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Abstract 

Metabolites are intermediates or end products of metabolism. They are also building 

blocks for a variety of metabolic pathways and often function as intracellular and 

extracellular signalling molecules. Several G protein-coupled receptors (GPCRs) have 

the capacity to sense metabolites to control hormone secretion, or to regulate the 

metabolic activity of certain cell types. In metabolic diseases, such as diabetes and 

obesity, metabolites are dysregulated. Therefore, further understanding the 

mechanisms behind metabolite sensing GPCR signalling could help to identify novel 

therapeutic targets. Within this study, using bioluminescence resonance energy 

transfer (BRET) and other imaging-based approaches, I present evidence that the free 

fatty acid receptor 4 (FFAR4), a GPCR for long chain fatty acids (LCFA), is localised 

in close proximity to the lipid droplet membrane in adipocytes, where it can act as an 

intracrine negative-feedback regulator of lipolysis by inhibiting cyclic adenosine 

monophosphate (cAMP) production in response to the local concentration of 

intracellular FFAs. This intracrine signalling phenomenon is anticipated to assist the 

FFAR4 in its control of adipocyte metabolism.  
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PLIN:   Perilipin 

PTH:  Parathyroid hormone  

PUFA:  Polyunsaturated fatty acids 

RGS:  Regulator of G protein signalling 

RLuc:  Renilla luciferase  

RPM:   Revolutions per minute 

SAT:  Subcutaneous adipose tissue 

SCFA:  Short-chain fatty acid 

SFA:   Saturated fatty acid  

SIM:  Structured illumination microscopy 

T3:   Triiodo-L-Thyronine 

TAG:   Triacylglycerol  
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TCA:   Tricarboxylic acid  

TGN:   Trans-Golgi network 

TIRF:  Total internal reflection fluorescence 

TSH:  Thyroid-stimulating hormone 

UCP1:  Uncoupling protein 1 

V:   Volts  

V2R:   Vasopressin 2 receptor 

VAT:   Visceral adipose tissue  

WAT:   White adipose tissue  

WT:   Wild-type  

-AR:  Alpha-adrenergic receptor   

-AR:  Beta-adrenergic receptor  

F:  Microfarads (capacitance) 

m:   Micrometre  

M:   Micromolar 

M:   Picomolar 
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G protein and mini-G protein schematics are modifications from schematics kindly 

provided by Professor Nevin Lambert (Augusta University), (Wan et al., 2018). 
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1.1 G protein-coupled receptors 

Complex organisms require intricate signalling mechanisms to permit physiological 

homeostasis. G protein-coupled receptors (GPCRs) are transmembrane proteins, 

mainly located at the plasma membrane, which control many different cellular 

pathways by interacting with a diverse repertoire of extracellular chemical 

messengers. These messengers include, but are not limited to, hormones, 

neurotransmitters, metabolites, photons, odorants, and ions (Wacker et al., 2017). 

Considering there are over 800 genes encoding for GPCRs in the human genome, 

they are the largest receptor family in humans (Hauser et al., 2017). Consequently, 

GPCRs are attractive drug targets, and it is currently estimated that approximately 

35% of approved drugs target this receptor family (Sriram and Insel, 2018). 

 

1.1.1 GPCR Structure and Classification 

Crystallisation studies have greatly advanced our understanding of GPCR structures. 

In 2000, the first crystal structure of a GPCR, bovine rhodopsin, was characterised by 

X-ray crystallography (Palczewski et al., 2000). Due to significantly lower expression 

of non-visual GPCRs and difficulties in GPCR purification owing to the negative effects 

of detergents on membrane stability, it was an additional seven years before the first 

non-visual GPCR was purified, crystalised, and its structure resolved (Cherezov et al., 

2007). Many GPCR structures have now been successfully resolved, including those 

that are bound by agonists and antagonists, as well as those in complex with or without 

G proteins and -arrestins (Munk et al., 2019).  

 

These high-resolution structures confirmed that GPCRs have seven-transmembrane 

(7TM) spanning -helices, connected by three intracellular and three extracellular 
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loops (ICLs and ECLs) with an extracellular amino (N) terminus and an intracellular 

carboxyl (C) terminus. Family A GPCRs have an additional intracellular amphipathic 

-helix (in the C tail), named helix eight (H8), which is a region containing 

palmitoylated cysteine residues that tether the helix to the plasma membrane 

(Goddard and Watts, 2012). Most commonly, the extracellular -helices form a pocket 

which permits ligand interaction, whereas the C-terminal domain and ICLs are 

responsible for interaction with downstream signalling molecules e.g., G proteins, G 

protein receptor kinases (GRKs), -arrestins, and other signalling partners (Zhang et 

al., 2015). The 7TM domain forms the structural core of a GPCR and, through 

conformational rearrangements controlled by ligand interaction, these domains 

transduce extracellular ligand binding into intracellular signalling. Whilst GPCRs share 

a conserved 7TM structure across the superfamily, there is great variation in sequence 

homology between different GPCRs. GPCRs are therefore classified into the family A-

F system based upon shared characteristic motifs (Attwood and Findlay, 1994, 

Fredriksson et al., 2003). This classification system covers all GPCRs present in both 

vertebrates and invertebrates and includes GPCR families that are non-existent in 

humans.  

 

The A-F system orders GPCRs into six classifications based on sequence homology 

and functional similarities: family A, rhodopsin-like receptors; family B, secretin 

receptors; family C, metabotropic glutamate receptors; family D, pheromone 

receptors; family E, cyclic adenosine monophosphate (cAMP) receptors; and family F, 

frizzled and smoothened receptors (Attwood and Findlay, 1994). Human GPCRs can 

be further classified into five families which share common origins of evolution. These 

families are glutamate, rhodopsin-like, adhesion, frizzled/taste2, and secretin 
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(GRAFS) (Fredriksson et al., 2003). The major difference between these two 

classification systems is that family B GPCRs are split into adhesion and secretin 

families within the GRAF system. The rhodopsin-like GPCRs (family A) form the main 

GPCR family, consisting of approximately 670 receptors, where a large proportion of 

these receptors are olfactory (Lagerstrom and Schioth, 2008). The secretin and 

adhesion receptors (family B) are a small group of GPCRs distinguished by their large 

extracellular N-terminal domain. The glutamate receptors (family C) are distinguished 

by two unique structural characteristics: firstly, they have a large extracellular domain, 

and secondly, this receptor family form constitutive dimers (Lagerstrom and Schioth, 

2008). In family B and C, the large extracellular domain contains the ligand binding 

site.  

 

1.1.2 GPCR activation  

Ligand binding to GPCRs induces structural rearrangements that enable GPCRs to 

recruit G proteins or -arrestins, initiating the activation of intracellular signalling 

pathways (Rasmussen et al., 2011). For class A GPCRs, when the receptor is an 

inactive state, there is a salt bridge/ ‘ionic lock’ in place between two highly conserved 

amino acids in TM3 and TM6, incorporating the E/DRY motif which stabilises the 

inactive conformation (Rasmussen et al., 2011). When the receptor is activated by 

ligand binding, the ‘ionic lock’ is broken, there is an upward movement of TM3, an 

inward movement of TM5, and a major outward movement and rotation of TM6 (Tehan 

et al., 2014). This movement exposes an intracellular cytoplasmic cavity for G protein 

and -arrestin binding (Rose et al., 2014). Intriguingly, G protein binding has also been 

demonstrated to stabilise pre-active/active conformations of the receptor in the 

absence of agonist, which, in some cases, can even block agonist binding to the ligand 
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binding pocket (DeVree et al., 2016). This suggests a possible bidirectional control of 

GPCR conformational changes from the intracellular G protein/-arrestin binding 

domain, and the extracellular ligand binding region.  

 

In 1957, it was first proposed that receptors are in a dynamic equilibrium between 

resting and active states (R and R*, respectively) (Del Castillo and Katz, 1957).  It is 

now understood that GPCRs can exist in multiple conformations. For example, the 2-

adrenoceptor (2AR) has been shown to occupy at least four distinct transient 

conformational states: two inactive states where the ionic lock is either intact or broken 

(Noel et al., 1993), an intermediate state where the receptor is in a partially active 

conformation, and a fully active state (Bokoch et al., 2010, Calebiro et al., 2021, Kim 

et al., 2013, Kofuku et al., 2012, Liu et al., 2012b, Manglik et al., 2015, Nygaard et al., 

2013). Some GPCRs are understood to spontaneously adopt active conformations 

capable of generating downstream signals, without the presence of an agonist – a 

phenomenon known as constitutive activity (Cerione et al., 1984).  

 

Ligands for GPCRs can therefore be thought of as conformational stabilisers that 

direct GPCRs into distinct conformations that either stimulate or supress downstream 

signalling, and as such, ligands are characterised into groups dependent on their 

influence on downstream signalling. A full agonist has maximum intrinsic activity, a 

partial agonist has submaximal intrinsic activity, an antagonist has no intrinsic activity, 

and an inverse agonist has negative intrinsic activity (Berg and Clarke, 2018). A fully 

active GPCR requires G protein binding, in combination with agonist binding, to elicit 

its maximal response (Manglik et al., 2015, Nygaard et al., 2013).  
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In addition to agonists that occupy the evolutionary conserved orthosteric site of a 

GPCR, there are compounds which bind to GPCRs via alternative binding pockets. 

These compounds are named allosteric modulators and since they bind to a region of 

a GPCR that is typically less conserved, they are generally more subtype selective 

than ligands that bind at the orthosteric site (Foster and Conn, 2017). Allosteric 

modulators help to stabilise GPCRs into discrete conformations that can enhance or 

supress GPCR signalling by modulating the affinity or efficacy (or both) of the 

orthosteric agonist (Gentry et al., 2015, Gregory et al., 2010). These compounds are 

termed positive allosteric modulators (PAM) or negative allosteric modulators (NAM). 

Importantly, PAMs and NAMs modulate GPCR signalling in response to endogenous 

physiological ligands despite having no intrinsic activity (Foster and Conn, 2017). It 

has been suggested that PAMs alter the equilibrium between GPCR conformational 

states and stabilise the active conformation of the receptor when already bound to 

orthosteric agonist. For instance, this concept has been demonstrated by measuring 

single molecule fluorescence resonance energy transfer (FRET) between 

metabotropic glutamate receptor 2 (mGluR2) dimers in the presence and absence of 

glutamate (orthosteric agonist) and the presence and absence of BINA (PAM) (Cao et 

al., 2021). The mGluR2 was shown to oscillate between inactive and active states in 

its un-liganded (apo) state. On the addition of glutamate, the equilibrium was shifted 

so that a greater proportion of receptors occupied an active state, but only in the 

presence of BINA or nucleotide free G protein were the full population of receptors 

able to occupy a stable active conformation (Cao et al., 2021). Allosteric modulators 

are not required to be a hormone/small molecule, but they can also be a protein. G 

proteins are the most familiar allosteric modulators related to GPCRs since G protein 
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coupling is positively cooperative with orthosteric agonist binding (Gregory et al., 

2010). 

 

1.1.3 G proteins 

GPCRs interact with heterotrimeric guanine nucleotide-binding regulatory proteins (G 

proteins) to relay their activation (Syrovatkina et al., 2016) (Figure 1.1). G proteins are 

composed of three subunits: G; G; and G. Within the human genome, there are 33 

genes encoding G protein subunits (Calebiro et al., 2021). This includes 16 genes for 

G, 5 genes for G and 12 genes for G (Downes and Gautam, 1999). The 

downstream signalling pathway initiated by a GPCR largely depends on the class of 

G subunit activated within the G protein heterotrimer. The G subunits are grouped 

into four main families based upon signalling similarities and sequence homology: 

Gs/olf; Gi/o; Gq/11; and G12/13 (Weis and Kobilka, 2018). Since multiple G protein 

subunits belong to each family, the physiological responses regulated by GPCRs and 

G proteins are extremely diverse (Calebiro et al., 2021).  

 

Figure 1. 1: GPCR mediated G protein activation.  

Schematic illustrating classical GPCR and G protein activation. (A) A GPCR can 

interact with a heterotrimeric G protein upon ligand interaction. (B) Ligand interaction 

with a GPCR facilitates G protein binding. A conformational change occurs in the G 

protein which enables the exchange of GDP for GTP, and the G protein is activated. 
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(C) The G protein dissociates from the GPCR and the G subunit dissociates from the 

G subunit. This facilitates downstream signalling mediated through G proteins.  

 

The G protein heterotrimer is anchored to membranes by lipid modifications of both 

G and G (Spiegel et al., 1991). G protein activity is controlled by guanosine-5'-

triphosphate (GTP) and guanosine diphosphate (GDP). G consists of an alpha 

helical domain and a GTPase domain (Sprang, 1997). When inactive, G proteins are 

in complex with G subunits, and are GDP bound. Agonist binding to a GPCR 

promotes conformational rearrangements which increase the affinity of the receptor 

for G protein interaction (Lebon et al., 2011, Rasmussen et al., 2011, Rosenbaum et 

al., 2011, Xu et al., 2011). GDP bound G proteins bind to the exposed intracellular 

cytoplasmic cavity of a GPCR via the C-terminal region of the G subunit (Hamm et 

al., 1988). G protein binding to a GPCR triggers a rotation and displacement of the 5 

helix of G (Oldham et al., 2006), which ultimately leads to the displacement of GDP 

(Alexander et al., 2014, Dror et al., 2015, Flock et al., 2015, Kaya et al., 2014, Sun et 

al., 2015, Van Eps et al., 2011). Since GTP is present at a higher concentration in the 

cytoplasm of the cell (Traut, 1994), this displacement facilitates the exchange of GDP 

for GTP. In this instance, the active GPCR acts as a guanine-nucleotide exchange 

factor (GEF) for G proteins. GTP binding to G promotes the dissociation of the G 

protein from the GPCR and the dissociation of G from G. Once dissociated, G 

proteins can interact with their downstream effector proteins (Mahoney and Sunahara, 

2016). Subsequently, G protein free active GPCR can further engage GDP bound G 

proteins to amplify its signal (Gurevich and Gurevich, 2019).  
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1.1.4 G protein dependent GPCR signalling   

GPCR activation typically results in the downstream control of one, or more, of three 

major pathways. The Gs/olf protein family couples to the stimulation of adenylyl 

cyclase (AC) to catalyse the production of cAMP from adenosine triphosphate (ATP) 

(Rasmussen et al., 2011, Sunahara and Taussig, 2002). On the contrary, the Gi/o 

protein family couples to AC inhibition, principally AC5 and AC6 (Sunahara and 

Taussig, 2002). In some cases, persistent Gi/o activation can lead to enhanced cAMP 

production (Watts and Neve, 2005). In this way, Gs/olf and Gi/o proteins help to control 

the production of cAMP to regulate the activation of protein kinase A (PKA) (Kim et al., 

2007). The second major GPCR regulated signalling pathway is activated via the 

Gq/11 protein family. These G protein isoforms couple to phospholipase C (PLC) 

activation, an enzyme that breaks down membrane-associated phosphatidylinositol 

4,5-bisphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and membrane-

associated diacylglycerol (DAG) (Rhee, 2001). After its production, IP3 can bind to IP3 

receptors present on the endoplasmic reticulum (ER), inducing calcium release which 

facilitates, in concert with DAG, the activation of protein kinase C (PKC) (Rhee, 2001). 

Finally, GPCRs can couple to the G12/13 protein family to stimulate Rho GEFs, leading 

to the activation of Rho family small GTPases to regulate the control of actin dynamics 

(Pierce et al., 2002). Originally GPCRs were only thought to couple to one G protein 

family, however, it is now understood that many GPCRs are promiscuous i.e., they 

can signal via multiple different G protein subtypes (Okashah et al., 2019).  

 

In addition to the G subunit, the G and G subunits can also function as key signal 

transducers of GPCR signalling. The G and G subunits have a close association 

and are considered as one functional unit (Syrovatkina et al., 2016). After the 
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disassociation of G and G proceeding receptor activation, G can interact with 

membrane proteins, receptors, or other downstream effectors to further diversify 

GPCR signalling. G is understood to regulate G protein-coupled inwardly rectifying 

potassium (GIRK) channels (Logothetis et al., 1987), GRKs (Koch et al., 1993, Pitcher 

et al., 1992b), calcium channels (De Waard et al., 1997, Herlitze et al., 1996), mitogen-

activated protein kinases (MAPK) (Luttrell et al., 1997), PLC- (Camps et al., 1992, 

Illenberger et al., 2003), and phosphatidylinositol 3-kinases (PI3K) (Vadas et al., 

2013).  

 

G proteins cannot enter a new cycle of activation until GTP hydrolysis has occurred, 

however, G proteins have weak intrinsic GTPase activity (Ross, 2008). This 

deactivation process can be enhanced by the regulator of G protein signalling (RGS) 

family. RGS proteins bind to G proteins via an ‘RGS-box’ domain to stabilise the G 

subunit into a confirmation that lowers the energy needed for GTP hydrolysis, returning 

the G protein to its inactive GDP-bound state (Berman et al., 1996). In addition to RGS 

proteins, activators of G protein signalling (AGS) influence G protein signalling in an 

independent manner from GPCR activation. AGS proteins can modulate G protein 

activity in three main ways: they can act as GEFs to facilitate the exchange of GDP 

for GTP, they can prevent guanine nucleotide disassociation, and they can interact 

with the  subunit (Blumer and Lanier, 2014).  

 

1.1.5 GRKs and -arrestins 

After GPCR dependent G protein activation, a mechanism is required to stop further 

recruitment of G proteins to GPCRs (Gurevich and Gurevich, 2019). This process can 

be terminated in a two-step mechanism by the recruitment of GRKs and -arrestins. 
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In humans, there are four GRKs (GRK2,3,5, and 6) known to be ubiquitously 

expressed, in addition to two -arrestin isoforms (-arrestin 1 and -arrestin 2) 

(Matthees et al., 2021). After G protein disassociation from an active GPCR, GRKs 

bind, are allosterically activated, and phosphorylate GPCRs at intracellular 

serine/threonine residues located at the C-terminus or at ICLs (Gurevich and 

Gurevich, 2019, Krupnick and Benovic, 1998, Pitcher et al., 1992a) (Figure 1.2). These 

phosphorylations increase the affinity for -arrestin to bind to the phosphorylated 

receptor (Krupnick and Benovic, 1998). -arrestin engages to the active GPCR cavity 

via its finger-loop region (FLR) and inserts into the transmembrane helix bundle of the 

receptor (Kang et al., 2015). This “core” interaction is associated with high affinity 

arrestin binding and uncoupling of the G protein interaction with the GPCR, as it 

spatially blocks G protein binding (Kang et al., 2015). Recently, it has also been shown 

that the phosphorylated C-terminus of a GPCR can interact with the N-terminus of 

arrestin, without interaction of the FLR with the active GPCR cavity and 

transmembrane helix bundle (Nguyen et al., 2019, Thomsen et al., 2016). This 

“hanging” arrestin engagement can facilitate further GPCR-dependent activation of G 

proteins whilst still enabling -arrestin to adopt an active conformation and increase 

receptor internalisation (Nguyen et al., 2019). The configuration of a GPCR with -

arrestin has been proposed mediated by the specific GRK subtypes that it interacts 

with (Drube et al., 2022). 
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Figure 1. 2: GPCR internalisation upon interaction with GRK and -arrestin.  

Schematic illustrating classical GPCR internalisation. (A) The dissociation of a G 

protein from a GPCR enables GRK binding and phosphorylation of the receptor at the 

intracellular C-terminus. (B) C-terminal phosphorylation increase the affinity of the 

receptor for arrestin binding, which initiates the start of the internalisation complex. (C) 

Simply, -arrestin acts as an AP-2 and clathrin adaptor to facilitate the formation of a 

clathrin coated pit. (D) The matured pit invaginates and is pinched off from the plasma 

membrane by dynamin. (E) The internalised clathrin-coated vesicle is uncoated, and 

typically fuses to a sorting endosome for degradation, recycling, or other, trafficking 

pathways.  

 

1.1.6 -arrestin mediated GPCR signalling 

As well as impacting GPCR-G protein interactions, -arrestins can function as GPCR-

dependent signalling molecules. Upon binding of -arrestin to an active and 

phosphorylated GPCR, a conformational change occurs within -arrestin, which 

exposes its C-terminal domain (Matthees et al., 2021). The C-terminal domain 

contains motifs that permit binding of adaptor protein-2 (AP-2) and clathrin (Goodman 

et al., 1996), in addition to a phosphorylation site for mitogen-activated protein kinase 
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kinase (MEK). GPCR-dependent -arrestin activation is known to activate the MAPK 

pathway. It has been hypothesised that when -arrestin is bound to an agonist 

stimulated GPCR, it can recruit Raf and MEK. MEK phosphorylates -arrestin at Thr383 

inducing a large conformational change in -arrestin and the subsequent interaction 

with the GPCR C-terminal domain. Extracellular signal-regulated kinase (ERK) 

subsequently associates and is activated by MEK (Cassier et al., 2017). In doing so, 

-arrestins function as scaffolds to facilitate the recruitment and activation of other 

proteins. -arrestins have also been found to interact with members of the Src family 

of tyrosine kinases (Luttrell et al., 1999, Pakharukova et al., 2020), 

phosphodiesterases (PDEs) (Perry et al., 2002), and the DAG kinase family (Nelson 

et al., 2007).  

 

1.1.7 GPCR internalisation and trafficking 

GPCR function is tightly controlled by its trafficking profile (Wang et al., 2018a). 

Prolonged stimulation of a GPCR can lead to its internalisation from the plasma 

membrane into intracellular compartments (Pierce et al., 2002). There are several 

proposed mechanisms for this internalisation process, however, the best understood 

pathway is clathrin-mediated endocytosis. In the classical view, the agonist occupied 

receptor binds -arrestin, which further interacts with AP-2 and clathrin to direct 

GPCRs into clathrin-coated pits (CCPs) (Krupnick and Benovic, 1998, Luttrell et al., 

1999) (Figure 1.2). GPCRs subsequently endocytose after dynamin, a small GTPase, 

pinches off clathrin-coated vesicles from the plasma membrane and permits their entry 

into the cell (Doherty and McMahon, 2009). Once the GPCR has internalised into the 

endosomal compartment, it may be directed back to the plasma membrane, into 

lysosomes, or to the trans-Golgi network (TGN) via recycling, degradation, or 
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retrograde pathways, respectively (Calebiro and Godbole, 2018). Internalisation can 

decrease the strength or duration of GPCR signalling, however, a reduction in the 

number of surface receptors does not necessarily mean a decrease in the maximal 

response (Sorkin and von Zastrow, 2009).  

 

Rab GTPases, the largest group of the Ras-related GTPase superfamily, (Wang and 

Wu, 2012), have distinct subcellular distributions to facilitate the correct trafficking of 

GPCRs, and other proteins, to specific subcellular compartments. In an inactive state, 

Rab GTPases are GDP bound, and after association with GTP, controlled by GEFs 

and GTPase activating proteins (GAPs), Rab proteins can interact with downstream 

effectors (Wang et al., 2018a).  

 

Rab5 is the most well characterised Rab protein in terms of its involvement in GPCR 

trafficking. Rab5 has a role in the regulation of internalised GPCR trafficking into the 

early endosome compartment (Seachrist and Ferguson, 2003). Rab5 has also been 

proposed to have a role in the constitutive trafficking of certain GPCRs into the 

endosome compartment (Snyder et al., 2013). Internalisation into the early endosome 

compartment is a checkpoint in GPCR trafficking, and from this point, GPCRs are 

directed into recycling or degradation pathways.  

 

Rab4 and Rab11 support the recycling of endosomal GPCRs back to the plasma 

membrane, either through rapid or slow mechanisms, respectively (Li et al., 2008, 

Wang et al., 2018a). Rab4 is present in fast recycling endosomes and aids in the 

control of the rapid recycling of several GPCRs from the endosomal network to the 

plasma membrane, including the 2AR, and is often associated with rapid re-
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sensitisation of GPCRs after agonist induced desensitisation (Yudowski et al., 2009). 

On the other hand, Rab11 is present in the TGN, post-Golgi vesicles (Satoh et al., 

2005), and recycling endosomes (Tower-Gilchrist et al., 2011), and helps to regulate 

the slow recycling of GPCRs back to the plasma membrane (Li et al., 2008). Rab7 and 

Rab9 have been demonstrated to aid in the transport of internalised GPCRs into late 

endosomes, slow recycling endosomes, the Golgi complex, and lysosomes. Typically, 

GPCR trafficking into Rab7 and Rab9 positive compartments is associated with 

receptor degradation (Wang et al., 2018a).  

 

As well as trafficking via internalisation from the plasma membrane, GPCRs traffic 

anterogradely. After translation and assembly in the ER, GPCRs are transported from 

the ER to the Golgi (Wei et al., 2019). Following GPCR transportation through the 

Golgi complex, GPCRs are directed to the cell surface (Wei et al., 2019). Rab proteins 

also have roles in the regulation of anterograde GPCR trafficking. Rab1, Rab2, Rab6, 

and Rab8 all have roles in this process. Rab1 is thought to be essential in the 

trafficking of many GPCRs from the ER to the Golgi and subsequently onto the cell 

surface (Filipeanu et al., 2006). Loss of function mutations or inhibition of expression 

of Rab1 has been demonstrated to prevent the cell surface expression of the 1A
 and 

1B adrenergic receptors (1A-AR/1B-AR) (Filipeanu et al., 2006), the 1-AR, the 2-

AR (Dupre et al., 2006, Filipeanu et al., 2006, Li et al., 2010b), the angiotensin II type 

1 receptor (AT1R) (Filipeanu et al., 2004, Wu et al., 2003, Yin et al., 2011), the AT2R 

(Zhang et al., 2009), and the human calcium sensing receptor (Zhuang et al., 2010). 

Such data imply that Rab1 is an essential mediator of anterograde trafficking of many 

GPCRs to the plasma membrane. Rab2 and Rab6 are suggested to coordinate the 

trafficking of GPCRs between the Golgi and the ER via anterograde and retrograde 
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transport mechanisms (Wang and Wu, 2012). Rab2 is principally localised to the ER-

Golgi intermediate compartment, whereas Rab6 has a mainly Golgi localised 

expression (Hutagalung and Novick, 2011). The coordinated control of Rab2 and Rab6 

are understood to be involved in the anterograde transport of proteins destined for the 

plasma membrane (Wu et al., 2003). Finally, Rab8 is localised in the TGN and has 

been suggested to regulate the post-Golgi trafficking of several GPCRs to the plasma 

membrane (Sato et al., 2007).  

 

1.2 Compartmentalised GPCR signalling 

Originally, GPCR localisation and signalling were considered restricted to the cell 

surface. Over the last twenty years, owing to the design of improved methods to 

investigate GPCR signalling, an expanse of evidence demonstrates that select 

GPCRs can be activated at different intracellular sites to generate distinct intracellular 

signals which might be of physiological relevance (Calebiro et al., 2009, Eichel and 

von Zastrow, 2018, Godbole et al., 2017, Irannejad et al., 2013, Yarwood et al., 2017). 

GPCR signalling and trafficking are no longer thought of as separate mechanisms, but 

a way for GPCRs to produce specific biological responses by signalling from unique 

intracellular locations. Intracellular GPCR signalling is proposed to be either 

internalisation dependent – where the receptor is activated at the plasma membrane, 

internalises, and is activated again in the endosomal or TGN to produce an 

intracellular ‘second wave’ of activity (Calebiro et al., 2009, Ferrandon et al., 2009, 

Godbole et al., 2017, Wright et al., 2021). Or internalisation independent – where pools 

of receptor are already present at intracellular sites, producing local responses after 

activation via cell-membrane permeable, membrane transported, or intracellularly 

produced, agonists (Irannejad et al., 2017, Suofu et al., 2017). GPCRs are now 
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proposed active at many intracellular compartments, including the endosomal network 

(Irannejad et al., 2013, Jensen et al., 2017, Kuna et al., 2013, Merriam et al., 2013, 

Slessareva et al., 2006, Sposini et al., 2020, Wan et al., 2018, White et al., 2020, 

Wright et al., 2021), lysosomes (Rozenfeld and Devi, 2008), the ER (Revankar et al., 

2005, Vincent et al., 2016), nuclear membranes (Di Benedetto et al., 2014, Joyal et 

al., 2014, Re et al., 2010, Vincent et al., 2016), the mitochondria (Benard et al., 2012, 

Suofu et al., 2017), and the Golgi/TGN (Godbole et al., 2017, Irannejad et al., 2017, 

Nash et al., 2019, Wan et al., 2018). This has raised many questions in the field i.e., 

how do endogenous GPCR ligands access intracellular pools of GPCR? Which 

endogenous agonists activate intracellular GPCR pools? How do such agonists 

control whether a GPCR mediates a transient or sustained signalling response? Also, 

is intracellular GPCR signalling physiologically relevant? 

 

1.2.1 Early evidence for compartmentalised GPCR signalling  

Early evidence suggesting that GPCRs signal from intracellular compartments came 

from non-classical, G protein-independent, signalling mechanisms. -arrestins, 

adaptor molecules of GPCR endocytosis, were found to act as GPCR associated 

scaffolds to facilitate the activation of MAPK at the endosomes (DeFea et al., 2000, 

Terrillon and Bouvier, 2004). Activation of MAPKs through -arrestins was considered 

to be both spatially and temporally different from the activation of MAPKs through G 

protein dependent mechanisms (Cassier et al., 2017). For example, G protein 

mediated activation of ERK was demonstrated to be rapid and transient, reaching a 

maximum within minutes (Ahn et al., 2004, Shenoy et al., 2006). On the other hand, 

-arrestin mediated activation of ERK was found to have a slower onset, typically 

taking 5-10 minutes to reach a maximum. In this way, -arrestin dependent ERK 
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activation was suggested more persistent than G protein dependent ERK activation, 

where -arrestin dependent ERK activation was demonstrated to last for more than an 

hour, mainly occurring in the cytosol (Ahn et al., 2004, Shenoy et al., 2006). It was 

proposed that an intracellular complex of -arrestin and GPCR could mediate a 

‘second wave’ of G protein independent activity from the endosomes, separate from 

GPCR activation at the plasma membrane (DeFea et al., 2000, Tohgo et al., 2003, 

Tohgo et al., 2002). However, although there is evidence that -arrestins activate ERK 

independently of G protein signalling, contradictory results have shown -arrestin 

isoforms are not always essential for ERK activation (O'Hayre et al., 2017). For 

example, O’Hayre et al. used small interfering RNA, or genome-editing, to deplete -

arrestin 1 and -arrestin 2, where it was found that although -arrestin 2 was essential 

for 2-AR internalisation, both -arrestin isoforms were superfluous for the activation 

of ERK (O'Hayre et al., 2017). In addition, a further study corroborated these findings 

by using gene-edited cells deficient in G or -arrestin to show that ERK activation, 

for several GPCRs, requires G protein activation and not -arrestin activation 

(Grundmann et al., 2018).  

 

1.2.2 Evidence for intracellular G protein dependent GPCR signalling  

It has since been discovered that G proteins are recruited to intracellular endocytic 

membranes to mediate endosomal GPCR signalling. A first potential indication of G 

protein dependent GPCR signalling at the early endosomes came from Slessareva et 

al. whilst investigating the Ste2 pheromone receptor in yeast (Slessareva et al., 2006). 

Using a constitutively active form of the G G protein subunit, Gpa1, it was 

demonstrated that the active form of Gpa1 accumulated at distinct sites within the cell, 

colocalising with Snf7, a marker of early endosomes. Furthermore, active Gpa1 was 
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observed to interact with the endosomal PI3K Vsp34 catalytic subunit, increasing the 

availability of phosphatidylinositol 3-phosphate. Endosomal Ste2 receptor signalling 

was proposed to elicit functional differences in the yeast mating response compared 

to Ste2 receptor signalling at the plasma membrane (Slessareva et al., 2006). Shortly 

after, Boivin et al. demonstrated, using cell fractionation experiments in 

cardiomyocytes, that the 1AR was present in the nuclear fraction where it could 

control Gs dependent cAMP production (Boivin et al., 2006). These studies gave a 

first possible hint that some GPCRs might signal through G proteins on intracellular 

membranes.  

 

More direct evidence for this intracellular signalling phenomenon came from two 

independent studies investigating the thyroid-stimulating hormone (TSH) (Calebiro et 

al., 2009) or the parathyroid hormone (PTH) receptors (Ferrandon et al., 2009). 

Calebiro et al. demonstrated in mouse thyroid follicles expressing a ubiquitous FRET 

reporter for cAMP, that activation of the TSHR with TSH generated persistent cAMP 

production which could not be supressed after agonist wash-out. Using subcellular 

fractionation methods, to assess AC activity in the absence of the plasma membrane, 

as well as inhibitors of endocytosis, to inhibit receptor internalisation, this persistent 

signal was found to be mediated by intracellular TSHR (Calebiro et al., 2009). A later 

follow-up study demonstrated that the TSHR traffics retrogradely to membranes of the 

TGN to activate a resident pool of Gs and AC. The signalling of the TSHR at the TGN 

was demonstrated to control local cAMP production and PKA activation, a 

phenomenon proposed necessary for the efficient transcription of TSH-regulated 

genes (Godbole et al., 2017).  
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On the other hand, Ferrandon et al. demonstrated, again using a FRET reporter for 

cAMP, that the PTHR produces persistent, internalisation dependent, cAMP signals 

from the endosomes. Interestingly, sustained signalling of the PTHR was found reliant 

on the specific agonist used since it was stimulated by PTH1-34, and not by human 

parathyroid related peptide (PTHrP1-36). Agonist specific effects were suggested to be 

due to higher affinity of PTH1-34 binding to the receptor than PTHrP1-36 (Ferrandon et 

al., 2009). Similar findings were revealed for the 2-AR, where the receptor was 

discovered to signal from the early endosomes via active Gs, contributing to overall 

cAMP production, and assisting the efficient control of cAMP response element-

binding (CREB) protein dependent transcription (Irannejad et al., 2013, Tsvetanova 

and von Zastrow, 2014). Conformation selective, fluorescently labelled, nanobody 

biosensors of active 2-AR or active Gs (Irannejad et al., 2013), and tools capable of 

initiating cAMP production specifically at the endosome compartment (Tsvetanova 

and von Zastrow, 2014), supported the demonstration of these findings. Similar 

approaches, using conformation specific nanobodies, subsequently revealed that a 

resident pool of 1-AR can signal from the Golgi complex in response to adrenaline 

and other cell-impermeant agonists. It was further demonstrated that Golgi resident 

1ARs were able to access adrenaline by its transportation through the organic cation 

transporter 3 (Irannejad et al., 2017).  

 

The duration and degree of intracellular GPCR signalling varies substantially between 

different GPCRs. Intracellular GPCR signalling can be either sustained, as for the 

PTHR (Ferrandon et al., 2009) and TSHR (Calebiro et al., 2009), or more transient, as 

for the 2-AR (Irannejad et al., 2013) or the dopamine 1 receptor (D1R) (Kotowski et 

al., 2011). This might be due to the affinity of ligands for specific GPCRs (Ferrandon 
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et al., 2009); however, it might also be due to interaction with -arrestins. More 

recently, it has been proposed that -arrestins may be involved in prolonged activation 

of G protein-dependent endosomal signalling, whereby GPCRs interact with both 

arrestins and G proteins at the endosomal compartment in a ‘megaplex’ (Cahill et al., 

2017, Thomsen et al., 2016). Further structural evidence for this phenomenon was 

demonstrated by cryo-electron microscopy, where -arrestin was demonstrated to 

bind to a GPCR via its ‘tail’ interaction, and not its ‘core’ interaction, which still 

facilitated the binding of Gs to the receptor core (Nguyen et al., 2019). The ability of 

GPCRs to recruit -arrestins or G proteins or both -arrestins and G proteins at the 

endosomal compartment adds a new layer of complexity to GPCR signalling and is 

most likely a factor which strongly influences the intracellular signalling potential of 

many GPCRs.  

 

1.2.3 Consequences of compartmentalised GPCR signalling 

Evaluating the consequences of compartmentalised GPCR signalling is not without its 

challenges. Nevertheless, it has been proposed that endosomal signalling is 

functionally relevant to physiology. For example, sustained luteinising hormone 

receptor (LHR) dependent cAMP signalling after receptor internalisation was 

demonstrated required for oocyte meiosis in ovarian follicles (Lyga et al., 2016). In 

addition, endosomal signalling of the neurokin-1 receptor (NK1R) (Jensen et al., 2017) 

and the calcitonin receptor-like receptor (CLR) (Yarwood et al., 2017) induced 

sustained spinal neuron excitation, a response required for nociception. To inhibit this 

effect, endosomally directed antagonists were designed to specifically attenuate 

endosomal signalling of these receptors, which offered improved pain relief in animal 

models of inflammatory pain compared to non-endosomally directed antagonists 
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(Jensen et al., 2017, Mai et al., 2021, Yarwood et al., 2017). Another study designed 

endosome directed lipoparticles containing delta opioid receptor (OR) agonist to 

specifically promote endosomal DOR signalling in primary mouse neurons. This 

approach again attenuated neuronal excitability and reduced pain responses 

(Jimenez-Vargas et al., 2020). Evidence also suggests that compartmentalised GPCR 

signalling is of pathophysiological relevance. For example, AP-2 -subunit mutations 

associated with familial hypocalciuric hypercalcemia type-3 have been found to impair 

endosomal signalling of the calcium-sensing receptor (Gorvin et al., 2018). In addition, 

1-AR signalling from the Golgi, and not the plasma membrane, has been suggested 

to mediate catecholamine-induced cardiac hypertrophy (Nash et al., 2019). These 

studies suggest that subcellular GPCR signalling is of physiological and 

pathophysiological relevance and highlight the potential therapeutic value of targeting 

spatially bias GPCR signals. 

 

1.2.4 Genetically encoded methods detecting compartmentalised GPCR 

signalling 

Genetically encoded tools, especially FRET/BRET-based biosensors, continue to be 

essential for the investigation of compartmentalised GPCR signalling. They have 

facilitated the research of GPCRs in living cells with higher spatiotemporal resolution 

compared to endpoint biochemical assays. Such tools bypass the need for cell lysis 

and facilitate the real-time detection of GPCR signalling in live cells. This not only gives 

better insight into the dynamics of GPCR signalling, but it also allows the measurement 

of real-time protein-protein interactions or conformational changes without membrane 

disruption. As such, these methods are commonly used in the field of GPCR research 
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to investigate the mechanisms of GPCR signalling, second messenger production, 

and GPCR trafficking.  

 

1.2.4.1 The theory of FRET/BRET 

FRET is a methodology that can be used to detect interactions between proteins or 

within a protein via fusion to donor and acceptor fluorophores (Figure 1.4A). In FRET, 

when a donor and an acceptor fluorophore are in close proximity, excitation of the 

donor fluorophore, aiding its transition into an ‘excited state’, enables the non-radiative 

energy transfer, through dipole-dipole coupling, from donor to acceptor fluorophore if 

three factors are met: (1) the emission spectrum of the donor fluorophore must overlap 

with the excitation spectrum of the acceptor fluorophore; (2) the distance between the 

donor and acceptor molecules must be typically less than 10 nm; and (3) there must 

be a favourable orientation of the donor and acceptor molecule dipoles in space (Sekar 

and Periasamy, 2003). Using FRET, protein-protein interactions and conformational 

rearrangements can be measured by microscopy methods and/or fluorimeters through 

tagging the proteins of interest with complimentary FRET pairs e.g., CFP and YFP 

(Sekar and Periasamy, 2003). 
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Figure 1. 3: FRET/BRET.  

Schematic to illustrate the detection of protein-protein interaction using FRET and 

BRET. (A) To study protein-protein interaction using FRET, donor (D) and acceptor 

(Acc) proteins are fused to suitable fluorophores e.g., CFP and YFP. Upon excitation 

of the donor (CFP), non-radiative resonance energy transfer (RET) can occur from 

donor to acceptor fluorophores when proteins are in close proximity (typically less than 

10 nm). (B) To study protein-protein interaction using BRET, donor (D) and acceptor 

(Acc) proteins are fused to suitable fluorophores e.g., NLuc and YFP. Furimazine, the 

luciferase substrate, is oxidised by NLuc to produce furimamide, CO2, and light. The 

excited donor can non-radiatively transfer energy to the acceptor fluorophore if in close 

enough proximity.  

 

BRET, similarly, to FRET, can be used to study protein-protein interactions and 

conformational changes (Figure 1.4B). However, no external light excitation of the 

donor molecule is required because the methodology harnesses bioluminescent 

luciferase enzymes (Pfleger et al., 2006). Through the years, there have been several 

improvements made to the luciferase enzymes used in BRET. Renilla Luciferase 
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(RLuc) and mutated RLuc8, isolated from the Renilla Reniformis sea pansy, have been 

widely used in the literature – particularly for use in GPCR research (Pfleger et al., 

2006). NanoLuciferase (NLuc), a smaller, 19.1 Kilodalton (kDa) luciferase subunit 

derived from a larger, multi-subunit, luciferase isolated from the deep-sea shrimp 

Oplophorus gracilirostris, is becoming the new standard owing to its smaller size and 

increased brightness compared to RLuc (Hall et al., 2012). Both RLuc or NLuc, oxidise 

coelenterazine or furimazine substrates, respectively, in the presence of O2 to produce 

light. In its excited state, the luciferase donor molecule has the capacity to non-

radiatively transfer energy to an acceptor fluorophore in a manner like-to FRET (El 

Khamlichi et al., 2019).  

 

1.2.4.2 FRET vs BRET 

There are both advantages and disadvantages of using BRET and FRET techniques. 

Due to BRET reliance on bioluminescent luciferase enzymes as donor molecules, 

there is no excitation required from an external light source. Conversely, external light 

excitation, as required for FRET, can result in photobleaching, excitation of cellular 

autofluorescence, and light scattering (Hamdan et al., 2006). BRET bypasses such 

limitations. In addition, FRET can be susceptible to further complications because it is 

possible to excite both donor and acceptor fluorophores with one excitation 

wavelength. With BRET, the acceptor fluorophore is not excited with the addition of 

luminescent substrate, as such, acceptor excitation only arises from resonance energy 

transfer from the donor luciferase (Hamdan et al., 2006). Compared to FRET methods, 

BRET signals are very dim. As such, BRET imaging is more challenging, and it is 

harder to obtain spatial information of where resonance energy transfer occurs – which 

can be acquired more easily when using FRET microscopy methods. In addition, the 
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intensity or duration of external light excitation can be amplified to enable FRET 

detection in samples with low signal. This is not the case in BRET studies, which relies 

on sensitive instrumentation capable of measuring low-light levels (Hamdan et al., 

2006).  

 

1.2.4.3 Nanobodies 

Conformational biosensors, based on nanobodies, have been crucial for the 

investigation of compartment specific GPCR signalling. Nanobodies, small (15 kDa), 

conformation specific, single-domain, camelid antibodies were principally designed to 

stabilise GPCRs into active conformations for crystallisation purposes (Rasmussen et 

al., 2011). However, nanobodies engineered to bind the active conformation of a 

specific GPCR can be used to detect spatiotemporal GPCR activation (Irannejad et 

al., 2013) (Figure 1.4A&B). In addition, nanobodies have also been designed to 

recognise nucleotide-free Gs (e.g., Nb37) to detect GDP exchange from the G 

subunit as a read-out of Gs activation. Nanobody-based GPCR or Gs 

conformational biosensors translocate from the cytoplasm to membranes containing 

active GPCR or active Gs, respectively (Irannejad et al., 2013). By fusing nanobodies 

with a fluorophore/luciferase, the ligand induced recruitment of the nanobody to its 

specific GPCR can be measured via imaging- or FRET/BRET-based approaches. In 

an elegant study, Irannejad et al., found that agonist treatment of the 2-AR induced 

recruitment of Nb80, a nanobody specific for active −ARs, and Nb37, a nanobody 

detecting Gs activation, to the plasma membrane and subsequently to the early 

endosomes. This indicated active 2-AR first at the plasma membrane, and then at the 

endosome compartment (Irannejad et al., 2013). A similar approach was used to 

detect endosomal activation of mu/delta OR signalling in neurons. Using Nb33, a 
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nanobody specific for active conformation ORs, activation of ORs with peptide 

agonists met-enkephalin and -endorphin, were demonstrated to produce a first wave 

of OR activation at the plasma membrane, followed by an internalisation-dependent, 

second wave of activation from the endosomes (Stoeber et al., 2018). Interestingly, 

after stimulation of ORs with clinically relevant opioid drugs (i.e., morphine), a rapid, 

internalisation-independent, activation of ORs was detectable at the Golgi 

compartment – distinct from endosomal activation (Stoeber et al., 2018). A further 

study, again using a nanobody approach (Nb39), demonstrated ligand induced 

activation of the kappa OR from the Golgi compartment, however, there was no further 

investigation as to whether this activation was dependent on receptor internalisation 

(Che et al., 2020). Additional studies using nanobody approaches demonstrate the 

activation of internalised Gs and Gi, coupled GPCRs across many endosomal 

compartments, including very early endosomes (Sposini et al., 2017), early 

endosomes (Sposini et al., 2020), and even late endosomes/lysosomes (Kunselman 

et al., 2021). 
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Figure 1. 4: Key resonance energy transfer methods to detect 

compartmentalised GPCR activation and GPCR trafficking. 

Schematic to illustrate key genetically encoded resonance energy transfer methods to 

quantitatively detect (A) GPCR activation and (B) compartmentalised GPCR 

activation, using mini-G proteins and nanobodies, and (C) GPCR trafficking. 

 

Intriguingly, nanobodies can be used to locally inhibit subcellular GPCR signalling. 

Irannejad et al. demonstrated that agonist stimulation of the 1-AR induced Nb80 and 

Nb37 recruitment to GalT (a marker of the Golgi), indicative of 1-AR activation and 

Gs activation at the Golgi complex (Irannejad et al., 2017). Nb80 overexpression was 

found to block -AR signalling at high concentrations, likely through steric occlusion of 

Gs proteins to the -ARs (Staus et al., 2014). Therefore, Nb80 was targeted to 

subcellular compartments to locally block 1-AR signalling. By taking advantage of the 

FK506-binding protein (FKBP) and FKBP-rapamycin binding domain of FRAP (FRB) 

inducible dimerization system (Choi et al., 1996), Nb80 was specifically targeted to the 
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plasma membrane or the Golgi membranes. This inducible system was used to 

demonstrate that inhibiting 1-AR signalling at the Golgi complex had a greater 

inhibitory effect on cAMP production than inhibiting 1-AR signalling at the plasma 

membrane (Irannejad et al., 2017). Similar approaches have demonstrated that the 

D1R is capable of signalling at the plasma membrane and the Golgi complex, where it 

stimulates cAMP production and local PKA activation through Gs (Puri et al., 2022). 

With these studies in mind, nanobodies have been used with remarkable success to 

investigate subcellular GPCR activation.  

 

1.2.4.4 Minimal-G probes 

More recently, minimal-G (mini-G) probes, engineered G subunits, were designed 

and have aided the investigation of subcellular GPCR signalling (Nehme et al., 2017, 

Wan et al., 2018). Originally, mini-G probes, like-to nanobodies, were designed to aid 

the crystallisation of GPCRs in their active conformation for structural investigations 

(Nehme et al., 2017). However, considering that mini-G probes translocate from the 

cytoplasm to a receptor after it transitions into an active conformation, mini-G probes 

are now commonly used to investigate: GPCR-G protein coupling; ligand 

pharmacology; and subcellular locations of GPCR activation (Wan et al., 2018) (Figure 

1.4A&B). Mini-G probes are modified Ras-like domains of G proteins, that contain: a 

truncated N-terminus to relieve membrane attachments and prevent interaction with 

the -subunit; removal of the -helical domain; mutations to improve in vitro stability; 

and a mutation to uncouple GPCR binding from nucleotide release to stabilise 

receptor-mini-G probe binding (Wan et al., 2018). In addition, mini-G probes have 

been engineered to be subtype specific (Gs, Gi/o, Gq, and G12). In this way, mini-

G probes have some advantage over nanobodies because they can be used to 
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investigate multiple GPCRs, and they not only indicate whether a receptor is in an 

active conformation, but they give further information about GPCR-G protein coupling 

specificity. This provides an indication of the likely second messengers of the GPCR 

in question. Mini-G probes can be fused to fluorescent, luminescent, and self-labelling 

protein tags to facilitate analysis using FRET, BRET, luminescence, and imaging 

methodologies (Wan et al., 2018).  

 

As mentioned previously, mini-G probes can be used to detect subcellular GPCR 

activation. In the initial study by Wan et al., mini-Gs was used to report 2-

AR activation at the early endosomes by measuring the resulting isoproterenol 

induced bystander BRET between Venus-tagged early endosome marker (Rab5) and 

NLuc-tagged mini-Gs in the presence of the 2-AR. This methodology has also been 

shown applicable for several other GPCRs. For example, Wright et al. used mini-G 

probes, in combination with imaging and BRET-based methods, to investigate the 

activation of several different Gq coupled GPCRs at the early endosome 

compartment (Wright et al., 2021). Within this study, the group investigated endosomal 

activation of the AT1R by measuring RLuc8-tagged mini-Gq, RLucII-tagged Gq, and 

RLucII-tagged p63RhoGEF translocation to a marker of the early endosomes (rGFP-

FYVE) or the plasma membrane (rGFP-CAAX) after angiotensin II stimulation (Wright 

et al., 2021). Through the use of arrestin knock-out (KO) cells, to prevent receptor 

internalisation, in addition to compartment specific endosomal Gq inhibition, it was 

found that AT1R activation of Gq at the plasma membrane enabled subsequent G 

protein activation at the endosomes (Wright et al., 2021). Mini-G probes have also 

been employed to detect activation of the glucagon-like peptide 1 (GLP-1) receptor at 

the endosomal compartment (Lucey et al., 2021).  
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As well as endosomal signalling, mini-G probes have been used to report select GPCR 

activation at the Golgi compartment. By measuring mini-G translocation after A1-

adenosine receptor stimulation with adenosine via imaging and BRET-based 

approaches, the A1-adenosine receptor was found to recruit mini-Gi to the plasma 

membrane and the Golgi compartment, indicative of receptor activation from both sites 

(Wan et al., 2018). Mini-G recruitment to the Golgi apparatus had a delayed onset 

compared to mini-G recruitment to the plasma membrane (approximately 5 seconds) 

(Wan et al., 2018). A similar approach was also used to investigate Golgi activation of 

the 1−AR in neonatal rat ventricular myocytes. Within this study, a pool of 1-AR was 

detected at the Golgi compartment, where it was demonstrated to be activated in an 

internalisation-independent manner after dobutamine stimulation to promote 

phosphatidylinositol-4-phosphate (PI4P) hydrolysis after PLC activation through Gs 

activation (Nash et al., 2019). This pool of intracellular 1−AR was further suggested 

to have a possible role in the regulation of catecholamine-induced hypertrophy (Nash 

et al., 2019). In this way, mini-G probes have been used to evaluate the real-time 

activation of GPCRs from intracellular compartments, including endosomal and Golgi 

compartments. Thus, mini-G probes can be used to investigate spatiotemporal GPCR 

activity in a manner like-to nanobodies. 

 

1.2.4.5 Genetically encoded biosensors measuring compartmentalised second 

messenger activity 

Genetically encoded biosensors have been applicable for the investigation of 

compartmentalised GPCR-regulated second messenger production in live cells e.g., 

cAMP. Although such sensors do not directly measure GPCR activation, they can 
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indicate a preference of a GPCR for a particular G protein subtype and can help to 

examine the functional downstream effect of the receptor in question.  

 

The evaluation of real-time second messenger production after GPCR activation was 

originally challenging. The first tool used to detect cAMP production in live cells was 

called FlCRhR (fluorescein-labelled catalytic subunit and rhodamine-labelled 

regulatory subunit). FlCRhR is a multimolecular FRET-based biosensor based on PKA 

– a heterotetramer that consists of two regulatory and two catalytic subunits that 

dissociate on cAMP binding to the regulatory subunits (Kim et al., 2007). By labelling 

the PKA catalytic subunits with fluorescein and the PKA regulatory subunits with 

rhodamine, real-time cAMP production could be measured by a decrease in FRET. 

Pioneering work with FlCRhR facilitated, for the first time, the visualisation of 

compartmentalised cAMP production in live cells (Adams et al., 1991, Bacskai et al., 

1993, Hempel et al., 1996).  

 

However, the use of FlCRhR was practically challenging since PKA subunits had to 

be purified, labelled ex vivo, and microinjected into live cells (Adams et al., 1991). The 

rise of fluorescent proteins and genetically encoded FRET biosensors based on 

FlCRhR bypassed this limitation and enabled direct cAMP and PKA imaging in single 

cell, and multicell, preparations (Janetopoulos et al., 2001, Lissandron et al., 2005, 

Zaccolo et al., 2000). However, these sensors still had some potential limitations: they 

were catalytically active, which could affect downstream signalling (Paramonov et al., 

2015); the sensors were usually expressed in separate vectors, which led to 

challenges in equal subunit expression (Zaccolo et al., 2000); and high expression of 
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the sensors in living cells could cause the distortion of cAMP dynamics by the ability 

of the sensors to buffer endogenous cAMP (Paramonov et al., 2015).   

 

These potential limitations were improved by the generation of new, unimolecular, 

cAMP sensors. A large number of these sensors were based on Epac – a cAMP-

activated GEF for the small GTPase Rap1 (Calebiro and Maiellaro, 2014). Binding of 

cAMP to Epac provokes a conformational change that exposes a catalytic domain to 

aid the activation of Rap1 (Calebiro and Maiellaro, 2014). FRET sensors were created 

by sandwiching either the cAMP-binding domain of Epac, or full-length Epac, between 

two appropriate fluorophores, whereby a decrease in FRET could be measured after 

cAMP binding (DiPilato et al., 2004, Nikolaev et al., 2004, Ponsioen et al., 2004). 

These sensors had a faster response to cAMP binding than multimolecular sensors, 

increasing temporal resolution. Also, some of these sensors were catalytically inactive 

(Nikolaev et al., 2004, Ponsioen et al., 2004), reducing the risk of potential 

experimental contamination.  

 

In addition to the measurement of cAMP, FRET-based A-Kinase activity reporters 

(AKARs), were designed to detect PKA activation. Such sensors comprise of a PKA 

substrate, and a phosphoamino acid binding domain sandwiched in between an 

appropriate FRET pair, for example CFP and YFP (Calebiro and Maiellaro, 2014, 

Zhang et al., 2001). Phosphorylation of the PKA substrate by PKA induces a 

conformational change prompting the PKA substrate to interact with the 

phosphoamino acid binding domain which can be measured by an increase in FRET 

(Calebiro and Maiellaro, 2014, Zhang et al., 2001).  
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These, and other, FRET-based cAMP/PKA sensors have helped in the detection of 

compartmentalised GPCR signalling. For this purpose, genetically encoded cAMP 

sensors, and sometimes also PKA sensors, have been targeted to many 

compartments: including the plasma membrane (DiPilato et al., 2004, Jimenez-Vargas 

et al., 2018, Suofu et al., 2017); mitochondria (DiPilato et al., 2004, Suofu et al., 2017); 

nucleus (DiPilato et al., 2004); cilia (Moore et al., 2016); and the Golgi (Godbole et al., 

2017). For example, by targeting of Epac1-cAMP and AKAR2 cAMP FRET sensors to 

either the TGN or the plasma membrane in the presence and absence of 

internalisation inhibitors, Godbole et al. gave evidence that the TSHR has a late-stage, 

internalisation-dependent, signalling component at the TGN, distinct from signalling 

from the plasma membrane. The signalling of the TSHR in subdomains of the TGN 

was proposed to facilitate the efficient phosphorylation of CREB and gene transcription 

of TSH related genes via activation of Golgi resident Gs proteins facilitating local 

cAMP production and PKA activation (Godbole et al., 2017).  

 

As well as the detection of internalisation dependent GPCR signalling, targeting of 

cAMP sensors to intracellular compartments has also been used to measure GPCR 

signalling from subcellular compartments outside of the endosomal network. For 

example, a pool of melatonin 1 receptor (MT1R) is situated in the outer mitochondrial 

membrane (OMM) and has been suggested to signal in response to intracellular 

melatonin (Suofu et al., 2017). Melatonin is synthesised inside the mitochondrial 

matrix, and it was proposed that this pool of melatonin may indeed be capable of 

reaching, and activating, mitochondrial MT1R. Convincing evidence for this 

phenomenon was revealed by targeting FRET-based cAMP sensors to the OMM or 

the plasma membrane. Such targeting determined that the MT1R inhibited cAMP 
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production more greatly at the OMM than at the plasma membrane (Suofu et al., 

2017).  

 

BRET-based cAMP sensors have helped in the detection of compartmentalised cAMP 

signalling; however, their use has not been commonly applied for the detection of 

compartmentalised GPCR signalling. The first BRET-based biosensor used to report 

cAMP production was based on PKA (Prinz et al., 2006). In this BRET-based sensor, 

the regulatory PKA subunits were fused with RLuc and the catalytic PKA subunits with 

GFP. Upon cAMP binding to the regulatory subunits, a reduction in BRET could be 

measured. Since multimolecular BRET biosensors had comparable disadvantages to 

their FRET alternatives, unimolecular BRET-based cAMP sensors, based upon Epac 

(Barak et al., 2008, Jiang et al., 2007), were designed. CAMYEL (cAMP sensor using 

YFP-Epac-RLuc) is a BRET-based cAMP biosensor that has been used in the 

literature for the investigation of compartmentalised cAMP signalling. By comparing 

cAMP production at the plasma membrane or cytosol using plasma membrane 

targeted CAMYEL compared to cytosolic CAMYEL, the role of cytosolic and 

membrane-bound PDE subtypes on cAMP compartmentalisation were investigated 

(Matthiesen and Nielsen, 2011).  

 

In recent years, a NLuc-based cAMP BRET sensor has been designed. This sensor 

has been modified from a FRET-based cAMP sensor (Klarenbeek et al., 2011) where 

the donor fluorophore, mTurquoise, was substituted with NLuc (Masuho et al., 2015). 

The enhanced luminescence of NLuc compared to RLuc may both allow the 

application of this sensor hard to transfect cell types, as well as in vivo (Su et al., 2020). 

Targeting of BRET-based biosensors to subcellular compartments, like to FRET-
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based biosensors, might also help to further advance our understanding of 

compartmentalised GPCR signalling. 

 

1.2.4.6 Genetically encoded sensors monitoring GPCR trafficking 

As well as evaluating compartmentalised GPCR signalling, it is also important to 

investigate the localisation of GPCRs since compartmentalised GPCR signalling and 

GPCR localisation are mutually supporting (Caengprasath and Hanyaloglu, 2019). 

Resonance energy transfer methods have been used to investigate the real-time 

subcellular trafficking and localisation of GPCRs with high spatiotemporal resolution 

in live cells (Figure 1.4C). One of the first studies to monitor protein translocation at 

the plasma membrane via FRET methods was by Zacharias et al. who monitored 

plasma membrane specific acylated protein clustering (Zacharias et al., 2002). Soon 

after, FRET methods were employed to monitor GPCR trafficking in live cells. For 

example, Drake et al. used FRET to monitor internalisation of CFP fused 2-AR away 

from mYFP fused plasma membrane marker (Drake et al., 2008). As BRET methods 

can offer an improved signal-to-noise ratio compared to FRET, BRET approaches, 

rather than FRET approaches, have been favoured in the literature to quantify GPCR 

trafficking in live cells. Lan et al. measured ligand induced BRET changes to monitor 

the trafficking of RLuc8 fused 2-AR away from Venus-K-ras (a marker of the plasma 

membrane) into Venus-Rab5 (a marker of early endosomes) (Lan et al., 2011). Later, 

by the addition of further Venus tagged subcellular compartment markers to the 

toolset, the same group demonstrated the applicability of this approach to follow 

GPCR trafficking to other compartments (Lan et al., 2012). Within a proof-of-concept 

study, BRET approaches were used to investigate 2-AR trafficking through other 

endosomal compartments, in addition to the ER and the Golgi. The group also nicely 
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demonstrated the high sensitivity of BRET methods for the measurement of 

membrane topology – revealing that BRET is sensitive enough to show interactions of 

proteins at the OMM vs interactions of proteins at the inner mitochondrial membrane 

(Lan et al., 2012).  

 

BRET methods have also been applied to investigate clinically relevant GPCR 

mutations and their effect on GPCR trafficking. For example, Tiulpakov et al. used 

BRET to demonstrate distinct differences in trafficking of the Vassopressin 2 receptor 

(V2R) compared to mutant V2R to gain further understanding into some of the possible 

mechanisms behind nephrogenic diabetes insipidus and nephrogenic syndrome of 

inappropriate antidiuresis (NSIAD) (Tiulpakov et al., 2016). Within this study, V2R 

trafficking was investigated in combination with additional Venus-tagged intracellular 

compartment markers, including markers of recycling endosomes (Rab4, Rab11), ER 

to Golgi trafficking (Rab1a/Rab6), and TGN (Rab8) to gain yet more detailed clarity of 

GPCR trafficking in live cells in real-time (Tiulpakov et al., 2016).  

 

More recently, BRET methods have been applied, using high-throughput approaches, 

to investigate compound dependent inhibition of GPCR trafficking into the endosome 

compartment (Giubilaro et al., 2021). Using this method, a novel inhibitor of Ras and 

ARF6 was discovered (Rasafarin) which was observed to block AT1R internalisation, 

as well as the internalisation of other GPCRs. Rasafarin was further demonstrated to 

have anti-proliferative effects and may be applicable in the future for the inhibition of 

oncogenic cellular responses (Giubilaro et al., 2021).  
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The use of real-time FRET/BRET-based methods to monitor spatiotemporal GPCR 

activity, cAMP production, and GPCR trafficking has facilitated the understanding of 

GPCR mechanisms with much greater clarity. GPCR trafficking is now thought of as 

a way for GPCRs to signal in the right place at the right time. Furthermore, it has 

facilitated the notion that GPCRs which couple to the same G protein pathways are 

able to produce distinct responses from specific intracellular compartments. This adds 

further complexity to GPCR signalling and, with further understanding, may represent 

new therapeutic opportunities for the field of GPCR research.  

 

1.3 Adipose tissue 

1.3.1 Compartmentalised GPCR signalling in adipocytes  

Owing to the growing evidence demonstrating that many GPCRs do not exclusively 

signal from the plasma membrane (Calebiro et al., 2009, Ferrandon et al., 2009, 

Godbole et al., 2017, Irannejad et al., 2013), it was hypothesised that intracellular 

signalling of GPCRs might be of particular relevance in metabolically relevant cell 

types e.g., adipocytes. In adipocytes, cAMP production is highly compartmentalised 

to tightly control several key functions, including lipolysis and adipogenesis 

(Kannabiran et al., 2020, Rogne and Tasken, 2014). In addition, adipocytes express 

GPCRs that are responsive to various metabolites, and the intracellular concentration 

of metabolites is sometimes of greater physiological relevance than the extracellular 

concentration (Husted et al., 2017). To date, the arrangement of metabolically relevant 

GPCRs within adipocytes is underappreciated. This raised an intriguing possibility that 

metabolite sensing GPCRs might be activated from intracellular compartments to 

regulate adipocyte metabolism in response to intracellular metabolites. 
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1.3.2 The role of adipose tissue in metabolism 

In living organisms, the maintenance of energy homeostasis is tightly controlled to 

optimise the storage and breakdown of nutrients in response to fluctuations in 

metabolic requirements (Li et al., 2022). Dysregulation of this control is associated 

with the pathogenesis of metabolic diseases e.g., insulin resistance and type 2 

diabetes. Adipose tissue is a metabolic organ highly involved in the systemic 

regulation of energy homeostasis. When in nutrient surplus, adipose tissue stores 

triacylglycerol (TAG) and acts as a caloric energy reservoir. When in nutrient deficit, 

adipose TAG stores are broken down to meet the energy requirements of surrounding 

organs (Luo and Liu, 2016). Adipose tissue can also secrete hormones (e.g., leptin 

and adiponectin), and is regarded as the largest endocrine organ in the human body 

(Kershaw and Flier, 2004). Although it is primarily composed of adipocytes, 

nonetheless pre-adipocytes, fibroblasts, endothelial cells, macrophages, and 

leukocytes also play important roles in the correct functioning of the tissue (Amisten 

et al., 2015).  

 

1.3.3 Adipose tissue depots 

In humans, the main adipose tissue depots are found around internal organs (visceral 

adipose tissue, VAT), or as subcutaneous adipose tissue (SAT). SAT is the largest 

adipose tissue depot, making up >80% of fat tissue in healthy adults, and can be 

categorised further into gluteofemoral (GLUT) and abdominal depots (ABD) (Amisten 

et al., 2015). An increase in GLUT fat depots is associated with a reduced risk of 

developing diabetes and cardiovascular disease (Manolopoulos et al., 2010), whereas 

an increase in ABD fat depots is associated with insulin resistance (de Mutsert et al., 

2018). In addition, an increase in VAT is associated with increased risk of metabolic 
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and cardiovascular diseases (Despres, 2007, Grundy, 2004), as well as insulin 

resistance (de Mutsert et al., 2018).  

 

1.3.4 Characteristics of adipose tissue 

Adipose tissue is divided into white adipose tissue (WAT), brown adipose tissue (BAT), 

and beige/brite adipose tissue. WAT is the most prevalent type of fat and is 

predominantly located in SAT and VAT depots (Hwang and Kim, 2019). WAT is 

characterised by cells that contain large unilocular lipid droplets, which occupy 

approximately 95% of the cytoplasm, where the intracellular organelles of these cells 

are pushed to the edge of the cytoplasm (Choe et al., 2016). When the body is in 

energy deficit, WAT provides fuel through the breakdown of lipid droplets. The high 

capacity of WAT to store lipids also provides protection of organs from lipotoxicity 

(Slawik and Vidal-Puig, 2006). WAT has a second function as an endocrine organ. It 

secretes adipokines, including leptin and adiponectin, to regulate energy balance, and 

to regulate glucose homeostasis and inflammation (Coelho et al., 2013).  

 

BAT is distinguished by multilocular lipid droplets, where lipid stores are smaller and 

spread throughout the cytoplasm (Fenzl and Kiefer, 2014). In addition, BAT is highly 

vascularised and dense with mitochondria, which gives it a distinctive ‘brown’ colour 

(Fenzl and Kiefer, 2014). BAT was found initially in hibernating and small mammals or 

human infants. However, it is now known to be localised in human adults where it can 

be found primarily in cervical, supraclavicular, axillary, paraspinal, and ABD regions 

(Leitner et al., 2017). One of the main functions of BAT is to dissipate energy as heat 

through a process termed non-shivering thermogenesis. Free fatty acids (FFAs) 

released into the cytoplasm from lipid stores during lipolysis are transported to the 
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mitochondria and are oxidised during -oxidation to generate NADH, FADH2, and 

acetyl-coenzyme A (CoA). Acetyl-CoA subsequently enters the tricarboxylic acid cycle 

(TCA) to produce further NADH and FADH2. The generated electron carriers donate 

electrons to members of the electron transport chain located on the inner mitochondrial 

membrane which aids proton transport from the mitochondrial matrix into the 

intermembrane space. This creates a proton gradient which facilitates the transport of 

protons back into the mitochondrial matrix through ATP synthase to produce ATP. 

However, BAT expresses uncoupling protein 1 (UCP1), a proton transporter located 

on the inner mitochondrial membrane, which transports protons across the 

mitochondrial membrane, bypassing ATP synthase (Blondin et al., 2020). This 

mechanism releases considerable amounts of chemical energy as heat rather than as 

ATP.  

 

More recently, a pool of adipose was discovered which is an interim between BAT and 

WAT. This adipose pool was named beige or brite (brown in white) adipose and is 

defined by brown-like adipocytes that appear in WAT depots (Wu et al., 2012). Under 

resting conditions, beige adipose tissue expresses very low levels of UCP1, bearing 

resemblance to WAT, however, the activation of cAMP production induces high UCP1 

expression and high respiration rates, more reminiscent of BAT (Wu et al., 2012). 

Interestingly, WAT can be induced into beige adipocytes; as such, beige adipocytes 

are often referred to as inducible-brown adipocytes (Luo and Liu, 2016). 

 

1.3.5 Fatty acids and lipid droplet formation 

Adipose tissue stores large amounts of fatty acids in TAG stores called lipid droplets. 

Fatty acids are essential extracellular and intracellular signalling molecules that help 
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to regulate metabolism (Papackova and Cahova, 2015). High levels of intracellular 

fatty acid intermediates in tissues which do not normally store TAG causes lipotoxicity 

and cell death (Nishi et al., 2019), thus fatty acid concentration is carefully controlled. 

Fatty acids are carboxylic acids with long aliphatic carbon chains. They are grouped 

depending on the presence of double bonds: saturated fatty acids (SFA), containing 

no double bonds; monounsaturated fatty acids (MUFA), containing one double bond; 

and polyunsaturated fatty acids (PUFA), containing multiple double bonds (Papackova 

and Cahova, 2015). Fatty acids are also grouped according to their carbon chain 

length. Fatty acids with carbon chain lengths 1-5 are considered short-chain fatty acids 

(SCFAs), carbon chain lengths 6-12 are considered medium-chain fatty acids 

(MCFAs), and carbon chains of over 12 are considered long-chain fatty acids (LCFAs).  

A major characteristic of adipocytes is to store MCFAs and LCFAs as TAG in 

organelles called lipid droplets (Heid et al., 2014).  

 

FFAs are delivered to the cell surface, transported in the blood mainly bound to 

albumin, and have been suggested to be transported across the plasma membrane 

via interaction with the lipid transporter, cluster of differentiation 36 (CD36) (Coburn et 

al., 2000, Goldberg et al., 2009, Mistry et al., 2021), and fatty acid transport proteins 

(FATPs) (Mistry et al., 2021). Furthermore, CD36 and FATPs are proposed to interact 

with plasma membrane associated fatty acid binding proteins (FABPs) to enable fatty 

acid desorption (Storch and Corsico, 2008). Cytoplasmic FABPs then shuttle fatty 

acids to subcellular organelles, including the mitochondria for -oxidation, the ER for 

the synthesis of lipid droplets, or the nucleus to regulate transcription (Storch and 

Corsico, 2008).  
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Lipid droplet synthesis begins in the ER. The first step in this process is the synthesis 

of TAGs and sterol esters which require MCFAs and LCFAs. Fatty acids are inert and 

must first be activated by esterification to CoA, a reaction that is catalysed by acyl-coA 

synthetases (ACS), to produce fatty acyl-coA (Ellis et al., 2010). ACSs are located 

primarily at the plasma membrane, ER, TGN, and endosomes (Gargiulo et al., 1999). 

Inhibition of ACSs with triacsin C reduces the synthesis of TAG and prevents fatty acid 

dependent lipid droplet formation (Li et al., 2010a). Once bound to CoA, activated fatty 

acids are esterified to DAG or a sterol to produce TAG and sterol esters. The enzymes 

that catalyse this process, DAG acyltransferases and acyl-CoA:cholesterol O-

acyltransferases, respectively, are localised to the ER (Olzmann and Carvalho, 2019). 

At first, neutral lipids (TAG and sterol esters) are distributed in the ER bilayer, but as 

their concentration rises, the neutral lipids coalesce and form a ‘lens’ (Khandelia et al., 

2010). Expansion of this ‘lens’ results in lipid droplet budding from the ER membrane. 

Lipid droplets further expand by: fusion to other lipid droplets; the transfer of TAG from 

the ER membrane; or by TAG synthesis directly on the lipid droplet surface (Olzmann 

and Carvalho, 2019). As well as contact with the ER, lipid droplets also establish 

contacts with most subcellular organelles, including the endosomes, the Golgi, the 

mitochondria, the lysosomes, and the peroxisomes (Valm et al., 2017).  

 

Ubiquitously expressed in cells, lipid droplets consist of a neutral lipid core surrounded 

by a phospholipid monolayer into which proteins are embedded (Olzmann and 

Carvalho, 2019). Lipid droplets are exceptionally dynamic, and alternate between 

periods of anabolism or catabolism. Proteomic studies have found 100-150 different 

proteins present on the membrane of lipid droplets in prototypical mammalian cells; 

some localise solely to this membrane whilst others are also found present at other 
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intracellular compartments (Yang et al., 2012). Perilipins (PLINs) are the most 

abundant proteins found on the surface of lipid droplets and they are well known as 

controllers of lipolysis – the breakdown of lipid droplets (Sztalryd and Brasaemle, 

2017). There are five major PLIN proteins in mammals, with additional splice variants 

present at lower amounts. PLINs are either exclusively present at the lipid droplets 

(PLIN1&2), or they can exchange between the cytoplasm and lipid droplets (PLIN3-

5). PLIN1&2 are rapidly degraded when not localised to the lipid droplets, whereas 

PLIN3-5 are stable in the cytoplasm and may have additional trafficking roles (Itabe et 

al., 2017). Intriguingly, PLIN3&5 have been found associated with micro lipid droplets 

and lipoprotein particles (Hashimoto et al., 2012, Sztalryd and Brasaemle, 2017). PLIN 

subtypes have a unique distribution across adipose depots and a possible unique role 

in lipid metabolism (Sztalryd and Brasaemle, 2017). PLIN1 has particular relevance in 

WAT in the control of lipolysis (Skinner et al., 2013), whereas PLIN5 has particular 

relevance in BAT, where it has been demonstrated to play a role in the trafficking of 

fatty acids to the mitochondria for -oxidation and thermogenesis (Gallardo-Montejano 

et al., 2021, Wang et al., 2011).  

 

1.3.6 Lipolysis 

Lipolysis is the process by which intracellular TAG stores are broken down into FFAs 

and glycerol. In a state of energy demand, FFAs are released from adipocyte TAG 

stores during lipolysis and are transported by the blood for delivery to organs in 

metabolic demand (e.g., the liver, and skeletal/cardiac muscle) (Luo and Liu, 2016). 

In these organs, fatty acids function as energy substrates for ATP production by -

oxidation (Cucchi et al., 2019). Lipolysis is therefore tightly regulated to control energy 

homeostasis. 
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1.3.7 The mechanism of lipolysis  

Lipolysis activation is largely regulated by the action of catecholamines on GPCRs. In 

high energy demand, sympathetic terminal nerve fibres which innervate fat cells are 

stimulated to release catecholamines i.e., norepinephrine (NE) or epinephrine, which 

bind to −ARs (1-3) present in adipocytes (Carpene et al., 1998, Yang and Mottillo, 

2020) (Figure 1.5). This initiates a signalling cascade mediated through Gs proteins. 

Gs proteins activate ACs to increase cAMP production, which binds and activates 

PKA (Kim et al., 2007). In adipocytes, PKA phosphorylates both PLINs and lipid 

droplet associated lipases, assisting conformational changes and translocations to 

facilitate the docking of these lipases to the lipid droplets via interaction with the PLIN 

family (Sztalryd and Brasaemle, 2017). 

 

Figure 1. 5: Schematic to illustrate insulin release and its effects in adipocytes.  

Glucose uptake through glucose transporter 2 (GLUT2) increases insulin release from 

pancreatic  cell islets which is transported to adipocytes in the blood. Upon binding 

of insulin to the insulin receptor (IR), a cascade is activated to inhibit lipolysis by 

enhancing cAMP breakdown. In addition, insulin increases glucose uptake by 

enhancing the expression of plasma membrane glucose transporter 4 (GLUT4).  
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There are three major lipases that are considered as the master controllers of lipolysis 

in adipose tissue (Figure 1.5). These lipases are adipose triglyceride lipase (ATGL), 

hormone sensitive lipase (HSL), and monoacylglycerol lipase (MGL). HSL was 

formerly believed to be the main lipase responsible for the overall control of lipolysis 

(Vaughan et al., 1964). However, HSL KO mice accumulated DAG and not TAG in 

multiple tissue types, including adipose, testis, and muscle (Haemmerle et al., 2002). 

In 2004, a new lipase was discovered and reported in the literature by three 

independent groups (Jenkins et al., 2004, Villena et al., 2004, Zimmermann et al., 

2004) which was found to have profuse TAG hydrolase activity. This lipase, named 

ATGL, is now considered the master regulator of adipocyte lipolysis. ATGL is part of 

the patatin-like phospholipase domain-containing family which encompasses several 

lipid hydrolases (Wilson et al., 2006). ATGL is localised to the surface of lipid droplets 

and regulates the first step in lipolysis, catalysing the break-down of TAG into DAG 

and a FFA. For maximal hydrolase activity, ATGL also requires a co-activator, named 

comparative gene identification-58 (CGI-58) (Lass et al., 2006). Prior to activation of 

lipolysis, CGI-58 is bound to PLIN on the surface of lipid droplets. Upon the PKA 

dependent phosphorylation of PLIN, in combination with a possible additional 

phosphorylation of CGI-58, CGI-58 is released from PLIN to facilitate its interaction 

with ATGL (Brejchova et al., 2021). The combined interaction of CGI-58 with ATGL 

has been found to increase the hydrolysis of TAG by up to 20-fold (Lass et al., 2006). 

HSL is the rate-limiting lipase in the second step of lipolysis i.e., the breakdown of 

DAG into monoacylglycerol (MAG) and a FFA (Brejchova et al., 2021). HSL is 

activated after PKA-dependent phosphorylation, which facilitates the translocation of 

HSL from the cytoplasm to the surface of lipid droplets (Holm, 2003). Subsequently, 
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HSL hydrolyses DAG into MAG. Furthermore, MAG is hydrolysed to glycerol and a 

FFA by MGL (Taschler et al., 2011). 

 

1.3.8 Inhibitors of adipocyte lipolysis 

1.3.8.1 Hormones 

Insulin is a hormone and is considered to be the main inhibitor of lipolysis (Li et al., 

2022). In addition, insulin regulates the concentration of plasma glucose and inhibits 

hepatic gluconeogenesis (Lee et al., 2022). In the fed state, increases in plasma fatty 

acids, amino acids, and glucose stimulate insulin secretion into the plasma from 

secretory pancreatic  cell granules, located in the islets of Langerhans (Henquin, 

2000) (Figure 1.5). In short, glucose uptake increases the production of ATP through 

oxidative phosphorylation in the mitochondria, increasing the ratio of ATP to ADP. This 

increase in ATP inhibits ATP sensitive K+ transporters, increasing the concentration of 

intracellular K+ and leading to depolarisation of the plasma membrane and the 

activation of voltage dependent calcium channels. Ca2+ is transported across the 

plasma membrane, increasing intracellular Ca2+ and facilitating the release of insulin 

into the blood. Insulin binds to insulin receptors (IR), dimeric receptor tyrosine kinases, 

located on the cell surface of adipocytes, skeletal muscle cells, and hepatocytes 

(Zhang and Liu, 2014). Insulin binding induces conformational changes in the IR, 

which bring the receptor’s two kinase domains in close proximity, facilitating their 

efficient trans-autophosphorylation and activation (Uchikawa et al., 2019). This 

initiates the recruitment and docking of insulin receptor substrate 1 (IRS1) and IRS2 

to activate PI3K. PI3K increases phosphatidylinositol (3,4,5)-trisphosphate (PIP3) 

production, recruiting phosphoinositide-dependent kinase 1, and assisting the 

subsequent activation of Akt (Henquin, 2000). Akt has been proposed to 
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phosphorylate PDE3B, leading to cAMP hydrolysis and the concurrent inhibition of 

lipolysis since PKA activity is reduced (Kitamura et al., 1999). More recently, the role 

of Akt to fully control insulin’s inhibitory effects on lipolysis have been challenged since 

serum fatty acid concentrations are unaffected in mice deficient in Akt (Koren et al., 

2015) and mice with PDE3B mutations lacking Akt phosphorylation sites are able to 

supress lipolysis through insulin-dependent mechanisms (DiPilato et al., 2015). On the 

other hand, insulin dependent Akt activation is proposed to assist glucose transporter 

4 (GLUT4) insertion into the plasma membrane, facilitating the subsequent absorption 

of glucose from plasma (Chang et al., 2004).  

 

Additional hormones are also known to inhibit adipocyte lipolysis. For example, 

ghrelin, the ‘hunger hormone’, is an appetite stimulating hormone released by the 

stomach prior to food intake. Ghrelin binds the ghrelin receptor, a GPCR present on 

the surface of adipocytes, and inhibits adrenoceptor-stimulated lipolysis in WAT 

(Baragli et al., 2011, Muccioli et al., 2004). This has been proposed to occur through 

PI3K and PDE3B activation (Baragli et al., 2011). Similarly, adiponectin, a hormone 

secreted by adipocytes in response to insulin, inhibits lipolysis. For instance, 

adiponectin-KO mice exhibit increased lipolysis (Qiao et al., 2011). However, unlike 

insulin and ghrelin, adiponectin is considered to act by supressing PKA-dependent 

HSL activation, reducing lipolysis-induced fatty acid release. In this way, adiponectin 

is considered to potentiate the effects of insulin on lipolysis (Qiao et al., 2011).  

 

1.3.8.2 Metabolite sensing GPCRs 

In the last twenty years, it has been discovered that certain metabolites act as 

extracellular signalling ligands for specific GPCRs, working in a manner like-to 
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neurotransmitters and hormones (Husted et al., 2017). There are six metabolite 

sensing GPCRs highly expressed in adipose tissue which have been proposed to 

inhibit lipolysis through coupling to Gi/o proteins (Husted et al., 2017). Such 

metabolite sensing GPCRs include: hydroxycarboxylic acid receptor 1 (HCAR1) 

(Ahmed et al., 2010); HCAR2 (Taggart et al., 2005); HCAR3 (Tunaru et al., 2003); 

GPR91 (He et al., 2004); free fatty acid receptor 2 (FFAR2) (Brown et al., 2003); and 

FFAR4 (Hirasawa et al., 2005). 

 

The HCAR1 has been proposed to have a large control over insulin’s inhibition of 

adipocyte lipolysis (~40%) (Ahmed et al., 2010). Insulin aids the uptake of glucose into 

adipocytes, which is broken down into pyruvate during glycolysis, and further 

metabolised into lactate (HCAR1 agonist) by pyruvate dehydrogenase. Both 

extracellular, and intracellular, concentrations of lactate increase after glucose uptake, 

and, in HCAR1-KO mice, insulin-induced lipolysis inhibition is seriously impaired 

(Ahmed et al., 2010). Therefore, the HCAR1 is partly responsible for the inhibitory 

effects of insulin on lipolysis through autocrine activation by lactate. The other 

members of the HCAR family are either sensitive to ketones (HCAR2) (Taggart et al., 

2005) or -hydroxyoctanoate (HCAR3) (Ahmed et al., 2009). Ketones and -

hydroxyoctanoate are products of LCFA fuelled -oxidation in the mitochondria of 

hepatocytes, which transpires when intracellular glucose concentrations are not high 

enough for glycolysis and acetyl-CoA production. These metabolites are exported from 

the liver into the plasma in physiologically high enough concentrations to activate their 

respective receptors in adipose tissue (Blad et al., 2011). Adipose located HCA2 and 

HCA3 are most likely activated in an endocrine feedback mechanism to inhibit adipose 

tissue lipolysis when FFA release is sufficient in the liver to meet energy demand.  
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GPR91 is responsive to succinate, a metabolite produced in the mitochondria during 

the TCA cycle that only reaches physiologically relevant extracellular concentrations 

during hypoxia or metabolic stress. GPR91-KO mice are released from succinate-

induced lipolysis inhibition (McCreath et al., 2015). It has therefore been proposed that 

GPR91 inhibits adipocyte lipolysis in an autocrine manner during times of metabolic 

stress (Husted et al., 2017).  

 

Adipocytes also express the FFAR2 and the FFAR4 which are members of the FFAR 

family. The FFAR2 is activated during states of nutritional excess, via acetate 

production from pyruvate (Tang et al., 2015), or by SCFAs released from gut 

microbiota (Husted et al., 2017). Activation of the FFAR2 inhibits adipocyte lipolysis 

(Ge et al., 2008) and also controls adipokine production (Zaibi et al., 2010). The 

FFAR4 is activated in response to LCFAs which are obtained from the diet or TAG 

turnover (Husted et al., 2020). Both receptors are proposed activated in an autocrine 

manner to inhibit lipolysis. 

 

1.3.8.3 Other GPCRs  

The 2-adrenoceptor (2-AR) is an inhibitory mediator of adipocyte lipolysis. Like the 

-ARs, it is responsive to catecholamines, however unlike -ARs, the 2-AR couples 

predominantly to the Gi/o protein family and inhibits adipocyte lipolysis (Ruohonen et 

al., 2018). The 2-AR is more sensitive to catecholamines than the -ARs, and at low 

catecholamine concentrations, the 2-AR is proposed to prevail and inhibit lipolysis. 

When the concentration of catecholamine rises, lipolysis is then activated by the -

ARs (Mauriege et al., 1987). The mechanism and physiological relevance of this 

interplay is not well understood.  
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In addition, the adenosine receptors (A1, A2A) are also expressed in adipocytes and 

help to regulate lipolysis. Adenosine is persistently produced intracellularly and 

extracellularly by the dephosphorylation of AMP, a process regulated by intracellular 

or extracellular 5’-nucleotidases (Pardo et al., 2017). The A1 receptor is prevalent in 

WAT, coupling to Gi and inhibiting lipolysis (Johansson et al., 2008). However, the 

A2A receptor is also expressed in adipocytes and is coupled to Gs, stimulating 

lipolysis through AC activation. Since the A2A receptor is activated by low 

concentrations of adenosine (Gnad et al., 2014), and the A1 receptor is activated by 

high concentrations of adenosine, it is likely that the A2A receptor is activated in states 

of energy demand (at low concentrations of ATP) to increase lipolysis, whereas the 

A1 receptor is activated when energy is sufficient (at high concentrations of ATP) 

(Braun et al., 2018, Li et al., 2022) to turn down lipolysis. In this way, these GPCRs 

help to regulate adipose lipolysis in response to energy requirements. 

 

1.3.8.4 Intracellular mechanisms 

Lipolysis is also controlled by intracellular systems. Evidence suggests that 

approximately 40% of fatty acids released during lipolysis are re-esterified back into 

TAG in humans, reducing extracellular fatty acid export (Reshef et al., 2003). In 

addition, lipolysis induced PKA activation indirectly activates AMP activated protein 

kinase (AMPK). AMPK is a serine/threonine kinase, which phosphorylates HSL in a 

position that attenuates HSL phosphorylation by PKA, inhibiting lipolysis (Kim et al., 

2016). Furthermore, studies suggest that intermediary lipid metabolites (e.g., FFAs & 

long-chain acyl-CoAs) inhibit lipolysis. Part of this mechanism is proposed to be 

through fatty acid-dependent inhibition of ACs (Burns et al., 1978, Fain and Shepherd, 

1975). AC and PKA activity are reduced by increasing the concentration of intracellular 
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FFAs by limiting extracellular albumin availability (Mottillo and Granneman, 2011). 

Additionally, when intracellular FFA concentrations rise, the concentration of LCFA 

acyl-CoAs would also be expected to rise. Recently, AMPK has been proposed 

activated via interaction with LCFA acyl-CoAs, generating a direct negative feedback 

loop on lipolysis (Pinkosky et al., 2020). Additionally, LCFA CoAs (e.g., oleoyl-CoA) 

have been suggested to non-competitively inhibit HSL and ATGL (Nagy et al., 2014) 

or interact with CGI-58 and PLIN proteins (Sanders et al., 2015) to inhibit lipolysis. 

Finally, mechanisms which increase PDE activity (Cheung et al., 2003, DiPilato et al., 

2015), to increase cAMP hydrolysis, or protein phosphatase activity, to 

dephosphorylate lipases or PLINs (Kinney et al., 2010, Okumura et al., 2014), will also 

lead to the intracellular inhibition of lipolysis.  

 

1.3.9 Insulin resistance and diabetes 

Under normal metabolic conditions, lipolysis is tightly controlled by hormones and 

metabolites, which act via endocrine, autocrine, and paracrine mechanisms to control 

fatty acid storage and release (Li et al., 2022). Disruption to the balance of fat storage 

and mobilisation is associated with the development of obesity, insulin resistance, and 

type 2 diabetes (da Silva Rosa et al., 2020). Insulin resistance has dominant effects in 

adipose tissue, muscles, and the liver. During insulin resistance, insulin can no longer 

produce strong enough effects to enable sufficient glucose uptake, inhibit lipolysis, 

stimulate glycogen synthesis, or reduce hepatic gluconeogenesis (da Silva Rosa et 

al., 2020). This leads to hyperglycaemia. As a compensatory mechanism, pancreatic 

 cells secrete more insulin. Eventually pancreatic  cells become exhausted, cannot 

secrete adequate levels of insulin, and blood glucose levels are raised – a hallmark of 

type 2 diabetes (Cerf, 2013). 
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The mechanisms behind insulin resistance are not fully understood. However, insulin 

resistance is believed to be driven, in part, by the dysregulation of adipocyte lipolysis, 

leading to elevated levels of plasma FFAs. For example, mutations in PLIN1, an 

adipocyte specific lipid droplet coating protein, lead to unrestrained lipolysis and 

severe insulin resistance in humans (Gandotra et al., 2011a, Gandotra et al., 2011b). 

Furthermore, reductions in PDE3B expression, decreasing cAMP hydrolysis and thus 

increasing lipolysis, are implicated in insulin resistance. For instance, a decrease in 

ABHD15 expression, a protein highly expressed in adipose tissue known to stabilise 

PDE3B expression, is found decreased in humans with obesity and diabetes 

compared to obese humans with intact glucose tolerance (Xia et al., 2018). In addition, 

loss of ABHD15 expression in ABDH15-KO mice results in a failure of insulin to 

promote glucose uptake (Stockli et al., 2019, Xia et al., 2018). Furthermore, in adipose 

specific ATGL-KO mice, lipolysis is reduced, leading to a reduction in the 

concentration of extracellular plasma fatty acids and enhancing insulin sensitivity 

(Schoiswohl et al., 2015). In this way, insulin resistance is associated with the 

dysregulation of adipocyte lipolysis. 

 

When the concentration of intracellular FFA is raised after lipolysis dysregulation, the 

concentration of intracellular fatty acid metabolites increases (e.g., DAG, fatty acyl-

CoAs, or ceramides). Raised levels of fatty acid metabolites have been proposed to 

activate a serine/threonine kinase cascade, phosphorylating IRS-1 and IRS-2, leading 

to the failure of insulin-dependent PI3K activation, and reducing glucose uptake (Lee 

et al., 2022). Insulin resistance is also associated with increased plasma FFAs and 

enhanced accumulation of ectopic FFAs in insulin-responsive tissue types like the liver 

and skeletal muscle, leading to impaired insulin signalling in the muscles and liver (Lee 
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et al., 2022). In human patients with extreme obesity and type 2 diabetes, certain fatty 

acid species have been found significantly elevated. These include: eicosadienoic acid 

(C20:2); -linolenic acid (C18:3n-3); docosahexaenoic acid (C22:6); arachidic acid 

(C20:0); myristic acid (C14:0); and eicosatrienoic acid (C20:3n-3) (Wrzosek et al., 

2022). Since these fatty acid species are LCFAs which should act as agonists of the 

FFAR1 and FFAR4, and the FFAR4, and not the FFAR1, is highly expressed in 

adipose tissue, the role of the FFAR4 is further investigated within this thesis.  

 

1.4 The FFARs 

Five GPCRs are known activated in response to FFAs, where their selectivity depends 

on FFA carbon chain length: FFAR1/GPR40; FFAR2/GPR43; FFAR3/GPR41; 

FFAR4/GPR120; and GPR84. FFAR1 and FFAR4 are activated by LCFAs (Briscoe et 

al., 2003, Hirasawa et al., 2005), whereas FFAR2 and FFAR3 are activated by SCFAs 

(Brown et al., 2003). GPR84, although not part of the FFAR family, is activated by 

MCFAs (Wang et al., 2006) – however MCFAs are not considered to be the major 

endogenous agonists of this receptor, consequently GPR84 is not yet regarded as 

deorphanised (Mahmud et al., 2017). FFARs are characterized by their distinctive 

tissue expression, their affinity for fatty acids, their signalling properties, and their 

overall physiological function (Milligan et al., 2017b). FFAR signalling is involved in 

insulin secretion, incretin secretion, adipose tissue differentiation, the regulation of 

food intake, and many other metabolic actions (Kimura et al., 2020). Considering the 

impact of FFARs on energy regulation and thus their potential as therapeutic targets 

for metabolic disorders like type 2 diabetes and obesity, the FFARs are regarded as 

potentially valuable therapeutic targets (Kimura et al., 2020).  
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1.4.1 Physiological role of the FFAR4 

The FFAR4/GPR120 is a class A GPCR that was deorphanized in 2005 where it was 

discovered activated in response to LCFAs (C13-C22) (Hirasawa et al., 2005). In 

particular, the FFAR4 was believed to have increased preference for MUFAs/PUFAs, 

since greater receptor activation was observed after stimulation with -linolenic acid 

(PUFA) and palmitoleic acid (MUFA), than with SFAs; stearic acid and lauric acid 

(Hirasawa et al., 2005). The FFAR4 is now considered activated in response to a broad 

range of LCFAs, with potencies (EC50) in the range of 1-30 M (Christiansen et al., 

2015).  

 

Initially, the role of the FFAR4 was investigated in the gut. Within this study, LCFA-

dependent activation of the FFAR4 increased the concentration of intracellular [Ca2+] 

and increased ERK activation (Hirasawa et al., 2005). Through this mechanism, the 

FFAR4 was proposed to promote secretion of GLP-1 from enteroendocrine cells. 

However, the FFAR4 is not only expressed within the intestine, but also across a 

variety of other tissue types, including adipose tissue, the hypothalamus, lungs, 

immune cells, pancreatic delta cells, and taste buds (Cornall et al., 2011, Gotoh et al., 

2007, Hirasawa et al., 2005, Kimura et al., 2020, Tanaka et al., 2008). The 

physiological functionalities of the FFAR4 are consistent with its expression profile. 

The FFAR4 has been demonstrated to inhibit ghrelin secretion (Engelstoft et al., 2013, 

Gong et al., 2014), stimulate gastric inhibitory peptide (GIP) secretion (Iwasaki et al., 

2015), and inhibit somatostatin secretion (Croze et al., 2021, Stone et al., 2014). In 

adipose tissue, the FFAR4 enhances adipogenesis (Gotoh et al., 2007, Hilgendorf et 

al., 2019, Song et al., 2016), enhances glucose uptake (Oh et al., 2010), inhibits 

lipolysis (Husted et al., 2020, Satapati et al., 2017), and promotes BAT activity by 
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increasing UCP1 activity (Quesada-Lopez et al., 2019, Schilperoort et al., 2018, Song 

et al., 2017). Other roles of the receptor include the inhibition of inflammation in 

macrophages (Oh et al., 2010), the reduction of airway resistance in the lungs 

(Prihandoko et al., 2020), the regulation of taste preference for fatty acids (Cartoni et 

al., 2010), and the regulation of food intake (Auguste et al., 2016).  

 

1.4.2 FFAR4 signalling 

In the literature, the FFAR4 has been suggested a predominantly Gq/11 coupled 

receptor, where receptor activation increases the concentration of intracellular [Ca2+] 

– a phenomenon that can be blocked by selective Gq/11 inhibition (Hudson et al., 

2013). The FFAR4 is known to exist as multiple species-dependent splice variants 

with both “long” (FFA4L) and “short” (FFA4S) isoforms expressed in humans. 

Interestingly, the long variant has a 16 amino acid insertion in ICL3 which was 

demonstrated to uncouple the receptor from Gq/11 protein activation (Watson et al., 

2012). In fact, this insertion is proposed to promote signalling bias of FFAR4L towards 

-arrestin 2 recruitment and not Gq/11 protein recruitment (Watson et al., 2012). The 

coupling of the FFAR4S to Gq/11 has been demonstrated necessary for ERK 

activation (Prihandoko et al., 2016). Additionally, ligand induced activation of the 

FFAR4 induces phosphorylation of its C-terminal tail by GRK6, with a minor 

component mediated by PKC (Burns et al., 2014). PKC was found implicated in basal 

and heterologous FFAR4 phosphorylations (Burns et al., 2014). Ligand induced 

phosphorylations of the FFAR4 enabled the recruitment of -arrestin 2 which has been 

found to stimulate strong FFAR4 internalisation and the G protein independent 

phosphorylation of Akt (Prihandoko et al., 2016). FFAR4 dependent -arrestin 2 

activation is considered important in the inhibition of inflammatory mediators in 
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macrophages (Oh et al., 2010). On the other hand, the FFAR4 has been found to 

couple to Gi/o proteins. For example, FFAR4 activation inhibited ghrelin secretion in 

primary gastric mucosal cells (Engelstoft et al., 2013) and blocked glucose-induced 

somatostatin release from delta pancreatic islets (Stone et al., 2014). These effects 

were demonstrated pertussis toxin sensitive – indicating Gi/o coupling. However, 

downstream signalling via this coupling through the measurement of cAMP has not 

yet been demonstrated in a simple cell model.  

 

1.4.3 FFAR4 trafficking and compartmentalised signalling 

FFAR4 trafficking has not been extensively investigated. Considering that trafficking 

is an essential component of compartmentalised GPCR signalling (Caengprasath and 

Hanyaloglu, 2019), it is important to understand where the FFAR4 localises and traffics 

before and after agonist induced stimulation. The FFAR4 rapidly internalises upon 

agonist stimulation, leading to increased receptor distribution at endosomal 

compartments and lysosomal compartments (Watson et al., 2012). This is indicative 

of both receptor recycling and receptor degradation (Wang et al., 2018a). More 

recently, using a FRET-based methodology, FFAR4 activation was shown to elicit 

receptor internalisation and increase the receptor’s distribution in fast and slow 

recycling endosomes (Rab4 and Rab11), early endosomes (Rab5), and late 

endosomes (Rab7 and Rab9) (Flores-Espinoza et al., 2020). Yet, although FFAR4 

trafficking was investigated in live cells within this study, it was investigated via single-

cell analysis in combination with a small variety of compartment markers, which 

warrants the application of improved trafficking methods to enhance the 

spatiotemporal information gathered regarding FFAR4 trafficking. Within the literature, 
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there have been no studies, to my knowledge, investigating compartmentalised 

FFAR4 signalling. 

 

1.4.4 The role and mechanisms of the FFAR4 in adipocyte metabolism 

Many studies indicate that the FFAR4 has a critical role in the control of adipocyte 

metabolism. Firstly, the FFAR4 is highly expressed in adipocytes, across many 

adipose depots (including WAT and BAT) (Oh et al., 2010, Quesada-Lopez et al., 

2016), and its expression increases during adipocyte differentiation (Gotoh et al., 

2007, Oh et al., 2010, Song et al., 2016, Yamada et al., 2017). Furthermore, the 

FFAR4 has been implicated in the control of lipid droplet formation (Rohwedder et al., 

2014). Reduction in FFAR4 expression by small interfering RNA was demonstrated to 

inhibit differentiation and lipid accumulation in 3T3-L1 adipocytes (Gotoh et al., 2007). 

In addition, stimulation of the FFAR4 with -linolenic acid was found to promote 3T3-

L1 adipocyte differentiation (Song et al., 2017, Song et al., 2016). Thus, the FFAR4 is 

considered an adipogenic receptor. The ability of the FFAR4 to promote intracellular 

increases in [Ca2+] (Song et al., 2016), presumably via Gq/11, or increase ciliary cAMP 

(Hilgendorf et al., 2019) have been suggested important in the control of this 

mechanism.  

 

Secondly, the FFAR4 is implicated in the control of thermogenesis. Not only is the 

FFAR4 highly expressed in BAT, but the FFAR4 is strongly upregulated in mice in 

response to cold exposure (Quesada-Lopez et al., 2016). Activation of the FFAR4 was 

demonstrated to enhance thermogenesis by increasing the expression of BAT-specific 

proteins, including UCP1 (Quesada-Lopez et al., 2019, Song et al., 2017, Wang et al., 

2018b). In addition, FFAR4 activation has been demonstrated to increase fatty acid 
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uptake and -oxidation, alter mitochondrial respiration, and decrease fat mass in BAT 

(Christian, 2020, Schilperoort et al., 2018). These effects are proposed to be regulated 

via FFAR4 dependent activation of Gq/11, stimulating intracellular [Ca2+] accumulation 

(Christian, 2020).  

 

Thirdly, the FFAR4 has been demonstrated to sensitise responses to insulin by 

enhancing glucose uptake via the translocation and insertion of GLUT4, a glucose 

transporter, into the plasma membrane in adipose tissue and 3T3-L1 adipocytes (Oh 

et al., 2010). In agreement with this study, knock-down of the FFAR4 was found to 

reduce GLUT4 expression and IRS-1 expression in 3T3-L1 adipocytes, suggesting 

that the FFAR4 is intricately associated with the mechanisms of insulin-induced 

glucose uptake (Liu et al., 2012a). Furthermore, by comparing between wild-type (WT) 

and FFAR4-KO mice, FFAR4 agonism with omega 3 fatty acids was demonstrated to 

have insulin-sensitising effects in vivo – improved insulin-stimulated glucose disposal 

and enhanced insulin sensitivity in the muscles and liver (Oh et al., 2010). These 

effects have again been proposed mediated through FFAR4-dependent activation of 

Gq/11, increasing intracellular [Ca2+] levels (Hudson et al., 2013, Oh et al., 2010).  

 

Finally, the FFAR4 has been implicated in the control of lipolysis. In an elegant study 

by Satapati et al., after treatment with a specific FFAR4 agonist Compound B, mice 

were found to have reduced levels of plasma FFAs and plasma glycerol, with no 

change in plasma insulin concentration, suggesting direct lipolytic suppression by the 

FFAR4. This conclusion was further confirmed using FFAR4-KO mice, where 

Compound B administration dose-dependently supressed glycerol release in 

adipocytes from WT mice and not in FFAR4-KO mice (Satapati et al., 2017). A more 
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recent study demonstrates that the FFAs released after the induction of adipocyte 

lipolysis activate the FFAR4 in a Gi/o-dependent manner to inhibit cAMP production 

as part of an autocrine negative feedback loop to inhibit adipocyte lipolysis (Husted et 

al., 2020). As such, the ability of the FFAR4 to couple to Gi/o, rather than Gq/11, has 

been proposed necessary for the receptor’s control over lipolysis.  

 

1.4.5 Pathophysiological indication of the FFAR4 in adipocytes 

Since the FFAR4 is intimately involved in adipocyte metabolism, it comes as no 

surprise that the receptor has been implicated in obesity and type 2 diabetes. Mice 

deficient in FFAR4 fed on a high-fat diet have been demonstrated to develop obesity, 

glucose intolerance, metabolic dysregulation, insulin resistance, and inflammation in 

adipose tissue (Ichimura et al., 2012). In human subjects, the expression of the FFAR4 

in the adipose tissue of obese individuals was found significantly raised compared to 

the adipose tissue of lean individuals (Ichimura et al., 2012). In addition, a known 

FFAR4 variant (p.R270H) has been associated with both increased fasting glucose 

levels and an increased risk of obesity in humans (Bonnefond et al., 2015, Ichimura et 

al., 2012). The p.R270H variant has further been proposed to modulate the risk of type 

2 diabetes in connection with dietary fat intake (Lamri et al., 2016).  

 

1.4.6 Rationale 

Since insulin resistance is associated with increased circulating levels of LCFAs 

released from adipocyte lipolysis (FFAR1 and FFAR4 agonists) (Wrzosek et al., 2022), 

and the FFAR4, and not the FFAR1, is highly expressed in adipocytes and heavily 

implicated in adipocyte metabolism (Husted et al., 2017), the role of the FFAR4 was 

investigated further within this thesis. Furthermore, the ability of the FFAR4 to signal 
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from intracellular compartments in both a simple cell model and a more complex 

adipocyte model was investigated using both imaging and BRET-based approaches.  
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2.0 Chapter Two: Materials and Methods 
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2.1 Materials  

2.1.1 Plasmids 

FFAR4-eYFP was kindly provided by Professor Graeme Milligan, University of 

Glasgow (Houthuijzen et al., 2017). FFAR4 was amplified from FFAR4-eYFP using 

primers incorporating restriction sites (BamHI and EcoRI) flanking the FFAR4, and a 

stop codon (TAG) on the reverse primer, under standard polymerase chain reaction 

(PCR) conditions. FFAR4 was subcloned into pcDNA3 by restriction digest to create 

WT FFAR4. To create FFAR4-NLuc, NLuc was amplified from NLuc-miniGi using 

primers incorporating restriction sites (EcoRI and XhoI) flanking NLuc and a stop 

codon (TAA) on the reverse primer, under standard PCR conditions. The FFAR4 stop 

codon (TAG) was mutated to a serine residue (TCG) by site-directed mutagenesis. 

Plasmids encoding NLuc-fused, YFP-fused, and Halo-fused mini-G probes (mGαi, 

mGαs, mGαo, mGαq, mGα12) were kindly provided by Professor Nevin Lambert, 

Augusta University (Wan et al., 2018).  Plasmids encoding Venus fused compartment 

markers (K-ras, Rab1a, Rab4, Rab5, Rab6, Rab7, Rab8, Rab9, and Rab11a/Rab11b) 

(Tiulpakov et al., 2016) and the AT1R-RLuc8 (O'Brien et al., 2018) were kindly 

provided by Professor Kevin Pfleger, University of Western Australia. Plasmids 

encoding mCherry-fused PLIN1 and EGFP-fused PLIN1 were kindly provided by 

Professor David Savage, University of Cambridge (Rowe et al., 2016). Plasmids 

encoding mEmerald-Sec61, mCherry-Sec61, and Halo-Sec61 were a kind gift 

from Christopher Obara, Janelia Research Campus (Moore et al., 2021). Plasmids 

encoding CAMYEL and PDE2A3-CAMYEL were kindly provided by Professor 

Meritxell Canals, University of Nottingham (Matthiesen and Nielsen, 2011). CAMYEL 

was targeted to the ER by the addition of Sec61 (minimal sequence) or Rab1a (full 

protein) to the C-terminus of the sensor by Gibson assembly, creating CAMYEL-



64 
 

Sec61 and CAMYEL-Rab1a, respectively. Sec61 and Rab1a fragments were 

amplified by PCR from mCherry-Sec61 and Venus-Rab1a, respectively. A plasmid 

encoding NLuc-Epac-VV, BRET cAMP sensor, was kindly provided by Professor Kirill 

Martemyanov, Scripps Research Institute (Masuho et al., 2015). NLuc-Epac-VV was 

targeted to the ER by the addition of Sec61 to the C-terminus of the sensor by Gibson 

assembly, creating NLuc-Epac-VV-Sec61 NLuc-Epac-VV was targeted to the 

plasma membrane and the lipid droplets via the addition of PDE2A3 and PLIN1 to the 

N-terminus of the sensor via Gibson assembly, creating PDE2A3- and PLIN1-NLuc-

Epac-VV. PDE2A3 and PLIN1 were amplified from PDE2A3- and PLIN1-CAMYEL 

sensors respectively, under standard PCR conditions. FRB-Nb80 and FKBP-GalT 

were kindly provided by Professor Mark von Zastrow, University of California San 

Francisco (Irannejad et al., 2017). FRB was amplified via PCR from FRB-Nb80 and N-

terminally fused to Halo-mini-G proteins to create FRB-Halo-mini-G constructs by 

Gibson assembly. The Halo tag was subsequently replaced with NLuc (amplified from 

FFAR4-NLuc), via Gibson assembly. FKBP-Sec61 was created by amplifying FKBP 

from FKBP-GalT and Sec61 from NLuc-Epac-VV-Sec61 by PCR. FKBP was fused 

N-terminally to Sec61 in replacement of NLuc-Epac-VV by Gibson assembly. PLIN1 

was amplified from PLIN1-NLuc-Epac-VV and fused to FKBP in replacement of 

Sec61, creating FKBP-PLIN1. FKBP-K-ras was created by replacing Venus from 

Venus-K-ras with FKBP by restriction digest. FKBP was amplified from FKBP-GaIT 

using primers incorporating restriction sites (BamHI and BsrGI) flanking FKBP. All 

other plasmids were taken from Calebiro lab stocks. All primer sequences for cloning 

are provided in the appendices. 
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2.2 Methods 

2.2.1 Cell culture  

2.2.1.1 Human embryonic kidney 293 cells 

Human embryonic kidney 293 (HEK293) cells (ATCC) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% foetal bovine serum (FBS), 100 U/ml 

penicillin, and 0.1 mg/ml streptomycin. Cells were incubated at 37 °C, 5% CO2. For 

HILO imaging experiments, HEK293 cells were seeded at a density of 6.0x105 

cells/well in a 6-well plate containing 24-millimetre (mm) round glass coverslips or at 

7.0x105 cells/well in 6-well plates for BRET assays.  

 

2.2.1.2 3T3-L1 cells 

3T3-L1 cells (fibroblast cells isolated from mouse embryo) were purchased from ATCC 

(CL-173). They were cultured in preadipocyte expansion medium consisting of DMEM 

supplemented with 10% bovine calf serum (BCS), 100 U/ml penicillin, and 0.1 mg/ml 

streptomycin. 3T3-L1 cells were sub-cultured before reaching 70% confluence. For 

differentiation, 3T3-L1 cells were seeded in 6-well plates at density of 8x104 cells/well 

and grown for 48 hrs or until 100% confluency. After 48 hrs, the cells were fed with 

preadipocyte expansion medium. After another 48 hrs, media was replaced with 

preadipocyte expansion medium consisting of DMEM supplemented with 10% FBS, 

1.0 μM Dexamethasone (Dex), 0.5 millimolar (mM) Methylisobutylxanthine (IBMX), 1.0 

μg/mL bovine insulin, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cells were 

incubated for another 48 hrs before the medium was replaced with adipocyte 

maintenance medium – DMEM supplemented with 10% FBS, 1.0 μg/mL bovine 

insulin, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Maintenance medium was 

replaced every 48 hrs and cells were fully differentiated within 7-15 days (Figure 2.1A). 
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Differentiated 3T3-L1 adipocytes were assessed by lipid droplet formation and verified 

by staining with LipidSpotTM 610 nm (biotium 70065-T) as per the manufacturers 

protocol (Figure 2.1B). Briefly, LipidSpotTM 610 nm was diluted (1:1000 dilution) in 

DMEM supplemented with 10% FBS. Cells were incubated with diluted LipidSpotTM 

610 nm for 30 minutes, and subsequently washed with complete culture media three 

times.  

 

 

Figure 2. 1: Images showing the time course of 3T3-L1 differentiation.  

(A) Differentiation time course of 3T3-L1 cells. Shown are the representative images 

of 3T3-L1 cell differentiation. Cells were treated with differentiation media (DMEM 

supplemented with 10% FBS, 0.5 mM IBMX, 1 M Dex, and 1.0 g/mL insulin) when 

confluence was reached. This marked the start of the differentiation process (Day 0). 

After 48hrs, the media was replaced with maintenance media (DMEM supplemented 

with 10% FBS and 1.0 g/mL insulin) (Day 2). Maintenance media was refreshed 
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every 48 hrs until 3T3-L1 cells were differentiated. (B) Images to confirm lipid droplet 

presence in 3T3-L1 adipocytes. Shown are representative images of 3T3-L1 

adipocytes stained with LipidSpotTM 610 nm. Images show transmitted light (left), 

Texas red (middle) or transmitted and Texas red images combined in a merged image 

(right) taken on an Evos fluorescence microscope. Lipid droplets are shown in red.  

  

 

2.2.1.3 Immortalised brown preadipocytes  

Immortalised brown preadipocytes (Harms et al., 2014, Sustarsic et al., 2018) were 

cultured in GlutaMAX™ DMEM (ThermoFisher), supplemented with 10% FBS, 100 

U/ml penicillin, and 0.1 mg/ml streptomycin. Cells were incubated at 37 °C with 5% 

CO2. Preadipocytes were sub-cultured before reaching confluence. For adipocyte 

differentiation, preadipocytes were either seeded into a 10 cm Petri dish at a density 

of 1.3x106 cells/dish, in a 6-well plate at a density of 5x105 cells/well onto 24mm glass 

coverslips (live-cell imaging) or 22-mm 1.5H thick glass coverslips (structured 

illumination microscopy), or into a 96-well plate at 6x104 cells/well (fatty acid 

quantification/glycerol quantification). Upon reaching 100% confluency, complete 

culture medium was replaced with differentiation medium, comprising of high glucose 

GlutaMAX™ DMEM supplemented with 500 M IBMX, 1 M Dexamethasome, 1 nM 

Triiodo-L-Thyronine (T3), 0.5 M Rosiglitazone, 20 nM human Insulin, 100 U/ml 

penicillin, and 0.1 mg/ml streptomycin. After 48 hrs, the differentiation medium was 

replaced with maintenance medium, containing high glucose GlutaMAX™ DMEM 

supplemented with 1 nM T3, 20 nM Insulin, 100 U/ml penicillin, and 0.1 mg/ml 

streptomycin (Figure 2.2A). After 24 hrs the adipocytes were transfected for 

BRET/imaging assays. Adipocyte differentiation was assessed by the formation of lipid 

droplets, and further validated by transfection of PLIN1-mCherry – a protein which 



68 
 

localises to the surface of lipid droplets (Sztalryd and Brasaemle, 2017) (Figure 

2.2B&C).  

 

Figure 2. 2: Images demonstrating the time course of immortalised brown 

adipocyte differentiation.  

(A) Differentiation time course of immortalised brown preadipocytes. Shown are 

representative images of immortalised brown adipocyte differentiation. Cells were 

treated with differentiation media (GlutaMAX™ DMEM supplemented with 10% FBS, 

500 M IBMX, 1 M dexamethasone (Dex), 1 nM T3, 0.5 M Rosiglitasone (Rosi), 

and 20 nM insulin) when confluence was reached. This marked the start of the 

differentiation process. After 48hrs, the media was replaced with maintenance media 
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(GlutaMAX™ DMEM supplemented with 10% FBS, 1 nM T3, and 20 nM insulin). (B) 

Zoomed in image representative of lipid droplet (LD) structure in transmitted light (at 

day 4). (C) Differentiated immortalised brown adipocytes transfected with PLIN1-

mCherry as a marker of the lipid droplets. 

 

2.2.2 Passaging 

All cell types were passaged prior to reaching confluency. For passaging, cells were 

first washed with Dulbecco’s phosphate-buffered saline (DPBS), and subsequently 

incubated at 37 °C with 0.25% trypsin-EDTA until fully detached from the culture 

vessel. Cells were transferred into a new culture vessel at the desired density in 

complete culture media 

 

2.2.3 Labelling 

For HaloTag® labelling, Janelia Fluor® HaloTag® 646 (Promega) was used. For ER 

labeling, ER-tracker RedTM (ThermoFisher, E34250) was used. For mitochondria 

labeling, MitoTracker RedTM CMXRos (ThermoFisher, M7512) was used. Cells were 

first washed with DPBS. The labels were diluted to 1 M in fresh DMEM supplemented 

with 10% FBS (without antibiotic) and incubated with cells for 30 mins at 37 °C and 

5% CO2. The cells were then washed three times with fresh warm culture medium 

before live cell imaging.  

 

2.3 Transfection 

2.3.1 Lipofection 

Lipofectamine™ 2000 transfection reagent (ThermoFisher Cat# 11668019) was used 

to introduce exogenous DNA for transient protein expression in HEK293 cells. Cells 

were seeded at 70-80% confluence in 6-well plates the day prior to transfection, with 
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transfections performed as per manufacturer’s protocol. In short, per well of a 6-well 

plate, DNA (no more than 2 μg) was diluted in 100 μL Opti-MEM™ (ThermoFisher 

Cat# 31985070) and incubated for 5 minutes in sterile tubes. 3 μL of lipofectamine 

was added to the DNA:Opti-MEM™ mix and incubated for a further 20 minutes at room 

temperature to enable lipid:DNA complex formation. The final solution was gently 

pipetted into the 6-well plate, and the plate was incubated overnight at 37 °C with 5% 

CO2. Typically, experiments were carried out 24-48hrs post transfection.  

 

2.3.2 TransfeX 

TransfeX (ATCC) was used to transfect 3T3-L1 preadipocytes for BRET assays. 3T3-

L1 cells were seeded at a density of 9.0x104 cells/well in Nunc™ white F96 

MicroWell™ plates. After 24hrs, cells were transfected with DNA plasmid using 

TransfeX, as per the manufacturer’s protocol. Briefly, TransfeX was warmed to room 

temperature and mixed gently. Transfection master-mixes were composed in sterile 

tubes combining 20 L Opti-MEM™, plasmid DNA, and 0.2 LTransfeX per well of a 

96-well plate. After each component addition, the tubes were gently mixed. DNA mixes 

were left to incubate at room temperature for 15-30 minutes. Transfection complexes 

were subsequently added to cells. Cells were then incubated at 37 °C with 5% CO2 for 

a further 24 hrs prior to assay performance.  

 

2.3.3 TransIT-X2 

TransIT-X2 (Mirus) was used to transfect immortalised brown preadipocytes and 

differentiated immortalised brown adipocytes. TransIT-X2 was warmed to room 

temperature and vortexed gently. Transfection master-mixes were made up in sterile 

tubes combining 15 μL Opti-MEMTM, plasmid DNA, and 0.45μL TransIT-X2 per well of 
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a 96-well plate. After each component addition, the tubes were gently vortexed. The 

master-mix was distributed into a Nunc™ white F96 MicroWell™ plate and left to 

incubate at room temperature for 15-30 minutes. Preadipocytes/differentiated brown 

immortalised adipocytes were trypsinized, counted, and seeded into 96-well plates at 

a density of 6x104 cell/well. Cells were then incubated at 37 °C with 5% CO2 for 24 hrs 

prior to assay performance.  

 

2.3.4 Electroporation 

Undifferentiated 3T3-L1 cells were seeded in 35 mm x 10 mm round cell culture dishes 

(Corning® Cat# 430165). At approximately 90% confluency, the cells were washed 

twice with 1X DPBS before detachment with 0.25% trypsin-EDTA. Cells were 

resuspended in warmed compete culture medium and pelleted at 100 g for 3 minutes 

and the supernatant was discarded. The cells were washed twice with 1X DPBS and 

were subsequently resuspended in 240 μL 1X DPBS. 120 μL of cell suspension was 

added into each 4 mm cuvette alongside 40 μL of 1 μg/μL DNA (40 μg DNA total). The 

cells were electroporated at 320 V and 125 μF using a Gene Pulser Xcell™ Eukaryotic 

system (Bio-Rad Cat# 1652661). Following electroporation, 1 mL of warmed complete 

media was added to each cuvette and gently pipetted once. For imaging assays, 100 

μL of electroporated cells was added to one well of a 6-well plate. Cells were 

subsequently differentiated into mature adipocytes where required. 

 

2.3 Bacterial methods 

2.3.1 Transformation of DH5 competent E. coli  

High efficiency DH5 competent E. Coli (NEB, C29871) were transformed as per the 

manufacturer’s protocol. Briefly, 1-100ng of plasmid DNA was added to 25 L of 
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competent DH5 E. Coli. Cells and plasmid DNA were gently mixed and incubated on 

ice for 30 minutes and subsequently heat shocked at 42°C for 45 seconds. The mix 

was placed on ice for a further 5 minutes. 475 L of Lennox broth (LB) outgrowth 

media was added, gently mixed, and incubated at 37 °C for 1 hour, shaking at 220 

revolutions per minute (rpm). 50-100 L of LB-competent cell mix was plated on agar 

containing appropriate selection antibiotic and was incubated overnight at 37 °C for 

12-16 hours. Surviving colonies were used to inoculate 3-4 mL of LB outgrowth media 

containing appropriate selection antibiotic which was incubated at 37 °C for 1 hour, 

shaking at 220 rpm. This culture was used for mini preps, or to inoculate 100-250 mL 

of LB outgrowth media for maxi preps.  

 

2.4 DNA methods  

2.4.1 Mini prep 

Small-scale plasmid production was completed using GeneJET™ Plasmid Miniprep 

Kit (ThermoFisher Scientific Cat# K0503) as per the manufacturer’s instructions. 2 mL 

of inoculated bacterial culture was harvested at 6800 g in a microcentrifuge tube for 2 

minutes at room temperature. The created pellet was resuspended, lysed, and DNA 

was precipitated. The supernatant was transferred into a ThermoFisher Scientific 

GeneJET™ Spin column, centrifuged, subjected to a series of washes, and plasmid 

DNA was eluted in HyClone™ Molecular Biology Grade Water (Fisher Scientific Cat# 

10307052). 

 

2.4.2 Maxi prep 

Large-scale plasmid preparation was achieved using GeneJET™ Plasmid Maxiprep 

kit (ThermoFisher Scientific Cat# K0491) as per the manufacturer’s instructions. 100-
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250mL of bacterial culture was pelleted by centrifugation at 4°C for 10 minutes. The 

pellet was resuspended, lysed, and DNA was precipitated. The remaining supernatant 

was transferred into a GeneJET™ Maxi purification column and centrifuged. The 

purification column was subjected to a series of washes before final DNA plasmid 

elution in HyClone™ Molecular Biology Grade Water. All plasmid DNA was stored at 

-20°C. 

 

2.4.3 DNA quantification 

The concentration of plasmid DNA was quantified using a NanoDrop ND-2000c 

spectrophotometer. Concentrations were estimated by measuring the absorbance of 

plasmid DNA at 260 nm. The absorbance at 280nm was also measured to assess 

DNA purity. A DNA solution with a 260/280 ratio between 1.7 – 2.0 nm was considered 

pure enough for use. 

 

2.4.4 PCR  

For cloning purposes, restriction sites were incorporated into primers and DNA 

fragments were expanded using PCR. Primers were designed to have lead 

sequences, Kozak sequences, restriction sites, hybridisation sequences and stop 

codons (where necessary). The hybridisation sequence was 18-21 bp in length to 

avoid off target binding and the overall primer was designed to have 40-60% GC 

content with minimal secondary structure/self-dimerization. A GC 3’ clamp was 

incorporated where possible. The PCR reaction was set up to the following cycling 

conditions: 
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Table 1. 1: Table to demonstrate the PCR conditions used to amplify DNA fragments 
from plasmid DNA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCR Stage Temperature 

(°C) 

Time 

(S) 

Cycles 

Initial denaturation 98 30 1x 

Denaturation 98 10  

30x Annealing ~50-68 20 

Extension 72 s/kb 

Final extension 72 120 1x 
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PCR reactions were performed in 25 L volumes using the following reagents and 

concentrations: 

 

Component Final 

Concentration 

Stock 

Concentration 

Dilution Volume 

(mL) 

HyClone™ water - - - 11.25 

Q5® reaction 

buffer (NEB 

B9027S) 

1x 5x 5 5.00 

dNTP mix 

(ThermoFisher) 

200 mM 10 mM 50 

 

0.50 

Reverse primer 0.5 mM 10 mM 20 1.25 

Forward primer 0.5 mM 10 mM 20 1.25 

Template DNA 0.02 ng/mL 1 ng/mL 50 0.50 

GC enhancer 

(NEB B9027S) 

1x 5x 5 5.00 

Q5® polymerase 

(NEB M0491S) 

0.02 units/mL 2 units/mL 100 0.25 

 

Table 1. 2: Table to demonstrate components and concentrations of the PCR buffer 
used to amplify DNA fragments from plasmid DNA.  

 

2.4.5 PCR clean-up 

PCR product was purified using Nucleospin® Gel and PCR clean-up (MACHERY-

NAGEL Cat# 740609.10) as per the manufacturer’s protocol. Briefly, PCR product was 

mixed in a 1:2 ratio with buffer NT1 and subsequently loaded into a NuleoSpin® and 
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PCR clean-up column where it was subjected to a series of spins and washes. All 

spins were performed at 14,000 g. The membrane was dried, and DNA was eluted in 

HyClone™ Molecular Biology Grade Water. 

 

2.4.6 Restriction digestion 

All restriction enzymes were used as to the manufacturer’s protocol (NEB). In short, 1 

μg of DNA was digested using 1 μL of restriction enzyme in 1X NEB cutsmart buffer 

for 1hr at 37 °C. Digested DNA was resolved, excised, and quantified before vector 

ligation.  

 

2.4.7 Agarose gel electrophoresis 

DNA fragments and digested DNA were separated using a 0.8 % agarose gel in 1X 

Tris-Acetate-EDTA buffer containing 1X GelRed DNA stain (ThermoFisher Scientific 

Cat# 41003-T). DNA samples were resuspended with a 1X purple loading dye (NEB) 

and loaded alongside a 1 kb DNA ladder. Digested DNA was resolved at 100 V. 

Fragments were subsequently visualised under UV illumination.  

 

2.4.8 Recovery 

DNA was extracted from the 0.8 % agarose gel using a GeneJET Gel Extraction Kit 

(ThermoFisher Scientific Cat# K0691) as per the manufacturer’s protocol. DNA bands 

of interest were excised from the agarose gel using a scalpel. Excised bands were 

weighed and dissolved at 50-60 °C in 1:1 ratio with binding buffer. Fragments were 

purified using GeneJET purification columns, washed, and eluted in HyClone™ 

Molecular Biology Grade Water. Purified DNA was stored at -20°C.  
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2.4.9 DNA Ligation 

DNA ligation was performed using T4 DNA Ligase (NEB Cat# M0202) as to the 

manufacturer’s protocol. In general, a 3:1 ratio for vector: insert (determined using the 

NEBioCalculator™) was mixed with T4 DNA ligase and 1X T4 DNA Ligase Buffer. The 

solution was mixed at room temperature for 10 minutes and heat inactivated at 65°C 

for 10 minutes. The mix was chilled on ice and 1-5 μl of ligated DNA plasmid was 

transformed in 25 μl of competent DH5 E. Coli (high efficiency), as described 

previously.  

 

2.4.10 Gibson assembly  

Primers were designed with complementary ends to amplify the desired fragments 

from template plasmid DNA using PCR cloning primer design software (Sun et al., 

2013). Fragments were amplified by PCR and run on an agarose gel to determine 

whether the correct size of fragment had been amplified during the PCR, as described 

previously. Template DNA from successful reactions was digested using Dpn1 (NEB 

R0176S) at 37 °C for 1 hr, leaving the PCR product for Gibson assembly. The PCR 

product was purified using Nucleospin® Gel and PCR clean-up (MACHERY-NAGEL 

Cat# 740609.10) as per the manufacturer’s protocol. 2.5 L of fragment DNA was 

added to 7.5 L Gibson assembly mastermix. Gibson assembly mastermix was 

prepared using 320 L of 5X isothermal reaction buffer (25% PEG-8000, 500 mM Tris-

HCl pH 7.5, 50 mM MgCl2, 50 mM DTT, 1 mM each of the four dNTPs, and 5 mM 

NAD) with the addition of 160 L of 40 U/L Taq DNA Ligase (NEB M0208L), 20 L 

of 2 U/L Phusion high-fidelity DNA polymerase (NEB M0530S), and 0.64 L of 10 

U/L of T5 Exonuclease (NEB M0663S) made up to a final volume of 1.2 mL in 

HyClone™ Molecular Biology Grade Water (Gibson et al., 2009). Gibson assembly 
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was conducted for 10 mins at 50°C followed by 1 hr at 37 °C. 5 μL of solution was 

added in a 25 μL reaction of high efficiency competent cells for bacterial transformation 

(as described previously).  

 

2.4.11 DNA sequencing  

All cloned constructs were verified by sequencing. DNA sequencing was performed 

by Source BioScience. A total of 500 ng of plasmid DNA was submitted alongside 3.2 

mol/l of primer. All sequencing was performed using the Sanger method.  

 

2.5 Fatty acid and glycerol quantification  

2.5.1 Sample collection  

Media samples were collected from differentiated immortalised brown adipocytes for 

fatty acid quantification, glycerol quantification, and gas chromatography mass 

spectrometry (GCMS) analysis. To collect samples, immortalised brown 

preadipocytes were differentiated in 96-well plates (as described previously), serum 

starved (2 hrs), and washed twice with DPBS. Cell media was replaced with Krebs-

Ringer buffer (pH 7) supplemented with 0.1% fatty acid free bovine serum albumin 

(BSA) (unless specified). After treatment with agonists, antagonists, or vehicle control, 

50-100 L of media was collected at desired time points. Samples were frozen and 

stored at -80°C prior to quantification.  

  

2.5.2 Glycerol quantification 

From collected samples, total glycerol concentration was quantified using the 

luminescence Glycerol-GloTM assay (J3151, Promega). Using this assay, light 

production is proportional to the concentration of glycerol in the sample. 
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Kit reagents included glycerol detection solution, pro-luciferin reductase substate, 

kinetic enhancer, and glycerol standard. Reagents were thawed to room temperature, 

mixed by inversion, and the kinetic enhancer and pro-luciferin reductase substrate 

were placed on ice. Together, frozen samples for glycerol quantification were thawed 

to room temperature. When reagents were defrosted, glycerol detection reagent was 

prepared by adding 10 L reductase substrate per mL of glycerol detection reagent. 

After 1hr, 10 L of kinetic enhancer was added to the glycerol detection solution and 

was mixed by inversion. Defrosted samples and glycerol standard were aliquoted, in 

at least duplicate, into a Nunc™ white F96 MicroWell™ plate (50 L). Glycerol 

standard was diluted in Krebs-Ringer buffer (pH 7) supplemented with fatty acid free 

BSA as specified. 50 L of prepared glycerol detection reagent was added onto the 

samples. The plate was then incubated at room temperature and protected from light. 

After 1 hr, luminescence was read using a PHERAstar® plate reader. 

 

The concentration of glycerol in the collected samples was calculated in Excel using 

the following equation: 

 

Glycerol (M) = Standard (M) × (Sample luminescence – Background 

luminescence) / (Standard luminescence – Background luminescence) 
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Luminescence values from typical standards are shown below.  

 

Figure 2. 3: Glycerol-GloTM standard. 

Typical standard values produced from Glycerol-GloTM detection assay. Shown are 

the resulting luminescence values from glycerol standards of 0- and 80 M using the 

Glycerol-GloTM assay.  

 

2.5.3 Fatty acid quantification  

The total fatty acid concentration from collected samples was quantified using 

colorimetric FFA quantification kit (MAK044, Sigma Aldrich). The FFA kit detects FFA 

(C8 and longer) through a coupled enzyme assay which produces a colorimetric 

product proportional to fatty acid content.  

 

Reagents and samples for fatty acid quantification were defrosted and mixed. Palmitic 

acid standard (0-, 40-, 80-, 120-, 160-, 200 M), or sample, were aliquoted (50 L), in 

at least duplicate, into a clear-bottomed 96-well plate. Standards were diluted to the 

appropriate concentration in Krebs-Ringer buffer (pH 7) supplemented with fatty acid 

free bovine serum albumin (BSA) when required. 2 L of ACS reagent was added to 
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each well and the plate was incubated for 30 minutes at 37 °C. A master reaction mix 

was created according to the total volume required for each reaction (Table 3).  

 

 

Table 1. 3: Table to demonstrate fatty acid quantification master mix volumes required 

for one well of a 96-well plate.  

 

50 L fatty acid quantification master mix was added to each sample/standard, mixed 

by shaking, and incubated at 37 °C for a further 30 minutes. To assess fatty acid 

concentration, the absorbance (at 570 nM) was measured using a PHERAstar® plate 

reader. Standard values were plotted on a standard curve with GraphPad prism using 

a linear-regression curve fit. Sample values were corrected by subtracting background 

values (0 M palmitic acid standard). Fatty acid concentration was quantified by 

comparing the unknown samples to the standard curve. Absorbance values from a 

typical standard curve are shown below (Figure 2.4).  

Reagent Volume (L) 

Krebs-Ringer buffer (pH 7) 44 

Fatty acid probe 2 

Enzyme mix 2 

Enhancer 2 
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Figure 2. 4: Fatty acid kit standard curve. 

Typical standard curve produced using FFA kit detection assay. Shown are typical 

palmitic acid standard (0-, 40-, 80-, 120-, 160-, 200 M) absorbance values quantified 

for total fatty acid content. Absorbance (at 570 nM) was measured using a 

PHERAstar® plate reader. 

 

2.5.4 Fatty acid extraction 

Adipocytes were differentiated in a 6-well plate, serum starved (2 hrs), and washed 

with DPBS. Culture media was replaced with Krebs-Ringer buffer (pH 7) 

supplemented with BSA where indicated. Upon stimulation with agonist or vehicle, 1 

mL of media sample was collected for fatty acid extraction at desired time points. 

Collected samples, or palmitic acid standard, were resuspended in Krebs-Ringer 

buffer (at a known concentration) and total fatty acid content was extracted. Fatty acids 

were extracted from larger media samples and concentrated into a smaller volume to 

increase the detection limit of the fatty acid quantification kit (MAK044, Sigma Aldrich).  

 

Media samples (1 mL) were added to glass tubes. Methanol (1 mL) was subsequently 

added followed by hexane in excess (2 mL). The samples were quickly vortexed and 
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then centrifuged for 20 mins (at 4 degrees) until clear biphasic separation was 

observed. The top fraction of sample, containing lipids, was removed with a glass 

Pasteur pipette, and transferred into a clean glass tube. Hexane solvent was 

subsequently evaporated using a nitrogen condenser and the remaining extracted 

fatty acid sample or standard was resuspended in fatty acid buffer (from fatty acid 

quantification kit MAK044, Sigma Aldrich) for quantification.  

 

2.6 Fluorescence imaging 

2.6.1 Highly inclined and laminated optical sheet (HILO) microscopy 

Live-cell imaging was performed on a custom system (CAIRN Research) total internal 

reflection fluorescence (TIRF) microscope equipped with an Eclipse Ti2 microscope 

(Nikon, Japan), an 100x oil-immersion objective, 405-, 488-, 561-, and 637 nm diode 

lasers (Coherent, Obis), an iLas2 TIRF illuminator (Gataca Systems), quadruple band 

excitation and dichroic filters, a quadruple beam splitter, and four EMCCD cameras 

(iXon Ultra 897, Andor). Coverslips were mounted in a microscopy chamber filled with 

Hanks’ balanced salt solution (HBSS) supplemented with 10 mM HEPES (pH 7.5) and 

were maintained at 37 °C using a temperature-controlled enclosure throughout 

experiments. Images were acquired using MetaMorph multi-dimensional acquisition 

software and dual colour images were taken sequentially to minimise bleed through. 

The addition of post-acquisition image pseudocolours were added using ImageJ 

(https://imagej.nih.gov.ij/). Co-localisation analysis was performed in ImageJ using the 

JACoP plugin. 

 

https://imagej.nih.gov.ij/
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2.6.2 Structured illumination microscopy (SIM) 

2.6.2.1 Sample preparation 

Differentiated adipocytes were fixed in 4% PFA (ampoules Electron Microscopy 

sciences) diluted in PEM buffer (0.1 M PIPES (pH 6.95), 2 mM EGTA, 1 mM MgSO4) 

for 15 minutes. Coverslips were washed three times with DPBS, quenched with 50 

mM ammonium chloride, and washed again three times with DPBS. The coverslips 

were subsequently air dried and mounted on slides with prolong diamond 

(ThermoFisher) and sealed using clear nail polish. Slides were cured at room 

temperature for 48 hrs before imaging.  

 

2.6.2.2 SIM imaging 

Images were acquired using a SIM microscope equipped with an Eclipse Ti2 

microscope (Nikon, Japan), an 100x oil-immersion objective, 405-, 488-, 561-, and 640 

nm diode lasers, a moveable diffraction grating incorporated within the excitation beam 

path, and EMCCD cameras. Two-dimensional (2D) SIM used three translations and 

three rotations of the diffraction grating, creating 9 raw images, and 3D SIM used 5 

translations and 3 rotations of the diffraction grating, creating 15 raw images for each 

Z plane (taken in 0.05 nm sections). 2D and 3D raw images were reconstructed in 

NIS-Elements. Reconstructed 3D-images were then visualised in ARIVIS.  
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2.7 BRET  

2.7.1 BRET assays  

For BRET assays, HEK293 cells were resuspended in FluoroBrite™ DMEM (Life 

Technologies, Cat# A1896701) phenol red-free medium supplemented with 5% FBS, 

10% L-Glutamine, and re-seeded in poly-D-lysine coated Nunc™ white F96 

MicroWell™ plates at 1x105 cells/well. 3T3-L1 preadipocytes or immortalised brown 

adipocytes were transfected with TransfeX (ATCC) or TransIT-X2 (Mirus) (as 

mentioned previously) in Nunc™ white F96 MicroWell™ plates, respectively. 

 

On the day of the assay, 48 hrs post transfection, the cell medium was replaced with 

HBSS (ThermoFisher Cat# 14025092) containing 1 M furimazine/Nano-Glo® 

Luciferase Assay Substrate (Promega Cat #N113A) or 5 M coelenterazine-h 

(Promega #S201A) supplemented with HEPES (10 mM). Furimazine was used when 

NLuc was used as the donor molecule and coelenterazine-h was used when RLuc or 

RLuc8 was the donor molecule. BRET measurements were taken at 37 °C using a 

PHERAstar® plate reader with a dual luminescence BRET1 plus filter – reading the 

emissions at 460-490 and 520-550 nm. Following four baseline reads, agonist or 

vehicle was administered to the cells and the BRET signal was measured every two 

minutes over the course of 1 hr. The BRET ratio was calculated by dividing the 

measured acceptor emission by the measured donor emission. The results were 

normalised to vehicle and the baseline values. Either the area under the curve (AUC) 

or the max BRET response minus minimum BRET response was calculated to 

compare between conditions.  
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2.8 Statistics 

Statistical analysis was performed using GraphPad Prism 9 software. Values are given 

as mean ±S.E.M. Differences between two groups were assessed by a two-tailed 

student’s t-test. Differences between three or more groups were assessed by one-way 

or two-way analysis of variance (ANOVA), as suitable, followed by Dunnett’s or Holm-

Šídák test for multiple comparisons between groups. Differences were considered 

significant for P values <0.05.  
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3.0 Chapter Three: Evaluation of FFAR4 signalling and 

trafficking in a simple cell model 
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3.1 Aims of this study 

The primary objective of this study was to characterise the signalling and trafficking 

profile of the FFAR4 in a simple cell model. Since the FFAR4S, and not the FFAR4L, 

is thought to couple to G proteins, the FFAR4S was studied within this thesis.  

 

The G protein-coupling specificity of the FFAR4 is generally debated. Previous studies 

have investigated the coupling specificity of the FFAR4 by investigating the receptor’s 

impact on downstream signalling pathways (cAMP and Ca2+). Within this study, the 

trafficking and signalling profile of the FFAR4 was investigated. This not only 

delineated the primary coupling specificity of the FFAR4, but also interrogated the 

receptor’s ability to signal from intracellular compartments. Furthermore, the function 

of the FFAR4 was assessed on second messenger activity using BRET-based 

methods. 
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3.2 Results  

3.2.1 The FFAR4 is predominantly coupled to Gi/o proteins in a simple cell 

model 

To further investigate the coupling specificity of the FFAR4, mini-G probes, engineered 

GTPase domains of the G subunit of a G protein (Nehme et al., 2017), were used. 

Mini-G probes rapidly translocate from the cytoplasm to active GPCRs upon receptor 

activation. This translocation can be quantified by imaging and BRET-based methods 

(Wan et al., 2018). 

 

For this purpose, real-time BRET measurements were performed between FFAR4 

carrying NLuc (FFAR4-NLuc) and Venus fused mini-G probe subtypes (mGi, mGo, 

mGs, mGq, or mG12) (Figure 3.1A). Three agonists were chosen to activate the 

FFAR4: TUG-891; Compound A (CpdA); and -linolenic acid. TUG-891 (Hudson et 

al., 2013) and CpdA (Oh et al., 2014) are potent synthetic agonists of the FFAR4, and 

-linolenic acid is an essential LCFA supposed to endogenously activate the FFAR4 

(Hirasawa et al., 2005, Sanchez-Reyes et al., 2014). Agonist stimulation induced a 

major increase in BRET between the FFAR4 and mGi and mGo (Figure 3.1B&C). A 

minor increase in BRET was detectable between the FFAR4 and mGq. A small 

response was also detectable between the FFAR4 and mGs and G12 subtypes 

(Figure 3.1B&C). These results suggest that the FFAR4 is predominantly Gi/o coupled 

in a simple cell model. 
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Figure 3. 1: BRET assay delineating the coupling specificity of the FFAR4 using 

FFAR4-NLuc and Venus-mini-G probes. 

(A) Schematic to illustrate the BRET assay used to detect the G protein coupling 

specificity of the FFAR4 using mini-G probes. (B) Real-time BRET measurements of 

Venus fused mini-G probe (mGi, mGs, mGo, mGq, or mG12) recruitment to the 

FFAR4-NLuc upon TUG-891 (top), CpdA (middle), and -linolenic acid (bottom) (10 

M) stimulation. (C) Corresponding AUC values are presented on a heat map. Data 

represent mean ± S.E.M. compiled from three independent experiments performed in 

triplicate. 
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To validate whether the BRET assay performed better with FFAR4 carrying NLuc or 

YFP, an analogous assay was designed. Within this assay, the real-time BRET 

between FFAR4 carrying YFP and NLuc-fused mini-G probes (mGi, mGs, mGq, or 

mG12) (Figure 3.2A) was measured after stimulation with FFAR4 agonists (TUG-891, 

CpdA, and -linolenic acid). Agonist stimulation induced a major increase in BRET 

between the FFAR4 and mGi (Figure 3.2B&C). A minor increase in BRET was 

detectable between FFAR4 and mGq. Again, a virtually negligible response was 

detectable between the FFAR4 and mGs or mG12 subtypes (Figure 3.2B&C). 

Compared to the previous assay, where BRET was measured between FFAR4-NLuc 

and Venus-mini-G probes (Figure 3.1), the agonist induced BRET between NLuc 

fused mini-G probe and FFAR4-YFP was considerably lower. In addition, the 

recruitment of mGq to the receptor was reduced. These results suggest that 

measuring the ligand induced BRET between FFAR4-NLuc and Venus fused mini-G 

probes is superior to measuring the ligand induced BRET between FFAR4-YFP and 

NLuc fused mini-G probes. Therefore, when further testing the coupling specificity of 

the FFAR4, FFAR4-NLuc was used in combination with Venus fused mini-G probes. 

Despite the alternative tag orientation, these data again suggest that the FFAR4 is a 

predominantly Gi/o coupled receptor in a simple cell model.  
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Figure 3. 2: BRET assay delineating the coupling specificity of the FFAR4 using 

FFAR4-YFP and NLuc-mini-G probes.  

(A) Schematic to illustrate the BRET assay used to detect the G protein coupling 

specificity of the FFAR4 using mini-G probes. (B) Real-time kinetics of NLuc fused 

mini-G probe (mGi, mGs, mGq, or mG12) recruitment to the FFAR4-YFP upon 

TUG-891 (top), CpdA (middle), and -linolenic acid (bottom) (all 10 M) stimulation. 

(C) Corresponding AUC values displayed on a heat map. Data represent mean ± 

S.E.M. compiled from one independent experiment performed in triplicate.  
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3.2.2 Mini-G probes can be used to detect predominantly Gq/11 coupled 

GPCRs.  

Considering that the FFAR4 is often considered a predominantly Gq/11 coupled 

receptor, and not a predominantly Gi/o coupled receptor, the coupling specificity of a 

prototypical Gq/11 coupled receptor was also tested using mini-G probes. This was 

conducted to further validate that mini-G probes can detect when a GPCR is 

predominantly Gq/11 coupled rather than when a GPCR is predominantly Gi/o 

coupled. The angiotensin type 1 receptor (AT1R) was used in this assay since it has 

been shown in the literature to couple principally to Gq/11 proteins (Galandrin et al., 

2016). Within this assay, the AT1R-RLuc8 was co-transfected with mini-G probes and 

stimulated with angiotensin II (Figure 3.3A). Agonist stimulation induced a major 

increase in BRET between AT1R and mGq (Figure 3.3B&C). A minor increased in 

BRET was detectable between mGi and the AT1R. A virtually negligible response 

was detectable between the AT1R and mGs and G12 subtypes. These results 

suggest that the AT1R is a predominantly Gq/11 coupled receptor, with a partial 

coupling to Gi, in agreement with the literature (Galandrin et al., 2016) (Figure 

3.3B&C). This indicates that mini-G probes maintain coupling specificity for Gq/11 

coupled GPCRs and suggests that the FFAR4 is indeed a predominantly Gi/o coupled 

receptor, rather than a predominantly Gq/11 coupled receptor.  
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Figure 3. 3: BRET assay confirming the G protein coupling specificity of the 

AT1R using AT1R-RLuc8 and Venus-mini-G.  

(A) Schematic to illustrate the BRET assay used to detect the G protein coupling 

specificity of the AT1R using mini-G probes. (B) Real-time kinetics of Venus fused 

mini-G probe (mGi, mGs, mGo, mGq, or mG12) recruitment to the AT1R-RLuc8 

upon angiotensin II (AngII), 10 M, stimulation. (C) Corresponding AUC values are 

presented on a bar graph. Data represent mean ± S.E.M. compiled from one 

independent experiment performed in triplicate. 

 

3.2.3 Mini-G probe recruitment to the FFAR4 is specific  

To validate that the detected ligand induced BRET responses were specific to FFAR4 

activation, a selective FFAR4 NAM, AH7614 (Watterson et al., 2017), was used. 

AH7614 was hypothesised to reduce mini-G probe recruitment to the FFAR4. To test 

this hypothesis, the agonist induced BRET between Venus fused mini-G probe and 

FFAR4-NLuc was measured after stimulation with TUG-891 or CpdA, in the presence 

and absence of FFAR4 NAM, AH7614. After TUG-891 stimulation, AH7614 

significantly reduced BRET between the FFAR4 and mGi, mGo, and mGq probes 

(Figure 3.4A). A similar trend was also observed after CpdA stimulation, however, 
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AH7614 significantly reduced BRET between the FFAR4 and mGi and mGo, and 

not mGq, probes (Figure 3.4B). From these data, mini-G probe recruitment to the 

FFAR4 was considered specific and a valuable method to detect both FFAR4 

activation and to identify the coupling specificity of the FFAR4 in live cells.  

Figure 3. 4: BRET assay to confirm the specificity of Venus fused mini-G probe 

recruitment to FFAR4-NLuc. 

(A) TUG-891 dependent increases in Venus fused mini-G probe recruitment to the 

FFAR4-NLuc in the presence or absence of FFAR4 NAM, AH7614. Shown are the 

real-time BRET responses after TUG-891 (1 M) (left) stimulation with and without 

AH7614 (10 M) preincubation (30 mins) (middle) in HEK293 cells. Corresponding 

AUC values (right) are displayed on a bar graph. (B) CpdA dependent increases in 

mini-G probe recruitment to the FFAR4-NLuc in the presence or absence of FFAR4 

NAM, AH7614. Shown are the real-time BRET responses between FFAR4-NLuc and 

Venus fused mini-G probe after CpdA (1 M) stimulation (left) with and without 

AH7614 (10 M) preincubation (30 mins) (middle). Corresponding AUC values (right) 

are displayed on a bar graph. Differences are statistically significant by two-way 

ANOVA. **** p<0.0001, ** p<0.01 with Sidak’s multiple comparison post hoc test. Data 
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represent mean ± S.E.M. and are compiled from one independent experiment 

performed in triplicate. 

 

Having established a specific and dynamic method to evaluate the activation and the 

coupling specificity of the FFAR4 in a simple cell model, the efficacy of FFAR4 agonists 

(TUG-891, CpdA, and -linolenic acid) were subsequently evaluated. For this 

purpose, the ligand induced bystander BRET was measured between NLuc fused 

mini-G probe and Venus-K-ras (a marker of the plasma membrane) in the presence 

of WT FFAR4 (Figure 3.5A). This was also achieved to ensure that the WT FFAR4 

construct was functional. TUG-891 was found to have the strongest efficacy (EC50: 

6.397x10-7 M), followed by CpdA (EC50: 1.864x10-6 M), and then by -linolenic acid 

(EC50: 2.199x10-5 M) (Figure 3.5B). 10 M stimulations, for each FFAR4 agonist, was 

found to elicit strong FFAR4 activation, therefore, this concentration was used for 

future experiments.  

 

In addition, the same assay design was used to assess the effect of AH7614, FFAR4 

NAM, on TUG-891 stimulation (Figure 3.5C) (Watterson et al., 2017). Within this 

experiment, AH7614, at 10 M and 100 M, reduced the Emax of TUG-891, but did 

not alter its potency/EC50. This further validates that AH7614 does not act 

competitively to TUG-891 (Watterson et al., 2017). 

 

 

 

 

 



97 
 

 

Figure 3. 5: BRET assay to evaluate the pharmacology of FFAR4 agonists and 

AH7614. 

(A) Schematic to illustrate the BRET assay used to detect FFAR4 activation by 

measuring the bystander BRET between NLuc fused mini-Gi and Venus fused K-ras 

(plasma membrane marker). (B) Dose response curve measuring the ligand induced 

BRET between NLuc-mGi and Venus-K-ras in the presence of WT FFAR4 after 

stimulation with increasing concentrations of TUG-891, CpdA, or -linolenic acid. (C) 

Dose response curve measuring the ligand induced BRET between NLuc-mGi and 

Venus-K-ras in the presence of FFAR4 after stimulation with increasing concentrations 

of TUG-891 in the presence or absence of AH7614 (10 M and 100 M, preincubation 

30 mins). Data represent mean ± S.E.M. and are compiled from one independent 

experiment performed in triplicate. 

 

3.2.4 The FFAR4 rapidly internalises to intracellular compartments in a simple 

cell model 

After investigating the coupling specificity of the FFAR4, the localisation and trafficking 

profile of the receptor was investigated in a simple cell model. Within the literature, 

FFAR4 stimulation has been demonstrated to rapidly induce FFAR4 internalisation to 

endosomal and lysosomal compartments (Watson et al., 2012). Firstly, agonist 

induced receptor internalisation was recapitulated using a live-cell imaging approach. 

FFAR4-YFP was transfected into HEK293 cells and imaged using HILO microscopy, 
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a method especially suited for visualising dynamic trafficking and signalling events in 

live cells. Under basal conditions, the FFAR4 was localised predominantly at the 

plasma membrane, with a small amount localised at intracellular compartments 

(Figure 3.6). Upon stimulation with TUG-891, the FFAR4 rapidly internalised. This 

internalisation was inhibited in the presence of Dyngo4a – an antagonist that prevents 

receptor internalisation by dynamin inhibition (McCluskey et al., 2013) (Figure 3.6). 

Since agonist stimulation of the FFAR4 with TUG-891 appeared to stimulate FFAR4 

internalisation into an endosomal-like compartment, and possibly to other 

compartments, this observation was further validated in combination with a marker of 

the early endosome compartment – Rab5-mCherry (Figure 3.7). From this experiment, 

the FFAR4 was demonstrated to rapidly internalise to the early endosomes.  

 

This method of trafficking analysis does not give easily quantitative information on 

receptor trafficking. In addition, it does not give detail about other compartments that 

the FFAR4 might be trafficking to without further extensive imaging analysis in 

combination with other subcellular compartment markers. Therefore, a BRET-based 

assay was designed to both give quantitative data on FFAR4 trafficking and to reveal 

further information about FFAR4 trafficking to other intracellular compartments in real-

time. 
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Figure 3. 6: The FFAR4 rapidly internalises to intracellular compartments after 

TUG-891 stimulation in a dynamin dependent manner.  

Effect of TUG-891 stimulation on FFAR4 localisation. Shown are selective images of 

live cell HILO imaging of HEK293 cells transfected with FFAR4-YFP. Cells were 

preincubated with Dyngo4a (50 M) or vehicle for 30 minutes and subsequently 

stimulated with TUG-891 (10 M), selective FFAR4 agonist. Data are representative 

of at least three independent experiments.  

 

 

 

 

 



100 
 

 

Figure 3. 7: The FFAR4 rapidly internalises to the early endosomes after agonist 

stimulation.  

Effect of TUG-891 stimulation on FFAR4 internalisation to the early endosomes. 

Shown are selective frames representative of FFAR4 internalisation after TUG-891 

(10 M) stimulation in combination with an early endosome marker, Rab5. Images 

display FFAR4-YFP (top), Rab5-mCherry (middle), and a composite image of the two 

channels (bottom). Green pseudocolour indicates FFAR4-YFP and magenta 

pseudocolour indicates Rab5-mCherry. White colour indicates co-localisation. Data 

are representative of at least three independent experiments.  
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3.2.5 BRET-based approach monitoring FFAR4 localisation and trafficking  

To quantify the localisation and trafficking profile of FFAR4 more precisely, a 

bystander BRET assay was performed to monitor, in real-time, the proximity between 

the FFAR4 and various previously validated Venus fused subcellular compartment 

markers (Figure 3.8A) (Tiulpakov et al., 2016). This was achieved using a method 

modified from the bystander BRET approach used to evaluate the trafficking profile of 

the V2R-RLuc8 compared to clinically relevant mutant forms of the receptor (Tiulpakov 

et al., 2016). The Venus fused subcellular compartment markers used in this assay 

included: K-ras (plasma membrane); Rab5 (early endosomes); Rab4 (fast recycling 

endosomes); Rab11a/b (slow recycling endosomes); Rab7 (late 

endosomes/lysosomes); Rab9 (late endosomes to TGN); Vsp29 (endosomes to 

TGN); Rab1a (ER to Golgi); Rab6 (Golgi to TGN); and Rab8 (TGN to plasma 

membrane) (Tiulpakov et al., 2016).  

 

To investigate the localisation and trafficking profile of the FFAR4, a similar 

methodology was employed, however NLuc was fused to the FFAR4 rather than 

RLuc8. Basal BRET measurements between FFAR4-NLuc and Venus fused 

subcellular compartment marker indicated that, prior to stimulation, in addition to the 

plasma membrane (K-ras) the FFAR4 is present at various subcellular compartments, 

including the recycling endosomes (Rab11), late endosomes (Rab7 & Rab9) and the 

TGN (Rab8 & Rab9) (Figure 3.8B).  

. 
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Figure 3. 8: The FFAR4 is present at the PM, LE, RE, and TGN prior to agonist 

stimulation.  

(A) Schematic to illustrate the BRET assay used to detect FFAR4 localisation and 

trafficking by measuring the bystander BRET between NLuc fused FFAR4 and Venus 

fused subcellular compartment marker. (B) Results of basal BRET measurements 

between FFAR4-NLuc and Venus fused subcellular compartment markers (K-ras, 

Rab5, Rab4, Rab11a, Rab11b, Rab7, Rab9, Vsp29, Rab1a, Rab6, or Rab8) in 

HEK293 cells. Data represent mean ± S.E.M. compiled from three independent 

experiments performed in triplicate. PM = plasma membrane, EE = early endosome, 

RE = recycling endosome, LE = late endosome, L = lysosome, TGN = trans-Golgi 

network, G = Golgi, ER = endoplasmic reticulum.  

 

TUG-891 stimulation induced a rapid redistribution of the FFAR4 from the plasma 

membrane (K-ras) and recycling endosomes (Rab11a/b), into early endosomes 

(Rab5), late endosomes (Rab7 & Rab9), Golgi/TGN (Rab6 & Rab9), recycling 

endosomes (Rab4), and the ER (Rab1a). No significant changes in BRET were 

detected using the retromer marker (Vsp29) or using the TGN to plasma membrane 

trafficking marker (Rab8) (Figure 3.9A&B). Overall, similar FFAR4 trafficking profiles 

were obtained with CpdA and -linolenic acid, even though -linolenic acid was less 
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efficient than CpdA and TUG-891 in inducing FFAR4 internalisation and subcellular 

redistribution (Figure 3.9A&B). These results indicate that, in a simple cell system, the 

FFAR4 is localised at the plasma membrane, late endosomes, slow recycling 

endosomes, and the TGN under basal conditions, and efficiently internalises and 

accumulates in the endosomal network and the ER/Golgi complex after agonist 

stimulation. 

 

Figure 3. 9: The FFAR4 rapidly internalises into the endosomal network and 

ER/Golgi upon agonist stimulation.  

(A) BRET approach monitoring real-time FFAR4 trafficking to subcellular 

compartments. Shown are the real-time BRET measurements between FFAR4-NLuc 

and Venus fused compartment markers (K-ras, Rab5, Rab4, Rab11a, Rab11b, Rab7, 

Rab9, Vsp29, Rab1a, Rab6, or Rab8) after stimulation with TUG-891 (10 M), CpdA 

(10 M), or -linolenic acid (10 M). (B) Corresponding AUC values. Differences are 

statistically significant by one-way ANOVA. **** p<0.0001, *** p<0.001, ** p<0.01, * 
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p<0.05 vs vehicle control by Dunnett’s post hoc test at each compartment. Data 

represent mean ± S.E.M. compiled from three independent experiments performed in 

triplicate. PM = plasma membrane, EE = early endosome, RE = recycling endosome, 

LE = late endosome, L = lysosome, TGN = trans-Golgi network, G = Golgi, ER = 

endoplasmic reticulum. 

 

To determine whether the FFAR4 enters the endosomal network after internalisation, 

or whether the receptor is directed there via another route, the same assay was 

repeated in the presence of a dynamin inhibitor, Dyngo-4a (McCluskey et al., 2013). 

Firstly, the basal receptor localisation was measured after dynamin inhibition. Basal 

BRET measurements between FFAR4-NLuc and Venus fused compartment marker 

indicated again that, prior to stimulation, the FFAR4 is present at various 

compartments, including the plasma membrane (K-ras), recycling endosomes 

(Rab11), late endosomes (Rab7 & Rab9), and the TGN (Rab8 & Rab9) (Figure 

3.10A&B). Upon stimulation with TUG-891, the FFAR4 no longer redistributed into the 

endosomal network from the plasma membrane. Instead, agonist stimulation 

efficiently redistributed FFAR4 away from slow recycling endosomes (Rab11a), which 

seemingly began to accumulate FFAR4 at the plasma membrane (K-ras) (Figure 

3.11A&B), although this effect was not significant. Again, similar FFAR4 trafficking 

profiles were obtained with CpdA and -linolenic acid, even though -linolenic acid 

was less efficient than CpdA and TUG-891 in inducing FFAR4 redistribution (Figure 

3.11) 

 

These results suggest that, in a simple cell system, FFAR4 internalisation into the 

endosomal network occurs via dynamin-dependent mechanisms. In addition, they 

suggest that there is an intracellular pool of FFAR4 which is already present in slow 
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recycling endosomes, primed to redistribute to the plasma membrane upon FFAR4 

stimulation.  

Figure 3. 10: After dynamin inhibition, the FFAR4 remains localised at the PM, 

LE, RE, and TGN prior to agonist stimulation.  

FFAR4-NLuc and Venus fused compartment marker were transiently transfected into 

HEK293 cells and the basal BRET ratio was calculated. The raw BRET ratios are 

plotted on a bar graph. Data represent mean ± S.E.M. compiled from three 

independent experiments performed in triplicate. PM = plasma membrane, EE = early 

endosome, RE = recycling endosome, LE = late endosome, L = lysosome, TGN = 

trans-Golgi network, G = Golgi, ER = endoplasmic reticulum.  
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Figure 3. 11: FFAR4 internalisation is blocked by the inhibition of dynamin. 

(A) BRET-based approach to monitor FFAR4-NLuc trafficking to Venus fused 

intracellular compartments in real-time in the presence of dynamin inhibitor. FFAR4-

NLuc and Venus fused compartment markers (K-ras, Rab4, Rab5, Rab7, Rab9, 

Rab11a, Rab11b, Vsp29, Rab1a, Rab6, or Rab8) were co-transfected into HEK293 

cells and stimulated with TUG-891 (10 M), CpdA (10 M), or -linolenic acid (10 M). 

Cells were pre-treated with Dynamin inhibitor, Dyngo-4a (50 M), for 30 minutes prior 

to stimulation. (B) Corresponding AUC values. Differences are statistically significant 

by one-way ANOVA.  P<0.05 = * vs vehicle control by Dunnett’s post hoc test at each 

compartment. Data represent mean ± S.E.M. compiled from three independent 

experiments performed in triplicate. PM = plasma membrane, EE = early endosome, 

RE = recycling endosome, LE = late endosome, L = lysosome, TGN = trans-Golgi 

network, G = Golgi, ER = endoplasmic reticulum. 
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3.2.6 Agonist stimulation initiates FFAR4 activation from the endosomal 

network, TGN, and ER in a simple cell model 

After the investigation of FFAR4 localisation and trafficking in a simple cell model, mini-

G probes were used to determine sites of FFAR4 activation after agonist stimulation 

using an imaging-based approach. By co-transfecting Venus fused mini-G probe 

(mGq, mGi, mGo, mGs) with WT FFAR4 in HEK293 cells, mini-G probe 

translocation was visualised after TUG-891 stimulation using HILO microscopy (Figure 

3.12). Prior to FFAR4 activation, all mini-G probe subtypes were observed to be diffuse 

throughout the cytoplasm. After TUG-891 stimulation, only mGi and mGo probe 

translocation was detectable. Despite the ability of the FFAR4 to couple to Gq/11, little 

translocation was observable using mGq probes. This could be due to the limitation 

of the microscope in detecting modest levels of mini-G probe translocation. Stimulation 

of the FFAR4 with TUG-891 induced mGi and mGo translocation into punctate spots 

and vesicular structures – reminiscent of the endosome compartment (Figure 3.12). 

This observation was further validated using an imaging-based approach. Within this 

assay, WT FFAR4 was transfected in combination with mGi (Figure 3.13A) or mGo 

(Figure 3.13B) and a marker of the early endosomes (mCherry-Rab5). Again, TUG-

891 stimulation induced mGi and mGo translocation to intracellular compartments, 

which indeed co-localised with the early endosome marker, Rab5.  
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Figure 3. 12: The FFAR4 is active from intracellular compartments in a simple 

cell model.  

Effect of TUG-891 stimulation on Venus fused mini-G probe (mGq, mGi, mGo, 

mGs) translocation into HEK293 cells. Shown are selective frames representative of 

mini-G translocation after TUG-891 (10 M) stimulation in the presence of WT FFAR4. 

Exemplary mini-G probe translocations are indicated by arrows. Data are 

representative of at least three independent experiments.  
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Figure 3. 13: The FFAR4 is active from the early endosomes in a simple cell 

model.  

Effect of TUG-891 stimulation on Venus fused mini-G probe translocation to the early 

endosomes in HEK293 cells. Shown are selective frames representative of (A) mGi 

or (B) mGo translocation after TUG-891 (10 M) stimulation in the presence of WT 

FFAR4 and a marker of the early endosomes (mCherry-Rab5). Displayed are Venus 

fused mini-G probe (green pseudocolour, top), mCherry-Rab5 (magenta 

pseudocolour, middle), and a composite of the two channels (bottom) at select time 

points. Exemplary co-localisations (white colourisation) between mini-G probe and 

early endosome marker are indicated by arrows. Data are representative of at least 

three independent experiments.  

 

A BRET-based approach was subsequently designed to monitor compartment specific 

FFAR4 activation in real-time. In this assay, bystander BRET measurements were 

performed, in the presence of WT FFAR4, between NLuc fused mini-G probes and the 

same panel of Venus fused intracellular compartment markers used previously to 

investigate FFAR4 trafficking (Tiulpakov et al., 2016) (Figure 3.14A).  

 

TUG-891 stimulation induced robust mGi/o recruitment to the plasma membrane (K-

ras) and, to a lesser extent, recycling endosomes (Rab11b), early endosomes (Rab5), 

late endosomes (Rab7 & Rab9), and the ER (Rab1a). A very small increase in BRET 

was also detectable at the Golgi/TGN (Rab6/Rab8/Rab9). No increase in BRET was 

detectable at the retromer compartment (Vsp29). CpdA and -linolenic acid induced 

similar mini-G recruitment profiles, albeit with smaller maximal responses (CpdA > -

linolenic acid). In comparison, FFAR4 stimulation with the tested agonists caused a 

much smaller plasma membrane recruitment of mGq than mGi/o, with negligible 

recruitment to intracellular compartments (Figure 3.14B&C). 
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Figure 3. 14: The FFAR4 is active at both the plasma membrane and intracellular 

compartments in a simple cell model.  

(A) Schematic of the bystander BRET assay used to detect FFAR4 activation at 

intracellular compartments. (B) Agonist-dependent increases in NLuc-mGi, NLuc-

mGo, NLuc-mGq recruitment to Venus fused compartment markers (K-ras, Rab4, 

Rab5, Rab7, Rab9, Rab11a, Rab11b, Vsp29, Rab1a, Rab6, or Rab8) upon stimulation 

with TUG-891 (left panel), CpdA (middle panel), -linolenic acid (right panel) (all 10 

M), monitored by real-time BRET measurements in HEK293 cells. (C) Corresponding 

AUC values. Differences are statistically significant by two-way ANOVA. **** 

p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 vs mini-Gq by Dunnett’s post hoc test. 

Data represent mean + S.E.M. compiled from three to four independent experiments 

performed in duplicate. PM = plasma membrane, EE = early endosome, RE = 

recycling endosome, LE = late endosome, L = lysosome, TGN = trans-Golgi network, 

G = Golgi, ER = endoplasmic reticulum. 

 

Furthermore, an assay was performed without overexpression of the FFAR4, to 

ensure that ligand induced BRET changes were specific to the FFAR4 activation since 

the FFAR4 is not highly expressed in HEK293 cells (Eclov et al., 2015). For this assay, 

the recruitment of NLuc-mGo to Venus fused compartments (K-ras, Rab5, Rab7, 

Rab9, Rab11b, Rab1a, and Rab8) was measured after stimulation with TUG-891, 

CpdA, and -linolenic acid. Such markers were chosen since the largest BRET 

responses were recorded at these compartments. In this control assay, little 

translocation of mini-G was detectable (Figure 3.15).  

 

Altogether, these results indicate that, in a simple cell model, FFAR4 stimulation with 

both endogenous and synthetic agonists induces FFAR4 activation at both the plasma 

membrane and at various intracellular compartments.  
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Figure 3. 15: Control BRET assay between mini-G  probe and Venus fused 

compartment markers in the absence of WT FFAR4 overexpression.  

Real-time BRET assay detecting mini-G probe translocation to intracellular 

compartments without FFAR4 overexpression. Shown are the real-time BRET results 

between Venus fused compartment marker (K-ras, Rab5, Rab11b, Rab7, Rab9, 

Rab1a, or Rab8), and NLuc fused mini-G probe (mGo) in HEK293 cells stimulated 

with TUG-891 (10 M), CpdA (10 M), or -linolenic acid (10 M). Data represent 

mean + S.E.M. compiled from one independent experiment performed in triplicate. PM 

= plasma membrane, EE = early endosome, RE = recycling endosome, LE = late 

endosome, L = lysosome, TGN = trans-Golgi network, G = Golgi, ER = endoplasmic 

reticulum. 
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3.2.7 FFAR4 overexpression inhibits cAMP production 

Owing to the robust recruitment of mGi and mGo following FFAR4 agonist 

stimulation, suggesting that the FFAR4 is predominantly Gi/o coupled, it was 

important to determine the downstream action of the FFAR4 on cAMP production. 

Therefore, a BRET-based sensor was chosen to enable the real-time detection of 

cAMP changes in live cells. This sensor, named CAMYEL, was used within a simple 

cell model to determine changes in cAMP production after agonist stimulation (Jiang 

et al., 2007). In brief, upon cAMP binding to the Epac domain of CAMYEL, a 

conformational change occurs leading to a reduction in BRET between donor (RLuc) 

and acceptor (YFP). In this way, the change in intracellular cAMP concentration can 

be measured in live cells upon agonist stimulation. Initially, the sensor’s functionality 

was tested by measuring changes in cAMP production after stimulation with 8-pCPT-

2-O-Me-cAMP-AM, a highly membrane permeable precursor of 8-CPT-2Me-cAMP 

(cAMP analogue) (Vliem et al., 2008), or forskolin, a direct activator of AC (Qi et al., 

2022) (Figure 3.16). After both 8-pCPT-2-O-Me-cAMP-AM stimulation (Figure 3.16A) 

and forskolin stimulation (Figure 3.16B), cAMP production was detectable. 

Furthermore, EC50 values were subsequently calculated for 8-pCPT-2-O-Me-cAMP-

AM and forskolin: 1.708x10-7 M and 1.955x10-6 M, respectively (Figure 3.16C&D).  
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Figure 3. 16: CAMYEL is applicable for the measurement of cAMP production in 

a simple cell model.  

BRET assay using CAMYEL to detect cAMP production. Shown are the real-time 

BRET measurements detecting cAMP production after stimulation with increasing 

concentrations of (A) 8-pCT-2-Ome-cAMP-AM or (B) forskolin. (C&D) Corresponding 

AUCs were used to create dose response curves. Data represent mean ± S.E.M 

compiled from one independent experiment performed in triplicate.   
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To understand the overall influence of the FFAR4 on cAMP production, the receptor 

was over-expressed in increasing amounts in HEK293 cells (0 ng, 50 ng, 100 ng, 250 

ng, 500 ng and 1000 ng) (Figure 3.17A&B). The change in cAMP production was 

subsequently measured after stimulation with forskolin. When no FFAR4 was 

overexpressed, a greater increase in cAMP was induced. However, in the presence 

of the FFAR4, cAMP production was inhibited. This inhibition occurred to similar levels 

in all quantities of FFAR4 overexpression (Figure 3.17A&B).   

 

Figure 3. 17: FFAR4 overexpression inhibits cAMP production.  

BRET-based assay to detect the effect of FFAR4 overexpression on cAMP production. 

(A) Shown are the real-time BRET measurements detecting cAMP production by 

CAMYEL in the presence or absence of the FFAR4. FFAR4 was overexpressed (0ng, 

50ng, 100ng, 250ng, 500ng, and 1000ng) and equalized with pcDNA3 (empty vector) 

and stimulated with forskolin (1 M). (B) Corresponding AUC values. Data represent 

mean ± S.E.M from one independent experiment performed in triplicate. 

 

Since FFAR4 overexpression reduced cAMP production after forskolin stimulation 

without need for FFAR4 agonist, the effect of the FFAR4 on cAMP production was 

evaluated in the presence and absence of AH7614 (FFAR4 NAM) (Figure 3.18). Within 
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this assay, both forskolin and isoproterenol were used as two distinct activators of 

cAMP production. As observed in the previous assay, the presence of the FFAR4 

reduced forskolin-stimulated cAMP production (Figure 3.18A). The same effect was 

also observed after isoproterenol stimulation (Figure 3.18B). FFAR4 NAM (AH7614) 

reversed the inhibitory effect of the FFAR4 on cAMP production. When the FFAR4 

was not overexpressed, AH7614 had no effect. This is indicative that the FFAR4 

inhibits cAMP production in a simple cell model which can be reversed after the 

inhibition of FFAR4 with AH7614 (Figure 3.18C&D).  

 

 

 

 



118 
 

Figure 3. 18: FFAR4 overexpression inhibits cAMP production and is reversible 

with AH7614.  

Real-time BRET assay detecting the effect of FFAR4 overexpression on cAMP 

production using CAMYEL. (A&B) Shown are the real-time BRET measurements of 

ligand induced changes in cAMP production measured by CAMYEL in the presence 

of FFAR4 overexpression (+FFAR4), or pcDNA3 overexpression (-FFAR4). HEK293 

cells were preincubated with vehicle or AH7614 (10 M) for 15 minutes and stimulated 

with (A) forskolin (1 M) or (B) isoproterenol (1 M). (C&D) Corresponding AUC 

values. Differences are statistically significant by two-way ANOVA. ** p<0.01, * p<0.05 

by Sidak’s multiple comparison test. Data represent mean ± S.E.M. compiled from 

three to five independent experiments performed in triplicate.  
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3.2.8 The FFAR4 inhibits cAMP production more greatly from intracellular 

compartments than from the plasma membrane  

Considering that the FFAR4 was found to recruit mGi and mGo probes strongly to 

intracellular compartments in a simple cell model, the role of the FFAR4 on local cAMP 

production was investigated by tethering CAMYEL to specific compartments. In the 

literature, similar methods have been used to investigate local GPCR signalling. For 

example, a cAMP sensor was tethered to the Golgi to detect local TSHR signalling in 

subdomains of the TGN (Godbole et al., 2017). However, in this study, local signals 

were measured using FRET-based cAMP sensors rather than BRET-based cAMP 

sensors.  

 

To investigate compartmentalised FFAR4 signalling, CAMYEL has been tethered to 

the plasma membrane using PDE2A splice variant 3 (PDE2A3) to study the activity of 

PDE subtypes at the plasma membrane compared to the whole cell PDE activity 

(Matthiesen and Nielsen, 2011). In order to tether CAMYEL to the plasma membrane, 

the first 196 N-terminal amino acids of PDE2A3 were fused to the N-terminus of 

CAMYEL (Matthiesen and Nielsen, 2011). This sensor was used in combination with 

two new CAMYEL sensors to investigate FFAR4 dependent compartmentalised cAMP 

production. New sensors were created by tethering CAMYEL to the ER using Sec61, 

a Sec61 translocon subunit commonly used as a marker of the ER (Greenfield and 

High, 1999), or Rab1a – a protein involved in ER to Golgi trafficking as used in previous 

mini-G translocation, and FFAR4 trafficking, assays (Tiulpakov et al., 2016). The 

cAMP sensor was targeted to the ER since the FFAR4 was found activated at this 

compartment after agonist stimulation (Rab1a) (Figure 3.14). Tethering CAMYEL to 

the ER compartment was supposed to have a sufficiently different localisation from 
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the plasma membrane to detect predominantly intracellular FFAR4 activity rather than 

detecting FFAR4 activity at the plasma membrane. 

 

Firstly, the localisation of the new sensors were validated in HEK293 cells. PDE2A3-

CAMYEL has been previously validated to localise to the plasma membrane, 

therefore, its localisation was not further validated with a plasma membrane marker 

(Matthiesen and Nielsen, 2011). However, the sensor was observed to have a 

characteristic plasma membrane localisation in HEK293 cells (Figure 3.19A). The 

localisation of CAMYEL-Sec61 and CAMYEL-Rab1a were validated by assessing 

the co-localisation between the cAMP sensor and mCherry-Sec61 CAMYEL-Sec61b 

clearly localised to the ER (Figure 3.19B&D), however, CAMYEL-Rab1a localised to 

ER subdomains (Figure 3.19C&D).  
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Figure 3. 19: Validation of targeted CAMYEL sensor localisation.  

HILO images validating plasma membrane and ER-directed CAMYEL sensors. Shown 

are representative images of (A) PDE2A3-CAMYEL, (B) CAMYEL-Sec61, and (C) 

CAMYEL-Rab1a in HEK293 cells. (B) CAMYEL-Sec61, and (C) CAMYEL-Rab1a 

were co-transfected with mCherry-Sec61 to validate their localisation to the ER. (D) 

Corresponding pearson’s correlation coefficient determining co-localisation between 
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CAMYEL-Sec61 and CAMYEL-Rab1a with mCherry-Sec61 using the JAcoP 

colocalization plug-in in ImageJ. Differences are statistically significant by t-test, ** 

p<0.01. 

 

The functionality of the targeted cAMP sensors was subsequently evaluated in 

HEK293 cells. For this purpose, a BRET assay was employed to detect forskolin 

stimulated cAMP production (Figure 3.20). From this assay, the sensitivity of the 

sensors to forskolin stimulated cAMP production (EC50) was found to be comparable: 

PDE2A3-CAMYEL, EC50: 2.307x10-6 M; CAMYEL-Sec61 EC50: 2.320x10-6 M; and 

CAMYEL-Rab1a, EC50: 2.073x10-6 M. EC50 values were also comparable to whole cell 

CAMYEL (Figure 3.16).  

 

Figure 3. 20: BRET assay to confirm functionality of targeted cAMP sensors.  

Real-time BRET assay detecting cAMP production using plasma membrane and ER-

directed CAMYEL sensors. Shown are the real-time BRET measurements of (A) 
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PDE2A3-CAMYEL, (B) CAMYEL-Sec61, and (C) CAMYEL-Rab1a upon increasing 

forskolin stimulations in HEK293 cells. (D) Corresponding AUC values plotted on a 

dose response curve. Data represent mean ± S.E.M. compiled from one independent 

experiment performed in duplicate.  

 

The effect of FFAR4 overexpression on cAMP production was subsequently evaluated 

in HEK293 cells using whole cell CAMYEL. PDE2A3 CAMYEL, and CAMYEL-Sec61. 

CAMYEL-Sec61 was used over CAMYEL-Rab1a because the sensor had improved 

localisation to the ER.  

 

For each targeted sensor, FFAR4 was overexpressed or corresponding amount of 

pcDNA3 (empty vector) was overexpressed (Figure 3.21). Real-time BRET was 

measured by each sensor after stimulation with isoproterenol. By examination of the 

raw BRET graphs, the FFAR4 seemed to have a greater inhibitory effect using the ER 

and whole cell directed cAMP sensors compared to the plasma membrane directed 

cAMP sensor. This observation was further evaluated by either calculating the AUC in 

the presence of the FFAR4, or the overall change in BRET ratio (BRET) in the 

presence of the FFAR4 and normalizing to the corresponding response in the 

presence of empty vector. When measuring overall cAMP production using the AUC, 

the FFAR4 significantly inhibited ligand-induced cAMP production at all tested 

compartments (Figure 3.21D). However, when measuring BRET compared to empty 

vector, the FFAR4 only had significant inhibitory effects using whole cell and ER 

sensors, and not the plasma membrane directed sensor (Figure 3.21E). These data 

indicate, that in a simple cell model, the FFAR4 has a greater inhibitory effect on 

intracellular cAMP production rather than cAMP production at the plasma membrane.  
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Figure 3. 21: FFAR4 overexpression inhibits cAMP production more greatly at 

intracellular compartments than at the plasma membrane.  

Real-time BRET assay to detect the effect of FFAR4 overexpression on local cAMP 

production. Shown are the results of ligand induced cAMP production using (A) whole 

cell, (B) plasma membrane, and (C) ER CAMYEL sensors. FFAR4 or corresponding 

amount of empty vector were transfected into HEK293 cells and stimulated with 

isoproterenol (100 nM). (D) Corresponding normalised AUC (E) or normalised BRET 

measurements. Differences are statistically significant by two-way ANOVA. **** 

p<0.0001, ** p<0.01 with Sidak’s post hoc analysis. Data represent mean ± S.E.M. 

compiled from three independent experiments performed in duplicate.  
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3.2.9 The FFAR4 increases intracellular [Ca2+] in a simple cell model 

Since the FFAR4 has also been shown a Gq/11 coupled receptor (Milligan et al., 

2017a), and the FFAR4 was found within this study to recruit to mGq probes, FFAR4 

dependent changes in intracellular [Ca2+] were also investigated in HEK293 cells. For 

this purpose, CalFlux, a BRET-based Ca2+ biosensor, was used to measure ligand 

induced changes in intracellular [Ca2+] (Yang et al., 2016). In brief, upon Ca2+ binding 

to the troponin-C domain of the sensor, an increase in BRET is detectable (Yang et 

al., 2016). FFAR4 significantly increased intracellular Ca2+ levels after TUG-891 

stimulation compared to the empty vector control. Ionomycin was used as a positive 

control to increase intracellular [Ca2+] levels independently of the FFAR4 (Figure 3.22). 

The increase in intracellular calcium levels mediated by the FFAR4 was transient.  

 

Figure 3. 22: FFAR4 activation increases intracellular [Ca2+].  

BRET-based assay to detect the effect of FFAR4 activation on intracellular Ca2+ levels. 

(A) Shown are the real-time BRET measurements detecting ligand induced changes 

in intracellular [Ca2+] using CalFlux BRET sensor in the presence (+FFAR4) or 

absence (-FFAR4) of FFAR4 overexpression. HEK293 cells were stimulated with 

TUG-891 (10 M) and ionomycin (1 M) was used as a positive control. (B) 

Corresponding AUC values. Differences are statistically significant by t-test, ** p<0.01. 

Data represent mean ± S.E.M. compiled from three independent experiments 

performed in triplicate. 
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3.2.10 The FFAR4 strongly couples to -arrestin-2 in a simple cell model 

Finally, the FFAR4 has been proposed to strongly couple to -arrestin-2 after its 

activation – a phenomenon believed to be involved in the regulation of FFAR4 

internalisation (Zhang and Leung, 2014). This finding was further validated in HEK293 

cells and was performed to gain further insight into subtype specific -arrestin 

recruitment to the FFAR4. For this purpose, a BRET-based assay was designed to 

measure the recruitment of NLuc fused -arrestin-1 and NLuc fused -arrestin-2 to the 

FFAR4-YFP after stimulation with TUG-891 (Figure 3.23A), CpdA (Figure 3.23B), and 

-linolenic acid (Figure 3.23C). The recruitment of NLuc fused mGi or NLuc fused 

mGq was also measured to the FFAR4 as a positive and a negative control, 

respectively. After stimulation with all three agonists, FFAR4-YFP most strongly 

recruited -arrestin-2 followed by -arrestin-1 (Figure 3.23D). mGi was recruited to 

the FFAR4-YFP at a comparable amount to -arrestin-1, and no recruitment of mGs 

was detectable to the FFAR4. In keeping with previous data, the strongest recruitment 

of -arrestin to the FFAR4 was observed after stimulation with TUG-891, followed by 

CpdA, and then -linolenic acid. From this data, the FFAR4 was confirmed to strongly 

couple to -arrestin-2, and to a lesser extent -arrestin-1, in a simple cell model.  
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Figure 3. 23: The FFAR4 is strongly coupled to -arrestin-2.  

Real-time BRET assay detecting -arrestin-1 and -arrestin-2 recruitment to the 

FFAR4. Shown are the real-time BRET measurements between NLuc fused -arrestin 

(-arr1 and -arr2), or NLuc fused mini-G probe subtype (mGi or mGs) to the 

FFAR4-YFP upon (A) TUG-891, (B) CpdA, or (C) -linolenic acid (all 10 M) 

stimulation. (C) Corresponding AUC values. Data represent mean ± S.E.M. compiled 

from one independent experiment performed in triplicate.  
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3.3 Discussion 

3.3.1 Summary of key findings 

3.3.1.1 G protein coupling  

In literature, the FFAR4 has been proposed predominantly coupled to Gq/11 proteins 

in a simple cell model (Milligan et al., 2017b, Miyamoto et al., 2016, Oh and Walenta, 

2014), however studies with this conclusion classify G protein coupling selectivity by 

measuring changes in intracellular calcium/cAMP levels. Despite this, the inhibitory 

effect of the FFAR4 on cAMP production has been detected in physiologically relevant 

cell types, suggesting coupling to Gi/o (Husted et al., 2020).  

 

Within this investigation, a BRET-based methodology (Wan et al., 2018) was used to 

determine the predominant coupling specificity of the FFAR4 in a simple cell model. 

This assay investigated the recruitment of mini-G probe subtypes to the FFAR4 to 

facilitate fair comparison between the G protein families. Using this BRET-based 

approach, it was demonstrated that the FFAR4 couples predominantly with Gi/o and 

to a lesser extent Gq/11. Importantly, this coupling could be blocked by FFAR4 

inhibition using AH7614, confirming the specificity of mini-G probe recruitment to the 

FFAR4. In addition, the AT1R, believed to be predominantly coupled to Gq/11 and 

partially coupled to Gi (Galandrin et al., 2016), more strongly recruited mGq than 

mGi – indicating the ability of mini-G probes to identify the predominant coupling 

specificity of different GPCRs – including those that couple to both Gq/11 and Gi 

proteins.  

 

The activity of the FFAR4 has been shown in the literature as both pertussis toxin 

insensitive (Watson et al., 2012) and pertussis toxin sensitive (Egerod et al., 2015), 
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therefore, it is possible that the FFAR4 signals through pertussis toxin insensitive 

members of the Gi/o protein family in some cells and not others (Jimenez-Vargas et 

al., 2020), however this would require further investigation. Two recent studies, which 

used high-throughput methods to detect the direct G protein coupling specificity of 

many GPCRs, including the FFAR4, agree that the FFAR4 couples to Gi/o in a simple 

cell model (Avet et al., 2022, Inoue et al., 2019). It is likely that this coupling is often 

missed by methods that only detect changes in second messengers rather than those 

that detect direct G protein recruitment. In this way, mini-G probes are applicable for 

the identification of the predominant G protein coupling specificity of GPCRs, and were 

used to success within this study to identify that the FFAR4 strongly couples to Gi/o. 

 

3.3.1.2 FFAR4 trafficking and compartmentalised signalling 

Trafficking is regarded as an essential component of compartmentalised GPCR 

signalling (Caengprasath and Hanyaloglu, 2019). The ability of a GPCR to redistribute 

to specific subcellular compartments is thought of as a mechanism for GPCRs to fine-

tune their activity with subcellular resolution (Calebiro and Koszegi, 2019). Therefore, 

the trafficking profile of the FFAR4 was investigated within this study using HILO 

microscopy and BRET-based methods. 

 

Initially, the trafficking profile of the FFAR4 was investigated via HILO microscopy, 

where it was found that the FFAR4 rapidly internalises, in a dynamin dependent 

manner, into the early endosome compartment. However, identifying the trafficking 

profile of GPCRs using microscopy approaches is often time-consuming and does not 

easily produce quantitative data of large cell populations. Therefore, a more high-

throughput BRET-based assay was employed to monitor FFAR4 trafficking to a 
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selection of compartment markers (Tiulpakov et al., 2016). Using this method, the 

FFAR4 was demonstrated present at various subcellular compartments, including the 

plasma membrane (K-ras), recycling endosomes (Rab11a/b), late endosomes (Rab7 

& Rab9), and TGN (Rab8 & Rab9). FFAR4 stimulation induced its rapid redistribution 

from the plasma membrane (K-ras) and slow recycling endosomes (Rab11a/b) into 

early endosomes (Rab5), fast recycling endosomes (Rab4), late endosomes (Rab7 & 

Rab9), Golgi/TGN (Rab6 & Rab9), and the Golgi/ER (Rab1a)  

 

Inhibition of FFAR4 internalisation with a dynamin inhibitor (Dyngo-4a) blocked the 

majority of FFAR4 trafficking into endosomal compartments. This is indicative that the 

receptor internalises from the plasma membrane in a dynamin dependent manner into 

the endosomal network and that there is little internalisation independent FFAR4 

trafficking after agonist stimulation. However, dynamin inhibitors have also been 

reported to inhibit anterograde trafficking e.g. trafficking through Rab1a/6 

compartments (Preta et al., 2015). Therefore, it is possible that anterograde receptor 

trafficking (i.e., movement of the FFAR4 from the ER to the Golgi compartments and 

onto the plasma membrane) might also inhibited after dynamin inhibition and thus may 

still occur in the absence of receptor internalisation. Intriguingly, the movement of the 

FFAR4 away from the slow recycling endosome compartment (Rab11a) was not 

blocked by dynamin inhibition, and under these conditions, FFAR4 had enhanced 

redistribution to the plasma membrane, albeit not significant. This may indicate that a 

pool of FFAR4 sits in slow recycling endosomes under basal conditions ready to be 

directed to the plasma membrane as required.  
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Once the localisation and trafficking profile of the FFAR4 was investigated, both 

imaging and BRET-based methods were used to detect sites of ligand induced FFAR4 

activation in real-time. It was thought that using methods to detect FFAR4 trafficking 

in combination with methods that could detect spatiotemporal FFAR4 activity might be 

used together to piece together sites of FFAR4 localisation and sites of FFAR4 

activation. Using HILO imaging, TUG-891 activation of the FFAR4 caused the 

recruitment of mini-Gi/o probes to intracellular sites, some of which were validated to 

be early endosomes. Since the FFAR4 was found to localise and traffic to many other 

subcellular compartments using BRET approaches, including the late endosomes, 

recycling endosomes, ER, and Golgi compartments, a BRET assay was designed to 

further characterise additional sites of FFAR4 activation in a simple cell model.  

 

FFAR4 stimulation induced robust mGi/o recruitment to the plasma membrane (K-

ras) and, to a lesser extent, recycling endosomes (Rab11a/b), early endosomes 

(Rab5), late endosomes (Rab7 & Rab9), and the ER (Rab1a). A small increase in 

BRET was also detectable at the Golgi/TGN (Rab6/Rab8/Rab9). No increase in BRET 

was detectable at the retromer compartment (Vsp29). To fully assess the functional 

relevance of active FFAR4 at specific intracellular compartments, it would be useful to 

locally block FFAR4 signalling from specific intracellular compartments. This would 

help to determine the most important signalling locations of the FFAR4 in a simple cell 

model (Wright et al., 2021).  

 

Taken together with trafficking data, these data suggest that there are two 

mechanisms of compartmentalised FFAR4 activation. One where the FFAR4 is first 

activated from the plasma membrane and subsequently internalises and continues to 
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recruit G proteins in the endosomal network. And another, where the FFAR4 is 

activated in slow recycling endosomes (Rab11a/b), en route to the plasma membrane.  

 

3.3.1.3 FFAR4 activity on cAMP production 

Since the FFAR4 was demonstrated Gi/o coupled, BRET-based biosensors were 

used to determine the impact of FFAR4 signalling in real-time on cAMP production in 

a simple cell model. Unexpectedly, overexpression of the FFAR4 was found to have 

a strong inhibitory effect on cAMP production after stimulation with both forskolin and 

isoproterenol without the addition of selective FFAR4 agonist. This might suggest that 

either the FFAR4 has some constitutive activity, or that isoproterenol/forskolin might 

activate the FFAR4 through an unappreciated crosstalk mechanism? The mechanism 

behind this inhibition requires further examination in HEK293 cells. In the presence of 

FFAR4 NAM (AH7614), the inhibitory effects of the FFAR4 over cAMP production 

were reversed. This AH7614-dependent reversal was greater after forskolin 

stimulation than isoproterenol stimulation. A reason for this phenomenon could be due 

to differences in the activation of AC pools after stimulation with isoproterenol vs 

forskolin. For example, forskolin is thought to only weakly activate AC9, whereas 

isoproterenol (and Gs activation) is required for full AC9 activation (Qi et al., 2022). It 

would be interesting to investigate which pools of cyclases are regulated by the FFAR4 

most greatly. The subcellular localisation of these pools is most likely to have 

functional relevance on intracellular FFAR4 signalling (Lazar et al., 2020). In addition, 

different cell types express different AC isoforms, which is again likely to impact 

FFAR4 signalling mechanisms.   
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Considering the FFAR4 was found to recruit mini-G probes to intracellular 

compartments, the compartmentalised effects of FFAR4 signalling on cAMP 

production were evaluated in a simple cell model. This was achieved by using plasma 

membrane, whole cell, or ER directed CAMYEL. After stimulation of cAMP production 

with isoproterenol, the FFAR4 was found to have greater inhibitory effects on cAMP 

production from intracellular compartments than from the plasma membrane. In 

addition, the inhibitory effects of the FFAR4 were sustained and not transient, a 

hallmark of certain intracellularly active GPCRs (Calebiro et al., 2009, Ferrandon et 

al., 2009). It would be interesting to further investigate the effects of 

compartmentalised FFAR4 inhibition after forskolin stimulation to identify if the same 

is true after GPCR independent cyclase activation in a simple cell model.  

 

3.3.1.4 FFAR4 effects on intracellular [Ca2+] and -arrestins 

Whilst the FFAR4 inhibits cAMP production, the receptor also increases intracellular 

[Ca2+] upon activation. Using the CalFlux biosensor, FFAR4 activation mediated a 

transient increase in intracellular [Ca2+]. Taken with the finding that mGq recruitment 

to the FFAR4 was only detectable at the plasma membrane and not from intracellular 

compartments, it is unlikely that there is functional relevance to intracellular FFAR4-

dependent Gq/11 signalling, however, this requires further validation.  

 

Finally, within this chapter, the FFAR4 was detected to couple more strongly to -

arrestin-2 than to -arrestin-1. It would be interesting to evaluate whether -arrestin-2 

helps to mediate the intracellular, G protein-dependent, signalling component of the 

FFAR4. Or whether -arrestin simply aids the internalisation of the FFAR4 into the 

endosomal network. For example, -arrestins have been found to facilitate sustained 
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endosomal G protein signalling in a ‘megaplex’ of GPCR, G protein, and -arrestin – 

with --arrestin in its ‘tail’ conformation (Nguyen et al., 2019). Evaluating the interplay 

between -arrestin and G proteins might be relevant in the further investigation of 

compartmentalised FFAR4 signalling. 

 

3.3.2 Potential relevance of compartmentalised FFAR4 signalling in adipocytes 

Since the FFAR4 is highly expressed in adipocytes (Kimura et al., 2020, Oh et al., 

2010), compartmentalised FFAR4 signalling may be of relevance to adipocyte 

metabolism. Rab proteins are known to have association with the lipid droplets 

(Zehmer et al., 2009). This includes, but is not limited to, Rab1a, Rab5, Rab7, and 

Rab11. For example, the expression of dominant negative Rab1a inhibits lipid droplet 

formation (Nevo-Yassaf et al., 2012). Rab5 is known to regulate the interaction 

between early endosomes and the lipid droplets, and has been demonstrated  involved 

in the fusion of endosomes and lipid droplets (Liu et al., 2007). Rab5 has also been 

found on the surface of isolated lipid droplets along with Rab11 (Liu et al., 2007). 

Finally, Rab7 has been implicated in the control of lipolysis. For example, 2-AR 

stimulation enhances the localisation of Rab7 to the lipid droplet compartment (Lizaso 

et al., 2013). Since the FFAR4 traffics to compartments marked by the above listed 

Rab proteins and was also found to recruit mini-G probes to these compartments, it 

might be hypothesised that intracellular FFAR4 signalling has a regulatory role in the 

control of lipid droplet anabolism and catabolism. It might be further hypothesised that 

the interplay between the -ARs, the major activators of lipolysis, and the FFAR4 might 

be involved in this regulation. 



135 
 

3.3.3 Conclusions 

In conclusion, this chapter gives evidence that the FFAR4 is a predominantly Gi/o 

coupled receptor, with a secondary coupling to Gq/11, enabling the receptor to both 

inhibit cAMP production and increase intracellular [Ca2+] in a simple cell model. 

 

In addition, this chapter gives evidence that FFAR4 activation provokes its 

internalisation and trafficking into the endosomes, recycling endosomes, late 

endosomes, and to the ER/Golgi. Furthermore, the FFAR4 was found to recruit mini-

G probes to multiple intracellular compartments upon its activation and to inhibit cAMP 

production more strongly from intracellular sites than from the plasma membrane. 

Overall, these data suggest that the FFAR4 signals from intracellular compartments 

to facilitate its local inhibitory control of cAMP production along the endosomal 

network.  
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4.0 Chapter Four: Evaluation of FFAR4 signalling in 

adipocytes 
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4.1 Aims of this study 

The FFAR4 is intimately involved in adipocyte metabolism and has physiologically 

relevant effects. Therefore, the signalling mechanisms of the FFAR4 were evaluated 

in an adipocyte model. 

 

Within this study, mini-G probes were used to investigate the coupling specificity of 

the FFAR4 in adipocytes, using both imaging and BRET-based approaches. In 

addition, such methods were further used to investigate the receptor’s ability to signal 

from intracellular compartments. Additionally, the effect of the FFAR4 was assessed 

on cAMP production using BRET-based methods. Finally, to further investigate the 

functional relevance of intracellular FFAR4 signalling, a method to inhibit 

compartmentalised FFAR4 signalling in adipocytes was explored.  
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4.2 Results 

4.2.1 The FFAR4 predominantly couples to Gi/o proteins in pre-adipocytes 

Like-to the simple cell model, to investigate the coupling specificity of the FFAR4 in 

adipocytes, mini-G probes, engineered GTPase domains of the G subunit of a G 

protein (Nehme et al., 2017, Wan et al., 2018), were utilised. The coupling specificity 

of the FFAR4 was first investigated in two undifferentiated immortalised pre-adipocyte 

cell lines using a BRET-based approach. Both 3T3-L1 pre-adipocytes and 

immortalised brown mouse preadipocytes (Harms et al., 2014) were investigated. 3T3-

L1 pre-adipocytes are differentiated into adipocytes for use as an in vitro adipocyte 

model which display characteristics of white, beige, and brown adipocytes (Morrison 

and McGee, 2015). Whereas immortalised brown mouse preadipocytes are 

differentiated into adipocytes and commonly used as an in vitro brown adipocyte 

model (Sustarsic et al., 2018).  

 

Initially, the BRET was measured between FFAR4-NLuc and Venus fused mini-G 

probe (mGi, mGo, mGs, mGq, or mG12) in 3T3-L1 pre-adipocytes. Both TUG-

891 (Figure 4.1A) and CpdA (Figure 4.1B) were used as activators of the FFAR4 in 

the presence and absence of FFAR4 antagonist (AH7614). Agonist stimulation 

induced a major increase in BRET between the FFAR4 and mGi and mGo (Figure 

4.1). A minor increase in BRET was also detectable between the FFAR4 and mGq. 

(Figure 4.1). A virtually negligible response was detectable between the FFAR4 and 

mGs and G12 subtypes. After both TUG-891 and CpdA stimulation, the presence of 

AH7614 significantly reduced mGi and mGo recruitment to the FFAR4, however, 

did not significantly inhibit mGq recruitment – although the response was reduced. 
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This suggested a preference of the FFAR4 for Gi/o proteins, with a secondary Gq 

coupling in pre-adipocyte 3T3-L1 cells.  

 

Figure 4. 1: BRET assay to confirm the specificity of Venus fused mini-G probe 

recruitment to FFAR4-NLuc in 3T3-L1 preadipocytes.  

Real-time BRET measurements detecting Venus fused mini-G probe (mGi, mGo, 

mGs, mGq, or mG12) recruitment to the FFAR4-NLuc. Shown are the kinetic BRET 

responses and corresponding AUC values upon (A) TUG-891 (10 M) stimulation (left) 

with and without AH7614 (10 M) preincubation (15 mins) or (B) CpdA (1 M) 

stimulation (left) with and without AH7614 (10 M) preincubation (15 mins) (middle). 

Differences are statistically significant by two-way ANOVA. P<0.001 = *** by Sidak’s 

post hoc analysis. Data represent mean + S.E.M. compiled from three independent 

experiments performed in triplicate.  
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The coupling specificity of the FFAR4 was further evaluated in immortalised brown 

preadipocytes (Harms et al., 2014). Immortalised brown preadipocytes were 

transfected with FFAR4-NLuc and Venus fused mini-G probe (mGi, mGo, mGs, 

and mGq). The coupling specificity was examined after stimulation with TUG-891 to 

evaluate whether these cells were suitable for BRET assays (Figure 4.2). A robust 

increase in BRET was detectable between FFAR4 and mGi and mGo probes after 

TUG-891 stimulation. A small increase in mGq was also recruited to the FFAR4. A 

virtually negligible response was detectable between the FFAR4 and mGs. The 

recruitment of mGq to the FFAR4 was more pronounced within this cell type than 

within 3T3-L1 preadipocytes, and the assay itself had smaller error. Therefore, 

immortalised brown preadipocyte cells were established as the more appropriate 

adipocyte model for further BRET-based analysis.  

Figure 4. 2: BRET assay to confirm the specificity of Venus tagged mini-G probe 

recruitment to FFAR4-NLuc in immortalised brown preadipocytes.  

Real-time BRET measurements detecting Venus tagged mini-G probe (mGi, mGo, 

mGs, mGq, or mG12) recruitment to the FFAR4-NLuc. Shown are the kinetic BRET 

responses and corresponding AUC values upon TUG-891 (10 M) stimulation. Data 

represents mean ± S.E.M. compiled from one independent experiment performed in 

triplicate.  
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4.2.2 The FFAR4 couples to Gi/o proteins in differentiated adipocytes 

Furthermore, BRET assays were optimised in cells expressing lipid droplets. 

Differentiated immortalised brown adipocytes were transfected with FFAR4-NLuc and 

Venus fused mini-G probe (mGi, mGo, mGs, mGq, or mG12). The ligand induced 

BRET was measured upon stimulation with TUG-891 (Hudson et al., 2013), CpdA (Oh 

et al., 2014), and -linolenic acid (Hirasawa et al., 2005, Sanchez-Reyes et al., 2014). 

Agonist stimulation induced a major increase in BRET between the FFAR4 and mGi 

and mGo (Figure 4.3). A minor increase in BRET was also detectable between the 

FFAR4 and mGq. (Figure 4.3). A virtually negligible response was detectable 

between the FFAR4 and mGs and G12 subtypes. These results suggest that the 

FFAR4 is predominantly Gi/o coupled in a differentiated adipocyte model.  
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Figure 4. 3: The FFAR4 couples to Gi/o in differentiated adipocytes. 

(A) Schematic to illustrate the BRET assay to detect FFAR4 in differentiated 

immortalised brown adipocytes. (B) Real-time BRET measurements of Venus fused 

mini-G probe (mGi, mGs, mGo, mGq, or mG12) recruitment to the FFAR4-NLuc 

upon TUG-891 (top), CpdA (middle), -linolenic acid (bottom) (10 M) stimulation. (C) 

Corresponding AUC values are presented on a heat map. Data represent mean ± 

S.E.M. compiled from three independent experiments performed in triplicate.  
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4.2.3 The FFAR4 has an enhanced intracellular localisation in 3T3-L1 pre-

adipocytes 

Having demonstrated that the FFAR4 remains strongly Gi/o coupled in differentiated 

adipocytes, the localisation of the receptor was further evaluated in adipocyte models. 

Initially, FFAR4-YFP was transfected into undifferentiated 3T3-L1 preadipocytes. 

Within these cells, the FFAR4 seemed to have enhanced intracellular localisation 

compared to plasma membrane localisation. In addition, the FFAR4 had an increased 

perinuclear localisation. After stimulation with FFAR4 agonist TUG-891, the FFAR4 

rapidly accumulated into an endosomal-like compartment (Figure 4.4).  

 

Figure 4. 4: TUG-891 initiates FFAR4 trafficking into an endosome-like 

compartment in 3T3-L1 pre-adipocytes.  

Effect of TUG-891 stimulation on FFAR4 localisation. Shown are selective images of 

live cell HILO imaging of 3T3-L1 preadipocytes transfected with FFAR4-YFP. Cells 

were stimulated with TUG-891 (10 M), selective FFAR4 agonist. Data are 

representative of at least three independent experiments.   
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The subcellular localisation of the FFAR4 was evaluated within undifferentiated 3T3-

L1 cells after TUG-891 stimulation. Within this investigation, the subcellular 

localisation of the FFAR4 was initially investigated using markers of early endosomes 

(mCherry-Rab5), Golgi compartment (ST-RFP), and mitochondria (MitoTrackerTM 

Red) (Figure 4.5). Using such an approach, stimulation with TUG-891 induced 

receptor recruitment to the early endosome compartment – indicated by FFAR4-YFP 

co-localisation with mCherry-Rab5. In addition, the FFAR4 was also observed to 

localise closely to the Golgi compartment and to the mitochondria prior to stimulation.  
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Figure 4. 5: TUG-891 stimulation initiates FFAR4 trafficking into the endosome 

compartment in 3T3-L1 pre-adipocytes.  

Effect of TUG-891 stimulation on FFAR4 localisation in 3T3-L1 pre-adipocytes. Shown 

are selective frames representative of FFAR4 localisation after TUG-891 (10 M) 

stimulation (20 minutes). The localisation of FFAR4-YFP was evaluated in 

combination with mCherry-Rab5 (early endosome marker), ST-RFP (Golgi marker), or 

mitochondria (stained with MitoTrackerTM Red). Green pseudocolour indicates 

FFAR4-YFP and magenta pseudocolour indicates mCherry-Rab5 (top), ST-RFP 

(middle), or MitoTracker Red (bottom). White colouration indicates co-localisation. 

Images are representative of at least three independent experiments.  

 

4.2.4 The FFAR4 is localised closely to lipid stores in 3T3-L1 adipocytes 

Having assessed the localisation of the FFAR4 in 3T3-L1 preadipocytes, the 

localisation of the FFAR4 was further evaluated in differentiated 3T3-L1 cells – cells 

containing better developed lipid stores. 3T3-L1 cells were transfected with FFAR4-

YFP and subsequently differentiated into adipocytes. On day five of differentiation, the 

lipid droplets were stained with LipidSpotTM 610 nm and the cells were taken for 

imaging. Within these cells, the FFAR4 was found to closely localise with lipid stores 

(Figure 4.6). This was further confirmed by overexpression of the FFAR4 in 

combination with PLIN1-mCherry, a protein which localises to the surface of lipid 

droplets (Skinner et al., 2013). Since lipid droplets have a single phospholipid 

monolayer, unlike other subcellular organelles, which is unlikely to accommodate 

GPCRs, it was reasoned that the FFAR4 might be localised on membranes of another, 

closely associated, organelle. Given the known intimate association of the ER with 

lipid droplets (Olzmann and Carvalho, 2019) and the pattern observed in the images, 

the ER appeared as a good candidate. This hypothesis was tested by observing the 

localisation of the FFAR4-YFP in combination with an ER stain (ER TrackerTM Red). 



146 
 

Within differentiated 3T3-L1 adipocytes, the FFAR4-YFP was detected to colocalise 

with domains of the ER (Figure 4.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. 6: The FFAR4 localises closely to lipid stores in 3T3-L1 adipocytes.  

Localisation of FFAR4 in 3T3-L1 adipocytes. Shown are selective frames 

representative of FFAR4-YFP localisation in 3T3-L1 adipocytes in combination with 

LipidSpotTM (top), PLIN1-mCherry (middle), or ER trackerTM red (bottom). Green 

pseudocolour indicates FFAR4-YFP and magenta pseudocolour indicates subcellular 

compartment. White colouration indicates co-localisation. 
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4.2.5 The FFAR4 is localised closely to lipid stores in immortalised brown 

adipocytes. 

Furthermore, the localisation of the FFAR4 was examined in immortalised brown 

adipocytes. In cells transfected with FFAR4-YFP, there seemed a relevant fraction of 

receptor located at intracellular compartments under basal conditions. The relative 

amount of cell surface and intracellular FFAR4 was variable from cell to cell, which 

might correlate with their degree of differentiation. In cells with well-developed lipid 

droplets, the FFAR4 was observed in proximity to structures thought to be lipid 

droplets (Figure 4.7). Comparably to 3T3-L1 cells, upon TUG-891 stimulation, the 

FFAR4 trafficked into an endosomal-like compartment.   

 

Figure 4. 7: The FFAR4 internalises to intracellular compartments after TUG-891 

stimulation and is present at intracellular compartments under basal conditions 

in immortalised brown adipocytes.  

Effect of TUG-891 stimulation on FFAR4 localisation in immortalised brown 

adipocytes. Shown are selective images of live cell HILO imaging in immortalised 

brown adipocytes transfected with FFAR4-YFP and stimulated with TUG-891 (10 M), 

selective FFAR4 agonist. A Fast Fourier transformation was applied to reduce 

cytoplasmic signal and facilitate the observation of subcellular structures. Images are 

representative of at least three independent experiments. 
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To further investigate the subcellular localization of the FFAR4, SIM was employed. 

Like-to 3T3-L1 adipocytes, within differentiated immortalised brown adipocytes, in 

cells co-transfected with FFAR4-YFP and a lipid droplet membrane marker (PLIN1-

mCherry), FFAR4 was found closely associated with lipid droplets (Figure 4.8A). 

Furthermore, the FFAR4 partially colocalised with the ER (Sec61), indicating that a 

portion of intracellular FFAR4 is present in the ER in adipocytes (Figure 4.8B). These 

data could be better appreciated using 3D reconstructions from SIM image stacks 

(Figure 4.8C&D).  
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Figure 4. 8: The FFAR4 is localised closely to lipid stores in immortalised brown 

adipocytes.  

Localisation of FFAR4 in immortalised brown adipocytes. (A&B) Shown are selective 

frames representative of 2D FFAR4-YFP localisation in immortalised brown 

adipocytes in combination with (A) PLIN1-mCherry, or (B) Halo-Sec61 (C&D) Shown 

are selective frames representative of 3D FFAR4-YFP localisation in immortalised 

brown adipocytes in combination with (C) PLIN1-mCherry, or (D) Halo-Sec61  
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4.2.6 The FFAR4 has enhanced localisation at the ER in immortalised brown 

adipocytes compared to the 2AR 

To further validate the subcellular localisation of the FFAR4 in immortalised brown 

adipocytes, a BRET-based assay was designed. For this purpose, the basal BRET 

ratio was measured between FFAR4-NLuc or 2AR-NLuc and subcellular 

compartment markers. These markers included Venus tagged compartment markers: 

K-ras (plasma membrane); Rab5 (early endosomes); Vsp29 (endosomes to TGN); 

Rab8 (TGN to plasma membrane) or alternatively, GFP/mEmerald tagged markers: 

PLIN1/2 (lipid droplets, GFP tagged); and Sec61 (ER, mEmerald tagged) (Figure 

4.9).   

 

An increased basal BRET ratio was detectable between the FFAR4 and the ER marker 

(Sec61) compared to the 2AR, indicating enhanced ER localisation. A slightly 

decreased BRET ratio was detectable between the FFAR4, and the plasma 

membrane compared to the 2AR. The basal BRET ratio between the two receptors 

at other compartments was comparable. This indicates that the FFAR4 has enhanced 

localisation at the ER and slightly decreased plasma membrane localisation compared 

to the 2AR (Figure 4.9). To truly interrogate the basal localisation of the FFAR4 in 

immortalised brown adipocytes using BRET, the fluorophores tethered to intracellular 

compartments would need to be identical (e.g., all Venus fused) and be compared to 

improved controls (e.g., cytosolic NLuc (negative control) or even NLuc fused to 

subcellular compartments (positive control). This would facilitate the improved 

quantification of receptor localisation to subcellular compartments with high spatial 

resolution.  
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Figure 4. 9: BRET assay comparing FFAR4 and 2-AR distribution at subcellular 

compartments in immortalised brown adipocytes.  

Subcellular distribution of the FFAR4 compared to the 2AR. Shown are the basal 

BRET measurements between FFAR4-NLuc or 2AR-NLuc, in combination with 

Venus, GFP, or mEmerald tagged compartment markers. Differences are statistically 

significant by two-way ANOVA. P<0.0001 = ****, p<0.01 = ** by Sidak’s post hoc 

analysis. Data represents mean ± S.E.M. of one independent experiment performed 

in sextuplicate.  
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4.2.7 The FFAR4 has a greater inhibitory effect on cAMP production from 

intracellular compartments than the plasma membrane in adipocytes 

Having observed that a relevant portion of FFAR4 is located intracellularly in 

adipocytes in close association with lipid droplets, it was hypothesised that intracellular 

FFAR4 might be able to locally control cAMP production. To test this hypothesis, a 

BRET sensor sensitive to cAMP was employed: NLuc-Epac-VV (Masuho et al., 2015). 

This sensor was found to have a superior signal in immortalised adipocytes compared 

to CAMYEL (used in the simple cell model), likely since NLuc is brighter than RLuc 

(Dale et al., 2019). The sensor was targeted to the plasma membrane, ER or lipid 

droplets via fusion to the first 196 N-terminal amino acids of PDE2A3 (Matthiesen and 

Nielsen, 2011), to Sec61, (Moore et al., 2021), or to PLIN1 (Rowe et al., 2016), 

respectively. Like to CAMYEL, a reduction of BRET is indicative of an increase in the 

local cAMP concentration.  

 

Firstly, the functionality of the new targeted sensors was tested after increasing 

isoproterenol stimulations in immortalised brown adipocytes. The sensors were found 

to have similar sensitivity to isoproterenol-induced cAMP production: plasma 

membrane, EC50: 5.453x10-8 M; ER, EC50: 6.416x1010-8 M; and lipid droplet, EC50: 

4.027x10-8 M (Figure 4.10A). Furthermore, the localisation of the targeted sensors was 

validated. The plasma membrane sensor had a distinctive plasma membrane-like 

localisation (Figure 4.11B). Both ER and lipid droplet sensors were assessed in 

combination with mCherry-Sec61 (Figure 4.11C) and PLIN1-mCherry (Figure 

4.11D), respectively, to confirm localisation. The new ER and lipid droplet sensors 

were found to co-localise well with the ER and lipid droplet markers.  
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Figure 4. 10: Functionality and localisation of targeted cAMP sensors in 

immortalised brown adipocytes.  

(A) Dose response curve detecting cAMP production after increasing isoproterenol 

stimulations in immortalised brown adipocytes with plasma membrane (PM), ER, and 

lipid droplet (LD) directed NLuc-Epac-VV cAMP. (B) Localisation of plasma membrane 

directed PDE2A3-NLuc-Epac-VV localisation. (C) Localisation of ER directed NLuc-

Epac-VV-Sec61. Shown are selective frames representative of NLuc-Epac-VV-

Sec61 (left) in combination with mCherry-Sec61 (middle), and composite of the two 
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channels (right). (D) Localisation of lipid droplet directed PLIN1-NLuc-Epac-VV. 

Shown are selective frames representative of PLIN1-NLuc-Epac-VV (left) in 

combination with PLIN1-mCherry (middle), and composite of the two channels (right). 

White colour indicates co-localisation.  

 

Furthermore, the effect of FFAR4 overexpression, compared to pcDNA3 

overexpression (empty vector), on cAMP production was examined at each 

compartment in immortalised brown adipocytes. As expected, activation of ACs, either 

via the -adrenergic agonist isoproterenol (Figure 4.11A) or direct stimulation with 

forskolin (Figure 4.11B), resulted in a reduction of BRET at all compartments, 

indicative of local increases in cAMP production. Co-transfection of FFAR4 attenuated 

the BRET response, consistent with FFAR4-mediated activation of Gi/o-proteins 

(Figure 4.11). Interestingly, the inhibitory effect of FFAR4 overexpression on cAMP 

production was more pronounced after stimulation with isoproterenol compared to 

forskolin. This could be due to differences in the activation of cyclase pools after 

stimulation with each agonist.  

 

When comparing the AUC in the presence or absence of the FFAR4, no significant 

effect was detectable between compartments. However, when comparing the total 

change in BRET (BRET), in the presence or the absence of the FFAR4, the effect of 

FFAR4 expression on cAMP levels was more pronounced when measured at lipid 

droplets and the ER compared to the plasma membrane (LD>ER>PM) (Figure 

4.11C&D), consistent with FFAR4 exerting local effects on cAMP production near the 

lipid droplets. These data indicate that the FFAR4 exerts greater inhibitory effects on 

cAMP production from intracellular compartments than from the plasma membrane in 

adipocytes.  
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Figure 4. 11: FFAR4 overexpression inhibits cAMP production more greatly from 

intracellular compartments than from the plasma membrane.  

Real-time BRET measurements of local cAMP levels in immortalised brown 

adipocytes with or without FFAR4 overexpression. (A&B) Shown are the real-time 

BRET measurements after stimulation with (A) isoproterenol (Iso) (10 M) or (B) 

forskolin (Fsk) (10 M). (C&D) AUC or total change in BRET ratio (BRET) in the 

presence of the FFAR4 was normalised to the AUC or total change in BRET (BRET) 

in the absence of the FFAR4 (compensated with empty vector). Shown are the 

resulting calculations after (C) isoproterenol or (D) forskolin stimulation. Differences 

are statistically significant by one-way ANOVA. * p<0.05 by Sidak’s multiple 

comparison post hoc test. Data represent mean ± S.E.M. from three independent 

experiments performed in duplicate. 
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4.2.8 The FFAR4 inhibits lipolysis in immortalised brown adipocytes  

In the literature, the FFAR4 has been shown to have an inhibitory role on adipocyte 

lipolysis (Satapati et al., 2017), however, the mechanism behind this inhibition has not 

been fully understood. Since the FFAR4 was observed to inhibit cAMP production 

(Figure 4.11), it was hypothesised that the FFAR4 would inhibit lipolysis in 

immortalised brown adipocytes. 

 

In previous assays, isoproterenol and forskolin were used to detect FFAR4 provoked 

changes in cAMP production (Figure 4.11). However, since forskolin and isoproterenol 

raise the concentration of intracellular cAMP, PKA is activated, and in adipocytes, 

lipolysis is stimulated (Duncan et al., 2007). Therefore, both compounds are commonly 

used as lipolysis activators.  

 

To test the effect of endogenous FFAR4 on lipolysis, immortalised brown adipocytes 

were pre-treated with vehicle or AH7614 (FFAR4 NAM) and stimulated with 

isoproterenol to initiate lipolysis (Figure 4.12). A low concentration of isoproterenol 

was used so that the effect of endogenous FFAR4 was not oversaturated. After 

stimulation with isoproterenol, the extracellular concentration of glycerol was 

quantified. Lipolysis stimulation significantly increased glycerol release compared to 

the vehicle control. This increase was only significant after 30 minutes stimulation, and 

not after 10 minutes stimulation. After 30 minutes, FFAR4 inhibition with AH7614 

significantly increased isoproterenol-stimulated glycerol release. Since FFAR4 

inhibition increased glycerol release, these data indeed indicate that the FFAR4 has 
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an inhibitory role on lipolysis, confirming evidence from the literature (Satapati et al., 

2017).  

 

Figure 4. 12: The FFAR4 inhibits lipolysis in immortalised brown adipocytes.  

Effect of FFAR4 inhibition on lipolysis. Shown are the results of extracellular glycerol 

quantification, after adipocytes were pre-incubated with AH7614 (10 M for 15 

minutes), or vehicle, and stimulated with isoproterenol (500 M) in the presence or 

absence of AH7614 (10 M). The assay was conducted in Krebs-Ringer buffer 

supplemented with BSA (10 M). Media samples (50 L) were taken after 0-, 10-, and 

30-minute time points and the total glycerol concentration was quantified using the 

Glycerol-GloTM quantification kit (Promega). Differences are statistically significant by 

two-way ANOVA. P<0.001 = *** by Dunnett’s post hoc analysis. Data represent mean 

±S.E.M. and are compiled from two independent experiments performed in triplicate.  
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4.2.9 The FFAR4 is activated in response to lipolysis in immortalised brown 

adipocytes 

Confirming that the FFAR4 inhibits glycerol release (Figure 4.12), and thus lipolysis, 

in immortalised brown adipocytes, and that overexpression of the FFAR4 inhibits 

cAMP production without application of specific FFAR4 agonist (Figure 4.11), the 

mechanism of activation of the FFAR4 in response to lipolysis activation was further 

investigated. It was hypothesised that lipolysis promotes the release of FFAs, which 

bind and activate the FFAR4 (Husted et al., 2020). 

 

To test this hypothesis, a BRET assay was designed to detect FFAR4 activation upon 

lipolysis induction. Initially, this phenomenon was investigated in immortalised brown 

pre-adipocytes. In this assay, FFAR4-NLuc was transiently transfected, in combination 

with Venus fused mGi or Venus fused mGo and pre-adipocytes were stimulated with 

forskolin or isoproterenol, as lipolysis activators, or with specific FFAR4 activator, 

TUG-891, as a positive control. Within pre-adipocyte cells, although FFAR4 activation 

was detectable after TUG-891 stimulation by a robust increase in BRET between mGi 

and mGo to the FFAR4, no activation was detectable after stimulation with 

isoproterenol or forskolin. This indicated that in pre-adipocytes, cells with minimal lipid 

stores, the FFAR4 is not activated after lipolysis induction.  

 

This assay was subsequently repeated in immortalised brown adipocytes – where the 

cells now expressed lipid droplets. After stimulation with TUG-891, like to the pre-

adipocyte cells, a robust increase in BRET was detectable between mGi and mGo 

to the FFAR4. However, now, after stimulation of lipolysis with isoproterenol and 

forskolin, a major BRET increase was detectable between mGi and mGo and the 
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FFAR4. Stimulation of lipolysis generated FFAR4 activation nearly to the same level 

as TUG-891 stimulation. This indicated that the FFAR4 is indeed directly and rapidly 

activated upon the induction of lipolysis in adipocytes.  

 

 

Figure 4. 13: Lipolysis activates the FFAR4 in immortalised brown adipocytes. 

(A) BRET assay detecting FFAR4 activation upon lipolysis stimulation in immortalised 

brown pre-adipocytes. Shown are the real-time BRET measurements between 

FFAR4-NLuc and Venus fused mGi (left) or Venus fused mGo (middle) after 

stimulation with specific FFAR4 agonist (TUG-891, 10 M), or lipolysis activator 

(forskolin/isoproterenol, 10 M) and corresponding AUC values (right). (B) BRET 

assay detecting FFAR4 activation upon lipolysis stimulation in immortalised brown 

adipocytes. Shown are the real-time BRET measurements between FFAR4-NLuc and 

Venus fused mGi (left) or Venus fused mGo (middle) after stimulation with specific 

FFAR4 agonist (TUG-891, 10 M), or lipolysis activator (forskolin/isoproterenol, 10 

M) and corresponding AUC values (right). Data represents mean ±S.E.M. and are 

compiled from three independent experiments performed in triplicate. 
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4.2.10 FFAR4 activation is specific to FFA release  

To further confirm that FFAR4 activation upon stimulation of lipolysis is specific to fatty 

acid release and not due to upstream cAMP/PKA activation, lipase inhibitors (HSL or 

ATGL inhibitors) were used to inhibit lipolysis. BAY 59-9435 (BAY) was used as an 

inhibitor of HSL whereas atglistatin (Ai) was used as an inhibitor of ATGL (Mottillo et 

al., 2019).    

 

Firstly, to validate that the lipase inhibitors were able to inhibit lipolysis, the effects of 

BAY and Ai were tested on glycerol release (Figure 4.14). Prior to lipolysis activation, 

lipase inhibitors were found to have little effect on glycerol release. However, after 

stimulation of lipolysis with isoproterenol, inhibition of ATGL robustly reduced glycerol 

release, whereas inhibition of HSL only partially reduced glycerol release. A 

combination of both lipase inhibitors together was most successful at blocking 

extracellular glycerol release and thus lipolysis.   

 

 

 

 

 

 

 

 

Figure 4. 14: HSL and ATGL inhibitors reduce isoproterenol stimulated lipolysis 

in immortalised brown adipocytes.  

Extracellular glycerol quantification after stimulation of lipolysis in the presence and 

absence of lipolysis inhibitors. Shown are the results of extracellular glycerol 
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quantification after preincubation of immortalised brown adipocytes with Atglistatin (Ai, 

ATGL inhibitor, 10 M), BAY 59-9435 (BAY, HSL inhibitor, 5 M) or a combination of 

Ai and BAY (10 M and 5 M, respectively), for 30-minutes. Adipocytes were 

stimulated with lipolysis activator (isoproterenol, 100 nM) in Krebs-ringer buffer 

supplemented with BSA (10 M) in the presence or absence of corresponding 

antagonist. Media samples were collected, and total glycerol concentration was 

quantified using Glycerol-Glo luminescence kit (Promega) by comparing to a Glycerol 

standard of known concentration. Data shows the raw values of one independent 

experiment 

 

Furthermore, lipolysis-induced FFAR4 activation was tested in the presence and 

absence of lipolysis inhibitors (BAY and Ai) and FFAR4 inhibitor (AH7614). For this 

purpose, the BRET between FFAR4-NLuc and Venus fused mini-G probe (mGi and 

mGo) was measured after forskolin and isoproterenol stimulation in the presence and 

absence of HSL inhibitor (BAY), ATGL inhibitor (Ai), HSL inhibitor and ATGL inhibitor 

in combination, or FFAR4 inhibitor (AH7614) in immortalised brown adipocytes (Figure 

4.15).  

 

As hypothesised, inhibition of ATGL with Ai attenuated the BRET between FFAR4 and 

mGi or mGo after forskolin and isoproterenol stimulation, but not TUG-891 

stimulation. Inhibition of HSL with BAY delayed the onset of BRET between FFAR4 

and mini-G probes, but had little effect on the overall BRET response. The addition of 

both lipase inhibitors in combination had the greatest inhibitory effect on FFAR4 

activation. Finally, treatment with AH7614 inhibited early recruitment of mini-G probe 

to the FFAR4, but was less effective at later time points in the assay. These data 

indicate that FFAR4 activation after isoproterenol and forskolin stimulation in 
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immortalised brown adipocytes is both specific to FFA release by lipolysis and also 

specific to FFAR4 activation.  

 

 

Figure 4. 15: Activation of the FFAR4 after forskolin and isoproterenol 

stimulation is specific to lipolysis.  

BRET assay detecting FFAR4 activation after specific FFAR4 stimulation or 

stimulation of lipolysis in the presence or absence of FFAR4 inhibitors or lipase 

inhibitors. (A&B) Shown are the real-time BRET measurements between FFAR4-

NLuc and (A) Venus-mGi or (B) Venus-mGo preincubated (30 minutes) with vehicle, 

FFAR4 inhibitor (AH7614, 10 M), ATGL inhibitor (Ai, 10 M), HSL inhibitor (BAY, 5 

M), or both lipase inhibitors together (Ai, 10 M and BAY, 5 M). Adipocytes were 

stimulated with TUG-891 (left, 10 M), isoproterenol (middle, 10 M), or forskolin 
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(right, 10 M). (C) Corresponding AUC values. Differences are statistically significant 

by two-way ANOVA. P<0.001 = ***, P<0.01 = **, P<0.05 = * by Dunnett’s post-hoc 

analysis. Data represents mean +S.E.M. and are compiled from three independent 

experiments performed in duplicate.  

 

Within the literature, small molecules have been created to activate lipolysis 

downstream of cAMP and PKA activation e.g. SR-3420. SR-3420 is described to 

activate lipolysis by inducing CGI-58 release from PLIN leading to activation of ATGL 

(Rondini et al., 2017). To further confirm that FFAR4 activation occurs downstream of 

cAMP/PKA activation, FFAR4 activation was tested after SR-3420 stimulation. For this 

purpose, the BRET was measured between FFAR4-NLuc and Venus fused mini-G 

probes (mGi, mGs, mGo, mGq, mG12) (Figure 4.16). Stimulation of lipolysis with 

SR-3420 induced a robust BRET increase between FFAR4 and mGi or mGo. A 

small increase in the BRET between FFAR4 and mGq was also detectable. This 

again gives direct evidence that the FFAR4 is activated after lipolysis-stimulated FFA 

release.  
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Figure 4. 16: BRET assay confirming FFAR4 activation after specific induction 

of lipolysis with SR-3420.  

Kinetics and AUC of Venus fused mini-G probe (mGi, mGs, mGo, mG12) 

recruitment to FFAR4-NLuc upon SR-3420 (40 M) stimulation. Data represent mean 

+S.E.M. compiled from three independent experiments performed in triplicate.  

 

4.2.11 The FFAR4 is activated under conditions where extracellular FFA is 

undetectable 

Since the FFAR4 was activated in response to lipolysis, the extracellular fatty acid 

concentration was examined in response to lipolysis activation. Surprisingly, after 

stimulation with isoproterenol and forskolin, extracellular fatty acid release was 

undetectable (Figure 4.17A). In the literature, it has been shown that eliminating BSA 

from extracellular media leads to intracellular fatty acid accumulation in adipocytes, 

whereas BSA addition to extracellular media enhances fatty acid export (Mottillo and 

Granneman, 2011, Mottillo et al., 2019). To enable detectable extracellular fatty acid 

quantification, the cell media was supplemented with BSA. Now, extracellular fatty acid 

release after lipolysis stimulation was easily detectable (Figure 4.17A).  

 

Since major lipolysis specific FFAR4 activation occurred in conditions where BSA was 

not present (Figure 4.13, 4.15, and 4.16), and thus under conditions where 

extracellular FFA was so far undetectable, the concentration of extracellular FFA in 



165 
 

the absence of BSA was further investigated. The fatty acid quantification kit used in 

Figure 4.17A was only suggested sensitive to fatty acid concentrations between 2-200 

M. Therefore, extracellular fatty acid release after isoproterenol and forskolin 

stimulation in immortalised brown adipocytes was scaled up from a 96-well plate into 

a 6-well plate. Extracellular media samples were collected in a larger volume, 

extracted for fatty acids, and concentrated into a smaller volume. The same was 

achieved for palmitic acid standards of known concentrations. Using this approach, 

fatty acid detection in the absence of BSA was increased into the nanomolar range – 

somewhere between 400 nM and 700 nM. However, fatty acid release was still 

undetectable after forskolin and isoproterenol stimulation (Figure 4.13D). Once again, 

supplementation of cell media with BSA led to detectable fatty acid release, however, 

the addition of BSA seemed to interfere with the sensitivity of the assay (Figure 

4.13C&D). These data again indicated that fatty acid release after the induction of 

lipolysis in the absence of BSA was minimal. 
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Figure 4. 17: Extracellular fatty acid release from immortalised brown 

adipocytes is undetectable in the absence of BSA using fatty acid quantification 

kit.  

Effect of BSA supplementation on extracellular fatty acid release after stimulation of 

lipolysis. (A) Lipolysis induced fatty acid release in the absence of BSA. Shown are 

the results of fatty acid quantification after isoproterenol (10 M) and forskolin (10 M) 

stimulation for 1 hr. Forskolin (1 hr, 10 M) stimulation in the presence of BSA (100 

M) is included as a positive control. (B, C, D) Assay designed to enhance the 

sensitivity of the fatty acid quantification kit. Shown are the results of fatty acid 

quantification of palmitic acid standards (0-, 0.1-, 0.4-, 0.7-, 1-, and 2 M standards in 

1 mL Krebs-ringer buffer) in the absence (B) and presence (C) of BSA. (D) Fatty acid 

quantification after isoproterenol (10 M) and forskolin (10 M) stimulation using 

enhanced sensitivity fatty acid detection method. Data shows raw values from one 

independent experiment.  
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Furthermore, GCMS was used to both identify the specific species of LCFA released 

after lipolysis stimulation and also to increase the sensitivity of fatty acid quantification. 

Within this assay, media samples were taken after lipolysis stimulation with forskolin 

and isoproterenol in the presence and absence of BSA supplementation (Figure 4.18). 

In the absence of BSA, extracellular fatty acid release was below the lower limit of 

quantification – however fatty acid standards were detectable in the picomolar range 

(Figure 4.18A). This suggests fatty acid release in response to lipolysis activation in 

the absence of BSA might be less than the picomolar range. In the presence of BSA, 

the most prevalent extracellular LCFAs detectable were palmitoleic acid (C16:1n-7), 

palmitic acid (C16:0), oleic acid (C18:1n-9), vaccenic acid (C18:1n-7), and myristic 

acid (C14:0) (Figure 4.18B). Of these fatty acids, palmitoleic acid (C16:1n-7), palmitic 

acid (C16:0), oleic acid (C18:1n-90), and vaccenic acid (C18:1n-7) significantly 

increased after forskolin and isoproternol stimulation. These fatty acids are believed 

activators of the FFAR4.  
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Figure 4. 18: Extracellular fatty acid release is undetectable in the absence of 

BSA using GCMS.  

Effect of BSA supplementation on extracellular fatty acid release after stimulation of 

lipolysis detected by GCMS. (A&B) Shown are the results of extracellular fatty acid 

quantification by GCMS after isoproterenol (10 M) and forskolin (10 M) stimulation 

in the (A) absence and (B) presence BSA (100 M). Differences are statistically 

significant by two-way ANOVA. P<0.001 = ***, p<0.01 = **, * p<0.05 by Dunnett’s post 

hoc analysis. Data represent mean ±S.E.M. and are compiled from two independent 

experiments performed in quadruplicate. Lower limit of quantification of each fatty acid 

species: C16:1n-7 = 373 M; C18:1n-9/n-7 = 359 M; C16:0 = 390 M; C14:0 =348 

M. 

 

Since extracellular fatty acid release was undetectable in the absence of BSA, and the 

FFAR4 is strongly activated under the same conditions, the concentration of 

extracellular fatty acid required to activate the FFAR4 was further investigated. Within 

this assay, FFAR4-NLuc and Venus-mGo were transfected into immortalised brown 

adipocytes and stimulated with increasing concentrations of -linolenic acid, oleic 

acid, palmitoleic acid, and palmitic acid (Figure 4.19). FFAR4 activation was 

detectable after micromolar stimulations of palmitoleic acid, oleic acid, and -linolenic 
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acid. The results of this assay suggest that FFAR4 activation requires extracellular 

fatty acid concentrations in the micromolar range. Intriguingly, no FFAR4 activation 

was detectable after stimulation with palmitic acid. Two different stocks of palmitic acid 

were used in attempt to activate the FFAR4 without success (data not shown). Either 

this is indicative that palmitic acid is not a FFAR4 agonist, or that under these 

conditions, the solubility of palmitic acid was too low to activate the receptor. The other 

fatty acids had similar potencies to initiate FFAR4 activation: palmitoleic acid EC50: 

6.127x10-5 M; oleic acid EC50:2.848x10-6 M; and -linolenic acid: 4.831x10-6 M.  

 

 

 

 

 

 

Figure 4. 19: FFAR4 activation requires extracellular fatty acid concentrations in 

the micromolar range.  

Real-time BRET assay detecting FFAR4 activation upon stimulation with increasing 

concentrations of fatty acid. Shown are the results of BRET measurements between 

FFAR4-NLuc and Venus fused mini-Go after stimulation with increasing 

concentrations of -linolenic acid (C18:3n-3), palmitoleic acid (C16:1n7), oleic acid 

(C18:1n-9), and palmitic acid (C16:0). The corresponding AUC is plotted on a dose 

response curve. Data represent mean ±S.E.M. and are compiled from one 

independent experiment performed in duplicate.  

 

Given that FFAR4 activation was only detectable after stimulation of fatty acid 

concentrations in the micromolar range (Figure 4.19) – a concentration of fatty acid 
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much higher than released after lipolysis activation in the absence of BSA – it was 

rationalised that FFAR4 activation detected in response to lipolysis induction was most 

likely due to intracellular FFAR4 activation rather than FFAR4 activation at the plasma 

membrane.  

 

To further understand the effects of BSA supplementation on FFAR4 activation, a 

BRET assay was designed to measure FFAR4 activation upon increasing stimulations 

of isoproterenol or -linolenic acid in the presence or absence of BSA. In the absence 

of BSA, isoproterenol dose-dependently enhanced the activation of the FFAR4. In the 

presence of 100 M BSA, FFAR4 activation was reduced (Figure 4.20A). Similar 

observations were observed after -linolenic acid stimulation. In the absence of BSA, 

-linolenic acid dose-dependently enhanced the activation of the FFAR4. In the 

presence of 100 M BSA, the effects of -linolenic acid were largely attenuated (Figure 

4.20B).  

 

Additionally, the effects of BSA supplementation and FFAR4 inhibition were 

investigated on lipolysis. In this assay, glycerol release was measured as a read-out 

of lipolysis. Lipolysis was stimulated with isoproterenol in the presence and absence 

of FFAR4 NAM (AH7614) and in the presence and absence of BSA addition. Without 

BSA addition, isoproterenol stimulation largely did not effect glycerol release. (Figure 

4.20C). In addition, FFAR4 inhibiton did not effect glycerol release under basal or 

under isoproterenol-stimulated conditions. In the presence of BSA (100 M), 

isoproterenol stimulation was now able to facilitate extracellular glycerol release 

(Figure 4.20D). In addition, FFAR4 inhibition with AH7614 enhanced glycerol release 
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after isoproterenol stimulation but not under basal conditions – similar observations 

were observed in figure 4.12 where 10 M BSA (rather than 100 M BSA) was used.  

 

From these data, it could be speculated that in the presence of 100 M BSA, FFA is 

exported extracellularly, decreasing the intracellular pool of FFA able to activate the 

FFAR4 and causing a reduction in its activation. Since 100 M BSA also largely blocks 

FFAR4 activation after stimulation of -linolenic acid (up to 100 M), it is also likely 

that in the presence of 100 M BSA, when extracellular fatty acid release is under 100 

M, that the predominant mode of FFAR4 activation is from intracellular compartments 

and not from the plasma membrane.   

 

 

Figure 4. 20: BSA supplementation affects FFAR4 activation.  

(A&B) BRET assay detecting FFAR4 activation upon stimulation with increasing 

concentrations of (A) isoproterenol or (B) -linolenic acid. Shown are dose response 



172 
 

curves of the resulting AUC values calculated from BRET measurements between 

FFAR4-NLuc and Venus fused mini-Go probe in the absence and presence of BSA 

(100 M) in immortalised brown adipocytes. (C&D) Effect of FFAR4 inhibition on 

extracellular glycerol quantification in the (C) absence or (D) presence of BSA (100 

M) after stimulation of lipolysis. Immortalised brown adipocytes were preincubated 

with FFAR4 inhibitor (AH7614, 10M) or vehicle for 15-minutes and stimulated with 

vehicle or lipolysis activator (isoproterenol, 10M) in the presence or absence of 

FFAR4 inhibitor (AH7614, 10M). The concentration of total extracellular glycerol was 

quantified using Glycerol-Glo luminescence kit (Promega). Differences are statistically 

significant by two-way ANOVA. P<0.01 =** by Sidak’s post hoc analysis. Data 

represent mean ± S.E.M. and are compiled from three independent experiments 

performed in triplicate.  

 
 

4.2.12 The FFAR4 is activated from intracellular compartments after stimulation 

of lipolysis 

Spatiotemporal activation of the FFAR4 was subsequently evaluated to investigate the 

location of FFAR4 activation in adipocytes upon the induction of lipolysis. For this 

purpose, mini-G probes were used to visualise FFAR4 activation in immortalised 

brown adipocytes upon the induction of lipolysis. These experiments were performed 

in the absence of BSA to reduce fatty acid export.  

 

FFAR4-YFP and Halo-mGo. were transfected into immortalised brown adipocytes 

and stimulated with isoproterenol, forskolin, and SR-3420 (Figure 4.21). Prior to 

lipolysis activation, mGo was occasionally already recruited to the FFAR4 at 

intracellular compartments – this indicated some basal intracellular FFAR4 activation. 

Upon stimulation with lipolysis activator (Figure 4.21A,B&C), mGo rapidly recruited 

to intracellular FFAR4. To assess if intracellular receptor internalises from the plasma 

membrane after lipolysis activation to exert its effect at intracellular compartments, a 
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dynamin inhibitor (Dyngo-4a) was used to prevent receptor internalisation (Figure 

4.21D). In the presence of Dyngo-4a, mini-G probe was still recruited to intracellular 

FFAR4 after activation of lipolysis. Unfortunately, Dyngo-4a is coloured and partially 

interfered with the imaging assay. Despite some limitations of the experimental set-

up, these data indicate that there is indeed an intracellular pool of FFAR4 activated in 

response to intracellular FFA.  

 

Figure 4. 21: Intracellular FFAR4 is activated upon induction of lipolysis.  

Effect of lipolysis activation on Venus fused mini-Go probe translocation to FFAR4-

YFP in immortalised brown adipocytes. Shown are selective frames representative of 

(A) isoproterenol (10 M), (B) forskolin (10 M), or (C) specific lipolysis activator (SR-

3420, 40 M) stimulation. (D) Effect of Dyngo-4a pre-treatment (30 minutes, 50 M) 

on mini-Go translocation after isoproterenol (10 M) stimulation. Images are 

representative of at least three independent experiments.  
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4.2.13 Attempt to locally inhibit FFAR4 signalling in adipocytes 

Having observed intracellular FFAR4 activation after the induction of lipolysis, an effort 

was made to block local intracellular FFAR4 signalling. It was considered that mini-G 

probes might be applicable for use as a tool to inhibit downstream GPCR signalling, 

likely through steric occlusion of WT G proteins, in a manner similar to nanobodies 

(Irannejad et al., 2017).  

 

To assess this hypothesis, cAMP production was measured after overexpressing 

mGs, mGi, or mGo in the presence and absence of the FFAR4 (Figure 4.22). Since 

the FFAR4 was found strongly coupled to Gi/o proteins, mGi and mGo were 

speculated to block FFAR4 signalling, whereas mGs was speculated to have no 

effect on FFAR4 signalling. cAMP production was measured using whole cell cAMP 

sensor NLuc-Epac-VV after stimulation with both isoproterenol (Figure 4.22A) and 

forskolin (Figure 4.22B). In the presence of the FFAR4, upon isoproterenol stimulation, 

overexpression of mGi and mGo increased cAMP production, whereas 

overexpression of mGs reduced cAMP production (Figure 4.22A). A similar trend was 

detectable after forskolin stimulation and overexpression of mGi and mGo increased 

cAMP production, however, overexpression of mGs no longer inhibited cAMP 

production (Figure 4.22B).  

 

Without FFAR4 overexpression (empty vector), slight increases in cAMP production 

were detectable after overexpression of mGi or mGo upon both forskolin and 

isoproterenol stimulation, however these changes were very subtle – this is likely to 

be due to the inhibition of endogenously expressed FFAR4 activity (Figure 4.22A&B). 

After mGs overexpression, cAMP production was reduced after isoproterenol 
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stimulation and not forskolin stimulation. This inhibition is likely to be through the 

inhibition of -ARs since it occurred after isoproterenol, and not forskolin, stimulation. 

Importantly, this effect was not mediated by the FFAR4. From this data, mini-G probes 

were confirmed applicable as tools to partially block downstream FFAR4 signalling.  
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Figure 4. 22: Mini-G probes can be used as inhibitors of GPCR regulated cAMP 

production.  

BRET assay detecting effect of FFAR4 overexpression on cAMP production in the 

presence of mini-G probe (mGi, mGs, mGo, or empty vector) overexpression. 

Shown are the real-time BRET measurements by NLuc-Epac-VV after (A) 

isoproterenol (10 M) or (B) forskolin (10 M) stimulation in the presence (left) or 

absence (middle) of FFAR4, and corresponding AUC values (right) normalised to 

empty vector. The assay was further repeated using targeted NLuc-Epac-VV directed 

to the plasma membrane (PM), ER, and lipid droplets (LD) after (C) isoproterenol (10 

M) or (D) forskolin (10 M) stimulation. Shown are corresponding AUC values 

normalised to the maximum response of forskolin calculated from real-time BRET 

measurements. Differences are statistically significant by two-way ANOVA. P<0.001 

= ***, P<0.01 = **, P<0.05 = * by Dunnett’s post hoc analysis. Data represents mean 

±S.E.M. from three independent experiments performed in duplicate.  

 

The effect of mini-G overexpression in the presence of the FFAR4 was further 

evaluated using the plasma membrane, lipid droplet, and ER directed NLuc-Epac-VV 

cAMP sensors to gain further insight into local FFAR4 signalling after lipolysis 

activation. Within this assay, forskolin and isoproterenol were used to stimulate cAMP 

production (and lipolysis) in the presence and absence of mini-G probe 

overexpression (mGi, mGo, mGs) and changes in cAMP production were 

measured using PDE2A3-NLuc-Epac-VV (plasma membrane), NLuc-Epac-VV-

Sec61b (ER), or PLIN1-NLuc-Epac-VV (lipid droplets) (Figure 4.22C&D). As seen with 

the whole cell cAMP sensor, mGi and mGo overexpression enhanced cAMP 

production in both isoproterenol (Figure 4.22C) and forskolin (Figure 4.22D) stimulated 

conditions using all targeted cAMP sensors. On average, this enhancement of cAMP 

production was most pronounced at the ER compared to the plasma membrane and 
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lipid droplets, however, there were no major differences detectable between 

compartments.  

 

Since no major differences in cAMP production was found between compartments by 

inhibiting FFAR4 signalling using mini-Gi/o overexpression, a method was designed 

to attenuate compartment specific FFAR4 signalling. In the literature, by taking 

advantage of the FRB and FKBP inducible protein system, nanobodies have been 

directed to specific subcellular compartments to block intracellular GPCR signalling 

(Irannejad et al., 2017). Upon stimulation with rapamycin, a protein fused with FRB 

and a protein fused with FKBP dimerise (Choi et al., 1996). By fusion of FRB to the N-

terminus of Halo-mini-G probes and fusion of FKBP to the N-terminus of intracellular 

compartment markers, Sec61, PLIN1, and K-ras, a system was created to facilitate 

rapamycin induced mini-G probe recruitment to the ER, lipid droplets, and plasma 

membrane, respectively. Firstly, FFAR4 activation was evaluated in response to 

rapamycin stimulation. This was achieved to ensure that rapamycin did not activate 

the FFAR4 e.g., via an effect on lipolysis. For this purpose, the BRET was measured 

between Venus-mG probe (mGi, mGs, mGo, mGq, or mG12) and FFAR4-NLuc 

in immortalised brown adipocytes after rapamycin, isoproterenol, and TUG-891 

stimulation (Figure 4.23A). Isoproterenol and TUG-891 stimulated a robust recruitment 

of mGi, mGo, and to a lesser extent mGq, to the FFAR4, indicating FFAR4 

activation. However, rapamycin had no effect on FFAR4 activation, suggesting that 

rapamycin does not induce FFAR4 activation.  

 

Subsequently, rapamycin induced FRB-Halo-mG translocation was validated using 

an imaging-based approach. FKBP-compartment and FRB-Halo-mG were 
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transfected into immortalised brown adipocytes. After stimulation with rapamycin, 

subcellular FRB-Halo-mG probe translocation was detectable to the ER, lipid 

droplets, and plasma membrane (Figure 4.23B,C&D). To validate that FRB-Halo-mG 

probes recruited to the correct subcellular compartments upon stimulation with 

rapamycin, the Halo tag of FRB-Halo-mG was replaced with NLuc. The rapamycin 

induced bystander BRET could then be measured between Venus/GFP fused 

compartment marker and FRB-NLuc-mG probe in the presence of overexpressed 

FFAR4 (Figure 4.23E)  Rapamycin induced detectable mini-G recruitment to the 

plasma membrane (Venus-K-ras) and lipid droplets (GFP-PLIN1). No BRET increase 

was detectable at the ER (Venus-Rab1a). TUG-891 was also used to activate the 

FFAR4 to stimulate mini-G recruitment to sites of FFAR4 activation as a positive 

control. TUG-891 induced FRB-NLuc-mG recruitment was only detectable to the 

plasma membrane. Since rapamycin and TUG-891 induced mini-G translocation was 

not easily detectable via BRET to subcellular compartments in immortalised brown 

adipocytes, the FRB/FKBP inducible system was further validated using a simple cell 

model (HEK293) (Figure 4.23F). This was achieved to facilitate the detection of 

smaller BRET responses. Now rapamycin stimulation induced detectable mini-G 

translocation to the plasma membrane (K-ras), lipid droplets (PLIN1), and ER (Rab1a). 

TUG-891 induced detectable FRB-NLuc-mini-G probe recruitment to the plasma 

membrane (K-ras), and the ER (Rab1a), but not to the lipid droplets (PLIN1). With 

these data in mind, the FRB FKBP system was found able to direct mini-G probes to 

the plasma membrane, ER, and lipid droplets in immortalised brown adipocytes.  
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Figure 4. 23: Optimisation of rapamycin induced FRB-mini-G translocation to 

the ER, lipid droplets, and the plasma membrane.  

(A) Detection of FFAR4 activation. Shown are the resulting AUC values calculated 

from real-time BRET measurements between FFAR4-NLuc and Venus tagged mini-

Go upon rapamycin (1 M), isoproterenol (10 M), and TUG-891 (10 M) stimulation 

in immortalised brown adipocytes. (B, C, D) Rapamycin induced mini-G probe 

translocation. Shown are selective frames representative of FRB-Halo-mG 

translocation in the presence of (B) FKBP-Sec61, (C) FKBP-PLIN1, and (D) FKBP-

K-ras in immortalised brown adipocytes. Arrows indicate mini-G probe translocation. 
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(E&F) Real-time bystander BRET assay detecting rapamycin induced mini-G probe 

translocation to the ER, lipid droplets, and the plasma membrane in (E) immortalised 

brown adipocytes or (F) HEK293 cells. Shown are the resulting BRET measurements 

between FRB-NLuc-mG and Venus fused Rab1a (left), GFP fused PLIN1 (middle), 

or Venus fused K-ras (right) in the presence of FFAR4 and FKBP-Sec61 (left), FKBP-

PLIN1 (middle), or FKBP-K-ras (right) after stimulation with TUG-891 (10M), or 

rapamycin (1 M and 10 M).  

 

Subsequently, the inducible FRB/FKBP system was employed in an attempt to block 

local FFAR4 signalling at the plasma membrane, lipid droplets, and ER. Halo-FRB-

mGo, in combination with FKBP-K-ras, FKBP-PLIN1, or FKBP-Sec61 were 

transfected into immortalised brown adipocytes in the presence of overexpressed 

FFAR4. cAMP production was measured in each condition using plasma membrane 

directed NLuc-Epac-VV (PDE2A3-NLuc-Epac-VV) (Figure 4.24A) or ER directed 

NLuc-Epac-VV (NLuc-Epac-VV-Sec61) (Figure 4.24B). The adipocytes were pre-

treated with rapamycin (40 minutes) and subsequently stimulated with forskolin or 

isoproterenol, in the presence of rapamycin, to stimulate cAMP production/lipolysis 

activation (Figure 4.24). Isoproterenol and forskolin induced a robust increase in cAMP 

production, however, rapamycin treatment had minimal effect on cAMP production in 

all tested conditions. Thus, although the inducible system was able to direct mini-G 

probes to specific compartments upon rapamycin stimulation, this recruitment was not 

efficient enough to attenuate the inhibitory effect of the FFAR4 on cAMP production 

under current experimental conditions.  
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Figure 4. 24: Rapamycin induced FRB-mini-Go translocation to the ER, lipid 

droplets, or plasma membrane has negligible effect on FFAR4 inhibited cAMP 

production.  

Real-time BRET assay detecting cAMP production after rapamycin induced FRB-mini-

G probe translocation to the ER, lipid droplets, or plasma membrane in the presence 

of the FFAR4. (A&B) Shown are the real-time BRET measurements detected by (A) 

plasma membrane targeted NLuc-Epac-VV or (B) ER targeted NLuc-Epac-VV in the 

presence of FFAR4, FRB-Halo-mGo, and FKBP-Sec61b (left), FKBP-PLIN1 (middle), 

or FKBP-K-ras (right). Adipocytes were preincubated with or without rapamycin (1 M, 

40 minutes) and stimulated with isoproterenol (10 M) or forskolin (10 M and 100 

M) in the presence or absence of rapamycin (1 M). Data represents mean ± S.E.M. 

and are compiled from three independent experiments performed in duplicate.  
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4.3 Discussion 

4.3.1 Summary and discussion of key findings  

4.3.1.1 Rationale  

This investigation was performed to study the spatiotemporal signalling profile of the 

FFAR4 in adipocyte models to give further insight into the mechanisms controlling 

FFAR4 signalling and the receptor’s potential role in adipocyte metabolism. Within this 

study, both imaging and BRET-based approaches were employed to permit the 

investigation of FFAR4 coupling, localisation, and function in adipocytes.  

 

4.3.1.2 The FFAR4 is predominantly Gi/o coupled in adipocytes  

Firstly, using a BRET-based approach, it was demonstrated in 3T3-L1 preadipocytes, 

immortalised brown preadipocytes, and immortalised brown adipocytes (cells with 

abundant lipid stores), that activation of the FFAR4 induces strong recruitment of mGi 

and mGo probes, and weak recruitment of mGq probes, to the FFAR4. This is 

suggestive that the FFAR4 is predominantly coupled to Gi/o proteins, with a 

secondary coupling to Gq/11 proteins, in adipocytes. In addition, in immortalised 

brown adipocytes, selective FFAR4 agonists (TUG-891 and CpdA), and 

physiologically relevant -linolenic acid, were found to effectively activate the receptor 

– consistent with the data acquired from the simple cell (HEK293) model. To my 

knowledge, this is the first direct evidence – by measuring mini-G probe recruitment 

to the FFAR4 – that the FFAR4 couples strongly to Gi/o proteins in differentiated 

adipocytes.  
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4.3.1.3 A significant intracellular pool of FFAR4 exists in adipocytes 

Having established the coupling specificity of the receptor in adipocyte cell lines, the 

localisation of the FFAR4 was evaluated in adipocyte models. In 3T3-L1 

preadipocytes/adipocytes and immortalised brown adipocytes, a significant 

intracellular pool of FFAR4 was detected. The amount of intracellular receptor was 

variable from cell to cell, which might be due to differences between cell-to-cell 

differentiation, or even cell-to-cell differences in the basal activation of lipolysis.  

 

Using an imaging-based approach, the FFAR4 was found to localise closely to lipid 

stores in both 3T3-L1 adipocytes and in immortalised brown adipocytes. Since lipid 

droplets have a single phospholipid monolayer (Olzmann and Carvalho, 2019), it was 

believed unlikely that the FFAR4 would reside in this membrane. Some of the 

intracellular pool of FFAR4 was later confirmed to reside in subdomains of the ER. It 

is also plausible that the intracellular pool of FFAR4 is not just at the ER but also at 

other subcellular compartments. A BRET-based assay was designed to measure 

basal FFAR4 localisation in immortalised brown adipocytes prior to agonist stimulation 

to gain further insight into the distribution of FFAR4 at subcellular compartments. 

Using this approach, the FFAR4 was found present at the plasma membrane, early 

endosomes, Golgi, and ER. To truly identify subcellular FFAR4 locations further, 

intracellular compartment markers would require fusion to the same fluorophore (e.g., 

Venus) in combination with more appropriate controls. It would also be beneficial to 

evaluate endogenous receptor localisation, and not overexpressed FFAR4, to confirm 

that these observations are physiologically relevant.  
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Furthermore, after agonist stimulation, the FFAR4 was also found to traffic to 

endosomal-like compartments in both adipocyte cell lines – this was confirmed by 

observing co-localisation between the receptor and a marker of the early endosomes 

(mCherry-Rab5) in undifferentiated 3T3-L1 cells. It might be of importance to further 

investigate FFAR4 trafficking in adipocytes, however, again it would be more beneficial 

to evaluate endogenous receptor trafficking within these cells. Despite this, it is likely 

that the trafficking profile of the FFAR4 in adipocytes is similar to the trafficking profile 

observed in HEK293 cells.  

 

4.3.1.4 The FFAR4 exerts compartmentalised effects on cAMP production in 

adipocytes 

Since intracellular FFAR4 was localised closely to lipid droplets in adipocyte models, 

compartmentalised cAMP production was measured using BRET-based biosensor: 

NLuc-Epac-VV. For this purpose, NLuc-Epac-VV was targeted to the plasma 

membrane, lipid droplets, and ER. Upon measurement of cAMP production with these 

directed sensors, FFAR4 overexpression was found to strongly inhibit cAMP 

production in immortalised brown adipocytes. Intriguingly, the inhibitory effect of the 

FFAR4 was greatest at sites close to the ER and the lipid droplets, compared to the 

plasma membrane. In addition, the FFAR4 seemed to exert a greater inhibitory effect 

on cAMP production after stimulation with isoproterenol compared to stimulation with 

forskolin. The reason for this effect is not yet understood. It could be due to differences 

in the activation of cyclase pools after isoproterenol vs forskolin stimulation, or fatty 

acid independent effects on FFAR4 internalisation after stimulation of -ARs. It could 

be anticipated that the FFAR4 and -ARs exist in close association/complexes that 

allow FFAR4 to better inhibit 2AR-mediated effects? Additionally, the two receptors 
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might internalise together after -AR, and not FFAR4, stimulation. This would facilitate 

the activation of the correct cyclase pools for the FFAR4 to inhibit, whilst increasing 

the amount of intracellular FFAR4 able to respond to intracellular fatty acids.  

 

4.3.1.5 The FFAR4 is activated in response to lipolysis 

Since FFAR4 inhibitory effects on cAMP production were most pronounced when 

measured at the lipid droplets, it was hypothesised that the receptor might have a role 

in the regulation of lipolysis i.e., lipolysis drives FFA release from lipid stores to activate 

intracellular FFAR4 and inhibit cAMP production. Initially, the overall effect of the 

FFAR4 was tested on lipolysis. Since isoproterenol and forskolin increase the level of 

cAMP production, they also stimulate lipolysis. By inhibiting the FFAR4 with AH7614, 

and stimulating lipolysis with isoproterenol, endogenous FFAR4 was found to have an 

inhibitory effect on isoproterenol-stimulated glycerol release. This gave a basic 

indication that the FFAR4 inhibits lipolysis in adipocytes, confirming evidence from the 

literature.  

 

Direct FFAR4 activation was subsequently tested after stimulation of lipolysis with both 

forskolin and isoproterenol. In immortalised brown adipocytes (cells expressing lipid 

droplets), the FFAR4 was strongly activated. This effect was not observed in 

immortalised brown preadipocytes. This is important on two levels. Firstly, the FFAR4 

is not expressed in pre-adipocyte cell lines (Oh et al., 2010, Yamada et al., 2017), but 

also, pre-adipocytes do not have large lipid stores. This suggests that FFAR4 

activation upon lipolysis induction is specific to lipid droplet abundance. In addition, 

lipolysis activation strongly induced mGi/o probe recruitment to the FFAR4, indicating 
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that the FFAR4 most likely recruits Gi/o proteins to inhibit cAMP production in 

response to FFAs released from lipolysis. 

 

To further confirm that lipolysis dependent FFAR4 activation is specific to FFA release, 

and lies downstream of cAMP/PKA activation, ATGL and HSL, two key lipases known 

to regulate lipolysis (Mottillo et al., 2019), were inhibited. Both inhibition of ATGL and 

HSL affected FFAR4 activation. ATGL inhibition largely attenuated FFAR4 activation, 

whereas HSL inhibition seemed to delay FFAR4 activation. ATGL is the lipase 

required for the first step of lipolysis – the break-down of TAG into DAG (Wilson et al., 

2006). As such, ATGL is considered to be the rate limiting lipase in lipolysis (Mottillo 

et al., 2019). Furthermore, HSL is considered the rate limiting lipase for the second 

step of lipolysis – DAG into MAG (Brejchova et al., 2021). Without ATGL inhibition, 

FFAs are likely still released upon the stimulation of lipolysis after HSL inhibition, 

facilitating FFAR4 activation. This is the most logical reason as to why HSL inhibition 

has a lesser effect on FFAR4 activation than ATGL inhibition. Furthermore, specific 

lipolysis activator SR-3420, a compound indicated to act downstream of cAMP/PKA 

signalling by releasing CGI-58 from PLIN to initiate ATGL activation (Rondini et al., 

2017), was found to activate the FFAR4. In this way, FFAR4 activation upon lipolysis 

induction can be attributed to FFA release and activation of the FFAR4 and not via 

upstream second messengers.  

 

4.3.1.6 Lipolysis-induced FFAR4 activation occurs under conditions where 

extracellular FFA is undetectable 

Subsequently, the concentration of extracellular FFA released was investigated after 

lipolysis activation. Surprisingly, it was found that in the absence of BSA 
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supplementation, lipolysis stimulated extracellular FFA release was undetectable – 

even when increasing the sensitivity of the fatty acid detection assay into the picomolar 

range by GCMS. In the presence of BSA, lipolysis dependent FFA release was easily 

detectable. This confirmed that FFAR4 agonists – in particular palmitoleic acid and 

oleic acid – are released from lipid stores upon stimulation of lipolysis in immortalised 

brown adipocytes. Using BRET to detect FFAR4 activation, the application of 

extracellular fatty acids, including palmitoleic acid and oleic acid, were found to 

activate the FFAR4 in the micromolar range. Since the concentration of extracellular 

fatty acid required to activate the FFAR4 was much higher than the concentration of 

fatty acid released by lipolysis activation, it was rationalised that the majority of FFAR4 

activation detected via BRET was due to intracellular FFAR4, and not FFAR4 at the 

plasma membrane.  

 

Further evidence in support of this finding was obtained by investigating the effect of 

BSA supplementation on FFAR4 activation. BSA supplementation reduced lipolysis-

stimulated FFAR4 activation by isoproterenol, and attenuated FFAR4 activation by -

linolenic acid. It is  likely that two mechanisms are occuring here. Firstly, BSA 

supplementation increases lipolysis-induced FFA export, decreasing the 

concentration of intracellular FFA available to bind to the FFAR4, thus reducing 

intracellular FFAR4 activation. Secondly, extracellular BSA may bind and sequester 

extracellular fatty acid (e.g. -linolenic acid) from activating the FFAR4. This is likely 

to occur until the concentration of fatty acid exceeds the buffering capacity of BSA.  

To further investigate these findings, it would be of relevance to both visualise and 

quantify the trafficking and concentration of intracellular FFA released upon lipolysis 

stimulation in the absence of BSA supplementation (Mottillo et al., 2019). 
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4.3.1.7 Intracellular FFAR4 is activated by lipolysis 

To give insight on the location and speed of FFAR4 activation after the induction of 

lipolysis, the recruitment of mini-G probe was measured to the FFAR4 upon 

stimulation with isoproterenol, forskolin, and SR-3420. Using this approach, basally 

present intracellular FFAR4 was rapidly activated from intracellular compartments 

(mini-G recruitment was detectable in under five minutes). This activation also 

occurred in the presence of Dyngo4a, preventing FFAR4 internalisation, and indicating 

that some of the intracellular pool of FFAR4 signals in response to lipolysis induction 

without the requirement of internalisation. However, under physiological conditions, 

the FFAR4 is also likely to have a role to inhibit cAMP production from the plasma 

membrane. The two locations of FFAR4 signalling are likely activated by two different 

mechanisms. For example, plasma membrane FFAR4 might be activated in response 

to the degradation of TAGs contained in postprandial chylomicrons which arrive to act 

at the FFAR4 by adipose capillaries (Husted et al., 2017). On the other hand, 

intracellular FFAR4 is most likely activated in response to lipolysis, facilitating the 

receptor to play a role in the control over fatty acid flux (Zechner et al., 2012).  

 

4.3.1.8 Mini-G probes can be used as inhibitors of FFAR4-regulated cAMP 

inhibition  

Mini-G probes were demonstrated applicable for use as inhibitors of FFAR4 signalling. 

Overexpression of mGi and mGo, and not mGs, partially blocked the inhibitory 

effect of the FFAR4 on cAMP production (observed by an increase in cAMP). In the 

absence of the FFAR4, overexpression of mGs blocked isoproterenol induced cAMP 

production, and not forskolin induced cAMP production. This is indicative that mini-
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Gs might be able to block -AR signalling. Consequently, mini-G probes may be 

useful tools to block downstream signalling of other GPCRs.  

 

Despite creating a model capable of inducing mini-G probe recruitment to subcellular 

compartments, this induction was not great enough to block compartment specific 

FFAR4 signalling. Modifications to this approach might facilitate the inhibition of 

compartment specific FFAR4 signalling and thus help to investigate the functional 

relevance of intracellular FFAR4 signalling. Such methods may even help to 

investigate the functional relevance of other intracellularly active GPCRs.  

 

4.3.2 Conclusions  

In conclusion, these data give evidence that the induction of adipocyte lipolysis 

releases FFAs which bind to, and activate, intracellular FFAR4. The intracellular pool 

of receptor seems important for the inhibition of local cAMP production closely to lipid 

droplets, and this action is expected to be due to receptor localised in subdomains of 

the ER or indeed at other subcellular locations. In addition, this chapter demonstrates 

the applicability of mini-G probes for use as inhibitors of GPCR activity – in a manner 

similar to nanobodies (Irannejad et al., 2017). Unfortunately, intracellular FFAR4 

activity was unable to be effectively inhibited using an inducible FKBP/FRB system 

under current conditions. This is ongoing work and hopefully tools will be available to 

fully interrogate the intracellular vs plasma membrane dependent activity of the FFAR4 

in the near future.  
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5.0 Chapter Five: General discussion 

 

 

 

 

  

 

 

 

 

 



191 
 

5.1 Discussion  

5.1.1 Implications of my research  

Compartmentalised GPCR signalling can be initiated by extracellular ligand 

application, facilitating GPCR internalisation, and subsequent intracellular signalling in 

the endosomal network (Ferrandon et al., 2009, Irannejad et al., 2013), or in the TGN 

after arrival by retrograde trafficking (Calebiro et al., 2009, Godbole et al., 2017). 

GPCRs have also been found active in the Golgi, without requirement for 

internalisation, mechanically distinct from classical intracellular GPCR signalling 

(Irannejad et al., 2017, Nash et al., 2019). Furthermore, growing evidence supports 

the concept that certain GPCRs can signal from other subcellular organelles, including 

mitochondria (Benard et al., 2012, Suofu et al., 2017, Wang et al., 2016), the nucleus 

(Di Benedetto et al., 2014, Joyal et al., 2014, Kinsey et al., 2007, Re et al., 2010), the 

ER (Revankar et al., 2005), and late endosomes/lysosomes (Kunselman et al., 2021, 

Rozenfeld and Devi, 2008). Analogous GPCR signals from different subcellular 

compartments are likely to produce distinct biological responses, furthering the 

complexity of GPCR signalling.  

 

My research provides evidence that in adipocytes, there is a pool of subcellular FFAR4 

which can fine-tune lipolysis as part of an ‘intracrine’ feedback system. Intracellular 

FFAR4 is rapidly activated in response to lipolysis activation, and this effect is 

mediated by intracellular FFAs (Figure 5.1). Interestingly, a similar concept has been 

suggested for the MT1R which has been proposed to signal on the OMM in response 

to mitochondrially produced melatonin (Suofu et al., 2017). My findings add further 

complexity to what is known about intracellular GPCR signalling. They suggest that 

some intracellularly active GPCRs might fine-tune cellular responses in reply to 
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intracellularly produced metabolites, enabling signalling proximally to their 

downstream effectors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1: Schematic to indicate the potential physiological relevance of 

FFAR4 activation in response to lipolysis.   

Upon the activation of lipolysis through activation of Gs and thus cAMP and PKA, 

FFAs are released from lipid droplets which bind and activate the FFAR4. Firstly, 

intracellular FFAR4 is rapidly activated to inhibit lipolysis from a compartment residing 

closely to the lipid droplets. Plasma membrane FFAR4 is then likely activated once 

the concentration of extracellular FFA is of physiological relevance. It is likely that 

plasma membrane localised FFAR4 subsequently internalises, to further enhance 

inhibitory effects on lipolysis in close proximity to lipid droplets. The FFAR4 also 

signals through Gq, which aids glucose uptake. The relevance of intracellular FFAR4 

signalling through Gq is unknown. The FFAR4 is likely to work synergistically with 

the IR to enhance glucose uptake and inhibit lipolysis 
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In adipocytes, this ‘intracrine’ signalling phenomenon is likely to be of particular 

relevance to other GPCRs that mediate their effects by metabolite ligands. For 

example, GPR84, FFAR2, HCAR1, adenosine receptors, and GPR91. GPR84, a 

receptor sensitive to MCFAs that is expressed in adipose tissue (Montgomery et al., 

2019, Nagasaki et al., 2012), has also been found to signal from intracellular 

compartments (Peters et al., 2020). Considering this, it might be hypothesized that 

GPR84 is activated intracellularly after lipolysis activation in adipocytes in an 

analogous way to the FFAR4, but in response to MCFAs. In addition, SCFAs  (Tang 

et al., 2015) and lactate (Ahmed et al., 2010) are produced intracellularly in states of 

nutritional surplus, therefore the FFAR2 and the HCAR1 might also be activated 

intracellularly to control TAG storage (Ahmed et al., 2010, Ge et al., 2008). 

Furthermore, since adenosine is persistently produced intracellularly and 

extracellularly through the dephosphorylation of AMP (Pardo et al., 2017), intracellular 

adenosine receptors might also be involved in the regulation of lipolysis. Intriguingly, 

GPR91, a GPCR that is activated by mitochondrially produced succinate, has recently 

been found localised at the mitochondria in human umbilical vein endothelial cells 

(Atallah et al., 2021). Since succinate only reaches physiologically relevant 

extracellular concentrations during metabolic stress (McCreath et al., 2015), it could 

be hypothesised that GPR91 is active subcellularly in the mitochondria in response to 

mitochondrially produced succinate to regulate adipocyte metabolism. Metabolite-

driven intracellular GPCR signalling is likely to support the intimate control of adipocyte 

metabolism, as well as the metabolism of other metabolically active tissues. 

 

Endosomal GPCR signalling has been suggested important in the regulation of various 

physiological processes, including nociception (Jensen et al., 2017, Yarwood et al., 
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2017), insulin secretion (Girada et al., 2017, Kuna et al., 2013), neuronal excitability 

(Merriam et al., 2013), oocyte meiosis resumption (Lyga et al., 2016), and lipid droplet 

formation (Sayers et al., 2021, Sposini et al., 2020). In the case of the FFAR4, 

subcellular receptor signalling would inhibit TAG catabolism in response to the local 

concentration of intracellular FFAs. This signalling would facilitate direct lipolytic 

inhibition to prevent excessive accumulation of intracellular FFAs, or excessive FFA 

release into the systemic circulation (Lee et al., 2022). This activity is also likely to play 

a role in the regulation of additional intracellular negative feedback mechanisms of 

lipolysis, for example FFA re-esterification (Reshef et al., 2003). In addition, the 

FFAR4 has been implicated in the control of lipid droplet formation (Rohwedder et al., 

2014) and adipogenesis (Song et al., 2016). It might be hypothesised that the FFAR4 

is initially expressed at the plasma membrane and binds extracellular FFAs as they 

arrive to cells via transport by the blood, initiating FFAR4 internalisation and 

intracellular signalling. It is likely that this intracellular FFAR4 signalling is involved in 

the control of lipid droplet formation, as has been recently proposed for the follicle 

stimulating hormone receptor (FSHR) (Sayers et al., 2021). However, since mature 

endosomes have been demonstrated to have contact with the ER (Friedman et al., 

2013, Olzmann and Carvalho, 2019), and the ER is intimately associated with lipid 

droplets (Olzmann and Carvalho, 2019), internalised FFAR4 would subsequently be 

in position to respond to local intracellular FFAs released during lipolysis. This 

mechanism would enable the FFAR4 to have different localisations in different tissues 

– dependent on the fatty acid concentration that reaches the tissue.  

 

Since evidence suggests that endosomal GPCR signalling is of pathophysiological 

relevance (Gorvin et al., 2018, Nash et al., 2019), and as the FFAR4 has been 
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implicated in type 2 diabetes and obesity (Bonnefond et al., 2015, Ichimura et al., 2012, 

Lamri et al., 2016), loss of subcellular FFAR4 signalling might be involved in the 

development of metabolic diseases. For example, if the FFAR4 is unable to signal 

intracellularly to inhibit lipolysis, FFA release from TAG would be enhanced, leading 

to the intracellular accumulation of FFA metabolites, as well as ectopic accumulation 

of TAG in surrounding tissues (Lee et al., 2022). Such a loss of intracellular FFAR4 

signalling may be involved in the development of insulin resistance (Figure 5.1). 

 

Intracellular GPCR signalling might be exploited therapeutically to develop more 

effective pharmaceuticals. In the case of the FFAR4, an obvious example would be to 

ensure that FFAR4 agonists designed for the treatment of excessive FFA release into 

the systemic circulation are cell permeable to facilitate their access to subcellular pools 

of FFAR4. A possible approach would be the addition of a lipophilic moiety to a ligand, 

facilitating its endosomal accumulation (Jensen et al., 2017). Or, a drug could be 

incorporated into pH-sensitive nanoparticles, which once taken up intracellularly, 

would mediate the controlled release of a drug in acidic endosomes (Jimenez-Vargas 

et al., 2020, Jimenez-Vargas et al., 2018). Additional research is required to develop 

methods which will direct ligands to specific subcellular compartments, and to further 

understand whether subcellular GPCR signals are of therapeutic value and might be 

pharmacologically exploited.  

 

5.1.2 Other research implications  

The FFAR4 is not only expressed within adipocytes, but also across a variety of other 

tissue types, including the intestine, the hypothalamus, lungs, immune cells, 

pancreatic delta cells, and taste buds (Kimura et al., 2020). An evident consequence 
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of my research is that the measurement of BRET between FFAR4-NLuc and Venus 

fused mini-Gi/o probes is likely to be applicable for the investigation of FFAR4 

activation in other cell types. Similar methods could also be applicable for the 

investigation of other adipose expressed GPCRs to help investigate their effects on 

adipocyte metabolism.  

 

Another intriguing idea is that the recruitment of Venus fused mGi/o to the FFAR4-

NLuc, which can be used as a read-out of intracellular lipolysis activation in live cells, 

might be a useful method to identify novel compounds which can activate or inhibit 

lipolysis. This could be a useful method since current approaches to detect intracellular 

lipolysis activation typically involve cell lysis (Mottillo and Granneman, 2022). The 

measurement of mGi/o recruitment to the FFAR4 after modulation of lipolysis would 

bypass this limitation. This could be performed in adipocytes, but such methods might 

also be applicable to other lipid droplet expressing cell types.  

 

In addition, mini-G probes were found applicable as inhibitors of GPCR-mediated 

cAMP signalling. A current limitation in the GPCR field, particularly for those who are 

studying location specific signalling events, is the ability to either activate/inhibit local 

pools of receptor. In our hands, the ability to locally inhibit FFAR4 will be advantageous 

to demonstrate that this subcellular pool of receptor drives the FFAR4 described anti-

lipolytic effects. Preliminary data suggests that subtype specific mini-G probe 

overexpression might be a useful tool to investigate the functional relevance of 

intracellular FFAR4 signalling, but also to investigate compartment specific signalling 

of other GPCRs. Such methods may also be applicable for the inhibition of 

endogenous intracellular GPCR activity, however appropriate controls would be 
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needed (e.g., KO/knock-down cells) to ensure the specificity of mini-G inhibition to the 

receptor in question. It is likely that mini-G probes will also be applicable for the 

inhibition of Gq/G12 signalling, however this was not explored further within the 

realms of this thesis. 

 

Finally, I targeted BRET-based cAMP sensors (CAMYEL or NLuc-Epac-VV) to the 

plasma membrane, the ER, and the lipid droplets. Whilst useful for detecting 

compartment specific effects on cAMP signalling mediated by the FFAR4, these 

sensors may also be useful for the investigation of compartmentalised cAMP signalling 

in adipocytes or in other cell types.  

 

5.1.3 Controversies  

The main controversy of this thesis is that I demonstrate that the FFAR4 is a 

predominantly Gi/o coupled receptor. This coupling has been indicated in the 

literature; however, it is of common opinion that the FFAR4 does not couple to the 

Gi/o protein family (Kimura et al., 2020, Watson et al., 2012). Three recent studies 

challenge this notion by using read-outs that measure direct FFAR4 activation, rather 

than those that measure second messenger production, to confirm that the FFAR4 is 

coupled to Gi/o (Avet et al., 2022, Husted et al., 2020, Inoue et al., 2019). Within this 

thesis, I used methods that directly measure the coupling specificity of the FFAR4, in 

combination with methods capable of detecting cAMP production, to confirm that the 

FFAR4 exerts inhibitory effects on cAMP signalling in both a simple cell, and a more 

complex adipocyte cell, model. No FFAR4 specific agonist was required to detect 

FFAR4-dependent effects on cAMP inhibition. Therefore, the addition of FFAR4 

agonist after stimulation of AC activation is likely to have no effect on cAMP production 
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or might even increase cAMP production – an effect observed sometimes after the 

persistent activation of Gi/o proteins (Watts and Neve, 2005). This is the most logical 

explanation as to why the FFAR4 has sometimes been thought unable to couple to 

Gi/o proteins in the literature. Although mini-G probes, and not WT G proteins, were 

used to detect FFAR4 activation in this thesis, the FFAR4 coupling specificity has 

recently been evaluated with WT G proteins – where the receptor was again 

demonstrated to couple to the Gi/o protein family (Avet et al., 2022).  

 

Another controversial finding is that when stimulating the FFAR4 with different FFAs, 

palmitic acid (C16:0) was unable to activate the FFAR4 – despite evidence that 

palmitic acid is a FFAR4 agonist (Suckow et al., 2014). My findings indicate that 

palmitic acid might not be a true FFAR4 agonist. This result is in agreement with 

another study that demonstrates, by comparing to FFAR4 knock-down cells, that the 

FFAR4 mediates ERK phosphorylation through -linolenic acid and docosahexaenoic 

acid stimulation, and not through palmitic acid stimulation (Oh et al., 2010). This result 

is especially intriguing since palmitoleic acid (C16:1n-7) was able to efficiently activate 

the FFAR4. Both palmitoleic acid and palmitic acid are of the same carbon length, 

however palmitoleic acid is monounsaturated whereas palmitic acid is saturated. 

Furthermore, palmitoleic acid is a metabolite of palmitic acid (Carta et al., 2017). It is 

remarkable that the FFAR4 seems to have selectivity over the two molecules. This 

finding also highlights the specificity of BRET methods in detecting GPCR activation.  
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5.1.4 Limitations of investigation and recommendations for further study 

Despite the information gained from this study, there are a few potential limitations 

associated with my employed methods and several areas where more research would 

be beneficial to further investigate the role of the FFAR4 and its control over lipolysis.  

 

Firstly, this research used immortalised cell lines (HEK293 cells or adipocyte cell lines) 

to evaluate the mechanism of action of the FFAR4 in vitro. Whilst such approaches 

are especially useful for basic mechanism of action studies, and the use of adipocyte 

cell lines offers improved understanding of GPCR activity compared to HEK293 cells, 

the use of immortalised cell lines is not necessarily predictive of in vivo GPCR activity. 

Future studies should therefore investigate the role of compartmentalised FFAR4 

signalling in primary cells or in vivo.  

 

In addition, the BRET/imaging-based approaches used in this investigation required 

overexpression of the FFAR4, and other proteins, to assess the activity and 

functionality of the receptor in both a simple cell, and a more complex adipocyte cell, 

model. To give further information regarding FFAR4 signalling in adipocytes, it would 

be beneficial to investigate the role of the FFAR4 in vitro and in vivo with endogenous 

levels of FFAR4 expression. However, such an approach might require engineered 

cell-lines, knock-in animals, or better antibodies than are currently available for the 

FFAR4, to facilitate the improved understanding of endogenous intracellular FFAR4 

signalling mechanisms. For example, White et al. used clustered regularly interspaced 

short palindromic repeat (CRISPR) techniques, fusing NLuc to the C-X-C chemokine 

receptor type 4 (CXCR4), to detect endogenous CXCR4 internalisation, trafficking, 

and -arrestin recruitment, in a simple HEK293 cell model (White et al., 2017). By 
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fusing endogenous FFAR4 with NLuc (at its C-terminus), endogenous FFAR4 

coupling, signalling, and trafficking might be detectable using BRET-based methods 

in live cells. In addition, the endogenous localisation of the FFAR4 could then be 

further interrogated using immunofluorescence, or even cell fractionation, methods 

e.g., by using an antibody directed against NLuc. This could be achieved in human 

adipocyte derived stem cells (Mandl et al., 2020) which would then be differentiated 

into adipocytes, or by the creation of a knock-in mouse (Merkle et al., 2015). 

Considering that FFAR4 expression increases after adipocyte differentiation and the 

receptor is not expressed in preadipocytes (Oh et al., 2010), it would also be of interest 

to monitor the localisation of endogenous FFAR4 over the time course of adipocyte 

differentiation. This might help to evaluate the mechanisms behind FFAR4 presence 

at intracellular compartments e.g., does the localisation of the FFAR4 change in 

response to adipocyte differentiation? Or is intracellular FFAR4 there by an alternative 

mechanism? 

 

Furthermore, if the FFAR4 is active and localises on intracellular membranes in 

adipocytes, are other GPCRs also present at intracellular compartments in 

adipocytes? And are these GPCRs capable of signalling from intracellular 

compartments in response to intracellular ligands? This research would be especially 

relevant for other metabolite sensing GPCRs, for example GPR84, FFAR2, HCAR1, 

adenosine receptors, and GPR91. However, it is likely to also be of relevance to the 

-ARs which are already known to have intracellular signalling roles (Irannejad et al., 

2017, Irannejad et al., 2013, Nash et al., 2019), and are the main activators of 

adipocyte lipolysis (Duncan et al., 2007). This could be investigated by using similar 
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methods used in this thesis for a first initial screen and moved into primary cells/mouse 

models for receptors found to signal in adipocytes from intracellular compartments.  

Secondly, this investigation relied on the rationale that the majority of FFAR4 activation 

upon the induction of lipolysis is due to intracellular FFAR4 activation rather than 

FFAR4 activation at the plasma membrane. This was reasoned since extracellular 

FFA accumulation after lipolysis stimulation was undetectable and lower than the 

concentration of extracellular FFA required to activate the FFAR4. To give further 

evidence for this observation, it would be relevant to measure the concentration of 

intracellular FFA after lipolysis stimulation in the presence and absence of FFAR4 

NAM (AH7614) or using compartment specific mini-Gi/o overexpression. An 

alternative method to investigate intracellular FFAR4 activation would be to create an 

agonist that is only active intracellularly and not extracellularly (Tadevosyan et al., 

2016). Or even by comparing FFAR4 activation after the application of cell permeable 

and cell impermeable FFAR4 agonists (Jong et al., 2018).  

 

Thirdly, this thesis did not explore AC localisation in adipocytes and whether the 

FFAR4 has subtype specific bias over the regulation of AC activation. It would be 

important to investigate the localisation of AC isoforms in adipocytes as it may give an 

indication of the intracellular compartments where the FFAR4, and other relevant 

GPCRs, might exert intracellular effects. In addition, since additional downstream 

signalling pathways seem important to the FFAR4 (Burns et al., 2014), it would be 

relevant to further evaluate intracellular FFAR4 signalling and its effects on 

intracellular [Ca2+] accumulation, -arrestin signalling, and G activation. Considering 

−arrestin has been found capable of forming a megaplex with G protein and GPCR, 

and is thought to have a role in persistent intracellular signalling of select GPCRs 
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(Nguyen et al., 2019), the investigation of -arrestin could be of relevance in the 

FFAR4’s control of lipolysis. Furthermore, as FFAR4 inhibitory effects on cAMP 

production have been demonstrated undetectable in the presence of PDE inhibitor 

IBMX, a compound used in some cAMP assays to raise cAMP production (Husted et 

al., 2020), the FFAR4 may also be involved in the regulation of PDEs? Since PDE3B 

is involved in insulin resistance and has been discovered subcellularly localised in the 

lipid droplet compartment (DiPilato et al., 2015), it is tempting to hypothesise that 

intracellular FFAR4 pools might activate lipid-droplet associated PDE3B in response 

to intracellular FFAs to inhibit lipolysis (Wang et al., 2017). This might be facilitated by 

−arrestin, since −arrestin has been implicated in the regulation of PDEs (Perry et 

al., 2002).  

 

Fourthly, further research is required to develop tools capable of detecting subcellular 

GPCR signalling. For example, BERKY (BRET sensors based on an ER/K linker and 

YFP) sensors (Maziarz et al., 2020), might be applicable since they can detect 

endogenous G protein activation. BERKY sensors consist of a NLuc donor module 

and a YFP acceptor module separated by an ER/K linker (10 nm). The sensor is fused 

to the plasma membrane via a membrane anchoring sequence at its N-terminus and 

has a G protein detector peptide at its C-terminus. The biosensor assumes a bent 

conformation when it binds to an active G protein, which can be measured by an 

increase in BRET. Fusing BERKY sensors to subcellular compartments might facilitate 

the detection of endogenous G protein activity with subtype specific and subcellular 

resolution.  
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In addition to the detection of subcellular GPCR activation, it is of importance to 

develop tools capable of blocking subcellular GPCR signalling. In the past, this has 

been achieved by directing nanobodies to subcellular compartments using an 

inducible FRB FKBP dimerization system (Irannejad et al., 2017, Nash et al., 2019). 

Or, more recently, by tethering the RGS domain of GRK2 to the plasma membrane or 

the early endosomes to block compartment specific Gq signalling (Wright et al., 

2021). The development of these, or similar, methods may help to determine the 

functional relevance of subcellular GPCR signalling.  

 

Within this thesis, mini-G probes were found applicable to block GPCR-specific effects 

on cAMP signalling in a manner similar to nanobodies (Irannejad et al., 2017). 

However, by harnessing the FRB-FKBP inducible dimerization system to target mini-

G probes to specific compartments, this method was unable to efficiently block 

compartment-specific FFAR4-dependent effects on cAMP. A better approach might 

be to directly fuse mini-G probes to subcellular compartments to block subcellular 

FFAR4 signalling. If successful, these methods might enable a robust interrogation of 

intracellular GPCR activity and subsequently, the assessment of their physiological 

relevance.  

 

Finally, having investigated the FFAR4S within my studies, similar approaches could 

be applied to investigate the mutant version of the FFAR4 (p.R270H) which has been 

associated with an increased risk of type 2 diabetes in combination with a high fat diet 

(Bonnefond et al., 2015), or even FFAR4L, the FFAR4 variant supposed not to couple 

to G proteins (Watson et al., 2012). It would be intriguing to investigate physiologically 

relevant FFAR4 mutations and variants, and their impact on FFAR4 coupling, 
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trafficking, and intracellular signalling. This could be achieved via similar methods to 

those that have been applied in this thesis. 

 

5.1.5 Final conclusions  

In conclusion, experiments from this thesis give evidence that the FFAR4 is a 

predominantly Gi/o coupled receptor which inhibits cAMP production from subcellular 

compartments in response to intracellular FFAs released upon the induction of 

lipolysis.  

 

In a simple cell model, mini-G probes were used to demonstrate spatiotemporal 

FFAR4 activation. Specific FFAR4 stimulation was found first to initiate FFAR4 

activation at the plasma membrane, and subsequently, to initiate FFAR4 activation 

from intracellular compartments, including the early endosomes, late endosomes, 

recycling endosomes, and subdomains of the ER/Golgi, in a Gi/o dependent manner. 

It is likely that most of this activation is dependent on receptor internalisation 

considering that FFAR4 trafficking to these compartments was able to be blocked after 

inhibition of GPCR internalisation with the dynamin inhibitor, Dyngo4a. 

 

In an adipocyte model, whilst mini-G probes were not applicable to detect intracellular 

activation of the FFAR4 via BRET, imaging-based methods could detect 

spatiotemporal FFAR4 activation. Within these experiments, the FFAR4 was found to 

rapidly recruit mini-G probes to intracellular compartments after lipolysis induction – 

indicating FFAR4 activation from intracellular compartments in response to 

intracellular FFAs. Considering the speed of FFAR4 activation, and the low abundance 

of extracellular FFA released under applied experimental conditions, it is most likely 
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that the activation of the FFAR4 in differentiated adipocytes predominantly occurs from 

intracellular compartments, rather than from the plasma membrane.  

 

Finally, this investigation demonstrated the applicability of mini-G probes to measure 

GPCR coupling and spatiotemporal GPCR activation in an adipocyte model. Such 

methods may also be applicable for the investigation of subcellular signalling of other 

GPCRs expressed in adipocytes. In addition, this thesis demonstrates a use for mini-

G probes to inhibit downstream GPCR regulated cAMP signalling detected by the 

BRET-based cAMP sensor, NLuc-Epac-VV. Further work is required to confirm the 

localisation of endogenous FFAR4 in adipocytes, and the functional relevance of 

intracellular FFAR4 signalling and its control over adipocyte lipolysis. 
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7.1 Cloning primers 

Primer 
sequence 

Direction Template Features Reason Construct  
Cloning 
method 

ccgtcaggatccgcc
accatggactacaag
gac 

Forward 

FFAR4-
eYFP 

BamHI 

Cloning 
FFAR4 in 
pcDNA3 

WT FFAR4 
Cut and 
paste tcgggcgaattccta

gccagaaataatcga
caagtc 

Reverse 

EcoRI and 
stop 
codon 
(TAG) 

taagcagaattcgcc
gccatggtcttcacac
tcgaagat 

Forward 

Nluc-

miniGi 

EcoRI 
Cloning 
NLuc onto 
FFAR4 
(wild type) 

FFAR4-
NLuc 

Cut and 
paste cgacaactcgagtta

cgccagaatgcgttc
gca 

Reverse 

XhoI and 
stop 
codon 
(TAA) 

gaattcgccgccatg
gtc 

Forward 
FFAR4-
NLuc 

  
Mutate 
FFAR4 
stop 
codon 
(TAG-TCG) 

FFAR4-
NLuc 

Mutagen
esis gccagaaataatcga

caagtcatttc 
Reverse   

accataagcttaagt
ttaaacgctagccag
cttgg 

Forward 

PDE2A3-
CAMYEL 

GGSGG 
linker 

Cloning 
CAMYEL-

Sec61 

Camyel-

Sec61 
(ER cAMP 
sensor) 

Gibson 
assembly 

gttcgtaggcgccgc
tcgagtctagagggc
ccgtttaaac 

Reverse 

ttaaacttaagcttat
ggtgagcaagggcg
aggagc 

Forward 

PDE2A3-
CAMYEL tgccaccgctgccac

cctgctcgttcttcag
cactctctcc 

Reverse 

tcgagcggcgcctac
gaacgagtgtacttg
ccccaaatg 

Forward 
mCherry-

Sec61 gttcgtaggcgccgc
tcgagtctagagggc
ccgtttaaac 

Reverse 

accataagcttaagt
ttaaacgctagccag
cttgg 

Forward 
PDE2A3-
CAMYEL 

GGSGG 
linker 

Cloning 
CAMYEL-
Rab1a 

CAMYEL-
Rab1a (ER 

Gibson 
assembly 
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tgctaagcgccgctc
gagtctagagggccc
gtttaaac 

Reverse 
cAMP 
sensor) 

ttaaacttaagcttat
ggtgagcaagggcg
aggagc 

Forward 

PDE2A3-
CAMYEL 

atgctggacatgcca
ccgctgccaccctgct
cgttcttcagcactct
ctcc 

Reverse 

gcggtggcatgtcca
gcatgaatcccgaat
atgattatttattcaa
gttac 

Forward 

Venus-
Rab1a 

actcgagcggcgctt
agcagcaacctccac
ctgactgc 

Reverse 

gcttccaccatggca
gtcaacaaaggcctc
accttg 

Forward 

PLIN1-
CAMYEL 

GGSGG 
linker 

Cloning 
PLIN1-
NLuc-
Epac-VV 

PLIN1-
NLuc-
Epac-VV 
(Lipid 
droplet 
cAMP 
sensor) 

Gibson 
assembly 

agtgtgaagaccatg
ccaccgctgccaccg
ctc 

Reverse 

tgactgccatggtgg
aagcttgggtctccct
atag 

Forward 

NLuc-
Epac-VV gtggcatggtcttcac

actcgaagatttcgtt
gg 

Reverse 

gcgcgcctcggtggc
agcggtggcatgcct
g 

Forward 
CAMYEL-

Sec61 

GGSGG 
linker 

Cloning 
NLuc-
Epac-VV-

Sec61 

NLuc-
Epac-VV-

Sec61 
(ER cAMP 
sensor) 

Gibson 
assembly 

gccctctagactacg
aacgagtgtacttgc
cccaaatg 

Reverse 

cgctgccaccgaggc
gcgccgcgttaacct
c 

Forward 

NLuc-
Epac-VV cgttcgtagtctaga

gggccctattctatag
tgtcacc 

Reverse 

caagcttccaccatg
gggcaggcatgcgg
ccac 

Forward 
PDE2A3-
CAMYEL 

GGSGG 
linker 

Cloning 
PDE2A3-

PDE2A3-
NLuc-
Epac-VV 

Gibson 
assembly 
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gtgtgaagaccatgc
caccgctgccaccctt
gtac 

Reverse 
NLuc-
Epac-VV 

(Plasma 
membran
e cAMP 
sensor) gccccatggtggaag

cttgggtctccctata
g 

Forward 

NLuc-
Epac-VV ggtggcatggtcttca

cactcgaagatttcgt
tgg 

Reverse 

ggtatgatcctctggc
atgagatgtggcatg
aag 

Forward 

FRB-Nb80 
DSAGAGG 
linker 

Cloning 
Halo-FRB-

mG 

Halo-FRB-

mG 
Gibson 
assembly 

gatttctgctccacca
gcactaccagcacta
tcc 

Reverse 

gccagaggatcatac
cggtagcgctagcgg
atc 

Forward 
Halo-

mGi/o/s/
q 

  
tggtggagcagaaat
cggtactggctttcca
ttcg 

Reverse 

ctggtggaatggtctt
cacactcgaagattt
cgttgg 

Forward 

FFAR4-
NLuc 

  

Cloning 
NLuc-FRB-

mG 

NLuc-FRB-

mG 
Gibson 
assembly 

tgagtccggacgcca
gaatgcgttcgcaca
gc 

Reverse 

gtgaagaccattcca
ccagcactaccagca
ctatcc 

Forward 
Halo-

mGi/o/s/
q 

  

attctggcgtccgga
ctcagatctcgagct
gg 

Reverse   

taagcaggatccgcc
accatgggagtgcag 

Forward 

FKBP-GalT 

BamHI 
Cloning 
FKBP-K-ras 

FKBP-K-ras 
Cut and 
paste tgcttatgtacacctc

cagcttcagcagctc 
Reverse BsrGI-HF 

cactcccatggtgga
agcttgggtctcccta
tag 

Forward 
NLuc-
Epac-VV-

Sec61 

GGSGG 
linker Cloning 

FKBP-

Sec61 

FKBP-

Sec61 
Gibson 
assembly 

ttccaccatgggagt
gcaggtggaaaccat
ctcc 

Reverse 

cactcccatggtgga
agcttgggtctcccta
tag 

Forward FKBP-GalT   
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agctggagggtggca
gcggtggcatgcctg 

Reverse 

ggtggcatggcagtc
aacaaaggcctcacc
ttg 

Forward 
PLIN1-
NLuc-
Epac-VV 

GGSGG 
linker 

Cloning 
FKBP-
PLIN1 

FKBP-
PLIN1 

Gibson 
assembly 

gccctctagactagct
cttcttgcgcagctgg
ctg 

Reverse 

tgttgactgccatgcc
accgctgccaccctc
c 

Forward 
FKBP-

Sec61 

  

aagagctagtctaga
gggccctattctatag
tgtc 

Reverse   

 

Table 7. 1: List of cloning primers 

 


