed caveolar carriers and these vesicles seem to leave the 

Golgi apparatus through the medial Golgi complex and not through the TGN (Hayer 

et al., 2010). Furthermore, it was found that fusion of the caveolar carriers require 

the SNARE protein Syntaxin 6 (Choudhury et al., 2006). Once the caveolar carriers 

have reached the membrane it is not clear how recruitment and attachment of 

cavins to the caveolins is mediated. Cavin complexes can form independently of 

caveolin-1 in the cytosol and reach the size of 60S, but they only associate with 

caveolin once the caveolin assemblies have reached the PM (Hayer et al., 2010). At 

present, it is thought that the incorporation of the caveolin oligomer together with 

the peripheral association of members of the cavin protein family forms mature 

caveolae. 

 

 

Figure 1.4. Formation of caveolae. The current model for the formation of caveolae is illustrated. 
The panel at the left hand side shows the PM-integrated caveolin hetero-oligomer with an estimated 
size of 70S and cytosolic cavin monomers. The caveolin hetero-oligomer consists of caveolin-1 and 
caveolin-2 in the ratio of 2:1 in favour of caveolin-1 and is not sufficient to induce strong membrane 
curvature. The panel on the right hand side shows a mature caveola, where cavins are oligomerised 
and bind to the caveolin hetero-oligomer scaffold. The outer cavin-coat with an estimated size of 60S 
together with the caveolin hetero-oligomer scaffold induce the typical membrane curvature and are 
considered mature caveolae. Phospholipids, cholesterol and sphingolipids are not shown.    
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1.9 Caveolae and insulin signalling 

There is growing evidence that caveolae and caveolin proteins are involved in 

insulin signalling. The IR has been shown to mainly reside in caveolae at the PM, 

especially in adipocytes (Gustavsson et al., 1999; Foti et al., 2007), and it has been 

proposed that a specified subset of caveolae harbour several IRs per caveola (Thorn 

et al., 2003). Upon insulin binding and autophosphorylation, it is thought that the IR 

undergoes rapid internalisation through caveolae into “caveosomes”, the IR is then 

dephosphorylated and recycled back to the PM. Endocytosis of the IR through 

caveolae is thought to be mediated by phosphorylation of caveolin-1 at tyrosine 14, 

as phosphorylated caveolin-1 and IR were co-immunocaptured from endosomes 

(Fagerholm et al., 2009). In support of this notion, caveolin-1 has been previously 

reported to be a substrate of the IR kinase activity (Kimura et al., 2002). Additional 

evidence linking caveolae with the IR was highlighted by studies in caveolin-1 

knockout mice, which are insulin resistant and had a reduced expression of the IR 

(Cohen et al., 2003). Moreover, loss of caveolin-1 function increased IR and GLUT4 

degradation in cultured adipocytes (González-Muñoz et al., 2009). Similar 

observations have been made in muscle tissue from caveolin-3 knockout mice 

(Capozza et al., 2005). 

Aside from the role of caveolin and caveolae in the localisation, endocytosis and 

stability of the IR, caveolae are also involved in the regulation of the insulin 

signalling cascade. IRS1 expression levels are regulated by caveolin-1 and 

overexpression of caveolin-1 and caveolin-3 in HEK293T cells enhanced insulin-

stimulated IRS1 phosphorylation without altering auto-phosphorylation levels of the 

IR (Chen et al., 2008; Yamamoto et al., 1998). Moreover IRS1 and PI3K are 

suggested to be recruited to caveolin-enriched domains in liver cells after insulin 

stimulation (Balbis et al., 2004). β-cyclodextrin treatment of 3T3-L1 adipocytes 

depleted caveolae and inhibited IRS1 phosphorylation and activation of AKT, 

without affecting insulin binding to the IR and receptor auto-phosphorylation 

(Parpal et al., 2001). A similar observation was made in primary human adipocytes, 
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where depletion of cholesterol from the PM blocked insulin-stimulated AKT 

activation and the translocation of GLUT4 to the plasma membrane (Karlsson et al., 

2004).  

Unlike the IR, the localisation of GLUT4 in caveolae has not been demonstrated 

unequivocally in the currently available literature. However, studies exist showing 

that the majority of GLUT4 at the PM resides in caveolae after insulin stimulation 

(Karlsson et al., 2002). Furthermore, it is not clear which mechanism mediates 

GLUT4 endocytosis from the PM after its insulin-stimulated translocation to the PM. 

It was suggested that GLUT4 is mainly internalised via clathrin-mediated 

endocytosis, as GLUT4 containing vesicles did not contain caveolin-1 (Kandror et al., 

1995). However, knock-down of clathrin in myoblasts and adipocytes reduced the 

endocytosis of GLUT4 by only 50%, suggesting that there might also be a clathrin-

independent endocytosis pathway for GLUT4. In adipocytes it is suggested that this 

internalisation mechanism is cholesterol-dependent and mediated by caveolae 

(Ros-Baro et al., 2001; Shigematsu et al., 2003; Blot and McGraw, 2006). 

Irrespective of whether GLUT4 is internalised via caveolae-mediated endocytosis, 

caveolae seem to have a stabilizing effect on GLUT4. Knock-down of caveolin-1 and 

cavin-1 resulted in increased GLUT4 degradation and a lower total amount of the 

protein in 3T3-L1 adipocytes (González-Muñoz et al., 2009; Liu et al., 2008). 

Furthermore, it was demonstrated that glucose uptake correlates with a slow 

translocation of GLUT4 into caveolae (Gustavsson et al., 1996). 

Taken together, there is a substantial amount of evidence for the involvement of 

caveolae in insulin signalling, including effects on IR cycling and stability, regulation 

of the IR-stimulated phosphorylation cascade, and the stability of GLUT4. These 

finding are underpinned by the fact that mice which are not able to form caveolae 

exhibit insulin resistance and dyslipidemia (Liu et al., 2008; Cohen et al., 2003). 

Furthermore, IRs of some patients with extreme types of insulin resistance have 

been shown to contain mutations in the caveolin-1 binding motif (Iwanishi et al., 

1993).    
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1.10 Palmitoylation 

S-Palmitoylation is a post-translational protein modification whereby a saturated 

C16 fatty acid is attached to a cysteine residue of a protein by a thioester bond. S-

Palmitoylation or simply “palmitoylation” belongs to a group of lipid modifications, 

which includes N-myristoylation and prenylation. In mammals, palmitoylation is 

mediated by a family of 24 enzymes which are characterised by the amino acid 

sequence motif DHHC (aspartic acid-histidine-histidine-cysteine) present within a 

51-amino acid cysteine-rich domain of the protein (Fukata et al., 2004). These 

palmitoyl transferases (PATs) are polytopic membrane proteins and hence 

palmitoylation occurs in proximity to membrane surfaces within the cell. 

In contrast to other covalent lipid modifications, palmitoylation is dynamic as the 

attachment of the palmitic acid to a cysteine residue is reversible. Depalmitoylation 

is mediated by acyl-protein-thioesterase (APT) enzymes (Duncan and Gilman, 1998; 

Zeidman et al., 2009). The rate of depalmitoylation varies from protein to protein. 

For example, the half-life time of palmitoylation on the Src family kinase Fyn has 

been shown to be 1.5-2 h (Wolven et al., 1997), whereas palmitoylation of syntaxin 

1a was suggested to be a static modification (Kang et al., 2008). Palmitoylation and 

depalmitoylation dynamics can vary even for isoforms of the same proteins, as 

demonstrated for H- and N-Ras (Baker et al., 2003; Magee et al., 1987). Suggested 

factors that affect protein depalmitoylation rate are the interaction specificity with 

APT enzymes, the accessibility of modified cysteines to these enzymes, and the 

number of palmitoylated cysteines within the protein (Salaun et al., 2010). It is likely 

that APTs are well distributed throughout the cell rather than being confined to one 

cell compartment, as depalmitoylation can be observed in many locations of the cell 

(Rocks et al., 2005). 

Palmitoylation has many important effects on modified proteins. For proteins that 

lack a TMD, palmitoylation can be essential for membrane recruitment (Vogel and 

Roche, 1999). Some soluble proteins are modified by myristoylation or prenylation 

together with palmitoylation. These myristoyl and prenyl chains increase the 

hydrophobicity of the protein, sufficient to allow transient membrane interaction, 
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which then enables membrane-bound PATs to palmitoylate the protein and 

mediate stable membrane attachment  (Shahinian and Silvius, 1995). Thus, 

palmitoylated cysteine residues often occur adjacent to myristoylation and 

prenylation sites. For transmembrane proteins or soluble proteins that lack other 

lipid modifications, palmitoylated cysteine residues are often surrounded by 

hydrophobic or basic amino acids or are located adjacent to or within TMDs, 

however as yet no known consensus sequence for palmitoylation has been reported 

(Salaun et al., 2010). 

It was shown that palmitoylation is involved in processes beyond the membrane 

anchoring of soluble proteins. One particular aspect that palmitoylation often 

affects is the regulation of protein sorting and trafficking. The specific intracellular 

compartmentalization of small GTPase Ras isoforms (H- and N-Ras) is regulated by a 

constitutive cycle of palmitoylation and depalmitoylation, which enables 

coordinated trafficking from the Golgi apparatus to the PM and back (Rocks et al., 

2005). Transmembrane protein trafficking is also frequently regulated by 

palmitoylation. For example the dendritic targeting of AMPA and NMDA glutamate 

receptors is regulated by palmitoylation, as is their cycling between the PM and 

endosomes within dendrites (Hayashi et al., 2005, 2009). Furthermore, 

palmitoylation can regulate protein localisation in response to signal transduction 

and neuronal cell activity. This is seen with the palmitoylation of the postsynaptic 

density protein-95 (PSD-95), which is decreased upon activation of the glutamate 

receptor, leading to a loss of synaptic localisation (El-Husseini Ael et al., 2002). 

Another important role of palmitoylation is the partitioning of proteins into 

cholesterol-rich membrane microdomains, such as caveolae and lipid rafts. Both 

soluble and transmembrane proteins have been shown to be targeted into 

membrane microdomains in a palmitoylation dependent manner (Bhattacharyya et 

al., 2013; Prior et al., 2001). Interestingly however, the palmitoylation of caveolin-1 

does not appear to be important for its localisation to detergent-insoluble domains 

or caveolae (Dietzen et al., 1995). 
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Other effects of palmitoylation include regulating protein stability (Linder and 

Deschenes, 2007; Delandre et al., 2009). This effect of palmitoylation can often 

reflect interplay between this modification and ubiquitination; for example 

palmitoylation of the yeast SNARE protein Tlg1 was shown to be important to 

prevent the ubiquitination of an adjacent lysine residue and subsequent 

degradation of the protein at the yeast vacuole (Valdez-Taubas and Pelham, 2005). 

Interplay between palmitoylation and phosphorylation has also been observed for 

proteins such as the beta2-adrenergic receptor (Moffett et al., 1996) and BK 

potassium channels (Tian et al., 2008). The interplay between palmitoylation and 

other post-translational modifications is not restricted to phosphorylation and 

ubiquitination, as recent work also highlight reciprocal regulation of PSD-95 by 

palmitoylation and S-nitrosylation of the same cysteine residues (Ho et al., 2011). 

1.10.1  zDHHC Palmitoyltransferases (PATs) 

The detailed mechanism of palmitoylation was not clear for many years following 

the identification of this process. It was observed that incubation of various proteins 

such as rhodopsin or SNAP25 with palmitoyl-CoA was sufficient for auto-

palmitoylation to occur in vitro  (Veit et al., 1998; Veit, 2000). These observations 

together with the lack of knowledge about palmitoylation enzymes led many 

investigators to suggest that palmitoylation was likely a spontaneous event in vivo 

that did not require a specific enzymatic activity (Linder et al., 2000). However, 

major breakthroughs came in 2002 with the identification of enzymes responsible 

for palmitoylation in yeast. Erf2p and Erf4p were found to palmitoylate Ras (Lobo et 

al., 2002), and Akr1p was shown to palmitoylate yeast casein kinase (Roth et al., 

2002). Importantly, Erf2p and Akr1p were found to share a common “DHHC 

cycteine-rich” domain, which was critical for PAT activity. These studies served as a 

catalyst for subsequent studies in mammalian cells that identified a whole family of 

PAT enzymes, which includes 24 members (Fukata et al., 2004). All members of this 

protein group have a conserved cysteine rich 51 amino acid long zinc finger-like 

domain with a tetrapeptide aspartic acid, histidine, histidine, cysteine (DHHC) motif 

(Lobo et al., 2002; Mitchell et al., 2006), hence members of this protein group are 
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referred to as “zDHHC” proteins. Isoforms of the zDHHC enzyme family share 

structural similarities and have four to six TMDs with the DHHC motif located in a 

cytoplasmic loop (Mitchell et al., 2006). Studies examining mutations within this 

DHHC tetrapeptide showed that an intact DHHC motif is essential for PAT activity 

(e.g. Roth et al. 2002). Palmitoylation catalysed by zDHHC PATs is thought to consist 

of two steps, first the cysteine within the DHHC motif undergoes auto-

palmitoylation to create a DHHC-palmitoyl intermediate, followed by the transfer of 

this palmitate onto the cysteine residue of its substrates (Mitchell et al., 2010). 

The localisation of mammalian zDHHCs varies within the cell and individual 

members of the zDHHC family reside in different compartments of the cell. One of 

the first studies addressing the subcellular distribution of zDHHCs revealed that the 

majority of the zDHHC enzymes reside at membranes of the ER or Golgi apparatus 

and only a few zDHHCs were found to be elsewhere within the cell (Ohno et al., 

2006). As this study was based on expression of N-terminally His6 and Myc-tagged 

zDHHC isoforms in HEK293 cell, some of the reported localisations could have been 

affected by high expression levels. Indeed, zDHHC2 for example, which was found 

to localise in ER and Golgi apparatus by Ohno, was subsequently reported to localise 

at the PM and recycling endosomes of PC12 cells and hippocampal neurons 

(Greaves et al., 2011; Fukata et al., 2013). Another example is zDHHC4, which was 

reported to localise in the Golgi apparatus in the examination by Ohno, but was 

isolated at the ER in a different study (Gorleku et al., 2011). There is very little 

information available about how subcellular localisation of zDHHC enzymes is 

regulated (Gorleku et al., 2011; Greaves et al., 2011). Furthermore, whether zDHHC 

enzymes exhibit substrate specificity or how this potential specificity is regulated is 

currently debated (Huang et al., 2009; Rocks et al., 2010). Most evidence on this 

subject is gathered either from co-overexpression experiments of zDHHC enzymes 

together with substrates or in experiments where specific zDHHCs were knocked 

down. With this methodology, substrate specificity of some zDHHC enzymes was 

demonstrated for substrates such as the SNAP25 protein family and the protein 

huntingtin. Additionally these studies identified motifs within both substrates and 
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zDHHC enzymes which mediated the enzyme-substrate specificity (Huang et al., 

2009; Greaves et al., 2010). However other studies failed to show strict specificity in 

the interaction of zDHHC enzymes with substrate proteins or to identify a consensus 

sequence or conserved feature within the substrate for recognition by a specific 

zDHHCs (Hou et al., 2009; Rocks et al., 2010). These studies suggest either an 

overlapping substrate specificity of zDHHC enzymes or propose that zDHHCs 

function promiscuously as PATs for many substrates at the same time.   

1.11 Potential role of palmitoylation in insulin signalling  

As described above (section 1.5), insulin-stimulated recruitment of GLUT4 to the PM 

involves multiple phosphorylation steps and various protein kinases, vesicle 

translocation from inside the cell towards the PM, and finally vesicle fusion with the 

PM. The various phosphorylation steps involved in the insulin signalling/GLUT4 

translocation pathways have been extensively studied, whereas our knowledge of 

how other types of PTM impact on these pathways is less well-defined. It is clear 

that palmitoylation is important for the operation of these pathways but existing 

knowledge on the role of this PTM is very limited. Proteins in the initial steps of the 

insulin signalling pathways such as the IR and the small GTPase TC10 are 

palmitoylated (Magee and Siddle, 1988; Watson et al., 2003). However, neither the 

extent nor the role of palmitoylation of the IR is known. The palmitoylation of TC10 

is better characterised and it is suggested that attachment of palmitate on two 

cysteine residues of TC10 is required for its partitioning into caveolin and 

cholesterol-enriched membrane domains (Watson et al., 2003). This is 

physiologically relevant, as localisation of TC10 in these specialised membrane 

compartments is essential for its role in insulin stimulated GLUT4 translocation in 

adipocytes (Watson et al., 2001, 2003). In addition to acting in the initial steps of 

the insulin signalling cascade, palmitoylation is also known to be required for fusion 

of GLUT4 vesicles with the PM. As described in section 1.4 and 1.5, fusion of GSVs 

with the PM is mediated by proteins of the vesicle fusion machinery. Proteins 

regulating vesicle fusion such as SNAP23, cysteine-string protein (CSP) or VAMP2 

have been reported to be palmitoylated (Gundersen et al., 1994; Vogel and Roche, 
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1999; Veit et al., 2000). The palmitoylation of these exocytotic proteins is essential 

for their membrane attachment or correct protein trafficking or both (Vogel and 

Roche, 1999; Greaves and Chamberlain, 2006; Prescott et al., 2009). Apart from the 

initial steps of the insulin signalling pathway and membrane fusion, palmitoylation 

could also be involved in many other steps of these pathways. For example, recent 

research has suggested that the substrate of AKT, AS160, is palmitoylated in 

cultured adipocytes and in adipose tissue (Ren et al., 2013b). As described in section 

1.5 AS160 is thought to regulate the intracellular retention of GSVs, however it is 

not known how palmitoylation of AS160 impacts its function in this process. More 

evidence for the role of palmitoylation in GLUT4 translocation was found in a recent 

study where silencing of the PAT zDHHC17 was demonstrated to impede insulin-

stimulated GLUT4 translocation (Ren et al., 2013a). This effect is thought to be 

mediated by the palmitoylation of the zDHHC17 substrate ClipR-59. Palmitoylation 

of ClipR-59 regulates its association with the PM and this in turn also modulates the 

PM attachment and compartmentalisation of the protein kinase AKT (Ding and Du, 

2009). Another process where palmitoylation could be potentially involved is the 

assembly of GSVs. Sortilin is a major component of GSVs and was reported to be 

palmitoylated (McCormick et al., 2008). The palmitoylation of sortilin is thought to 

be necessary for the correct trafficking from endosomes to compartments of the 

Golgi apparatus and affects its protein stability (McCormick et al., 2008; Dumaresq-

Doiron et al., 2013). Stable sortilin with a correct cellular localisation may be 

important for the formation of GSVs, as sortilin is thought to be required for the 

association of GLUT4 with GSVs (Shi and Kandror, 2005). 

Yet a comprehensive and detailed analysis of protein palmitoylation of components 

of the insulin signalling/GLUT4 trafficking pathways has not been undertaken. The 

initial phosphorylation steps in the insulin signalling cascade are in proximity to the 

PM and involve proteins that lack TMDs, and it is therefore possible that some of 

these membrane interactions are mediated by palmitoylation. Furthermore, 

palmitoylation is able to affect phosphorylation; it is thought that this effect is 

mediated by altering accessibility of kinases to their substrates (Moffett et al., 1993; 
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Tian et al., 2008). Thus, the interplay between palmitoylation and phosphorylation 

could be another potential mechanism of how palmitoylation might impact insulin 

signalling. Furthermore, palmitoylation was demonstrated to affect protein-protein 

interaction (Delandre et al., 2009), hence it is also possible that the attachment of 

palmitate onto components of the signalling pathway regulate their interaction.  

When the present project was initiated, there was very little other information 

published on palmitoylated proteins in adipocytes. However, during the course of 

this PhD, a proteomics study was published identifying a number of other 

palmitoylated proteins in adipocytes (this is discussed further in section 3.7). 

 

1.12 Aims of this study 

The major aim of this PhD project is to identify novel palmitoylated proteins in 3T3-

L1 adipocytes that might be involved in insulin signalling and/or GLUT4 trafficking. 

This will be followed by a detailed analysis of how palmitoylation impacts the 

properties of the identified proteins. Collectively, these analyses will provide more 

detailed information on the role of this important PTM in the pathways relevant to 

insulin-stimulated glucose transport. It is hoped that this analysis will identify 

potential new points of intervention to treat insulin resistance and type 2 diabetes. 

Overall, the individual aims of the project are to: 

1. Identify novel palmitoylated proteins involved in insulin signalling and GLUT4 

trafficking. 

2. Determine the palmitoylation sites of these novel palmitoylated proteins. 

3. Determine the effects of palmitoylation on protein trafficking and protein-protein 

interactions. 

4. Identify the zDHHC proteins that are expressed in 3T3-L1 adipocytes, and that are 

potentially important for adipocyte physiology. 

5. Identify the zDHHC enzymes that modify newly identified palmitoylated proteins 

in adipocytes. 
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Chapter 2:  Materials and Methods 

 

2.1 Materials 

2.1.1 Chemicals 

If not declared otherwise, chemicals were obtained as the purest grade available 

from Sigma-Aldrich Company (Dorset, U.K.) and Life Technologies (Paisley, U.K.). 

2.1.2 Molecular biology reagents 

One Shot® TOP10 Chemically Competent E.coli, PureLink™ Quick Plasmid Miniprep 

Kit,  PureLink™ Gel Extraction Kit, TOPO® TA Cloning® Kit TA Cloning® Kit, SYBR® Safe 

desoxyribonucleic acid (DNA) gel stain, DNA ladder (1 kb) and  Lipofectamine™ 2000 

transfection reagent were purchased from Life Technologies (Paisley, U.K). RNeasy® 

Mini kit, QIAquick gel extraction kit and QuantiTect Primer Assay were obtained 

from Qiagen (Sussex, U.K.) FastStart Universal SYBR Green Master, Transcriptor First 

Strand cDNA Synthesis kit and High Pure ribonucleic acid (RNA) Isolation kit were 

supplied by F. Hoffmann-La Roche Ltd.  (Basel, Swiss). Oligonucleotide primers were 

synthesised by Sigma-Aldrich (Dorset, U.K.).  GoTaq® DNA Polymerase, pfu 

polymerase, Oligo (dT)15 primer, M-MLV Reverse Transcriptase, recombinant 

RNasin® Ribonuclease inhibitor, dNTPs (dATP, dCTP, dGTP, dTTP), restriction 

endonucleases, and T4 DNA Ligase were obtained from Promega (Southampton, 

U.K.). KOD hot Start DNA polymerase was supplied from Novagen, Merck Millipore 

(Billerica, MA, USA). FastDigest DpnI restriction enzyme was obtained from Thermo 

Scientific (Waltham, MA, U.S.A.) NucleoBond® Xtra Maxi kit was purchased from 

Macherey-Nagel (Düren, Germany). BCA Protein Assay Reagent Kit was supplied by 

Pierce Biotechnology (Rockford, IL, U.S.A.). 
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2.1.3 Primers 

Table 2.1. Oligonucleotide primers (5’->3’) used for amplification of GLUT1 and GLUT4 
isoforms from 3T3-L1 adipocyte and mouse brain cDNA. Restriction sites used for cloning 
are underlined. 

Primer 
Name 

Forward Sequences Reverse Sequences 

GLUT1_E
GFPC2 

GATCAGAATTCATGGATCCCAGCAGC
AAGAAG 

GATCAGTCGACTCACACTTGGGAGTC
CGCCCC 

GLUT4_E
GFPC2 

GATCAGAATTCATGCCGTCGGGTTTCC
AGCAG 

GATCAGTCGACTCAGTCATTCTCATCT
GGCCC 

GLUT4_E
GFPN1 

GATCAAAGCTTATGCCGTCGGGTTTCC
AGCAG 

GATCAGTCGACCAGTCATTCTCATCT
GGCCC 

 

Table 2.2. Oligonucleotide primers (5’->3’) for quantitative real-time PCR (qPCR) from 
3T3-L1 pre-adipocyte and adipocyte cDNA 

Primer 
Name 

Forward Sequences Reverse Sequences 

DHHC1 CGCATAGAGGACCAGAAACCAG CGCATAGAGGACCAGAAACCAG 

DHHC2 ACACGGAACAGATAAGAACG CGCATAGAGGACCAGAAACCAG 

DHHC3 CGCATAGAGGACCAGAAACCAG CGCATAGAGGACCAGAAACCAG 

DHHC4 GGAAATGAACGCAAAAGGTG CAGATCAGGACAACACAAATC 

DHHC5 TGTTATCCAACTTTGTCCATCAAGAG GCAGTCCTCGTCTCTTTCCG 

DHHC6 GCTTTATAATCGGCTCTCCTTTGG GCCAATCCCAAGGCAAACAAG 

DHHC7 GAGTGCAGCGACTTCTCTCC ATGACTGCGGTGAAGGTGAAG 

DHHC9 GCTATGCTCTTTCTTTTCTCC CATTGGTGGCTTCTATTTCC 

DHHC12 CAGCTACGCCAATGGGAAGAG GGGTCCATGAGTGACACAGC 

DHHC13 GGACAGAGTGTGAATATGACAGATG AGAGGAGTGTTCTGATGTGTTTTATC 

DHHC14 TGTCATATTGTGCCACCATG GTATACAGATCAAGAAAATAACAGAGG 

DHHC15 GGTGCCAGTGCTCGTTATTG AAAATGGCATGATAGAGTATGAGGTAG 

DHHC16 TCTGATCCTCATCGTCTTCCATTAC ACTTCTTACAGATGGAGACAGTAGC 

DHHC17 CAAGCGAAAGGGTATGACAAACC TTAATGAGCCAAGAATCAATGTCTAGG 

DHHC20 CTCAAATCAACCTTTTCCTATCAAACC ACTCCTTCTTCAGCTCCATTCTC 

DHHC21 TCCCTACCACTTTGCCAATCAC TCTCATAAAACCTGTAACGCATTTCC 

DHHC22 GCTGTCCTTTCCATCTCCTTCG CAAACCAGAGGTAGAGCATGAGG 

DHHC24 TCTGGTTCTGGCCTTTTCTAGC AAGTTCTCAGTTCGATCCTCTGC 
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Table 2.3. QuantiTect Primer Assay for qPCR with 3T3-L1 pre-adipocyte and adipocyte 
cDNA 

Target Protein QuantiTect Primer Assay 
(200)  

Catalogue Number 

DHHC8 Mm_Zdhhc8_2_SG  QT01041257 

DHHC11 Mm_Zdhhc11_2_SG  QT01078637 

DHHC19 Mm_Zdhhc19_1_SG QT00174650 

DHHC23 Mm Zdhhc23 1 SG  QT01077545 

DHHC25 Mm_1700030J15Rik_1_SG 
DHHC25 

QT00255731 

Ipo8 Mm_Ipo8_2_SG QT01057518 

Kdm2b Mm_Kdm2b_2_SG QT01044365 

GLUT4 Mm_Slc2a4_2_SG QT01538334 

 

Table 2.4. Oligonucleotide primers (5’->3’) for site directed mutagenesis (SDM) to mutate 
cysteine residues into alanine residues in N-terminal triple HA tagged IRAP-wild type 
EGFP-N1 expression vector. Mismatches to introduce mutations are underlined; reverse 
primers were synthesised as the reverse complementary sequence of forward primers 

Target cysteine 
residue 

Forward Sequence 

35 GGTAGATTTAGCCAAAGAACCTGCTTTACATCCTCTGGAACC 

103 CAGGCAGAGTCCAGATGGGACTGCTTCATTACCCTCTGCCAG 

114 CTGCCAGGACCTTAGTGATCGCTGTTTTTGTCATTGTGGTTGC 

 

Table 2.5. Oligonucleotide primers (5’->3’) used to replace the triple HA-tag in the IRAP-
wild type EGFP-N1 expression vector with a single N-terminal Myc-tag. Restriction sites 
are underlined; Myc-tag coding sequence is in italic.  

Target cysteine 
residue 

 

Forward Sequence GGTAGTCGAC ATGGAACAAAAACTTATTTCTGAAGAAGATCTG   
ATGGAGTCCTTTACCAATGATCGG 

Reverse Sequence CGAT GGATCCGATCAATGATCATATGATATC         
CTACAGCCACTGGGAGAGCG 
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Table 2.6. Oligonucleotide primers (5’->3’) for SDM to mutate cysteine residues into 
alanine residues in the caveolin-2-EGFP-N1 expression vector. Mismatches to introduce 
mutations are underlined; reverse primers were synthesised as the reverse 
complementary sequence of forward primers. 

Target cysteine 
residue 

Forward Sequence 

72 CTTTGACAAAGTGTGGATCGCCAGCCATGCTCTCTTTG 

109 CCTGTTTGCTACCCTCAGCGCTCTGCACATCTGGATCC 

122 CCTGATGCCTTTTGTGAAGACCGCCCTAATGGTCTTGC 

145 GTTGTCATTGGCCCATTGGCTACAAGTGTGGGCCGCAG 

 

 

2.1.4 Plasmids 

The plasmid vectors pEGFP-N1 and pEGFP-C2 were obtained from Clontech 

Laboratories Inc. (California, U.S.A.). The vectors express a red shifted variant of 

wild type GFP which has its excitation maximum at 488 nm and its emission 

maximum at 507 nm. DNA cloned in the pEGFP-N1 vector is expressed as a fusion 

protein to the N-Terminus of EGFP as the multiple cloning site is located in between 

the immediate early promoter CMV and the EGFP coding region. In contrast, the 

multiple cloning site of the pEGFP-C2 vector is located after the immediate early 

promoter CMV and the EGFP coding region. Thus genes cloned into the pEGFP-C2 

vector will be expressed as a fusion protein to the C-terminus of EGFP. Both vectors 

express a kanamycin resistance cassette for selection in E.coli.  

The pMa or pMa-T plasmid expression vectors were supplied by GeneArt®, Life 

Technologies (Carlsbad, CA, USA). The inserted DNA was N-terminal triple HA-

tagged-IRAP, caveolin-1, caveolin-2, caveolin-1 3CA mutant and caveolin-2 4CA 

mutant. The inserted coding sequences were flanked with restriction enzyme sites 

and were subsequently cloned into pEGFP-N1, pEGFP-C2 or mCherry vector as 

described in the following sections.  

Modified EGFP-N1 plasmids encoding mCherry-tagged constructs were generated 

by excising the coding region of EGFP from EGFP-N1 using Age1 and BsrG1 

restriction enzymes and replacing with the coding region of mCherry flanked by the 
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same restriction sites. This generated mCherry constructs that were in the same 

backbone as EGFP-N1 and had mCherry instead of EGFP. 

EGFP- and RFP-tagged TC10 plasmids were kindly provided by Dr. Dolores Perez-

Sala (Centro de Investigaciones Biologicas, CSIC Ramiro de Maeztu, 9, 28040 

Madrid, Spain). 

2.1.5 Electrophoresis and Western blot equipment 

Gel-plates, electrophoresis tanks, protein transfer-tanks, power supplies and 

Polyvinylidene difloride (PVDF) membranes were purchased from Bio-Rad 

Laboratories (California, U.S.A). Protran Nitrocellulose Membrane was obtained 

from Whatman (Maidstone, U.K.).  

2.1.6 Cell culture plastics and media 

All plasticware used to culture 3T3-L1 adipocytes (10 cm, 6-well, 12-well and 24-well 

plates) were purchased from BD Falcon™ VWR International (Radnor, Pennsylvania, 

U.S.A.). Rectangular Canted Neck Cell Culture Flask (75 cm2) were obtained from 

Corning (Tewksbury, Massachusetts, U.S.A.) All other cell culture plasticware was 

supplied by Greiner Bio-One (Kremsmünster, Austria). Gibco® DMEM GlutaMAX™, 

Newborn Calf Serum, Fetal Bovine Serum, penicillin-streptomycin, and Trypsin-EDTA 

were purchased from Life Technologies (Paisley, U.K.). 12 mm pre-coated poly-D-

lysine coverslips were obtained from BD Biosciences (Oxford, U.K.).  

 

2.1.7 Antibodies 

Primary Antibodies 

A rabbit polyclonal glucose transporter GLUT1 antibody was obtained from Merck 

Millipore (Billerica, Massachusetts, U.S.A.). This antibody is directed against a 12 

amino acid long peptide in the C-terminus of GLUT1. 

Glucose Transporter GLUT4 and cyclophilin b antibodies were purchased from 

Abcam plc (Cambridge, U.K.). The rabbit polyclonal GLUT4 antibody is directed 

against an immunogen located in the C-terminus of the protein. The rabbit 
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polyclonal cyclophilin b antibody was raised against a C-terminal peptide of human 

cyclophilin b.  

BD Biosciences (Oxford, U.K.) supplied the polyclonal caveolin-1 antibody, which 

was raised in rabbit using a human caveolin-1 as the immunogen, and the 

polyclonal caveolin-2 antibody from mouse immunized with human caveolin-2 

amino acids 42-162.  

The following rabbit antibodies were purchased from Cell Signalling Technologies 

(Danvers, MA, U.S.A.): 

Polyclonal flotillin-1 antibody raised against a synthetic peptide corresponding to 

residues surrounding isoleucine-368 of human flotillin-1. 

Monoclonal flotillin-2 antibody raised against a synthetic peptide derived from 

residues surrounding phenylalanine-157 of human flotillin-2. 

Monoclonal antibody recognising the amino acid residues around tyrosine-960 

residue of the IR β. 

Monoclonal antibody against IGF-I Receptor β raised in rabbit and recognising 

the carboxy-terminal residues of IGF-1 Receptor β.  

Polyclonal antibody recognising the carboxy-terminus of phosphoinositide-

dependent protein kinase 1 (PDK-1).  

Monoclonal mouse antibody raised against the total insulin-responsive 

aminopeptidase protein (IRAP) was purchased from Cell Signalling Technologies 

(Danvers, MA, U.S.A.). 

The polyclonal rabbit antibody against Cysteine-string Protein (CSP) was raised 

against the C-terminus of the protein and supplied by Enzo life sciences 

(Farmingdale, NY, U.S.A.). 

Anti Syntaxin-4 polyclonal rabbit antibody was purchased from Synaptic Systems 

(Goettingen, Germany).   

Anti GFP JL-8 monoclonal mouse antibody was obtained from Clontech 

(Mountainview, CA, U.S.A.). 

Anti HA-Biotin monoclonal rat antibody recognises the HA peptide sequence and 

was purchased from Roche (Basel, Switzerland). 
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Secondary Antibodies 

Sheep anti-mouse IgG, donkey anti-rabbit IgG and goat anti-rat IgG conjugated to 

horseradish peroxidase (HRP) were purchased from GE Healthcare (Little Chalfont, 

Buckinghamshire, U.K.). HRP-conjugated antibodies were used at dilution ratio of 

1:2000 for immunoblotting.  

IRDye®-conjugated secondary antibodies were used to detect immune signals with 

the LI-COR Odyssey® Imager. IRDye® 680rd-conjugated goat anti-rat antibody, 

which has its excitation wavelength at 680 nm and its emission wavelength at 694 

nm, was supplied by LI-COR Biosciences (Lincoln, NE, U.S.A.). DyLight 680-

conjugated goat anti-mouse antibody, DyLight 680-conjugated rabbit anti-goat 

antibody, DyLight 680-conjugated goat anti-rat and DyLight 800 conjugated goat 

anti-rabbit antibody were supplied by Thermo Fischer Scientific (Waltham, MA, 

U.S.A.). IRDye® and DyLight conjugated antibodies were used at dilution ratio of 

1:10 000 for immunoblotting.  

2.1.8 Mammalian cell lines 

3T3-L1 pre-adipocytes were either purchased from ATCC (Manassas, VA, U.S.A.) or 

from ZenBio (Triangle Park, NC, U.S.A.). HeLa cells and HEK293T cells were 

purchased from ATCC. 

 

2.2 Mammalian cell culture  

2.2.1 Culturing 3T3-L1 pre-adipocytes 

Mouse 3T3-L1 pre-adipocytes were grown in 75 cm2 cell culture flasks in Dulbecco’s 

Modified Eagle Medium (DMEM) GlutaMAX™ supplemented with 10% newborn calf 

serum and 1% penicillin/streptomycin. Controlled conditions were maintained in a 

cell incubator including a temperature of 37˚ C, a gas mixture containing 10% CO2 

and saturated humidity.    
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3T3-L1 pre-adipocytes were sub-cultured approximately every 5 days when the cells 

were at approximately 60%-80% confluence. For this, the cell media was completely 

removed and the flask was washed with 5 ml of 0.05% Trypsin- 

ethylenediaminetetraacetic acid (EDTA) in order to remove residual media and 

detached cells. Subsequently, 2 ml of 0.05% Trypsin-EDTA was added and incubated 

for 2-3 min at 37˚C in order to detach cells from the surface of the flask. To aid the 

process of cell detachment, the flask was flicked from the side. After ensuring all 

cells were detached, cell media was added to a final volume of 15 ml. Cells were 

then reseeded in dilutions of 1:10 or 1:20 in 75 cm2 culture flasks or 1:5 in 100 mm 

culture dishes for further analysis or differentiation into adipocytes. All cells were 

maintained by replacing the media every third day.   

2.2.2 Differentiation of 3T3-L1 pre-adipocytes into adipocytes 

3T3-L1 is an established pre-adipocyte cell line, capable of differentiation into 

adipocytes (Green and Kehinde, 1975). The differentiation was induced by adding 

differentiation media consisting of DMEM GlutaMAX™ containing 10% fetal bovine 

serum, 1% penicillin/streptomycin, insulin (170 nM), troglitazone (1 µM), 3-isobutyl-

1-methylxanthine (IBMX) (500 µM) and dexamethasone (0.25 µM) to pre-

adipocytes which had been confluent for approximately 48 h. After three days the 

media was replaced with differentiation media without IBMX and dexamethasone. 

Differentiating cells were fed every three days by replacing the differentiating 

media with DMEM GlutaMAX™ containing 10% fetal bovine serum, 1% 

penicillin/streptomycin (adipocyte media) and collected 10 days after initiation of 

differentiation.  

2.2.3 Harvesting pre-adipocytes and adipocytes 

In order to collect cells, the culture media was aspirated completely from culture 

dishes followed by two washes with 10 ml phosphate buffered saline (PBS) (136 

mM NaCl, 2.7 mM KCl; 10 mM Na2HPO4; 1.76 mM KH2PO4; pH 7.4). The cells were 

then transferred into 1.5 ml reaction tubes using a cell scraper and pelleted by a 

centrifugation step at 1,500 x g for 3 min. The cell pellets were stored at -80 ˚C for 
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further analysis. Pre-adipocytes were generally collected 10 days after plating in 100 

mm culture dishes. Adipocytes were collected 10 days after the initiation of the 

differentiation.  

2.2.4 Culturing of HEK293T cells 

HEK293T cells were cultured in 75 cm2 tissue culture flasks in DMEM GlutaMAX™ 

containing 10% fetal bovine serum and sub-cultured depending on the density of 

growth according to the procedure explained in section 2.2.1. Cells were reseeded 

at 1:20 dilution for culturing in flasks, in 1:6 dilution for culturing in pre-coated poly-

D-lysine 24-well plates for biochemical analysis at a 1:12 dilution on pre-coated 

poly-D-lysine coverslips for subsequent analysis by confocal microscopy. 

2.2.5 Plasmid DNA transfection into mammalian cells 

Plasmid DNA was introduced into HEK293T cells using Lipofectamine™ 2000 

Transfection Reagent (Life Technologies).  

Lipofectamine™ 2000 reagent was added into 50 µl serum free media in sterile 1.5 

ml reaction tubes and was used at a ratio of 2 µl/µg DNA for transfections. The 

required amount of DNA was pipetted into a separate 50 µl of serum free media. 

The solutions containing plasmid DNA and Lipofectamine™ 2000 were then 

combined and incubated for 25 minutes at room temperature. Subsequently the 

plasmid-Lipofectamine mixture was added to the cells. Cells were incubated with 

transfection mixture for 24 h in a cell incubator and then used for either 

immunofluorescence microscopy, for cell lysis followed by SDS-PAGE and western 

blotting or other biochemical based analysis. 

2.2.6 Harvesting transfected cells for SDS-PAGE 

Cells were washed two times with PBS and subsequently incubated for 10 minutes 

at room temperature in 200 µl SDS-Sample-Buffer (0.1% m/v bromphenol blue, 50 

mM TrisBase, 10% v/v glycerol, 69.3 mM SDS, 25 mM DTT). The SDS-Sample-Buffer 

cell mixture was then heated to 95˚C for 5 min and stored at -20˚C for subsequent 

analysis. 
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2.2.7 Cell fixation and mounting onto microscope slides 

In order to avoid any cell media contamination, cells were washed twice with PBS. 

To achieve fixation of the cells they were incubated in 4% v/v of formaldehyde in 

PBS for 30 minutes at room temperature followed by two washes with PBS. The 

coverslips were then air-dried and mounted onto microscope slides using 15 µl of 

ProLong Gold Antifade Reagent with DAPI (4',6-Diamidino-2-Phenylindole) 

mounting medium (Life Technologies (Paisley, U.K.)) per coverslip. Mounted 

coverslips were allowed to dry for at least 12 h and protected from light before they 

were analysed by fluorescence microscopy.  

 

2.3 Molecular Biology 

2.3.1 Standard molecular biology protocols 

All bacterial liquid cultures were grown in autoclaved Luria-Bertani broth (LB) media 

(10 g/L NaCl, 10 g/L tryptone (Merck), 5 g/L yeast extract (BactoTM Yeast Extract, 

BD)). For growth on solid media, LB agar was prepared containing LB media and 20 

g/L agar. The LB media was supplemented with appropriate antibiotics (100 µg/ml 

ampicillin or 30 µg/ml kanamycin) prior to use.  

DNA and RNA were kept in diethylpyrocarbonate (DEPC)-treated water, which was 

prepared by adding 0.1% DEPC to ultra-pure water and incubating overnight, prior 

to autoclaving in order to remove traces of DEPC. 

2.3.2 DNA amplification by polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) was used to amplify specific DNA sequences. PCR 

was also used as a method to introduce targeted mutations into DNA. 

For amplification of a specific DNA sequence, sense and antisense oligonucleotide 

primers were designed and synthesised by Sigma-Aldrich. The PCR reaction mix 

contained 50 ng template DNA or cDNA, 300 nM of each primer (forward and 

reverse), 5 µl of 10X PCR Buffer for KOD Hot Start DNA Polymerase, 200 µM dNTPs 

(50 µM each of dATP,dCTP, dGTP and dTTP), 2.5 mM MgSO4 and 1 µl of KOD Hot 
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Start DNA Polymerase (1.0 U/µl).  DEPC treated water was added to bring the PCR 

mixture to a final volume of 50 µl and then the PCR-mix was heated to 94˚C for two 

minutes in order to denature the DNA and heat-activate the KOD Hot Start DNA 

Polymerase. Subsequently, 30 cycles followed consisting of a 30 second 

denaturation step at 94˚C, a 30 second  annealing step with the temperature 

chosen 5˚C below the melting temperature (TM) of the primers and an elongation 

step at 68˚C. The duration of the elongation step was adjusted according to the 

length of the amplification product with approximately 30 seconds for 1 kilobase 

pair of DNA. PCR products were stored at - 20˚C until required. This PCR protocol 

was used for amplifying coding regions from cDNA.     

2.3.3 Site-directed mutagenesis (SDM) 

Site-directed mutagenesis (SDM) was used to introduce target specific mutations 

into DNA of expression plasmids. 

For this, oligonucleotide primers were designed to have a specific mismatch of up to 

two base pairs with the target DNA of the expression plasmid. The sequence with 

the mismatching base pairs would then be amplified in each following PCR cycle and 

eventually outnumber the original sequence of the expression plasmid. The 

oligonucleotide primers consisted of approximately 15-20 nucleotides up-and 

downstream of the specific mismatch and thus had a total length between 30 and 

45 nucleotides. The final length of the SDM oligonucleotide primers was adjusted to 

result with a melting temperature TM of approximately 78˚C or higher of the 

oligonucleotide. The sequence of the antisense primer was the reverse 

complementary sequence of the sense primer.  

The SDM PCR reaction mix concentrations and reagents used were according to the 

reaction mix of the standard PCR described in 2.3.2. The reaction mix was heated at 

95˚C for two minutes for initial denaturation of the DNA and heat activation of the 

KOD hot start DNA Polymerase, followed by 18 cycles comprising of a 30 second 

denaturation step at 95˚C, a 15 second annealing step at 55˚C and an elongation 

step at 68˚C. The length of the elongation step was adjusted according to the size of 
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the expression plasmid with approximately 30 seconds for 1 kilobase pair of plasmid 

DNA.   

The template expression vector was isolated from the bacterial strain E. coli. As the 

replication of plasmid DNA in E. coli results in DNA methylation, it was possible to 

selectively digest the template plasmid using a methylation sensitive restriction 

enzyme. For this, 1 µl of the restriction enzyme FastDigest DpnI was added to 9 µl of 

the plasmid DNA amplified by SDM and incubated for two hours at 37˚C. The DNA 

solution containing the mutated expression plasmid was then processed further or 

stored at -20˚C until needed.      

2.3.4 RNA purification 

Total RNA was purified using RNeasy Mini Kit (Qiagen Ltd.) according to the 

manufacturer’s protocol. 3T3-L1 pre-adipocytes or adipocyte cell pellets were 

collected as described in section2.2.3 and lysed in 600 µl RLT-buffer containing 1% 

v/v β-Mercaptoethanol (β-ME) by passing the pellet 10 times through a 26g needle 

with an inner diameter of 0.26 mm. The lysed pellets could be stored at -80˚C for up 

to one month before continuing with the RNA purification. Subsequently 600 µl of 

70% v/v ethanol was added to the lysed cells and mixed well by pipetting. The 

mixture was then immediately transferred onto an RNeasy mini column and 

centrifuged at 10,000 x g for 30 seconds to pass through the unbound solution and 

to allow binding of the RNA to the column. The RNA-bound column was then 

washed with 700 µl RW1-buffer (composition proprietary) followed by a wash with 

500 µl RPE-buffer (composition proprietary), applying centrifugation at 10,000 x g 

for 30 seconds for both washing steps. The wash with RPE-buffer was repeated 

followed by centrifugation at 10,000 x g for 2 minutes to dry the column in order to 

avoid carrying over ethanol into the RNA elution. After the centrifugation, the 

column was placed in a fresh collection tube and RNA was eluted by adding 50 µl of 

DEPC-treated water directly onto the column and centrifugation at 10,000 x g for 1 

minute. The concentration of the eluted RNA was measured by spectrophotometric 

quantification. RNA was either immediately processed by reverse transcription into 

cDNA or stored at -80˚C.  
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2.3.5 Spectrophotometric quantification of DNA and RNA 

Purines and pyrimidines in nucleic acids have absorption maxima at approximately 

260 nm wavelength (eg. dTTP: 259 nm; dGTP: 253 nm; dATP: 259 nm; dCTP: 272 

nm). This property of nucleic acids enables UV spectrophotometric-based analysis 

to determine the concentration and purity of purified DNA and RNA. Contaminants 

like proteins or phenol have an absorbance maximum around 280 nm whereas 

organic solvents containing aromatic compounds absorb light at a wavelength of 

230 nm. The ratios of OD260/OD230 and OD260/OD280  therefore determined the grade 

of purity of the samples. An OD260/OD280 ratio of 1.8-2.0 and an OD260/OD230 ratio of 

2.0 – 2.2 indicate sufficient purity of the samples for downstream processing. The 

amount of DNA/RNA was quantified using following formula: 

 

Absorbance (OD) * dilution factor * 50 = DNA concentration (ng/µl) 

Absorbance (OD) * dilution factor * 40 = RNA concentration (ng/µl) 

2.3.6 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to determine the integrity of purified RNA, for 

visualisation or purification of DNA fragments amplified by polymerase chain 

reaction (PCR) or to visualise and separate DNA fragment which were digested by 

restriction enzymes. Samples were electrophoretically separated in a 1% (w/v) 

agarose gel in TAE buffer (40 mM Tris, 1 mM thylenediaminetetraacetic acid (EDTA), 

pH8) supplemented with SYBR® Safe (1:10,000). The nucleic acids were visualised 

under ultraviolet illumination.  

2.3.7 DNA purification from agarose gels 

After subjecting PCR amplification products to agarose gel electrophoresis (see 

section 2.3.6), DNA was visualised under UV light and DNA bands were excised from 

the agarose gel in a minimum volume of agarose. The DNA-containing agarose was 

then transferred into a 1.5 ml reaction tube and DNA was purified using a QIAquick 

Gel Extraction kit (Qiagen Ltd). First, three volumes of QG buffer was added to the 

gel slice (100 mg of gel slice corresponds to a 100 µl volume) followed by melting 
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the agarose by heating to 50˚C for 10 minutes with occasional vortexing. 

Subsequently, one gel volume of isopropanol was added and gently mixed by 

pipetting. The mixture was then transferred to a QIAquick Spin Column and 

centrifuged for one minute at 13,000 x g to bind the DNA to the column. In order to 

remove any residual agarose from the column, it was washed with first 500 µl and 

then 750 µl RPE buffer by centrifuging the column for one minute at 13,000 x g. The 

column was cleared of any residual buffer by centrifugation for one minute at 

13,000 x g. Subsequently, the column was transferred into a fresh 1.5 ml reaction 

tube and the bound DNA was eluted by adding 30 µl of DEPC-treated water onto 

the column followed by centrifugation for one minute at 13,000 x g. To examine 

success or otherwise of the purification, one tenth of the elution volume was 

resolved on a 1% agarose gel, compared against a 100 bp or 1 kb DNA ladder (see 

2.3.6).  

2.3.8 Assessing integrity of purified RNA 

In order to determine the extent of degradation of the purified RNA an integrity test 

was performed. For this, 5 µl of the purified RNA was electrophoretically separated 

as described above (see 2.3.6.) The RNA integrity was assessed as good if the signal 

ratio for 28S ribosomal RNA (at approximately 5 kbp) to the signal for the 18S 

ribosomal RNA (at approximately 2 kbp) was around 2:1 (Sambrook et al., 1989). 

Only RNA with an appropriate ratio and clear bands was processed further and used 

for cDNA synthesis.  

2.3.9 Restriction endonuclease digestion 

In order to digest DNA with site-specific restriction endonucleases, 1-2 µg vector 

DNA was mixed with 1 µl of each FastDigest® restriction enzymes (Fermantas Life 

Sciences), 2 µl of 10X FastDigest® Buffer and finally DEPC-treated water was added 

to give a final volume of 20 µl. The mixture was then incubated for one hour at 

37˚C. The success of the digestion was determined by agarose gel electrophoresis. 
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2.3.10 Ligation of DNA inserts with plasmid vectors 

Following restriction digestion, the DNA was ligated to the plasmid vector to obtain 

the final construct. To ensure high efficiency of the ligation, it was important to use 

a higher concentration of the DNA insert than the plasmid DNA. The appropriate 

amount of DNA, 10 µl of 2X ligation buffer, and 1 µl of T4 ligase were added and 

made up to a final volume of 20 µl with DEPC-treated water. The ligation mix was 

then incubated for 30 minutes at room temperature. Following the ligation, a 

transformation into chemically-competent cells (see 2.3.11) and a miniprep (see 

2.3.12) was performed to amplify the newly-formed plasmid DNA. The purified 

plasmid DNA was then sequenced to determine the success of the ligation (GATC 

Biotech).    

2.3.11 Transformation of expression plasmid DNA into One Shot® TOP10 

cells 

In order to replicate plasmid DNA, the expression vector was transformed into a 

chemically competent E. coli strain (TOP10; Life Technologies). The plasmid DNA 

was subsequently purified from the cells to yield a higher copy number of the 

plasmid.   

For this, one to 5 µl of DNA was added into a vial of One Shot® TOP10 cells (50 µl) 

and incubated for 30 minutes on ice followed by a 30 second incubation at 42˚C and 

then immediately placed on ice for at least two minutes. The transformed cells 

were then incubated in 250 µl SOC medium (Tryptone 2% (w/v), Yeast extract 0.5% 

(w/v), 8.6 mM NaCl, 2.5 mM KCl, 20 mM MgSO4, 20 mM Glucose) for one hour at 

37˚C in an orbital shaker set to 200 rpm, and subsequently plated on pre-warmed 

agar plates (see 2.3.1) containing 50 µg/ml ampicillin or 30 µg/ml kanamycin . The 

plates were then incubated overnight at 37˚C.       

2.3.12 Small-scale (miniprep) plasmid purification 

Small-scale plasmid purification was performed to screen bacterial colonies for the 

presence of the appropriate plasmid DNA. The miniprep was carried out according 
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to the protocol of the supplier (PureLink™ Quick Plasmid Miniprep Kit; Life 

Technologies).  

2.3.13 DNA sequencing 

In order to assure the accuracy of plasmid vectors, the generated plasmids were 

sequenced on both strands by GATC Biotech (Konstanz, Germany). 

2.3.14 Large scale (maxiprep) plasmid purification 

After confirming the fidelity of plasmid DNA constructs by sequencing, large scale 

plasmid purification was performed to obtain sufficient quantities of the expression 

vector construct for use in downstream analyses. The maxiprep was carried out 

following the protocol of the used kit (Machery Nagel, Nucleo Bond Xtra Maxi).  

2.3.15 Reverse transcription of RNA into cDNA 

The purified total RNA from either 3T3-L1 pre-adipocytes or adipocytes was reverse 

transcribed into cDNA and was used either for quantitative real-time PCR (qPCR) or 

for amplification of specific coding sequences by conventional PCR. Dependent on 

the intended use of the cDNA, different reverse transcription kits were used. 

Reverse transcription for quantitative real-time PCR (qPCR) 

Purified RNA from 3T3-L1 pre-adipocytes and adipocytes was reverse transcribed 

into cDNA for later analysis by qPCR. For this, the Transcriptor First Strand cDNA 

Synthesis Kit (Roche) was used. Pre-adipocyte and adipocyte RNA concentrations 

were equalised prior to reverse transcription which was conducted according to the 

manufacturer’s protocol. 10 µl of RNA was combined with 1 µl of anchored oligo 

(dT)18 primer (50 pmol/µl) and 2 µl of random hexamer primer (600 pmol/µl) 

followed by an incubation at 65˚C for 10 minutes, to denature the template-primer 

mixture, and especially the secondary structure of the RNA. Subsequently, other 

components required for the reaction were added to the template-primer mix, 

which were: 4 µl Transcriptor Reverse Transcriptase Reaction Buffer 5X, 8 mM 

MgCl2, 0.5 µl Protector RNase Inhibitor 40 U/µl, 2 µl Deoxynucleotide Mix 10 mM 

each (final concentration 1 mM each); 0.5 µl Transcriptor Reverse Transcriptase 20 
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U/ µl. The sample mix was then incubated in a thermocycler for 60 min at 50˚C. The 

reaction was stopped by inactivating the reverse transcriptase enzyme by 

incubation at 85˚C for 5 minutes. The synthesised cDNA was stored at -20˚C or 

immediately used for qPCR. For each RNA sample a non-enzyme control was 

performed by replacing the reverse transcriptase with water, and one non-template 

control was performed by replacing the RNA with water.  

Reverse transcription for amplifying coding sequences by PCR 

For reverse transcription, 2 µl of RNA was combined with 0.5 µg of Oligo (dT)15 

primer and DEPC treated water was added to a final volume of 15 µl. Secondary 

structures of RNA and primers were denatured by incubating the primer-RNA mix at 

70˚C for 5 minutes. Following the denaturation, remaining reaction components 

were added to the RNA-primer mix: 10 µl of M-MLV Reverse Transcriptase 5X 

Reaction Buffer (Promega); 0.625 µl of RNasin® Ribonuclease Inhibitors (Promega); 

5 µl Deoxynucleotide Mix 10 mM each (final concentration 1 mM each); 1 µl 

Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT, Promega); DEPC 

treated water to a final volume of 50 µl. The reaction mix was gently mixed and 

incubated at 42 ˚C for 60 minutes. The cDNA was either used directly in PCR 

amplifications using gene-specific primers or stored at -20˚C for future use.  

2.3.16 Quantitative real-time PCR (qPCR) 

Primers designed for DNA amplification were obtained from Sigma-Aldrich. Prior to 

use, the primers were validated to ensure sufficient efficiency and specificity. For 

this, cDNA derived from mouse brain tissue was used as a template and three 

dilutions with the ratios of template to water 1:10, 1:100 and 1:1000 were 

prepared. Each primer was tested for every dilution ratio in triplicate. In addition to 

2.5 µl template, each reaction mix contained 12.5 µl SYBR Green Master, 1 µl each 

of forward and reverse primer (100 µM) and 8 µl of DEPC treated water. The qPCR 

mix was heated to 50˚C for two minutes and then heated further to 95˚C for 10 

minutes in order to denature the DNA template. This was followed by 40 cycles 

consisting of a DNA denaturation step at 95˚C for 15 seconds and a annealing and 
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extension step at 60˚C for one minute. Finally the dissociation of double-stranded 

DNA into single-stranded DNA was initiated by one cycle consisting of 15 seconds at 

95˚C, 20 seconds at 60˚C and 15 seconds at 95˚C. This final dissociation step was 

performed to assess the specificity of the used primers. Dissociation curves with 

one peak indicate the amplification of one specific PCR product. In order to 

determine the efficiency of the primers, Ct values for each dilution ratio of the 

template were measured and the Ct values were plotted against the concentration 

of the template to form a standard curve. The slope of the standard curve was then 

used to calculate the efficiency using the following equation:       

110_ )/1(   slopeefficiencyprimer  

Primers with an efficiency of 1 ± 0.1 were further used for qPCR analysis.  

The template cDNA for qPCR analysis was obtained from RNA which was purified 

from 3T3-L1 pre-adipocytes and corresponding adipocytes and then reverse 

transcribed into cDNA as described in section 2.3.4 and 2.3.15. Template cDNA was 

diluted 1:10 in DEPC-treated water before adding to the qPCR mix. Conditions 

applied for the qPCR analysis of target genes were identical with the conditions 

used for primer validation (see above). The measured Ct values for all target genes 

were analysed relative to a control gene. The fold expression of each gene was 

calculated by forming the ΔCt value of the control gene and the target gene (Δct = 

ct(control gene) – ct(target gene)). The relative fold expression change of target 

gene to control gene was calculated by following equation.  

ctressionfold  2exp_  

When comparing the relative expression levels of target genes derived from two 

different cell types (eg.  3T3-L1 pre-adipocytes and 3T3-L1 adipocytes) a ΔΔct was 

formed by subtracting the Δct of a target gene derived from one cell type (eg. 

adipocytes) from the Δct from the other cell type (eg. pre-adipocytes). The relative 

fold change of the relative expression between two cell types was calculated using 

following equation:  

ctressionfold  2exp_
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2.3.17 PCR amplification of targeted protein cDNA and cloning into 

plasmid expression vector 

This section describes how cDNA of targeted proteins was amplified either from 

plasmid DNA or from purified mRNA using PCR (see 2.3.2) and subsequently cloned 

into an expression plasmid vector. If not differently stated, forward and reverse 

primers for the amplification with PCR were designed to introduce restriction sites 

upstream and downstream of the targeted cDNA. The resulting PCR amplification 

product and the target expression plasmid were then subjected to digestion by 

appropriate endonucleases as described in 2.3.9. The digested amplification 

product and plasmid vector were then subjected to gel electrophoresis, to separate 

the DNA fragments (see 2.3.6). Bands corresponding to targeted DNA fragments 

were excised and purified according to section 2.3.7. Following gel purification, both 

DNA fragments were ligated together according to 2.3.10 Ligation of DNA inserts 

with plasmid vectors10 and transformed into One Shot® TOP10 (see 2.3.11). In 

order to amplify the ligated expression vector, small-scale plasmid purification was 

performed (see 2.3.12). Subsequently, fidelity of the DNA plasmids was confirmed 

by DNA sequencing and large scale plasmid purification was performed (See 2.3.13 

and 2.3.14). Amplified expression vectors were stored at -20 ˚C until used.  

2.3.17.1 PCR amplification of GLUT1 and GLUT4 coding sequences and 

cloning into pEGFP-C2 and pEGFP-N1 vectors 

For amplification of the coding sequences of GLUT1 and GLUT4, RNA was purified 

from 3T3-L1 adipocytes and mouse brain tissue and reverse transcribed into cDNA, 

as described in sections 2.3.4 and 2.3.15. Subsequently, the cDNA was used as a 

template to amplify the GLUT1 and GLUT4 coding sequences using PCR with 

conditions described in section 2.3.2. 

 

For cloning into the pEGFP-C2 vector, forward primers were designed to insert a 

restriction site for EcoRI and the reverse primers were designed to insert a 

restriction site for SalI. For cloning GLUT4 into a pEGFP-N1 expression vector, the 

forward primer was designed to create a restriction site for HindIII and the reverse 
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primer was designed to create a SalI restriction site. Sequences of these 

oligonucleotide primers are shown in Table 2.1. Oligonucleotide primers (5’->3’) used 

for amplification of GLUT1 and GLUT4 isoforms from 3T3-L1 adipocyte and mouse brain 

cDNAThe PCR amplification was then subjected to agarose gel electrophoresis (see 

2.3.6). Bands corresponding to GLUT1 or GLUT4 amplification product were excised 

from the gel. Subsequently the DNA contained in the gel piece was purified 

according to section 2.3.7. The purified plasmid was then sub-cloned into a pCR®2.1 

TOPO® Cloning Vector as described below. 

Sub-cloning of PCR amplification products into a pCR®2.1 TOPO® Cloning 

Vector and transformation into One Shot® TOP10 Competent Cells 

For increased cloning efficiency, amplified GLUT1 and GLUT4 coding sequences 

were first cloned into the pCR®2.1 TOPO® Cloning Vector. TOPO® cloning is based 

on an adenine overhang of the PCR product, which anneals with the help of 

topoisomerase I with the thymidine overhang of the vector. To add the required 

adenine at the 3’ phosphate of the PCR product,  20 µl of the gel purified PCR 

product was incubated with 0.5 units of Taq  DNA-polymerase, 2 µl of TOPO® Taq 

polymerase buffer and 0.4 µl dNTPs (40 mM; 10mM each dATP, dTTP, dCTP, dGTP) 

at 72˚C for 20 minutes. Subsequently, 2 µl of the Taq polymerase treated PCR 

product was added to 1 µl TOPO® salt solution, 1 µl TOPO® Cloning Vector and 1 µl 

of DEPC-treated water and incubated for 5  minutes at room temperature to clone 

the PCR product into the TOPO® Cloning Vector. The TOPO® cloning Vector 

including the PCR product was then transformed into One Shot® TOP10 Competent 

Cells (see 2.3.11).  

 

For subsequent cloning of GLUT1 and GLUT4 cDNA in EGFP-N1 or EGFP-C2 vectors, 

the TOPO® Cloning Vector amplified DNA (see above) was digested using the 

appropriate restriction enzymes. Cloning into pEGFP-N1 vector required digestion 

with restriction enzymes HindIII and SalI. For cloning constructs into the pEGFP-C2 

vector restriction enzymes EcoRI and SalI were used. The digested DNA fragments 

were further processed as described above (see 2.3.17).  
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2.3.17.2 Cloning IRAP cDNA into the EGFP-N1 expression vector  

Expression plasmid with pMA vector backbone and IRAP wild type (wt) cDNA was 

supplied by GeneArt®. The IRAP wild type cDNA had the sequence of three HA-tags 

upstream the ATG of IRAP. The whole construct was flanked with restriction enzyme 

site for SalI upstream the triple HA-tag and BamHI immediately downstream of the 

stop codon of IRAP.   

The IRAP cDNA containing pMA vector and the empty EGFP-N1 vector were 

digested with SalI and BamHI restriction enzymes and cloned into the EGFP-N1 

vector as described in section 2.3.17. 

Introducing cysteine to alanine mutations in 3HA-IRAP-EGFP-N1 plasmid using 

SDM. 

Cysteine residues at positions 35, 103 and 114 were mutated to alanine using SDM 

according to section2.3.3. For this the triplet codon TGT for cysteine was changed 

into GCT which encodes alanine. The sequences of the oligonucleotide primers used 

for each mutation are listed in Table 2.4.  

Changing the triple HA-tag upstream of IRAP to single Myc-tag to create Myc-

IRAP-EGFP-N1 expression vector. 

The sequence of three HA-tags upstream the ATG of IRAP cDNA in the 3HA-IRAP-

EGFP-N1 plasmid were replaced with the sequence of a single Myc-tag. For this 

oligonucleotide primers were ordered from Integrated DNA Technologies (Coraville, 

IA, U.S.A) to insert the required sequence changes using PCR. The forward primer 

was designed to anneal to 24 nucleotides starting from the ATG. Additionally the 

forward primer was comprised of an overhang upstream the ATG which included 

the sequence of the Myc-tag, the restriction site for SalI and a four nucleotide long 

spacer sequence upstream the SalI restriction site to enable binding of the 

restriction enzyme. The reverse primer was designed to anneal with 20 nucleotides 

upstream from the stop codon of IRAP and included an overhang comprising a 

spacer sequence and the sequence for the restriction enzyme BamHI. The detailed 
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sequence of both oligonucleotide primers can be seen in Table 2.5. After 

performing the PCR with the specified oligonucleotide primers, the PCR product was 

digested with DpnI followed by a digestion using the restriction enzymes SalI and 

BamHI. The remaining steps of the cloning were carried out according to section 

2.3.17.     

 2.2.17.3 Cloning caveolin-1 and caveolin-2 cDNA constructs into EGFP-N1 

expression vector. 

Expression plasmid with pMA-T vector backbone and various caveolin cDNA as 

inserts were ordered from GeneArt®. The inserts were the cDNA encoding for: 

Caveolin-1 wild type, caveolin-2 wild type, caveolin-1 mutant with amino acid 

alanine instead of cysteine residues named caveolin-1 3CA and caveolin-2 mutant 

with amino acid alanine instead of cysteine residues named caveolin-2 4CA. The 

stop codons of all four caveolin constructs were removed in order to express EGFP 

once cloned in the EGFP-N1 expression vector. The caveolin insert was flanked 

upstream the N-terminus by the restriction site for enzyme SalI and downstream 

the C-terminus with an in frame restriction site for enzyme BamHI. The plasmids 

were digested with SalI and BamHI and cloned into EGFP-N1 vector according to 

2.3.17. 

2.2.17.4 Cloning caveolin-1 and caveolin-2 cDNA from EGFP-N1 into the 

mCherry –N1 vector expression vector. 

The expression vectors caveolin-1-EGFP-N1, caveolin-2-EGFP-N1 and the mCherry 

were digested with the restriction enzymes SalI and BamHI. Subsequent ligation, 

transformation into chemo competent cells, small scale plasmid purification, DNA 

sequencing and large scale purification was performed as described in section 

2.3.17. 

Introducing cysteine to alanine mutations in caveolin-2-EGFP-N1 plasmid using 

SDM.  

The protein caveolin-2 has four cysteine residues at the amino acid positions 72, 

109, 122 and 145. Oligonucleotide primers were designed (see Table 2.6.) to change 
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the cysteine encoding triplet codon TGC into the alanine encoding triplet codon GCC 

using SDM of each cysteine separately in caveolin-2. The procedure for the SDM 

was carried out as described in section 2.3.3. Following the SDM the plasmids were 

amplified according to sections 2.3.11 - 2.3.14.  

 

2.4 Protein Biochemistry 

2.4.1 Identification of palmitoylated proteins using resin-assisted capture 

of S-acylated proteins (acyl-RAC). 

Purification of palmitoylated proteins using resin-assisted capture of S-acylated 

proteins (acyl-RAC) was used to investigate palmitoylation in adipocytes. This 

method allows analysis of the level of palmitoylation of known palmitoylated 

proteins, or identification of novel palmitoylated proteins. Furthermore, it can be 

used to detect changes in palmitoylation during various processes of cell signalling. 

2.4.1.1 Purification of membrane-associated proteins by differential 

centrifugation. 

As the majority of palmitoylated proteins are membrane-associated, a membrane 

fraction was used as the starting material for acyl-RAC. In order to separate proteins 

associated with membranes from proteins localised in the cytosol or nucleus, 

differential centrifugation was applied. 3T3-L1 adipocytes were collected at day 10 

post-differentiation initiation and pelleted by centrifugation at 1,000 x g for 2 

minutes, and subsequently resuspended in 1 ml buffer A (25 mM HEPES, 25 mM 

NaCl, 1 mM EDTA, pH 7.4 and protease inhibitor cocktail). The resuspended pellet 

was passed five to ten times through a 26G needle (inner diameter 0.26 mm) in 

order to disrupt the cells. Following disruption, the cell fraction was centrifuged at 

800 x g for 5 minutes at 4˚C to pellet the nuclei; the supernatant was then subjected 

to further centrifugation at either 16,000 x g for 50 min at 4˚C or 136,000 x g for 60 

min at 4˚C. The supernatant containing the cytosolic fraction was removed and the 

pellet containing the membrane fraction was resuspended in 100 µl buffer A 

containing 0.5% Triton X-100 (v/v).   
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2.4.1.2 Blocking free cysteines with S-methyl methanethiosulfonate (MMTS) 

Proteins which do not undergo post-translational S-acylation or other cysteine 

modifications contain unmodified cysteine residues with free SH groups. As the 

generation of free SH groups is a key step in the acyl-RAC protocol to purify 

palmitoylated proteins, free SH groups present on non-palmitoylated proteins first 

need to be blocked. For this, S-methyl methanethiosulfonate (MMTS) was used. 

MMTS blocks free SH-groups by adding a thiomethyl group via formation of a mixed 

disulphide bond. In order to block free SH groups with MMTS, 200 µl of blocking 

buffer (100 mM HEPES, 1 mM EDTA, 87.5 mM SDS and 1-1.5% MMTS) was added to 

the resuspended proteins and incubated for 4 h at 40 ˚C with frequent vortexing.  

2.4.1.3 Acetone precipitation of proteins 

Following the blocking treatment, the proteins were precipitated using acetone. For 

this, 3 volumes of cold 100% acetone was added to the blocking protein mixture 

and incubated for 20 minutes at -20 ˚C. Following the incubation, the precipitated 

proteins were sedimented by centrifugation at 5,000 x g for 10 minutes. The 

supernatant was removed and the pellet was air-dried. Subsequently, the pellet was 

washed five times by resuspending in 1 ml of 70% (v/v) acetone and vortexing, 

followed by centrifugation at 5000 x g for 10 min.  

2.4.1.4 Hydroxylamine treatment and resin capture 

During this step, the post-translational modification consisting of palmitoylation, is 

cleaved off by treatment with hydroxylamine (HA). HA reduces the thioester bond 

of the proteins resulting in free SH-groups. These free thiol groups can then bind to 

Thiopropyl Sepharose® beads forming disulphide bonds, allowing separation of S-

acylated and non-S-acylated proteins.  

For the HA treatment and resin capture, the Thiopropyl Sepharose® was activated 

by adding dH2O and shaking for 15 minutes. After pelleting the beads by 

centrifugation at 1,000 x g for 5 min, excess dH2O was removed and the activated 

beads were resuspended in the appropriate amount of binding buffer (0.1 g beads 

in 1 ml binding buffer (100 mM HEPES, 1 mM EDTA, 35 mM SDS)). 200 µl of the 



 

68 
 

beads/binding buffer slurry was then aliquoted into 1.5 ml reaction tubes and 

centrifuged for three minutes at 800 x g. Excess binding buffer was removed. The 

previously precipitated proteins (see above) were resuspended in 400 µl binding 

buffer and 160 µl was added into two separate tubes each, containing the 

previously prepared Thiopropyl Sepharose® beads. The remaining 40 µl were kept 

as the total input control. 

For treatment with HA, 2 M HA pH 7.5 was added into the reaction tube containing 

the beads/protein-binding buffer solution to a final concentration of 0.5 M. For a 

negative control HA was replaced with the same concentration of Tris. These 

samples were then incubated overnight at room temperature with end-over-end 

mixing. In order to separate the beads from the unbound solution, the tubes were 

then centrifuged at 800 x g for 5 minutes. The supernatant was removed and 

retained as the unbound fraction. The remaining beads were washed five times 

with 1 ml binding buffer by vortexing and pelleting the beads by centrifugation at 

1,000 x g for 30 seconds. Subsequently, the proteins were eluted from the beads by 

two consecutive incubations in 100 µl 1x Laemmli buffer containing 50 mM 

dithiothreitol (DTT) for 15 minutes at room temperature and then 5 minutes at 95 

˚C. The eluted proteins were the bound fraction. The bound fraction was separated 

from the beads by centrifugation 1,000 x g for 2 min and the supernatant 

transferred into a fresh reaction tube. Before subjecting all samples to SDS-PAGE, 

the final volumes of the bound and unbound fractions were equalised.  

 

2.4.2 Detection of 17-octadecynoic acid (17ODYA) attachment onto 

proteins using “Click-Chemistry” 

The detection of 17-octadecynoic acid (17ODYA) incorporated in proteins with the 

use of click-chemistry was used in order to characterise the palmitoylation of 

identified palmitoylated proteins. The click-chemistry method is based on a 

chemical reaction termed Azide-alkyne Huisgen cycloaddition, were an azide forms 

covalent bonds with an alkyne and results in a 1,2,3-triazole. In this thesis, the term 

click-chemistry refers to the entire process of detection of 17ODYA incorporation in 
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proteins. This method in combination with SDM enabled the identification of 

palmitoylation sites of proteins. Furthermore, characterisation of zDHHC substrate 

specificity was possible, when substrates were co-overexpressed with zDHHC 

enzymes followed by the application of click-chemistry.    

2.4.2.1 Metabolic labelling of HEK293T cells with 17ODYA. 

The method of click-chemistry relies on the incorporation of 17ODYA onto cysteine 

residues of proteins within examined cells. For this, 17ODYA was provided to the 

cells in the culture media.  After being taken up by the cell, palmitoyl transferases 

can attach the 17ODYA onto cysteine residues via a thioester linkage. This is 

possible because 17ODYA does only differ from palmitic acid by an alkyne at the 

omega end of the fatty acid and an additional carbon.  

In order to examine the palmitoylation of specific proteins, HEK293T cells were 

transfected with expression vectors containing the cDNA of the protein of interest. 

24 hours post-transfection, the culture medium was replaced with serum-free 

medium containing 1% (w/v) fatty acid-free bovine serum albumin (BSA) for 30 

minutes. For the metabolic labelling, cells were incubated in serum free culture 

medium containing 1% (w/v) fatty acid-free BSA and 15 µM 17ODYA for 4 hours. All 

incubations of the cells were carried out in a cell culture incubator with saturated 

humidity, 5% CO2 and at 37˚C.  

2.4.2.2 Cell-lysis and Azide-alkyne Huisgen cycloaddition reaction 

After the transfected cells were metabolically labelled, it was possible to detect 

17ODYA attached to proteins of interest by the addition of an infrared fluorescent 

dye conjugated with an azide. Under the appropriate conditions (see below), and 

with divalent copper ions as a catalyst, the alkyne group of 17ODYA and the azide of 

the dye undergo an azide-alkyne cycloaddition to form a 1,2,3-triazole. With the 

help of infrared imaging (LI-COR) it is possible to visualise the dye which is 

covalently bound to 17ODYA. 
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For this, cells were transferred onto ice following the 4 hour metabolic labelling and 

washed twice with ice cold PBS. Subsequently cells were lysed in 100 µl of click-

chemistry lysis buffer (50mM Tris, 17 mM SDS, pH 8.0 containing protease 

inhibitors) and transferred into 1.7 ml reaction tubes. For the click-reaction, 80 µl of 

the click reaction mix (5 mM CuSO4, 500 µM Tris(benzyltriazolylmethyl)amine 

(TBTA), 25 µM IRDye 800 CW azide in dH2O) was added to the lysed cells and 

vortexed. The click reaction mix was then immediately supplemented with 20 µl of 

ascorbic acid (4 mM) and incubated for one hour at room temperature with end-

over-end mixing.      

2.4.2.3 Acetone protein precipitation and sample preparation for SDS-PAGE 

For detection of the infrared fluorescent dye with the Odyssey ® infrared imaging 

system, the proteins within the lysate were precipitated and separated by SDS-

PAGE. The proteins were then transferred to nitrocellulose membrane and imaged.  

 

Following the click-reaction three volumes (600 µl) of ice cold 100% acetone was 

added to the mix, vortexed and incubated at -20˚C for 20 minutes. To pellet the 

precipitated proteins, the mixture was centrifuged for 5 minutes at 13,000 x g at 

4˚C. In order to wash out any unbound infrared dye residing in the mixture, the 

supernatant was aspirated and the protein pellet was washed 3 times. For this, the 

pellet was resuspended in 70% ice cold acetone and centrifuged for 5 minutes at 

13,000 x g at 4˚C. The pellet was then dissolved in 100 µl 1 x SDS sample buffer (15 

µM bromphenol blue, 200mM Tris; 40% (v/v) glycerol, 2.7 mM Sodium dodecyl 

sulfate [SDS], 25 mM DTT at pH 6.8) and heated for 5 minutes at 95˚C. The samples 

were then ready for analysis by SDS-PAGE and Western blotting.  

 2.4.2.4 Click-chemistry combined with immunoprecipitation using anti GFP 

MicroBeads 

As palmitoylation occurs constitutively in cells on various proteins, the attachment 

of 17ODYA was not exclusively limited to the overexpressed proteins. Hence, the 

azide conjugated IRDye 800 CW was also attached to a number of other proteins 
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within the cell which resulted in a background “click-signal”. In order to minimize 

this background signal an optional immunoprecipitation was incorporated into the 

procedure of click-chemistry when required.  

The protein to be immunoprecipitated (caveolin-2) had an EGFP protein attached to 

its C-terminus. The μMACS™ Epitope Tag Protein Isolation Kit with anti-GFP 

MicroBeads was used for immunoprecipitation of the GFP epitope of caveolin-2. 

For this, metabolically labelled cells were washed with ice cold PBS, collected into 

1.7 ml reaction tubes and pelleted at 10,000 x g for 5 minutes at 4˚C. Subsequently, 

the cells were lysed in 100 µl lysis-buffer (3.4 mM SDS, 1% (v/v) Triton x-100 with 

protease inhibitors) by passing them through a 26G needle and incubating for 30 

minutes on ice. To magnetically label the EGFP-tagged protein, 5 µl of the anti-GFP 

MicroBeads solution was added to the lysate and incubated for 30 minutes on ice. 

This was followed by the addition of 80 µl of the click-reaction mix and 20 µl of 

ascorbic acid (4 mM) as described in section 2.4.2.2. The mix was then incubated for 

1 hour at room temperature with end-over-end mixing. To bind the beads to the µ 

Column, the columns were placed on a magnetic platform and equilibrated with 

200 µl of lysis-buffer (see above). The protocol of the μMACS™ Epitope Tag Protein 

Isolation Kit was followed strictly except that the Washing Buffer 1 solution was 

replaced by lysis-buffer. The immunopurified proteins were then kept at -20˚C until 

analysing them by SDS-PAGE and detection with the Odyssey ® infrared imaging 

system.   

 

2.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

SDS-PAGE was performed according to Laemmli (Laemmli, 1970) with a 4% (v/v) 

acrylamide stacking- gel. The acrylamide concentration of the resolving gel was 

varied between 8% and 12% according to the size of proteins being investigated. 

The applied voltage for the stacking gel was 80 mV and for the resolving gel 150 mV.  
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2.4.3 Western blotting 

After electrophoresis, the proteins were transferred to a nitrocellulose membrane. 

To achieve this, the gel and the nitrocellulose membrane were soaked in transfer 

buffer (48 mM Tris, 39 mM glycine, 1.3 mM SDS, 20% methanol v/v) and placed 

together in between several layers of filter paper and sponges. This assembly was 

finally placed in a holding cassette to maintain a tight contact of the nitrocellulose 

membrane and gel. The cassette was placed into a transfer tank with the 

nitrocellulose membrane facing the anode and a current of 120 mA was applied 

overnight. The nitrocellulose membranes were then washed with PBST buffer (PBS 

with 0.02% (v/v) Tween-20,) and blocked in 5% non-fat milk (5% (w/v) skim milk 

powder in PBST) for 60 minutes at room temperature. After washing the 

membranes three times for 10 minutes with PBST, the blots were probed with the 

primary antibody targeted against the protein of interest using dilutions 

recommended by the manufacturer or determined experimentally. In order to 

remove non-specifically bound primary antibodies, the membranes were washed 

three times for 10 minutes with PBST. The immunoblots were subsequently 

incubated for 1 h at room temperature with the secondary antibody.  

2.4.3.1 Visualising immunoreactive protein bands using enhanced 

chemiluminescence (ECL) Western blotting detection system. 

For this purpose a horseradish peroxidase conjugated secondary antibody was used 

according to the supplier’s recommendation. The probed nitrocellulose membranes 

were then washed three times for 10 minutes with PBST and subsequently evenly 

covered with the ECL solution. The ECL solution was an equal mix of ECL Solution1 

(100 mM TrisBase (pH 8.5), 2.45 µM luminol, 0.9 µM coumaric acid) and ECL 

Solution2 (100 mM TrisBase (pH 8.5) 0.061% (v/v) H2O2). The resulting 

chemoluminescence was scanned and digitalised with a Fujifilm LAS-3000 imaging 

system, or detected using light sensitive film and an X-OMAT developer (Konica 

SRX-101A, Medical Film processor, Konica Corporation, Tokyo, Japan).  The images 

were saved as TIFF files for further analyses. 
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2.4.3.2 Visualising protein bands using Odyssey ® infrared imaging system 

(LI-COR) 

In order to visualise protein bands using infrared imaging, secondary antibodies 

conjugated with the infrared dyes IRDye® 680rd, DyLight 680 or DyLight 800 were 

used. The secondary antibodies were diluted 1:10,000 in PBST and incubated for 

one hour at room temperature. After washing the membranes three times with 

PBST for 10 minutes the membranes were scanned with the LI-COR Odyssey ® 

infrared imager with the appropriate channel for each conjugated dye.  

2.4.4 Isolation of Triton X-100-insoluble membrane fractions. 

Some membrane microdomains such as lipid “rafts” or caveoale, are rich in 

cholesterol and sphingolipids and are resistant to solubilisation by the detergents 

such as Triton X-100. Some membrane-bound proteins could be selectively 

associated with these membrane microdomains. In order to isolate proteins from 

these specialised membrane microdomains, cells were collected 24 h post 

transfection and pelleted by centrifugation at 5000 x g for 5 min at 4˚C. Cell pellets 

were resuspended in PBS containing 1% (v/v) Triton X-100 and protease inhibitor 

and lysed by passing through a 26G needle. After 30 min incubation on ice, the 

lysates were subjected to centrifugation at 16400 x g for 20 min at 4˚C. A fraction of 

the lysate before centrifugation was kept as T=Total input. Following the 

centrifugation, the resulting supernatant was transferred into a fresh reaction tube 

with the appropriate amount of 4x Laemmli sample buffer with 100 mM DTT and 

corresponded to the soluble fraction=S. The pellet was resuspended in 1x Laemmli 

sample buffer with 25 mM DTT and corresponded to the insoluble fraction=IS. The 

volume of 1x sample buffer of IS fraction was adjusted to the volume of the S 

fraction. Samples were stored at -20 ˚C or directly analysed by SDS-PAGE followed 

by Western blotting.   
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2.4.5 Comparing protein expression level of proteins in between different 

cell types. 

Expression of proteins can be cell type-specific. In order to compare protein level of 

a particular protein in between selected cell types (HEK293T cells and 3T3-L1 

adipocytes) cells were collected when confluent (HEK293T) or when fully 

differentiated (3T3-L1 adipocytes). Subsequently, the cells were lysed by addition of 

200 µl lysis buffer containing 25 mM HEPES; 25 mM NaCl; 1 mM EDTA; 17 mM SDS, 

Triton X-100 1% (v/v) and protease inhibitor and the passage through a 26G needle. 

Cell lysates were then incubated on ice for 20 min and cell nuclei and debris were 

separated by centrifugation at 10,000 x g at 4 ˚C for 10 minutes.  Protein 

concentration of the supernatant was measured using a BCA protein assay and 

normalised to the lowest obtained protein concentration. An appropriate amount 

of 4x Laemmli buffer with 100 mM DTT was added and samples were analysed by 

SDS-PAGE followed by Western blotting (as described in section 2.4.2 and 2.4.3) or 

stored at -20 ˚C until further analysis.      

2.4.6 Blue native polyacrylamide gel electrophoresis (blue native PAGE) 

Proteins do not only exist as monomers, but also form multi-protein complexes 

such as homo-dimers, homo-oligomers or hetero-dimers and hetero-oligomers 

within cells (Hurtley and Helenius, 1989). As sodium dodecyl sulphate (SDS) disrupts 

most of such multi-protein complexes, blue native PAGE was applied to examine 

whether the protein of interest formed multi-protein complexes. The detergent 

digitonin, used in blue native PAGE, allows the proteins to remain in their multi-

protein complex structure while being separated in a polyacrylamide gel.  

For the blue native PAGE the NativePAGE™ Bis Tris Gel System was used (Life 

Technologies).  

2.4.6.1 Sample preparation 

HEK293T cells were collected 24 hours after transfection with the expression vector 

encoding proteins to be examined. For this, the cells were washed with ice cold PBS, 

transferred into 1.7 ml reaction tubes and pelleted at 10,000 x g at 4˚C for 10 



 

75 
 

minutes. In order to lyse the cells, lysis buffer containing 1% (v/v) of the detergent 

digitonin, 25 µl NuPAGE® LDS Sample Buffer (4X), 1 µl protease inhibitor cocktail 

100X, and 20 µl 5 % (w/v) digitonin were mixed and made up with dH2O to a final 

volume of 100 µl. The cell pellet was then solubilised in 100 µl of lysis-buffer and 

incubated for 30 minutes on ice. Following cell lysis, the samples were centrifuged 

at 20,000 x g and 4˚C for 30 min and the supernatant was transferred into a fresh 

reaction tube. The supernatant was stored in -20˚C for further analysis.  

2.4.6.2 Gel electrophoresis 

For gel electrophoresis, the protocol of the manufacturer was followed. Precast 

NativePAGE Novex 4-16% (v/v) Bis-Tris Protein Gels, 1.0 mm were used. Before 

loading the samples on the gel, 5 µl of 5% (w/v) G-250 Sample additive was added 

to 100 µl sample so the final Coomassie G-250 concentration was 0.25% (v/v). 

Anode buffer, light blue- and dark blue cathode buffer were mixed according to the 

manufacturer’s protocol. After loading 15 µl sample in each well, the inner chamber 

of the electrophoresis tank was filled with dark blue cathode buffer and proteins 

were separated by applying a voltage of 150 mV for 30 minutes. Then the dark blue 

cathode buffer was replaced with light blue cathode buffer and a voltage 150 mV 

were applied for additional 60 minutes.  

 

2.4.6.3 Transfer of separated proteins onto polyvinylidene fluoride (PVDF) 

membrane and immunodetection. 

Following gel electrophoresis, the gel was washed in 3.5 mM SDS for 15 minutes. 

PVDF membranes were soaked for two minutes in 100% methanol and then placed 

into transfer buffer (48 mM Tris, 39 mM glycine, 1.3 mM SDS, 20% methanol (v/v)) 

for another two minutes before being used. The transfer has been carried out 

according to section 2.4.3. After completing the transfer, membranes were washed 

with 8% (v/v) acetic acid for 15 minutes to fix the proteins, followed by two washes 

with demineralised water for two minutes. In order to wash the Coomassie G-250 

dye out of the membranes, the PVDF membranes were air dried and then re-
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hydrated with 100% methanol for two minutes and soaked in water for another two 

minutes before proceeding with immunodetection. Blocking the membrane with 5% 

(w/v) non-fat milk, and incubation with primary and secondary antibodies were 

carried out according to section 2.4.3. Protein bands were visualised with ECL 

Western blotting detection system. When secondary antibodies was conjugated 

with DyLight 800 the Odyssey ®, infrared imaging system was used. 

2.4.7 Surface trypsin-digest of membrane-bound proteins.  

This experiment was conducted to examine the association of proteins with the PM. 

It is based on the proteolytic properties of the serine protease trypsin, which 

cleaves proteins at lysine and arginine residues. Addition of trypsin to the cell 

culturing media, results in the digestions of proteins at their extracellular side. In 

contrast, proteins residing in intracellulary are not digested by trypsin, as it is not 

able to cross the PM. Hence, comparing total protein levels of the examined 

proteins of trypsin-treated and untreated cells by immunoblotting allowed 

quantification of their association with the PM.   

For this, cells were transfected for 24 h with plasmids encoding the protein of 

interest. Following 2 washes with PBS, trypsin-EDTA (0.05%) or HEK293T culture 

media (control) was added and incubated for 30 min in a cell culture incubator.  

Subsequently, the cells were transferred into reaction tubes and pelleted by 

centrifugation at 16,000 x g at 4˚C for 10 min. The cell pellets were then washed 

twice by adding 1 ml PBS followed by centrifugation at 16,000 x g at 4˚C for 5 min. 

Following the washing steps the cell pellets were resuspended in 200 µl 1x Laemmli 

buffer with 25 mM DTT and subjected to SDS-PAGE on 8% (v/v) acrylamide gels 

followed by immunoblotting. 

   

2.5 Confocal Microscopy 

Confocal Microscopy was used in order to determine localisation of either 

endogenously expressed proteins or over-expressed wild type or mutated proteins 

within fixed cells. In confocal microscopy, out-of-focus light is eliminated by point 
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illumination and a spatial pinhole which is in an optical plane in front of a detector. 

With this technique it was possible to achieve high resolution images of whole cells 

as only light from one fluorescent point of the object is detected at a time. 

For confocal microscopy in this thesis, the Leica SP5C Spectral Confocal Laser 

Scanning Microscope was used (Leica Microsystems GmbH, Wetzlar, Germany). 

Following laser lines were available: 405 blue diode (excitation wavelength 405 nm); 

Argon (excitation wavelength 488 nm); Helium Neon 1 (excitation wavelength 543 

nm); Helium Neon 3 (excitation wavelength 633 nm).  

2.5.1 Fixing HEK293T cells on coverslips 

For this, HEK293T cells were plated on poly-D-lysine coated coverslips (VWR) in 24-

well plates at a dilution of 1:12 when passaging cells from a 75 cm2 culture flasks 

(see 2.2.4). 24 hours after plating the cells onto coverslips, transfections were 

carried out according to section 2.2.5. Expression of the transfected expression 

vector proceeded for 24 hours. In order to fix the cells, they were washed twice 

with ice cold PBS and incubated with 4% (v/v) formaldehyde for 30 min at room 

temperature. Afterwards, fixed cells were washed twice with PBS. Depending on 

the protein encoded by the expression plasmids the cells were then either 

subjected to immunocytochemistry or mounted directly on microscopy slides with 

an antifade mounting medium (mowiol). Immunocytochemistry was not required if 

the over-expressed protein was conjugated with a fluorescent protein like EGFP or 

mCherry.   

2.5.2 Fixing 3T3-L1 adipocytes on coverslips 

In order to culture 3T3-L1 adipocytes on coverslips 3T3-L1 pre-adipocytes were 

plated first and then differentiation initiated on the coverslips into mature 3T3-L1 

adipocytes.  

For this, 3T3-L1 pre-adipocytes were reseeded 1:5 on coverslips placed in 24-well 

plates in accordance with section 2.2.1. Differentiation was initiated two days after 

cells became 100% confluent according to section 2.2.2. Mature 3T3-L1 adipocytes 

were washed twice with PBS, and then fixed with 4% (v/v) formaldehyde for 30 
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minutes at room temperature and immediately washed twice with PBS again. The 

fixed 3T3-L1 adipocytes were then subjected to immunocytochemistry for further 

analysis.  

2.5.3 Immunocytochemistry with HEK293T cells and 3T3-L1 Adipocytes 

Endogenously expressed proteins in 3T3-L1 adipocytes were visualised using 

immunocytochemistry combined with confocal microscopy to examine their 

localisation within the cell and relative to other proteins within the cell. 

Furthermore, localisation of over-expressed proteins within HEK293T cells was 

investigated. For this the over-expressed proteins, which were either wild type or 

cysteine to alanine mutants of the proteins, were tagged with either a HA-tag or 

Myc-tag. Primary antibodies recognising these tags were used.  

In order to reduce non-specific binding of the primary and secondary antibodies, all 

washes and incubations of the fixed cells on coverslips were performed with PBS 

containing 0.3% (w/v) of bovine serum albumin (PBS/BSA). 

For immunocytochemistry, the fixed cells were washed twice with PBS/BSA. The 

membranes of the cells were then permeabilised by incubating with PBS/BSA 

containing 0.25% (v/v) Triton X-100 for 10 minutes at room temperature. 

Permeabilisation of the membranes enables antibodies to access epitopes localised 

within the cytoplasm or membrane surrounded cell organelles. The detergent 

Triton X-100 was washed off by two rinses with PBS/BSA. For the incubation with 

the primary antibody, coverslips were placed on parafilm (with the cells facing side 

down) containing a 30 µl drop of primary antibody solution (1:50 dilution of primary 

antibody in PBS/BSA), and incubated for one hour at room temperature. To avoid 

evaporation of the antibody solution, the incubation was held in a box with high 

humidity. The coverslips were then washed three times with PBS/BSA and 

incubated with the secondary antibody (diluted 1:400 in PBS/BSA) on parafilm in a 

box protected from light and with high humidity as described for the primary 

antibody incubation. Secondary antibodies were conjugated with the fluorophore 

Alexa Fluor® Dyes and could be detected with the appropriate laser of the confocal 

microscope system. To avoid photobleaching of the fluorophore it was important to 
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work protected from light. Following the incubation with the secondary antibody 

the coverslips were washed three times with PBS/BSA and one times with 

demineralised water and subsequently air-dried with the cells facing up and 

protected from light. The dry coverslips were mounted on glass slides with an 

anitfade mounting media.   

2.5.4 Mounting coverslips on microscopy slides using ProLong® Gold 

Antifade Mountant with DAPI 

As the fluorescence of the fluorophores that were used to label proteins for 

confocal microscopy decreases with time and is susceptible to photobleaching, a 

mounting media with antifade properties was used to mount the coverslips on 

microscopic slides. For this, ProLong® Gold Antifade Mountant with DAPI was used. 

This mountant comprised the nucleus-staining dye DAPI which intercalates with 

DNA and binds to the small groove of adenosine-thymidine sites. Thus, it was 

possible to visualise the nucleus of the cells in addition to the stained proteins of 

interest.  

For this, the air-dried coverslips were placed (cell facing side down) on a drop of 15 

µl ProLong® Gold Antifade Mountant with DAPI. For ideal mounting the mountant 

was allowed to cure for at least 24 hours. The mounted coverslips were kept in the 

dark at 4˚C until used for confocal microscopy. 

2.5.5 Recording images using the confocal microscopy system 

 A Leica SP5C Spectral Confocal Laser Scanning Microscope was used to detect the 

fluorophores introduced in 3T3-L1 Adipocytes or HEK293T cells. The images were 

taken with 63 x/1.40 oil Plan Apochromat objective. Fluorophores were excited with 

following laser lines: 405 blue diode (excitation wavelength 405 nm); Argon 

(excitation wavelength 488 nm); Helium Neon 1 (excitation wavelength 543 nm); 

Helium Neon 3 (excitation wavelength 633 nm). The fluorescent emission was 

recorded by 3 different photo multiplier tubes (PMTs). Image stacks were collected 

reaching from top to bottom of the cells with pinhole set to 1 Airy unit. Afterwards 
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Hygens Scientific Volume Imaging (SVI) was used to deconvolve the recorded 

images. 

 

2.6 Brightfield microscopy  

Brightfield microscopy was used to image live cells of the 3T3-L1 cell line. For this a 

LEICA DMIRB inverted microscope equipped with the digital camera LEICA DC 200 

was used. Imaging was performed on living cells cultured in 100 mm culturing 

dishes with a 20 x/0.4 objective. Culture dishes were placed back into the cell 

incubator immediately after imaging.  

 

2.7 Data analysis 

In order to measure relative protein expression levels, protein bands on 

immunoblots were quantified. When ECL detection system was used for visualising 

protein bands, Western blots were scanned and intensity of the signal was 

quantified by densitometry using the software ImageJ (Image Processing and 

Analysis in Java). The software Image Studio™ Lite V3.1 (LI-COR Biosciences, Lincoln, 

NE, U.S.A.) was used for quantification of immunoblots when detection was carried 

out with Odyssey ® infrared imaging system. The mean of the measured values was 

presented with the standard error of the mean (SEM). In order to assure statistical 

significance one-way analysis of variance (ANOVA) in conjunction with a Tukey’s 

Test or unpaired two samples Student’s t-test were performed (GraphPad Prism® 

software). 
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Chapter 3: Isolation and characterisation of the palmitoylome 

in 3T3-L1 adipocytes. 

3.1 Introduction 

The recent development of techniques such as acyl-biotin exchange, acyl-RAC and 

click-chemistry have facilitated the proteomic characterisation of palmitoylated 

proteins in a range of different cell and tissue types (Roth et al., 2006; Martin and 

Cravatt, 2009; Yount et al., 2010; Forrester et al., 2011; Ren et al., 2013b). When the 

current project was initiated, there had been no reported studies examining the 

palmitoylome in adipocytes. The main goal of this study was to examine the effect 

of palmitoylation on proteins that function in key aspects of adipocyte physiology, 

including the insulin signalling pathway, regulated trafficking of GLUT4 containing 

storage vesicles, or fatty acid transport. The insulin signalling cascade is regulated at 

multiple levels by phosphorylation. However, how other post-translational 

modifications, such as palmitoylation, impact the insulin signalling cascade and its 

link to GLUT4 vesicle trafficking is less well established. Previous work has identified 

palmitoylated proteins involved in the initial stages of insulin signalling to GLUT4 

trafficking such as the IR or the small GTPase TC10 (Magee and Siddle, 1988; 

Watson et al., 2003). Also, proteins involved in the terminal step of the 

translocation pathway such as the vesicle fusion protein SNAP23 are palmitoylated 

(Vogel and Roche, 1999). In addition, the caveolae/lipid raft structural proteins 

caveolin-1 and flotilin-1/flotilin-2 are also palmitoylated (Dietzen et al., 1995; 

Morrow et al., 2002; Neumann-Giesen et al., 2004), and these membrane 

microdomains have been linked to insulin signalling, GLUT4 trafficking and fatty acid 

transport (Karlsson et al., 2002; Liu et al., 2008; Fagerholm et al., 2009).  

To generate a more detailed understanding of palmitoylation in adipocytes, I sought 

to purify and characterise the palmitoylome from 3T3-L1 adipocytes. The 3T3-L1 cell 

line is derived from mouse embryonic fibroblasts and has been used as a model cell 

line to study adipocyte physiology for three decades (Green and Kehinde, 1975, 

1972). Hence, the application of recently developed techniques to study 
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palmitoylation in 3T3-L1 adipocytes would allow a more detailed analysis of the 

palmitoylation of components of the insulin signalling/GLUT4 trafficking pathways.  

 

3.2 Differentiation of 3T3-L1 adipocytes 

The 3T3-L1 cell line is fibroblastic, and hence the 3T3-L1 fibroblasts/ pre-adipocytes 

need to be induced to differentiate into mature adipocytes prior to analysis. 

Differentiation was induced by addition of insulin, troglitazone, dexamethasone and 

IBMX into the cell culture media (see Material and Methods 2.2). Optical, molecular 

and biochemical approaches were taken to ensure that the differentiation protocol 

was successful. First, changes in cell morphology throughout the differentiation 

protocol were monitored using phase contrast microscopy. As can be seen in Figure 

3.1, the cells undergo various changes in morphology during different stages of 

differentiation from pre-adipocytes into fully matured adipocytes. Day 0 

corresponds to pre-adipocytes before initiation of differentiation; the shape of 

these cells is elongated and narrow at this stage. From day 1 to day 4 after initiation 

of differentiation, it can be observed that the cells start to lose their elongated 

shape and become rounder; at day 4, small, round droplets inside the cell can be 

observed. The images at day 5 to day 7 post-differentiation show that the cells 

become rounder towards a circular shape and that fat droplets inside the cell 

become more prominent.  From day 8 onwards the shape of the cells is circular and 

fat droplets are clearly visible and increase in size until day 10.  
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As mentioned above the protein GLUT4 is expressed in mature adipocytes but not  

 

 

In addition to this morphological analysis, a molecular approach was taken to 

confirm the development into mature adipocytes. As adipocytes but not pre-

adipocytes express GLUT4, the mRNA of GLUT4 should only be detectable after 

differentiation. Quantitative real-time PCR was applied to compare mRNA levels of 

GLUT4 before and after the differentiation procedure. The qPCR analysis showed an 

approximately 2000-fold increase of mRNA level of GLUT4 in adipocytes compared 

to pre-adipocytes (see bottom right corner of Figure 3.1).  

Figure 3.1. Differentiation of 3T3-L1 pre-adipocytes into adipocytes. Differentiation was initiated by addition 
of insulin (170 nM), troglitazone (1 µM), 3-isobutyl-1-methylxanthine (IBMX) (500 µM) and 
dexamethasone (0.25 µM) to confluent cultures of 3T3-L1 pre-adipocytes. Representative cells are 
shown at indicated days post differentiation initiation from day 0 to day 10.  In the bottom right 
corner of the panel, the results of qPCR analysis of pre-adipocytes and adipocytes is shown.  GLUT4 
mRNA levels and mRNA levels of IPO8 before and after differentiation were quantified. These mRNA 
levels were normalised to the mRNA levels of FBOX protein.  
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To confirm that the increase of GLUT4 mRNA in adipocytes resulted in increased 

levels of GLUT4 protein, lysates from cells at selected days post initiation of 

differentiation were analysed by SDS-PAGE and Western blotting. As can be seen in 

Figure 3.2, from day one to day 3 post initiation of differentiation, there is little 

immunoreactivity corresponding to GLUT4 at the apparent molecular weight of 

approximately 50 kDa. Protein levels of GLUT4 begin to be detectable from day 4 

and the intensity of the bands increases with each day until the intensity of the 

GLUT4 protein bands reaches a maximum at day 10. The presence of multiple 

immunoreactive bands is due to the glycosylation of GLUT4 (Zaarour et al., 2012). 

The expression of the IR was also determined as a second marker for 

differentiation. As mentioned in the introduction (1.3.2), the IR is synthesised as a 

single polypeptide pro-receptor with the approximate size of 180-200 kDa and is 

subsequently cleaved into α-and β subunits, which then form one subunit of the 

functional IR dimer. The top panel of Figure 3.2 displays the immunoreactivity of the 

cleaved IR  subunit (IR) and the pro-receptor during the differentiation process. 

The intensity of the protein band corresponding to the insulin pro-receptor 

(indicated by an arrow) decreases from day one to day 10 post differentiation 

initiation, although the signal is the strongest at day 4 and 5. In contrast, the 

intensity of the band at the apparent molecular weight of approximately 90 kDa 

corresponding to IRβ increases from day one to day 10. Thus, the increase in the 

amount of the processed IRβ together with the simultaneous decrease of the pro-

receptor polypeptide suggests an increased cleavage of the insulin pro-receptor into 

its functional α-and β subunits.  Collectively, the morphological, molecular and 

biochemical analysis demonstrate that the differentiation of 3T3-L1 cells was 

successful and complete for the large majority of cells in the culture. 
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Figure 3.2. Protein expression level of GLUT4 and IR throughout the differentiation of 3T3-L1 pre-
adipocytes in adipocytes. Confluent 3T3-L1 pre-adipocytes or adipocytes were collected at the 
indicated days post initiation of differentiation. Cells were lysed in 200 µl of lysis buffer containing 
1% (v/v) Triton X-100 and 3.5 mM SDS and were incubated for 30 min on ice. Lysates were 
centrifuged at 16,000 x g for 20 min at 4˚C and the protein concentration of the supernatants was 
measured using a BCA assay and normalised to 600 µg/ml. 4x Laemmli sample buffer with 100 mM 
DTT was added. 20 µl of each sample was subjected to SDS-PAGE using 12% polyacrylamide gels 
followed by immunoblotting. The figure shows immunoblots probed with antibodies against GLUT4 
and IRβ. Protein bands of interest are indicated with arrows on the right hand side and position of 
molecular weight markers are shown on the left hand side of the panel.    
 

 

3.3 Identification of palmitoylated proteins in 3T3-L1 adipocytes 

using acyl-RAC 

Having confirmed that the differentiation of 3T3-L1 cells into mature adipocytes 

was successful, I next set out to isolate and characterise the palmitoylome from 

adipocytes. For this, 3T3-L1 adipocytes were collected 10 days post-differentiation 

and subjected to resin-assisted capture of S-acylated proteins (acyl-RAC). This 

method enables the quantification of palmitoylation levels of known proteins or the 

identification of novel palmitoylated proteins. An outline of the experimental 

procedure used in acyl-RAC is shown in Figure 3.3, a more detailed description can 

be found in the methods section.  
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Figure 3.3. Outline of the acyl-RAC procedure to isolate palmitoylated proteins. Illustration of resin-
assisted capture of S-acylated proteins. Free cysteines are blocked by adding 1.5% S-methyl 
methanethiosulfonate (MMTS) in 100 mM HEPES, 1.0 mM EDTA, 85 mM SDS. The addition of MMTS 
results in the transfer of a thiomethyl group onto a free cysteine forming a mixed disulfide bond. 
During the next step S-acylation is cleaved off by treatment with 0.5 M hydroxylamine (HA) (pH 7.5 
in 100 mM HEPES, 1.0 mM EDTA, 35 mM SDS) resulting in free SH-groups. Proteins with free SH-
groups bind to thiopropyl sepharose beads via a disulphide bond and can be pelleted by 
centrifugation once bound to the beads. The isolated proteins can be then subjected to either SDS-
PAGE followed by immunoblotting or analysed by mass-spectrometry. 

 

Acyl-RAC was performed on 3T3-L1 adipocytes as described in the Methods section 

and the isolated proteins were subjected to SDS-PAGE and immunoblotting. Probing 

with a panel of antibodies against known components of the insulin 

signalling/GLUT4 trafficking pathways revealed that caveolin-1, caveolin-2, flotillin-

1, flotillin-2, SNAP23 and IRAP were highly palmitoylated (see Figure 3.4). IRβ, IGF-1 

receptor β subunit and GLUT4 were also found to be palmitoylated albeit at 

relatively low levels. In contrast, GLUT1, syntaxin 4, PKD-1, cyclophilin b and clathrin 

heavy chain (HC) were palmitoylated either at very low levels or not at all, as 

indicated by the lack of bands corresponding to these proteins in the bound fraction 

treated with HA. 
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Figure 3.4. Immunoblotting analysis of acyl-RAC fractions prepared from 3T3-L1 adipocytes. Cells 
were collected on day 10 post differentiation initiation. Nuclei were pelleted by centrifugation for 5 
min at 800 x g.  A membrane fraction was isolated by centrifugation of the resulting supernatant for 
50 min at 16,000 x g. The membrane fraction was incubated with MMTS (1.5% v/v) and subsequently 
proteins were precipitated with acetone. The isolated proteins were then incubated with either 0.5 
M hydroxylamine (HA) or 0.5 M Tris together with free thiol group binding beads. Proteins were 
eluted from the beads using 1x Laemmli sample buffer with 50 mM DTT. The figure shows 
immunoblots using the indicated antibodies.  HRP conjugated secondary antibodies were used. 
Chemiluminescense was detected with ECL system. Signal from immunoreaction in the bound/HA 
lane corresponds to palmitoylated proteins. The position of molecular weight marker is indicated on 
the right side of the. The blots shown are representative of an experiment that was performed at 
least three times. 
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3.4 Quantification of the palmitoylation levels of identified proteins 

As the thiopropyl sepharose beads bind quantitatively to free thiol groups and the 

bound and unbound fractions were visualised using the same antibody, it was 

possible to determine the level of palmitoylation for each protein using 

densitometry. The quantification of the palmitoylation of each protein is shown in 

Figure 3.5. According to this quantification, approximately 80% of caveolin-2, 

flotillin-1, flotillin-2 and SNAP23 molecules are palmitoylated. In contrast, the 

percentage of palmitoylation of caveolin-1 is around 38%. The difference between 

the calculated palmitoylation of the highly palmitoylated proteins and caveolin-1 is 

statistically significant (p<0.001). Approximately 55% of IRAP is palmitoylated and 

the level of palmitoylation of IRβ, IGF-receptor β subunit and GLUT4 varies between 

7% (IGF-1 receptor β) and 14% (GLUT4). Finally, the percentage of GLUT1, 

cyclophilin b, syntaxin 4, PDK-1 and clathrin HC recovered in the HA bound fraction 

was below 5%.    
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Figure 3.5. Quantification of 3T3-L1 adipocyte proteins recovered in acyl-RAC fractions. Levels of 
palmitoylation were assessed using densitometry of immunoblots obtained from acyl-RAC 
experiments (see Figure 3.4). The following equation was used to calculate the percentage of 
palmitoylation: 
Percentage of palmitoylation = [BoundHA / (BoundHA+ UnboundHA)] - [BoundTris / (BoundTris+ UnboundTris)]                                                       
All quantified data was from a minimum of three experimental repeats. One way ANOVA followed by 
Tukey’s multiple comparison test was applied for statistical analysis *** P≤ 0.001.  

 

In the previous sections, palmitoylated proteins were identified experimentally. 

Although the extent of palmitoylation of the identified proteins was determined, it 

was not clear where the palmitoylation sites were likely to be located within these 

proteins. In order to assess the localisation of the palmitoylation sites, an in silico 

analysis was undertaken. For this, CSS-Palm software was used. This software 

utilises an algorithm based on experimental data from 583 palmitoylation sites from 

277 different proteins, to predict palmitoylation sites using the linear amino acid 

sequence of a protein (Ren et al., 2008). Table 3.1 shows the probability (score) of 

palmitoylation of cysteine residues of examined proteins according to CSS-Palm 

prediction. Furthermore, the right column of the table displays predicted protein 

domains surrounding the examined cysteine residues according to UniProt 

(SwissProt). 
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Table 3.1. CSS-Palm prediction of palmitoylation sites of examined proteins. The numbers in the 
column which is labelled “Position” indicate the position of the amino acid. Amino acids surrounding 
the examined cysteine are indicated in column “Amino acid sequence”. Values which express how 
likely a cysteine is to undergo palmitoylation can be found in column “Score”, where small values 
correspond to a low probability and high values a high probability of palmitoylation. The protein 
predicted domain in which the examined cysteines are located is displayed in column “Domain”. CSS-
Palm 4.0 was used for this analysis.   

Protein 
Position Amino acid sequence Score Domain 

 
caveolin-1 

 

133 
143 
156 

HIWAVVPCIKSFLIE 
SFLIEIQCISRVYSI 

SIYVHTFCDPLFEAI 

1.503 
2.139 
0.95 

 
Cytosolic/Juxtamembrane 

 
caveolin-2 

72 
109 
122 
145 

SFDKVWICSHALFEI 
ILFATLSCLHIWILM 

 LMPFVKTCLMVLPSV 
DVVIGPLCTSVGRSF 

5.731 
13.761 
12.003 
1.329 

Oligomerisation domain 
Cytosolic/Juxtamembrane 
Cytosolic/Juxtamembrane 

cytosolic 
 

clathrin HC 
736 

1565 
1569 

FKYIQAACKTGQIKE 
LQEEKRECFGACLFT 
KRECFGACLFTCYDL 

1.001 
4.122 
3.91 

 
Cytosolic 

cyclophilin b - - - No site predicted 
 

flotillin-1 
5 

17 
34 

203 

***MFFTCGPNEAMV 
AMVVSGFCRSPPVMV 

GRVFVLPCIQQIQRI 
QEKVSAQCLSEIEMA 

39.752 
28.887 
1.971 
3.788 

 
Cytosolic 

 
flotillin-2 

4 
19 
20 

****MGNCHTVGPNE 
ALVVSGGCCGSDYKQ 
LVVSGGCCGSDYKQY 

39.437 
14.364 
18.607 

 
Cytosolic 

GLUT1 207 
421 

QCILLPFCPESPRFL 
GLAGMAGCAVLMTIA 

2.078 
5.471 

Juxtamembrane intracell. 
Transmembrane intr. 

 
GLUT4 

361 
363 
430 

LLGLAGMCGCAILMT 
GLAGMCGCAILMTVA 
AGFSNWTCNFIVGMG 

3.191 
6.096 
6.325 

Transmembrane intr. 
Transmembrane intr. 
Transmembrane intr. 

IGF-1 
Receptor β 

1143 
1250 

RDLAARNCMVAEDFT 
LFELMRMCWQYNPKM 

2.845 
5.079 

Tyrosine Kinase 

IR β 1251 
1262 

YLDPPDNCPERLTDL 
LTDLMRMCWQFNPKM 

4.107 
5.995 

Tyrosine Kinase 

 
IRAP 

35 
103 
114 

VDLAKEPCLHPLEPD 
RQSPDGTCSLPSART 
SARTLVICVFVIVVA 

7.201 
7.487 
7.324 

Cytosolic 
Juxtamembrane intracell. 
Juxtamembrane intracell. 

PDK1 330 DATKRLGCEEMEGYG 6.053 Protein Kinase 
 
 

SNAP23 

79 
80 
83 
85 
87 

TLTELNKCCGLCICP 
LTELNKCCGLCICPC 
LNKCCGLCICPCNRT 
KCCGLCICPCNRTKN 
CGLCICPCNRTKNFE 

13.822 
6.272 
11.04 

11.438 
4.283 

 
Cytosolic, 

 between coiled- coil 
homology 1 and 2 

syntaxin 4 141 FVELINKCNSMQSEY 3.708 Cytosolic 
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3.6 Protein palmitoylation following chronic insulin treatment and 

changes in extracellular glucose concentration 

Palmitoylation levels of specific proteins involved in the insulin signalling pathway 

have been determined in 3T3-L1 adipocytes. These cells were cultured under 

standard conditions with high glucose (25.5 mM) and a low concentration of insulin 

in the culture medium (2.2.1). Under these conditions 3T3-L1 adipocytes respond to 

an insulin stimulus with recruitment of GSVs to the PM to facilitate glucose uptake 

into the cell. Hence, palmitoylation levels of identified palmitoylated proteins were 

determined in insulin sensitive 3T3-L1 adipocytes. I next sought to investigate 

whether palmitoylation levels of the identified proteins change when cells become 

insulin resistant or when cells are cultured with different glucose concentrations in 

the culture medium. For this, cells were treated with 500 nM insulin for 24 hours in 

culture medium containing either 25.5 mM glucose (high glucose) or 5.5 mM 

glucose (low glucose). In order to confirm that the chronic insulin treatment had an 

effect on the treated 3T3-L1 adipocytes, the protein levels of the IRβ were 

estimated by western blotting. Previous studies have shown that chronic insulin 

treatment of 3T3-L1 adipocytes leads to insulin resistance of the cells and down 

regulation of total IR protein levels (Knutson et al., 1982). Immunoblots derived 

from whole cell 3T3-L1 adipocytes treated under the indicated conditions were 

probed with an antibody against the IRβ subunit. As can be seen in Figure 3.6A, the 

intensity of bands corresponding to the insulin pro-receptor (apparent molecular 

weight of approximately 190 kDa) was constant regardless of the cell treatment. In 

contrast, the intensity of the bands corresponding to IRβ at an apparent molecular 

weight of approximately 80 kDa varied, and was higher when cells were treated 

without additional insulin. Densitometry was used to quantify the intensity of the 

protein bands, shown in Figure 3.6B. For calculation of the ratio of processed 

receptor to pro-receptor, the determined values for the insulin pro-receptor were 

divided by the values obtained for IRβ. The ratio was approximately 3.2, when cells 

were treated with high glucose in culture medium without added insulin. Addition 

of insulin decreased the ratio to approximately 1.2. This decrease by circa three-fold 
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was statistically significant with a P value of 0.035. Under low glucose conditions, 

the ratio also decreased when insulin was added (from 3.5 to 1.3), although the 

difference between this pair of values was not found to be statistically significant 

(p= 0.0735). Calculated values were comparable when cells were treated without 

insulin in the culture media irrespectively of the concentration of glucose. The same 

could be observed for values when cells were treated with added insulin in the 

culture media under high and low glucose conditions. Thus, the ratio of pro-

receptor to processed receptor appears to be sensitive to insulin levels but not to 

glucose levels in the extracellular solution. 

 

 

Figure 3.6. Pro-insulin receptor and IRβ levels in 3T3-L1 adipocytes treated with varying glucose 
and insulin concentrations in the culture medium. Cells were collected on day 10 post initiation of 
differentiation. For the last 24 hours, cells were cultured in media as follows: HG = containing 25.5 
mM d-glucose and HG+I = containing 25.5 mM d-glucose with 500 nM insulin; LG = containing 5.5 
mM d-glucose; LG+I = containing 5.5 mM d-glucose with 500 nM insulin. Cells were lysed in 400 µl 
lysis buffer (PBS with 1% (v/v) Triton X-100 and 3.5 mM SDS) and incubated for 30 min on ice. Lysates 
were centrifuged at 16,000 x g for 20 min at 4˚C and protein concentration of the supernatant was 
measured using a BCA assay and normalised to 390 µg/ml. 4x Laemmli sample buffer with 100 mM 
DTT was added and 20 µl of each sample were subjected to SDS-PAGE on 8% polyacrylamide gels 
followed by immunoblotting with antibodies against IRβ. (A) A representative immunoblot is shown 

of an experiment conducted 3 times. Arrows indicate differently processed forms of the IR  subunit. 
Positions of the molecular weight markers are indicated on the left hand side. (B) Intensity of protein 
bands were determined by densitometry using Image Studio software from LI-COR. Values of the 

protein bands corresponding to IR were divided by the values for pro-insulin receptor to create a 
ratio. * indicates a P value of < 0.05 determined by Student’s t-test.  
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The experiment above confirmed that 3T3-L1 adipocytes responded to chronic 

insulin treatment with a decrease in the processing of IRβ subunit. The next step 

was to investigate whether insulin treatment or different glucose concentrations in 

the culture media had an effect on the palmitoylation levels of the palmitoylated 

proteins identified in Figure 3.4. Therefore, acyl-RAC was performed on 3T3-L1 

adipocytes that had been previously treated with insulin under low glucose or high 

glucose conditions, followed by analysis by SDS-PAGE. Immunoblots with antibodies 

against selected proteins are shown in Figure3.7. Palmitoylation levels of the 

proteins caveolin-1, caveolin-2, flotillin-2, IRAP, IRβ, GLUT4, cyclophilin b and 

syntaxin 4 appear to be constant throughout varying culture media conditions, as 

no major changes in protein band intensities in the bound HA fraction could be 

observed. To quantify this result, the immunoblots were subjected to analysis using 

densitometry.    

Quantification of the protein band intensities from the acyl-RAC analysis (see Figure 

3.7) using Image Studio software are shown in Figure 3.8. According to the 

quantification, changes in the percentage of palmitoylation could be observed for 

some of the examined proteins. Despite detectable changes of palmitoylation levels 

for some proteins in cells treated under specified conditions, these changes were 

not statistically significant. Flotillin-2 and caveolin-2 were the most highly 

palmitoylated proteins out of all the examined proteins, with an estimated 

percentage of palmitoylation of approximately 90% and 80% respectively. 

Palmitoylation levels of flotillin-2 and caveolin-2 remained constant throughout the 

different treatment conditions. 
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Figure 3.7. Immunoblotting analysis of acyl-RAC fractions prepared from 3T3-L1 adipocytes treated 
with insulin and different glucose concentrations. Cells were collected on day 10 post 
differentiation initiation. For the last 24 hours, cells were cultured in media: HG = containing 25.5 
mM d-glucose and HG+I = containing 25.5 mM d-glucose with 500 nM insulin; LG = containing 5.5 
mM d-glucose; LG+I = containing 5.5 mM d-glucose with 500 nM insulin. A membrane fraction was 
isolated by differential centrifugation (800 x g for 5 min, 136,000 x g for 1 h), and proteins were 
incubated with MMTS (1.5% v/v). Following the MMTS treatment, proteins were precipitated with 
acetone and incubated with either 0.5 M hydroxylamine (HA) or 0.5 M Tris (Tris) together with free 
thiol group binding beads. Proteins were eluted from the beads using 1x Laemmli sample buffer with 
50 mM DTT. The figure shows immunoblots using the indicated antibodies.  The positions of 
molecular weight marker are indicated on the right side of the blots. The blots shown are 
representative of an experiment that was performed three times.  

  

 

In contrast the palmitoylated fraction of caveolin-1 varies from approximately 50% 

(LGI) to 68% (LG). IRAP has its lowest palmitoylation levels at approximately 42% 

(HG) and the highest at 63% (LG). The percentage of palmitoylation of IRβ subunit 

varies from approximately 23% (LGI) to approximately 60% (HGI). As mentioned 

above however the changes in palmitoylation of IRβ were not statistically significant 

(P=01917). The fraction of palmitoylated GLUT4 was the highest at approximately 

17% (HGI) and lowest at approximately 5% (LGI). Cyclophilin b and syntaxin 4 were 

found to be recovered in HA bound samples to a very low level, with a maximum for 

syntaxin 4 of approximately 3.5% (LG) and cylcophilin b at 1.2% (LG).    
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Figure 3.8. Quantification of 3T3-L1 adipocyte proteins recovered in acyl-RAC fractions following 
cell treatment with different glucose and insulin concentrations. Levels of palmitoylation were 
assessed using densitometry of immunoblots obtained from acyl-RAC experiments (Figure 3.7). The 
following equation was used to calculate the percentage of palmitoylation: 
Percentage of palmitoylation = 
 [BoundHA / (BoundHA+ UnboundHA)] - [BoundTris / (BoundTris+ UnboundTris)]                                                       
All quantified data was from n=3 (Except caveolin-2 LG N=2; caveolin-2 LGI N=1). One way ANOVA 
followed by Tukey’s multiple comparison test was applied for statistical analysis. 
  

 

3.7 Discussion 

3T3-L1 cells have played a fundamental role in defining the pathways involved in 

insulin signalling and GLUT4 translocation, and offer a similarly valuable system to 

probe the potential roles of palmitoylation in regulating these pathways. However, 

it is essential that robust differentiation of 3T3-L1 pre-adipocytes into adipocytes is 

demonstrated. This was achieved by monitoring changes in morphology, and 

through the application of molecular and biochemical methods which measured 

mRNA and protein levels of GLUT4 (Figure 3.1 and Figure 3.2). Acyl-RAC-mediated 

isolation of palmitoylated proteins from differentiated 3T3-L1 cells was successfully 

applied and allowed the identification of a set of palmitoylated proteins involved in 

insulin action (Figure 3.4). Furthermore, this method allowed the estimation of the 

extent of palmitoylation for these identified proteins (Figure 3.5). Additionally, the 

effects of chronic insulin treatment and glucose concentration of the extracellular 
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medium was investigated, albeit with no significant changes in palmitoylation 

detected under these conditions (Figure 3.7 and Figure 3.8). 

The morphology of mature 3T3-L1 adipocytes and the monitored morphological 

changes throughout the differentiation process agree with published data available 

about this cell line (Russell and Ho, 1976). The increase in size of lipid droplets 

during the course of differentiation is likely to originate from fusion of the initially 

small and numerous lipid droplets with each other and through incorporation of de 

novo synthesised triglycerides. This process is accompanied by rising protein levels 

of GLUT4 from day four onwards (Figure 3.2). The detection of GLUT4 protein 

agreed with the detection of GLUT4 mRNA which is present in high copy numbers in 

mature 3T3-L1 adipocytes but not in pre-adipocytes (Figure 3.1). Furthermore, an 

increase of the ratio of the processed IRβ subunit to the pro-receptor form of the IR 

could be observed. Although insulin-induced GLUT4 translocation or glucose 

transport assays were not conducted, the collected data conforms to previously 

published data, and hence I interpret that the differentiation procedure resulted in 

fully functional and mature 3T3-L1 adipocytes (Chang and Polakis, 1978; Wu et al., 

1998). 

Application of acyl-RAC allowed the identification of a number of known and novel 

palmitoylated proteins in 3T3-L1 adipocytes (Figure 3.4). The captured 

palmitoylated proteins were separated by SDS-PAGE and probed with selected 

antibodies, against proteins which are either involved in the insulin-induced GLUT4 

trafficking pathway or are known non-palmitoylated proteins (serving as negative 

control for this assay). Caveolin-2 was identified as a novel palmitoylated protein. 

The palmitoylation of caveolin-1, flotillin-1, flotillin-2, SNAP23, IRβ and IGF-1 

receptor β subunit has been reported in previous work (Dietzen et al., 1995; Vogel 

and Roche, 1999; Magee and Siddle, 1988; Morrow et al., 2002; Neumann-Giesen et 

al., 2004). When the current study was initiated, palmitoylation of IRAP and GLUT4 

had not been reported, but in 2013 palmitoylation of these proteins was 

demonstrated in a separate study (Ren et al., 2013b). Although palmitoylation has 

been reported for all proteins except caveolin-2, no data is available about the 



 

97 
 

extent of palmitoylation for each individual protein, and this analysis was an 

important part of the current study. The thiopropyl beads, which were used for 

acyl-RAC, bind quantitatively to free SH groups. Hence, it was possible to determine 

the fraction of palmitoylated species within a population of proteins. This analysis 

revealed several interesting observations, including a difference in palmitoylation of 

the two members of the caveolin family with caveolin-2 being palmitoylated 

somewhat higher as caveolin-1. 

At present it is not known what the exact function of palmitoylation is in the 

physiology of caveolin-1, as the only described effect was the stabilisation of 

caveolin-1 oligomeric assemblies (Monier et al., 1996). Although both caveolin-1 

and -2 have a similar structure and membrane topology, none of the three 

palmitoylated cysteines in caveolin-1 are conserved in caveolin-2 (see Figure 1.3) 

(Monier et al., 1996). In silico analysis using CSS-Palm resulted in higher scores for 

the cysteine residues of caveolin-2 when compared to scores of caveolin-1 (Table 

3.1).  This finding agreed with the experimentally calculated palmitoylation levels of 

both caveolin isoforms, when membrane fraction was isolated by differential 

centrifugation with the maximum centrifugation speed of 16,000 x g. In that 

experiment the palmitoylated fraction of caveolin-2 (~80%) was assessed as 

approximately twice as much as for caveolin-1 (~38%) (see Figure 3.4 Figure 3.5) 

and this difference was statistically significant. However, this difference in 

palmitoylation levels was strongly decreased in a different experiment, where 

membrane fractions were isolated by ultracentrifugation with a maximum 

centrifugation speed of 136,000 x g. With the centrifugation at a speed of 16,000 x g 

predominantly membrane fractions from cell compartments such as lysosomes, 

peroxisomes and the PM are isolated, while with at the centrifugation at higher 

speed (e.g. 136,000 x g), achieves the isolation of additional membrane 

compartments including low density vesicles such as microsomes or endosomes and 

fractions of the ER (Lodish et al., 2007). Therefore, the variance in palmitoylation of 

caveolin-1 between the two different experiments could be explained by presence 
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of palmitoylated caveolin-1 molecules in low density vesicles, which raised the total 

fraction of palmitoylated caveolin-1 molecules from 38% to approximately 60%.      

CSS-Palm prediction software contradicts the experimental approach in the case 

of GLUT4 and IRAP. Predicted scores for both of these proteins are in a similar range 

but the experimentally estimated percentage of palmitoylated molecules is 

approximately threefold higher for IRAP (55%) than for GLUT4 (14%). Despite the 

different extent of palmitoylation, both proteins have three cytosolic cysteine 

residues and both co-localise and translocate within GSVs to the PM upon insulin 

stimulation in a similar fashion (Ross et al., 1997). This suggests that palmitoylation 

may not be involved in insulin-stimulated translocation of GLUT4 and IRAP, 

although it has not been studied how cysteine-deficient mutants of these proteins 

respond to insulin stimulation in cells. 

GLUT4 was detected as multiple bands stretching from the apparent molecular 

weight of approximately 46 to 55 kDa (Figure 3.2 and Figure 3.4). It is thought, that 

this band pattern originates from a combination of other PTMs such as glycosylation 

or ubiquitination and from partial degradation of GLUT4 (Zaarour et al., 2012). 

Interestingly, the isolated palmitoylated GLUT4 molecules appear only at the higher 

molecular weights of the GLUT4 band spectrum, which can be seen in the HA bound 

fraction in Figure 3.4. Thus, it is possible that there is selective palmitoylation of a 

subset of GLUT4 molecules which undergo a specific combination of PTMs or that 

only the non-degraded form of GLUT4 gets palmitoylated. It is also possible that 

palmitoylation protects GLUT4 from partial degradation and therefore remains in 

the higher molecular weight state. However, it is unlikely that the appearance of 

palmitoylated GLUT4 in the upper bands is caused by the molecular weight of 

palmitic acid itself. GLUT4 has only three putative palmitoylation sites, hence a 

maximum of three palmitate molecules could be attached to one molecule of 

GLUT4, resulting in a potential molecular weight increase of 3x 0.256 kDa. Further 

research needs to be conducted to clarify whether palmitoylation is targeted 

towards higher molecular processed forms of GLUT4 or if palmitoylation itself 

increases protein stability of GLUT4. For example, transient expression of GLUT4 
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wild type and cysteine-deficient mutants in cell lines and subsequent pulse-chase 

analysis using 35S-methionine could reveal whether palmitoylation protects GLUT4 

from protein degradation. Another possibility could be the addition of lysosome and 

proteasome inhibitors in the cell culture medium and subsequent analysis by SDS-

PAGE. 

The previously reported palmitoylation of IRβ and IGF-receptor β has been 

confirmed in this study (Magee and Siddle, 1988), although only a small fraction of 

the IGF-receptor β (approximately 7%) was found to be palmitoylated. Akin to 

caveolin-1, the estimated levels of palmitoylation of IRβ were dependent on which 

method for the isolation of the membrane fractions was used. When centrifugation 

at lower speed (16,000 x g) was applied, the estimated palmitoylated fraction of IRβ 

was approximately 12%, in contrast application of ultracentrifugation (136,000 x g) 

resulted with an estimated palmitoylated fraction of approximately 50% of the total 

IRβ molecules. As described for caveolin-1 (see above), it is likely that this increase 

in palmitoylation of IRβ is due to palmitoylated IRβ molecules, that reside in low 

density vesicles, and that are only isolated by ultracentrifugation. It is possible that 

low density vesicles, which are enriched in palmitoylated caveolin-1 and IR, might 

play a role in moving newly synthesised IR molecules to the PM.  

The IR resides mainly in caveolae at the PM of adipocytes (Gustavsson et al., 1999; 

Foti et al., 2007). Furthermore, caveolin-1, which is a major coat protein of 

caveolae, was identified as a substrate of IR kinase activity (Kimura et al., 2002). 

Moreover, endocytosis and recycling of the IR is believed to be mediated at least 

partly by caveolae (Strålfors, 2012). This internalisation and recycling pathway is 

thought to involve insulin-stimulated phosphorylation of caveolin-1 by the tyrosine 

kinase activity of the IR (Fagerholm et al., 2009). As both these proteins are 

palmitoylated, it can be speculated that palmitoylation regulates or stabilises the 

interaction between these two proteins (Delandre et al., 2009) and therefore 

facilitates their joint endocytosis and recycling. An argument supporting this 

assumption is that there is evidence that palmitoylated molecules of both, the IR 

and caveolin-1 are enriched in low density vesicles such as microsomes and 
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endosomes (see above). As the internalisation of the IR increases after stimulation 

with insulin (Fagerholm et al., 2009), it would be interesting to test whether there is 

an immediate but transient increase in palmitoylation of IR and caveolin-1 upon 

insulin stimulation. 

 Both cysteine residues which are likely to undergo palmitoylation are located 

intracellulary within the IR kinase domain at the amino acid positions 1251 and 

1262. Hence it is possible, that palmitoylation interferes with or regulates the 

kinase activity of the receptor. Auto-phosphorylation by the receptor kinase domain 

was previously demonstrated to regulate the activity of the IR (Wilden et al., 1992). 

Previous research has shown that palmitoylation can regulate phosphorylation of 

adjacent amino acid residues (Moffett et al., 1996). There would be potential for 

such a mode of regulation within the IR as a tyrosine residue resides only 7 amino 

acids away from cysteine-1251 towards the C-terminus. However, this tyrosine-

1246 was not predicted to undergo auto-phosphorylation (UniProt). To address the 

question of whether palmitoylation has an effect on the IR, palmitoylation deficient 

mutants of the receptor need to be examined in respect to activity and endocytosis. 

For example, cysteine to alanine mutants of the IR could be expressed in 3T3-L1 

adipocytes, followed by the examination of insulin-stimulated phosphorylation of 

the receptors immediate substrates such as IRS or its own auto-phosphorylation.               

In silico analysis using CSS-Palm 4.0 did not always correlate with the experimental 

data. For example the score for cysteine residues of PDK-1 (score= 6) or clathrin HC 

(score = 3.9 and 4.1) were sufficiently high to suggest that they might be targets for 

palmitoylation, but experimental data demonstrated that there was no or only very 

little palmitoylation of both proteins. On the other hand, the predicted scores for 

the cysteine residues of caveolin-1 (score= 1.5, 2.1 and 0.9) were lower than for 

PDK-1 and clathrin HC, and yet this protein was robustly palmitoylated. In contrast, 

high predicted values for flotillin-1, flotillin-2, SNAP23 and caveolin-2 palmitoylation 

were confirmed experimentally with high levels of palmitoylation of these proteins. 

A possible source for the discrepancy of the results between in silico- and 

experimental analysis may be that the experimental procedure was limited to 3T3-
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L1 adipocytes in this study. The origin of the database, which the algorithm of CSS-

Palm 4.0 is based on, is not specified. Hence, it is possible that the prediction by 

CSS-Palm would agree with experiments conducted in other cell types but not with 

3T3-L1 adipocytes. However, as quantification of the palmitoylated population of a 

protein is not examined in the majority of the studies in the field, it remains 

unknown whether the extent of palmitoylation of the proteins examined in this 

study is cell type specific.    

The quantification of palmitoylation levels for the identified proteins was 

conducted at first under standard 3T3-L1 culture conditions. These conditions 

included a glucose concentration of 25.5 mM and an unspecified low level of insulin, 

which originated from the fetal bovine serum in the medium. As mentioned in the 

introduction, physiological glucose serum levels are between 4-6 mM, and patients 

with type 2 diabetes and insulin resistance have significantly elevated blood glucose 

and insulin levels (Alberti and Zimmet, 1998). Thus, adipocytes from these patients 

are surrounded by a different glucose and insulin concentration in the interstitial 

fluid than in non-diabetic individuals. Therefore, I examined the palmitoylation of a 

panel of proteins in 3T3-L1 adipocytes cultured with varying glucose concentrations 

in the media combined with chronic insulin treatment. Chronic insulin treatment 

was reported to result in the down-regulation of IR levels (Ronnett et al., 1982; 

Knutson et al., 1982), and indeed this effect could be observed when 3T3-L1 

adipocytes were treated for 24 h with 500 nM insulin in the culture medium (Figure 

3.6). In contrast, variation of the glucose concentration did not have any effect on IR 

levels. The palmitoylation level of all examined proteins did not change significantly 

under any of the tested conditions (Figure 3.7 and Figure 3.8). It could be concluded 

that the down regulation of the IR level was independent of palmitoylation. 

Furthermore, chronic insulin treatment leads to insulin resistance of cultured 

adipocytes (Thomson et al., 1997), and hence the results also suggest that 

palmitoylation changes in the examined proteins are not likely to be involved in the 

development of insulin resistance in this cell type. In contrast to the results 

presented in this thesis, elevated palmitoylation of IRAP was demonstrated in 3T3-
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L1 adipocytes cultured with high glucose in the medium (22.5 mM) and in fat tissue 

from obese mice assayed using acyl-RAC (Ren et al., 2013b). However, the 

demonstrated increase of palmitoylation was subtle and the estimation of 

palmitoylation was presented showing only the bound fraction of the acyl-RAC 

experiment without analysis of the unbound fraction; there was also no quantified 

data presented for these analyses. Estimation of the palmitoylation levels from such 

an analysis is difficult as the input of total protein is not normalised. A different 

study reported that phosphorylation of caveolin-2 was increased in fat tissue of 

mice with preliminary insulin resistance (Gómez-Ruiz et al., 2011). As mentioned 

above, such an effect could not be observed with palmitoylation of caveolin-2.  

Collectively, this chapter has identified novel palmitoylated proteins in 3T3-L1 

adipocytes (caveolin-2, IRAP and GLUT4) and confirmed the palmitoylation of other 

proteins, including caveolin-1 and IR subunit. An important aspect of this study 

was the ability to estimate the pool of a particular protein that is likely to be 

palmitoylated. This analysis highlighted a broad range of palmitoylation levels, from 

>80% for proteins such as SNAP23 and caveolin-2 down to 7% for proteins including 

IGF-1 receptor β and GLUT4 (14%). Although palmitoylation is a dynamic 

modification, no effect on palmitoylation levels of any of these proteins was 

observed following chronic insulin treatment or changes in extracellular glucose 

concentration. Important follow-up studies will include mapping the palmitoylation 

sites in novel palmitoylated proteins and investigating how palmitoylation regulates 

these proteins. 
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Chapter 4: Palmitoylation of the insulin-responsive 

aminopeptidase IRAP: Identification of palmitoylation sites and 

analysis of the effect of palmitoylation on intracellular 

targeting. 

 

4.1 Introduction 

Diabetes is a condition where the regulation of blood glucose levels is disturbed. In 

the case of type I diabetes the pancreas is not capable of insulin production and in 

type II diabetes the individuals are resistant to insulin but still may be able to 

produce it. In both cases glucose levels in the blood can be elevated and medication 

may be required to maintain blood glucose at stable levels (Alberti and Zimmet, 

1998). 

The underlying mechanisms of insulin resistance are not clear and this is being 

intensively studied. The main organs responsible for glucose clearance from the 

blood are the liver, skeletal muscle and adipose tissue. In muscle and adipose tissue, 

glucose is transported into the cell through GLUT4 (Stuart et al., 2006). Under basal 

conditions, approximately 75% of the total GLUT4 resides intracellularly in so-called 

GSVs; these vesicles translocate to the PM upon stimulation with insulin (Bryant et 

al., 2002). Fusion of GSVs with the PM enables the increased transportation of 

glucose into the cell through GLUT4 in a concentration gradient-dependent manner. 

GLUT4 is then recycled back into intracellular vesicles via endocytosis. Although the 

mechanisms regulating biogenesis of GSVs and their translocation to the PM are not 

yet fully characterised, several resident GSV proteins have been identified, such as 

the SNARE protein VAMP2, sortilin and the IRAP. IRAP is an integral protein with a 

single membrane-spanning domain, that has zinc-dependent aminopeptidase 

activity and has been identified as one of the major component of GSVs (Keller et 

al., 1995). IRAP is the main protein that is known to traffic together with GLUT4 and 

the two proteins exhibit a high degree of co-localisation in various intracellular 

compartments (Martin et al., 1996; Hashiramoto and James, 2000). The specific 
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function of IRAP in adipocytes and muscle cells or other cell types is not known. A 

potential function as an aminopeptidase is suggested as IRAP was demonstrated to 

cleave signal peptides in vitro such as vasopressin, oxytocin and several other 

hormones (Herbst et al., 1997). Additionally, IRAP has been identified as a receptor 

for angiotensin IV and therefore research proposes a possible role for IRAP in spatial 

memory (Albiston et al., 2010). IRAP is not only considered as just cargo protein of 

GSVs but also has a function in GSV trafficking, as overexpression of specific 

cytosolic fragments of the protein resulted in an insulin-independent translocation 

of GSVs to the PM (Waters, 1997). Furthermore, depletion of IRAP in unstimulated 

adipocytes caused a threefold increase of GLUT4 at the PM (Jordens et al., 2010), 

suggesting a possible role for IRAP in the intracellular retention of GSVs.   

IRAP consist of a total of 1025 amino acids and has been reported to undergo 

several PTMs. It has 17 predicted glycosylation sites and these are thought to 

undergo tissue-specific glycosylation, since the detected molecular weights from 

brain (140kDa) differed to those of other tissues (165kDa)(Keller et al., 1995). 

Another potential PTM of IRAP is the attachment of poly ADP ribose. IRAP was 

reported to interact with the protein tankyrase, a protein that has a poly-ADP-

ribose polymerase (PARP) activity and has been shown to attach poly ADP ribose 

onto other proteins (Cook et al., 2002; Sbodio and Chi, 2002).  

In this thesis, I was specifically interested in the PTM palmitoylation. At the outset 

of my PhD project, there was no information published regarding palmitoylation of 

IRAP, however in 2013 IRAP was identified in a proteomic screen for palmitoylated 

proteins in cultured adipocytes, epididymal fat tissue and brain (Ren et al., 2013b). 

Furthermore, the same group demonstrated that palmitoylation of IRAP was 

increased in cultured cells under high glucose conditions and in fat tissue from 

obese mice. In Chapter 3 of this thesis, 55% of IRAP molecules were shown to be 

palmitoylated in 3T3-L1 adipocytes via analysis of purified acyl-RAC fractions. In this 

chapter, I set out to deepen the knowledge about IRAPs palmitoylation by 

identifying the palmitoylation sites and determining how palmitoylation impacts 

IRAP localisation.          
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4.2 Identification of palmitoylated cysteine residues in IRAP 

In Chapter 3, IRAP was identified as a palmitoylated protein in 3T3-L1 adipocytes 

assayed by using acyl-RAC. Additionally, palmitoylated IRAP was determined to 

account for approximately 55% of the total IRAP pool. Having shown palmitoylation 

of IRAP by acyl-RAC, I next set out to confirm this palmitoylation by using an 

independent technique, and to identify the likely sites of palmitoylation in IRAP.   

Palmitoylation has been identified on many transmembrane proteins (Dietzen et al., 

1995; Magee and Siddle, 1988; Abrami et al., 2006), and is usually observed to occur 

on cysteine residues present at a juxtamembrane position (i.e. adjacent to TMDs) 

(Levental et al., 2010; Delandre et al., 2009). Although IRAP is a large protein, it has 

a relatively short cytoplasmic domain. IRAP has three cysteine residues in this 

domain at amino acid positions 35, 103 and 114, as illustrated in Figure 4.1. 

According to the membrane topology prediction of SwissProt, cysteine-103 and 

cysteine-114 are localised in a juxtamembrane position, whereas cysteine-35 is 

localised further away from the TMD towards the N-terminus of the protein.  

 

 

 
Figure 4.1. 2D membrane topology of IRAP. The transmembrane domain was defined 
by SwissProt and the image was created using TMRPres2D software. Cysteine residues 
and glycosylation sites are highlighted as indicated in the legend.  
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To examine the potential for the three cysteine residues in the cytoplasmic domain 

of IRAP to undergo palmitoylation, in silico analyses were carried out using CSS-

Palm palmitoylation site prediction software (see Chapter 3). The software 

predicted a score of approximately 7 for all three cytosolic cysteine residues with 

the highest score for cysteine-103 and the lowest for cysteine-35 was (see Table 

4.1).               

Table 4.1. CSS-Palm prediction of palmitoylation sites of IRAP 

Protein Position 
Amino acid 
sequence 

Score Domain 

 
IRAP 

35 
103 
114 

VDLAKEPCLHPLEPD 
RQSPDGTCSLPSART 
SARTLVICVFVIVVA 

7.201 
7.487 
7.324 

Cytosolic 
Juxtamembrane intracell. 
Juxtamembrane intracell. 

 

 

The identification of palmitoylated proteins shown in Chapter 3 was carried out in 

3T3-L1 adipocytes. However, the expression of IRAP is not confined to adipocytes, 

but is present in all major tissues (Keller et al., 1995). Since IRAP was also suggested 

to be involved in memory and spatial learning  (Chai et al., 2004), I examined 

whether IRAP is palmitoylated in mouse brain by using acyl-RAC. As shown in Figure 

4.2, palmitoylation of IRAP in brain tissue is indicated by the protein band migrating 

at an apparent molecular weight of approximately 140 kDa in the lane loaded with 

HA treated bound fraction. Furthermore, when comparing the intensities of the 

protein bands corresponding to IRAP in the unbound fractions, it is noticeable that 

the signal is stronger in Tris unbound fraction than in the HA unbound fraction. 

Altogether, examining the immunoblot of the acyl-RAC analysis from mouse brain 

indicates a robust palmitoylation of IRAP in brain.          
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Figure 4.2. Analysis of acyl-RAC fractions prepared from homogenised mouse brain by 
immunoblotting. Brain samples of mouse were homogenised in lysis buffer (25 mM HEPES, 25 mM 
NaCl, 1 mM EDTA, pH 7.4 and protease inhibitor cocktail) using a Dounce homogeniser. The 
homogenate was then subjected to centrifugation to isolate the membrane fraction and proteins 
were precipitated with acetone. Following a treatment with MMTS (1.5% v/v), the isolated proteins 
were incubated with either 0.5 M HA or 0.5 M Tris together with free thiol group binding beads. 
Beads were pelleted by centrifugation and the supernatant was transferred into an appropriate 
amount of 4x Laemmli buffer = Unbound. Proteins were eluted from the beads using 1x Laemmli 
sample buffer with 50 mM DTT = Bound. The figure shows a representative immunoblot using an 
antibody against IRAP. Position of molecular weight marker is shown on the left.     

 

In order to study the palmitoylation of IRAP in more detail and to identify the 

individual palmitoylation sites of IRAP, click-chemistry was applied. This method 

allows the incorporation of an alkynyl derivative of palmitic acid (17ODYA) onto 

cysteine residues of a protein to be detected using the principle of the Azide-alkyne 

Huisgen cycloaddition. Specifically, incorporated 17ODYA is reacted with an azide-

linked infra-red dye in a copper-catalysed reaction, allowing proteins labelled with 

17ODYA to be visualised by in-gel fluorescence using a LICOR Odyssey infra-red 

imaging system. This click-chemistry approach was used to compare palmitoylation 

of wild type and cysteine mutants of IRAP. An outline of the click-chemistry method 

is illustrated in Figure 4.3. A more detailed description of the experimental 

procedure can be found in the method section.   
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 Figure 4.3. Outline of the click-chemistry method to detect attachment of 17ODYA onto cysteine 
residues of proteins. HEK293T cells were transfected with an expression vector containing the cDNA 
encoding the proteins of interest. After 24 h, cells were metabolically labelled with 15 µM 17ODYA 
for 4 h and subsequently lysed in 50 mM Tris; 0.5% SDS; pH 8.0 containing protease inhibitors. Click 
reaction mix was added including 10 µM of IRDye 800 CW azide and incubated for 1 h at room 
temperature. After precipitating the proteins with acetone, they were solubilised in 1x Laemmli 
buffer, separated by SDS-PAGE and transferred onto nitrocellulose for immunoblotting analysis and 
detection of click-signal. Dye and proteins of interest (HA-or GFP-tagged) were visualised using the 
LICOR Odyssey ® infrared imaging system. 

 

In order to identify palmitoylated cysteine residues in IRAP, cDNA encoding 3xHA-

tagged wild type and cysteine-to-alanine mutants of IRAP were cloned in the EGFP-

N1 expression vector (see section 2.3.17.2). As the cysteine-103 and cysteine-114 

residues were predicted to reside close to the membrane interface, they were 

mutated either individually or together into alanine. A cysteine-to-alanine mutant 

of IRAP with all three cytosolic cysteines mutated was also generated. HEK293T cells 

were then transfected with the IRAP cDNA expression vectors and analysed by 

17ODYA labelling and click-chemistry. The result of this experiment is shown in 

Figure 4.4A. The immunodetection of HA-tagged IRAP constructs in the left panel 

and shows a doublet protein band migrating at the apparent molecular weight of 

175 kDa, which is the predicted size of IRAP. Samples from untransfected HEK293T 
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cells were also prepared as a negative control and as can be seen no 

immunoreactive signal could be detected for these samples. 

In the middle panel of Figure 4.4A the click-signal corresponding to incorporation of 

17ODYA into cellular proteins can be seen. There is a clear click-signal at the 

apparent molecular weight of approximately 175 kDa, corresponding to the protein 

bands immunolabelled with the HA-tag antibody (see merge image in right hand 

panel). This indicates that incorporation of 17ODYA into IRAP wild type, IRAP C103A 

and IRAP C114A has clearly occurred. The intensity of the click-signal is comparable 

for these three IRAP constructs. In contrast, no incorporation of 17ODYA could be 

detected in IRAP mutants with two or three cysteine to alanine mutations (103/114 

CA and 35/103/114 CA) nor in untransfected cells. Furthermore, background signal 

from the IRDye 800cw is detectable at all molecular weights in each lane; in 

particular, there is a strongly labelled band at approximately 80 kDa in all lanes. The 

right panel displays a merge of both detected protein expression and click-signal. 

To analyse these results in more detail, the intensity of the bands recorded with 

both channels were quantified by densitometry using Image Studio software. For 

calculation of the incorporation of 17ODYA into each IRAP constructs, the obtained 

value for the specific click-signal of the IRAP constructs was normalised to the 

corresponding expression levels of each IRAP construct. The resulting value for 

17ODYA attachment in wild type IRAP was set to one and all mutants are expressed 

relative to this. The graph displayed in Figure 4.4B shows that incorporation of 

17ODYA in the single cysteine to alanine IRAP mutants, C103A (1.05 AU) and IRAP 

C114A (0.94 AU), is comparable to the IRAP wild type. The incorporation of 17ODYA 

into the double cysteine to alanine IRAP mutant 103/114CA (0.05 AU) and the triple 

IRAP mutant 35/103/114CA (0.03 AU) was substantially and significantly (p<0.001) 

lower than wild type IRAP and the two single cysteine mutants.  
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Figure 4.4. Detection of incorporation of 17ODYA into IRAP constructs in HEK293T cells. HEK293T 
cells were transfected with plasmids encoding the indicated HA-tagged IRAP constructs for 24 h. 
Cells were then serum-starved in DMEM culture medium containing 1% fatty acid-free (FAF) BSA for 
30 min and metabolically labelled with 15 µM 17ODYA for 4 h. Incorporation of 17ODYA was 
detected by reaction with IRDye 800 CW azide (as described in Section 2.4.2). Samples were 
subjected to SDS-PAGE on 8% acrylamide gels. Proteins were transferred onto nitrocellulose 
membranes and probed with HA antibody. Anti-HA antibody binding and IRDye were visualised using 
the Odyssey ® infrared imaging system. (A) Representative LICOR images are shown of an 
experiment that was conducted 5 times. (B) Image Studio software was used to quantify 17ODYA 
incorporation into IRAP constructs from click-chemistry experiments. Quantified values of click-signal 
from IRAP constructs were divided by the value for the HA-tagged IRAP constructs. The calculated 
value of 17ODYA incorporation of the wild type IRAP was set to 1. Calculations were carried out with 
values obtained from 5 separate experiments. One way ANOVA followed by Tukey’s multiple 
comparison test was applied for statistical analysis. *** P≤ 0.001. AU = arbitrary unit.     
     

As follow-up experiments were conducted using the triple mutant IRAP 

35/103/114CA, this mutant will be abbreviated to IRAP 3CA throughout the 

remainder of the thesis.   
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4.4 Investigating the effect of palmitoylation on the intracellular 

localisation of IRAP 

Palmitoylation of IRAP was demonstrated using the techniques acyl-RAC and click-

chemistry in previous sections. Furthermore, the fraction of palmitoylated IRAP in 

3T3-L1 adipocytes was determined and the palmitoylated cysteine residues of IRAP 

were identified. In this section, I set out to characterise the effect of palmitoylation 

has on IRAP. As mentioned before (see section 1.10), palmitoylation can alter the 

biochemical properties of proteins in several ways. Most notably, attachment of 

palmitate increases the hydrophobicity of proteins and it has been reported that 

this can result in the insertion of soluble proteins into phospholipid bilayers (Vogel 

and Roche, 1999). Furthermore, palmitoylation of both soluble and transmembrane 

proteins can change their partitioning into membrane microdomains (Levental et 

al., 2010). Other effects of palmitoylation include regulating protein stability and 

the trafficking of proteins to various intracellular organelles (Salaun et al., 2010; 

Linder and Deschenes, 2007). 

To examine if palmitoylation of IRAP had any major effect on protein stability, the 

expression level of the various cysteine mutants was compared to that of the wild 

type protein. As can be seen in Figure 4.5, there was no significant difference in the 

expression levels of any of the mutant proteins compared with wild type IRAP. This 

result suggests that palmitoylation probably does not exert a major effect on IRAP 

stability. 
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Figure 4.5. Protein stability of IRAP wild type and cysteine to alanine mutants. HEK293T cells were 
transfected with plasmids encoding the indicated HA-tagged IRAP constructs for 24 h. Cells were 
lysed in lysis buffer 50mM Tris, 17 mM SDS, pH 8.0 containing protease inhibitors, After addition of 
4x Laemmli buffer samples boiled and subsequently subjected to SDS-PAGE on 8% acrylamide gels. 
Proteins were transferred onto nitrocellulose membranes and probed with HA antibody. Anti-Ha 
antibody binding visualised using the Odyssey ® infrared imaging system. (A) Representative image is 
shown of an experiment that was conducted 5 times. (B) Image Studio software was used to quantify 
HA antibody binding and IRAP expression levels were normalised to IRAP wild type. Calculations 
were carried out with values obtained from 5 separate experiments.  

 

In order to investigate whether palmitoylation of IRAP affects its trafficking within 

cells, the steady-state localisation of IRAP was examined by immunofluorescence 

labelling and confocal microscopy. For this, HEK293T cells were co-transfected with 

Myc- and HA-tagged IRAP constructs, which allows a direct comparison of wild type 

and cysteine mutant (3CA) IRAP to be made in the same cell. As can be seen in 

Figure 4.6 (top two panels), both HA- and myc-tagged IRAP wild type constructs 

reside mainly at the PM of HEK293T cells and are also detected in a perinuclear 

location.  

The second panel from the top displays images of cells which were co-transfected 

with myc-tagged wild type IRAP and HA-tagged IRAP 3CA mutant. No major 

difference could be detected between these constructs, and both wild type and 3CA 

mutant were well expressed at the PM. 
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Figure 4.6. Analysis of the localisation of IRAP constructs in HEK293T cells using confocal 
microscopy. HEK293T cells were co-transfected with HA-tagged IRAP constructs together with myc-
tagged wild type IRAP or GLUT4-EGFP as indicated. After 24 h, cells were fixed in 4% formaldehyde 
and subsequently permeabilised with PBS containing 0.3% (w/v) of bovine serum albumin (PBS/BSA) 
and 0.25% (v/v) Triton X-100 for 10 minutes at room temperature. Following washing with PBS/BSA, 
the cells were incubated with primary antibodies diluted 1:50 in PBS/BSA for 1 h at room 
temperature in a humid chamber. Primary antibodies were used against the myc and HA tags. 
Secondary antibodies used were: Alexa Fluor® 647-conjugated anti-mouse and Alexa Fluor® 647-
conjugated anti-rabbit and were used at 1;400 dilution. Cells were mounted in ProLong Gold 
Antifade mounting medium containing DAPI. Whole cell image stacks were acquired by confocal 
microscopy and representative sections of a typical cell were chosen. Separate channels displaying 
myc-tagged IRAP WT or GLUT4-EGFP (green) and HA-tagged IRAP WT or 3CA mutant (red) and a 
merge of both channels including DAPI staining are shown. Images were deconvolved using Huygen’s 
Essential software. Scale bar = 5 µm.   
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As mentioned in section 1.7, IRAP co-localises and traffics together with GLUT4 in 

GSVs in myocytes and adipocytes; hence the localisation of IRAP constructs was also 

examined relative to the co-expressed GLUT4-EGFP fusion protein. The bottom two 

panels of Figure 4.6 show cells co-expressing GLUT4-EGFP and HA-tagged IRAP 

constructs. The expression pattern of GLUT4-EGFP was very similar to the 

localisation of both IRAP constructs and indeed the merge on the right panel of the 

figure confirms co-localisation of both proteins. As described for IRAP, GLUT4-EGFP 

localises at the PM and at an area adjacent to the nucleus of the cell. Thus, confocal 

microscopy analysis of wild type and 3CA mutant IRAP constructs in HEK293T cells 

suggests that there is no major effect of palmitoylation on the localisation of IRAP 

either in the absence of presence of GLUT4. 

Complementary to the optical based localisation analysis using confocal microscopy, 

a biochemical approach was also undertaken. For this, a method called trypsin 

surface-digest was applied. This experiment is based on the proteolytic properties 

of the enzyme trypsin, a serine protease that cleaves proteins at lysine and arginine 

residues. When trypsin is added to the cell culturing media, it digests proteins only 

at the extracellular side of the PM, as it not able to cross the PM. IRAP has a large 

extracellular domain (see Figure 4.1) with 54 predicted trypsin cleavage sites 

(according to ExPASy), and hence the extracellular domain of IRAP is expected to be 

digested by trypsin if integrated into the PM. For this experiment, N-terminal HA-

tagged IRAP constructs were expressed in HEK293T cells. As the N-terminal HA-tag 

is intracellular, the digested IRAP would then be detected as a smaller protein 

fragment on an immunoblot, or the remaining IRAP protein fragment would be 

degraded by the cell. Therefore, comparing protein level and protein fragment sizes 

of the IRAP wild type and IRAP cysteine to alanine mutants in the absence and 

presence of trypsin treatment, could reveal a different incorporation of IRAP 

constructs into the PM. A cartoon illustrating the surface trypsin digest experiment 

is displayed in Figure 4.7.  
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Figure 4.7. Schematic illustration of the surface trypsin-digest experiment. A schematic cartoon of a 
cell with nucleus (black circle), Golgi Apparatus (grey ovals), vesicles (grey circles) and PM (oval 
boarder of cell) is shown. HA-tagged IRAP and trypsin are indicated as in legend. IRAP is shown in the 
Golgi apparatus, at the membranes of vesicles and at the PM. Addition of trypsin to the culture 
medium digests the IRAP only on the extra-cellular side of the PM. The remaining IRAP fragments are 
potentially subjected to protein degradation through the proteasome or lysosome pathway. 

 

The result of such a surface trypsin-digest experiment is shown in Figure 4.8. 

zDHHC5 was selected as a positive control in these experiments as it is known to 

associate with the PM (Greaves et al., 2010; Kokkola et al., 2011). A substantial 

decrease in the intensity of protein bands corresponding to zDHHC5 could be 

detected when cells were treated with trypsin. In contrast, trypsin treatment has no 

effect on the immunoreactivity of β-actin, demonstrating that trypsin did not affect 

protein levels of cytosolic proteins. As expected from the results shown in Figure 

4.6, IRAP protein levels decreased when cells were incubated with trypsin 

compared to cells treated without trypsin. This effect was seen for both wild type 

and 3CA mutant IRAP. Immunoblots were subjected to densitometry using the 

software Image Studio, and protein levels normalised to corresponding β-actin. The 

calculated percentage of protein remaining after digestion with trypsin for IRAP 

constructs and zDHHC5 are shown in Figure 4.8B. zDHHC5 was selected as the 

positive control for a PM associated protein and indeed only approximately 23% of 

the total protein was detected after treating cells with trypsin. Approximately 42% 

of IRAP wild type was still detectable following the surface digest with trypsin.     
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Figure 4.8. Surface trypsin-digest of IRAP wild type and IRAP 3CA mutant in HEK293T cells. Cells 
were transfected for 24 h with plasmids encoding N-terminal HA-tagged IRAP wild type or IRAP 
cysteine to alanine mutant (3CA). Following 2 washes with PBS, trypsin-EDTA (0.05%) (+) or HEK293T 
culture media (-) was added and incubated for 30 min in a cell culture incubator. Cells were 
transferred into reaction tubes and pelleted by centrifugation at 16,000 x g at 4˚C for 10 min. The cell 
pellets were washed twice by adding 1 ml PBS followed by centrifugation at 16,000 x g at 4˚C for 5 
min. The washed cell pellets were then resuspended in 200 µl 1x Laemmli buffer with 25 mM DTT 
and subjected to SDS-PAGE on 8% acrylamide gels followed by immunoblotting with the indicated 
antibodies. Samples were loaded in duplicate. (A) Representative immunoblots are shown from an 
experiment conducted 7 times. Position of molecular weight markers are indicated on the left. (B) 
Densitometry was applied using Image Studio software from LICOR. All protein band intensities were 
normalised to the corresponding β-actin signal. Furthermore, normalised values of trypsin-treated 
cells were divided by normalised values of non-trypsin treated cells and the result was multiplied by 
100 to obtain a percentage value. Calculated trypsin-digested fractions are shown for the proteins 
zDHHC5, IRAP wild type and IRAP 3CA cysteine to alanine mutant. N=7. Student’s t-test revealed no 
significant difference between trypsin digestion of IRAP wild type and 3CA mutant (p=0.387). 
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The calculated percentage for IRAP 3CA mutant was approximately 53%. Although 

the calculations revealed that 10% more of IRAP wild type was digested when 

compared to IRAP 3CA, there was no statistical significance (p=0.387) when the 

results were analysed by Student’s t-test.    

 

4.5 Discussion 

In Chapter 3, approximately 55% of IRAP molecules were identified to be 

palmitoylated at steady state in 3T3-L1 adipocytes. In this chapter, experiments 

were undertaken in order to advance the knowledge about the palmitoylation sites 

on IRAP and the potential role that palmitoylation has in regulating IRAP stability 

and localisation. Results in this chapter demonstrate that IRAP palmitoylation is not 

restricted to adipocytes but also occurs in brain (Figure 4.2). Furthermore, in silico 

analysis revealed that all three intracellular cysteines of IRAP have the potential to 

be palmitoylated (Table 4.1). However, as cysteine-103 and cysteine-114 were 

localised in a juxtamembrane position it was considered that these sites are most 

likely to be palmitoylated in vivo. Click-chemistry experiments revealed that 

mutation of neither of these sites alone affected incorporation of 17ODYA, whereas 

mutation of both sites led to an almost complete loss of labelling. No 

palmitoylation-dependent change in the localisation of IRAP could be observed 

when subcellular targeting of wild type and cysteine mutant IRAP constructs was 

examined by confocal microscopy in HEK293T cells. Congruently, application of the 

biochemical method surface trypsin-digest showed no significant difference of 

protein levels at the cell surface between IRAP WT and the cysteine-deficient IRAP 

(3CA) mutant. Finally, no major difference in the stability of wild type and cysteine 

mutant IRAP was observed when expression levels of transfected constructs was 

examined. 

For in silico analysis of the potential palmitoylation sites of IRAP, the prediction 

software CSS-Palm version 4.0 was used (see Table 4.1). The predicted score for all 

three cysteine was similar and had values of approximately 7. These are updated 

values, as version 4.0 of CSS-Palm was released in 2013. A previous version of CSS-
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Palm (version 3.0) which was used originally in this thesis predicted somewhat 

different values with an approximately 7 fold lower value for cysteine-35 compared 

to the values predicted for cysteine-103 and cysteine-114. Because cysteine-35 is 

predicted to be present at some distance from the TMD (Figure 4.1) and the 

originally predicted score by CSS-Palm V3.0 was negligible, cysteine-35 was not 

further investigated in this thesis. The discrepancy between the values of version 

4.0 and 3.0 is likely to originate from different algorithms which were used from 

palmitoylation prediction. 

Palmitoylation of IRAP in brain was confirmed by the application of acyl-RAC with 

homogenised mouse brain samples. Hence, it was demonstrated that 

palmitoylation of IRAP is not only limited to cultured 3T3-L1 adipocytes but also 

occurs in vivo in mouse brain. This finding conforms with recently published 

research in which the palmitoylation of IRAP was demonstrated to be found in 3T3-

L1 adipocytes, HEK293 cells, hepatoma FAO cells, epididymal fat and brain (Ren et 

al., 2013b). Furthermore, it could be estimated from Figure 4.2 that 30-50% of IRAP 

molecules undergo palmitoylation in brain to a similar extent to the calculated 

values seen for adipocytes in Figure 3.4.  

IRAP cDNA used for expression studies was tagged with three consecutive HA 

epitopes upstream of the first methionine of the protein and was detected using an 

anti-HA antibody. A single HA tag comprises 9 amino acids and hence a triple HA tag 

would add 27 additional amino acids resulting in an increase of the total molecular 

weight by approximately 4.3 kDa. Indeed IRAP was detected with an slightly higher 

apparent molecular weight in this thesis than the previously reported apparent 

molecular weight of 165 kDa (Keller et al., 1995). Moreover, IRAP appeared as a 

doublet band Figure 4.4 (left panel) which does not conform to detected IRAP in 

3T3-L1 adipocytes and brain where it appeared as a single band with the molecular 

weight just under 175 kDa or 140 kDa, respectively (Figure 3.4 and Figure 4.2.) The 

doublet band may originate from either proteolytic cleavage in HEK293T cells or 

differential modification by PTMs in this cell type. I favour the latter possibility, as 

IRAP has 17 predicted glycosylation sites in the extracellular domain and has also 
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been reported to undergo the attachment of poly ADP ribose (PARsylation) (Chi and 

Lodish, 2000). Furthermore, the size at which IRAP is detected in brain (140 kDa) 

and muscle and adipose tissue (165 kDa) varies by approximately 25 kDa, which is 

thought to be due to different extent of glycosylation (Keller et al., 1995). However, 

the click-signal for IRAP results in a single band which corresponds more strongly to 

the upper band of the IRAP doublet seen in the middle and right panel of Figure 4.4. 

As palmitic acid has the molecular weight of 0.256 kDa and a maximum of two or 

three molecules of palmitic acid are attached to one molecule of IRAP, it can 

probably be excluded that palmitoylation causes the association of the click-signal 

band with the upper band of the IRAP doublet. Assuming that the doublet band 

originates from differently processed IRAP, it is possible that the higher molecular 

weight IRAP molecules are preferably palmitoylated. However, it is unknown how 

this selectivity is regulated. Glycosylation is unlikely to have a direct effect on 

palmitoylation, as all glycosylation sites are localised in the extracellular/lumenal 

domain of IRAP, whereas palmitoylation of IRAP takes place at the cytosolic side of 

the membrane. Instead, it may be that differential glycosylation of IRAP reports a 

specific intracellular localisation of the protein for example, that the upper band 

represents IRAP that has trafficked through the Golgi complex. 

Incorporation of 17ODYA into the various IRAP constructs was quantified in order 

to gain information about the potential sites of palmitoylation. Single cysteine to 

alanine mutation of cysteine-103 and cysteine-114 did not change the level of 

17ODYA incorporation when compared to wild type protein. In contrast, the double 

mutant 103/114 cysteine mutant and triple mutant 35/103/114 CA (3CA) of IRAP 

displayed a near complete loss of incorporation of 17ODYA (Figure 4.4). The 

cysteine residue pair consisting of cysteine-103 and cysteine-114 therefore seem to 

be essential for IRAP palmitoylation, as simultaneous loss of cysteine-103 and 

cysteine-114 was sufficient to block 17ODYA incorporation. Interestingly, the 

presence of only one of both cysteines was sufficient for full 17ODYA attachment. A 

similar observation was made in the lipoprotein receptor-related proteins 6 (LRP6). 

Like IRAP, LRP6 has a large extracellular domain that is connected with a smaller 
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cytosolic domain through one membrane-spanning domain and has two cytosolic 

juxtamembrane cysteines. Simultaneous replacement of both juxtamembrane 

cysteines in LRP6 to alanine resulted in a substantial loss of palmitoylation, but 

individual cysteine replacement had nearly an unaltered palmitoylation when 

compared to the wild type (Abrami et al., 2008). A possible explanation to this 

observation could be that only one cysteine (cysteine-103 or cysteine-114) 

undergoes palmitoylation at a time but not both simultaneously. Perhaps the 

cysteine residues are recognised by different zDHHC enzymes and palmitoylation at 

one site prevents recognition of the other site. Further experiments to investigate 

the stoichiometry of IRAP palmitoylation could shed light on whether only a single 

cysteine residue is palmitoylated at any one time. The use of “PEGylation” with 

polyethylene glycol (PEG)-maleimide would represent a suitable approach to 

investigate the number of free cysteines following HA treatment. As mentioned 

above, the originally predicted palmitoylation score for cysteine-35 was much lower 

than for the two other cysteines, and 17ODYA attachment to IRAP 3CA mutant was 

nearly identical to the attachment of 17ODYA to IRAP double mutant 103/114 CA. 

For these two reasons the examination of single C35A mutant was not considered. 

As mentioned above, palmitoylation can regulate many aspects of a proteins life-

cycle, including its intracellular trafficking (Salaun et al., 2010). To investigate 

whether palmitoylation of IRAP has an effect on its trafficking in the cell, analysis of 

IRAP WT and the IRAP 3CA mutant were undertaken using confocal microscopy. 

Comparing the localisation of myc-tagged IRAP WT with HA-tagged IRAP 3CA 

mutant within the same cell enables the detection of subtle effects of 

palmitoylation on the localisation of IRAP (Greaves and Chamberlain, 2011b). As 

IRAP was shown to co-localise and translocate to the PM together with GLUT4 in 

muscle and adipose tissue (Kandror et al., 1994; Ross et al., 1998), the localisation 

of both IRAP constructs was also examined relative to GLUT4. The localisation of 

IRAP 3CA mutant was neither changed relative to IRAP WT nor to GLUT4 in HEK293T 

cells. The majority of IRAP constructs and GLUT4 were localised adjacent to the 

nucleus and at the PM. In each case, there was a strong co-localisation between 
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both transfected IRAP constructs and the IRAP constructs and GLUT4. Furthermore, 

the distribution of the proteins within the cell was similar to previously published 

studies (Thoidis and Kandror, 2001; Hosaka et al., 2005; Xie et al., 2011).  

In addition to microscopy-based localisation studies, IRAP association with the PM 

was investigated biochemically. Application of surface trypsin-digest (illustrated in 

Figure 4.3), confirmed the findings obtained by confocal microscopy and suggested 

that palmitoylation of IRAP has no significant effect on its targeting to and insertion 

into the PM (Figure 4.8). Surface trypsin-digestions have been applied successfully 

in previous publications to identify PM localisation of other proteins, such as the 

anthrax toxin receptor, which has a similar membrane topology to IRAP (Abrami et 

al., 2006). In this thesis the functionality of this assay was confirmed by examination 

of the PM-localised zDHHC5 protein. Although zDHHC5 has only one predicted 

trypsin digestion site located in an extracellular loop, 80% of DHHC5 was degraded 

by treatment with trypsin, highlighting the efficiency of this method; intracellular β-

actin was not affected by trypsin treatment. As mentioned above, IRAP has 54 

predicted extracellular-localised trypsin digestion sites. Following surface trypsin-

digestion only 42% of IRAP WT and 53% the IRAP 3CA mutant was detected. The 

HA-tag of the IRAP constructs is in the cytosolic N-terminal part of IRAP, and hence 

it was possible that the entire cytosolic domain of IRAP (amino acids 1-109) could 

have been detected after the trypsin digest as a smaller fragment with an 

approximate size of 10 kDa. No fragment with this size was detected (data not 

shown), suggesting that upon trypsin treatment the remaining IRAP protein was 

subjected to protein degradation. Collectively the results of the trypsin digest agree 

with the confocal analysis, in which no difference in the intracellular localisations 

was found.  

At the present stage it is not clear what role palmitoylation exerts on IRAP. It will 

be interesting to perform follow-up experiments to investigate whether 

palmitoylation affects the localisation of IRAP in 3T3-L1 adipocytes. However, these 

experiments are more time-consuming as they require viral transduction of 

adipocytes for protein expression. It is interesting to note that palmitoylation of 
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IRAP was reported to be increased in 3T3-L1 adipocytes cultured in medium with 

high glucose (22.5 mM) and also in adipose tissue obtained from obese mice (Ren et 

al., 2013b). However, neither the mechanism of regulation of palmitoylation nor the 

physiological relevance for its regulation by glucose and fat metabolism is yet 

known in adipose or in any other tissue. In this thesis, no effect of palmitoylation on 

the stability or localisation of IRAP was identified. Besides regulating the  

localisation and stability of proteins, palmitoylation is also thought to be capable of 

influencing other protein properties, such as protein-protein interactions, their 

association with membrane microdomains, and the modification of proteins by 

other PTMs (Delandre et al., 2009). Although, none of these other possible 

functions of palmitoylation were examined here, it would be interesting to perform 

further studies in this area. Interestingly AS160 and GLUT4, which are key proteins 

involved in insulin-stimulated glucose uptake, are both interaction partners of IRAP. 

IRAP is thought to interact with GLUT4 in the lumen of the GSV through its luminal 

domain (Shi et al., 2008) and with AS160 through its cytoplasmic domain (Peck et 

al., 2006). Both, GLUT4 and AS160 were demonstrated to undergo palmitoylation 

(Ren et al., 2013b) and the palmitoylation of GLUT4 was confirmed in this thesis. 

Although palmitoylation of GLUT4 and AS160 could have various functions, it is also 

possible that it may facilitate the interaction between those proteins. 

IRAP also undergoes the PTM PARsylation, which is mediated by tankyrase. 

Tankyrase exerts the catalytic function of a poly-ADP-ribose polymerase (PARP) and 

interacts with IRAP through its ankyrin-repeat domain (Chi and Lodish, 2000). 

Ankyrin-repeat domains are known to mediate protein-protein interaction (Li et al., 

2006) and some zDHHC enzymes use this motif for their substrate recognition 

(Huang et al., 2009; Lemonidis et al., 2014). The region in the cytosolic N-terminus 

of IRAP comprising the amino acids 96-101 was identified to correspond to the 

ankyrin-repeat domain binding motif (Sbodio and Chi, 2002). Interestingly, two 

amino acids away from this putative ankyrin-repeat binding domain resides a 

cysteine (cysteine-103) which undergoes the attachment of palmitic acid as 

demonstrated in this thesis. It is possible that palmitoylation of cysteine-103 could 
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affect the interaction of tankyrase with IRAP. This could be potentially relevant for 

the insulin induced translocation of GSVs to the PM as depletion of tankyrase or 

inhibition of its PARP activity resulted in an attenuated association of GSVs with the 

PM (Yeh et al., 2007).   
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Chapter 5: Characterisation of palmitoylation of caveolin-2.  

 

5.1 Introduction 

Caveolin-2 is a 162 amino acid long protein which has been identified to be one of 

the major coat proteins of specialised cholesterol rich membrane micro domains 

called caveolae. Caveolae, meaning “little caves”, are flask shape invaginations of 

the PM; they have a diameter ranging from 50 to 100 nm and can be mostly found 

at the surface of epithelial cells, striated muscle cells and adipocytes (Napolitano, 

1963; Palade, 1953; Gil, 1983). Originally discovered by electron microscopy in 

epithelial cells, they were described as smooth uncoated pits (Palade, 1953; 

Yamada, 1955). Later research revealed that caveolae do not have just a smooth 

surface, as caveolar coat proteins such as caveolin-1 and caveolin-2 were identified 

(Rothberg et al., 1992; Scherer et al., 1996). The knowledge about the caveolar coat 

was complemented approximately 10 years later with the discovery of the family of 

cavin proteins, which are thought to form the outer coat of caveolae (Vinten et al., 

2005). Although the detailed mechanism of biogenesis of caveolae is not known yet, 

a model has been suggested, which is based on the trafficking pathway of its major 

coat proteins, caveolin-1 and caveolin-2. According to this model, caveolin-1 and 

caveolin-2 form hetero-oligomers shortly after their protein biosynthesis in the ER 

(Scheiffele et al., 1998). These oligomers are estimated to consist of approximately 

7 to 10 caveolin monomers and are subsequently transported to the compartments 

of the Golgi apparatus, where they continue their maturation into larger oligomeric 

assemblies. The extended oligomerisation within the Golgi apparatus is dependent 

on cholesterol and the oligomeric assemblies reach a size of approximately 70S. The 

estimated number of caveolin monomers in these hetero-oligomers are 

approximately 160 (Hayer et al., 2010) which corresponds well to the estimated 

amount of caveolin monomers (144± 39) in mature caveolae (Pelkmans and Zerial, 

2005). The assembly is then thought to leave the Golgi apparatus through the 

medial Golgi complex, to translocate and be subsequently inserted into the PM 
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(Choudhury et al., 2006; Hayer et al., 2010). At present it is suggested that 

biogenesis of caveolae is finalised with the peripheral association of cavin proteins 

to the caveolin oligomers scaffold which is inserted in the PM.  

Caveolae were found to exert physiological functions at cellular and whole organism 

level. They have been identified to play a role in cellular transport such as 

endocytosis and transcytosis and are involved in cholesterol homeostasis (Fielding 

and Fielding, 1995; Schnitzer, 2001). Furthermore, caveolae are important for lipid 

metabolism especially for uptake and incorporation of triglycerides into adipose 

tissue (Liu et al., 2008). 

Caveolin-2 is expressed in most major tissues and as briefly mentioned above, it is a 

major component of the caveolar coat. The detailed role of caveolin-2 in the 

biogenesis of caveolae is not known yet; it is not essential for formation of caveolae, 

as caveolae are still present in caveolin-2 deficient mouse (Razani et al., 2002b). It is 

speculated that caveolin-2 is involved in the regulation of the shape of caveolae, as 

the presence of caveolin-2 was necessary for the formation of deep caveolae 

(Fujimoto et al., 2000). Independently of its role in caveolae, caveolin-2 has been 

shown to be important for correct pulmonary function, as lung parenchyma of 

mouse showed thickened aveolar septa due to hypercellularity in mouse deficient in 

caveolin-2 (Razani et al., 2002b).    

The structure and membrane topology of caveolin-2 is similar to the remaining 

members of the caveolin family caveolin-1 and caveolin-3. The cytoplasmic N and C-

termini are separated by a 32 amino acid long intra membrane domain which forms 

an incomplete hairpin structure in the lipid bilayer. Although palmitoylation has 

been reported for caveolin-1 and caveolin-3, no data regarding the palmitoylation 

of caveolin-2 is available yet (Dietzen et al., 1995; Galbiati et al., 1999). In Chapter 3 

of this thesis I identified that approximately 80% of caveolin-2 molecules are 

palmitoylated in 3T3-L1 adipocytes. In this chapter I set out to identify the 

palmitoylation sites of caveolin-2 and the potential effect of caveolin-2 

palmitoylation on its localisation, membrane partitioning and oligomerisation.                
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5.2 Localisation of caveolin-1 and caveolin-2 in mature 3T3-L1 

adipocytes. 

As discussed in Section 5.1, caveolae can account for up to 50% of the PM surface 

area in adipocytes (Thorn et al., 2003). Caveolae play an important role in adipocyte 

physiology, and are thought to be involved in transmembrane transport of fatty 

acids into cells (Meshulam et al., 2006; Razani et al., 2002a). Before undertaking 

further analysis of caveolin-2 palmitoylation, the intracellular localisation of this 

isoform was compared with caveolin-1 in 3T3-L1 adipocytes using 

immunocytochemistry and confocal microscopy. 

3T3-L1 adipocytes were probed with antibodies against caveolin-1 and caveolin-2.  

Alexa Fluor® 647-conjugated anti-rabbit antibody was used for the detection of 

caveolin-1 (shown as red, Figure 5.1), whereas an Alexa Fluor® 488-conjugated 

secondary antibody was used to label the caveolin-2 antibody (Figure 5.1, shown as 

green). The top panel of Figure 5.1 shows a section from the bottom of the cell. As 

can be seen, both caveolin proteins were observed to form “circular rosette” 

structures, which have previously been described for caveolin-1 (Parton et al., 

1994), and which are believed to represent higher-order caveolar assemblies. These 

circular structures vary in there diameter from approximately 0.5 µM to 2.5 µm.  

The merge of caveolin-1 and caveolin-2 indicates that the proteins are strongly co-

distributed within these structures. 

The bottom panel of Figure 5.1 shows a section from the middle of the same cell. 

This image shows that caveolin-1 is strongly enriched at the PM, with very little 

protein detected inside the cell. Caveolin-2 also localises at the PM, but in contrast 

to caveolin-1 a substantial amount of caveolin-2 can be detected at a perinuclear 

location and throughout the cell cytosoplasm. The detection of caveolin-2 in the 

intracellular compartments also reveals large dark circular structures, which are 

likely lipid droplets for triglyceride storage. 
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Figure 5.1. Localisation of caveolin-1 and -2 isoforms in mature 3T3-L1 adipocytes. Cells were fixed 
in 4% formaldehyde 10 days post initiation of differentiation. Subsequently, cells were permeabilised 
with PBS containing 0.3% (w/v) of bovine serum albumin (PBS/BSA) and 0.25% (v/v) Triton X-100 for 
10 minutes at room temperature. Following washing with PBS/BSA, cells were incubated with 
primary antibodies diluted 1:50 in PBS/BSA for 1 h at room temperature in a humid chamber. Rabbit 
polyclonal antibody was used for detection of caveolin-1 and mouse polyclonal antibody was used 
for detection of caveolin-2. After washing with PBS/BSA, the cells were incubated with Alexa Fluor®- 
conjugated secondary antibodies diluted 1:400 PBS/BSA for 1 h at room temperature. Secondary 
antibodies used were: Alexa Fluor® 488-conjugated anti-mouse and Alexa Fluor® 647-conjugated 
anti-rabbit. Cells were mounted in ProLong Gold Antifade mounting medium containing DAPI. Whole 
cell image stacks were acquired by confocal microscopy and representative sections displayed from 
the bottom and middle of a typical cell. Separate channels displaying caveolin-1 (red) and caveolin-2 
(green) and a merge of both channels including a DAPI staining are shown. Images were deconvolved 
using Huygen’s Essential software. Scale bar = 5 µm.   
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Figure 5.2. Analysis of the co-distribution of caveolin-1 and -2 with Golgi and TGN proteins. 3T3-L1 
adipocytes were fixed in 4% formaldehyde 10 days post initiation of differentiation. Subsequently 
cells were permeabilised with PBS containing 0.3% (w/v) of bovine serum albumin (PBS/BSA) and 
0.25% (v/v) Triton X-100 for 10 minutes at room temperature. Following washing with PBS/BSA, the 
cells were incubated with primary antibodies diluted 1:50 in PBS/BSA for 1 h at room temperature in 
a humidified chamber. Primary antibodies used were against caveolin-1, caveolin-2, GM130, TGN38 
and TGN46. After washing with PBS/BSA, cells were incubated with Alexa Fluor®-conjugated 
secondary antibodies diluted 1:400 PBS/BSA for 1 h at room temperature. Cells were mounted in 
ProLong Gold Antifade medium containing DAPI. Whole cell image stacks were acquired by confocal 
microscopy and representative sections are shown. Separate channels displaying caveolin-1 or 
caveolin-2 (red) and GM130/TGN38/TGN46 (green) and a merge of both channels including a DAPI 
staining are shown. Images were deconvolved using Huygen’s Essential software. Scale bar = 5 µm 
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To investigate the distribution of caveolin-2 further, and specifically to determine 

the intracellular compartment stained by caveolin-2 antibody, co-labelling with cis-

Golgi matrix protein 130 (GM130) and either TGN38 or TGN46 (trans Golgi network) 

antibodies was performed.  

As can be seen in Figure 5.2, caveolin-1 displayed little co-localisation with either 

TGN38 or GM130 (consistent with the lack of an intracellular pool of this protein). In 

contrast, the intracellular fraction of caveolin-2 was found to overlap with GM130, 

suggesting a pool of this isoform is localised to the Golgi apparatus.  

Collectively the localisation analysis of endogenously expressed caveolin proteins in 

3T3-L1 by confocal microscopy has revealed co-localisation of both caveolin-1 and 

caveolin-2 in caveolar circular-rosette structures at the PM. Caveolin-2 was also 

readily detected in an intracellular compartment that co-localised with the Golgi 

marker GM130. 

 

5.3 Palmitoylation of caveolin-2 

In Chapter 3, caveolin-1 and caveolin-2 were identified as palmitoylated proteins 

using acyl-RAC. All three cysteine residues of caveolin-1 have previously been 

reported to be palmitoylated (Dietzen et al., 1995), whereas palmitoylation of 

caveolin-2 has not previously been described and hence the sites of modification in 

this protein are unknown.  

Caveolin-2 has 4 cysteine residues at the amino acid positions 72, 109, 122 and 145. 

Figure 5.3 shows the predicted 2D membrane topology of caveolin-2, illustrating the 

relative positions of these cysteine residues within the protein. According to this 

model, all cysteine residues are localised within the cytosolic domains of caveolin-2, 

of which cysteine-72 resides within the oligomerization domain, whereas cysteine-

109 has an intramembrane position. Cysteines-122 and -145 are located in the C-

terminus of the protein downstream of the intramembrane domain.  
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Figure 5.3. 2D membrane topology of caveolin-2. Protein domains are illustrated according to the 
prediction Lisanti and colleagues (Razani et al., 2002c). Image was created using TMRPres2D 
software. Oligomerisation domain and cysteine residues are highlighted (see legend). N-terminus 
and C-terminus are indicated with an N and C. The amino acids at the start and end of the predicted 
intramembrane domain at the positions 86 and 118 are highlighted. 

      

According to the CSS-Palm prediction for caveolin-2 (shown in Table 5.1) all cysteine 

residues have the theoretical potential to be palmitoylated. The highest score was 

obtained for cysteine-109 (13.761) and the lowest for cysteine-145 (1.329).    

 

   Table 5.1. CSS-Palm prediction of palmitoylation sites for caveolin-2 

Protein Position 
Amino acid 
sequence 

Score Domain 

 
caveolin-2 

72 
109 
122 
145 

SFDKVWICSHALFEI 
ILFATLSCLHIWILM 

 LMPFVKTCLMVLPSV 
DVVIGPLCTSVGRSF 

5.731 
13.761 
12.003 
1.329 

Oligomerisation domain 
Intramembrane 
Juxtamembrane 

Cytosolic 

 

 

An alignment of all three caveolin isoforms is displayed in Figure 5.4, which 

highlights the starting methionine, oligomerisation- and intramembrane domain. 
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Furthermore, palmitoylated cysteine residues of caveolin-1 and caveolin-3 isoforms 

are highlighted in red. In addition it can be seen that cysteine residues of caveolin-2 

which are highlighted in green are not conserved with the cysteine position of the 

other two caveolin isoforms. 

 

Figure 5.4. Alignment of amino acid sequence of the caveolin protein family. Starting methionines 
are highlighted in blue. Oligomerisation domain is shaded grey and predicted intramembrane 
domain highlighted in yellow (membrane prediction by Lisanti and colleagues). Palmitoylated 
cysteines of caveolin-1 and caveolin-3 are highlighted in red. The cysteine residues of caveolin-2 are 
highlighted in green. Amino acid position is indicated on the left side of the alignment panel. 

 

In order to investigate the palmitoylation sites of caveolin-2 experimentally, 

incorporation of 17ODYA into both caveolin-2 wild type and cysteine to alanine 

mutants was examined using click-chemistry in HEK293T cells.  

For this, HEK293T cells were transfected with caveolin-2-EGFP constructs, labelled 

with 17ODYA and incorporated acyl chains were detected using click-chemistry, as 

described in section 2.4.2. Results of this analysis are displayed in Figure 5.5. The 

top panel shows an immunoblot using a GFP antibody allowing visualisation of the 

expression levels of EGFP-tagged caveolin-2 wild type and 4CA mutant constructs. 

The EGFP-labelled protein bands appear as a doublet at an apparent molecular 
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weight of approximately 45 kDa. Expression levels of wild type and mutant caveolin-

2-EGFP fusion proteins were similar, whereas no signal could be detected in the 

lanes loaded with non-transfected cell lysates.   

 

Figure 5.5. Detection of incorporation of 17ODYA into caveolin-2 constructs in HEK293T cells using 
click-chemistry. HEK293T cells were transfected with the indicated EGFP-tagged plasmid constructs 
of caveolin-2 cDNA for 24 h. Untransfected cells were used as a control.  Cells were then serum 
starved in DMEM culture medium containing 1% fatty acid free (FAF) BSA for 30 min and 
metabolically labelled with 15 µM 17ODYA and 1% FAF BSA in DMEM for 4 h. Incorporation of 
17ODYA was detected by reaction with IRDye 800 CW azide (as described in Section 2.4.2). Proteins 
were transferred onto nitrocellulose membranes and probed with GFP antibody. Antibody binding 
and IRDye were visualised using the Odyssey ® infrared imaging system. Each caveolin-2 construct 
and control was transfected and prepared in quadruplicate. The figure shows a representative result 
is of an experiment conducted 3 times. Position of molecular weight markers are shown on the left 
hand side of all panels.     
 

The middle panel of Figure 5.5 shows the signal of the IRDye 800cw in green, which 

indicates the incorporation of 17ODYA into cellular proteins. Background signal 

from IRDye 800cw is visible in every lane at all molecular weights, with a prominent 
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band present at ~ 80 kDa; however, in cells transfected with caveolin-2 wild type, a 

weak click-signal could be also detected at the size of approximately 40-45 kDa 

(marked by arrow), which overlapped with the bands detected by GFP antibody 

(merge image, bottom panel Figure 5.5). This signal was not detectable in lysates 

from cells expressing the caveolin-2 4CA cysteine to alanine mutant, or in lanes 

loaded with lysates from non-transfected cells.  

Although Figure 5.5 indicates that wild type caveolin-2 undergoes incorporation of 

17ODYA and that this is reduced in the caveolin-2 4CA mutant, quantification of the 

click-signal was not possible because of the high background in this experiment. In 

order to reduce the background signal, click-chemistry was combined with 

immunoprecipitation of the caveolin-2 proteins using GFP antibody. For this, GFP-

tagged caveolin-2 constructs in transfected HEK293T lysates that had been labelled 

with 17ODYA were captured using anti-GFP MicroBeads (2.4.2.4) and then 

subjected to the click-reaction. Subsequently, the MicroBeads were captured in a µ 

column due to the magnetic field, and the immunoprecipitated proteins were 

eluted using SDS-sample buffer pre-heated to 95 oC; eluates were subsequently 

analysed by SDS-PAGE and immunoblotting. This approach should theoretically 

minimize any background signal originating from 17-ODYA bound to other proteins 

in the cell lysate. The result of such an experiment is shown in Figure 5.6A. The top 

panel shows a doublet band corresponding to immunoprecipitated EGFP-tagged 

caveolin-2 constructs detected with an anti-GFP antibody. The intensities of the 

protein bands are comparable between lanes, although caveolin-2 4CA recovery 

was slightly higher than caveolin-2 wild type. A click-signal at the apparent 

molecular weight of approximately 46 kDa could be detected for caveolin-2 wild 

type (Figure 5.6A middle panel), whereas this signal was greatly reduced in the 

caveolin-2 4CA mutant (despite higher levels of recovery of this protein). When 

combining click-chemistry with immunoprecipitation, the detected specific click-

signal was clearly distinguishable from the background signal, which enabled its 

quantification. Quantification was therefore carried out applying densitometry 

using Image Studio software from LICOR. 
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Figure 5.6. Incorporation of 17ODYA into caveolin-2 constructs in HEK293T cells detected by click-
chemistry combined with immunoprecipitation. HEK293T cells were transfected with the indicated 
EGFP-tagged plasmid constructs of caveolin-2 cDNA for 24 h. Cells were then serum starved in 
DMEM culture medium containing 1% fatty acid free (FAF) BSA for 30 min and metabolically labelled 
with 50 µM 17-ODYA and 1% FAF BSA in DMEM for 4 h. Subsequently, cells were lysed, and 5 µl anti-
GFP MicroBeads solution was added and incubated for 30 min on ice. Incorporation of 17ODYA was 
detected by reaction with IRDye 800 CW azide (as described in Section 2.4.2). GFP-tagged caveolin-2 
constructs were isolated using appropriate μMACS™ Epitope Tag Protein Isolation Kit and analysed 
by SDS-PAGE with 12% acrylamide followed by immunoblotting with GFP antibody. IRDye 800cw and 
anti-GFP signals were detected using the Odyssey ® infrared imaging system. Samples were loaded in 
duplicate. (A) Representative immunoblot is shown of an experiment conducted 8 times. Position of 
molecular weight marker is shown on the left hand side of all panels. (B) Click-signal and anti-GFP 
signal quantified by densitometry using Image Studio Software. In order to normalise the click-signal 
to protein levels of caveolin-2 constructs, the determined value of the click-signal was divided by the 
value obtained from the immunoblot. n= 8; Statistical analysis using an unpaired Student’s t-test 
indicated that there was a significant difference in the incorporation of 17ODYA into wild type and 
mutant caveolin-2 (***: p < 0.001). AU= arbitrary unit. 

 

A bar graph displaying the values of 17ODYA attachment to caveolin-2 wild type and 

4CA mutant from 8 separate experiments is shown in Figure5.6B. The intensity of 

the click-signal was normalised to the corresponding caveolin-2 protein level. The 

calculated value for the incorporation of 17-ODYA into the 4CA mutant was ~ 8-fold 

lower than with the wild type caveolin-2 protein. This difference in 17ODYA 

incorporation between the wild type and 4CA caveolin proteins was statistically 
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significant. These results show that the cysteine residues are important for the 

attachment of 17ODYA to caveolin-2.  

 

5.4 Identification of the palmitoylation sites in caveolin-2 

The experiments described above provide further evidence that caveolin-2 is 

palmitoylated and highlight the importance of its cysteine residues for this 

modification. In this section, I set out to characterise the palmitoylation sites of 

caveolin-2 in further detail.  

For this, each cysteine was mutated individually to alanine. HEK293T cells were then 

transfected with these cysteine to alanine mutants of caveolin-2, and subjected to 

click-chemistry and immunoprecipitation. The result of this experiment is shown in 

Figure 5.7. The expression level of caveolin-2 wild type was comparable to that of 

the single cysteine-to-alanine mutants. In contrast the expression level of the 

caveolin-2 constructs with all four cysteines mutated to alanine is higher when 

compared to the other caveolin-2 constructs (Figure 5.7A, top panel). 

The click-signal shown in the middle panel highlights the incorporation of 17ODYA 

into the caveolin-2 constructs. By comparison of the relative click-signal intensities 

(click-signals normalized to GFP signals) among the different caveolin-2 constructs it 

became clear that the C109A, C122A and C145A mutants were equally 

palmitoylated. On the contrary, the C72A and the 4CA mutants displayed greatly 

reduced palmitoylation when compared to the wild type. Quantification of multiple 

experiments confirmed that mutation of C72A had the greatest effect on 17ODYA 

labelling of all the single point mutants (Figure 5.7B). In contrast, mutation of the 

other three cysteines was found to reduce palmitoylation, although this did not 

reach statistical significance.  
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Figure 5.7. Incorporation of 17ODYA into cysteine to alanine mutants of caveolin-2 in HEK293T 
cells. HEK293T cells were transfected for 24 h with indicated plasmids encoding GFP-tagged caveolin-
2 cysteine to alanine mutants. Cells were then serum and metabolically labelled with 50 µM 17ODYA 
for 4 h. Subsequently, cells were lysed, and 5 µl anti-GFP MicroBeads solution was added and 
incubated for 30 min on ice. Incorporation of 17ODYA was detected by reaction with IRDye 800 CW 
azide (as described in Section 2.4.2). The GFP-tagged caveolin-2 constructs were isolated using 
appropriate μMACS™ Epitope Tag Protein Isolation Kit and analysed by SDS-PAGE with 12% 
acrylamide followed by immunoblotting with GFP antibody. IRDye 800cw and immunosignal were 
detected using the Odyssey ® infrared imaging system. (A) Representative figure is shown of an 
experiment conducted four times. Position of molecular weight marker is shown on the left hand site 
of all panels. (B) Click-signal and signal from immunoblotting from the figure above were quantified 
by densitometry using Image Studio Software. In order to normalise the click-signal to protein 
amount of caveolin-2 constructs, the determined value of the click-signal was divided by the value 
obtained from the immunoblot. Values for caveolin-2 wild type were set to one and all other values 
are shown as a relative value to caveolin-2 wild type.  n=4; One way ANOVA followed by Tukey’s 
multiple comparison test were applied for statistical analysis ** P≤ 0.01; *** P≤ 0.001. AU = arbitrary 
unit. 

 

 

5.5 Effect of palmitoylation on caveolin-2 localisation 

In previous sections, palmitoylation of caveolin-2 was confirmed and its 

palmitoylation sites were identified. As palmitoylation frequently affects protein 

trafficking (Salaun et al., 2010), I investigated whether the palmitoylation of 

caveolin-2 has an effect on its localisation within the cell, and particularly on its 

targeting to caveolae and lipid rafts; the latter was assessed by Triton X-100 

insolubility, as this has been frequently used as a measure of protein association 

with caveolae and lipid rafts (London and Brown, 2000; Levental et al., 2010).  
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It was demonstrated (see Figure 5.7) that mutation of all four cysteines in caveolin-

2 resulted in a substantial reduction or complete loss of palmitoylation. Hence, this 

caveolin-2 4CA mutant represents a non palmitoylated version of caveolin-2 and 

can be used to examine the role of palmitoylation in regulating caveolin-2 

localisation. Before studying the localisation of EGFP-tagged caveolin-2 constructs, 

the expression levels of endogenous caveolin-1 and -2 in HEK293T cells was 

compared with expression in 3T3-L1 adipocytes. This is an important consideration 

as caveolin proteins are known to form homo- and hetero-oligomers, raising the 

possibility that endogenously expressed caveolins could modulate the trafficking of 

EGFP-tagged caveolin proteins. Thus, cell lysates of untransfected HEK293T and 

3T3-L1 adipocytes were analysed by SDS-PAGE followed by immunoblotting using 

antibodies against caveolin-1 or caveolin-2. The result of this experiment is 

displayed in Figure 5.8. Ponceau S staining is shown in the left panel of the figure 

indicating an approximately equal protein concentration of the cell lysates derived 

from both cell types. The middle and right panel of the figure show immunoblots 

probed with either caveolin-1 or caveolin-2 antibodies. Neither caveolin-1 nor 

caveolin-2 could be detected in lysates derived from HEK293T cells, whereas both 

proteins were clearly detectable in lysates of 3T3-L1 adipocytes. This result suggests 

that endogenously expressed caveolin proteins are either absent or expression 

levels are very low in HEK293T cells. The identified low endogenous expression level 

of caveolin proteins in HEK293T cells reveal good conditions to study the 

localisation of overexpressed caveolin-2 EGFP fusion proteins in this cell line. 
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Figure 5.8.  Analysis of endogenously expressed caveolin isoforms in HEK293T cells and 3T3-L1 
adipocytes. HEK293T cells and mature 3T3-L1 adipocytes were lysed as described in section 2.4.5. 
Then the protein levels of the lysates were equalised and analysis by SDS-PAGE. Subsequently 
proteins were transferred to nitrocellulose and stained with Ponceau S, followed by probing the 
membranes with caveolin-1 and caveolin-2 antibodies. Samples were loaded in duplicate. Position of 
molecular weight markers are shown on the left hand side of all panels.     

 

To examine how mutation of palmitoylation sites affects localisation of caveolin-2, 

HEK293T cells were co-transfected with either caveolin-2-EGFP wild type or 4CA 

mutant together with a caveolin-2-mCherry wild type construct. The localisation of 

the expressed EGFP-tagged fusion proteins was then analysed relative to caveolin-2-

mCherry. Furthermore, co-transfection with caveolin-1-mCherry was carried out, in 

order to study the localisation of the caveolin-2 constructs relatively to caveolin-1. 

The top two panels of Figure 5.9 show confocal images from HEK293T cells which 

were co-transfected with caveolin-2-mCherry wild type and caveolin-2-EGFP 

constructs. Round intracellular structures with a varying diameter from 

approximately 0.3 µm to 1.5 µm could be observed. These structures have not 

previously been described in other studies examining caveolin-2 localisation, and 

might represent some sort of intracellular inclusions.  
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Figure 5.9. Analysis of the localisation of caveolin-2 EGFP fusion proteins in HEK293T cells co-
transfected with mCherry caveolin constructs. HEK293T cells were co-transfected with wild type 
mCherry constructs of caveolin-1 or caveolin-2 together with EGFP constructs of caveolin-2 WT or 
caveolin-2 4CA as indicated. After 24 h, cells were fixed with 4% formaldehyde for 30 min at room 
temperature, washed with PBS, and mounted with ProLong Gold Antifade continaing DAPI.  The left 
panel shows fusion proteins with mCherry, the middle panel shows EGFP constructs and the right 
panel shows the merge of both channels including DAPI staining. Images were deconvolved using 
Huygen’s Essential software. Scale bar = 5 µm. 

 



 

140 
 

Neither caveolin-2 mCherry nor caveolin-2 EGFP constructs could be detected at the 

PM of HEK293T cells, in disagreement with what was previously observed for 

endogenously expressed caveolin-2 in 3T3-L1 adipocytes (Figure 5.1). Additionally, 

no difference in the localisation of wild type and 4CA caveolin-2 constructs relative 

to caveolin-2 mCherry was apparent.  

Co-expression of the caveolin-2-EGFP constructs together with caveolin-1-mCherry 

is displayed in the bottom two panels of Figure 5.9. The pattern of localisation was 

different compared to co-expression with caveolin-2 mCherry. Most noticeable is 

the lack of the circular intracellular structures which can be seen in the top two 

panels. Instead, a strong aggregation in the perinuclear area could be observed. 

These structures resemble a swollen Golgi apparatus which again could be an effect 

of protein overexpression. No difference in localisation could be observed for the 

caveolin-2 4CA mutant when compared to the localisation of caveolin-2 wild type. 

Both caveolin-2 constructs co-localised with caveolin-1 mCherry intracellularly and 

specifically in the perinuclear area.  

One possibility to explain the unexpected distribution of the caveolin constructs in 

HEK293T cells shown in Figure 5.9, is that cells with high protein expression levels 

were selected for analysis. This was necessary for imaging of mCherry constructs 

using 543 nm laser excitation, as this laser does not maximally excite mCherry 

fluorescence, and thus the protein is only weakly fluorescent under these 

conditions. To circumvent this issue, HEKT293T cells were transfected with EGFP-

tagged caveolin-2 WT or 4CA constructs without co-transfection of mCherry 

constructs. Furthermore, HeLa cells were transfected in the same way to include an 

additional type of cell in the analysis. In these experiments, only cells with relative 

low expression of caveolin constructs were selected for imaging (Figure 5.10).   
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Figure 5.10. Analysis of localisation of caveolin-2-EGFP WT and 4CA mutant in HEK293T and HeLa 
cells using confocal microscopy. HEK293T and HeLa cells were transfected with EGFP-tagged 
caveolin-2 WT, or caveolin-2 4CA, as indicated. After 24 h, cells were fixed with 4% formaldehyde for 
30 min at room temperature, washed with PBS and mounted with ProLong Gold Antifade with DAPI 
(not shown). The top panel shows HEK293T cells; bottom panel shows HeLa cells. Scale bar = 5 µm.  

 

In both cell types the localisation of EGFP-tagged caveolin-2 constructs was similar 

to that previously reported (Scherer et al., 1997; Mora et al., 1999), and the protein 

was present in a perinuclear compartment. Furthermore, there was also a punctate 

distribution throughout the cytoplasm, which was more pronounced in HEK293T 

cells. Caveolin-2 was also weakly present at the PM in HEK293T cells, and more 

clearly detectable in the PM of HeLa cells. Furthermore, small (approximately 0.5-2 

µm) round structures could be seen in the cytosol of HeLa cells, which probably 

originate from caveolin-2 residing at lipid droplets (Fujimoto et al., 2001). In 

agreement with results from co-expression studies (Figure 5.9.), no difference in 

caveolin-2 localisation between WT and 4CA mutant was identified, when these 

were singly transfected in low levels, in either HEK293T cells or HeLa cells. Overall, 
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these analyses suggest that palmitoylation does not regulate the gross localisation 

of caveolin-2. 

 

5.5.3 Investigating partitioning of caveolin-1 and caveolin-2 cysteine to 

alanine mutants into Triton X-100-insoluble membrane microdomains. 

As mentioned above, palmitoylation can affect the partitioning of proteins into 

membrane microdomains, such as caveolae and lipid rafts. Therefore, I have 

investigated whether palmitoylation plays a role in targeting caveolin-2 into 

membrane microdomains, by studying Triton X-100-insoluble membrane fractions. 

In parallel, the localisation of wild type and a cysteine to alanine mutant of caveolin-

1 was examined for comparison. 

Triton X-100-insoluble membrane fractions are thought to contain cholesterol- and 

sphingolipid-rich fractions derived from caveolae and lipid rafts (London and Brown, 

2000). In order to investigate whether palmitoylation might affect 

caveola/microdomain association of caveolin-1 or caveolin-2, a Triton X-100-

insoluble fraction was isolated from HEK293T cells, which had been transfected with 

the respective caveolin constructs (caveolin-1-EGFP and caveolin-2-EGFP). The 

isolated Trition X-100-insoluble fractions were subsequently analysed by SDS-PAGE 

and immunoblotting. 

As shown in Figure 5.11 , wild type and 3CA caveolin-1-EGFP were both present in 

the Triton X-100-soluble (S) and insoluble (IS) fractions, albeit slightly enriched in 

the latter. The distribution of flotillin-2 in the recovered fractions (Figure 5.11A, 

middle panel) was included as control for the equal recovery of Triton X-100-

insoluble fractions from different cell transfections (Bickel, 1997; Salzer, 2001).   
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Figure 5.11 Isolation of Triton X-100-insoluble fraction from HEK293T cells transfected with caveolin 
wild type and cysteine to alanine mutants. Cells were collected 24 h post-transfection and pelleted 
by centrifugation. Cell pellets were resuspended in PBS containing 1% Triton X-100 and protease 
inhibitors, and lysed by passing through a 26G needle. After 30 min incubation on ice, the lysate was 
subjected to centrifugation at 16,400 x g for 20 min at 4˚C. At the same time a fraction of the lysate 
was kept, designated as T = Total input. Following the centrifugation, the resulting supernatant was 
transferred into a fresh reaction tube with the appropriate amount of 4x Laemmli sample buffer 
(supplemented with 100 mM DTT), designated as S = soluble fraction. The pellet, which contains the 
insoluble fraction = IS, was resuspended in 1x Laemmli sample buffer (supplemented with 25 mM 
DTT). The volume of 1x sample buffer of IS fraction was adjusted to the volume of the S fraction. All 
samples were subjected to SDS-PAGE on 12% acrylamide gels, and anlalysed by immunoblotting with 
indicated antibodies. Samples were loaded in duplicate. Representative immunoblot of an 
experiment conducted four times is shown. Position of molecular weight marker is shown on the left 
hand side of all panels. Panel A shows caveolin-1 and panel B shows caveolin-2 constructs. 

     

The bottom panel shows the distribution of cysteine-string protein (CSP) at an 

apparent molecular weight just above 30 kDa. CSP can only be detected in the total 

and Triton X-100-soluble fraction but not in the Triton X-100-insoluble fraction. CSP 

has been reported previously to be absent from Triton X-100-insoluble fractions 



 

144 
 

despite its extensive palmitoylation, and thus serves as a negative control in this 

experiment (Chamberlain and Gould, 2002).   

Similar to caveolin-1 constructs, caveolin-2 wild type and cysteine 4CA mutant were 

also present in Triton X-100-soluble and -insoluble fractions (Figure 5.11B). 

The immunoblots of caveolin-1 and caveolin-2 distribution in Triton X-100-soluble 

and -insoluble fractions from multiple experiments were quantified using 

densitometry. For this, the measured values for Triton X-100-insoluble fraction were 

divided by the values for the soluble fraction (Figure 5.12).     

 

 

Figure 5.12. Quantification of caveolin-1 and caveolin-2 wild type and cysteine to alanine mutants 
in Triton X-100-soluble and -insoluble fractions in HEK293T cells. Immunoblots from Figure 5.11 
were quantified by densitometry using Image Studio software from LICOR. Measured values for 
protein bands detected in the Triton X-100-insoluble fraction were divided by the values for Triton X-
100-soluble fraction. For statistical analysis an N = 4 for caveolin-1 and an N=5 for caveolin-2 were 
used. One way ANOVA followed by Tukey’s multiple comparison test revealed no significant 
difference between the wild type and cysteine mutants in association with Triton X-100-insoluble 
fractions. 

 

The calculated ratios for caveolin-1 wild type and 3CA mutant are approximately 1.9 

and 2.2, respectively. The calculated values suggest that the protein amount of both 

caveolin-1 constructs is approximately twice as high in the Triton X-100-insoluble 
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fraction than in the soluble fraction. The values calculated for caveolin-2 wild type 

and 4CA mutant are approximately 0.93 and 0.99 respectively suggesting an equal 

distribution of the caveolin-2 constructs in both Triton X-100 insoluble and soluble 

fractions. Although minor differences in the distribution of wild type and cysteine to 

alanine mutants of caveolin-1 and caveolin-2 could be detected, these differences 

were not statistically significant (p=0.372). Collectively these results demonstrate no 

effect of palmitoylation on targeting caveolin-1 or caveolin-2 into Triton X-100-

insoluble fractions.     

 

5.6 Effect of palmitoylation on oligomerisation of caveolin-2.  

Previous studies have shown that caveolin-1 can form homo-oligomers, both in vitro 

and in vivo (Monier et al., 1995), which are thought to play a role in the formation 

of caveolae (Hayer et al., 2010). Furthermore, these oligomers were reported to be 

stabilised by acylation with long chain fatty acids (Monier et al., 1996). Caveolin-2 

has structural similarities with caveolin-1 and has been reported to form oligomers 

when expressed endogenously or overexpressed in Fisher Rat Thyroid (FRT) cells 

(Mora et al., 1999). In this section, I set out to confirm and characterise the 

oligomerisation of caveolin-2 and investigate, whether the loss of palmitoylation at 

its cysteine residues affects the formation of caveolin-2 oligomers.  

 

5.6.1 Formation of SDS-resistant oligomers of caveolin-2. 

In order to investigate whether caveolin-2 forms SDS-resistant oligomers, HEK293T 

cells were transfected with caveolin-2-EGFP constructs and analysed by SDS-PAGE 

followed by western blotting. Triton X-100-soluble and -insoluble fractions were 

isolated to determine if the potentially formed oligomers were present in specific 

membrane microdomains. In accordance with the experiment shown in Figure 5.11 

and Figure 5.12, there was no difference in the distribution of the caveolin-2 

proteins between the isolated Triton X-100-soluble and -insoluble fractions (Figure 

5.13A).  
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Figure 5.13. SDS-PAGE analysis of Triton X-100-soluble and -insoluble fractions isolated from 
HEK293T cells transfected with caveolin-2 constructs.  Cells were collected 24 h post transfection 
with the indicated caveolin-2 constructs and pelleted by centrifugation. Cell pellets were 
resuspended in PBS containing 1% Triton X-100 and protease inhibitors, and lysed by passing through 
a 26G needle. After 30 min incubation on ice, lysates were subjected to centrifugation at 16400 x g 
for 20 min at 4˚C. A fraction of the lysate before centrifugation was kept as T = Total input. Following 
the centrifugation, the resulting supernatant (soluble fraction = S) was transferred into a fresh 
reaction tube with the appropriate amount of 4x Laemmli sample buffer (supplemented with 100 
mM DTT). The pellet was resuspended in 1x Laemmli sample buffer with 25 mM DTT and 
corresponds to the insoluble fraction = IS. The volume of 1x sample buffer of IS fraction was adjusted 
to the volume of the S fraction. All samples were subjected to SDS-PAGE with 12% acrylamide gels, 
and immunoblotting with anti GFP antibody. Samples were loaded in duplicate. (A) Representative 
blot is shown of an experiment carried out six times. Position of molecular weight marker is shown 
on the left hand side. (B) Protein band intensities of caveolin-2-EGFP monomers and the oligomer 
detected at an apparent molecular weight of 170 kDa, shown in the immunoblot in Figure panel A, 
were quantified by densitometry using Image Studio from LICOR. The value obtained from the 
oligomer was divided by the value measured for the caveolin-2 monomer. n=6; ** P≤ 0.01 (unpaired 
Student’s t-test). 
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However, in fractions prepared from cells transfected with caveolin-2-EGFP wild 

type, higher molecular weight SDS-resistant bands were clearly visible in both the 

insoluble and soluble fractions at approximately 170 kDa and 190 kDa. In contrast, 

no higher molecular weight bands were detected for the 4CA mutant in any isolated 

fraction. 

The protein bands in the total input fraction T, at the apparent molecular weight of 

approximately 170 kDa, were quantified using densitometry. The calculated 

intensities of these bands displayed in Figure 5.13B are relative values normalised 

to the value of the caveolin-2-EGFP monomer. The calculated value for the oligomer 

is approximately 0.34 when caveolin-2 wild type construct was overexpressed. In 

contrast, overexpression of caveolin-2 4CA mutant resulted in nearly undetectable 

levels of the oligomer with a calculated value of 0.008. Collectively, these data 

suggests that palmitoylation of caveolin-2 is required either for the assembly of 

caveolin-2 into oligomers or for the stability of these oligomers once formed.   

  

5.6.2 Examination of caveolin-2 oligomer formation using blue native 

PAGE.  

Results in the previous section have demonstrated the formation of SDS-resistant 

oligomers, when HEK293T cells were transfected with a plasmid encoding caveolin-

2 wild type fused with EGFP and were analysed by SDS-PAGE. These observations 

clearly suggest that there are differences in the oligomeric properties of caveolin-2 

wild type and cysteine to alanine mutant. However, this analysis does not indicate if 

these differences relate to the formation or stability of the oligomers. As SDS 

disrupts most protein complexes, blue native PAGE was applied to investigate the 

formation of oligomeric assemblies of caveolin-2 in more detail. In contrast to SDS, 

the detergent digitonin, which was used to lyse the cells in blue native PAGE, allows 

proteins to remain in multi-protein complexes. 

For examination of homo-oligomerisation of caveolin-2, HEK293T cells were 

transfected with plasmids encoding caveolin-2-EGFP wild type or the 4CA mutant 

and subjected to blue native PAGE. Previous studies have also reported hetero-
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oligomerisation of caveolin-2 with caveolin-1 (Scherer et al., 1997). Therefore, 

HEK293T were also co-transfected with caveolin-2-EGFP constructs and a wild type 

caveolin-1-mCherry fusion protein, to investigate whether caveolin-1 affects the 

oligomerzation of caveolin-2 4CA mutant. Results of this experiment are displayed 

in Figure 5.14. The left panel of Figure 5.14A displays an immunoblot probed with 

antibodies against EGFP. In the lane transfected with caveolin-2 wild type, 

oligomeric assembles of various sizes could be detected. A protein smear stretching 

from the apparent molecular weight of over 1236 kDa to 720 kDa is clearly visible 

including a more distinguished protein band just above 720 kDa. Below the 

apparent molecular weight of 720 kDa the protein smear continues to be weaker 

with more distinguishable protein bands at the apparent molecular weight of 

approximately 480 kDa, 350 kDa and 160 kDa. One additional protein band is visible 

at the apparent molecular weight of approximately 66 kDa. As the caveolin-2 

(predicted molecular mass = 18.2 kDa) is conjugated with EGFP (predicted 

molecular mass = 26.9 kDa), it is likely that this lower protein band detected at 

approximately 66 kDa corresponds to a monomeric form of caveolin-2-EGFP. 

Furthermore, the protein band detected at the apparent molecular weight of 

approximately 160 kDa is likely to correspond to a homo-dimeric form (or possible 

trimeric form) of caveolin-2-EGFP; dimers of caveolin-2 have previously been 

described (Mora et al., 1999; Scherer et al., 1997). The lane loaded with caveolin-

4CA mutant shows the same protein smear at high molecular weights as described 

for caveolin-2 wild type. However, in contrast to the caveolin-2 wild type protein, 

the protein smear below the apparent molecular weight of 720 kDa is detectable to 

a substantially lesser degree. At the same time, a noticeable increase in the 

monomeric form of caveolin-2 4CA when compared to caveolin-2 wild type was 

apparent, with simultaneous decrease of lower oligomeric bands (160, 350 and 480 

kDa). Co-transfection of caveolin-2-EGFP constructs with caveolin-1-mCherry 

resulted in a loss of the lower oligomeric forms of both wild type and 4CA mutant 

caveolin-2, as well as monomeric forms (Figure 5.14A). This suggests that the 
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presence of caveolin-1 facilitates the formation of high molecular weight oligomers 

of caveolin-2, and that this process is not affected by caveolin-2 palmitoylation. 

 

 

 

Figure 5.14. Analysis of oligomeric assemblies of caveolin-2 EGFP in HEK293T cells by blue native 
PAGE. HEK293T cells were transfected with indicated caveolin-2-EGFP and caveolin-1-mCherry 
constructs for 24 h, lysed by addition of lysis buffer containing 1% (w/v) digitonin,l NuPAGE® LDS 
Sample Buffer (4X) and protease inhibitors, and passage through 26G needle;concequently, lysates 
were processed as described in methods (section 2.4.4). Samples were resolved on NativePAGE 
Novex 4-16% Bis-Tris gels, transferred onto PVDF membranes and probed with antibodies against 
EGFP or mCherry. Signal from EGFP antibodies was visualised with ECL and signal from mCherry was 
visualised with LI-COR infrared imaging system. (A) Representative immunoblots from an experiment 
conducted 5 times. Position of molecular weight marker is shown on the left hand side. (B) 
Immunoblots resulting from the blue native gels analysis shown in Figure 5.13A were quantified by 
densitometry. Bands at the apparent molecular weight of approx. 66 kDa and 160 kDa were 
quantified. A ratio of the value obtained from the dimer to the value obtained from the 
quantification of the monomer can be seen. P value = 0.0003 calculated by unpaired Student’s t-test. 

 

The right panel of the Figure 5.14A shows the immunoblot probed with the 

antibody against mCherry. The majority of caveolin-1-mCherry was detectable as a 

band at the apparent molecular weight of approximately 720 kDa, and protein 

smears at higher molecular weights resembled the high molecular weight protein 

smears described above for caveolin-2. Additionally, weak protein bands 
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corresponding to monomeric caveolin-1-mCherry were detected at the apparent 

molecular weight of approximately 66 kDa.  

It was consistently noted that the ratio of dimeric and monomeric form of caveolin-

2-EGFP wild type and cysteine to alanine constructs were different, and hence these 

were quantified by densitometry. A ratio of dimer to monomer was calculated and 

this is displayed in the graph shown in Figure 5.14B. When cells were transfected 

with caveolin-2-EGFP wild type, a ratio of dimer to monomer of approximately 1.3 

was calculated. The calculated value decreased to approximately 0.6 for the 

caveolin-2 4CA mutant. Hence, there is a two-fold decrease in the ratio of dimer to 

monomer when caveolin-2 is not able to undergo palmitoylation.  

  

5.7 Discussion 

The results in this chapter mainly focus on the characterisation of the 

palmitoylation of caveolin-2, and how this modification affects protein localisation, 

detergent-resistance and oligomerisation. Before studying these specific 

parameters, the distribution of endogenous caveolin-2 was examined in 3T3-L1 

adipocytes and compared with caveolin-1. Caveolin-1 and caveolin-2 were found to 

co-localise at the PM of adipocytes and were present in clustered caveolae with the 

appearance of circular rosettes. Although the localisation of the two caveolin 

isoforms was highly similar in adipocytes, caveolin-2 was more enriched than 

caveolin-1 in an intracellular perinuclear compartment that co-localised with the 

Golgi marker, GM130. To follow-up the observation made in section 3.3 that 

caveolin-2 is highly palmitoylated when studied using acyl-RAC, I initially 

determined, using in silico analysis with the CSS-PALM software, which of the four 

cysteines present in caveolin-2 had potential to be palmitoylated. Although this 

analysis returned different scores for the four cysteines, it revealed that all four 

cysteines in caveolin-2 have the potential to be palmitoylated. Thus, palmitoylation 

was studied experimentally using click-chemistry with 17ODYA. Replacing all four 

cysteines in caveolin-2 with alanine residues resulted in a loss of palmitoylation. 

This observation confirms that the modification of caveolin-2 by palmitic acid is via 
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the conventional attachment of acyl chains onto cysteine residues. Furthermore, 

cysteine-72 to alanine substitution revealed that this cysteine has the strongest 

effect on palmitoylation. According to confocal analysis in HEK293T cells, 

palmitoylation does not alter the gross localisation of caveolin-2 within the cell. 

Furthermore, biochemical analysis showed that palmitoylation of caveolin-2 is not 

required for association with Triton X-100-insoluble membrane fractions. Despite 

the lack of noticeable effects of palmitoylation on the localisation or detergent-

resistance of caveolin-2, this modification had clear effects on the oligomerisation 

properties of this protein, as revealed by analysis using both SDS-PAGE and blue 

native gel electrophoresis.  

Caveolin-1 is an extensively researched protein and a major component of 

cholesterol-rich membrane microdomains called caveolae (Rothberg et al., 1992). In 

contrast, caveolin-2, which was identified later than caveolin-1 (Scherer et al., 

1996), has been poorly studied compared to caveolin-1. Like caveolin-1, caveolin-2 

has also been reported to reside in caveolae (Scherer et al., 1996). Caveolae can 

form circular grape-shaped rosettes (Parton et al., 1994), which were readily 

detected by immunostaining of caveolin-1 and caveolin-2 in 3T3-L1 adipocytes 

(Figure 5.1). A substantial co-localisation of caveolin-1 and caveolin-2 could be seen 

within caveolar rosette structures, although there were also some differences in 

staining of the proteins within individual rosettes. Although caveolin-2 has been 

detected within these circular shapes in membranes sheets of 3T3-L1 adipocytes 

before (Shigematsu et al., 2001), a direct comparison of caveolin-1 and caveolin-2 

has not been undertaken before. Sections taken from the middle of 3T3-L1 

adipocytes co-stained with caveolin-1 and caveolin-2 (Figure 5.1) show co-

localisation of both caveolin proteins at the PM. This conforms with previously 

conducted research showing co-localisation of caveolin-1 and caveolin-2, which was 

shown by immunofluorescence in 3T3-L1 pre-adipocytes (Scherer et al., 1996). 

Interestingly, caveolin-2 was detected in the perinuclear area co-localising with 

GM130 to a markedly greater extent when compared to caveolin-1. Additionally 

caveolin-2 was more readily detected intracellularly throughout the cytoplasm in 
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adipocytes. These findings indicate a partly differential distribution of caveolin-1 

and caveolin-2 at steady state in 3T3-L1 adipocytes. A similar observation was 

previously made in caveolin-1 and caveolin-2 overexpressing MDCK cells, where 

caveolin-2 was localised juxtanuclear and caveolin-1 at the PM (Mora et al., 1999). 

To elucidate the localisation of caveolin-2 in more detail, co-immunostaining with 

caveolin-2 and Golgi apparatus proteins were performed. Caveolin-2 was found to 

co-localise with GM130, but not with TGN46 in 3T3-L1 adipocytes, in contrast with 

previously conducted work in FRT cells, where caveolin-2 partially co-localised with 

TGN38 (which localises to the TGN, along with TGN46) (Mora et al., 1999). 

In Chapter 3 I demonstrated that approximately 80% of caveolin-2 is palmitoylated 

(see Figure 3.4 and Figure 3.5). Palmitoylation of caveolin-2 was confirmed in this 

chapter by applying click-chemistry in HEK293T cells overexpressing EGFP-tagged 

caveolin-2 wild type and cysteine to alanine mutants (Figure 5.5. ). It is interesting 

to note that in all experiments using caveolin-2-EGFP, the protein migrated as a 

doublet band on immunoblots of SDS gels. At present it is not clear what causes the 

expression of these two distinct bands. However, similar doublet bands were 

reported for caveolin-2 when overexpressed in FRT cells (Mora et al., 1999). 

Endogenous caveolin-2 exists as an α and a (less expressed) β isoform, as 

demonstrated by work in MDCK cells (Scheiffele et al., 1998). It is speculated that 

the different isoforms of caveolin-2 are a product from one single gene (Scheiffele 

et al., 1998) as reported for caveolin-1 (Scherer et al., 1995). Indeed caveolin-2 has 

a second methionine residue 13 amino acids downstream from its N-terminus, and 

hence it is possible that there is use of alternative translation initiation sites in the 

caveolin-2-EGFP construct when expressed in HEK293T cells. Another possibility is 

that proteolytic cleavage of the overexpressed caveolin-2-EGFP constructs occurs in 

HEK293T cells. However, both bands of caveolin-2 behave identical in regard to 

their palmitoylation.  

Previous work from our group and other groups have studied palmitoylation of 

EGFP-SNAP25 or other proteins in HEK293T cells using 3H palmitic acid (e.g. Greaves 

et al. 2010; Tian et al. 2010). In this study, I implemented the use of click-chemistry 
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using 17ODYA (Martin and Cravatt, 2009). The application of click-chemistry 

however resulted in a high amount of background click-signal (Figure 5.5). To 

resolve this issue, immunoprecipitation with GFP binding beads was incorporated 

into the protocol, which successfully reduced the background signal and rendered 

the results quantifiable (Figure 5.6).  

As illustrated in Figure 5.3, caveolin-2 has 4 cysteine residues which are predicted 

to reside in the cytosol. It is noticeable that all four cysteine residues of caveolin-2 

differ from the cysteine positions in caveolin-1 (Figure 5.4). In silico examination of 

caveolin-2 using CSS-Palm software revealed that all four cysteines have the 

potential to be palmitoylated (see Table 5.1). Direct analysis of palmitoylation by 

click-chemistry revealed that the substitution of cysteine-72 to alanine resulted with 

50% reduction of palmitoylation when compared to caveolin-2 wild type. This 

decrease in palmitoylation could be explained with the assumption that cysteine-72 

is the major site of palmitoylation in caveolin-2. Another possible explanation is that 

the palmitoylation of cysteine-72 is required to facilitate the palmitoylation of the 

three remaining cysteines. However, the latter is less likely, as cysteine-72 is located 

37 amino acids upstream from the next cysteine (cysteine-109) and resides on the 

opposite side of the intramembrane domain as illustrated in Figure 5.3.  Mutation of 

the remaining cysteine residues also caused a decrease in palmitoylation, but these 

changes were not statistically significant. These experimental findings differ from 

the predicted values by CSS palm, where values for the palmitoylation of cysteine-

109 and cysteine-122 were higher than for cysteine-72; this emphasises the 

importance of performing experimental analysis of palmitoylation, rather than 

relying on the findings of in silico analyses. From the conducted experiments it 

could not be concluded whether all four cysteines of caveolin-2 undergo 

palmitoylation. Further experiments need to be undertaken to identify the exact 

number and position of palmitoylation sites. One approach to look at this could 

include “PEGylation”, where polyethylene glycol is attached to free SH-groups 

(either before or after chemical removal of acyl chains), and results in a band-shift 

of the protein on SDS gels dependent on the number of attached PEG groups. 
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Another possible experiment could be to create mutants with only one of four 

cysteine residues present at a time and subsequently analyse of palmitoylation by 

metabolic labelling and click-chemistry. 

 In order to investigate the effect of palmitoylation on caveolin-2, localisation 

studies in HEKT293 cells overexpressing caveolin-2 EGFP wild type or 4CA mutant 

were undertaken. Co-expression of mCherry-tagged caveolin-2 wild type was 

included to readily highlight any differences in localisation of the mutant caveolin-2 

protein relative to the wild type protein. These analyses did not highlight any major 

differences between the wild type and the cysteine to alanine mutant but were 

confounded by the requirement to select cells with high expression levels to reliably 

record mCherry fluorescence. Thus, imaging of mCherry- and EGFP-tagged caveolin-

2 constructs in the same cell showed round intracellular inclusions, which did not 

correspond to any of the major cellular compartments such as Golgi apparatus or 

ER, and which had not previously been described in the caveolin literature. These 

structures were not present when caveolin-2 was co-expressed with caveolin-1, but 

in this case the overexpressed proteins were detected adjacent to the nucleus in a 

structure which resembled a swollen Golgi apparatus. It is likely that the observed 

intracellular inclusions result from high level expression of caveolin-2, rather than 

from natural trafficking events within the cell. Furthermore, the different 

localisation of caveolin-2, when co-expressed with caveolin-1, should be attributed 

to the presence of caveolin-1. An effect of caveolin-1 on the localisation of caveolin-

2 was reported in previous studies, where caveolin-2 was demonstrated to reside in 

the Golgi complex and partly redistribute to the PM upon co-expression with 

caveolin-1 in FRT cells (Mora et al., 1999). Although neither caveolin-1 nor caveolin-

2 was detectable at the PM in co-expression experiments described in this chapter, 

a significant difference in localisation of caveolin-2 could be noted in the presence 

of caveolin-1. Collectively, the localisation of both caveolin proteins differed from 

previously reported overexpression studies (Mora et al., 1999; Verma et al., 2010), 

in which no intracellular inclusions of caveolin-2 were observed and where co-

expression of caveolin-1 with caveolin-2 resulted in a partial redistribution of both 
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proteins at the PM. In order to obtain a more representative localisation study of 

caveolin-2 wild type and 4CA mutant, HEK293T and HeLa cells were singly 

transfected with the respective EGFP-tagged constructs, and only cells expressing 

low protein levels were imaged. This experiment revealed no major difference in 

caveolin-2 localisation between wild type and 4CA mutant in both cell types; 

additionally no intracellular inclusions could be observed in these experiments 

either (Figure 5.10.). Therefore, it can be concluded that palmitoylation of caveolin-

2 has no evident effect on its localisation. Furthermore, the localisation of caveolin-

2 found in this experiment conformed to the caveolin literature. Nevertheless, it 

would be worthwhile to investigate further if there are more subtle changes in the 

distribution of wild type and 4CA caveolin-2. This could be achieved by using a laser 

with more optimal excitation of mCherry (e.g. 594 nm laser line), allowing cells with 

lower expression levels to be visualised and hence allowing direct comparison of 

subcellular localisation between wild type and mutant caveolin-2, within the same 

cell. Cell fractionation experiments may also be useful to detect any shift in the 

overall distribution of the proteins between different cellular compartments.    

Palmitoylation of some transmembrane and intramembrane proteins was 

demonstrated to affect their distribution into detergent-resistant domains (Levental 

et al., 2010).  Nevertheless, palmitoylation of caveolin-1 has been reported to be 

dispensable for its association with Triton X-100-insoluble membrane micro-

domains (Dietzen et al., 1995). This finding was confirmed in this thesis, as caveolin-

1 wild type and 3CA mutant were detected to the same extent in Triton X-100 

insoluble fractions (Figure 5.11 ). Similarly to caveolin-1, palmitoylation of caveolin-

2 did not affect its association with detergent-resistant membrane micro-domains 

either (Figure 5.11 and Figure 5.12). The observation that, caveolin-1 has a roughly 

two-fold higher than caveolin-2 level of association with Triton X-100-insoluble 

membrane domains, supports this conclusion, as caveolin-2 has been shown to be 

palmitoylated to a higher extent than caveolin-1, at least in 3T3-L1 adipocytes 

(Figure 3.5, Figure 3.8). If palmitoylation were essential for the distribution into 

detergent-resistant domains of the caveolin proteins, then caveolin-2 would be 
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expected to be the more prominent isoform in Triton X-100 insoluble fractions. It 

should be noted that there is some controversy over the extent to which protein 

association with detergent-resistant membranes reports on the association with 

membrane microdomains such as caveolae (Munro, 2003). Thus, it would be useful 

to examine the association of wild type and mutant caveolin-2 proteins with 

caveolae directly using immunogold labelling and electron microscopy. 

Oligomerisation of caveolin proteins is thought to play a role in the biogenesis of 

caveolae (Hayer et al., 2010) and caveolin-1 and caveolin-2 were found in 

oligomeric assemblies in various cell types when overexpressed or expressed 

endogenously (Monier et al., 1995; Scherer et al., 1997; Mora et al., 1999; Schlegel 

and Lisanti, 2000). Furthermore, the oligomeric form of caveolin-1 was found to be 

stabilised by the attachment of long chain fatty acids such as palmitate (Monier et 

al., 1996). In this thesis, I have demonstrated that SDS-resistant oligomers were 

formed when HEK293T cells were transfected with caveolin-2-EGFP wild type but 

not with caveolin-2-EGFP 4CA mutant (Figure 5.13). These oligomers are found in 

equal amounts in Triton X-100-soluble and -insoluble fractions, and thus might not 

be directly related to the formation of caveolae. In order to investigate the nature 

of the oligomeric assemblies of caveolin-2 in more detail, blue native gel 

electrophoresis with cell lysates from HEK293T cells overexpressing caveolin-2-EGFP 

constructs was performed. As can be seen in Figure 5.14A, palmitoylation appears 

to play a role in the assembly of caveolin-2 into oligomers. The migration pattern of 

caveolin-2 wild type was distinct from caveolin-2 4CA, with the wild type protein 

forming more oligomers in the range of the apparent molecular weight between 66 

and 720 kDa. Since the endogenous expression levels of caveolin proteins are very 

low in HEK293T cells (Figure 5.8), I theorise that these oligomers are homo-

oligomers of caveolin-2 EGFP, rather than hetero-oligomers with endogenous 

caveolin-1. Additionally quantification of the monomeric and dimeric forms of 

caveolin-2 EGFP constructs revealed that caveolin-2 wild type was found in the form 

of dimers twice as much than the 4CA mutant. This is particularly interesting, 

because the cysteine-72, which was shown to have the biggest impact on 
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palmitoylation (Figure 5.7), is predicted to reside in the domain of caveolin-2 which 

is essential for its oligomerisation. It is possible that palmitoylation of caveolin-2 has 

a subtle effect on the oligomerisation dynamics, as only olimogerisation in lower 

molecular range is altered upon inhibition of palmitoylation (4CA mutation), but the 

higher weight oligomers (>720 kDa) are unaffected. It could be hypothesised that 

lack of palmitoylation slows downs the initial steps of oligomerisation. Interestingly, 

a previous study linked the substantial reduction of caveolin-2 200-500 kDa homo-

oligomers with an approximately 9-fold reduction of caveolae formation in MDCK 

cells (Lahtinen et al., 2003). In that study, expression of a mutant of caveolin-3 (with 

a truncation of the amino acids 54-151 (cav-DGV)) disturbed the homo-

oligomerisation pattern of caveolin-2, similarly to the way caveolin-2 4CA mutant 

did in this thesis. Additionally, a similar effect on monomer and dimer formation 

could be observed, as expression of cav-DGV also resulted in the reduction of the 

dimer to monomer ratio.    

The palmitoylation of caveolin-2 did not appear to affect oligomerisation in cells 

co-expressing caveolin-1. In the presence of caveolin-1, the oligomerisation of 

caveolin-2 was altered when compared to samples where caveolin-1 was absent. 

Introduction of caveolin-1 resulted in a substantial reduction of oligomers smaller 

than 720 kDa and the ablation of the monomeric and dimeric form of caveolin-2. 

Bands in the right panel of Figure 5.14A showing oligomeric assemblies of mCherry-

tagged caveolin-1 strongly resemble the high molecular weight oligomers seen for 

caveolin-2 suggesting that these oligomeric assemblies are caveolin-1/2 hetero-

oligomers. Indeed, hetero-oligomerisation of caveolin-1 and caveolin-2 has been 

previously reported in NIH3T3 cells too, where down-regulation of caveolin-1 

resulted in smaller homo-oligomers of caveolin-2, which were undetectable in the 

presence of caveolin-1 (Scherer et al., 1997). The stoichiometry of those hetero-

oligomers is estimated to be at least 2:1 in favour of caveolin-1 (Scheiffele et al., 

1998). It is possible that in presence of caveolin-1, larger caveolin-1/2 hetero-

oligomers are formed more efficiently than smaller caveolin-2 homo-oligomers 

(below the apparent molecular weight of 720 kDa). Another possible explanation is 
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that caveolin-2 monomers, dimers and oligomers below 720 kDa form first and then 

these assemble together with caveolin-1 oligomers into larger hetero-oligomers. 

Involvement of caveolin-2 in the formation of caveolae is controversial. In contrast 

to caveolin-1, overexpression of caveolin-2 was not sufficient to induce de novo 

formation of caveolae (Fra et al., 1995). Additionally, caveolin-2 knockout mice 

show normal formation of caveolae in the examined tissues (Razani et al., 2002b). 

However, there is some evidence suggesting that caveolin-2 is involved in the 

formation of caveolae. In epithelial and MDCK cells where caveolin-1 is targeted to 

both apical- and basolateral membranes, caveolae are only detectable at the 

basolateral surface, where caveolin-1 and caveolin-2 co-reside (Scheiffele et al., 

1998). Furthermore, overexpression of caveolin-2 in MDCK cells resulted in an 

increased number of caveolae (Lahtinen et al., 2003). Research also suggests that 

caveolin-2 is involved in determining caveolar shape. The formation of deep 

caveolae was only detectable in the presence of caveolin-2 (Fujimoto et al., 2000). 

However, it is unclear whether the altered oligomerisation pattern of caveolin-2 

upon the loss of palmitoylation is affecting caveolae formation in any way. Further 

studies would be needed to address this question. For example, overexpression of 

caveolin-2 4CA mutant and subsequent analysis of caveolae formation by electron 

microscopy could be conducted. It will also be interesting to examine the 

oligomerisation pattern of transfected untagged forms on caveolin-2 wild type and 

4CA mutant in follow-up studies. This analysis would allow a greater understanding 

of the exact oligomeric forms of caveolin-2 that are present and would also rule out 

any effects of the EGFP tag on the formation of caveolae. 
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Chapter 6: Characterisation of zDHHC enzyme expression 

profile in the 3T3-L1 cell line and the interaction of zDHHCs 

with IRAP. 

 

6.1 Introduction 

Palmitoylation is mediated by protein acyltransferases (PATs), a protein family 

consisting of over 20 members in mammals and 7 in yeast (Fukata et al., 2004; 

Ohno et al., 2006). The defining  characteristic of these proteins is a conserved  

tetrapeptide consisting of the amino acid sequence aspartic acid, histidine, 

histidine, cysteine (DHHC) within a 51-amino acid cysteine-rich, zinc finger domain 

(Mitchell et al., 2006; Fukata et al., 2004). Because of this characteristic feature, 

these PATs are referred to as “zDHHC” proteins. Palmitoylation mediated by zDHHC 

enzymes is thought to be a two-step process which is initiated by the auto-

palmitoylation of the zDHHC enzyme, followed by the transfer of the attached 

palmitate onto a cysteine residue of its substrate (Mitchell et al., 2010). The 

cysteine within the DHHC motif was demonstrated to be essential for the PAT 

activity of zDHHC enzymes, as deletion of this cysteine residue resulted in a lack of 

both auto-palmitoylation and the palmitoylation of substrates (Roth et al., 2002). 

The tissue distribution, cell-specific expression and subcellular localisation of 

mammalian zDHHC enzymes is versatile and a comprehensive study addressing this 

subject was conducted by Ohno and colleagues (Ohno et al., 2006). This study 

revealed that the majority of zDHHC enzymes reside either in the ER or the Golgi 

apparatus and only a few exceptions reside elsewhere in the cell. However, 

subsequent studies challenged the identified subcellular localisation of a few 

zDHHCs, for example zDHHC2, which was identified to reside in ER and Golgi 

apparatus by Ohno but later found to be localised at the PM (Greaves et al., 2011; 

Fukata et al., 2013). 

All zDHHC enzymes are integral membrane proteins with 4-6 membrane-spanning 

domains with the DHHC motif facing the cytosol in a cytoplasmic loop (Mitchell et 



 

160 
 

al., 2006). Hence, palmitoylation mediated by zDHHC enzymes is catalysed in the 

cytosol adjacent to membranes of cellular compartments such as the ER or Golgi 

apparatus or the PM. Yet, only little is known about how zDHHC enzyme substrate 

interaction and specificity is regulated. One theory is that zDHHC enzyme 

interaction with their substrates is regulated by the overlapping co-existence of 

zDHHCs enzymes and their substrates within the same cellular compartment. 

Another discussed theory is that zDHHCs which reside in the Golgi apparatus 

palmitoylate their substrates non-specifically and that the Golgi apparatus functions 

as a palmitoylation hub for peripheral membrane proteins (Rocks et al., 2010). In 

contrast, there is also evidence for more specific interactions between zDHHC 

enzymes and their substrates, as shown for zDHHC13 and zDHHC17, which use an 

ankyrin-repeat domain to recruit selected substrate proteins (Huang et al., 2009; 

Lemonidis et al., 2014).  

The aim of this chapter was to characterise the expression profile of the zDHHC 

enzyme family in the 3T3-L1 cell line, with a view to identifying potentially 

important enzymes for adipocyte physiology. In addition, the role of zDHHC 

enzymes in regulating palmitoylation of IRAP was also investigated.    

 

6.2 Characterisation of zDHHC enzyme expression in the 3T3-L1 cell 

line 

Some proteins are expressed in a cell type-specific manner. In 3T3-L1 adipocytes, 

for example, GLUT4 expression is only detected after initiating the differentiation of 

3T3-L1 pre-adipocytes into adipocytes (Wu et al. 1998; See Figure 3.1). In order to 

investigate the potential physiological importance of zDHHC proteins in adipocytes, 

a characterisation of the expression profile of these enzymes in cultured 3T3-L1 

adipocytes was undertaken. Additionally, I aimed to examine whether 

differentiation of 3T3-L1 pre-adipocytes into mature adipocytes elicits the 

expression of a specific set of palmitoylation enzymes.      

There is currently a lack of suitable antibodies that would facilitate the analysis of 

zDHHC protein expression in adipocytes, and thus the expression profile of these 
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enzymes at the mRNA level was studied by quantitative real-time PCR (qPCR). For 

this, total RNA was purified from 3T3-L1 pre-adipocytes and the corresponding 

adipocytes, and mRNA levels of zDHHC enzymes were assessed. qPCR is an 

established method to quantify changes in mRNA expression levels in various 

tissues or cells or in pathophysiological conditions (Livak and Schmittgen, 2001). 

Using this method, the mRNA expression profiles of the 24 mouse zDHHC enzymes 

in pre-adipocytes and adipocytes were quantified. Before analysing zDHHC 

expression by qPCR, the quality of the isolated RNA was verified. This was 

accomplished by subjecting the purified RNA to agarose gel electrophoresis and 

subsequent examination of the bands corresponding to ribosomal 28S and 18S RNA. 

As can be seen in Figure 6.1, the bands corresponding to 18S and 28S ribosomal 

RNA were without major smears, suggesting the purified RNA was not degraded 

and was largely intact.  

 

 

 
 
 

 

Figure 6.1. Analysis of the integrity of total RNA purified from 3T3-L1 pre-adipocytes and 
adipocytes. 10 µl of purified RNA was resolved on a 1% agarose gel electrophoresis at 80 V for 
30 min. 28S and 18S ribosomal RNA are indicated by arrows. The origin of the analysed RNA is 
indicated above lanes with ad= adipocytes and pre-ad= pre-adipocytes. Position of DNA size 
markers are shown on the left.  
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Having confirmed that the isolated RNA was of a sufficient quality, the next step 

was to identify a control gene for which the mRNA expression level would remain 

constant throughout the process of differentiation. This is important to enable a 

quantitative comparison of the relative zDHHC mRNA expression levels between 

pre-adipocytes and adipocytes. Previous work has suggested that F-box and leucine-

rich repeat protein-10 (Fbox), importin 8 (IPO8) (Hurtado del Pozo et al., 2010) or 

peptidylprolyl isomerase A (Ppia) (Pei et al., 2011) may serve as reliable reference 

genes for this analysis. qPCR analysis using primers for these mRNAs was carried out 

on cDNA synthesised by reverse transcription from the recovered total RNA 

obtained from pre-adipocytes and adipocytes. As can be seen in Figure 6.2, the 

difference in mRNA levels between pre-adipocytes and adipocytes is the least for 

IPO8, indicated by the lowest values of ΔCt when compared to the other control 

genes. Based on this analysis, IPO8 was used as the control gene for the following 

qPCR analysis of zDHHC enzyme expression.    

 

 

Figure 6.2. Difference in mRNA expression of possible reference genes in 3T3-L1 pre-adipocytes 
and adipocytes. SYBR Green-based qPCR with cDNA obtained from pre-adipocytes and 
corresponding adipocytes was carried out as described in the methods section 2.3.16 using primers 
for the indicated control genes. ΔCt was calculated by subtraction of the Ct values obtained from 
adipocytes from the Ct values obtained from pre-adipocytes. N=4. 
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As the RNA integrity was confirmed and a control gene with stable mRNA 

expression throughout the differentiation process was identified, the prerequisites 

were set for analysis of the zDHHC expression profile in the 3T3-L1 cell line.  

First, the zDHHC enzyme expression profile in adipocytes was examined by qPCR. 

Primers for the 24 zDHHC enzymes were used to amplify a gene-specific product 

from the cDNA template. Figure 6.3 displays the results of this qPCR analysis. The Ct 

values of the zDHHC enzymes were normalised to the Ct value of zDHHC6 (lowest Ct 

value), in order to visualise the relative expression levels of the zDHHC protein 

family in cultured adipocytes. The expression analysis suggests that the mRNA levels 

for zDHHC6 are the highest, followed by zDHHCs 1, 3, 16, 18 and 20. The mRNA 

expression levels of zDHHC 7, 8, 12, 13, 17, 21, and 24 were lower than a third of 

the mRNA expression level of zDHHC6. The mRNAs coding for the remainder of the 

zDHHCs were barely expressed or below the level of detection.   

 

Figure 6.3. zDHHC mRNA expression profile of 3T3-L1 adipocytes. SYBR Green based qPCR was 
performed using cDNA from 3T3-L1 adipocytes. Validated primers for each zDHHC were used. zDHHC 
enzyme Ct values are shown relative to the Ct value of zDHHC6 (Ct value = 20.4), which was 
normalised to the value 1. N=3. 

 

During the differentiation from 3T3-L1 pre-adipocytes to adipocytes, major 

morphological changes could be observed (see Chapter 3, Figure 3.1). In contrast to 

pre-adipocytes, adipocytes respond to an insulin stimulus with the translocation of 
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GLUT4 transporters from intracellular storage vesicles to the PM. It is possible that 

the morphological changes that occur during adipocyte differentiation and the 

capability to respond to insulin with GLUT4 translocation are accompanied by a 

change of zDHHC expression profile. To investigate if there are any changes in 

mRNA expression levels between zDHHCs enzymes in pre-adipocytes and 

adipocytes, a qPCR analysis was performed. For this, pre-adipocyte cDNA and the 

corresponding adipocyte cDNA were amplified using zDHHC primers and expression 

levels were compared by applying the 2-ΔΔCT method (Livak and Schmittgen, 2001). 

Supplementary investigation of changes in expression levels of GLUT4 and the 

enzymes which catalyse depalmitoylation (acyl-protein thioesterase) APT1, APT2 

and APT3 were included. All results of this experiment are included in Figure 6.4. 
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Figure 6.4. zDHHC and APT mRNA expression in 3T3-L1 adipocytes relative to 3T3-L1 pre-
adipocytes. SYBR Green based qPCR was performed using cDNA from 3T3-L1 pre-adipocytes and 
corresponding adipocytes. Validated primers for each zDHHC and APT 1-3 and GLUT4 were used. 
Fold changes in mRNA expression from 3T3-L1 pre-adipocytes to adipocytes are shown and were 
calculated as described in the Methods section (2.3.16). All quantified data were from three 
experimental repeats. 
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The relative expression profile comparing zDHHC mRNA expression levels in pre-

adipocytes and adipocytes is displayed in Figure 6.4. No major differences in mRNA 

expression levels could be detected for the zDHHC family, at least at the mRNA 

level, when 3T3-L1 pre-adipocytes were differentiated into adipocytes. Although 

some zDHHC enzymes did display marked changes in expression (e.g. zDHHC-15 and 

-23), the low expression of these enzymes (see Figure 6.3) makes these detected 

differences unreliable. The mRNA levels for APT2 and APT3 increased approximately 

1.5 fold, whereas almost no change could be detected for APT1. The mRNA levels of 

GLUT4 are approximately 1300 times higher in adipocytes than in pre-adipocytes as 

previously shown in Chapter 3. 

 

6.3 Effect of zDHHC family proteins on IRAP palmitoylation 

In previous sections (Chapter 3 and Chapter 4), palmitoylation of IRAP was 

demonstrated and quantified, and its palmitoylation sites were identified. Yet, it is 

unknown which member(s) of the zDHHC protein family are involved in the 

palmitoylation of IRAP. zDHHC enzymes exhibit compartment-specific localisations, 

with most isoforms enriched on ER or Golgi membranes (Ohno et al., 2006). IRAP is 

an integral membrane protein, which is initially translocated across the ER 

membrane during its synthesis and folding, and transiently passes through the Golgi 

apparatus before being inserted into the PM or intracellular storage vesicles. Hence, 

during its biosynthesis and trafficking, IRAP transits through several cellular 

compartments expressing most of the zDHHC enzymes. In this section, I set out to 

elucidate which zDHHC enzymes might be involved in the palmitoylation of IRAP. 

For this, HA-tagged members of the zDHHC protein family were co-expressed with 

N-terminally HA-tagged IRAP in HEK293T cells. Subsequently, incorporation of 

17ODYA into IRAP and zDHHCs was quantified using click-chemistry. Application of 

this method allowed an analysis of whether specific members of the zDHHC family 

modify the incorporation of 17ODYA into IRAP. The result of this experiment is 

displayed in Figure 6.5. The top panel shows immunoblots probed with an antibody 
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against the HA-tag. At an apparent molecular weight of approximately 175 kDa, 

protein bands corresponding to IRAP can be detected; the intensity of these protein 

bands is comparable between all lanes.  

 

Figure 6.5. Effect of zDHHC enzyme co-expression on the incorporation of 17ODYA into IRAP.  
HEK293T cells were co-transfected with plasmids encoding the indicated HA-tagged members of 
zDHHC family and HA-tagged IRAP for 24 h. Cells were then serum starved in DMEM culture medium 
containing 1% fatty acid free (FAF) BSA for 30 min and metabolically labelled with 15 µM 17ODYA in 
DMEM with 1% FAF BSA for 4 h. Subsequently, incorporation of 17ODYA was detected using IRDye as 
described in section 2.4.2. Proteins were precipitated using acetone and resuspended in 1x Laemmli 
buffer containing 25 mM DTT and subjected to SDS-PAGE on 12% acrylamide gels. Subsequently, 
proteins were transferred onto nitrocellulose membranes and probed with HA antibody. The lanes 
labelled with C indicate control samples derived from cells transfected with IRAP only. Antibody 
binding and IRDye were visualised using the Odyssey ® infrared imaging system. Representative 
result is shown of an experiments conducted at least four times. Position of the molecular weight 
marker is indicated on the left hand side of each panel.  
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Furthermore, protein bands could be detected corresponding to zDHHC 2, 3, 4, 7, 

10, 12, 14 ,15, 19 and 25 at the approximate apparent molecular weight of each 

zDHHC protein (see Table 6.1 for molecular mass of zDHHC proteins). 

 

Table 6.1. zDHHC enzyme molecular mass sizes according to UniProt. The columns labelled 
“Protein” indicate members of mouse zDHHC protein family. The predicted molecular mass in kDa 
according to UniProt can be seen in the columns indicated with “Protein mass”.   

Predicted molecular mass for zDHHC enzyme family members 

Protein Protein mass [kDa] Protein Protein mass [kDa] 

zDHHC1 54.8 zDHHC14 53.8 

zDHHC2 42.0 zDHHC15 39.3 

zDHHC3 34.0 zDHHC16 43.6 

zDHHC4 39.5 zDHHC17 72.6 

zDHHC5 77.5 zDHHC18 42.0 

zDHHC6 47.5 zDHHC19 34.2 

zDHHC7 35.1 zDHHC20 42.2 

zDHHC9 40.9 zDHHC21 31.3 

zDHHC11  45.9 zDHHC23 48.1 

zDHHC12 30.8 zDHHC24  30.4    

zDHHC13 70.9 zDHHC25  30.8 

       

The middle panel of Figure 6.5 shows the incorporation of 17ODYA. Protein bands 

at the apparent molecular weight of approximately 175 kDa highlight the 

attachment of 17ODYA to IRAP. The intensities of these bands vary, and are the 

strongest for lanes with zDHHC1, 2, 3, 5, 11, 15, 20 and 21. Furthermore, 

incorporation of 17ODYA into zDHHC3, 4, 12, and 15 is detectable at the 

corresponding molecular weight for each zDHHC enzyme. This signal is likely to 

originate from the auto-palmitoylation of the zDHHC proteins. A background signal, 

resulting from attachment of the IRDye to other cellular proteins is visible in each 

lane, particularly at an apparent molecular weight of approximately 80 kDa; this 

background signal presumably reflects the palmitoylation of other cellular proteins. 

The bottom panel shows a merge of signals obtained from the HA antibody and the 

IRDye 800cw.  

In order to display the differences in incorporation of 17ODYA into IRAP, 

fluorescence images from Figure 6.5 were quantified using Image Studio software 
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and attachment of 17ODYA to IRAP was calculated as described in Chapter 4 section 

4.2. The calculated values for the attachment of 17ODYA to IRAP in cells co-

transfected with the indicated zDHHC proteins are illustrated in Figure 6.6.  

 

 

Figure 6.6. Quantification of incorporation of 17ODYA into IRAP co-expressed with the indicated 
zDHHCs in HEK293T cells. Incorporation of 17ODYA into IRAP was measured by quantification of the 
click-signal from images shown in Figure 6.5 and additional experimental repeats using Image Studio 
software. Quantified values of click-signal from IRAP were normalised to corresponding value for the 
HA-tagged IRAP constructs. The value for 17ODYA incorporation into IRAP obtained from cells 
without co-transfected zDHHCs was set to 1. Statistical One way ANOVA analysis followed by Tukey’s 
multiple comparison test revealed no significant differences in 17ODYA incorporation in the 
presence of any zDHHC enzyme. All quantified data was from a minimum of four experimental 
repeats. 

 

As a control, IRAP wild type cDNA was transfected alone into HEK293T cells and the 

determined value for attachment of 17ODYA was set to the value one. Co-

expression of IRAP with zDHHC1, 2, 3, 5, 7, 11, 14 or 15 resulted in a somewhat 

increased incorporation of 17ODYA into IRAP when compared to control samples. 

Calculated values varied between approximately 2.6 for co-expression with zDHHC2 

and approximately 1.4 for co-expression with zDHHC5. When IRAP was co-

transfected with zDHHC4, 6, 13 17, 18, 19, 20, 21, 24 and 25, comparable values for 

attachment of 17ODYA to the control samples were obtained. A reduction of 

17ODYA attachment to IRAP could be observed when IRAP was co-expressed with 

zDHHC9, 12, 16 and 23. Despite the differences in determined values for 

attachment of 17ODYA to IRAP ranging from 2.6 to 0.5, there was no statistical 
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significance when compared to the control condition (i.e. no co-expression of 

zDHHC enzymes). 

 

6.4 Interaction of IRAP with selected zDHHC enzymes. 

In section 6.3, it was found that although co-expression with certain members of 

the zDHHC protein family (e.g. zDHHC2) had an effect on IRAP palmitoylation, none 

of the detected changes were statistically significant. Interestingly, however, co-

expression of specific zDHHC enzymes appeared to cause a downward shift in the 

apparent molecular weight of IRAP (e.g. zDHHC 3, 7 and 9 in Figure 6.5 top and 

middle panels). This shift in migration was a consistent observation and was specific 

to IRAP, as the major band labelled with 17ODYA (Figure 6.5, middle panel) at ~ 80 

kDa did not show a similar band-shift. According to the protein database UniProt 

and previous publications, IRAP is predicted to undergo other PTMs, such as 

glycosylation and phosphorylation (Keller et al., 1995). IRAP is a protein comprising 

1025 amino acids and has a predicted molecular mass of approximately 117 kDa. In 

accordance with previous studies, IRAP was detected in this study at the apparent 

molecular weight of approximately 140 kDa in brain and at approximately 175 kDa 

in 3T3-L1 adipocytes and HEK293T cells (Keller et al., 1995; Hashiramoto and James, 

2000; Albiston et al., 2001). The discrepancy between the predicted molecular mass 

and the apparent molecular mass of IRAP is likely to originate from cell-specific 

variations in PTM processing, most notably glycosylation (Keller et al., 1995). 

Glycosylation of proteins begins in the ER, with further trimming and modification 

of sugar groups taking place in the Golgi apparatus (Lodish et al., 2000). Thus, it is 

possible that the Golgi-localised enzymes zDHHC3, 7 and 9 are somehow interfering 

with the trafficking of IRAP, resulting in changes in its glycosylation profile and in a 

visible band-shift on SDS gels. 

To further examine the effect of specific zDHHC enzymes on the migration of IRAP 

on SDS gels, IRAP was co-expressed with either wild type zDHHC7 or a catalytically-

inactive form containing a mutation of the cysteine within the DHHC motif 

(zDHHC7-C160S). Lysates from transfected cells were prepared and analysed by 
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SDS-PAGE on 8% acrylamide gels. A low percentage of acrylamide was chosen to 

obtain a better resolution of higher molecular weights, which was important to be 

able to detect potential changes in the molecular weight of IRAP. The result of this 

experiment is shown in Figure 6.7. The top panel of the figure shows the detection 

of protein bands corresponding to IRAP. When IRAP was transfected without 

zDHHC7, it appeared as a doublet band stretching from the apparent molecular 

weight of approximately 170 kDa to just over 175 kDa. This is also the case for the 

palmitoylation-deficient mutant (3CA) of IRAP. In contrast, IRAP appeared 

predominantly as a single protein band at the apparent molecular weight of 

approximately 170 kDa when it was co-expressed together with both zDHHC7 

constructs (wild type and catalytically-inactive). In the bottom panel of the Figure 

6.7, zDHHC7 expression is indicated.       

 

 

Figure 6.7.  SDS-PAGE analysis of HEK293T cells co-transfected with HA-tagged IRAP constructs and HA-tagged 
zDHHC7 constructs. HEK293T cells were co-transfected with plasmids encoding the indicated HA-tagged IRAP 

constructs and HA-tagged constructs of zDHHC7 for 24 h. Cells were then lysed in 200 µl lysis buffer (50 mM 
Tris; 17 mM SDS; pH 8.0 containing protease inhibitors) and subjected to SDS-PAGE on 8% 
polyacrylamide gels. Subsequently, immunoblotting was performed using an anti-HA antibody. 
Samples were loaded in duplicate. Lanes indicating: zDHHC7= zDHHC7 wild type; zDHHC7 C160S= 
zDHHC7 with cysteine-160 mutated to serine within DHHC-motif. 
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6.5 Discussion 

Many proteins are expressed in a cell-type specific manner, and can contribute to 

the determination of physiological properties, such as cellular metabolism, 

morphology or function. This chapter focused on the expression profile of zDHHC 

enzymes in the 3T3-L1 cell line. Furthermore, interaction of zDHHC enzymes with 

the previously identified palmitoylation substrate IRAP was examined. qPCR was 

applied to measure differences in zDHHC mRNA levels of 3T3-L1 pre-adipocytes and 

adipocytes. This analysis revealed similar mRNA copy numbers for all the examined 

zDHHCs when 3T3-L1 pre-adipocytes and adipocytes were compared (Figure 6.4); 

any expression changes detected were for enzymes with very low levels of mRNA, 

and hence these results were considered unreliable. In contrast, comparing qPCR Ct 

values in mature 3T3-L1 adipocytes demonstrated potential differential expression 

levels of zDHHC isoforms in this cell type. Furthermore, I attempted to identify 

which of the zDHHC enzymes are involved in the palmitoylation of the protein IRAP, 

using click-chemistry experiments in HEK293T co-expressing this protein and each 

of the zDHHC enzyme isoforms. This approach showed that, despite elevated 

zDHHC protein levels, the incorporation of 17ODYA into IRAP remained largely 

unchanged (Figure 6.5 and Figure 6.6). However, co-expression of some zDHHC 

enzymes (e.g. zDHHC3, 7 and 9) was found to change the migration profile of IRAP 

on SDS gels. This effect was demonstrated to be independent of IRAP palmitoylation 

status and on the palmitoyl transferase activity of the zDHHC enzyme indicating that 

high copy numbers of certain zDHHC enzymes potentially affects the processing of 

IRAP. 

The composition of cellular proteins and their distribution ultimately determines 

the physiological and morphological properties of each cell type. The 3T3-L1 cell line 

is derived from a subset of embryonic mouse fibroblasts, also referred to as pre-

adipocytes, which can differentiate into cells with adipocyte physiology (Green and 

Kehinde, 1972, 1975). The differentiation process whereby these pre-adipocytes 

mature into adipocytes includes the up-regulation of the expression of several 

proteins which are important for structural and physiological changes 
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accompanying this process. Many proteins have been established to play a role in 

adipocyte differentiation or to exhibit changes in expression during this process, 

such as GLUT4, caveolin-1 and peroxisome proliferator-activated receptor (PPAR) 

gamma (Scherer et al., 1994; Wu et al., 1998; Chawla et al., 1994). Hence, it was 

possible that changes in the expression of certain zDHHC proteins might indicate an 

important role in adipocyte differentiation or physiology. In order to examine 

whether changes in expression takes place, mRNA levels of the zDHHC proteins 

were measured by qPCR before and after differentiation of 3T3-L1 cells. The 

purification of RNA from 3T3-L1 pre-adipocytes and corresponding adipocytes was 

the basis of this analysis and the quality of purified RNA is an essential factor 

determining the success of any qPCR analysis (Fleige and Pfaffl, 2006). The quality of 

the purified RNA was assessed by resolving the RNA with electrophoresis. A typical 

band pattern with an intensity ratio of 2:1 for bands corresponding to 28S and 18S 

indicated that the isolated RNA was mostly intact (see Figure 6.1) (Sambrook et al., 

1989). In order to be able to compare expression levels of proteins between 

different cells, stably expressed reference genes are needed. As mentioned above, 

the differentiation of 3T3-L1 pre-adipocytes to adipocytes is accompanied by severe 

morphological (see Chapter 3 Figure 3.1) and physiological changes, and expression 

of many proteins is altered after differentiation is completed. Commonly used 

control genes for qPCR such as β-actin or glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were not suitable, as their expression varied during 

differentiation (data not shown). Therefore in this thesis, Fbox, IPO8 or Ppia were 

considered as reference genes. These proteins were previously reported to function 

as reference genes for qPCR analysis (Hurtado del Pozo et al., 2010; Pei et al., 2011), 

and indeed changes in mRNA expression of IPO8 between pre-adipocytes and 

adipocytes were suitably low as indicated by a low value of ΔCt, and this gene was 

chosen as the reference gene for the qPCR analysis (Figure 6.2). The comparison of 

Ct values of zDHHCs in mature 3T3-L1 adipocytes revealed that the mRNA of 

zDHHC6, zDHHC1, zDHHC16 and zDHHC21 were potentially expressed at the highest 

levels. This comparison was based on the obtained Ct values of the qPCR analysis. 
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Although the efficiency of the primers for each zDHHC isoform was validated, the 

copy number of mRNA which corresponded to Ct values was not calibrated. Hence, 

this analysis serves only as an approximate estimation of the actual mRNA copy 

numbers of the examined zDHHCs in adipocytes, and thus direct comparison of 

expression levels between different zDHHC isoforms is only semi-quantitative. The 

established 2-ΔΔCT method was applied to compare relative mRNA expression levels 

of each zDHHC isoform between 3T3-L1 pre-adipocytes and adipocytes. This 

analysis revealed that no major changes were observed in the expression of zDHHC 

mRNA linked to the maturation of 3T3-L1 adipocytes. The highest changes in mRNA 

expression were registered for zDHHC23, zDHHC15 and zDHHC9. Although the 

determined differences in expression reached an almost 10-fold increase 

(zDHHC15) or decrease (zDHHC23), it is not clear whether these observations are 

reliable. The reason for this is that the zDHHC isoforms with the greatest registered 

changes in mRNA expression were simultaneously shown to have the highest Ct 

values as can be seen in Figure 6.3. The precision of qPCR analysis in high ranges of 

Ct values is not as precise as analysis with low Ct values, hence these observed 

differences in expression could have originated from inaccurate analysis due to low 

copy numbers of mRNA. Nevertheless, the validity of this qPCR analysis was 

confirmed by the high increase of GLUT4 mRNA upon differentiation, which was 

reported in previous publications (Wu et al., 1998). Although differentiation into 

adipocytes was not accompanied by detectable changes of mRNA copy numbers of 

the zDHHC enzymes, it was possible that the regulation of their mRNA translation 

into proteins has changed. An altered translation rate could result in increased or 

decreased protein levels without a change in the copy numbers of the mRNA itself. 

Protein levels of the zDHHC enzymes were not examined because suitable 

antibodies against zDHHC proteins were not available. Furthermore, it was possible 

that the activity of these enzymes could have changed upon differentiation. 

However, zDHHC enzyme activity has been not examined in this study.   

Substrate specificity of zDHHC enzymes and the regulation of it is an extensively 

studied subject of the palmitoylation field. There is evidence that palmitoylation by 
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zDHHC enzymes is promiscuous and not substrate-specific. For example, loss of 

palmitoylation of VAC8, which followed the depletion of 5 out of 7 PATs in yeast, 

was compensated by the over-expression of any single one of the five depleted 

zDHHCs (Hou et al., 2009). Furthermore, palmitoylation by zDHHC enzymes 

localised in the Golgi apparatus was shown to occur in the absence of conserved 

structural features or evident consensus sequences (Rocks et al., 2010). Hence, it is 

possible that substrate specificity is regulated only by an overlapping localisation of 

substrates and zDHHC enzymes in the same intracellular compartment. However, a 

few studies have demonstrated substrate specificity of zDHHC enzymes and 

identified some specific features of both enzyme and substrate that regulate the 

interaction (Greaves and Chamberlain, 2011a). The majority of insights into zDHHC 

substrate specificity have been obtained from either co-expression or depletion 

experiments. Co-expression of zDHHC17 or zDHHC3 with SNAP25, glutamate 

receptor subunit 1 or stress-regulated exon (STREX) domain of large conductance 

potassium (BK) channels resulted in an increase of palmitoylation of those 

substrates and complementary depletion of these zDHHC proteins also led to a 

reduction of palmitoylation the same substrates (Huang et al., 2009; Tian et al., 

2010). Here, I attempted to identify zDHHC proteins that are involved in the 

palmitoylation of IRAP. For this, IRAP was co-expressed together with zDHHC 

proteins in HEK293T cells and subsequently palmitoylation of IRAP was measured by 

click-chemistry. Albeit, some minor increases and decreases in 17ODYA 

incorporation after co-expression were registered, however no statistical 

significance of these changes was found. Assuming that zDHHC proteins catalyse 

the palmitoylation of IRAP without a specific preference, it would have been 

predicted that an increase in 17ODYA attachment onto IRAP would have been most 

evident in cells expressing zDHHC enzymes at the highest levels (with the caveat 

that localisation of zDHHC enzymes is also likely to be important for IRAP 

palmitoylation). This was not the case, as zDHHC 3, 4, 12 and 15 were found to be 

the most clearly detectable zDHHCs by immunoblotting, but co-expression with 

these enzymes did not consistently result in an increased palmitoylation of IRAP 
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(Figure 6.5 and Figure 6.6). Although an increase in 17ODYA incorporation into IRAP 

was observed when IRAP was co-expressed with zDHHC 3 and 15, a decrease in 

palmitoylation was observed when zDHHC4 and 12 were co-expressed. 

Furthermore, it could be concluded that the level of auto-palmitoylation of zDHHC 

proteins did not correlate with highest incorporation of 17 ODYA onto IRAP. zDHHCs 

3, 4, 12 and 15 had clearly detectable auto-palmitoylation, but as mentioned above, 

co-expression with these DHHCs was not linked to a consistent change in IRAP 

palmitoylation. Expression of IRAP without co-expression of any zDHHC resulted in 

clearly detectable 17ODYA incorporation into IRAP. This observation indicates that 

HEK293T cells endogenously express PATs which are capable of palmitoylating IRAP. 

zDHHC2, 4, 13 and 16 might be involved in the palmitoylation of IRAP as the mRNA 

levels of theses zDHHC enzymes are the highest in HEK293T cells (Tian et al., 2010). 

It would be interesting to co-express zDHHCs with IRAP in a cell line, which lacks 

efficient palmitoylation by endogenously expressed PATs. Furthermore, depletion 

of zDHHCs in HEK293T cells might be an approach that is potententially more likely 

to identify the enzymes involved in IRAP palmitoylation. A similar siRNA (small 

interfering ribonucleic acid) approach successfully identified zDHHCs that modulate 

the palmitoylation of the STREX variant of the BK channel in HEK293 cells (Tian et 

al., 2010).   

Within some proteins the ankyrin-repeat domain mediates protein-protein 

interaction (Li et al., 2006). The cytosolic fragment from amino acids 96 to 101 of 

IRAP was identified as an ankyrin-repeat binding domain (Sbodio and Chi, 2002). 

Interestingly the protein tankyrase, contains an ankyrin-repeat domain and was 

shown to interact with IRAP. This interaction is thought to be mediated by the 

ankyrin-repeat motif of tankyrase (Chi and Lodish, 2000). Furthermore, the ankyrin-

repeat domain is also thought to play are role in the enzyme substrate interaction 

of zDHHC17 and zDHHC13, which have an N-terminal ankyrin-repeat domain and 

were demonstrated to palmitoylate huntingtin (Huang et al., 2009). In contrast, 

zDHHC3 has no ankyrin-repeat domain and is not able to palmitoylate huntingtin. 

The importance of the ankyrin-repeat in huntingtin recognition by zdHHC17/13 was 
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demonstrated, as a chimeric form of zDHHC3 with the N-terminal ankyrin-repeat 

domain from zDHHC17 gained palmitoylation activity towards huntingtin (Huang et 

al., 2009). Furthermore, the ankyrin-repeat domain of zDHHC17 was also shown to 

be important for recognition and palmitoylation of both SNAP25 and CSP 

(Lemonidis et al., 2014). Despite the putative ankyrin-repeat domain recognition 

site of IRAP, its palmitoylation was not affected by the co-expression of either 

zDHHC13 or zDHHC17 (Figure 6.6). More research is clearly needed to elucidate the 

interaction of IRAP with zDHHC enzymes, especially with zDHHC13 and zDHHC17. 

This could be done by classic protein-protein interaction studies like co-

immunoprecipitation, or more recent methods such as the mating based split-

ubiquitin system, which was successfully applied to identify interaction of zDHHC 

proteins with their substrates (Lemonidis et al., 2014). Attempts to study IRAP 

interaction with zDHHC enzymes in this yeast system were hampered by an inability 

to successfully express IRAP in yeast (data not shown). 

The compartments of the Golgi apparatus with its residing zDHHCs were 

suggested to function as hub for palmitoylation of peripheral membrane proteins in 

the cell (Rocks et al., 2010). IRAP undergoes various PTMs, most notably 

glycosylation in the Golgi apparatus before trafficking to the PM or intracellular 

storage vesicle (Keller et al., 1995). Co-expression of Golgi apparatus residing 

zDHHC enzymes such as DHHC3, 7 or 9 with IRAP (Figure 6.5) resulted in a 

somewhat different band migration pattern of IRAP on SDS gels. These subtle 

changes are difficult to notice in Figure 6.5, as the resolution of high molecular 

weight proteins is limited on 12% acrylamide gels, but these differences were 

readily apparent on 8% acrylamide gels. In order to investigate this effect in more 

detail, IRAP constructs were co-transfected with zDHHC7 wild type and catalytically 

inactive mutant and analysed on 8% polyacrylamide gels (Figure 6.7). Co-expression 

of zDHHC7 resulted in loss of the upper band of the IRAP doublet. Involvement of 

palmitoylation of IRAP in this phenomenon could be excluded as transfection of a 

palmitoylation-deficient IRAP 3CA mutant (without co-transfection of zDHHC7) 

resulted in the same band pattern as seen for the wild type IRAP. Additionally, the 
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band shift could be still observed when both IRAP constructs were transfected with 

a mutant form of zDHHC7 that lacked the cysteine within the DHHC motif. It is 

possible that the increased presence of zDHHC7 perturbed the normal processing of 

IRAP.  Interestingly,  over-expression of zDHHCs localised at the Golgi apparatus 

(zDHHC3, 7 and 17) was previously shown to affect the secretion of proteins via 

both regulated and constitutive secretory pathways (Huang et al., 2004; Fukata et 

al., 2004; Greaves et al., 2010). Hence, the effects of zDHHC expression on IRAP 

migration on SDS gels could reflect a disruption of the secretory pathway. It is not 

clear how over-expression of certain zDHHC enzymes would cause this effect but 

this is not likely to be linked to the palmitoylation activity of these enzymes. It will 

be interesting in future work to examine how zDHHC over-expression affects the 

trafficking of other cargo proteins through the Golgi apparatus, such as the G 

protein of vesicular stomatitis virus (VSV-G), which has been used as a general 

marker protein for trafficking process in the secretory pathway. 

Further research needs to be conducted to understand the nature of zDHHC 

interaction with IRAP and to identify zDHHCs which are involved in IRAP 

palmitoylation.          
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Chapter 7: General discussion 

 

7.1 ACYL-RAC AND THE IDENTIFICATION OF PALMITOYLATED PROTEINS 

The main focus of this study was to examine protein palmitoylation in 3T3-L1 

adipocytes, with the goal of identifying new roles for this post-translational 

modification within the insulin signalling and GLUT4 trafficking pathways. To 

address this question, the relatively new “acyl-RAC” technique was applied to 

isolate the palmitoylome of 3T3-L1 adipocytes. The initial plan was to employ both a 

candidate-based approach and also a wider proteomics approach to identify novel 

palmitoylated proteins captured in the adipocyte palmitoylome. However, the 3T3-

L1 adipocyte palmitoylome was reported in a separate study that was published 

during the course of this work (Ren et al., 2013b). This, combined with the success 

of the candidate-based approach in identifying novel palmitoylated proteins of 

interest (IRAP and caveolin-2), led to the decision to focus subsequent analysis on 

the characterisation of these two novel palmitoylated proteins. 

IRAP resides in GSVs of muscle and adipocytes, and shows extensive overlap with 

GLUT4 in these cells (Martinez-Arca et al., 2000). Furthermore, there is evidence 

that IRAP regulates sorting of GLUT4 in these cell types (Waters, 1997; Yeh et al., 

2007). Both IRAP and GLUT4 were found to be palmitoylated in adipocytes, albeit at 

markedly different levels. The finding that these proteins are palmitoylated was a 

novel observation when this work was initiated, however palmitoylation of IRAP 

and GLUT4 was confirmed in a recent proteomics-based study (Ren et al., 2013b). 

Although other proteins that were investigated, such as caveolin-1, flotillin1/2, 

SNAP23, IRβ and IGF receptor β were already known to be palmitoylated, the level 

of palmitoylation of these proteins was not known until the results of the 

quantitative analysis that was performed in this study (Dietzen et al., 1995; Vogel 

and Roche, 1999; Magee and Siddle, 1988; Morrow et al., 2002; Neumann-Giesen et 

al., 2004).  

Albeit the acyl-RAC method was established a few years ago (Forrester et al., 2011), 

the present study (to my knowledge) is the first time this technique has been used 
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to determine the steady state palmitoylated fractions of various proteins within the 

same cells. Quantification of relative differences in the extent of palmitoylation of 

individual proteins has been reported in numerous studies using metabolic labelling 

with 3H-palmitic acid (e.g. Fernández-Hernando et al. 2006; Abrami et al. 2008). In 

these studies, cells are typically labelled with 3H-palmitic acid and proteins of 

interest recovered by immunoprecipitation. Incorporation of 3H-palmitic acid into 

specific proteins is then detected by fluorography. For quantification, the 

fluorographic signal is then normalised to the total protein amount estimated by 

immunoblotting. Although this approach gives information about changes in 

palmitoylation levels, assessment of the absolute palmitoylation states is not 

possible, as two separate detection systems are used (fluorography and 

immunoblotting), which are not comparable with each other. Thus, quantifying the 

palmitoylated pool of proteins of interest is a major strength of the acyl-RAC 

technique, which is not yet being fully exploited in the literature. 

With the application of acyl-RAC, where the total palmitoylated pool of a protein is 

directly related to the level of capture of that protein by a thioreactive matrix, 

approximately 80% of the soluble proteins SNAP23 and flotillin1/2 were found to be 

palmitoylated. Previous work has demonstrated that palmitoylation of multiple 

cysteines regulates membrane attachment of these proteins (Vogel and Roche, 

1999; Neumann-Giesen et al., 2004). In contrast to the uniformly high 

palmitoylation values of the soluble proteins that were examined in this work, the 

percentage of palmitoylation of integral membrane proteins varied and was the 

highest for caveolin-2 (~80%) and lowest for GLUT4 (~14%) and IGF receptor β 

(~7%). Although acyl-RAC provides direct information on the palmitoylated and 

non-palmitoylated pool sizes of proteins of interest, it cannot determine how highly 

palmitoylated an individual protein molecule is. Theoretically, the attachment of 

only one palmitate per molecule is sufficient for the capture of a protein within the 

palmitoylated fraction. Hence, it is not possible to distinguish whether one, or 

multiple cysteines are palmitoylated on a protein with this method. However, this 

could be addressed by including a PEGylation labelling step (Roberts et al., 2002; Yu 
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et al., 2006), and this type of modification has potential to further increase the 

strength of acyl-RAC-based approaches. 

 

PALMITOYLATION OF PROTEINS INVOLVED IN INSULIN SIGNALLING/GLUT4 

TRANSLOCATION 

When this work was initiated, very little was known about the impact of 

palmitoylation on the insulin signalling and GLUT4 trafficking pathways. 

Palmitoylation was already established to regulate membrane binding of the SNARE 

protein SNAP23 (Veit et al., 1996; Vogel and Roche, 1999), and TC10 and lotillin-1/2 

(Morrow et al., 2002; Watson et al., 2003), which are involved in the PI3-kinase-

independent insulin signalling pathway. In addition, work published over 25 years 

ago reported palmitoylation of the IR (Magee and Siddle, 1988). The identification 

of caveolin-2 and IRAP as novel palmitoylated proteins further adds to the overall 

picture of where palmitoylation might be most important in these insulin-regulated 

pathways. Furthermore, the novel observations that a pool of GLUT4 is 

palmitoylated, and that palmitoylation of the IR is limited to a small pool of the 

protein also add to our understanding of the links between this post-translational 

modification and insulin signalling/GLUT4 trafficking. Thus, it would be interesting 

to investigate if the palmitoylated pools of these proteins correspond to specific 

intracellular locations of the proteins, or whether there are regulated changes in 

the palmitoylation state of these key proteins occurring under specific conditions. 

Interestingly, a recent study also demonstrated a further role of palmitoylation in 

the insulin-dependent GLUT4 translocation pathway. Silencing of the PAT zDHHC17 

was shown to impair insulin-stimulated GLUT4 translocation to the PM, which was 

linked to reduced palmitoylation of the zDHHC17 substrate clipR-59, a protein that 

regulates compartmentalisation of AKT protein kinase (Ren et al., 2013a).  

The findings made in this study are supported by a recent study that also reported 

palmitoylation of IRAP and GLUT4, and additionally identified novel palmitoylated 

proteins in adipocytes such as mammalian homolog of Unc (Munc) 18c or AS160 

(Ren et al., 2013b). However, the palmitoylated fraction of AS160 and Munc18c was 



 

182 
 

not quantified either by Ren et al. or in our study; in the work reported here, 

detection of these proteins in acyl-RAC fractions was inconsistent, most likely due 

to issues with the antibodies that were used. 

 

EFFECTS OF PALMITOYLATION ON INSULIN SIGNALLING/GLUT4 TRAFFICKING 

PROTEINS 

Previously conducted studies demonstrated that palmitoylation is capable of 

modifying protein-protein interactions (Delandre et al., 2009). Hence it is possible 

that palmitoylation is involved in regulating the interaction between components of 

the insulin signalling and GLUT4 translocation pathways. In support of this notion, 

the interaction of IRAP with AS160 and GLUT4 has been reported in previous 

studies, and all three are palmitoylated proteins (Peck et al., 2006; Shi et al., 2008). 

However, interaction of IRAP and GLUT4 is unlikely to be mediated by 

palmitoylation, as I found that the major palmitoylation sites of IRAP are the 

cytosolic cysteine residues cysteine-103 and cysteine-114 but GLUT4 and IRAP are 

thought to interact through the luminal domain of IRAP (Shi and Kandror, 2005). 

Furthermore, co-transfection of a palmitoylation-deficient mutant of IRAP or the 

wild type IRAP together with GLUT4 in HEK293T cells resulted in the same 

localisation in respect to GLUT4 for both IRAP constructs (see Figure 4.6). In 

contrast to the IRAP-GLUT4 interaction, the interaction of IRAP with AS160 has 

more potential to be affected by palmitoylation as it is thought to be mediated 

through the cytoplasmic domain of IRAP (Peck et al., 2006), where the 

palmitoylation sites of IRAP are present. However, the palmitoylation sites and the 

extent of palmitoylation of AS160 have not been identified. Further work needs to 

be conducted to elucidate the role of palmitoylation in the interaction of 

components of the GLUT4 translocation pathway. For example, it would be 

interesting to test if wild type and palmitoylation-deficient mutants of IRAP and 

GLUT4/AS160 co-immunoprecipitate to the same extent. 

The assembly of GSVs is another potential process that might involve 

palmitoylation. Interestingly, the major components of GSVs, which are GLUT4, 
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IRAP and sortilin, have all been reported to be palmitoylated either in the present 

study or in other studies (McCormick et al., 2008; Ren et al., 2013b). Sortilin is 

thought to play an important role in the assembly of the GLUT4 containing vesicles, 

as it is believed that sortilin is required for the recruitment of GLUT4 into GSVs (Shi 

and Kandror, 2005). Palmitoylation of sortilin was found to affect its stability and is 

essential for its correct trafficking within the cell (McCormick et al., 2008; 

Dumaresq-Doiron et al., 2013), which in turn would be important for its function in 

the assembly of GSVs. However, the effect of palmitoylation on GLUT4 is not known 

and palmitoylation of IRAP was demonstrated in this study to have no effect on 

either localisation or protein stability. Hence, without further investigation, it 

cannot be concluded how palmitoylation of the major components of GSVs impacts 

on the assembly of the insulin responsive, GLUT4 containing storage vesicles. 

As previously reported and demonstrated by the application of acyl-RAC, the IR β 

subunit of the IR, caveolin-1 and caveolin-2 are also modified by palmitoylation 

(Magee and Siddle, 1988; Dietzen et al., 1995). The IR was reported to 

predominantly reside in caveolae at the PM of adipocytes (Gustavsson et al., 1999; 

Foti et al., 2007). Interestingly, there are a few studies suggesting that insulin 

stimulated internalisation of the IR is mediated by caveolae. The IR and caveolin-1 

were also shown to interact with each other, and caveolin-1 has been identified as a 

target of the receptor tyrosine kinase (Kimura et al., 2002). Moreover, both proteins 

were co-immunopurified together from endosomal vesicles using antibodies against 

the IR or tyrosine(14)-phosphorylated caveolin-1 respectively (Fagerholm et al., 

2009). Finally, a clathrin independent endocytosis pathway of GLUT4 is suggested to 

be mediated by caveolae (Montesano et al., 1982; Shigematsu et al., 2003; Blot and 

McGraw, 2006). 

In the present study, there is evidence suggesting that a specific intracellular pool of 

caveolin-1 and the IR  subunit might be a particular target for palmitoylation. 

Before isolation of the palmitoylome from 3T3-L1 adipocytes by acyl-RAC, the cell 

membrane fraction was purified in one of two different ways: in one experiment 

the starting membrane fraction consisted mainly of the PM, mitochondria, 
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lysosomes and peroxisomes and was purified by centrifugation at a speed of 16,000 

x g; in the other experiment, membrane purification was conducted by 

centrifugation at a higher speed (136,000 x g), which also isolates membranes from 

the ER, Golgi apparatus, endosomes and small vesicles (including GSVs) (Lodish et 

al., 2007). Out of the panel of examined proteins, only the calculated palmitoylated 

fraction of caveolin-1 and the IR varied when acyl-RAC was conducted using the two 

different membrane fractions. The percentage of palmitoylation increased to similar 

levels (50-60%) for both proteins when centrifugation with the higher speed was 

used for the membrane purification. For caveolin-1 a nearly two-fold increase was 

observed and the palmitoylation of the IR increased approximately 4-fold. One 

possible explanation is that palmitoylated molecules of caveolin-1 and the IR are 

enriched in low density membranes, which are only purified by high speed 

centrifugation. These low density vesicle membranes could potentially be 

endosomes, which originate from caveolae-mediated endocytosis of the IR. Another 

possibility is that the palmitoylated molecules of both proteins were purified from 

low density vesicles that carry newly synthesised IR and caveolin-1 from the ER to 

the PM. In summary, this result might suggest a potential involvement of 

palmitoylation in the trafficking of newly synthesised IR and caveolin-1, or in the 

endocytic recycling-pathway of these proteins. This idea warrants investigation in 

subsequent studies. A potential way to demonstrate co-localisation of 

palmitoylated IR and caveolin-1, might be the application of a recent technique, 

whereby palmitoylated proteins can be localised within cells with the help of click-

chemistry and a proximity ligation signal, as demonstrated for the proteins sonic 

Hedgehog, tubulin and H-RAS (Gao and Hannoush, 2014).   

Palmitoylation is known to have a major effect on the intracellular trafficking of 

proteins (Greaves and Chamberlain, 2007). However, analysis of the localisation of 

EGFP-tagged caveolin-2 or HA-tagged IRAP constructs in HEK293T cells by confocal 

microscopy or biochemical methods did not reveal any effect of palmitoylation on 

the localisation of either protein. Caveolin-2 and IRAP both contain a membrane-

spanning domain (Keller et al., 1995; Das et al., 1999), thus loss of membrane 
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attachment by palmitoylation site mutation was not expected, however even subtle 

changes in localisation were not apparent. In addition, palmitoylation of caveolin-2 

was found to not be important for the partitioning of caveolin-2 into Triton X-100 

resistant membrane domains, as has been previously demonstrated for the isoform 

caveolin-1 (Dietzen et al., 1995). Furthermore, although palmitoylation has been 

demonstrated to affect the stability of proteins (Linder and Deschenes, 2007; 

McCormick et al., 2008), no difference in the stability of a cysteine deficient mutant 

of IRAP was noted in this study.  

Caveolin-1 and caveolin-2 were found to be major components of caveolae and 

form homo-oligomers and hetero-oligomers. Furthermore, these oligomeric 

assemblies were reported to be important for the biogenesis of caveolae (Monier et 

al., 1995; Scherer et al., 1997; Mora et al., 1999; Schlegel and Lisanti, 2000). In this 

study, the presence of both caveolin isoforms has been confirmed in caveolae, as 

caveolin-1 and caveolin-2 were identified to co-localise in “circular rosette” 

structures formed by caveolae at the PM of 3T3-L1 adipocytes. Additionally, the 

formation of caveolin-2 homo-oligomers and caveolin-2 hetero-oligomeric 

assemblies together with caveolin-1 was demonstrated in HEK293T cells that 

transiently expressed EGFP-tagged caveolin constructs. Interestingly, analysis by 

both SDS and blue native PAGE revealed that the palmitoylation of caveolin-2 

affected the formation of homo-oligomeric assemblies of caveolin-2. These analyses 

suggest that palmitoylation of caveolin-2 is required for the formation of SDS-

resistant aggregates of caveolin-2 and also favours the formation of caveolin-2 

homo-dimers and homo-oligomers with an apparent molecular weight lower than 

720 kDa. A similar effect has been previously reported for caveolin-1, where the 

attachment of long chain fatty acids and cholesterol was demonstrated to stabilise 

caveolin-1 oligomers (Monier et al., 1996). Albeit, it is known that the formation of 

large oligomeric assemblies of these proteins is important for the biogenesis of 

caveolae, the direct effect of palmitoylation on caveolae remains unknown and 

requires further examination. In particular, it will be interesting to knockdown 

caveolin-1/-2 expression in 3T3-L1 adipocytes and examine the ability of 
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palmitoylation-deficient mutants to rescue insulin signalling and GLUT4 trafficking 

pathways. 

 

PALMITOYLATION AND INSULIN RESISTANCE 

At present, it is too early to say if changes in palmitoylation might be linked to 

insulin resistant states or if targeting palmitoylation might be a therapeutic strategy 

to treat insulin resistance/diabetes. Clearly, many important players in the insulin 

signalling and GLUT4 trafficking pathways are palmitoylated but at present we lack 

a clear picture of how these proteins are regulated by this modification. One would 

predict that blocking palmitoylation of caveolin proteins might have effects on the 

assembly of caveolae, which could affect trafficking of both the IR and GLUT4. 

Chronic insulin treatment or varying extracellular glucose concentrations did not 

have any effect on the extent of palmitoylation of the proteins studied here. 

Chronic insulin treatment was demonstrated to cause insulin resistance in 3T3-L1 

adipocytes (Knutson et al., 1982) and hence change the signalling properties of this 

cell type. Low (5 mM) or high glucose (25 mM) conditions were included in this 

study to create similar glucose concentrations as the adipocytes of non-diabetic or 

type 2 diabetic patients are exposed to (Alberti and Zimmet, 1998). An increased 

palmitoylation (although not quantified) was observed for IRAP when 3T3-L1 

adipocytes were cultured with 22.5 mM extracellular glucose or in adipocytes of 

obese mice (Ren et al., 2013b). However, in contrast to the study of Ren et al., 

neither chronic insulin treatment nor varying extracellular glucose concentrations 

resulted in changes of palmitoylation of the proteins examined in this study 

including IRAP. This suggests that the extent of palmitoylation of these proteins 

probably does not play a major role in insulin resistance of 3T3-L1 adipocytes. 

Although this result does not exclude the role of palmitoylation in the development 

of insulin resistance, as palmitoylation levels in this assay were only examined after 

24 h of treatment, when the cells have already acquired the condition. It is possible 

that insulin or elevated extracellular glucose concentration have transient effects on 

palmitoylation which were not picked up with this method. 
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It will be interesting in future work to examine how knockdown of specific zDHHC 

PAT enzymes affects insulin-stimulated GLUT4 trafficking; this would offer valuable 

information on whether the palmitoylation machinery is a potential new target for 

the modulation of insulin signalling and insulin resistance states. A major hurdle in 

the palmitoylation field is the lack of selective inhibitors. The development of such 

tools is likely to lead to rapid progress in our understanding of the importance of 

palmitoylation for insulin action, and these inhibitors might also offer translational 

development as new treatments to modulate insulin signalling.  
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