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Abstract 

Understanding the cell signalling of cancer has the potential to impact the development 

of anti-cancer therapeutics. The dimerisation of cell membrane receptors is one of the 

key modulators of cancer cell signalling. G-protein coupled receptors (GPCRs) and 

receptor tyrosine kinases (RTKs) are two prominent receptor families regulating 

various cellular processes in normal physiology and cancer progression. The 

abnormalities in membrane receptors, such as mutations, overexpression or enhanced 

receptor-receptor interaction are relevant for many cancer types. CXCR4 is 

significantly upregulated in numerous cancers, which correlates to cancer progression. 

Epidermal growth factor receptor (EGFR) is one of the major growth hormone 

receptors critical to various cancers, promoting cancer progression, proliferation, 

survival, and metastasis. This thesis aimed to elucidate the dynamics of CXCR4 and 

EGFR complexes. NanoLuciferase Bioluminescence Resonance Energy Transfer 

(NanoBRET) was used to quantify interacting characteristics of CXCR4/EGFR 

dimerisation with NanoLuciferase and fluorophore tags on receptors. Proximity 

Ligation Assay (PLA) was also used to detect endogenously expressed CXCR4/EGFR 

dimers on HeLa cells with receptor specific nanobodies conjugated to 

oligonucleotides. 

We have shown that, in the presence of the NLuc substrate furimazine, energy transfer 

occurs from NLuc-tagged donor (NLuc_EGFR or NLuc_CXCR4) to the closely 

located acceptor fluorophore- tagged receptor (SNAP_CXCR4 or HaloEGFR). 

Similar results were observed for oligonucleotide conjugated nanobody-based 

proximity ligation assay (PLA) with endogenously expressed or CRISPR-edited 

CXCR4/EGFR. Additionally, the dynamics of various receptor selective 

agonists/antagonists (CXCL12, EGF, TGF-α, AMD3100, IT1t, Erlotinib, etc.) and 

nanobodies (VUN400, Q44, etc.) binding at CXCR4/EGFR complex, demonstrated 

monomerising or dimerising effects. These data revealed that there is close proximity 

(<10nm) between EGFR and CXCR4 on the cellular membrane, and this proximity 

can be impacted by several EGFR/CXCR4 receptor ligands and nanobodies. These 

data improve our understanding of CXCR4/EGFR complex and its potential 

therapeutic utilization especially for cancer biology.
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1.1 G protein-coupled receptors (GPCRs) 

The G protein-coupled receptor family is the largest family of cell membrane receptors 

and drug targets in the human genome(Benovic, 2018a; Erlandson et al., 2018; Kogut-

Günthel et al., 2024; Weis & Kobilka, 2018). With more than 800 family members, 

they control various physiological functions such as vision, taste, olfaction, 

neurotransmission, immunity, and endocrine regulation (Rosenbaum et al., 2009). 

They are a notable therapeutic avenue, with around 35% of drugs approved by the 

Food and Drug Administration (FDA) targeting 108 GPCRs (Hauser et al., 2019). 

They are classified into five main families: glutamate, rhodopsin, adhesion, 

frizzled/taste2 and secretin (Fredriksson et al., 2003). Another nomenclature for 

GPCRs uses A, B, C, D, E, F letters to classify them as:  class A—rhodopsin-like 

receptors; class B—secretin family; class C—metabotropic glutamate receptors; class 

D—fungal mating pheromone receptors; class E—cAMP receptors, and class F—

frizzled (FZD) and smoothened (SMO) receptors (Attwood & Findlay, 1994). The 

Class A are the most prominent of the GPCR subfamilies of which the chemokine 

receptors are a member of (Figure 1.1) (S. Zhao et al., 2019). Rhodopsin was the first 

GPCR crystal structure solved (Palczewski et al., 2000).  

According to their architecture, GPCR members have several common properties. 

They share a common seven transmembrane (7TM) structure spanning the cell 

membrane in a counter-clockwise manner. These transmembrane regions are linked 

by three extracellular (ECL) and three intracellular (ICL) loops (Kobilka, 2007a). 

GPCRS also contain an extracellular amino terminus and an intracellular carboxyl 

terminus (Kobilka, 2007b). The position of the ligand-binding pocket, however, can 

vary greatly depending on the GPCR sub-family. The endogenous ligands of several 

class A GPCRs (e.g. beta-adrenoceptors, muscarinic receptors etc) bind to an 

orthosteric ligand-binding site within the 7TM domains (Kobilka, 2007a). The ligands 

of the class B GPCRs bind to both the seven-transmembrane domain and extracellular 

domain. For class C GPCRs, a Venus flytrap (VFT) region in the extracellular domain 

provides the site of ligand binding (Basith et al., 2018a).  Class F GPCRs have an 

extracellular domain containing extracellular cysteine-rich domain (CRD) for ligand 

binding (Figure 1.2) (Fredriksson et al., 2003) (Basith et al., 2018b). Ligand binding 

initiates the conformational change in the GPCR family, leading to intracellular 
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signalling protein recruitment such as heterotrimeric G proteins (GTP binding 

proteins) and β-arrestins (Nathan J. Pavlos, 2017a). 

 

1.2 GPCR Signalling 

GPCRs are regulatory receptors essential for healthy physiology and signal 

transduction (Gurevich & Gurevich, 2019a; Nathan J. Pavlos, 2017b; Rosenbaum et 

al., 2009; Weis & Kobilka, 2018). Hormones, neurotransmitters, ions and photons are 

some the ligands that allow communication of cells within their environment 

(Syrovatkina et al., 2016a). Upon activation by ligands, multiple conformational 

changes can occur in GPCRs that leads to activation of downstream signalling (Pavlos, 

2017a). G proteins are heterotrimeric proteins formed of α, β and y subunits (Pavlos, 

2017b). After GPCR activation, they act as guanyl nucleotide exchange factors (GEFs) 

promoting the exchange of GDP (guanidine diphosphate) for GTP (guanidine 

triphosphate) at the α subunit (Gilman, 1987a). Following this, the β and y subunits 

dissociate from the α subunit (Gilman, 1987b). G proteins are classified according to 

their α subunits, Gαs, Gαi (Gi), Gαq and Gα12/13 (Milligan & Kostenis, 2006a). Gαs 

family consists of Gαs and Gαolf subunits (Milligan & Kostenis, 2006a). Gαi family 

has multiple members:  Gαi1, Gαi2, Gαi3, Gαo, Gαt, Gαg, and Gαz (Smrcka, 

2019a). The Gαq family contains Gαq, Gα11, Gα14, and Gα16 subunits (Milligan & 

Kostenis, 2006b). There are also 5 Gβ and 12 Gγ subunit isoforms (Smrcka, 2019b). 

When the agonist stimulated exchange of GDP to GTP on the α subunit occurs, this 

subunit is activated and dissociates from β and γ subunits. Upon dissociation, the Gαs 

subtype can activate the enzyme adenylyl cyclase leading to the production of cAMP 

(cyclic adenosine monophosphate) from ATP (Pavlos, 2017b; Zhou et al., 2019).  

cAMP-dependent PKA (protein kinase A) consists of two regulatory and two catalytic 

subunits. cAMP binding to the regulatory subunits of PKA releases the catalytic 

subunits which can then enter the nucleus, phosphorylate cAMP-binding protein 

(CREB) and activate transcription factors to regulate various cellular functions (Neves 

et al., 2002).
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Figure 1.1 GPCR classification pyhlogenetic tree. Branches of GPCR families have shown as Adhesion (purple), Secretin (pink), Glutamate 

(orange), Frizzled/Taste2 (dark and light green), Rhodopsin (blue). Four chemokine structures, including CXCR4, are shown in the Rhodopsin branch 

(Figure taken from Zhao et al., 2019).  
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Figure 1.2 Crystal structure of class A, B, C and F GPCRs. Common architecture of GPCR classes includes seven transmembrane domains. Their 

ligand-binding pockets show diversity (shown in red and blue). The ligands of the class A receptors bind in the 7TM region, class B receptors bind in 

both 7TM and extracellular regions, class C the venus trap region helps the binding of ligands and class F has cysteine-rich extracellular binding 

domain (Figure taken from Basith et al., 2018b).
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In contrast, for the G protein subtype Gαi (Gi), its activation results in the inhibition 

of the activity of adenylyl cyclase and inhibition of subsequent production of cAMP 

(Dorsam & Gutkind, 2007a) (Syrovatkina et al., 2016a). Activation of the Gαq subtype 

leads to increased phospholipase C-β activity causing the hydrolysis of the membrane 

lipid PIP2 (Phosphatidylinositol 4,5-bisphosphate) to IP3 (inositol 1,4,5-trisphosphate) 

and DAG (diacylglycerol) (Dorsam & Gutkind, 2007b). IP3 in the cytoplasm activates 

IP3 gated calcium channels located on the membrane of the endoplasmic reticulum 

and leads to the release the Ca2+ into the cytoplasm (Syrovatkina et al., 2016a) 

(Dorsam & Gutkind, 2007a). This calcium release and DAG together activate protein 

kinase C (PKC), leading to phosphorylation and activation of downstream signalling 

molecules (Syrovatkina et al., 2016b). IP3, DAG and Ca2+ play roles as secondary 

messengers in this pathway (Dorsam & Gutkind, 2007a)(Syrovatkina et al., 2016a). 

Additionally, Gα12 activates the monomeric GTPase RhoA and inhibits Rho kinase 

to regulate similar cellular functions. Gβy subunits regulate MAPK (mitogen-

activated protein kinase) and ion channels (Smrcka, 2019b) (Figure 1.3). GPCR 

signalling is regulated by other proteins such as GPCR kinases (GRKs) and arrestins 

(Gurevich & Gurevich, 2019a). GRKs phosphorylate various GPCRs on several serine 

and threonine residues leading to β-arrestin binding. This binding prevents G protein 

binding to GPCRs and inhibits downstream pathways (Gurevich & Gurevich, 2019b). 

β-arrestin binding can also induce desensitisation and internalisation of some GPCRs 

through clathrin-coated vesicles (Shenoy & Lefkowitz, 2011)(Benovic, 2018b). 
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Figure 1.3 GPCR signalling through G proteins and their downstream signalling pathway. Upon activation following agonist binding, GPCRs 

signal through heterotrimeric G proteins consisting of Gα and Gβy subunits. G proteins are classified according to their Gα subunits, and they interact 

with different downstream signalling molecules leading to various cellular responses. Figure adapted from (Dorsam & Gutkind, 2007a) and created 

using Biorender. 
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1.3 Chemokines and Chemokine Receptors 

Chemokines are small molecules which belong to the cytokine superfamily. They have 

8-10 kDa molecular weight range (Rossi & Zlotnik, 2000). The chemokine 

classification and nomenclature are formed according to conserved cysteine residues 

on their N-terminal sites. While the C-chemokine subfamily consists of one cysteine, 

CC-family contains two adjacent cysteines. When cysteines are separated via one 

other amino acid, the chemokine family is called CXC. The 3 amino acid separated 

family is called CX3C (Bachelerie et al., 2014). Chemokines function as signalling 

molecules between various types of cells through binding to a group of membrane 

proteins called chemokine receptors. The conventional chemokine receptors are 

GPCRs which couple with heterotrimeric G proteins. The second and atypical group 

of chemokine receptors which are not able to signal through G proteins are called 

atypical chemokine receptors (ACKRs) (Lodowski & Palczewski, 2009). The receptor 

nomenclature is based on their binding chemokine class (e.g. CXCR is the receptor 

family that binds CXC chemokines) (Murphy et al., 2000). So far, there are 10 CCRs, 

6 CXCRs, 1 CX3CR, 1 XCR and 5 ACKRs identified (Figure 1.4). Most of these 

receptors bind more than one chemokine with different binding affinities (Elemam et 

al., 2021a). The main biological role of the chemokines and their receptors is cell 

migration, termed chemotaxis that plays an important role in immunity and cancer 

biology (Rossi & Zlotnik, 2000). Chemokines can modulate the proliferation and 

metastasis of cancer cells as well as immune cell recruitment in the cancer 

microenvironment (Poeta et al., 2019). 
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Figure 1.4 Chemokine receptors and their predominant binding chemokines. The nomenclature of the chemokine receptor family aligns with the 

chemokines that they bind such as CC, CXC. CX3C, XC. The ACKR receptors were named after their atypical features since they do not signal 

through G proteins. Figure adapted from (Elemam et al., 2021a). Created with Biorender.  

. 
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1.4 The Structure of CXCR4 

The C-X-C chemokine receptor type 4 (CXCR4) is a member of the class A G protein-

coupled receptor (GPCR) superfamily. There have been four different structures of 

CXCR4 determined.  Wu et al. (2010) obtained the crystal structures of CXCR4 bound 

to either the small molecule IT1T (isothiourea derivative; at a resolution of 2.5 Å) or 

CVX15 (16-residue cyclic peptide analogue of horseshoe crab peptide polyphemusin) 

at a resolution of 2.9 Å. (Qin et al., 2015a) acquired the viral chemokine antagonist 

vMIP-II bound CXCR4 crystal structure at 3.1 angstrom resolution. A recent study 

showed the cryo-EM structure of the CXCL12-CXCR4-Gi monomeric complex at 

active state at 2.65 A˚ (Y. Liu et al., 2024). 

The endogenous ligand for CXCR4, CXCL12 contains an N terminus loop, a CXC 

motif followed by an N loop and three  strands (1, 2 and 3) connect by 30s and 

40s loops. Residues C9 and C34 and C11 and C50 are bonded with disulfide bonds 

(Figure 1.5) (Y. Liu et al., 2024). Molecular modelling has suggested a “two-site” 

binding mode, with site one referring to the receptor binding domain for the ligand 

and site two being the N-terminus of the CXCL12. This means that the core of the 

chemokine binds to the N-terminus and extracellular loop of the receptor and, as a 

second step, the N-terminus then interacts with the seven transmembrane domain of 

the receptor which is called orthosteric pocket (Qin et al., 2015b) (Adlere et al., 2019). 
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Figure 1.5 The coloured amino acid sequence (A) and the cryo-EM structure (B) of 

CXCL12. Chemokine N-terminal K1-R8 residues (light green), CXC motif (yellow), N-

terminal loop (orange), 1 strand of CXCL12 (salmon), 30s loop connecting the 1 strand and 

2 strand (cyan), 2-strand of CXCL12 (marine blue), 40s loop connecting the 2 strand and 

3 strand (grass green), the third  strand of CXCL12 (purple) (Y. Liu et al., 2024). 

 

In keeping with the “two-site” mode of chemokine binding, CXCL12 binds to N 

terminus of CXCR4 chemokine recognition site 1 (CRS1) through CXCL12 globular 

core. CXC motif of CXCL12 interacts with PC motif of CXCR4 which is CRS1.5 (an 

intermediate region between CRS1 and CRS2) and N terminus of CXCL12 interacts 

with transmembrane (TM) binding pocket of CRS1.5 of CXCR4. CXCL12 contains 

proline 10 (P10) which is a unique position among CXC chemokines, interacts with 

C28NT on N terminus of CXCR4 (Figure 1.6). This N terminus interaction help 

CXCL12 to navigate it binding into the TM pocket at CRS2. The binding interactions 

between CXCL12 and CXCR4 contains K1 (N terminus) of CXCL12 forms polar 

interactions with C186ECL2 and D187ECL2 in ECL2 of CXCR4. V3 of CXCL12 forms 
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a hydrogen bond with E2887.39 of CXCR4. S4 of CXCL12 has multiple polar 

interactions with H2817.32 and E2887.39 of CXCR4 defining an upward turn from the 

horizontal pose toward the extracellular region. L5 to R8 takes a vertical pose in CRS2. 

Y7 of CXCL12 has polar interactions with D187ECL2 of CXCR4, while R8 of CXCL12 

forms a hydrogen bond with D2626.58 of CXCR4. CXCL12 also forms hydrophobic 

interactions with CRS2 of CXCR4 residues L411.35,W942.60,H1133.29, Y1163.32, 

I185ECL2, F189ECL2, Y2556.51, I2596.55, L2666.62, E2686.64, and S2857.36.  P2 of CXCL12 

has forms hydrophobic interactions with W942.60 and Y1163.32, L5 forms nonpolar 

interactions with L411.35 and H1133.29, and S6 has short-range hydrophobic interaction 

with I185ECL2 (Figure 1.6) 

The interaction between CXCL12 and extracellular region of CXCR4 is provided with 

P32 (30s loop connecting the 1, and 2 strand) residue from CXCL12 and residue 

S178ECL2 of CXCR4 which defines CRS3. This P32-S178ECL2 interaction at CRS3 

supports the stabilization of the ECL2 conformation. The stability of CXCL12 binding 

to N terminus of CXCR4 is provided by non-polar interactios between K25NT, 

E26NT, P27NT, and F29NT residues of CXCL12 and I185ECL2 , F189ECL2 amino acids 

of CXCR4. These interactions extending from the extracellular CRSs to the 

transmembrane domain of CXCR4 start a conformational change led by CXCL12 

binding (Y. Liu et al., 2024). Even though this structure lacks resolution for CRS1 due 

to its CXCR4s instability at this region, CXCL12 binding to CXCR4 might apply the 

‘‘two-step’’ model. This model hypothesize CRS1 starts the recognition and 

recruitment of the chemokine and helping its N terminus insertion into the CRS2 of 

the chemokine receptor. This insertion of the CXCL12 is the deepest in the receptor 

in comparison with other chemokine receptors (Y. Liu et al., 2024).  Interestingly the 

interaction between vCCL2 and CXCR4 is shallower compared to the CXCL12-

CXCR4 binding (Y. Liu et al., 2024; Qin et al., 2015a) 
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Figure 1.6 Cryo-EM the structure of CXCL12-CXCR4-Gi complex. (A) Side view of the 

structure of the CXCL12-CXCR4-Gi complex. CXCR4 is depicted in blue, CXCL12 in light 

pink, Gi in yellow, G in salmon, G in cyan, and scFv16 in slate blue. (B) Side view of the 

structure of CXCR4-CXCL12 complex with chemokine recognition sites (CRS). The receptor 

is shown as a blue cartoon, and the chemokine is displayed as a cartoon and transparent 

surface. Green, N terminus; yellow, CXC motif; light pink, the globular core of CXCL12. 

CRS1, CRS1.5, and CRS2 are highlighted (Y. Liu et al., 2024). 

 

The crystal structures from Wu et al. (2010) showed that CXCR4, like other GPCRs, 

has seven transmembrane α-helices, an extracellular side with extracellular loops 

(ECL) and three intracellular loops (ICLs) that connect the 7 TM α-helices. ECL1 ties 

together helices II and III, ECL2 ties helices IV and V while ECL3 links helices VI 

and VII. ECL2 is the largest of the ECLs and its sequence differs between various 

Class A GPCRs. The disulphide bonds between residues of ECLs and the N-terminal 

segment (residues of 16-34) are crucial for ligand binding of IT1T and CVX15, and 

they form the pocket for ligand docking (B. Wu et al., 2010a). The intracellular side 

of CXCR4 accommodates intracellular loop 1 (ICL1) and ties helices I and II, with 

ICL2 linking helices III and IV and ICL3 helices V and VI and the CXCR4 C-

terminus. Crystal structures that have been obtained using the viral chemokine 

antagonist vMIP-II complexed with CXCR4 can be seen in Figure 1.7 (Qin et al., 

2015).  The crystal structures obtained for CXCR4 with different ligands, suggest that 
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the intracellular portion of CXCR4 is more highly conserved between structures and 

shows similar architecture with other GPCRs than seen for the extracellular portion 

(B. Wu et al., 2010a). These structures also showed that CXCR4 has several properties 

distinct from other Class A GPCRs such as the location of the ligand binding site being 

in closer proximity to the extracellular surface (B. Wu et al., 2010a).  While IT1t binds 

to the minor pocket of CXCR4 having ionic interactions with D972.63 and E2887.39 

amino acids, CVX15 interacts with the major pocket via D187ECL2 andD2626.58 (Qin 

et al., 2015b). CXCL12 also mainly occupies the minor sub-pocket surrounded by 

TM1 and TM2 of CXCR4 (Y. Liu et al., 2024).  
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Figure 1.7 CXCR4 structure. (A) Molecular modelling of CXCL12 binding to the CXCR4 N-terminus predicted from the crystal structure determined 

with:vMIP-II bound CXCR4. (B) Crystal structures of CXCR4 when bound to vMIP-11, IT1t or CVX15. CXCR4 homodimer formation provided by 

the top halves of helix V and VI. Additional interactions were provided by intracellular parts of helices III and V. Residues that contribute to CXCR4 

homodimer formation are shown as spheres; color intensities represent contact strength (Qin et al., 2015).
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The crystal structures obtained by Wu et al. (B. Wu et al., 2010a), suggest a symmetric 

dimer architecture for CXCR4. In IT1t-bound CXCR4 structures, two CXCR4 

receptors were suggested to bind to each other at the extracellular side of helices V 

and VI. In contrast, in CVX15 bound CXCR4 dimers, they showed additional 

interactions at the intracellular portion of helices III and IV and ICL2. This suggests 

that CVX15 binding starts a structural change in the N terminus portion of helix V and 

causes a closer proximity of the two receptor monomers at their intracellular portion 

which might lead to positive cooperativity between them. This phenomenon postulates 

that ligand binding at one receptor can affect the binding affinity of the interacting 

receptor via conformational change at the other receptor (B. Wu et al., 2010a). IT1t 

bound CXCR4 dimer interaction mostly involve hydrophobic bonds of 

Leu1945.33/Val1975.36/Val1985.37 residues.  More interactions between opposing 

monomers include residues Phe2015.40-Phe2015.40, Met2055.44-Met2055.44, and 

Leu2105.49-Leu2105.49. A substantial role is also played by a Trp1955.34-Leu2676.63 

contact, which includes both side-chain stacking and a hydrogen bond from Trp1955.34 

(NE1) to the main chain carbonyl oxygen of Leu2676.63. Polar interaction between side 

chains of Asn192 and Glu268 residues involving main-chain carbonyl oxygens of 

Leu2666.62 and Trp1955.34 of opposing monomers also play a role for dimers 

(Figure 1.8B and Figure 1.8E). CVX15 bound dimerisation includes the hydrophobic 

interactions of Tyr1353.51, Leu1363.52, His140 and Pro147 side chains of helices 

intracellular ends of helices III and IV, and ICL2 (Figure 1.8C and Figure 1.8F) (B. 

Wu et al., 2010b). 

 

1.5 CXCR4 Signalling 

CXCR4 is activated via the binding of its ligand CXCL12 (Stromal Cell-Derived 

Factor-1, SDF-1). The activation of CXCR4 starts a signalling cascade through 

heterotrimeric G proteins, mainly of the Gi subtype (Busillo & Benovic, 2007). 

Following the activation of CXCR4, Gi proteins mostly inhibit adenylyl cyclase and 

reduce cAMP signalling (Heuninck et al., 2019).  Apart from G-protein dependent 

pathway, CXCR4 signalling can be regulated independently of G-proteins via β-

arrestin and GRKs (G protein-coupled receptor kinases) (Z. J. Cheng et al., 2000a). 

GRKs are serine/threonine kinases, and they phosphorylate CXCR4 on its C-terminus 

following activation via CXCL12 binding. Specifically, GRK2 and GRK3 
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phosphorylation occurs on Ser346/347 while GRK6 phosphorylates at Ser324/5, 

Ser330 and Ser339 (Busillo et al., 2010a) (Fumagalli et al., 2019). While the 

phosphorylation of the C-terminus of CXCR4 via GRK2 and GRK3 are essential for 

β-arrestin recruitment to the receptor, phosphorylated amino acids produced following 

the action of GRK6 inhibits the recruitment of β-arrestin  (Mueller et al., 2013). β-

arrestin recruitment mostly plays a role in receptor desensitisation via internalisation 

of the receptor in clathrin-coated vesicles (Cheng et al., 2000). On the other hand, β-

arrestin recruitment can mediate downstream signalling by acting as a scaffold protein 

for intracellular signalling molecules, such as ERK, MEK and Raf, important for 

cellular processes such as cancer progression (Peterson & Luttrell, 2017). Gi inhibition 

of cAMP production causes the activation of Src family tyrosine kinases and initiates 

the intracellular Ras/Raf/MEK/ERK signalling cascade leading to regulation of the 

cell cycle. Hence CXCR4 signalling is not only dependent on Gi and β-arrestins but 

they might also signal through Gβγ subunits, since these subunits can also mediate 

downstream signalling processes such as phosphatidylinositide 3-kinases (PI3Ks) and 

PLC-β (calcium accumulation) regulating cell adhesion and migration through AKT 

(Pozzobon et al., 2016a) (Rubin, 2009) (Zielińska & Katanaev, 2020a). 
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Figure 1.8 Crystal structure of CXCR4 homodimerisation. (A) Molecular surface representation of the IT1t bound CXCR4 (blue). (B) IT1t bound 

CXCR4 dimerisation interface (dark blue). (C)  Molecular surface representation of the CVX15 bound CXCR4 (yellow). (D) CVX15 bound CXCR4 

dimerisation interface (orange). (E) Top view of the extracellular side of the dimers of IT1t and CVX15 bound CXCR4 which show similar interactions 

via helices V and VI. Residues of IT1t bound CXCR4 involved in the dimer interaction are shown in stick representation, and coloured blue in 

monomer A, cyan in monomer B. Bottom view of the intracellular side of the dimers. Contacts can only be observed at the intracellular tips of helices 

III and IV, and ICL2 in CVX15 bound CXCR4. The residues involved in the dimer interaction are shown in stick representation, and coloured yellow 

and orange. These interactions are not present in the IT1t bound CXCR4 (Wu et al., 2010).
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1.6 ACKR3 Structure 

The structure of ACKR3 bound to different agonists has been recently elucidated (Yen 

et al., 2022) using cryo-electron microscopy. Yen et al., (2022) used CXCL12 in 

conjunction with two distinct Fabs (fragment antigen-binding region) that bind to the 

extracellular face (CID25) or intracellular site (CID24) of ACKR3 to stabilize a 

receptor conformation conducive to cryo-EM (Figure 1.9) (Yen et al., 2022). The 

extracellular binding fab CID25 had a small effect on the binding pose of CXCL12 to 

ACKR3 but no effect on -arrestin recruitment (Yen et al., 2022). The agonists used 

to determine the structure of ligand bound ACKR3 were wild- type CXCL12 

(CXCL12WT), CXCL12LRHQ (a higher-affinity variant of CXCL12 with alterations 

at its N terminus), and the small- molecule agonist CCX662 (Yen et al., 2022). The 

resultant structures showed that wild- type CXCL12 and CXCL12LRHQ showed 

similar modes of binding to ACKR3 (Yen et al., 2022).  

CXCL12 binding to ACKR3 occurs in a different way than to canonical chemokine 

receptors like CXCR4. The rotation of CXCL12 leads to an interaction firstly with the 

N terminus of TM5 and ECL3 of ACKR3, rather than with the extended ECL2 of 

CXCR4 (Yen et al., 2022). This rotation of CXCL12 permits the -1 strand of the 

chemokine (26-Leu, Lys, Iso, Leu, Asp-30) to form a parallel -strand interaction with 

the N-terminal residues 28-Val, Val, Asp, Thr, Val, Met, Cys-34 of ACKR3(Yen et 

al., 2022). This is a different pattern than canonical chemokine receptors where the N 

terminus of the receptors bind to a shallow groove of CXCL12 flanked by the 

chemokine N-loop” and “40s-loop,” named as chemokine recognition site 1 (CRS1) 

(Yen et al., 2022). This is consistent with a previous data showing that the dimer 

formation of CXCL12 shows lower affinity (Kd < 1 M) for ACKR3 because CXCL12 

forms dimers through their 1 strand(Devree et al., 2016) . However, the dimeric form 

of CXCL12 shows inhibited CXCR4 binding because CXCL12 binds to CXCR4 via 

different regions of the chemokine (Kd=28 nM)(Devree et al., 2016).  

The orthosteric ligand binding site of ACKR3 for CXCL12 has been named as 

chemokine recognition site 2 (CRS2). TheN terminus of CXCL12 has also been shown 

to bind to the minor pocket of ACKR3 formed by residues in TM1, TM2, TM3, and 

TM7. The Lys1 amino acid of CXCL12 can reach to the major receptor binding pocket 

(formed by TM3 to TM7) of ACKR3 (Yen et al., 2022). Pro2 and Val3 amino acids 
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of CXCL12 also bind to side chains of ACKR3. The conformational heterogeneity of 

these side chain provides promiscuity to the receptor allowing the binding of two 

different ligands (CXCL12 and CXCL11). The lack of a disulfide bond between the 

N terminus and ECL3 of ACKR3 also helps to confer deformability of the orthosteric 

pocket by various ligands (Yen et al., 2022). 

The -arrestin bias of ACKR3 has been linked to the lack of a kink at the cytoplasmic 

end of TM4 in ICL2 which directly interacts with G proteins in many class A receptors 

(Yen et al., 2022). This lack of a kink does not prevent GRK or arrestin binding to 

ACKR3(Yen et al., 2022). This ICL2 feature is not conserved between other ACKRs 

and may suggest that all ACKRs may differ in their extent of G-protein binding (Yen 

et al., 2022). The other feature of ACKR3 that decreases G-protein binding has been 

suggested to be the smaller size of its cytoplasmic cleft (Suomivuori et al., 2020). 

Curiously, BRET based G protein recruitment assays have shown ACKR3 in close 

proximity with G protein but probably not physically coupling (Yen et al., 2022). 

Alternatively, ICL3 might be helping with the recruitment of G proteins but to the lack 

of interaction with ICL2 prevents G protein activation (Yen et al., 2022). Additionally, 

CXCL12 treatment seemed to have no effect on G protein recruitment to ACKR3 in 

opposition to CXCR4 (Yen et al., 2022). 
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Figure 1.9 The cryo-EM structure of ACKR3. The cryo-EM structure of ACKR3 bound 

with CID25 and CID24 Fabs and CXCL12. Cryo-EM map threshold contoured at 10  (left) 

and corresponding atomic model (right). (CRL, cholesterol). (Figure taken from Yen et al., 

2022). 

 

1.7 ACKR3 Signalling 

ACKR3 is a member of the atypical chemokine receptor subfamily (Graham et al., 

2012) (Bachelerie et al., 2015). The members of this family are characterised as unable 

to bind to G proteins, and β-arrestin preferentially mediates the internalisation of 

ACKR3 (Graham et al., 2012)(Lodowski & Palczewski, 2009). ACKR3 has been 

previously known as RDC-1/ CXCR7 when it was originally discovered as an orphan 

receptor (Balabanian et al., 2005) (Sánchez-Martín et al., 2013). It can bind to its 

ligands CXCL11 and CXCL12 (the latter shared with CXCR4) (Janssens et al., 2018). 

CXCL12 binds to ACKR3 (Kd= 0.4 nM) with tenfold higher binding affinity than 

observed at CXCR4 (Balabanian et al., 2005). ACKR3 is also called a scavenging 

receptor because it scavenges CXCL12 and prevents CXCR4 activation via CXCL12 

(Naumann et al., 2010). This mechanism is driven by constitutive internalisation and 

recycling of ACKR3 in addition to lysosomal degradation of CXCL12 which is 

transported intracellularly when remaining bound to ACKR3 (Luker et al., 2010). 

CXCL12 binding of ACKR3 initiates downstream signalling through a pathway 
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involving GRK phosphorylation and β-arrestin recruitment (Quinn et al., 2018a). 

ACKR3 expression does not seem to be sufficient for the activation of ERK1/2 

signalling in the absence of CXCR4 co-expression(Meyrath et al., 2020). ACKR3 is 

expressed in various cell types such as hematopoietic cells, endothelial cells, and 

neuronal progenitor cells (Koenen et al., 2019). Studies in knock out mice indicate that 

loss of ACKR3 results in defects in cardiac development (Sierro et al., 2007). ACKR3 

plays a significant role in cancer cellular behaviours such as survival and adhesion 

(Miao et al., 2007).  

 

 

1.8 CXCR4 and ACKR3 signalling in cancer 

CXCR4 and ACKR3 are co-expressed in various cells such as T and B lymphocytes, 

vascular endothelial cells, dendritic cells and cancer cells derived from patients with 

NSCLC (Non-small-cell lung cancer) (Iwakiri et al., 2009), breast cancer (Sun et al., 

2010) and cervical cancer (Xu et al., 2021)(M. Neves et al., 2019a). The interaction of 

ACKR3 and CXCR4 can lead to phosphorylation of CXCR4/ACKR3 complexes via 

GRKs, and recruitment of β-arrestin subsequent to either CXCL12 scavenging or 

downstream ERK1/2 pathway activation (Lounsbury, 2020) (Meyrath et al., 

2020)(Figure 1.10). This scavenging effect of CXCL12 by ACKR3, alters the 

CXCR4/G protein complex leading to decreased calcium signalling and plays a critical 

role in several cancers’ proliferation, adhesion and metastasis (Levoye et al., 2009a). 

 



 

 

40 

 

Figure 1.10 CXCR4/ACKR3 axis in cancer. The downstream signalling of CXCR4 is regulated by G proteins, GRKs and β-arrestin. They lead to 

alteration of cellular behaviours through IP3, ERK and AKT signalling pathways in cancer.  ACKR3 downstream signalling is mostly regulated by β-

arrestin and GRK. Adapted from (Lounsbury, 2020). Created with Biorender. 
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1.9 Receptor Tyrosine Kinases 

Receptor tyrosine kinases (RTKs) are a family of cell surface growth factor receptors. 

They regulate cell-to-cell communication, coordinate cellular mechanisms such as 

proliferation, motility, differentiation, and metabolism (Gschwind et al., 2004) (Zhao 

et al., 2020). RTKs mostly consist of an extracellular domain responsible for ligand 

binding, a single transmembrane helix and an intracellular region that accommodates 

a juxtamembrane regulatory region and a functional domain responsible for its 

tyrosine kinase activity, along with a carboxyl (C-) terminal tail (Hubbard, 

1999)(Cadena and Gill, 1992). 

RTKs are located on the cell membrane, typically as monomers, and once ligand-

binding occurs, they dimerise with another available monomer (Trenker and Jura 

2020). Homodimerisation occurs when the same RTK member dimerises with itself; 

however, many RTKs can also form heterodimers with other RTKs or complexes with 

other cell membrane receptors such as GPCRs (Di Liberto et al., 2019a). The 

dimerisation of the RTK causes a conformational change, which leads to trans 

autophosphorylation of RTK monomers at their C terminus at specific tyrosine 

residues facilitated by the inherent kinase activity of the receptor. This 

autophosphorylation provides docking sites to recruit adaptor proteins and kinases 

containing Src homology-2 (SH2) or phosphotyrosine-binding (PTB) domains to the 

intracellular domain of the RTK, initiating downstream cell signalling cascade 

activation. The general activation mechanism can be seen in (Figure 1.11) (Lemmon 

& Schlessinger, 2010a) (Tian et al., 2020). 

RTKs orchestrate physiological cellular mechanisms regulating cellular survival, 

proliferation, apoptosis and migration (Pottier et al., 2020; Takeuchi & Ito, 2011). 

Therefore, dysfunctional RTK expression or signalling can ultimately promote cancer 

initiation and progression (Du and Lovly, 2018). This can occur through various 

mechanisms, with most ultimately increasing RTK activation. Gain-of-function 

mutations or chromosomal rearrangements are the genetic mechanisms governing 

constitutively active RTKs (Da Cunha Santos et al., 2011a; Hsu et al., 2018; Lahiry et 

al., 2010). Receptor amplification, autocrine activation or receptor-receptor 

oligomerisation can also be seen in cancer cells (Oikawa et al., 2017)(Chen et al., 

2016). The oncogenic role of different types of RTKs has been characterised in various 
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cancers, notably involving the epidermal growth factor receptor (EGFR), Insulin 

Receptor, HER2/ErbB2, fibroblast growth factor receptor (FGFR), vascular 

endothelial growth factor receptor 2 (VEGFR2) andc-MET as well as other RTK 

family members (Du and Lovly, 2018), (Lemmon & Schlessinger, 2010a) (Trenker 

and Jura 2020). 

 

 

Figure 1.11 The general activation mechanisms of RTKs in oncogenic signalling. Specific 

ligand binding at monomer RTKs induces the dimerisation at the cell membrane. Dimerisation 

leads to autophosphorylation of receptors within the intracellular kinase domain. This starts 

the downstream cascade of various cellular behaviours via recruitment of adaptor proteins. 

Adapted from (Tian et al., 2020). 

 

1.10 The Structure of EGFR 

The epidermal growth factor receptor (EGFR), also named ErbB1 or HER1, is a 

receptor tyrosine kinase located on the cell membrane (G. Guo et al., 2015; Sigismund 

et al., 2018).  Three homologs of EGFR (ErbB-1) have been identified in humans, 

ErbB-2 (HER2), ErbB-3 (HER3), and ErbB-4 (HER4) (Jorissen et al., 2003a). EGFR 

binds to several growth factors grouped as high-affinity binding ligands, which are 

epidermal growth factor (EGF), transforming growth factor-α (TGFα), betacellulin 

(BTC), and heparin-binding EGF-like growth factor (HB-EGF), and the low-affinity 
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ligands are epiregulin, epigen and amphiregulin which bind 1 to 10 fold more weakly 

to EGFR (Jones et al., 1999)(Freed, 2017a) (Burgess, 2008a). EGF is a monomeric 

polypeptide chain containing 53 amino acids, including six cysteine residues that form 

three disulfide bonds (Kumar et al., 2008a). The human EGFR consists of 1186 amino 

acids (170-kDa mass). N-linked glycosylation of the EGFR is required for 

translocation of the EGFR to the cell surface and for its function (Zhen et al., 2003). 

The extracellular part of the protein is responsible for EGF binding, with this region 

consisting of four domains I–IV concurrently called L1, S1, L2, and S2.  Domains II 

and IV are homologous cysteine-rich domains (CR1 and CR2), and domains I and III 

share 37% amino acid identity (Ferguson, 2008).  
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Figure 1.12 Structural domains of EGFR. A- The structural domains of the EGFR. B- Linear depiction of the borders of each domain. Adapted 

from (Ferguson, 2008) and (Kovacs et al., 2015). The EGFR consists of extracellular domains, transmembrane and juxtamembrane regions, tyrosine 

kinase domain and a regulatory tail. The extracellular region contains four domains called as domain I, II, III and IV. 
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A crystal structure of EGFR indicated EGF docking occurs at the extracellular 

domains of EGFR within domains I–III, which adopt a C shape conformation (Ogiso 

et al., 2002a). The amino acid residues Tyr13, Ile23, Arg41, and Leu47 are the main 

residues of monomeric EGF responsible for binding to EGFR (Ogiso et al., 2002a). 

Moreover, transforming growth factor (TGF-α) can also activate EGFR by binding to 

a distinct site in the extracellular domain (Freed et al., 2017). However, TGF- α cannot 

bind to extracellular domain I of EGFR due to the difference in its B loop structure 

but it may have similar binding interactions to EGF with domains II and III of EGFR 

(Ogiso et al., 2002b) (Bessman, Freed, et al., 2014). EGF binding between domain I 

and III breaks the tethered formation of domains II and IV leading to an extended 

formation of domain II. Extended domain II plays acts as a dimerisation arm between 

two EGFR monomers’ extracellular regions (Bessman, Bagchi, et al., 2014a). 

EGF binding to the extracellular site of EGFR induces intracellular kinase domain 

autophosphorylation at key tyrosine residues on the carboxyl-terminus of EGFR, 

leading the two monomer receptors to dimerise and interact with SH2 domain-

containing proteins such as growth factor receptor-bound protein 2 (GRB2) (Figure 

1.12)(Ferguson, 2008) (Dawson et al., 2005a). This dimerisation followed by 

proximity autophosphorylation starts a signal transduction cascade leading to 

activation of other downstream kinases or kinase-linked cytokine receptors (Burgess, 

2008a) (Ray et al., 2018). 
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Figure 1.13 Cartoon representation extrapolated from the crystal structures of EGFR. 

Illustration of the conformational changes occurring upon EGFR activation in response to 

EGF binding. Unliganded monomer (left) and ligand-bound and dimerised EGFR (right). The 

different sites have different colours. EGF-light blue, site I-red and pink, site II-green, site III-

white, site IV-light and dark grey, transmembrane domain light grey on membrane (Figure 

taken from Ferguson, 2008). 

 

The homo and heterodimerisation motifs of the EGFR family members have been 

identified between the kinase domain, the Leu955-Val956-Ile957 segment of EGFR 

(“LVI”), facilitating ligand-independent dimerisation between different subfamilies of 

the EGFR family (Mudumbi et al., 2023; Stamos et al., 2002). The NH2-terminal lobe 

(N-lobe) of the kinase domain structure is formed by five β-strands (β1 and β2) and 

one α-helix. The COOH- terminal lobe (C-lobe) of the kinase domain is mainly formed 

by five α-helices (αE, αF, αG, αH, αI) (Stamos et al., 2002). The residues between 

these two sites are where ATP, ATP analogues, and ATP-competitive inhibitors bind 

and is called the cleft. The glycine-rich nucleotide phosphate-binding loop (Gly695-

Gly700) on the N-lobe functions as the catalytic kinase machinery. On the C-lobe DFG 

motif (Asp831-Gly833), a catalytic Asp813, the catalytic loop (Arg812-Asn818), and 
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the A-loop (Asp831-Val852) located for this function (Stamos et al., 2002). The 

structural domains of EGFR can be seen in (Figure 1.12)(Figure 1.13). 

The autocatalytic C-terminal tail of EGFR is the site of the ATP binding pocket within 

the kinase domain close to phosphorylation residues such as Tyr974, Tyr992, 

Tyr1048, Tyr1068, Tyr1086, Tyr1101 and Tyr1173. These phosphorylated tyrosines 

work as docking sites to recruit molecules, containing SH2 (Src homology 2) and 

phosphotyrosine-binding (PTB) domains. Phosphorylation of tyrosine residues of 

EGFR leads to downstream signalling pathway activation such as RAS-RAF-MEK-

ERK pathway and the PI3K-AKT-mTOR pathways orchestrating cellular 

proliferation, survival and other cellular behaviours (Figure 1.14)(Martin-Fernandez et 

al., 2019) (Da Cunha Santos et al., 2011b) 

The juxtamembrane segment contains two main sites JM-A (residues 645–663) and 

JM-B (residues 664–682).  JM-B provides a clamp from the N-lobe of the receiver 

kinase domain to provide engagement to the C-lobe of the activator kinase domain of 

another EGFR monomer upon dimer formation leading to asymmetric dimerisation. 

A C-terminal 19 residue deletion and T654 and T669 phosphorylation of 

juxtamembrane domain has been shown to destabilise the dimerisation of EGFR. 

(Kovacs et al., 2015a). 

Interestingly, it has been shown that either the extracellular domains (ECD) or 

intracellular domains (ICD) of EGFR are able to form homodimers independent from 

each other meaning that the lack of ICD on EGFR does not affect the 

homodimerisation abilities of isolated ECD domains (Mudumbi et al., 2023) Although 

ligand binding has been shown to induce EGFR homodimerisation, pre-formed dimers 

have also been observed without ligand binding (Mudumbi et al., 2023). (Purba et al., 

2022).(Tao & Maruyama, 2008). Structural and cellular studies have demonstrated 

that two lower affinity EGFR ligands, epiregulin and epigen, induce the purified 

EGFR extracellular domains to form dimers, each resulting in distinct conformations 

(Freed et al., 2017). The resulting ligand-induced dimers were weaker and more short-

lived than those induced by EGF (Freed et al., 2017). Unexpectedly, this weakened 

dimerisation elicited more sustained responses than EGF, evoking responses in breast 

cancer cells associated with differentiation rather than pro-proliferative responses 

typically induced by EGF (Freed et al., 2017). 
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1.11 EGFR Signalling 

The knowledge about the physiology and pathophysiology of the EGFR family came 

initially from mouse models; knock-out of EGFR caused embryonic or postnatal death 

due to implantation, cardiac or central nervous system disorders such as defects of 

hippocampal development or neurodegeneration after birth (Sibilia et al., 1998). As 

previously mentioned, EGFR binds to several growth factors beyond EGF such as 

epigen, epiregulin, TGF-α, heparin binding-EGF (Hb-EGF), betacellulin (BTC), 

amphiregulin (AR) and neuregulin-1 (NRG-1) (Burgess, 2008a). ErbB family 

members have different activation mechanisms in response to ligand binding and 

influenced by asymmetric interactions with other family members (Freed et al., 2017). 

For example, HER2 (ErbB2) activation does not occur via ligand binding but by 

dimerisation with other family members (Nevoltris & Chames, 2015). At normal 

receptor expression levels, EGFR homodimers can directly or indirectly activate 

several downstream signalling pathways such as Ras/Raf-1/MAPK, PI3K/Akt/mTOR, 

PKC, STAT (Figure 1.14) (Da Cunha Santos et al., 2011b). It is also capable of direct 

interactions and dimerisation with other membrane receptors such as GPCRs and other 

RTKs (VEGFR) or intracellular receptor-associated kinases (JAKs) (Burgess, 2008a) 

(Jorissen et al., 2003a) . The activation of various downstream signalling pathways 

orchestrates cellular behaviours such as cell proliferation, survival, migration and 

angiogenesis (Guo et al., 2015; Santos et al., 2021; Sigismund et al., 2018).
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Figure 1.14 EGFR downstream signalling cascade mechanism and cellular responses. Autophosphorylation of EGFR via ligand binding leads to 

recruitment of SH2 (Src homology 2) domain-containing proteins such as GRB2 and PI3K. This starts the downstream pathway cascade activation 

such as AKT/mTOR, SOS/RAS/RAF/MEK/ERK to regulate cellular behaviours like angiogenesis, differentiation, motility, proliferation, and survival. 

Adapted from (Da Cunha Santos et al., 2011). Created with Biorender. 
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1.12 The EGFR in Cancer 

The EGFR was first recognised as an oncogenic mediator due to its similarity with v-

ErbB, a retroviral protein from the avian erythroblastosis virus (Downward et al., 

1984). Its relevance with cancer has been recognised in various cancer types, 

particularly epithelial tumours such as lung (Da Cunha Santos et al., 2011b), breast 

(Masuda et al., 2012) or colon cancer (Pabla et al., 2015). Clinical studies have shown 

that EGFR overexpression or mutation can act as a biomarker for reduced survival, 

lymph node metastasis and poor chemosensitivity in different cancers (Guardiola et 

al., 2019a)(Zeng et al., 2014). EGFR mutations are categorised according to their 

nucleic acid changes, mostly within the kinase domain. Class I mutations are short in-

frame deletions within exon 19. Class II mutations are single-nucleotide substitutions 

within exon 18 to 21. Class III mutations are in-frame duplications or insertions within 

exon 20 (Shigematsu et al., 2005). Most of the kinase domain mutations are exon 19 

deletions and an exon 21 point mutation of L858R (leucine to arginine substitution) 

(Figure 1.15) (Shigematsu et al., 2005) (Da Cunha Santos et al., 2011b). Kinase 

domain mutations such as L858R cause an alteration from an inactive form to a 

constitutively active kinase form (50-fold more active than the wild type receptor). 

This mutant form prevents the binding of lapatinib (a receptor tyrosine kinase 

phosphorylation inhibitor (RTKI) to the ATP-binding cleft. However, at the same 

time, another RTKI gefitinib shows a 20-fold higher binding affinity to this mutant 

form of EGFR (Yun et al., 2007) (Kumar et al., 2008b). In addition to amplification, 

overexpression or mutation, crosstalk between EGFR and other partner proteins has 

been observed in different cancer types (Zobair et al., 2013) (Salazar et al., 2014a). 
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Figure 1.15 The intracellular kinase domain mutations of EGFR. A- Lapatinib bound 

kinase domain and its different lobes of EGFR. The inactive form of the kinase domain due 

to unmutated Leu858. The activation loop is closed due to Lapatinib binding. B- As a result 

of the 858 Leucine to Arginine mutation, the kinase domain is constitutively activated, and 

lapatinib can no longer bind to the ATP-cleft. (LRE is leucine-747 to glutamic acid-749 (LRE) 

deletion; T790M is a Threonine to methionine mutation at position 790) (Da Cunha Santos et 

al., 2011b) 

 

1.13 GPCR/RTK Crosstalk 

GPCRs and RTKs are both families of cell surface receptors that are crucial regulators 

of cell signalling and share similar downstream signalling molecules with data 

suggesting that they can regulate each other (Di Liberto et al., 2019b). Activation of 

an RTK by a GPCR agonist (not a direct binding to the RTK) was first shown via 

EGFR activation by endothelin-1, lysophosphatic acid and thrombin (Daub et al., 

1996). GPCR/RTK crosstalk can be classified as ligand-dependent and ligand-

independent mechanisms. The ligand-dependent process relies on the activation of 

metalloproteases (MMPs) such as ADAM (disintegrin and metalloprotease) family 

members to cleave pro-ligands (immature molecules which are cleaved into the 

mature, pharmacologically active forms) of various RTKs, which activate their 

cognate RTKs and consequently initiate intracellular signalling (Ohtsu et al., 2006) 

(Prenzel et al., 1999). A second way is a ligand-independent activation which requires 

physical interaction between GPCRs and RTKs (Di Liberto et al., 2019a) or shared 

intracellular downstream molecules following GPCR activation such as Ca2+ ions, 

PKC, Src kinase, β-arrestin, and reactive oxygen species (ROS) which can activate the 
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RTKs via different mechanisms (Figure 1.16) (Cattaneo et al., 2014) (Di Liberto et 

al., 2019a). There have been several studies showing oligomeric complexes of GPCRs 

and RTKs (Bergelin et al., 2010; Blasco-Benito et al., 2019; Di Liberto et al., 2019c; 

Kilpatrick et al., 2019; Kilpatrick & Hill, 2021; Maudsley et al., 2000). Thus, 

signalling complexes between vasoactive endothelial growth factor receptor 2 

(VEGFR2) and the GPCR sphinosine-1-phosphate receptor have been reported in 

thyroid cancer cells (Bergelin et al., 2010).  Signalling complexes have also been 

reported between the 2-adrenoceptor and both EGFR (Maudsley et al., 2000) and 

VEGFR2 (Kilpatrick et al., 2019). CB2 and HER2 receptor interaction is one of the 

key examples for GPCR/RTK interaction shown with co-immunoprecipitation in 

HEK293 cells (Pérez-Gómez et al., 2015) and with proximity ligation assay (PLA) in 

tissue microarray and xenograft models (Blasco-Benito et al., 2019). There have been 

various studies showing transactivation and direct heterodimerisation between EGFR 

and AT1R (type 1 angiotensin II (AngII) receptor) via BRET, FRET, FLIM and co-IP 

(Gekle et al., 2024; Johnstone et al., 2021; O’Brien et al., 2018). 
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Figure 1.16 Transactivation of RTKs via ligand-dependent and ligand-independent 

mechanisms. (A)As a ligand-dependent mechanism, GPCR ligand binding can lead MMPs 

to cleave RTK pro-ligands, subsequently activating RTKs. (B) As a ligand-independent 

mechanism, GPCRs and RTKs can physically form heterocomplexes. GPCRs can also 

activate RTKs via their recruitment of downstream signalling molecules. Adapted from 

Liberto et al., 2018). Created with Biorender. 

 

1.14 CXCR4/ EGFR Crosstalk  

The significance of CXCR4, ACKR3 or EGFR receptors have been studied separately 

in various cancers for many years (Neves et al., 2019b) (Shigematsu et al., 2005). The 

potential for crosstalk interactions between EGFR and CXCR4 has been an interesting 

question in cancer biology. There have been several studies showing signalling cross-

talk between CXCR4 and EGFR using various approaches (Phillips et al., 2005) 

(Zobair et al., 2013) (Wu et al., 2020a)(Guo et al., 2007a) (Porcile et al., 2004)(Tsai 

et al., 2015a)(Cabioglu et al., 2007)(Zuo et al., 2017)(Zuo et al., 2017). One of the first 

approaches to study the relationship between EGFR and CXCR4 was to use specific 

ligands to activate either receptor in cells where both receptors were expressed 

(Phillips et al., 2005). EGF treatment increased the expression level of CXCR4 mRNA 

and/or protein levels in A549 non-small cell lung cancer NSCLC (Phillips et al., 2005) 
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(Zobair et al., 2013) (J. Wu et al., 2020b) and in SKOV ovarian cancer cells (Guo et 

al., 2007b). CXCL12 treatment has also been shown to increase EGFR expression 

levels in A549 cells (Wu et al., 2020b). Apart from the increased expression levels of 

the receptors, EGF stimulation was able to induce the phosphorylation of CXCR4 at 

Ser339 in glioblastoma cells (Woerner et al., 2005) and Ser324/325 and Ser330 in the 

breast cancer T47D cell line (Sosa & Lopez-Haber, 2010). Furthermore, the inhibition 

of EGFR by the kinase inhibitor AG1478 has been shown to decrease CXCR4 

expression in A549 cells (Zobair et al., 2013) and decrease CXCL12 dependent cell 

proliferation of OC134, a human ovarian cancer cell line (Porcile et al., 2004). 

Interestingly, the overexpression of CXCR4 has been demonstrated to increase EGFR 

expression in A549 cells (Zuo et al., 2017). Silencing of EGFR decreased the level of 

CXCR4 while CXCR4 knockdown decreased EGFR protein levels in MDA-MB-231 

breast cancer cells  (Li et al., 2017). Interestingly, transactivation of CXCR4 

downstream mediators G⍺i protein activation by EGF and EGFR which requires GIV 

scaffold protein that links the EGFR G⍺I leading to EGF-dependent trysoine 

phosphorylation of G⍺i have been shown (Neves et al., 2020; Roy et al., 2024). 

The alteration of EGFR/CXCR4 expression levels had significant effects on cellular 

behaviour. Simultaneous silencing of EGFR and CXCR4 led to reduced invasion and 

migration capacity of breast cancer (Li et al., 2017) and gastric cancer cells (Y. Cheng 

et al., 2017a). Co-expression of CXCR4 and EGFR is associated with poor prognosis, 

aggressive phenotype, shorter overall survival and disease-free survival rates in breast 

cancer  (Cabioglu et al., 2007; Li et al., 2017) (Li et al., 2017) pancreatic ductal 

adenocarcinoma (H. Wu et al., 2015) and non-small cell lung carcinoma (Zobair et al., 

2013) patients. Furthermore, breast cancer patients with lymph node metastasis 

showed co-expression of CXCR4, CCR7 and EGFR expression (Y. Liu et al., 2010).  

Another aspect might be specific mutations of EGFR and their effects on 

EGFR/CXCR4 crosstalk. An EGFR mutation, the Leu858Arg (L858R) substitution, 

significantly increased the extent of malignant pleural effusions (MPE) in lung 

adenocarcinoma patients. It has been shown that patients with Leu858Arg (L858R) 

mutations have higher CXCR4 expression levels (Tsai et al., 2015b). Silencing of 

CXCR4 resulted in the decreased invasion capacity of lung cancer cells carrying 

Leu858Arg (L858R) mutation (Tsai et al., 2015b).  
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Along with EGFR/CXCR4 interaction, EGFR/ACKR3 crosstalk might be a promising 

candidate to understand RTK/GPCR interactions in cancer. ACKR3 overexpression 

has been shown to promote EGFR phosphorylation in non-cancerous prostate cells (R. 

K. Singh & Lokeshwar, 2011). Additionally, ACKR3 silencing decreased the EGFR 

phosphorylation in prostate cancer (R. K. Singh & Lokeshwar, 2011) and breast cancer 

cells (Salazar et al., 2014a). Furthermore, the proximity of EGFR and ACKR3 

complexes have been shown using coimmunoprecipitation assays in prostate cancer 

cells (R. K. Singh & Lokeshwar, 2011) and proximity ligation assays in breast cancer 

cell lines and tissues from patients (Salazar et al., 2014a).   

 

1.15 Fluorescent Ligands 

Several tools and approaches have been developed to understand the pharmacology 

and molecular mechanisms of GPCRs and RTKs. Receptor selective fluorescent 

ligands are one of them. Fluorescent ligands are useful to monitor expression and 

function of these receptors and can allow the quantification of receptor-ligand 

interactions both at endogenous receptor levels and overexpressed receptors (Soave, 

Briddon, et al., 2020a). Fluorescent ligands consist of a pharmacophore, linked to a 

fluorophore via a short linker (Stoddart, Kilpatrick, et al., 2015a). The pharmacophore 

is the functional part of the molecule such as a selective agonist or antagonist for the 

receptor of interest (Stoddart, Kilpatrick, et al., 2015b). Some of the main classes of 

fluorophores that have been used to label pharmacophores are from the 4,4-difluoro-

4-bora-3a,4a-diaza-s-indacene (BODIPY) series (Allen et al., 2000), AlexaFluor 

series (Brand et al., 2008) or rhodamine derivatives (Castro et al., 2005). For peptide 

based fluorescent ligands, amine or thiol reactive fluorophores can be conjugated via 

lysine or cysteine side chains (Harikumar et al., 2006). Small molecule compounds 

are conjugated via a linker to separate pharmacophores and fluorophore sto provide 

access of the pharmacophore to the binding site of the receptor and introduce 

flexibility. It is worth noting that the choice of fluorophore used can change the 

chemical properties and lipid solubility of the ligand and potentially effect the binding 

affinity of the pharmacophore to the receptor (Baker et al., 2010a).  
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1.16 Nanobodies 

Along with fluorescent ligands, nanobodies have been utilized to understand receptor 

pharmacology. While conventional human immunoglobulins contain paired heavy and 

light chains (~150 kDa), it has been found that camelid and shark species have heavy 

chain only antibodies (HCAbs) (~80 kDa) (Cheloha et al., 2020)(Conrath et al., 2003). 

The VHHs (variable domain for heavy chain of heavy chain antibody) or nanobodies 

are single domain antibody fragments (~15 kDa) that contain a variable region to 

recognize different epitopes (Muyldermans, 2021) (Figure 1.17).  The advantages of 

nanobodies are their small size, solubility and higher permeability, stability, 

amenability to genetic modification to form libraries and ease of labelling for various 

utilization (Bannas et al., 2017a). They can be utilized to carry a variety of molecules 

such as small drugs to a selective target (drug conjugates), or RNAs into cells and be 

used for imaging or therapeutic purposes in cancer or vasculature diseases (Sun et al., 

2021) (Jovčevska & Muyldermans, 2020). They have been also used as stabilizers for 

structural biology studies particularly with GPCRs (Manglik et al., 2017) or to study 

protein dynamics as conformational sensors that bind to their targets in a 

conformation-specific way when combined with bioluminescence resonance energy 

transfer (BRET) or Förster or fluorescence resonance energy transfer (FRET) assays 

(Nevoltris et al., 2015a) (Dmitriev et al., 2016)(Leemans et al., 2020)(Che et al., 

2020)(Galazzo et al., 2020). 
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Figure 1.17 Domains of camelid immunoglobulin and VHH. VHHs (variable domain for 

heavy chain of heavy chain antibody) or nanobodies are heavy chain only antibodies 

consisting of variable region of camelid immunoglobulin. 

 

1.17 Hypothesis and aims 

Although the significance of CXCR4 and EGFR individually has been shown, the 

CXCR4/EGFR complex signalling has not been elucidated. Interestingly, 

CXCR4/EGFR might signal differently than its subcomponents. Hence 

EGFR/CXCR4 complex can be a novel therapeutic target for cancer therapy. 

Therefore, we hypothesized that CXCR4 and EGFR can form dimers and most 

probably it influences the behaviour of several types of cancer cells. Nevertheless, it 

is not easy to hypothesize if CXCR4/EGFR complexes play cancer inducing role like 

receptor homodimers or act as an inhibitory factor for cancer cells. Regardless, it is an 

important phenomenon to understand for long-term future aim to continue to utilise 

targeted cancer therapy for CXCR4 and EGFR with various tools such as antibodies 

and small molecule inhibitors.  
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In the light of these, we specifically aimed these for this thesis: 

1. To characterize the binding properties of labelled and unlabelled novel 

compounds for CXCR4 and ACKR3. To this aim, NanoBRET at NanoLuc-tagged 

receptors was used. 

2. To gain insight into the binding properties of various EGFR ligands and 

nanobodies (specially Q44 and Q86). To this aim, NanoBRET was used at NanoLuc-

tagged EGFR stably transfected in HEK293 cells.  

3. To characterize protein-protein interactions between CXCR4/EGFR and the 

influence of various receptor selective ligands and nanobodies on these dimer 

complexes. To this aim, NanoBRET and PLA were used in HEK293 and HeLa cells. 
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2.1 Materials 

CXCL12-488 (Oregon Green® 488 on penultimate lysine) and CXCL12-647 

(AlexaFluor® 647) (CAF-11) were obtained from ALMAC (Edinburgh, UK). 

Unlabelled chemokine ligands CXCL12 (300-28A) was from PeproTech (London, 

UK), AMD3100 (239820) from Sigma Aldrich (Gillingham, UK), IT1t (4596) from 

Tocris Bioscience (Bristol, UK) and AMD070 (Mavorixafor trihydrochloride) (HY-

50101A) was from MedChemExpress (New Jersey, USA). Epidermal Growth Factor 

biotinylated complexed to AlexaFluor 488® streptavidin (E13345) or AlexaFluor 

647® streptavidin (E35351) were obtained from Thermo Fischer Scientific (Waltham, 

USA). Human recombinant TGF-alpha (239-A-100), human recombinant 

amphiregulin (262-AR-100), human recombinant betacellulin (261-CE-010), human 

recombinant epiregulin (1195-EP-025), human recombinant epigen (6629-EP-025), 

human recombinant EGF (236-EG-200) were purchased from R&D Systems 

(Minnesota, USA) and heparin-binding EGF-like growth factor (E4643) was 

purchased from Sigma Aldrich (Gillingham, UK), erlotinib (A3397) was purchased 

from ApexBio (Houston, USA). Novel ACKR3 fluorescent compounds (18a, 18b, 

18c) were synthesised by Dr Sebastian Dekkers and Professor Michael Stocks the 

School of Pharmacy, University of Nottingham. Novel CXCR4 fluorescent 

compounds 11 and 24 were synthesised by Dr Sebastian Dekkers at the School of 

Pharmacy, University of Nottingham (Dekkers et al., 2024). Novel unlabelled ACKR3 

compounds VUF11072 (20), VUF11074 (19), VUF11403(9) and VUF16545(4) were 

synthesised and provided by Professor Dr Rob Leurs from the Division of Medicinal 

Chemistry, Vrije Universiteit Amsterdam (Dekkers et al., 2024). Fluorescently 

labelled or unlabelled EGFR and CXCR4 nanobodies Q44c, Q44c-HL488, Q86c, 

Q86c-HL488, VUN400c, VUN401, VUN415c, containing an unpaired or fluorescent 

label paired cysteine in the C-terminal tag, were provided by QVQ (Utrecht, The 

Netherlands). Purified LgBiT (N3030), FuGENE HD Transfection Reagent (E2311) 

and furimazine (N1110) were purchased from Promega Corporation (Southampton, 

UK). Opti-MEM reduced serum medium (31985062) was purchased from (Gibco, 

Thermo Fisher, MA, USA). Fetal bovine serum (F7524) was purchased from Sigma 

Aldrich (Gillingham, UK). HaloTag ligand AlexaFluor® 488 (G1002) was purchased 

from Promega Corporation (Southampton, UK), and SNAP-Surface-AlexaFluor488® 

(S9129S) was obtained from New England BioLabs (Ipswich, USA). All tissue culture 
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plasticware was purchased from Fischer Scientific (Loughborough, UK). Unless 

otherwise stated, all cell culture reagents and media were purchased from Sigma-

Aldrich, (Gillingham, Dorset, UK). 96-well, F-Bottom, white cell culture microplate 

(655983) was purchased from Greiner Bio-One GmbH (Frickenhausen, Germany). 

Cellview glass bottom cell culture dish (627860) was purchased from Greiner Bio-

One GmbH (Frickenhausen, Germany). The chemicals used for Hank’s Balanced Salt 

Solution (HBSS) preparation were purchased from  ; HEPES (H3375) Sigma Aldrich 

(Gillingham, UK), potassium chloride (101985M) BDH Laboratory Supplies (Poole, 

UK), magnesium sulfate heptahydrate (M1880) Sigma Aldrich (Gillingham, UK), 

calcium chloride 2-hydrate (C-2661) Sigma Aldrich (Gillingham, UK), sodium 

bicarbonate (S7277) Sigma Aldrich (Gillingham, UK), sodium pyruvate (P5280) 

Sigma Aldrich (Gillingham, UK) and sodium chloride (S9625) Honeywell (North 

Caroline, USA) . 

Table 2.1 The CXCR4 and ACKR3 compounds used in this thesis and their chemical 

structures. 

Compound Chemical Structure 

AMD3100 

(Sigma Aldrich, Gillingham, UK) 

 

IT1t 

(Tocris Bioscience, Bristol, UK) 

 

AMD070 (Mavorixafor) 

(MedChemExpress, New Jersey, 

USA) 
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Compound 10 (IT1t derivative) 

(Provided by Dr Sebastian 

Dekkers and Prof Michael 

Stocks, University of 

Nottingham) 

 

Compound 24 (AMD070 

derivative) 

(Provided by Dr Sebastian 

Dekkers and Prof Michael 

Stocks, University of 

Nottingham) 

 

Compounds 18a-c  

(VUF11207 derivative) 

(designed by Dr Maikel 

Wijtmans). 

 

20 (VUF11072) 

(Provided by Prof Rob Leurs, 

Vrije Universiteit Amsterdam) 

 

19 (VUF11074) 

(Provided by Prof Rob Leurs, 

Vrije Universiteit Amsterdam) 
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9 (VUF11403) 

(Provided by Prof Rob Leurs, 

Vrije Universiteit Amsterdam) 

 

4 (VUF16545 (GD325)) 

(Provided by Prof Rob Leurs, 

Vrije Universiteit Amsterdam) 

 

 

2.2 Vectors and cloning 

Table 2.2 The table of DNA constructs and their parent vectors used. 

Construct Parent Plasmid 

NLuc_CXCR4 pcDNA3.1/Neo 

NLuc_ACKR3 pcDNA3.1/Neo 

SNAPTag_CXCR4 pcDNA3.1/Neo 

HiBiT_CXCR4 pcDNA3.1/Neo 

SNAPTag_A1 pcDNA3.1/Neo 

SNAPTag_A3 pcDNA3.1/Neo 

NLuc_EGFR pNKF1-secN CMV 

HiBiT_EGFR pNKF1-secN CMV 

HaloTag_EGFR pNKF1-secN CMV 
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pcDNA3.1(+) plasmids containing antibiotic resistance cassettes for ampicillin 

(bacterial) and neomycin (mammalian) and encoding N terminal tagged 

NLuc_CXCR4, SNAPTag_CXCR4, HiBiT_CXCR4 or NLuc_ACKR3 were made by 

Dr Birgit Caspar, during her PhD studentship at the University of Nottingham (Caspar, 

2018). CXCR4 and ACKR3 cDNA was obtained from Professor Martine Smit’s lab 

at Vrije University of Amsterdam. TOP10F Chemically Competent E. Coli cells 

(Invitrogen, Waltham, USA) were used for transformations. Plasmids encoding N 

terminal SNAPTag adenosine receptor subtype 1 (A1) or adenosine receptor subtype 

3 (A3) cDNA were made by Dr Mark Soave. 

Dr Birgit Caspar amplified CXCR4 and ACKR3 cDNA sequences via a polymerase 

chain reaction. She cloned SNAPTag or Nanoluciferase cDNA sequence from the 

previously generated pcDNA3.1 (Invitrogen, Waltham, USA) or pcDNA3.1 with 

NLuc (Promega, Southampton, UK) or SNAP tags (New England BioLabs, Ipswich, 

USA). All the CXCR4, ACKR3, A1 or A3 plasmids contained a rat 5-HT3 receptor 

signal sequence (amino acids MRLCIPQVLLALFLSMLTGPGEGSRK) upstream of 

the N terminal NLuc or SnapTag sequence and GS linker to facilitate surface 

expression of tagged receptors. They all contain ampicillin resistance gene for 

selection (Figure 2.1 and Figure 2.2). 

cDNA encoding N terminal fusions of EGFR to NLuc, HiBiT or HaloTag were a kind 

gift from Promega Corporation, with the EGFR ORF obtained initially from the 

Kazusa DNA Research Institute (Kisarazu, Japan). NLuc_EGFR lacking its native 

signal sequence peptide was cloned into a pNKF1-secN CMV vector fusing the signal 

peptide sequence of IL-6 onto the N terminus of NLuc and a GSSGIAI linker between 

NLuc and EGFR. For N-terminal HiBiT tagged constructs, HiBiT (VSGWRLFKKIS) 

was inserted after the IL6 signal peptide and fused to EGFR using a 

GSSGGGGSGGGGSSGAIA linker (termed HiBiT_EGFR). For the N-terminal 

HaloTag EGFR construct, the HaloTag sequence was inserted after the EGFR natural 

signal peptide and fused to EGFR using a linker GSSGGGGSGGGGSSGAIA (termed 

HaloTag_EGFR). They all contain neomycin/kanamycin resistance gene for selection 

(Figure 2.3). The signalling peptide sequences are cleaved off during membrane 

translocation. 
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Figure 2.1 Vector map of NLuc_CXCR4 (pcDNA3.1). (Figure generated using SnapGene 

Viewer 7.0.3) 
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Figure 2.2 Vector map of SNAPTag_CXCR4 (pcDNA3.1). (Figure generated using 

SnapGene Viewer 7.0.3) 
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Figure 2.3 Vector map of NLuc_EGFR. (Figure generated using SnapGene Viewer 7.0.3) 
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2.3 Luria Broth with agar plate preparation 

Thirty-five grams of Luria Broth with agar (Lennox) (L2897-1KG) from Sigma 

Aldrich (Gillingham, UK) was added to 1 litre of Milli Q water. After autoclaving and 

cooling to a hand-hot temperature, ampicillin (100 μg/ml) or kanamycin (30 μg/ml) 

were added and agar poured into the petri dishes (approximately 20ml per plate). Once 

the agar had set, plates were stored for up to one month in the fridge at 4°C until 

needed.  

 

2.4 Transformation of the competent bacteria cells 

DH5 (18265017; Invitrogen) or One Shot® TOP10F chemically competent 

(C303003; Invitrogen) Escherichia coli bacteria strains and cDNA samples were 

defrosted on ice. 17 μl of competent bacteria and 1 or 2 μl (approximately 100 ng) of 

cDNA samples, depending on their stock concentrations, were added to 1.5ml 

Eppendorf tubes, mixed and left on ice for 30 minutes. Cells were heat shocked for 30 

seconds at 42oC and then returned to ice for 3 minutes. 250 μl of LB broth (see 2.5) 

for DH5 cells or Super Optimal broth with Catabolite repression (S.O.C) media for 

TOP10F cells was added on each tube and flicked gently. Tubes were placed on a 

shaker at 225 rpm at 37oC for an hour. After one hour of incubation, 50 μl of LB broth 

and 50 μl of transformed bacteria culture were mixed and spread on pre-warmed LB 

agar plates (see 2.3) with appropriate resistance antibiotic. After a few minutes, the 

agar plates were placed agar side up (to avoid water contamination caused by 

moisture) in a hotbox set to 37o C. The next day, colonies that were picked with the 

help of a pipette tip by scraping, and bacteria cultures were started in either 5 ml or 

200 ml of LB broth with the appropriate resistance antibiotic. Cultures were shaken 

overnight at 225 rpm at 37°C. 
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2.5 Luria broth preparation 

Twenty grams of Luria Broth (Lennox) (L3022-1KG; Sigma Aldrich, Gillingham, 

UK) was added to 1 litre of Milli Q water in glass bottles. After autoclaving and 

subsequent cooling of the broth, ampicillin (100 μg/ml) or kanamycin (30 μg/ml) 

antibiotics were added. The bacteria colonies that were picked up from LB agar plates 

were added to the prepared LB broth to start and grow bacteria cultures. 

 

2.6 Maxiprep DNA purification  

After growing the bacteria culture overnight in 200 ml of LB broth, the cultures were 

centrifuged at 3,400 x g for 10 minutes at 4 °C and the pellets were stored in -20 °C. 

At the day of plasmid purification, the pellets were thawed on ice. A ZymoPURE™ II 

Plasmid Maxiprep Kit (Zymo Research; (D4203) California, US) was used to purify 

plasmids. The pellet was resuspended in 14 ml of resuspension buffer and vortexed. 

Next, 14 ml of lysis buffer was added to lyse bacterial cells, and the tubes were gently 

inverted six times and incubated at room temperature for 2-3 minutes. 14 ml of 

neutralisation buffer was added, and the tubes were gently inverted five more times. 

The lysate was transferred to ZymoPURE™ Syringe Filter-X and left for 5-8 minutes 

to allow filtration of the precipitation. Luer Lock plug from the bottom of the syringe 

was removed and the filter was placed into a clean 50 ml conical tube. The solution 

was pushed through the filter. 14 ml of binding buffer was added on it. Using a vacuum 

pump manifold (Vac-Man, A7231; Promega Corporation, USA), the filter was washed 

two times with 10 ml of washing solutions. The column was placed in a collection 

tube and centrifuged at 16,000 x g for 1 minute to remove any residual wash buffer. 

The column was transferred to a new 1,5 ml collection tube, and 400 μl of elution 

buffer was added. After 2 minutes, the collection tube was centrifuged at 16,000 x g 

for 1 minute. The entire eluate was added to EndoZero™ Spin-Column and 

centrifuged for another 1 minute at 10,000 x g to remove residual endotoxins. Purified 

plasmid absorbence was measured via DS-11 FX+ spectrometer/fluorometer 

(DeNovix, Wilmington, DE, USA). The maxiprep procedure typically resulted in an 

approximate yield of 350 μl DNA preparation with a 500-1500 ng/μl DNA 

concentration and a 260/280 absorbence ratio of 1.8-1.9. The samples having 260/280 

absorbence ratio is between 1.8-2.0 is accepted pure for dsDNA The 260 nm 



                                                                                 Chapter 2: Materials and Methods

   

 

70 

absorbance is specific for double bonds between purine and pyrimidine rings of double 

strand DNA. The samples having absorbence below 1.6 accepted as contaminated with 

proteins or phenol since they absorb at 280 nm. All purified DNA was stored at -20°C.  

 

2.7 DNA Sequencing 

For plasmid sequencing, Sanger sequencing (Next Generation Sequencing Facility, D 

Floor, School of Life Sciences, University of Nottingham) was performed using 100 

ng/μl DNA and T7 forward primer and a BGH reverse primer were used for CXCR4 

and ACKR3 constructs in pcDNA3.1. Sixteen primers were used for EGFR constructs 

in NaLuc, HiBiT and HaloTag plasmids to sequence the whole EGFR DNA sequence 

(see Appendix). Along with Sanger sequencing, whole plasmid DNA sequencing 

service via Oxford Nanopore Technologies was performed by Plasmidsaurus (Oregon, 

United States).  

 

2.8 Cell Culture 

Human embryonic kidney (HEK) 293 cells are an immortalised well-characterised 

model cell line used in biological research due to their easy cell culture maintenance, 

short division time and high transfection efficiency and expression of recombinant 

proteins (Thomas & Smart, 2005). They were created by Graham et al. via the 

transformation of human embryonic kidney cells with adenovirus type 5 DNA 

(Graham et al., 1977). The HEK293T cell line was developed as a derivative of 

HEK293 cells via stable expression of SV40 large T-antigen (Dubridge et al., 1987). 

This derivative gave further improvements to plasmid transfection efficiency and 

recombinant protein expression. HEK293-Glosensor™ (termed HEK293G cells) are 

HEK293 cells stably transfected with the pGloSensorTM-20F cAMP plasmid by 

Promega Corporation, Southampton, UK. HEK293T wild-type cells or HEK293-

Glosensor™ cells stably expressing NLuc_CXCR4, NLuc_ACKR3 or NLuc_EGFR 

tagged at their respective N termini with Nanoluciferase (NLuc) were cultured in 

Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM; D6429, Sigma Aldrich, 

Gillingham, UK) supplemented with 10% Fetal Calf Serum (FCS) at 37oC/5% CO2. 
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2.8.1 Freezing of cells 

Cells were passaged as described above; however, following centrifugation, they were 

resuspended in 1 ml of complete DMEM/10% FCS containing cell culture grade 10% 

DMSO Dimethyl Sulfoxide (DMSO). DMSO prevents the crystallisation of the cells 

during the freezing process. Cell aliquots were added to cryogenic storage vials. They 

were put in Mr. Frosty™ containers for 24 hours at -80oC to avoid cell death due to 

crystallization during cell freezing. Mr. Frosty™ provides a slow freezing process via 

decreasing the temperature 1oC/minute. After 24 hours, cryovials were moved into 

liquid nitrogen for long-term cryopreservation of the cells (liquid or vapour phase).  

 

2.8.2 Thawing of cells 

Cells stored in 1.5ml cryovials long-term in liquid nitrogen were thawed at room 

temperature. They were added to 5 ml of DMEM and resuspended. They were 

centrifuged at 1000 rpm for 4 minutes, and the resultant pellet was resuspended in 1 

ml of DMEM and cultured in a T75 cell culture flask containing 20 ml of DMEM with 

10% FCS.  

 

2.8.3 Passaging of cells 

After cell confluency reached at 70%, culture media DMEM was aspirated and 5 ml 

of 1x Phosphate Buffered Saline (PBS) (Sigma Aldrich, Gillingham, UK) was added 

on flask. After washing the cells with PBS, PBS was aspirated from the flask, and 1 

ml of trypsin/EDTA (0.5 g/l trypsin, 0.2 g/l EDTA) was added for 3-4 minutes to 

detach the cells. 5 ml of DMEM was added, and cells were transferred to a 30 ml 

universal tube and centrifuged at 1000 rpm for 4 minutes. After centrifugation, the 

supernatant was poured off, and the cell pellet was resuspended in 5 ml of 

DMEM/10% FCS. Cells were transferred into a T75 cell culture flask containing 20 

ml of DMEM/10% FCS, typically at a split ratio of 1:5. 
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2.8.4 Cell seeding for NanoBRET assays 

96 well plate format 

For NanoBRET experiments, 96 well flat bottom, μCLEAR® white CELLSTAR® 

TC plates (Greiner Bio-One 655098, Stonehouse, UK) were coated with sterile poly-

D-lysine (Sigma Aldrich, Gillingham, UK) at 10 ng/ml concentration in 50 l volume 

per well for 30 minutes at room temperature. After coating, each well was washed 

with 1x PBS once and stored at room temperature until use. The media from the T75 

flasks were aspirated, and cells were washed with 1x PBS. Cells were trypsinised and 

centrifuged as described (see 2.8.3) After centrifugation, the supernatant was 

aspirated, and the cell pellet was resuspended in 5 ml of DMEM/10% FCS. Cells were 

then counted using a haemocytometer, resuspended in DMEM/10% FCS to the desired 

number of cells and seeded onto the poly-D-lysine coated 96-well plates at 40,000 

cells/well (day 1) for experiments performed on the next day (day 2). Alternatively, if 

cells were to be transfected, cells were plated at 15,000 cells/well (day 1), transfected 

the next day (day 2) and the experiment performed on day 3. Cells were left to grow 

overnight at 37oC/5% CO2. 

 

Six well plate format 

Cells were trypsinised and centrifuged as described at (2.8.3). After centrifugation, the 

supernatant was aspirated, and the cell pellet was resuspended in 5 ml of DMEM/10% 

FCS. Cells were then counted using a haemocytometer, resuspended in DMEM/10% 

FCS to the desired number of cells per ml and seeded in a 6-well plate at 1 million 

cells per well. The following day, cells were transfected (see 2.9) with a plasmid of 

interest and incubated overnight at 37oC/5% CO2. The following day, cells were 

trypsinised, resuspended, counted, and seeded in 96-well plates for NanoBRET 

experiments as described as above. 
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2.9 Transfection of HEK293 cells with Fugene HD 

HEK293T cells were transfected a day before the experiments according to the 

FuGENE HD Transfection Reagent (E2311) protocol provided by the manufacturer 

(Promega Corporation). The cDNA of interest and transfection mix was prepared in 

Opti-MEM reduced serum medium (31985062) purchased from (Gibco, Thermo 

Fisher, MA, USA) and incubated for 10 minutes as the protocol suggested. 

Transfection mix was added to cells plated in either a 96-well- or 6-well plates in a 

3:1 ratio of DNA: FuGENE HD in DMEM containing 10% FCS. Cells were left to 

grow for 16 hours. 

 

2.10 Membrane preparation from stably transfected HEK293 cells 

HEK293T cells stably expressing NLuc_EGFR or NLuc_CXCR4 were grown to 70–

80% confluency in T175 flasks. Cells were washed with 1x PBS. They were scraped 

in 15 mL of PBS using a cell scraper. The cell suspension was transferred into a 50-

mL tube and centrifuged at 378 x g for 10 min at 4 °C after centrifugation, the 

supernatant was aspirated, and the pellet was kept at 80 °C. On the day of membrane 

preparation, pellets were thawed and resuspended in 15 mL of 1x PBS and 

homogenised using an electronic handheld IKA T10 Ultra Turrax homogeniser in 10 

times 3 seconds burst at 15,000 rpm. Unbroken cells and nuclei were removed by 

centrifugation at 1,500 g for 20 min at 4 °C. The supernatant was centrifuged at 41,415 

x g for 30 min at 4 °C. The pellet was resuspended in 2 mL of ice-cold PBS and, 

transferred to a borosilicate glass homogeniser mortar and homogenised 15 times 

using an IKA RW16 overhead stirrer attached to a serrated pestle (Kartell) at 1,000 

rpm. Protein concentrations were obtained using a BCA assay (PierceTM BCA Protein 

Assay, Thermo Fisher Scientific) and absorbance values were measured using a Dynex 

Technologies 4.25 plate reader. Membranes were stored at 80 °C until use in 

NanoBRET assays. 
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2.11 Clonal selection of stably transfected cell lines (dilution cloning) 

Stably transfected clonal Human embryonic kidney 293 (HEK293)-Glosensor™ 

(Promega, Southampton, UK) cells expressing NLuc_CXCR4 and NLuc_ACKR3 

(constructs map provided above) cells were generated by Dr. Birgit Caspar (Cell 

Signalling Lab, University of Nottingham). For this HEK293-Glosensor™  cells were 

transfected using FuGENE® HD reagent (Promega Corporation, Southampton, UK) 

and transfected cells were selected using 1 mg/ml geneticin (G418) 24 hours after 

transfection. The complete DMEM media containing G418 was changed every two 

days. After the cell death reached the plateau phase, the concentration of geneticin was 

decreased to 0.5 mg/ml. Cells were grown until they reached their confluency, and 

then they were diluted for clonal selection. Cells were trypsinised, counted and diluted 

to give cell numbers of 4 and 40 cells per 100 μl in 96-well plates. Colonies started to 

form in approximately 2-3 weeks. Cells were checked for single colonies, which were 

grown to 50% confluency, and then transferred to 24-well plates and later 25 cm2 

flasks. The clonally selected cells were screened for selection (luminescence 

indicative of NanoLuciferase expression) and frozen until further use (see 2.8.1) 

 

2.12 Preparation of Hank’s Balanced Solution (HBSS) 

10x HBSS was prepared according to the following recipe and with final molar 

concentrations of ingredients (20 mM of sodium pyruvate, 1450 mM of NaCl, 50 mM 

of KCl, 10 mM of MgSO4, 100 mM of HEPES, 13 mM of CaCL2, 15 mM NaHCO3) 

dissolved in 900 ml of ddH2O. The pH of the 10x solution was adjusted to 7.45, and 

the solution diluted to 1 litre using ddH2O. After autoclaving, a working solution of 

1x HBSS was made by diluting the 10x HBSS to 1x HBSS and adding D-glucose at a 

final concentration of 10 mM. Before each experiment, 0.1 % or 0.2% bovine serum 

albumin (BSA) was added (Sigma Aldrich, Gillingham, UK) to the 1x HBSS solution 

in 20 ml or 50 ml universal tubes and then warmed up to 37oC in the absence of CO2. 
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2.13 Nanoluciferase bioluminescence resonance energy transfer (NanoBRET) 

Assays 

Bioluminescence Resonance Energy Transfer (BRET) is a technique based on energy 

transfer from a bioluminescent donor molecule to a fluorescent acceptor that is 

dependent on close proximity (within 10 nm) of the bioluminescent and fluorescent 

tags (Stoddart, Johnstone, et al., 2015). Nanoluciferase (NLuc) is a bioluminescent 

enzyme engineered from the deep-sea shrimp Oplophorus gracilirostris(Dixon et al., 

2016). It is substantially smaller than Renilla luciferase (19 vs 38kDa) and is 150- fold 

brighter (Machleidt et al., 2015). NLuc oxidises its substrate (furimazine) which 

produces a bioluminescence signal which can be measured by appropriate detecting 

devices (Hall et al., 2012). The efficient spectral overlap between the donor emission 

and excitation wavelength of the acceptor fluorophore/fluorescent protein used is 

essential for NanoBRET (Stoddart et al., 2016) (Figure 2.4). The NanoBRET 

technique can determine protein-protein interactions such as GPCR-GPCR or GPCR-

RTK or ligand-receptor interactions in live cells and isolated membranes to understand 

their binding kinetics, affinity and allosteric regulation as well as interactions of these 

receptors with their downstream regulations (Stoddart et al., 2018). To study the 

binding of fluorescently labelled ligands, receptors of interest can be tagged with 

Nanoluciferase on their extracellular termini to allow binding of a fluorescent ligand 

to be monitored using NanoBRET. NanoBRET can be used to perform ligand 

saturation binding assays, competition binding assays or ligand binding kinetic assays 

in live cells to monitor real-time molecular interactions (Figure 2.5).  (Stoddart et al., 

2018) Additionally, NanoBRET can be used to detect protein-protein interactions 

(Kilpatrick et al., 2019). To study the receptor-receptor interactions, one receptor can 

be tagged with NanoLuciferase enzyme (donor) and a second receptor with a 

fluorophore or fluorescent protein for resonance energy transfer. Close proximity (<10 

nm) of the two receptors leads to energy transfer between donor and receptor and 

produces a BRET signal (Kilpatrick et al., 2019) (Figure 2.6). 
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Figure 2.4 Schematic of the overlap between the spectral wavelength of NLuc and the 

excitation and emission spectra of fluorophores typically used in bioluminescence 

resonance energy transfer (BRET). The wavelengths overlap between NLuc emission (blue 

line) and excitation (broken line) and emission (solid line) of A-) green-shifted acceptor 

(BODIPY-FL-X) and B-) red-shifted BRET (BODIPY 630/650) acceptor fluorophores. 

Adapted from (Stoddart et al., 2018). 
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2.14 NanoBRET Ligand Binding Assay 

 

Figure 2.5 The mechanism of NanoBRET ligand/nanobody binding assay. Schematic 

representation of a NLuc binding assay using fluorescently labelled ligands and nanobodies 

and NLuc tagged A-) G-protein coupled receptors (CXCR4/ACKR3) and B-) tyrosine kinase 

receptor (EGFR) (Figure was created with BioRender). 

 

To study the binding of fluorescently labelled ligands, receptors of interest are tagged 

with NLuc on their extracellular N-terminus to allow the binding of a fluorescent 

ligand/nanobody to be monitored using NanoBRET. In presence of NLuc’s substrate 

furimazine, resonance energy transfer occurs if the fluorescent ligand/nanobody is 
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within sufficient proximity (less than 10nm). This leads the emitted light cause 

excitation of the fluorophore of the fluorescent ligand/nanobody, which then emits its 

own fluorescence (Figure 2.5). Both fluorescence and luminescence emissions can be 

detected simultaneously using appropriate instrumentation (eg. a BMG PheraStar). 

BRET ratios can then be calculated by dividing fluorescence emissions by 

luminescence emissions. NanoBRET can be used to perform ligand saturation binding 

assays, competition binding assays or ligand binding kinetic assays. (Stoddart et al., 

2018) 

 

2.14.1 NanoBRET saturation binding assay 

For ligand binding experiments, HEK293G or HEK293T live cells, stably or 

transiently transfected or purified membranes prepared from these cells were used. 

Live cells were seeded into poly-D-lysine coated white clear bottom 96-well plates 

mentioned at section 2.8.4.  Purified membranes were added to white opaque bottom 

96-well plates, with 2.5 μg of purified membranes/well used for ligand binding 

experiments. Stock fluorescent ligands were diluted in 1x HBSS containing 0.1 or 0.2 

% BSA (Bovine Serum Albumin) to give a concentration range of various ligands for 

CXCR4, ACKR3 or EGFR. Non-specific binding was determined using an 

appropriate unlabelled compound which is a competitor for the receptor of interest 

ligand binding in HBSS/BSA. (The competitor concentration should be high enough 

to displace labelled ligand/compound/nanobody. For example, 100 ng of unlabelled 

EGF was used against fluorescently labelled EGFR ligands and nanobody 

experiments) Cells were washed once with HBSS, and then compounds were added to 

each well (triplicates, quadruplicates or five replicates) in a total volume of 50 or 100 

μl. Plates were incubated at 37oC for 30 minutes (The incubation time differs on 

different receptors and compounds/ligands) (for EGFR ligands and nanobodies 

binding), (1 or 2 hours for CXCR4 and ACKR3 compounds and ligands).  5 μl of the 

NLuc substrate furimazine (Promega Corporation, Southampton, UK) was then added 

as 1/400 final dilution. After 5 minutes of incubation, fluorescence and luminescence 

emissions were simultaneously read using a PHERAstar FS dual plate reader (BMG 

Labtech, UK). Red fluorescent ligands were measured using module 610-LP with 460-

80 filters and >610 nm emission filters), and green fluorescent ligands were measured 

using the BRET1 optical module (475 nm and 535 nm emission filters for 
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luminescence and fluorescence signals respectively). The raw BRET ratio was 

calculated by dividing fluorescence emissions by luminescence emissions, and the 

results were plotted as non-linear regression-curve fit (see 2.24) on GraphPad Prism 

version 10 (GraphPad Software, La Jolla, CA). 

 

2.14.2 NanoBRET ligand displacement assay (competition assay) 

Competition assays were performed the same way as ligand binding assays using live 

cells or membranes prepared from these cells. For cells and membranes, a constant 

concentration (Kd or half of the Kd concentration) of fluorescent ligand or nanobody 

and a fixed concentration of unlabelled competing ligands were added to wells. After 

30, 60 minutes or 2 hours of incubation (for EGFR ligands and nanobodies binding), 

(1 or 2 hours for CXCR4 and ACKR3 compounds and ligands) at 37°C/5% CO2 in the 

dark. Furimazine was added to each well as 1/400 final dilution. As described 

previously, fluorescence and luminescence were measured simultaneously using a 

PHERAstar FS dual plate reader (see 2.14.1).The raw BRET ratio was calculated by 

dividing fluorescence emissions by luminescence emissions, and the results were 

plotted as described at 2.24 on GraphPad Prism version 10 (GraphPad Software, La 

Jolla, CA). 

 

2.15 NanoBRET Receptor-Receptor Dimerisation Assay 

HEK293T cells were seeded at 15,000 per well for 96-well plates. The following day, 

cells were transfected transiently with appropriate plasmids, as mentioned 2.9. To 

obtain a BRET signal between donor and acceptor tagged receptors, receptors must be 

closer than 10 nm and in an orientation that allows efficient energy transfer (Figure 

2.6). Two different receptor-tag combinations were used for receptor-receptor 

dimerisation assay: 1- NLuc_CXCR4 expressed with HaloTag_EGFR and 2- 

NLuc_EGFR expressed with SNAPTag_CXCR4. Cells were transfected with 

FuGENE HD Transfection Reagent using a 3:1 DNA/FuGENE HD ratio in OptiMEM 

following the manufacturer’s instructions. For receptor-receptor dimerisation 

saturation experiments, a constant amount of donor (NLuc) tagged receptor cDNA and 

an increasing amount of acceptor tagged receptor cDNA (SNAPTag or HaloTag) were 

transfected. For ligand induced experiments, a constant amount of donor and acceptor 
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receptor cDNA was used (20 ng per well for both). 60 ng per well of empty vector 

pcDNA3.1 was used to give a total cDNA concentration per well of 100 ng. After 16-

24 hours of transfection, culture media was removed, and cells were labelled with 

either HaloTag (AlexaFluor® 488 (G1002)) (0.2 μM final concentration) or SNAP-

Surface-AlexaFluor488® (0.2 μM final concentration) labels (see 2.18). If ligand 

induced experiments were performed, the cells were then incubated for 30 minutes 

with various ligands such as CXCL12 and EGF which are natural ligands of CXCR4 

and EGFR respectively, small molecule antagonists (IT1t, AMD3100 etc), receptor 

tyrosine kinase inhibitors (Erlotinib etc), nanobodies (VUN400c, Q44c etc)  at 37°C. 

Fluorescence emissions from HaloTag or SNAPTag receptors were read prior to 

adding furimazine using PHERAstar FS platereader (BMG Labtech) using filters for 

excitation at 485 nm and emission at 520 nm to check the transfection efficiency of 

fluorescently labelled receptors. After that, cells were incubated with 1/400 final 

dilution of furimazine for 5 minutes, and fluorescence and luminescence then 

measured simultaneously using a PHERAstar FS dual plate reader using the BRET1 

optical module (475 nm and 535 nm (30 nm band-pass filter for each) emission filters 

for luminescence and fluorescence signals respectively), as described at 2.14.1. 

 

Figure 2.6 The mechanism of NanoBRET receptor-receptor dimerisation assay. 

Schematic representation of NLuc receptor-receptor dimerisation assay using fluorescently 

labelled (HaloTag and SNAPTag) and NLuc tagged receptors. (Figure was created with 

Biorender). 
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2.16 NanoBRET kinetic assay  

Kinetic assays were performed either using live HEK293 cells or membranes prepared 

from these cells. Live HEK293 cells stably or transiently expressing NLuc tagged 

receptors (40.000/well) were plated onto poly-D-lysine-coated white 96-well plates as 

described in 2.8.4 and incubated overnight at 37oC/5% CO2. The following day, cells 

were washed with 100 μL of HBSS containing 0.2% BSA. 45 μL of HBSS containing 

furimazine (1/400 final dilution) was added to each well. For experiments using 

membrane preparations, an aliquot of defrosted membrane was added to each well at 

a concentration of 2.5 μg in 10 μl along with 70 or 80 μL of HBSS containing 

furimazine (1/400 final dilution). Baseline BRET values were read using a PHERAstar 

FS dual plate reader for 15 minutes at 37°C every 15, 30 or 60 seconds. After baseline 

measurements, unlabelled or fluorescently labelled ligands at various concentrations 

were added to the cells. Plates were then read for 2 hours at 37°C.  

 

2.17 NanoBIT Internalisation assay  

HiBiT internalisation assay is based on NanoBIT complementation. While protein-

fragment complementation assays are used widely in protein-protein interaction 

assays, several studies used NanoBIT complementation to investigate receptor 

internalisation (Soave, Heukers, et al., 2020), (Reyes-Alcaraz et al., 2022). 

Nanoluciferase (NLuc) is an engineered luciferase derived from a deep-sea shrimp 

(Dixon et al., 2016). The full lenght enzyme is 19 kDa. The subunits derived from 

NLuc enzyme are LgBiT (LargeBiT) (18 kDa), SmBiT (SmallBiT) (1.3 kDa) and 

HiBiT (1.3 kDa) (11 amino acid) (Schwinn et al., 2018).While SmBiT shows weak 

affinity against LgBIT for self-association (Kd = 190 μM) (Dixon et al., 2016), HiBiT 

has higher affinity (Kd = 700 pM) (Schwinn et al., 2018). In this thesis HiBiT-LgBiT 

complementation strategy was used to investigate receptor internalisation. The HiBiT 

tagged receptors on the cell surface give luminescent signal after the complementation 

with purified LgBiT and NLuc substrate furimazine. Contrary, internalized HiBiT 

tagged receptors cannot complement with membrane impermeable purified LgBiT and 

don’t produce luminescent signal. Hence, in this method, low luminescence signal 

signifies high internalisation level while high luminescence signal depicts high 
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number of receptors localised on cellular membrane. To perform HiBiT internalisation 

experiment we have used the following protocol. 

HEK293 cells (20,000/well) were plated onto poly-D-lysine coated white 96-well 

plates as mentioned 2.8.4 and incubated at 37°C 5% CO2 overnight. The following 

day, cells were transfected with 50 ng per well of HiBiT_EGFR cDNA and 50 ng of 

empty pcDNA 3.1 plasmid or 50 ng of SNAP_CXCR4 cDNA using FuGENE HD 

Transfection Reagent at a 3:1 DNA/FuGENE HD ratio in OptiMEM following 

manufacturer’s instructions. Cells were then incubated at 37°C/5% CO2 for 16-24 

hours. The following day, culture media was removed, and cells were washed with 

HBSS once. Cells were incubated with various ligands to induce internalisation for 

120, 60, 30 or 5 minutes for time course experiments and 30 minutes for time point 

experiments at 37°C. No ligand induced/only HBSS plus 0.02% BSA groups were 

used as control. After the ligand incubation time, 10 nM of purified LgBiT and 

furimazine (1/400 dilution) diluted in HBSS/0.02% BSA, were added to each well for 

20 minutes at 37°C. Using the LUM Plus optical module (filters between 475-505 

nm), luminescence was measured using a PHERAstar FS plate reader (BMG Labtech, 

Offenburg, Germany) (Figure 2.7). 

 

Figure 2.7 The mechanism of NanoBIT internalisation assay. Schematic representation of 

HiBiT tagged EGFR internalisation. (Figure was adapted from Soave et al., 2018 and created 

with Biorender). 
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2.18 SNAPTag and HaloTag Labelling 

Site-specific tagging of proteins with small peptides and proteins helps us to create 

tools to understand receptor functions in live cells(Cole, 2013). In this thesis we used 

SNAPTag and HaloTag to label CXCR4 and EGFR to be able to do receptor-receptor 

interaction BRET experiments. The SNAPTag (20 kDa) is a modified form of the 

DNA repair enzyme, human O6-alkylguanine-DNA-alkyltransferase (AGT)(Cole, 

2013). A self-labelling reaction creates a covalent bond between reactive cysteine 

residue in the tag with O6-benzylguanine (BG) derivatives with variable fluorophore 

labels(Cole, 2013) (Figure 2.8). 

HaloTag (33 kDa) is a modified haloalkane dehalogenase protein designed to 

covalently bind to synthetic ligands of HaloTag (Georgyi V. Los, 2008). The synthetic 

ligands comprise a chloroalkane linker can be attached to a several flurescent dyes 

similar to SNAPTag (Urh, 2012).  A covalent ester bond is formed during catalysis 

between an aspartate in the enzyme and the hydrocarbon substrate(Georgyi V. Los, 

2008). 

The advantages of self-labeling proteins with peptide tags like SNAPTag and 

HaloTAg are their high reaction rate and specificity of labelling with speficic bond 

between synthetic substrates and the tags.  Also, the large number of various 

fluorophore conjugated substrates are commercially available (Urh, 2012)(Cole, 

2013). Another advantage for SNAPTag and HaloTag is it is possible to choose 

membrane permeable or impermeable labelling ligands. We have used membrane 

impermeable labelling strategy to detect membrane located receptors in this thesis. 
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Figure 2.8 SNAPTag labelling of protein of interest. (Figure was adapted from N.Cole, 

2013 and created with Biorender). 

SNAPTag and HaloTag were used for CXCR4-EGFR homodimer and heterodimer 

BRET experiments in this thesis (see 2.15). For this, cells were labelled with either 

HaloTag (AlexaFluor® 488 (G1002)) (0.2 μM final concentration) or SNAP-Surface-

AlexaFluor488® (0.2 μM final concentration) labels in 50 μL of complete media for 

30 minutes at 37°C. Cells were then washed with 100 μL of HBSS containing 0.2% 

BSA three times for 5 minutes. After this the BRET protocol was continued as 

mentioned section 2.15. 

 

2.19 Bioluminescent imaging 

 HEK293 cells stably expressing NLuc_EGFR (500.000 cells/dish) were plated onto 

poly-D-lysine-coated 35 mm cellview glass bottom cell culture dish in DMEM/10% 

FCS. After an overnight incubation at 37°C/5% CO2, the culture media was aspirated, 

and cells were washed with via adding 3 ml of HBSS containing 0.2% BSA and 

aspirating it. 1.5 ml of HBSS/0.2% BSA added on dish and furimazine was added as 

1:500 dilution. Immediately after furimazine addition bright-field and 

bioluminescence imaging was performed using Olympus Luminoview 200 (LV200) 

inverted microscope (Olympus, Southend, UK). Cells were imaged live with 

PanApochromat 60x NA1.42 oil immersion objective with 0.5x tube length, resulting 

in 30x final magnification. Images were captured with brightfield (exposure 50 ms, 

gain 50) and luminescence (exposure 20 seconds, gain 200) filters.  
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2.20 Production and purification of nanobodies 

VUN400, VUN401 [29], VUN415, VUN416, and Q44, Q86 [14] were cloned into the 

pYQVQ11 plasmid (QVQ, Utrecht, The Netherlands) and produced in Saccharomyces 

cerevisiae as previously described [14]. All proteins were purified using an 

Amsphere™ A3 column (JSR Life Sciences) on an ÄKTA start purification system 

(Cytiva) as described previously [33] and dialyzed against PBS. Protein concentration 

was determined by UV-VIS spectrometry and protein integrity was assessed by SDS 

PAGE. 

 

2.21 Conjugation of VUN416c and Q44c with oligonucleotides 

VUN416c and Q44c nanobodies with an unpaired cysteine in the C-terminus were 

prepared at high concentration (>3 g/l) and incubated with a 10-fold molar excess of 

tris(2-carboxyethyl) phosphine (TCEP) for 3 hours at 37°C, which was removed 

afterwards by two 0.5 ml Zeba spin columns (#89882, Thermo Fisher Scientific). The 

reduced nanobodies were incubated with a 10-fold molar excess of DBCO-Maleimide 

(#760668, Sigma Aldrich), which again was removed afterwards by two 0.5 ml Zeba 

spin columns. Nb-DBCO conjugates were quantified using absorbance at 280 and 310 

nm and subsequently incubated with azide-modified oligonucleotides (Integrated 

DNA Technologies (IDT), Coralville, IA, USA) in a 1:1 molar ratio. Oligonucleotides 

1 and 2 (oligo1, oligo2) were based on those described previously [34]. 

 

Oligo1:  5’-azide-AAA AAA AAA AGA CGC TAA TAG TTA AGA CGC TT-3’  

Oligo2: 5’-azide-AAA AAA AAA ATA TGA CAG AAC TAG ACA CTC TT-3’ 

The yield of conjugations of Nb-DBCO and azide-oligonucleotides was assessed by 

SDS PAGE and PageBlue staining and was >90%. 
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2.22 Determining Nb-oligo binding (ELISA) 

Genome-edited NLuc-CXCR4 expressing HeLa cells were seeded at 30,000 cells per 

well into a clear cell culture 96-well plate (Greiner) one day prior to the experiment. 

On the day of the experiment, the medium was refreshed with full medium 

with/without unlabeled VUN416 or Q44 (1 µM) as competitors and incubated for 1 

hour at 37°C, 5% CO2. Cells were washed with PBS and fixed with 4% PFA, washed 

again, and then incubated with blocking buffer (5% BSA, 0.05 mg/ ml sheared salmon 

sperm DNA (#AM9680, Thermo Fisher Scientific) in PBS) with/without unlabeled 

VUN416 or Q44 (1 µM) for 1 hour at RT, shaking at 300 RPM. Nb-oligos were 

incubated in presence/absence of competitors (1 µM) for 1 hour at RT, and the 

unbound fraction then washed away (Duolink wash buffer A). Biotin-conjugated anti-

sense-oligonucleotides (Anti-oligo1-Biotin: 5'-Biotin-AAG CGT CTT AAC TAT 

TAG CGT CTT TTT TTT T; Anti-oligo2-Biotin: 5'-Biotin-AAG AGT GTC TAG 

TTC TGT CAT ATT TTT TTT TT, ordered from IDT, each 100 nM diluted in 

blocking buffer) were added and incubated for 1 hour at RT, shaking at 300 RPM. 

Cells were again washed with wash buffer A and subsequently incubated with 

streptavidin-HRP (1:5000, #21130, Thermo Fisher Scientific). After washing with 

wash buffer A and PBS, TMB (#34028, Thermo Fisher Scientific) was added and 

incubated until sufficient coloration was achieved, and the reaction was stopped with 

H2SO4 (1 M). Absorbance at 450 nm was quantified using a ClarioStar Plus (BMG 

Labtech). 

 

2.23 Proximity ligation assays 

An alternative method to study receptor-receptor interactions is proximity ligation 

where oligonucleotides conjugated to receptor-targeted antibodies can act as probes to 

target a protein complex.  These oligonucleotides can be joined by ligation if they have 

been brought into close proximity by receptor oligomerisation (Söderberg et al., 2008).  

The DNA ligation product formed can then act as a template for PCR amplification of 

a single-stranded rolling circular product that can be visualized by hybridization of a 

fluorescently-labelled complementary oligonucleotide detection probe (Söderberg et 

al., 2008). The resulting labelled rolling circle amplified DNA product can then be 

imaged microscopically (Raykova et al., 2016). 
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HeLa cells were seeded at 30,000 cells per well into a poly-L-lysine-coated black 

clear-bottom PhenoPlate (Perkin Elmer, for imaging) one day prior to the experiment. 

On the day of the experiment, the medium was refreshed by full medium with/without 

unlabeled VUN400, VUN416, or Q44 (1 µM) as competitors and incubated for 1 hour 

at 37°C, 5% CO2. Cells were washed with PBS and fixed with 4% PFA, washed again, 

and then incubated with blocking buffer (Duolink blocking buffer for antibody-based 

PLA; 5% BSA, 0.05 mg/ ml sheared salmon sperm DNA in PBS for Nb-based PLA). 

Nb-oligos (10 nM) were incubated in presence/absence of unlabeled nanobodies (1 

µM) for 1 hour at 37°C. Each Nb-oligo incubation was followed by washing with wash 

buffer A. Ligation, amplification, and detection of bound oligonucleotides were done 

using the PLA detection kit Red (#DUO92008, Sigma Aldrich) and according to the 

manufacturer’s instructions. Cells were imaged using the Axiovert 5 Microscope 

(Zeiss) using a 20x objective, 1 s exposure time and 4x gain. Images were analyzed 

for mean grey value in ImageJ (Version 2.14.0/1.54f). 

 

2.24 Data analysis 

All data were analysed using Prism version 10 (GraphPad Software, San Diego, CA, 

USA). Plasmid sequences were viewed and edited using Benchling (San Francisco, 

USA) and SnapGene Viewer 7.0.3 (GSL Biotech, USA). All data obtained from the 

NanoBRET assays were calculated as BRET ratios using Microsoft Excel (Equation 

1). 

 

𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑑𝑜𝑛𝑜𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙
    Equation 1 

 

2.24.1 Saturation Binding 

The data were transferred into a new GraphPad Prism 10 worksheet and fitted with the 

“one-site-total and non-specific binding” setting using the following equation 

(Equation 2). 

 

𝑇𝑜𝑡𝑎𝑙 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐵𝑚𝑎𝑥 .
[𝐿]

[𝐿]+ 𝐾𝐷
+ 𝑀. [𝐿] + 𝐶   Equation 2 
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In this equation, Bmax is the maximum specific binding, [L] is the concentration of 

fluorescent ligand in nM, Kd is the equilibrium dissociation constant in nM, M is the 

slope of the non-specific binding component, and C is the intercept with the y axis 

(Soave, Goulding, et al., 2020) (Figure 2.9). 

 

 

Figure 2.9 Total and non-specific binding curve depicted using GraphPad Prism. Plot 

showing the determination of Bmax and Kd values on total binding and non-specific binding 

curves.  

 

2.24.2 Competition Binding 

For the competition curve analysis, the BRET ratio data was calculated in Microsoft 

Excel, transferred to GraphPad Prism, and fitted into the following equation. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 =  100 − 
100 x [𝐼]𝐻𝑐

[𝐼]𝐻𝑐+ 𝐼𝐶50
𝐻𝑐    Equation 3 

 

Specific Binding is the specific binding of a labelled ligand to a receptor (fit to four-

parameter model),  [I] is the concentration of competing ligand, IC50 is the 

concentration of competitor ligand required to generate 50% of inhibition of specific 

binding, and Hc is the Hill coefficient, describing the curve's steepness. 
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To determine the % inhibiton of specific binding, the data was fit to nonlinear 

regression, using a ‘One site – Fit logIC50  model was chosen, which uses the following 

equation (Equation 4). 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =
100 𝑥 [𝐴]

[𝐴]+𝐼𝐶50
    Equation 4 

[A] is the concentration of competing ligands, and the IC50 is the molar concentration 

of ligand required to inhibit 50% of the specific binding of the fluorescent ligand. 

To obtain the Ki (dissociation constant of unlabelled ligand) value for competing 

ligands, the Kd (equilibrium dissociation constant of the labelled ligand) value for the 

fluorescent ligand (obtained from saturation binding experiments) was used in the 

following equation based on the Cheng–Prusoff correction (Equation 3) IC50 

(concentration of unlabelled ligand required to inhibit the specific binding of labelled 

ligand by 50%) (Soave, Goulding, et al., 2020). 

𝐾𝑖
𝐼𝐶50

1+ 
[𝐿]

𝐾𝐷

        Equation 5 

 

2.24.3 Statistical analysis 

The graphs plotted as either the mean ± SEM (Standard Error of the Mean) of all 

experiments or one representative experiment. An unpaired t-test was used to 

determine statistical significance between two unpaired observations. One-way 

analysis of variance (ANOVA) tests was performed to compare three or more sets of 

data. Statistical significance was defined as p<0.05.



                                                                                           Chapter 3: Results 

 

90 

 

 

 

 

Chapter 3: Binding 

properties of fluorescently 

labelled CXCR4 and 

ACKR3 ligands 

determined using 

NanoBRET 

 

 

 

 

 

 

 



                                                                                           Chapter 3: Results 

 

91 

3.1 Introduction 

The IT1T or CVX15-bound crystal structures of CXCR4 have been determined by (B. 

Wu et al., 2010b). F87 and E288 amino acids on TM domains have been showed to 

be significantly crucial for binding of 11 different antagonists (HC4319, DV3, DV1, 

DV1 dimer, V1, vMIP-II, CVX15, LY2510924, IT1t, AMD3100, and AMD11070) of 

CXCR4 (B. Wu et al., 2010b)(Meng et al., 2023). It has also been suggested that 

AMD3100 binding is affected by W94A (TM2) and D97A (TM2) mutations in the 

minor subpocket and D171 and D262 mutations in the major subpocket (Meng et al., 

2023). These observations suggested that AMD3100 binds to the major and minor 

subpockets simultaneously, which differs from previous studies suggesting it interacts 

with only the major pocket (Jørgensen et al., 2021). The binding modes of AMD070 

(AMD11070) and IT1t have been shown to be similar, primarily interacting with the 

minor subpocket (Meng et al., 2023) (Figure 3.1), with IT1t mainly having ionic 

interactions with D97 and E288 amino acids (B. Wu et al., 2010b).  

 

 

Figure 3.1 The major and minor binding sub pockets of CXCR4. Serpentine diagram of 

CXCR4. The numbers refer to transmembrane alpha helices, the letters are single amino acid 

codes. The figure is depiction of the CXCR4 from above. The figure was adapted from (Meng 

et al., 2023).  
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CXCR4 is commonly expressed in hematopoietic cells such as neutrophils, 

monocytes, and macrophages, but it is also found in neuronal stem cells, astrocytes, 

and microglia (Pozzobon et al., 2016b). CXCR4-knockout mice show defects in B cell 

lymphopoiesis and bone marrow colonisation as well as late gestational lethality, 

illustrating that it plays a crucial role in embryonic development (Nagasawa et al., 

1996; Zou et al., 1998). While CXCR4 is not expressed in many healthy cell types, it 

is highly upregulated and leads to increased proliferation, migration and invasion in 

several cancers like breast cancer (Shi et al., 2020), multiple myeloma (Ito et al., 

2021), non-small cell lung cancer (Cavallaro, 2013) and liver cancer (Ghanem et al., 

2014). The CXCR4-CXCL12 axis stimulates the migration of CXCR4-expressing 

cells towards CXCL12 gradients, which leads to the homing of immune cells to sites 

of inflammation controlling the cancer microenvironment (Mezzapelle et al., 2022) as 

well as metastasis of primary cancer cells to secondary homing sites (Cavallaro, 2013). 

It has also been shown that CXCR4 plays a role as a helper receptor for HIV-1 entry 

to the cell as a co-receptor of CD4 to interact with HIV envelope protein, gp120 

(Nickoloff-Bybel et al., 2021). This gives importance to the discovery and 

development of CXCR4 antagonists (Zhang et al., 2020). Efforts to develop small-

molecule inhibitors have yielded many different chemical classes of highly potent 

antagonists (Debnath et al., 2013; Grande et al., 2017) (Woodard & Nimmagadda, 

2011). As a result of this research, one small molecule antagonist, AMD3100 was 

clinically approved, and other small molecules also currently undergoing clinical trials 

for cancer and HIV infection treatment (Bridger et al., 2010; De Clercq, 2019; Debnath 

et al., 2013; Wang et al., 2020; Zhang et al., 2020) 

Regarding its cognate ligands, ACKR3 shares CXCL12 with CXCR4 and CXCL11 

with CXCR3 respectively (Janssens et al., 2018). CXCL12 binds to ACKR3 (Kd= 0.4 

nM) with ten times higher affinity than it does to CXCR4 (Balabanian et al., 2005). 

ACKR3 is expressed in various cell types, such as hematopoietic, endothelial, and 

neuronal progenitor cells (Koenen et al., 2019). Studies in knock-out mice indicate 

that loss of ACKR3 results in defects in cardiac development (Sierro et al., 2007). 

ACKR3 also plays a significant role in the development of many cancers, increasing 

tumour cell proliferation, migration, adhesion, and angiogenesis capacity (Miao et al., 

2007). 
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Although the physiological function of ACKR3 is not fully clear, it has been shown 

that it can scavenge various ligands such as CXCL11, CXCL12, the viral chemokine 

vCCL20, adrenomedullin, MIF and opioids (Meyrath et al., 2020; Quinn et al., 2018b). 

It has been demonstrated that CXCL12 scavenging by ACKR3 stimulates the 

metastasis and growth of CXCR4-positive breast cancer cells (Hattermann & 

Mentlein, 2013). CXCR4 and ACKR3 are co-expressed in various cells such as T and 

B lymphocytes, vascular endothelial cells, dendritic cells and cancer cell lines derived 

from patients with NSCLC (Iwakiri et al., 2009), breast cancer (X. Sun et al., 2010) 

and cervical cancer (Xu et al., 2021)(M. Neves et al., 2019a). 

Due to the increasing documentation on the role of ACKR3 in disease, several 

structurally diverse small molecule ACKR3 ligands such as AMD3100 (which also 

can bind to CXCR4) (Kalatskaya et al., 2009), VUF11207 (Wijtmans et al., 2012), 

LN6023 (Bayrak et al., 2022a) have been reported.  

Cell membrane receptors play a significant role in cellular physiology in health and 

disease. Several tools, including receptor selective fluorescent ligands, have been used 

to understand their dynamics and mechanisms. They can be used to monitor the 

expression and the function of these receptors with several methods, such as confocal 

microscopy, Fluorescence Correlation Spectroscopy (FCS), Bioluminescence 

Resonance Energy Transfer (BRET) or Fluorescence Resonance Energy Transfer 

(FRET) assays to probe receptor pharmacology, molecular mobility, localisation or 

trafficking (Soave, Briddon, et al., 2020b). Small molecule ligands are conjugated to 

such fluorophores with a linker to introduce flexibility and provide access of the 

pharmacophore to the receptor's binding site. It is worth noting that the addition of 

fluorophores can change a ligand's chemical properties and lipid solubility and 

potentially affect the binding affinity of the conjugated pharmacophore to the receptor 

(Baker et al., 2010). Fluorescent ligands should therefore be considered as unique 

pharmacological entities requiring their own validation in respect to affinity, 

selectivity and imaging properties (Stoddart, Kilpatrick, et al., 2015a). Synthetic 

strategies for linker and fluorophore attachment were developed with the help of 

structure-activity relationship (SAR) and in silico design.  (Dekkers et al., 2023, 2024) 

One of the most widely used ligands to study CXCR4 and ACKR3 is labelled and 

unlabelled CXCL12 (Y. Cheng et al., 2017b; Levoye et al., 2009b; Yamada et al., 

2015). Additionally, commercially available antibodies and nanobodies have been 
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used (Maussang et al., 2013; Tripathi et al., 2016). However, developing and 

producing these protein-based tools is expensive and time-consuming. Small molecule 

ligands selectively targeting CXCR4 and ACKR3 can be used as cost-effective 

alternatives to those protein-based tools as they are more accessible to synthetic 

chemistry and are relatively easy to conjugate to fluorophore analogues (Soave, 

Briddon, et al., 2020b; Stoddart, Kilpatrick, et al., 2015a). 

This chapter will describe the pharmacological evaluation of recently developed and 

synthesised non-fluorescent and fluorescent CXCR4 probes based on IT1t and 

AMD070 as well as ACKR3 probes based on VUF11207. The CXCR4 compounds 

were developed by Dr Sebastian Dekkers, Dr Nicholas D. Kindon, Professors Barrie 

Kellam and Michael Stocks at the University of Nottingham. The ACKR3 compounds 

were developed by Dr Sebastian Dekkers, Dr Marta Arimont-Segura, Dr Chris de 

Graaf and Professor Rob Leurs from the Vrije Universiteit Amsterdam in collaboration 

with Professors Barrie Kellam and Michael Stocks using classical medicinal chemistry 

approach. The chapter has the following objectives: 

o To develop and optimise an in vitro NanoBRET assay to assess the direct 

binding of the ligands and known compounds for CXCR4 and ACKR3. 

o Characterisation of the binding properties of labelled and unlabelled novel 

compounds for CXCR4 and ACKR3.  

To achieve the objectives for this chapter, NanoBRET technology was used (see 

section 2.14). For NanoBRET ligand binding experiments, stably transfected N-

terminal tagged NLuc_CXCR4 and NLuc_ACKR3 (full-length) expressed in living 

HEK293 GloSensor cells were used (Figure 2.5).  NanoBRET saturation or 

competition (displacement) experiments were then performed using fluorescently 

labelled ligands (CXCL12-green, compounds 10 and 24) or unlabelled CXCR4 and 

ACKR3 targeting ligands (CXCL12, AMD3100, IT1t and compounds 4, 9, 19, 20, 

18a, 18b, 18c). Compounds targeting CXCR4 and ACKR3 have been listed in Table 

2.1. 
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3.2 Results 

3.2.1 Determination of CXCR4 ligand binding by NanoBRET 

Initially, to determine the binding affinity of fluorescently labelled CXCL12-green at 

N terminal NanoLuciferase-tagged stably-transfected receptor (NLuc_CXCR4) in 

living HEK293 GloSensor cells, NanoBRET saturation binding assays were 

performed. 10 μM AMD3100 was used to determine non-specific binding. The 

dissociation constant (Kd) for CXCL12-green (Oregon Green® 488) binding to 

CXCR4 was determined to be 78.8 ± 27.8 nM (n=5) (Figure 3.2).  

 

 

Figure 3.2 Saturation binding of CXCL12-green in HEK293G Nluc_CXCR4 cells. 

HEK293G NLuc_CXCR4 cells were treated with increasing concentrations of green 

fluorescently labelled CXCL12 (CXCL12-Green) (Oregon Green® 488) and total, (A) non-

specific and (B) specific binding were calculated in the presence or absence of 10 μM 

AMD3100. Compounds were added simultaneously, and cells incubated for 60 minutes at 37 

oC. Experiments were performed in HBSS containing 0.2 % BSA. The NLuc substrate 

furimazine (1:400 final dilution) was added, and, plates were incubated for 5 minutes, before 

luminescence and fluorescence emissions were measured on a PheraStar FS plate reader. The 

raw BRET ratio was calculated by dividing the fluorescent signal by the bioluminescent 

signal. Specific binding was calculated by deducting the non-specific binding from the total 

binding values. Data points are mean ± SEM. of 5 independent experiments performed in 

triplicate wells. 
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The NanoBRET assay was also used to determine the affinity of competing ligands 

using competition binding experiments with a fixed concentration of CXCL12-green 

(25 nM). IT1t, AMD3100 and unlabelled CXCL12 could displace CXCL12-green at 

high concentrations. The equilibrium dissociation constants obtained were pKi= 6.8 ± 

0.08 for AMD3100, pKi= 7.6 ± 0.1 for IT1t. and pKi= 6.4 ± 0.2 for CXCL12 (Figure 

3.3).  

 

 

 

Figure 3.3 Competition binding of CXCL12-green with AMD3100, IT1t and CXCL12. 

HEK293G NLuc_CXCR4 cells were treated with 25 nM of CXCL12-green and increasing 

concentrations of AMD3100, IT1t and unlabelled CXCL12 simultaneously for 60 minutes at 

37 oC. Experiments were performed in HBSS containing 0.2 % BSA. The NLuc substrate 

furimazine (1:400 final dilution) was added, and, plates were incubated for 5 minutes, and 

luminescence and fluorescence emissions were measured on a PheraStar FS plate reader. The 

error bars depict the mean ± SEM of 4 independent experiments performed in triplicate wells. 

The raw BRET ratio was calculated by dividing the fluorescent signal by the bioluminescent 

signal. 
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After the verification of the NLuc_CXCR4 system with CXCL12-green, fluorescent 

ligands, the affinity of two novel fluorescently labelled compounds conjugated to 

BODIPY 630/650-X (BY630/650-X) designed to target CXCR4 were tested using 

NanoBRET saturation binding assays (Figure 3.4).  

 

 

Figure 3.4 Chemical structure of compounds 10 and 24. BODIPY 630/650-X (BY630/650-

X) labelled CXCR4 antagonists derived from IT1t (compound 10) and AMD070 (compound 

24) designed and synthesised by Dr Sebastian Dekkers and Dr Nicholas D. Kindon (Dekkers 

et al., 2023).  

 

Compound 10 (IT1t derivative) and compound 24 (AMD070 derivative) both showed 

saturable binding at NLuc_CXCR4 with Kd values 295.5 ± 44 (N=6) and 284.5 ± 7.3 

(N=4) respectively (Table 3.1). The binding of the IT1t-based compound 10 was fully 

displaced by unlabelled AMD3100 and IT1t. The binding of the AMD070-based 

compound 24 was mostly inhibited by IT1t and partially inhibited by AMD3100 

showing relatively higher non-specific binding (Figure 3.5).  
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Figure 3.5 Saturation binding of fluorescently labelled 10 and 24 compounds in 

HEK293G Nluc_CXCR4 cells. HEK293G NLuc_CXCR4 cells were treated with 

compounds (A) 10 and (B) 24 in the absence or presence of 10 M of AMD3100 or IT1t. 

NanoBRET experiments were performed using full-length N terminal nanoluciferase CXCR4 

stably expressing HEK293 cells. Compounds were added simultaneously and incubated for 

60 minutes at 37 oC. Experiments were performed in HBSS containing 0.2 % BSA. The NLuc 

substrate furimazine (1:400 final dilution) was added, and plates were incubated for 5 minutes 

then, luminescence and fluorescence emissions were measured using a BMG Pherastar FS. 

Data are combined mean ± SEM from (A) six and (B) four independent experiments, 

respectively, where each experiment was performed in triplicate. Where not shown the error 

bars were within the size of the symbol. The raw BRET ratio was calculated by dividing the 

fluorescent signal by the bioluminescent signal.  

 

 

Table 3.1 Binding Affinities of the Novel Fluorescent Ligands Determined in HEK293G 

Cells Stably Expressing NLuc_CXCR4. 

Compound Kd (nM) pKd n 

10 295.5 ± 44   6.54 ± 0.05 6 

24 284.5 ± 7.3 6.54 ± 0.09 4 

Data are expressed as mean ± SEM from 4-6 independent experiments (n) from triplicate 

wells. Equilibrium binding parameters were derived from saturation binding experiments 

(Figure 3.6 and Figure 3.7). pKd values are the negative log of the Kd values.  
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3.2.2 Determination of novel ACKR3 ligands binding by NanoBRET 

The same approach was used to determine the binding affinity of CXCL12-green at 

NLuc-tagged ACKR3 stably expressed in HEK293 G cells. The mean dissociation 

constant obtained for CXCL12-green binding to ACKR3 was 3.3 ± 0.8 nM (n=5) 

(Figure 3.6). Non-specific binding was determined in the presence of 10 μM 

unlabelled CXCL12. The specific binding of CXCL12-green was obtained by 

deducting the non-specific binding from the total binding values. 

 

 

Figure 3.6 Saturation binding of CXCL12-green in HEK293G Nluc_ACKR3 cells. 

HEK293G stably expressing NLuc_ACKR3 cells were treated with green fluorescently 

labelled CXCL12 (CXCL12-green) (A) total, non-specific and (B) specific binding was 

calculated in the presence or absence of 10 μM unlabelled CXCL12. Compounds were added 

simultaneously and incubated for 60 minutes at 37 oC. Experiments were performed in HBSS 

containing 0.2 % BSA. The NLuc substrate furimazine (1:400 final dilution) was added, and, 

plates were incubated for 5 minutes, and luminescence and fluorescence emissions were 

measured on a PheraStar FS plate reader. The raw BRET ratio was calculated by dividing the 

fluorescent signal by the bioluminescent signal. Specific binding was calculated by deducting 

the non-specific binding from the total binding values. Data points are mean ± SEM. of 5 

replicate experiments performed in triplicate wells.  
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The unlabelled ACKR3 agonist VUF11207 molecule was designed and synthesised 

by Dr Maikel Wijtmans and colleagues (Wijtmans et al., 2012) from Vrije University 

Amsterdam. Dr Sebastian Dekkers developed and synthesised the three different 

BODIPY-FL-X labelled derivatives of VUF11207, which differed in the length of the 

linkers used (atom numbers) (Figure 3.7). The number of atoms for linkers are 13, 16, 

and 19 for 18a, 18b and 18c, respectively. 

The characterisation of these compounds at HEK293G cells stably expressing 

NLuc_ACKR3 HEK293G cells with saturation binding BRET experiments showed 

clear saturable specific binding to the NLuc_ACKR3 with low levels of non-specific 

binding (determined in the presence of 10 μM unlabeled VUF11207. The dissociation 

constants of the compounds were 12.6 ± 0.2 nM for 18a, 81 ± 2.7 nM for 18b and 150 

± 10.7 nM for 18c (Figure 3.8). Obtained equilibrium dissociation constants can be 

found in Table 3.2. 

 

 

 

Figure 3.7 Chemical structure of 18 a-c compounds. BODIPY FL-X labelled ACKR3 

agonists derived from VUF11207 (designed by Dr Maikel Wijtmans).  
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Figure 3.8 Saturation binding of VUF11207 derivatives fluorescently labelled 18a, 18b, 18c in HEK293G Nluc_ACKR3 cells. HEK293G cells 

stably expressing NLuc_ACKR3 were treated with (A, B) 18a, (C, D) 18b, (E, F) 18c ligands in the absence or presence of 10 M of unlabelled 

VUF11207. Compounds were added simultaneously and incubated for 60 minutes at 37 oC. Experiments were performed in HBSS containing 0.2 % 

BSA. The NLuc substrate furimazine (1:400 final dilution) was added, and plates were incubated for 5 minutes then, luminescence and fluorescence 

emissions were measured using a BMG Pherastar FS. Data are combined mean ± SEM from four independent experiments, where each experiment 

was performed in triplicate. The raw BRET ratio was calculated by dividing the fluorescent signal by the bioluminescent signal. Specific binding (B-

D-F) was calculated by subtracting the non-specific binding from the total binding (A-C-E) values. 
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Table 3.2 Binding Affinities of the Novel Fluorescent Ligands Determined in HEK293G 

Cells Stably Expressing NLuc_ACKR3. 

Compound Kd (nM) pKd Length of 

the linker 

(atom no) 

n 

18a 12.6 ± 0.2   7.8 ± 0.009 13 4 

18b 81 ± 2.7 7.09 ± 0.01 16 4 

18c 150 ± 10.7 6.8 ± 0.03 19 4 

Data are expressed as mean ± SEM from 4 independent experiments using triplicate wells. 

Equilibrium binding parameters were derived from saturation binding experiments (Figure 

3.11). pKd values are the negative log of the Kd values. 

 

Since compound 18a has the highest affinity of other compound 18 derivatives, it was 

then taken forward as a fluorescent probe in NanoBRET displacement assays to 

determine the affinities of the unlabelled compounds, 4, 9, 19, and 20 ligands at NLuc 

ACKR3 (Figure 3.9). A fixed concentration of 32.4 nM of 18a was simultaneously 

added with increasing concentrations of the unlabelled compounds. The binding 

affinities (pKi) of 4, 9, 19, and 20 were determined to be 7.4 ± 0.13, 6.6 ± 0.07, 5.0 ± 

0.10, 6.2 ± 0.07 respectively (Table 3.3). While compound 4 has the highest 

competition for VUF11207-based 18a binding, the competition curves appear to have 

two compenents within it must be noted that it might bind to receptor on two sites. 

Compounds 9 and 20 were able to fully compete with 18a, whereas compound 19 

partially displaced 18a at higher concentrations (Figure 3.9). 
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Figure 3.9 NanoBRET Competition binding experiments of 4, 9, 19, 20 using the 

fluorescent VUF11207 derivative 18a (32.4 nM) in HEK293G stably expressing 

Nluc_ACKR3 cells. NanoBRET experiments were performed using full-length N terminal 

nanoluciferase ACKR3 stably expressing HEK293 cells. Compounds were added 

simultaneously and incubated for 60 minutes at 37 oC. Experiments were performed in HBSS 

containing 0.2 % BSA. The NLuc substrate furimazine (1:400 final dilution) was added, and 

plates were incubated for 5 minutes then, luminescence and fluorescence emissions were 

measured using a BMG Pherastar FS. Data are combined mean ± SEM from at least five 

independent experiments, where each experiment was performed in triplicate. The raw BRET 

ratio was calculated by dividing the fluorescent signal by the bioluminescent signal.  
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Table 3.3 Binding Affinities of Known ACKR3 Ligands Determined in HEK293G Cells 

Stably Expressing NLuc_ACKR3. 

Compound pKi  n 

4 7.4 ± 0.13   5 

9 6.6 ± 0.07 6 

19 5.0 ± 0.10   5 

20 6.2 ± 0.07  6 

Data are expressed as mean ± SEM from 5-6 independent experiments using triplicate wells. 

Equilibrium binding parameters were derived from competition binding experiments (Figure 

3.12). Competition experiments were fit to a non-linear regression, and the curves were used 

to determine the pKi of each unlabeled ACKR3 compound. 

 

3.3 Summary and Discussion 

This chapter reports on the properties of new receptor selective red-emitting 

fluorescent ligands targeting CXCR4 and green-emitting fluorescent ligands targeting 

ACKR3. The development of these ligands will allow the monitoring of receptor 

dynamics, such as cell surface expression levels, ligand binding affinities, and 

internalisation of the receptors at both endogenous and overexpression levels in cancer 

cells. They also open the way to discovering new agonists and antagonists for these 

two important receptors by allowing testing new compounds without fluorescent tags. 

The distance and orientation constraints of NanoBRET are advantageous in 

characterising/validating these fluorescent probes with respect to their affinity and 

selectivity. These data show that the fluorescent ligand CXCL12-green can bind to 

both CXCR4 and ACKR3 receptors with high nanomolar affinity; however, ACKR3 

showed higher affinity than CXCR4 as seen in a previous study (Gustavsson et al., 

2019). The previous BRET ligand binding observations from (White et al., 2020a) 

using CXCL12-red showed pKd of 7.15 ± 0.04 (Kd = 72.1 nM) binding at CRISPR-

Cas9 edited NLuc_CXCR4 HEK293 cells were comparable to our results with 

CXCL12-green 7.19 ± 0.13 pKd (Kd = 78.8 nM) HEK293 cells exogenously 

expressing NLuc_CXCR4. The two important points here that the green and red 

labelled CXCR4 are comparable although they have different fluorescent labels. And 
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the second point is CRISPR-Cas9 edited endogenously expressing CXCR4 cells have 

a similar binding affinity result as overexpressed CXCR4. This illustrates the 

sensitivity of NanoBRET as it would be difficult to quantify binding at endogenous 

receptor levels from changes in fluorescent values alone. CXCL12 binding at 

NLuc_ACKR3 for CXCL12-green was 8.52 ± 0.10 pKd (Kd = 3.3 ± 0.8 nM) 

comparable with (CXCL12-red) binding 8.12 ± 0.10 pKd from (White et al., 2020a). 

The unlabelled orthosteric antagonists IT1t and AMD3100 competed with CXCL12-

green for binding to CXCR4. The observed equilibrium dissociation constants were 

AMD3100 (pKi= 6.8 ± 0.08) and IT1t (pKi= 7.6 ± 0.1).  

The production and purification of peptide ligands like CXCL12 is expensive. Instead, 

synthesis of small molecule inhibitors is cost efficient. Hence, here we have studied 

novel BODIPY 630/650-X conjugated CXCR4 antagonists.  Compound 10 (IT1t 

based), and 24 (AMD070 based) maintained their affinity toward the CXCR4 receptor 

even though fluorophore attached to them almost double the size of the molecules. 

IT1t is an isothiourea CXCR4 antagonist (Thoma et al., 2008), which is highly potent 

(IC50 = 8.0 nM), displaying excellent bioavailability and in vivo activity. IT1t binds to 

a relatively shallow part of the orthosteric binding pocket of CXCR4, mainly at the 

minor subpocket, compared to the endogenous ligand CXCL12 or to AMD3100(Meng 

et al., 2023). The IT1t-based compound 10 showed selective binding at NLuc_CXCR4 

with an affinity of pKd = 6.54 ± 0.05 and could be displaced by unlabelled IT1t and 

AMD3100 in intact HEK293 cells. Previous results (Dekkers et al., 2023) showed 

compound 10 had a higher affinity to NLuc_CXCR4 (pKd = 7.01 ± 0.11) in purified 

membranes prepared from NLuc_CXCR4 expressing HEK293 cells. In contrast to our 

results, AMD3100 could not fully compete with compound 10 in purified membranes 

(Dekkers et al., 2023), while we have shown that both AMD3100 and IT1t completely 

displaced compound 10 (Dekkers et al., 2023). This might suggest that in intact cells, 

the membrane dynamics alter the competitive properties of AMD3100, which might 

lead to a non-competitive interaction resembling allosterism.  Furthermore, while 

compound 10 reaches saturation at a concentration approximately 0.5 μM in purified 

membranes (Dekkers et al., 2023), this effect was not seen until concentrations above 

1 μM in intact cells. Recent docking studies have shown that AMD070 mainly binds 

to minor subpockets on CXCR4 and shows binding modes similar to that observed for 

IT1t (Meng et al., 2023). BODIPY-630/650-X conjugated AMD070 ligand 24 also 
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showed clear specific binding at CXCR4. IT1t almost entirely displaced 24, while 

AMD3100 partially competed with it in intact cells and purified membranes (Dekkers 

et al., 2023). Similar to 10, compound 24 reached saturation at about 0.5 μM in purified 

membranes (Dekkers et al., 2023), whereas this was at concentrations above 1 μM in 

intact cells.  

Additionally, we have studied small molecules targeting ACKR3. Fluorescent 

conjugates of VUF11207 (Wijtmans et al., 2012) labelled with BODIPY FL-X with 

linkers of three different lengths, with PEG chains ranging from 0 to 2 were tested. 

The three fluorescent conjugates produced clear saturable specific binding to the 

ACKR3 receptor associated with low levels of non-specific binding. The binding 

affinity of ligands determined for 18a, 18b and 18c were pKd =7.8 ± 0.009 (Kd=12.6 

± 0.2), pKd =7.09 ± 0.01 (Kd=81 ± 2.7), pKd =6.8 ± 0.03 (Kd=150 ± 10.7) respectively. 

Since it has been known that the length of the linker influences ligand binding (Baker 

et al., 2010b; Stoddart, Kilpatrick, et al., 2015a), ligand 18a, which has the shortest 

linker, seems to have the highest binding affinity. Accordingly, 18a was therefore used 

for further ligand binding experiments to test the affinity of a panel of unlabelled 

ligands with different binding modes. Compounds 4, 9, 19 and 20 were shown to be 

fully competitive at higher concentrations with 18a.  

3.4 Conclusion  

Expanding the CXCR4 and ACKR3 receptor toolkit was one of the primary objectives 

of our study. Nevertheless, the novel fluorescent ligands developed in this study can 

be used as probes in future screening assays for novel small molecule agonists and 

antagonists targeting CXCR4 or ACKR3. To extend the utilization of both CXCR4 

(Figure 6 in (Dekkers et al., 2023) and ACKR3 (Figure 4 in (Dekkers et al., 2024) 

fluorescent ligands, they were used for confocal imaging successfully.  
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4.1 Introduction 

The epidermal growth factor receptor (EGFR), also called ErbB1 or HER1, is a 

member of the RTK family on the cell surface. It is a crucial receptor for targeted 

therapies in several cancers, such as lung and brain cancers (Jorissen et al. 2003). The 

human EGFR contains 1186 amino acids (170-kDa mass)(Zhen et al., 2003). The 

extracellular protein region consists of four domains (I–IV) (Ogiso et al., 2002b) 

(Burgess, 2008a).  A crystal structure of EGFR indicated EGF docking occurs at the 

extracellular domains of EGFR within domains I–III, which adopt a C shape 

conformation; thus, EGF binding leads to a conformational change (Ogiso et al., 

2002b). EGF binding to extracellular domains I and III leads to a conformational 

change that exposes a dimerisation interface in domain II (Freed et al., 2017).   

EGFR binds to several growth factors grouped as high-affinity binding ligands, which 

are epidermal growth factor (EGF), transforming growth factor-α (TGFα), betacellulin 

(BTC), and heparin-binding EGF-like growth factor (HB-EGF), and the low-affinity 

ligands are epiregulin, epigen and amphiregulin which bind 1 to 10 fold more weakly 

to EGFR (Jones et al., 1999)(Freed, 2017a) (Burgess, 2008a).  

Human immunoglobulins consist of paired heavy and light chains (~150 kDa) (Bannas 

et al., 2017b). Camelid and shark species produce heavy chain-only antibodies which 

do not contain light chains (HCAbs) (~80 kDa) (Cheloha et al., 2020)(Conrath et al., 

2003). The VHHs (variable domain for heavy chain of heavy chain antibody) named 

nanobodies are single domain antibody fragments (~15 kDa) that contain variable 

regions capable of recognising different epitopes (Muyldermans, 2021). There are 

some pre-existing heavy-chain antibodies targeting EGFR (Roovers et al., 2007), 

developed by different groups for several purposes, such as monitoring EGFR 

oligomerisation (Hofman et al., 2010a), tumour imaging (Piramoon et al., 2017), 

tumour growth inhibitor (Roovers et al., 2007) and determination of conformational 

status (Nevoltris et al., 2015a) (Sharifi et al., 2021). Different nanobodies have been 

discovered that bind to a similar site to EGF on the receptor that compete with EGF 

(Hofman et al., 2008a)(Schmitz et al., 2013a) and others that bind to EGFR but do not 

compete for EGF binding and do not activate the receptor  (Hofman et al., 2008a) 

(Low-Nam et al., 2011a).  One such EGFR nanobody is EgB4 that has been used to 

discover movements of the extracellular domains of EGFR in conjunction with a 

fluorescent membrane dye (Zanetti-Domingues et al., 2018).  
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Discovery of the nanobodies is one of the recent breakthroughs for the targeted cancer 

treatment with antibodies. Hence, understanding the pharmacology of nanobodies 

targeting EGFR a very prominent receptor in several cancer is imperative for the field.  

In this chapter, we have used N-terminal nanoluciferase-tagged EGFR and 

NanoBRET to investigate the pharmacological properties of a derivative of EgB4 

fluorescently labelled with HiLyte 488 fluorophore (termed Q86c-HL488). Another 

fluorescent EGFR targeting nanobody, termed Q44c-HL488 was also used that bind 

to the EGF-binding site in a similar but not the same manner to the previously 

described 7D12 nanobody in (Schmitz et al., 2013b). This chapter aims to determine 

the binding properties of EGFR targeting nanobodies and natural EGFR ligands. The 

chapter has the following objectives: 

o To gain insight into the binding properties of various EGFR ligands and 

nanobodies at stably transfected N-terminus tagged NLuc_EGFR in HEK293 

cells. 

o To elucidate the binding interactions between nanobodies and EGFR ligands. 

o To understand the suggested conformational sensor properties of the EGFR 

nanobody Q86. 

o To quantify the binding affinities, kinetics and internalisation properties of the 

nanobodies Q44c or Q86c. 

To achieve the objectives for this chapter, NanoBRET technology was used (see 

section 2.14). For NanoBRET ligand and nanobody binding experiments, NanoLuc 

was engineered onto the N terminus of EGFR (full length receptor) ( Figure 2.3). The 

resulting construct (NLuc EGFR) was stably expressed in living HEK293 cells 

(ReLuc2P line) and purified membranes prepared from these cells (see section 2.11) 

(Figure 4.1).  NanoBRET saturation, displacement or kinetics experiments were then 

performed using fluorescently labelled EGF ligands (EGF-AlexaFluor488 (EGF-

AF488) or EGF-AlexaFluor647 (EGF-AF647)) or fluorescently labelled EGFR 

targeting nanobodies (Q44c- HL488 and Q86c-HL488). A 11 amino acid fragment of 

NanoLuc, termed HiBiT was engineered onto the N terminus of EGFR. This construct 

was expressed in HEK293T cells and used for HiBiT internalisation assays to examine 

receptor internalisation (see section 2.17).  
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4.2 Results 

4.2.1 Expression and localisation of NLuc_EGFR in HEK293 cells 

Firstly, the expression level and localisation of Nluc_EGFR stably expressed in 

HEK293 cells were determined with bioluminescence imaging using an Olympus 

LV200 (see 2.19).  This microscope collects the short emission from wavelengths of 

NLuc (460 nm) in a dark imaging chamber excluding external light. Cells were imaged 

immediately after furimazine addition to imaging chambers in the absence of any 

ligand. Bioluminescence imaging showed that NLuc_EGFR expression was abundant, 

and predominantly localised on the cellular membrane even though a small amount of 

intracellular expression was also observed (Figure 4.1).  

 

 

Figure 4.1 Bioluminescence emission imaging of a stably transfected NLuc_EGFR 

HEK293 cell line using an Olympus LV200. HEK293 cells stably transfected with 

NLuc_EGFR were plated on 25 mm2 cellview glass-bottomed dishes. The following day, the 

NanoLuc substrate furimazine was added (1:500 dilution) in HBSS/0.2% BSA, and five 

minutes after furimazine addition, (A) bright-field and (B) live bioluminescence imaging was 

performed using an Olympus LV200 inverted microscope. Images are representative of 2 

independent experiments. 
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4.2.2 Ligand and nanobody binding studies to NLuc_EGFR 

Initial experiments were performed to investigate the binding of fluorescently labelled 

EGF analogues to the N-terminal nanoluciferase tagged full-length EGFR 

(NLuc_EGFR) receptor expressed in living HEK293 cells. NanoBRET saturation 

binding experiments showed that both EGF-AF488 (Alexa fluor 488®) and EGF-

AF647 (Alexa Fluor 647 ®) exhibited saturable binding to the NLuc_EGFR, which 

was displaceable by 100 nM unlabelled EGF (Figure 4.2 A and C). The mean Kd 

values obtained for EGF-AF488 and EGF-AF647 were 2.30 ± 0.09 nM (n=5) and 3.49 

± 0.21 nM (n=5) respectively. Additionally, the binding of EGF-AF488 (Figure 4.2B) 

and EGF-AF647 (Figure 4.2D) used in four different concentrations were efficiently 

inhibited by increasing concentrations of unlabelled EGF. The pKi values for 

unlabelled EGF were 9.35 ± 0.02 (n=5) and 9.61 ± 0.06 (n=5) respectively. 

Furthermore, binding of 3 nM of EGF-AF488 (Figure 4.3A) was potently inhibited 

by increasing concentrations of the unlabelled EGFR ligands EGF, Hb-EGF, and BTC 

(high-affinity binding ligands including TGF-⍺). While TGF- ⍺ partially inhibited the 

binding of EGF-AF488, the inhibitory effect of EREG, AREG and Epigen (low-

affinity ligands) was relatively minor. EGF-AF647 (Figure 4.3B) showed similar 

results with the same rank of potency, except no data was obtained for TGF-⍺. The 

rank order of potency of EGF>BTC=Hb-EGF>TGF can be seen in (Table 4.1). 
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Figure 4.2 Quantification of fluorescent EGF binding to HEK293 cells stably expressing a full-length N-terminal nanoluciferase tagged EGFR 

(NLuc_EGFR) measured using NanoBRET. Saturation binding of fluorescently labelled (A) EGF-AF488 and (C) EGF-AF647 in the absence 

(closed circles) or presence (open circles) of 100 nM unlabelled EGF added simultaneously and incubated for 30 minutes at 37oC. Saturation 

experiments were performed in HBSS containing 0.2 % BSA. Displacement experiments using fixed concentrations of (B) EGF-AF488 or (D) EGF-

AF647 by increasing concentrations of unlabelled EGF. Both ligands were added simultaneously, and cells were incubated for 60 minutes at 37oC. 

The NLuc substrate furimazine (1/400 final dilution) was added, and the plates were incubated for 5 minutes. Then, luminescence and fluorescence 

emissions were measured using a BMG Pherastar FS. Displacement experiments were performed in HBSS containing 0.1 % BSA. Closed bars 

represent fluorescent EGF alone, with open bars representing vehicle (HBSS/0.1% BSA). Data are combined mean ± SEM from five independent 

experiments, where each experiment was performed in triplicate.
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Figure 4.3 Effect of unlabelled EGFR ligands on the binding of fluorescently labelled 

EGF. N-terminal NLuc_EGFR stably expressed in HEK293 cells were simultaneously treated 

with unlabelled and EGF-AF488 (A) or EGF-AF647 (B) ligands incubated for 30 minutes at 

37oC. Experiments were performed in HBSS containing 0.2 % BSA. The NLuc substrate 

furimazine (1/400 final dilution) was added, and plates were incubated for 5 minutes. Then, 

luminescence and fluorescence emissions were measured using a BMG Pherastar FS. Blue 

bars represent BRET ratios obtained for total EGF-AF488 or EGF-AF647 in the absence of 

competing ligands, whereas red bars represent those measured for HBSS/0.2% BSA buffer 

alone (basal). Data are combined mean ± SEM from five independent experiments for EGF-

AF488 and four independent experiments for EGF-AF647 where each experiment was 

performed in triplicate. 

 

The next step was to determine the displacement of fluorescently labelled EGF by 

increasing concentrations of unlabelled Q44c and Q86c EGFR nanobodies. The 

displacement experiments would help us to test whether the EGF binding is displaced 

by the unlabelled nanobodies, hence the overlap between binding regions of EGF and 

nanobodies. Q44c was able to potently displace the binding of both 3 nM EGF-AF488 

(pIC50 = 8.63 ± 0.05, n=5; Figure 4.4A) and 3 nM EGF-AF647 (pIC50 = 8.61 ± 0.15, 

n=5; Figure 4.4B). However, there was no significant effect of Q86c on the binding 

of EGF-AF488 (Figure 4.4A) or EGF-AF647 (Figure 4.4B). Consistent with previous 

data (Figure 4.3), increasing concentrations of unlabelled EGF was able to displace 

both EGF-AF488 (Figure 4.4A) or EGF-AF647 (Figure 4.4B) 

 



                                                                                           Chapter 4: Results 

 

 

116 

 

Figure 4.4 Displacement of fluorescently labelled EGF by unlabelled EGFR nanobodies. 

(A) EGF-AF488 (3 nM) or (B) EGF-AF647 (3 nM) displacement by unlabelled-EGFR 

nanobodies Q44c, Q86c or unlabelled EGF. NanoBRET experiments were performed using 

HEK293 cells stably expressing full-length N-terminal NLuc_EGFR. Fluorescently labelled 

EGF and competing unlabelled ligands were added simultaneously and incubated for 30 

minutes at 37oC. Experiments were performed in HBSS containing 0.2% BSA. The NLuc 

substrate furimazine (1/400 final dilution) was added, and plates were incubated for 5 minutes. 

Then, luminescence and fluorescence emissions were measured using a BMG Pherastar FS. 

Blue bars represent BRET ratios obtained for total EGF-AF488 or EGF-AF647 binding in the 

absence of competing ligands, whereas red bars represent those measured for HBSS/0.2% 

BSA buffer alone (basal). Data are combined mean ± SEM from five independent 

experiments, where each experiment was performed in triplicate.  

 

Next, saturation binding experiments were used to test the binding ability of 

fluorescently labelled Q44c-HL488 (HiLyte Fluor488; HL488) and Q86c-HL488 

(HiLyte Fluor488; HL488) to NLuc_EGFR in live HEK293 cells or purified 

membranes from stably transfected NLuc_EGFR HEK293 cells. Both labelled 

nanobodies were successfully able to bind to NLuc_EGFR. The ligand binding 

analysis showed that there was both a saturable component of specific binding and a 

linear component of non-specific binding and revealed Kd values of 14.94 ± 1.04 nM 

(n=5) and 3.21 ± 1.10 nM (n=5) for Q44c-HL488 and Q86c-HL 488 respectively  

(Figure 4.5A and B) for whole cells experiments. For purified membrane 

experiments, the Kd values obtained for Q44c-HL488 and Q86c-HL488 from this 

analysis were 10 ± 2 nM and 4.54 ± 0.9 (Figure 4.6A and B). The specific binding of 

Q44c-HL488 was inhibited by EGF (100 nM) (Figure 4.5A). In contrast, the specific 

binding of Q86c-HL488 was significantly increased (437.6 ± 57.3 %, n=5) in the BMAX 
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value (p<0.005; paired t-test) by EGF stimulation compared to no EGF stimulation 

(Figure 4.5B). In addition, the Kd value of Q86c-HL488 obtained in the presence of 

100 nM EGF was slightly decreased (1.18 ± 0.28 nM, n=5) in whole HEK293 cells 

(Figure 4.5B) and (3.73 ± 0.8 nM, n=5) in purified membranes (Figure 4.6B). 

 

 

Figure 4.5 Saturation binding of HiLyteTM 488 fluorescently labelled EGFR nanobodies 

performed in live cells. Saturation binding of (A) Q44c-HL488 or (B) Q86c-HL488 in live 

HEK293 cells stably expressing NLuc EGFR in the absence (closed circles) or presence (open 

circles) of 100 nM EGF. Nanobodies and EGF were added simultaneously and incubated for 

30 minutes at 37oC. NanoBRET experiments were performed in HBSS containing 0.2 % BSA. 

The NLuc substrate furimazine (1/400 final dilution) was added, and plates were incubated 

for 5 minutes. Then, luminescence and fluorescence emissions were measured using a BMG 

Pherastar FS. Data are combined mean ± SEM from five independent experiments, where each 

experiment was performed in triplicate. 
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Figure 4.6 Saturation binding of HiLyteTM 488 fluorescently labelled EGFR nanobodies 

performed on purified cell membranes prepared from HEK293 cells. Saturation binding 

of (A) Q44c-HL488 or (B) Q86c-HL488 in membranes purified from HEK293 cells stably 

expressing NLuc EGFR in the absence (closed circles) or presence (open circles) of 100 nM 

EGF. Nanobodies and EGF were added simultaneously and incubated for 30 minutes at 37oC. 

NanoBRET experiments were performed in HBSS containing 0.2 % BSA. The NLuc substrate 

furimazine (1/400 final dilution) was added, and plates were incubated for 5 minutes. Then, 

luminescence and fluorescence emissions were measured using a BMG Pherastar FS. Data are 

combined mean ± SEM from five independent experiments, where each experiment was 

performed in triplicate. 

 

Next, the ability of EGFR ligands to displace fluorescently labelled nanobodies was 

studied. A very similar rank order of potency was obtained with unlabelled EGFR 

ligands (Figure 4.7) for their inhibition of Q44c-HL488 (Figure 4.7A and Table 4.1). 

Surprisingly an enhancement of the specific binding of Q86c-HL488 to NLuc_EGFR 

(Figure 4.7B and Table 4.1) in presence of all EGFR ligands was observed. The rank 

order of potencies was comparable to that obtained from inhibition of the binding of 

3 nM EGF-AF488 and EGF-AF647 (Table 4.1). However, the actual EC50 and IC50 

values for modulating the binding of both Q44c-HL488 and Q86c-HL488 were 

generally at lower concentrations than the pKi value calculated from displacement of 

EGF-AF488 and EGF-AF647 binding (Table 4.1). This was most marked for TGF-⍺ 

(when using EGF-AF488 as a probe) and suggests that the EC50 and IC50 values also 

relate to agonist efficacy and the consequences of suggested conformational changes 

that occur with receptor activation  
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Figure 4.7 Effect of EGFR ligands on the binding of fluorescently labelled EGFR 

nanobodies. Effect of EGFR ligands on the binding of fluorescent (A) Q44c-HL488 (14.6 

nM) or (B) Q86c-HL488 (12.5 nM) to full-length N-terminal NLuc_EGFR stably expressed 

in HEK293 cells. Cells were treated with either nanobody and EGFR ligands simultaneously 

and incubated for 30 minutes at 37oC. Experiments were performed in HBSS containing 0.2 

% BSA. The NLuc substrate furimazine (1/400 final dilution) was added, and plates were 

incubated for 5 minutes then, luminescence and fluorescence emissions were measured using 

a BMG Pherastar FS. Blue bars represent BRET ratios obtained for total Q44c-HL488 or 

Q86c-HL488 in the absence of competing ligand, whereas red bars represent those measured 

for HBSS/0.2% BSA buffer alone (basal). Data are combined mean ± SEM from five 

independent experiments, where each experiment was performed in triplicate. 
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Table 4.1 pIC50 and pEC50 values for the effect of EGFR ligands on the binding of 14.6 

nM Q44c-HL488, 12.5 nM Q86c-HL488, 3 nM EGF-AF488 and 3 nM EGF-AF647 to 

full-length N-terminal NLuc_EGFR in living HEK293 cells. The number of experiments 

is shown in parenthesis. 

EGFR 

Ligand 

Q44c-HL488 

(pIC50) 

Q86c-HL488 

(pEC50) 

EGF-AF488 

(pKi) 

EGF-AF647 

(pKi) 

EGF 9.23 ± 0.11  

(n=5) 

9.52 ± 0.06 

 (n=5) 

8.86 ± 0.07 

 (n=5) 

9.05 ± 0.21 

(n=5)  

Hb-EGF 8.80 ± 0.13  

(n=5) 

9.20 ± 0.17 

 (n=5) 

8.43 ± 0.08 

 (n=5) 

8.87 ± 0.16 

(n=5)  

TGF- 7.96 ± 0.19  

(n=5) 

8.32 ± 0.09 

 (n=5) 

6.83 ± 0.05 

 (n=5) 

- 

BTC 9.02 ± 0.14  

(n=5) 

9.17 ± 0.09 

 (n=5) 

8.45 ± 0.05 

 (n=5) 

8.51 ± 0.06  

(n=5) 

 

Moreover, NanoBRET kinetics assays were performed to observe the binding 

dynamics of the fluorescently labelled nanobodies in time course manner in real time 

to help us to understand the timing of the nanobody binding at EGFR. Hence, the 

kinetics NanoBRET experiments showed that fluorescently labelled EGFR 

nanobodies Q44c-HL488 (Figure 4.8A) or Q86c-HL488 (Figure 4.8B) were able to 

bind NLuc_EGFR in 7 different concentrations. BRET ratios were read for 100 

minutes. (Here, timepoints -10 to 0 represents the BRET reads before the labelled 

nanobodies added in wells. At timepoint 0, fluorescently labelled nanobodies were 

added.) Higher concentrations of labelled nanobodies showed faster and more potent 

binding profiles. Both labelled nanobodies established fast peaks, less than 5 minutes 

from the start point of either nanobody being added to the plate. This was followed by 

a decline in BRET ratios for both fluorescently labelled nanobodies, which was more 

pronounced for Q86c-HL488 (Figure 4.8B). This may suggest a time-dependent 
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change in receptor conformation induced by Q86c-488 that leads to a decrease in 

energy transfer or that this nanobody may be inducing EGFR internalisation.  

 

 

Figure 4.8 Kinetics of fluorescently labelled EGFR nanobodies by NanoBRET. Kinetic 

NanoBRET experiments showing the binding of different concentrations of fluorescent (A) 

Q44c-HL488 or (B) Q86c-HL488 to full-length N-terminal NLuc_EGFR expressed in living 

cells. The concentrations of Q44c-HL488 and Q86c-HL488 are given in nM. HEK293 cells 

stably expressing NLuc_EGFR were treated with furimazine (1/400 final dilution), and 

luminescence and fluorescence values were read for 15 minutes (every 60 sec) at 37oC using 

a BMG Pherastar FS. Experiments were performed in HBSS containing 0.2 % BSA. 

Following this period, cells were treated with various concentrations of either fluorescent 

nanobody, and the luminescence and fluorescence emissions were simultaneously recorded 

for a further 100 min at 37oC. Data are mean ± SEM from triplicate determinations in a single 

experiment. This single experiment is representative of five independent experiments 

performed. 

 

Furthermore, various concentrations of unlabelled EGF were added 30 min after the 

initial addition of Q44c-HL488 (Figure 4.9A), or Q86c-HL488 (Figure 4.9B). These 

data showed a decrease in BRET ratios for Q44c-HL488 following the addition of 

unlabelled EGF. Conversely, an increase in BRET was observed for Q86c-HL488 

following EGF addition. These changes in BRET were EGF concentration dependent 

as higher concentrations of EGF had a more prominent effect on the BRET measured 

between the NLuc EGFR and either labelled nanobody. This effect of EGF on the 

increase on Q44c-HL488 binding and decrease on Q86c-HL488 binding was 

comparable in kinetics experiments as well. 
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Figure 4.9 Kinetics of EGF-induced changes in the NanoBRET signal of fluorescently 

labelled EGFR nanobodies in live HEK293 cells. BRET signal obtained with fluorescent 

(A) Q44c-HL488 or (B) Q86c-HL488 binding to NLuc_EGFR. HEK293 cells stably 

expressing N-terminal NLuc_EGFR were treated with furimazine (1/400 final dilution), and 

luminescence and fluorescence values were read for 15 minutes (every 60 sec) at 37oC using 

a BMG Pherastar FS. Following this period, cells were treated with 25 nM of either respective 

fluorescent nanobody and luminescence and fluorescence emissions were simultaneously 

recorded for a further 30 min at 37oC. After 30 minutes, various concentrations of EGF were 

added to the wells, and measurements continued for an additional 30 minutes at 37oC. Data 

are mean ± SEM from triplicate determinations in a single experiment. This single experiment 

is representative of five independent experiments performed. 

 

Similar kinetic experiments were performed on purified cell membranes prepared 

from HEK293 cells stably expressing NLuc EGFR and showed comparable results to 

those obtained in whole cell assays. The purified cell membranes were used to 

eliminate the internalisation of the receptors.  Q44c-HL488 (Figure 4.10A) binding 

was decreased following the addition of unlabelled EGF at the 30 min timepoint. 

Conversely, Q86c-HL488 (Figure 4.10B) binding was increased after the addition of 

100 nM unlabelled EGF. The higher concentrations of Q44c-HL488 and Q86c-HL488 

exhibited larger changes in relative BRET ratios after EGF addition at minute 30. Like 

whole cell experiments, the BRET signal fell slowly during kinetics measurements. 
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Figure 4.10 Kinetics of EGF-induced changes in the NanoBRET signal of fluorescently 

labelled EGFR nanobodies on purified HEK293 cell membranes. BRET signal of 

association and dissociation phase curves of the binding of increasing concentrations of (A) 

Q44c-HL488 and (B) Q86c-HL488 (0–200 nM) added at time zero to HEK293T membranes 

overexpressing NLuc_EGFR. Purified membranes were treated with furimazine (1/400 final 

dilution), and luminescence and fluorescence values were read for 15 minutes (every 60 

seconds) at 37oC using a BMG Pherastar FS. At 30 min, 100 nM EGF was added, and the 

dissociation or association phase followed. Data are mean ± SEM from triplicate 

determinations in a single experiment. This single experiment is representative of five 

independent experiments performed. 

 

Even though Q44 and Q86 nanobodies bind to different sites on EGFR, the 

conformational change on EGFR due to ligand binding could influence the other 

ligands’ binding at the receptor. To demonstrate potential binding interactions 

between Q44 and Q86, we performed competition binding experiments with 

fluorescently labelled Q44c-HL488 and Q86c-HL488 and unlabelled Q44c, Q86c and 

EGF. While Q44c has no effect on the binding of Q86c-HL488 to NLuc_EGFR, Q86c 

competed with it. Similar to previous results, EGF enhanced Q86c-HL488 binding in 

both whole HEK293 cells stably expressing NLuc_EGFR (Figure 4.11B) or purified 

membranes prepared from the same cells (Figure 4.11D). Q44c-HL488 binding was 

inhibited by unlabelled Q44c and EGF in both whole cells and purified membranes 

(Figure 4.11 A and B). In contrast, Q86c significantly (p<0.05; One-way ANOVA) 

increased Q44c-HL488 binding to NLuc_EGFR in whole cells (Figure 4.11A), 

reminiscent of the effect of the low-affinity EGF ligands on the binding of Q86c-

HL488 (Figure 4.3B). 
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Figure 4.11 The effect of unlabelled EGFR nanobodies and EGF on fluorescently labelled EGFR nanobodies. The impact of Q44c, Q86c and 

EGF in live HEK293 cells stably expressing NLuc_EGFR on the binding of fluorescent (A) Q44c-HL488 (14.6 nM) and (B) Q86c-HL488 (12.5 nM) 

and on purified cell membranes from HEK293 cells stably expressing NLuc_EGFR (C) Q44c-HL488 (14.6 nM) and (D) Q86c-HL488 (12.5 nM). 

Cells/purified membranes were treated with either nanobody or EGF simultaneously and incubated for 30 minutes at 37oC. The NLuc substrate 

furimazine (1/400 final dilution) was added, and plates were incubated for 5 minutes then, luminescence and fluorescence emissions were measured 

using a BMG Pherastar FS. Experiments were performed in HBSS containing 0.2 % BSA. Data are combined mean ± SEM from five independent 

experiments, where each experiment was performed in triplicate. 
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4.2.3 Internalisation of EGFR by EGF nanobody binding 

The reason for the decreasing trend in kinetics nanobody binding experiments (Figure 

4.8) during time might be an indicator of the internalisation of the EGFR. To evaluate 

the internalisation of HiBiT_EGFR via EGFR nanobodies Q44c and Q86c, and EGF, 

we performed a HiBiT internalisation assay by transiently transfecting HEK293 cells 

with HiBiT_EGFR (Soave, Goulding, et al., 2020). The experimental setup of 

NanoBiT internalisation experiments was explained in detail in Figure 2.7. The 

luminescence signal is produced by LgBiT complementation. The internalisation of 

the HiBiT labelled receptor decreases the luminescence signal since LgBiT is not 

membrane permeable. The remaining luminescence signal is likely coming from the 

HiBiT tagged EGFR remaining on the cell surface. It is well known that EGF binding 

leads to EGFR internalisation (Henriksen et al., 2013; Tanaka et al., 2018); therefore, 

EGF was used as a positive control at 4 different time points (5,30, 60 and 120 

minutes) for EGF and nanobody stimulation (Hofman et al., 2010b). EGF stimulation 

resulted in a significant decrease in cell surface HiBiT_EGFR levels. However, 

incubation with either Q44c or Q86c nanobodies did not result in a significant decrease 

in luminescence at any time point of EGF stimulation indicative of no significant 

internalisation of EGFR at any time points (Figure 4.12). (Data produced by Laura E. 

Kilpatrick) 
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Figure 4.12 Effect of unlabelled EGFR nanobodies and EGF on EGFR internalisation. 

The effect of Q44c, Q86c and EGF on HiBiT_EGFR internalisation measured using NanoBiT. 

HEK293 cells transiently expressing HiBiT_EGFR cDNA, were treated with EGF (100 nM), 

Q44c (100 nM) or Q86c (100 nM) in HBSS/0.02% BSA for 5, 30, 60 or 120 minutes at 37oC. 

Purified LgBiT (10 nM) and furimazine (1/400 dilution) were then added, and cells were 

incubated for a further 20 minutes at 37oC to allow NanoBiT re-complementation (leading to 

the formation of full-length nanoluciferase) and furimazine oxidation to occur. Luminescence 

emissions were then measured using a BMG Pherastar FS. Data are mean ± SEM from 

quadruplicate observations in a single experiment pooled from 5 (120 minutes incubation) and 

7 (5, 30, 60 minutes incubations) independent experiments. Data were normalised to vehicle 

controls (100%), and statistical significance determined using a one-way ANOVA (**** = 

P<0.0001). 
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4.3 Discussion 

In this chapter, I used fluorescently labelled EGFR nanobodies and NanoBRET to 

study the binding modes of these nanobodies and ligands of EGFR. I have also 

examined the conformational alterations of EGFR driven by different endogenous 

ligands and these EGFR targeting nanobodies. One of the nanobodies, Q44c, has been 

shown previously to compete with EGF via binding to an epitope close to the EGF-

binding site on domain III (Low-Nam et al., 2011; Schmitz et al., 2013b). 

To investigate this, we have used N-terminal nanoluciferase-tagged EGFR 

(NLuc_EGFR) in living cells and membrane preparations extracted from 

NLuc_EGFR expressing cells along with fluorescently labelled EGFR ligands and two 

fluorescently labelled nanobodies termed Q44c-HL488 and Q86c-HL488.  Q44c-

HL488 showed high affinity binding to ligand-free EGFR in both living cells and 

purified membrane preparations with similar affinity values. Q44c-HL488 could be 

inhibited by 100 nM of EGF, however there was still a residual non-specific binding. 

The non-specific binding was higher in membrane preparations as expected likely 

because the fluorescent nanobodies has access to non-specific binding sites on the 

inside of the membrane leaflet in membrane preparations. Consistent with this, EGFR-

AF488 and EGF-AF647 were displaced by 100 nM of Q44c in living cells. 

Additionally, a similar Q44c-HL488 displacement pattern by the high affinity (TGF⍺, 

BTC, HB-EGF) and low affinity (epiregulin, epigen and amphiregulin) EGFR ligands 

was observed in EGF-AF488 and EGF-AF647 displacement. Since high-affinity 

ligands potently prevent the binding of Q44c-HL488 (TGF-⍺ shows slightly weaker 

potency), low-affinity ligands showed almost no inhibition except epiregulin which 

induced a small but significant displacement of Q44c-HL488 at 100 nM. 

Nevertheless, Q44c-HL488 binding was inhibited by unlabelled Q44c in both living 

cells and membranes. Interestingly, incubation with unlabelled Q86c increased the 

binding of Q44c-HL488 to NLuc_EGFR in living cells. This might suggest that this 

could be due to a conformational change of EGFR that is favourable for Q44c binding 

at its epitope on EGFR. Although Q86c does not change the binding affinity of EGFR, 

this is consistent with the previous studies showing that Q44c and EGF have a similar 

but not identical binding epitope/site on the EGFR domain III (Schmitz et al., 2013). 

This could be due to EGFR dimerization and that will be investigated in chapter 5. 
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In previous studies, Q86 (termed EgB4) has been shown not compete EGF binding to 

EGFR (Hofman et al., 2008)(Low-Nam et al., 2011). I observed similar results, 

whereby, fluorescent Q86c-HL488 could not be displaced by EGF. Conversely, the 

binding of Q86c-HL488 was increased (by 438%) in both whole cells and purified 

membrane preparations in the presence of EGF (Figure 4.5 and Figure 4.6). This 

enhancement of Q86c-HL488 binding to EGF-bound EGFR was also observed for 

other EGFR ligands, with the high-affinity ligands (Hb-EGF, BTC and TGF-⍺) being 

the most potent and low-affinity ligands epiregulin showing a modest enhancement in 

BRET ratios. Both epigen and amphiregulin produced very weak but observable 

increases in BRET ratios between NLuc EGFR and Q86c-HL488 at the highest ligand 

concentration used (100 nM). This might be due to conformational changes of EGFR 

by agonist binding that lead to exposure of the dimerisation interface in domain II 

promoting receptor homodimerisation (Bessman et al., 2014; Burgess et al., 2003; 

Dawson et al., 2005; Defize et al., 1989; Freed, 2017; Macdonald-Obermann & Pike, 

2009). This is in keeping with the recent receptor X-ray crystal structures of Q86 

(EgB4) alone and bound to the full extracellular EGFR-EGF complex in its extended 

active conformation (Zeronian et al., 2022). Consistent with this, Q86c did not 

compete with either EGF-AF488 or EGF-AF647 for binding to the EGFR, indicating 

that Q86c’s epitope is not the same as the site of EGF binding. The other possible 

reason for the increase in BRET ratios observed with Q86c-HL488 with EGF 

stimulation, might be the orientation of the donor and acceptor moieties. This 

conformational change of EGFR might influence both the relative orientation and 

proximity of the donor and acceptor elements (Lay et al., 2022; Schihada et al., 2018). 

This change on the orientation and proximity of NLuc and fluorescent nanobody leads 

to increase energy transfer from the NLuc to fluorescent label of the nanobody 

resulting an increase on BRET signal. It can also be explained by the asymmetrical 

dimerisation of EGFR, which is created by low-affinity ligands and leads to different 

conformational changes in monomers (Freed, 2017). Moreover, this EGFR 

dimerisation might lead to an increased BRET signal between Q86c-HL488 and the 

N-terminal nanoluciferase on the opposing dimer monomer. Meaning that BRET 

signal cannot be assumed to be 1:1 (donor: acceptor) interaction particularly for a 

receptor that is known to dimerise. There is possibility for the fluorescent ligand to 
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interact with both monomers forming dimers which can cause an increase on BRET 

signal. That is also why we investigate the dimer formation on chapter 5. 

To assess the time course of binding of Q44c-HL488 or Q86c-HL488 to NLuc EGFR 

we performed NanoBRET kinetic experiments. They showed a fast pronounced peak 

in the BRET ratio for both nanobodies, followed by a decline to a lower plateau 

(Figure 4.8). This decline could suggest that it might be caused by a conformational 

change of the receptor induced by the nanobodies. Alternatively, either nanobody may 

be inducing the internalisation of the EGFR after binding. Internalisation of the NLuc 

tagged receptors have the potential to decrease the BRET signal since internalised 

receptors can’t transfer energy to the extracellularly localised ligands. That was shown 

previously with a parallel decline on VEGF binding on VEGFR2 in kinetics 

experiments and internalisation of VEGFR2 (Kilpatrick et al., 2017). The nanobody 

internalisation experiments indicated that none of the nanobodies led to EGFR 

internalisation in living cells. Additionally, the same decline in the BRET signal 

pattern detected in kinetic experiments using purified membranes expressing 

NLuc_EGFR suggest that this drop might suggest that this could be due to possible 

conformational changes of the receptor induced by either nanobody that move the 

NLuc donor and acceptor further apart rather than internalisation.  

Besides, EGF stimulation (30 minutes after the labelled nanobodies addition) marked 

that Q44c-HL488 was inhibited and Q86c-HL488 enhanced by EGF as expected. 

These results were comparable in profile to that observed with binding of Q44c-

HL488 or Q86c-HL488, showing a similar fall to a lower plateau after an initial rapid 

peak in BRET. These data could also be explained by conformational change, 

internalisation of the receptor or the decay of the luminescence signal due to 

furimazine. The decay of the signal from the nanoluciferase due to furimazine can be 

seen in conditions with no labelled nanobodies or EGF stimulation. To eliminate this 

effect, long-lasting and more stable nanoluciferase substrates like endurazine 

(Ogrodzinski et al., 2023) might be used in future experiments. If it is conformational 

changes causing the decrease on BRET signal, it might be due to negative 

cooperativity, meaning that the binding of a ligand to one monomer of a dimer reduces 

the affinity of the other monomer for the same or different ligand (Ferguson et al., 

2020; Freed, 2017; Macdonald-Obermann & Pike, 2009). This phenomenon may be 

reflected in our study as nanobody or EGF binding on one of the EGFR monomers 
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changes the conformation of the other monomer, reducing its ligand binding capacity 

and leading to a decrease in the BRET signal (asymmetrical dimers). Previous work 

has shown ligand-independent dimerisation of EGFR via their intracellular 

juxtamembrane domains (Macdonald-Obermann et al., 2012; Nevoltris et al., 2015; 

Yu et al., 2002). We have also shown ligand-independent dimerisation of 

NLuc_EGFR-Halotag_EGFR with BRET homodimerisation experiments in HEK293 

cells (chapter 5). Negative cooperativity across the juxtamembrane dimer interface of 

ligand-independent dimers of EGFRs could also explain the complex kinetic profiles 

of the binding of Q44c-HL488 and Q86c-HL488 in the absence of EGF.  
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4.4 Conclusion  

o NanoBRET and NanoBiT technologies were used to detect the direct binding 

of fluorescently labelled EGFR nanobodies Q44c-HL488 and Q86c-HL488. 

Both nanobody was shown to bind to two different sites of the full-length 

EGFR receptor when expressed in whole cells or membrane preparations. 

o Q44c is an EGF competitive nanobody suggesting overlap between its epitope 

and the EGF binding site found on domains I and III of the EGFR in a similar 

manner to 7D12 (Schmitz et al., 2013). 

o Q86c does not compete with EGF; instead, the presence of EGF enhances 

Q86c binding to the EGFR (Figure 4.13). 

o These data suggest that the binding of EGF and other EGFR ligands might 

cause a conformational change, leading to an enhanced binding of Q86c to the 

EGFR. Q86c can therefore be suggested to act as a conformational sensor for 

EGF ligand induced activation.  

 

 

Figure 4.13 Schematic of possible conformational change of EGFR and Q44, Q86 

binding. Q86 nanobody binds more to EGF bound conformation of EGFR. Nevertheless, Q44 

nanobody competes with endogenous ligands of EGFR. 
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5.1 Introduction 

The crystal structures produced by Wu et al. (B. Wu et al., 2010a), suggest a symmetric 

dimer architecture for CXCR4 (Figure 1.8). There have been many studies 

demonstrating oligomerisation of CXCR4 using various techniques. Ligand 

independent homodimerisation of CXCR4 was demonstrated by co-

immunoprecipitation (Babcock et al., 2003). BRET studies showed the dimerisation 

of CXCR4 with different expression levels (Armando et al., 2014; Percherancier et al., 

2005). Single molecule imaging study suggested that CXCR4 is mostly monomeric at 

low expression state and oligomeric at high expression levels (Lao et al., 2017). 

Additionally, CXCR4 dimer formation has been shown with proximity based 

biotinylation (Steel et al., 2014), SPIDA (Işbilir et al., 2020; Ward et al., 2021), 

crystallization (B. Wu et al., 2010b) and cryo-EM (Saotome et al., 2024).  

The epidermal growth factor receptor (EGFR) is a crucial receptor for targeted 

therapies in several cancers, such as lung and brain cancers (Jorissen et al. 2003). A 

crystal structure of EGFR indicated EGF docking occurs at the extracellular domains 

of EGFR within domains I–III, which adopt a C shape conformation; thus, EGF 

binding leads to a conformational change (Ogiso et al., 2002b). EGF binding between 

domain I and III breaks the tethered formation of domains II and IV leading to an 

extended formation of domain II. Extended domain II plays role as a dimerisation arm 

between two EGFR monomers’ extracellular regions (Bessman, Bagchi, et al., 2014a). 

The ligand binding causes dimerisation of two monomers or alteration of pre-existing 

dimers. This dimerisation followed by proximity autophosphorylation starts a signal 

transduction cascade leading to activation of other downstream proteins creating 

cellular responses such as proliferation, survival and migration(Burgess, 2008a)(Ray 

et al., 2018). X-ray crystallography using purified extracellular domains of EGFR 

demonstrated the ligand-induced dimerisation of EGFR (Burgess, 2008b; Burgess et 

al., 2003). Although ligand binding has been shown to induce EGFR 

homodimerisation, pre-formed dimers have also been observed without ligand binding 

(Mudumbi et al., 2023). (Purba et al., 2022).(Tao & Maruyama, 2008).  

There have been several studies showing the signalling cross-talk between CXCR4 

and EGFR (Y. Cheng et al., 2020; M. Neves et al., 2020, 2022). Co-expression of 

CXCR4 and EGFR is associated with poor prognosis, aggressive phenotype, shorter 
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overall survival and disease-free survival rates in breast cancer  (Cabioglu et al., 2007; 

Li et al., 2017) (Li et al., 2017) pancreatic ductal adenocarcinoma (H. Wu et al., 2015) 

and non-small cell lung carcinoma (Zobair et al., 2013) patients. Interestingly, 

transactivation of CXCR4 downstram mediators Gi protein activation by EGF and 

EGFR have been shown (M. Neves et al., 2020; Roy et al., 2024). Although there have 

been several studies focusing on CXCR4/EGFR expression profiles and their cross-

talk in various cancer types, no study has elucidated specific heterodimerisation of 

CXCR4 and EGFR. In this chapter, we aim to investigate CXCR4/EGFR 

homodimerisation using bioluminescence resonance energy transfer approaches to 

monitor close proximity between the two different receptors expressed in living cells. 

Since these studies showed the significance of CXCR4 and EGFR, this complex can 

signal differently than its subcomponents. Hence EGFR/CXCR4 complex can be a 

target for novel cancer therapy. Therefore, this chapter aims to determine the 

homodimerisation and heterodimerisation dynamics of CXCR4/EGFR complex 

formation. The chapter has the following objectives: 

o To elucidate the dynamics of CXCR4/EGFR homo and heterodimerisation. 

o To gain insight into the effect of the binding of CXCR4 and EGFR receptor 

specific ligands and nanobodies on CXCR4/EGFR complexes. 

o To detect the CXCR4/EGFR heterodimerisation at endogenous expression 

levels via BRET and proximity ligation assay (PLA). 

To achieve the objectives for this chapter, NanoBRET technology was used (see 

section 2.13). NanoBRET dimerisation assay was performed to determine 

homodimerisation and heterodimerisation of CXCR4/EGFR complexes. For this, 

HEK293T cells were transiently transfected with NLuc tagged receptors (donor) and 

fluorescently labelled SNAPTag/HaloTag receptors (acceptor). In this chapter, four 

different configurations were used. These configurations were: (A) 

NLuc_CXCR4/SNAP_CXCR4 for CXCR4 homodimerisation, (B) 

NLuc_EGFR/Halo_EGFR for EGFR homodimerisation, (C) 

NLuc_CXCR4/Halo_EGFR and (D) NLuc_EGFR/SNAP_CXCR4 for 

CXCR4/EGFR heterodimerisation. BRET ratios were calculated by dividing 

fluorescence emissions by luminescence emissions. Increase in BRET ratios were 

indicative of a close proximity/dimerisation of the two receptors. PLA experiments 

were performed as mentioned at section 2.23. 
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5.2 Results 

5.2.1 Formation of CXCR4 and EGFR homodimers and heterodimers 

Initially to test CXCR4 homodimerisation, we performed a NanoBRET assay using 

NLuc-tagged CXCR4 (NLuc_CXCR4) and N-terminal SNAP tagged CXCR4 

(SNAP_CXCR4) (Figure 5.1A). A constant amount of NLuc_CXCR4 cDNA (20 

ng/well) and increasing concentrations of SNAP_CXCR4 cDNA were transiently 

transfected into HEK293T cells.  These experiments showed a saturable increase in 

BRET ratios indicating a specific NLuc_CXCR4/SNAP_CXCR4 homodimerisation 

(Figure 5.1B). The fluorescence intensity of SNAP_CXCR4 was measured prior to 

the addition of the NLuc substrate furimazine. These measurements were performed 

to determine the transfection efficiency of SNAP_CXCR4 between experiments.  

Additionally SNAP fluorescence increased linearly in parallel to increasing 

concentrations of SNAP_CXCR4 cDNA added as expected.  (Figure 5.1C). 

EGFR homodimerisation was detected using the same NanoBRET system using 

NLuc-tagged EGFR (NLuc_EGFR) and Halotag-labelled EGFR (Halo_EGFR) 

constructs (Figure 5.2A). Similar to CXCR4 homodimerisation, HEK293T cells were 

transiently transfected with a constant amount of NLuc_EGFR (20 ng cDNA/well) 

and increasing concentrations of Halo_EGFR cDNA. Increasing concentrations of 

Halo_EGFR showed a saturable BRET signal between NLuc_EGFR/Halo_EGFR 

indicative of homodimerisation (Figure 5.2B). A linear increase in fluorescence 

intensity with increasing amounts of Halo_EGFR cDNA transfection was obtained 

confirming the transfection efficiency (Figure 5.2C).
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Figure 5.1 Using NanoBRET to characterise CXCR4 homodimerisation. BRET experiments to determine the homodimerisation of CXCR4. 

HEK293 cells were transiently transfected with a fixed concentration of donor NLuc_CXCR4 cDNA (20 ng/well) and increasing concentrations of 

acceptor SNAP_CXCR4 cDNA (0-80 ng/well). (A) Schematic of BRET configuration for the study of NLuc_CXCR4/SNAP_CXCR4 homodimers. 

(B) BRET ratio of SNAP_CXCR4/NLuc_CXCR4. (C) Fluorescence intensity measurements of increasing concentrations of transfected 

SNAP_CXCR4 cDNA.  SNAPTag AlexaFluor® 488 labelling was performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM.  

NanoBRET experiments were performed in HBSS containing 0.2 % BSA. Fluorescence emissions were measured before NLuc substrate furimazine 

incubation. Furimazine (1/400 final dilution) was added, and plates were incubated for 5 minutes then luminescence and fluorescence emissions were 

measured using a BMG Pherastar. Data are combined mean ± SEM from 5 independent experiments, where each experiment was performed in 7 

replicates. 
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Figure 5.2 Using NanoBRET to characterise EGFR homodimers. BRET experiments to determine the homodimerisation of EGFR. HEK293 cells 

were transiently transfected with a fixed concentration of donor NLuc_EGFR cDNA (20 ng/well) and increasing concentrations of acceptor 

Halo_EGFR cDNA (0-80 ng/well). (A) Schematic of BRET configuration for the study of NLuc_EGFR/Halo_EGFR homodimers. (B) BRET ratio of 

Halo_EGFR/NLuc_EGFR. (C) Fluorescence intensity measurements of increasing concentrations of transfected Halo_EGF cDNA.  HaloTag 

AlexaFluor® 488 labelling was performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM.  NanoBRET experiments were 

performed in HBSS containing 0.2 % BSA. Fluorescence emissions were measured before NLuc substrate furimazine incubation. Furimazine (1/400 

final dilution) was added, and plates were incubated for 5 minutes then luminescence and fluorescence emissions were measured using a BMG 

Pherastar. Data are combined mean ± SEM from 8 independent experiments for BRET ratio and 4 independent experiments for fluorescence intensity, 

where each experiment was performed in 6 replicates.
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Furthermore, to detect whether CXCR4 and EGFR could form heterodimers we used 

a similar NanoBRET setup as used to study CXCR4 and EGFR homodimers, however 

this time using two different configurations of EGFR and CXCR4 vectors to confirm 

heterodimer formation was not dependent on NanoLuciferase or SNAPTag/HaloTag 

configurations. The first configuration used to detect EGFR/CXCR4 protein-protein 

interaction was (i) NLuc_CXCR4/Halo_EGFR and the second configuration was (ii) 

NLuc_EGFR/SNAP_CXCR4 (Figure 5.3A and Figure 5.4A). Both configurations 

gave saturable CXCR4/EGFR heterodimerisation (Figure 5.3B and Figure 5.4B). At 

NLuc_EGFR/SNAP_CXCR4 configuration a small decrease in BRET ratios were 

observable at 60 and 80 ng of SNAP_CXCR4 cDNA concentration most likely due to 

the transfection and expression efficiency of the vector at higher concentrations. The 

transfection efficiencies of SNAP_CXCR4 and Halo_EGFR vectors was shown with 

the linear fluorescence increases of SNAPTag AlexaFluor® 488 and HaloTag 

AlexaFluor® 488 labelled receptors’ fluorescence intensities respectively (Figure 

5.3C and Figure 5.4C). 20 ng/well of donor and acceptor cDNA (1:1 ratio) was 

decided to use as optimal concentrations for CXCR4/EGFR homodimers and 

heterodimer configurations. 20 ng/well (1:1 ratio of both cDNAs) had a good level of 

transfection efficiency and optimal receptor expression level. Overly elevated amount 

of receptor density on the membrane due to highly overexpressed receptors might lead 

to non-physiological membrane dynamics conditions meaning non-specific/forced 

receptor dimerisation. 

To observe the transfection efficiency and confirm proper membrane localisation of 

the SNAP_CXCR4 receptor we used a fluorescence microscopy method (Figure 5.5). 

For this, a IX Micro widefield plate reader was used to image those HEK293T cells 

transiently transfected with increasing amounts of SNAP_CXCR4 cDNA and a 

constant amount of NLuc_EGFR (20 ng) in 96-well plates. SNAP_CXCR4 receptor 

was labelled with SNAPTag AlexaFluor® 488, cells were then fixed using 3% 

PFA/PBS and H33342 used to stain the cell nuclei. Imaging showed the adequate 

expression levels of the SNAP_CXCR4 with co-transfection of NLuc_EGFR. The 

receptor transfected cell numbers and the fluorescence intensity were enhanced with 

the increased concentration of the SNAP_CXCR4 cDNA introduced. Over-expressed 

SNAP_CXCR4 receptors were localised on the cell membrane as expected (Figure 

5.5). 
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Figure 5.3 Using NanoBRET to characterise CXCR4-EGFR heterodimers. BRET experiments determined heterodimerisation of CXCR4 and the 

EGFR. HEK293 cells were transiently transfected with a fixed concentration of donor NLuc_CXCR4 cDNA (20 ng/well) and increasing concentrations 

of acceptor Halo_EGFR cDNA (0-60 ng/well). (A) Schematic of BRET configuration for the study of NLuc_CXCR4/Halo_EGFR heterodimers. (B) 

BRET ratio of Halo_EGFR/NLuc_CXCR4. (C) Fluorescence intensity measurements of increasing concentrations of transfected Halo_EGFR.  

HaloTag AlexaFluor® 488 labelling was performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM.  NanoBRET experiments 

were performed in HBSS containing 0.2 % BSA. Fluorescence emissions were measured before the NLuc substrate furimazine incubation. Furimazine 

(1/400 final dilution) was added, and plates were incubated for 5 minutes then luminescence and fluorescence emissions were measured using a BMG 

Pherastar. Data are combined mean ± SEM from 5 independent experiments where each experiment was performed in 6 replicates.  
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Figure 5.4 Using NanoBRET to characterise CXCR4-EGFR heterodimers. BRET experiments determined heterodimerisation of CXCR4 and 

EGFR. HEK293 cells were transiently transfected with a fixed concentration of donor NLuc_EGFR cDNA (20 ng/well) and increasing concentrations 

of acceptor SNAP_CXCR4 cDNA (0-80 ng/well). (A) Schematic of BRET configuration for the study of NLuc_EGFR/SNAP_CXCR4 heterodimers. 

(B) BRET ratio of SNAP_CXCR4/NLuc_EGFR. (C) Fluorescence intensity of increasing concentrations of transfected SNAP_CXCR4.  SNAPTag 

AlexaFluor® 488 labelling was performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM.  NanoBRET experiments were 

performed in HBSS containing 0.2 % BSA. Fluorescence emissions were measured before the NLuc substrate furimazine incubation. Furimazine 

(1/400 final dilution) was added, and plates incubated for 5 minutes then luminescence and fluorescence emissions were measured using a BMG 

Pherastar. Data are combined mean ± SEM from 5 independent experiments where each experiment was performed in 6 replicates for BRET ratio and 

4 independent experiments for fluorescence intensity, where each experiment was performed in 5 replicates. 
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Figure 5.5 NLuc_EGFR and SNAP_CXCR4 co-transfection efficiency via SNAP_CXCR4 imaging. HEK293T cells were seeded in 96-well 

plates and 24 hours later they were transiently co-transfected with 20 ng of NLuc_EGFR cDNA and increasing concentrations (0-80 ng) of 

SNAP_CXCR4 cDNA. Following 16 hours, cells were labelled with SNAPTag AlexaFluor® 488 at 0.2 M concentration and incubated for 30 

minutes at 37oC in DMEM. Cells were fixed (3% PFA/PBS), nuclei were stained (2 mg/ml H33342) and cells were imaged using a IX Micro widefield 

plate reader (20X objective) with a FITC filter and a DAPI filter imaging nuclei. Images are representative from 2 independent experiments. 
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5.2.2 Impact of the serum starvation on EGFR/CXCR4 heterodimerisation 

When preparing previous BRET experiments, cells were not serum starved before the 

BRET assay. However, it is known that fetal calf serum (FCS) contains several growth 

factors that bind to growth factor receptors. Next, to determine the effect of 

endogenous ligands and growth factors in fetal calf serum (FCS) in DMEM we 

performed NanoBRET experiments were performed with and without FCS conditions. 

For this, the NLuc_EGFR/SNAP_CXCR4 BRET configuration was used (Figure 

5.6A). A constant amount of NLuc_EGFR and SNAP_CXCR4 cDNA (20 ng each) 

were transiently transfected into HEK293T cells. 16 hours later, cells were serum 

starved (0 % FCS) for an hour. SNAP_CXCR4 was labelled with SNAPTag 

AlexaFluor® 488 in DMEM containing 0 % FCS and then cells were treated with EGF 

(100 ng) for 30 minutes. There was no significant difference between starvation (0 % 

FCS) and 10 % FCS containing media conditions in respect to 

NLuc_EGFR/SNAP_CXCR4 heterodimerisation without EGF treatment (Figure 

5.6B). Interestingly, EGF treatment decreased the CXCR4/EGFR heterodimer 

formation in a concentration dependent manner (Figure 5.6B). However, consistent 

with the no EGF treatment conditions, there was no difference between 1 hour FCS 

starvation and no starvation conditions when exogenous EGF is added (Figure 5.6B). 

The obtained logIC50 calculations from the inhibition curve of the 

NLuc_EGFR/SNAP_CXCR4 BRET heterodimerisation were similar to each other for 

0% FCS starvation (logIC50= -9.50 ± 0.11, n=5) and 10% FCS containing DMEM 

conditions (logIC50= -9.27 ± 0.06, n=5) (Figure 5.6B).  
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Figure 5.6 The effect of serum starvation on EGFR/CXCR4 dimerisation. (A) Schematic 

of BRET configuration for the study of NLuc_EGFR/SNAP_CXCR4 heterodimers. (B) Raw 

BRET ratio curve of NLuc_EGFR/SNAP_CXCR4 formation after 1 hour of 0 % FCS 

starvation and treatment with EGF. HEK293 cells were transiently transfected with a fixed 

concentration of donor NLuc_EGFR cDNA (20 ng/well) and acceptor SNAP_CXCR4 cDNA 

(20 ng/well) and 16 hours later cells were starved for 1 hour with 0% FCS DMEM. After 

starvation, SNAPTag AlexaFluor® 488 labelling was performed at 0.2 M concentration and 

incubated for 30 minutes at 37oC in 0 % FCS DMEM. Cells were then incubated for 30 

minutes with increasing concentrations of EGF in HBSS/0.2 % BSA for 30 minutes. 

NanoBRET experiments were performed in HBSS containing 0.2 % BSA. Fluorescence 

emissions were measured before NLuc substrate furimazine incubation. Furimazine (1/400 

final dilution) was added, and plates incubated for 5 minutes then luminescence and 

fluorescence emissions were measured using a BMG Pherastar. Data are means ± SEM from 

five separate experiments, each performed with 6 replicates.   

 

Although NanoBRET experiments between the pairings of NLuc_EGFR with 

SNAP_CXCR4 or NLuc_CXCR4 with Halo_EGFR showed saturable BRET 

indicative of an interaction, to eliminate the question of bystander (random interaction 

between the donor and acceptor at BRET) effects, NanoBRET experiments were 

repeated using receptors where there is no existing evidence of an interaction with 

EGFR.  The adenosine receptor subtypes A1 or A3 were chosen for EGFR interaction 

experiments. To distinguish the receptor specificity on heterodimerisation, we 

performed NLuc_EGFR/Adenosine 1 and Adenosine 3 heterodimerisation 
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NanoBRET experiments transiently transfection HEK293T cells with a constant 

amount of NLuc_EGFR and increasing concentrations of SNAP_A1, SNAP_A3 or 

SNAP_CXCR4 cDNA. In contrast to BRET ratios observed using the SNAP_CXCR4 

receptor as an acceptor, SNAP_A1 and SNAP_A3 receptors did not show increased 

BRET with NLuc_EGFR (Figure 5.7) indicative of no dimerisation between 

NLuc_EGFR and SNAP_A1 or SNAP_A3 receptors. This suggests that 

NLuc_EGFR/CXCR4 heterodimerisation NanoBRET experiments show high 

specificity and even at high amount of cDNA transfection, the non-specific 

heterodimer formation is at a minor level. 

 

Figure 5.7 EGFR/Adenosine 1 and EGFR/Adenosine 3 receptors dimerisation as 

negative control for EGFR/CXCR dimerisation. BRET experiments to detect possible 

heterodimerisation of EGFR and Adenosine receptor 1 and 3 subtypes. HEK293 cells were 

transiently transfected with a fixed concentration of donor NLuc_EGFR cDNA (20 ng/well) 

and increasing concentrations of acceptor SNAP_A1, SNAP_A3 or SNAP_CXCR4 cDNA (0, 

8, 20 and 60 ng/well). BRET ratios for SNAP_A1 (green circles), A3 (orange squares) or 

CXCR4/NLuc_EGFR (lilac circles) are shown. SNAPTag AlexaFluor® 488 labelling was 

performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM.  

NanoBRET experiments were performed in HBSS containing 0.2 % BSA. Furimazine (1/400 

final dilution) was then added, and plates incubated for 5 minutes then luminescence and 

fluorescence emissions were measured using a BMG Pherastar. Data are combined mean ± 

SEM from 3 independent experiments where each experiment was performed in 4 replicates. 

* P<0.05 (with respect to vehicle control; one-way ANOVA with Holm-Sidak multiple 

comparison test).   
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5.2.3 Impact of ligand and nanobody binding on CXCR4/EGFR heterodimers. 

After the determination of specific heterodimerisation of CXCR4/EGFR with no 

ligand or nanobody present, we aimed to understand the effect of specific ligands and 

nanobodies of CXCR4 and EGFR. The binding properties of several ligands and 

nanobodies were demonstrated in chapter 3 and chapter 4 previously.  Binding 

properties of fluorescently labelled CXCR4 and ACKR3 ligands determined using 

NanoBRET . The specific binding of unlabelled CXCR4 nanobodies VUN415c, 

VUN400c and VUN401 has previously been showed in competition with the CXCR4 

fluorescent agonist CXCL12-AlexaFluor647 (CXCL12-AF647) in HEK293T cells 

stably expressing (Figure 5.8A) or with CRISPR-Cas9-edited (Clustered regularly 

interspaced short palindromic repeats) (Figure 5.8B) NLuc_CXCR4. All three 

nanobodies were able to fully compete with CXCL12-AF647 and their affinities were 

comparable in both NLuc_CXCR4 over-expressed and CRISPR/Cas9-edited HEK293 

NLuc_CXCR4 cells (Figure 5.8). This is consistent with previous data from (Van 

Hout et al., 2018). 
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Figure 5.8 Competition binding of CXCL12-AF647 by CXCL12 or CXCR4 targeting nanobodies. Inhibition of the binding of CXCL12-AF647 

at NLuc_CXCR4. Binding of 25 nM CXCL12-AF647 at (A) HEK293T cells stably expressing NLuc_CXCR4 or (B) CRISPR/Cas9-edited HEK293T 

cells endogenously expressing CXCR4 tagged with NLuc (NLuc_CXCR4).  Cells were incubated with CXCL12-AF647 (25 nM) in the absence or 

presence of increasing concentrations of unlabelled CXCL12, VUN415c, VUN400c, VUN401 for 1 hour at 37°C. Furimazine was added to each well 

as 1/400 final dilution and plates were equilibrated for 5 min at room temperature before simultaneous filtered light emissions were detected using a 

PHERAStar FS plate reader using 460 nm and >610 nm filters.  BRET ratios were calculated by dividing the 610 nm emission (acceptor) by the 460 

nm emission (donor).  Data are means ± SEM from (A) five separate or (B) four separate experiments, each performed with triplicate determinations.  

Total binding of 25nM CXCL12-AF647 alone and basal (obtained in the absence of fluorescent ligand) were also determined for each experiment. 
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The calculated LogIC50 values for HEK293T cells overexpressing NLuc_CXCR4 

were -7.54 ± 0.14 for CXCL12, -7.90 ± 0.15 for VUN415c, -7.43 ± 0.24 VUN400c 

and -7.87 ± 0.09 for VUN401. The calculated LogIC50 values for CRISPR/Cas9-edited 

NLuc_CXCR4 cells were -7.65 ± 0.15 for CXCL12, -8.73 ± 0.10 for VUN415c, -8.44 

± 0.14 for VUN400c and -8.34 ± 0.02 for VUN401 (Table 5.1). The affinities of all 

three CXCR4 nanobodies, VUN415 (p=0.0032), VUN400c (p=0.0120) and VUN401 

(p=0.0024) were significantly higher at HEK293T cells overexpressing 

NLuc_CXCR4 than CRISPR/Cas9-edited NLuc_CXCR4 (unpaired t test was 

performed to calculate p values). 

 

Table 5.1 Concentration-response parameters for nanobody inhibition of NanoBRET 

binding of 25 nM CXCL12-AF647 to NLuc_CXCR4. N denotes the number of individual 

experiments performed for each ligand. 

 Over-expressed 

NLuc_CXCR4 

HEK293T cells 

 CRISPR-Cas9 

NLuc_CXCR4 

HEK293T cells 

Ligand Log IC50 n P value Log IC50 n 

CXCL12 -7.54 ± 0.14 5      - -7.65 ± 0.15 4 

VUN415c -7.90 ± 0.15 5 0.0032 -8.73 ± 0.10 4 

VUN400c -7.43 ± 0.24 5 0.0120 -8.44 ± 0.14 4 

VUN401 -7.87 ± 0.09 5 0.0024 -8.34 ± 0.02 4 
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5.2.4 The effect of ligand binding on CXCR4/EGFR homodimers/heterodimers 

After the initial experiments that confirmed that CXCR4 and EGFR can form 

homodimer and heterodimer complexes with no necessary ligand binding (Figure 5.1, 

Figure 5.2, Figure 5.3, Figure 5.4), we then moved to investigate the effects of ligand 

and nanobody binding on CXCR4/EGFR complexes. First, the effect of CXCR4 

ligands and nanobodies on CXCR4 homodimerisation was determined using 

NLuc_CXCR4/SNAP_CXCR4 configuration. For this, 20 ng/well of donor and 

acceptor cDNA (1:1 ratio) was chosen from the saturation transfection experiments 

(Figure 5.1, Figure 5.2, Figure 5.3, Figure 5.4) since these were the optimal 

concentrations for CXCR4/EGFR homodimers and heterodimer configurations. As 

mentioned abover 20 ng/well (1:1 ratio of both cDNAs) had an excellent level of 

transfection efficiency and optimal receptor expression level since the overly elevated 

amount of receptor density on the membrane due to highly overexpressed receptors 

might lead to non-physiological membrane dynamics conditions meaning non-

specific/forced receptor dimerisation. 

Firstly, a constant concentration of cDNA (20ng/well) encoding NLuc_CXCR4 and 

SNAP_CXCR4 was transiently transfected into HEK293T cells to confirm that the 

formation of CXCR4 homodimers was modulated by CXCR4-selective ligands and 

nanobodies (Figure 5.9A). As expected, the agonist CXCL12 (0.1μM) caused a 

significant increase in the dimerisation of CXCR4, whereas EGF (0.1μM) did not 

(Figure 5.9B). While the CXCR4 antagonists IT1t (10 μM) and AMD070 (10 μM) 

have an inhibiting effect on CXCR4 homodimerisation, AMD3100 (10 μM) had no 

monomerization effect. The CXCR4 targeting nanobody VUN401 induced a 

significant monomerization of CXCR4 oligomers. In contrast, VUN400c caused a 

small but significant increase in BRET ratio whereas another nanobody with a C-

terminal cysteine VUN415c had no effect on CXCR4 homodimerisation. This is in 

keeping with a previously shown monomerization effect of IT1t while AMD3100 

demonstrated no decline when measured using the SPIDA technique (Işbilir et al., 

2020; Ward et al., 2021). Inhibition of CXCR4 homodimerisation by VUN401 was 

compatible with previous results as well (Işbilir et al., 2020). Combination of CXCL12 

and EGF (both 0.1μM) treatment showed a similar effect as CXCL12 only on CXCR4 

homodimerisation. As expected, the EGFR targeting ligands EGF (0.1μM) and the 

receptor trysoine kinase erlotinib (10 μM), in addition to the EGFR targeting 
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nanobodies Q44c (0.1μM) and Q86c (0.1μM) had no significant effect on CXCR4 

oligomerisation (Figure 5.9B). 

 

Figure 5.9 NanoBRET experiments to investigate the effect of ligands and nanobodies 

on CXCR4 homodimer formation. HEK293 cells were transiently transfected with a fixed 

concentration of donor NLuc_CXCR4 cDNA (20 ng/well) and acceptor SNAP_CXCR4 

cDNA (20 ng/well). (A) Schematic of BRET configuration for the study of 

NLuc_CXCR4/SNAP_CXCR4 homodimers. (B) Normalised BRET ratio (% vehicle control) 

of NLuc_CXCR4/SNAP_CXCR4 formation. SNAPTag AlexaFluor® 488 labelling was 

performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM. Cells 

were then incubated for 30 minutes with EGF (0.1μM), CXCL12 (0.1μM), EGF+CXCL12 

(both 0.1μM), AMD3100 (10 μM), AMD070 (10 μM), IT1t (10 μM), erlotinib (10 μM), 

VUN400c (0.1μM), VUN401 (0.1μM), VUN415c (0.1μM), Q44c (0.1μM) or Q86c (0.1μM). 

NanoBRET experiments were performed in HBSS containing 0.2 % BSA. Fluorescence 

emissions were measured before NLuc substrate furimazine incubation. Furimazine (1/400 

final dilution) was added, and plates incubated for 5 minutes then luminescence and 

fluorescence emissions were measured using a BMG Pherastar FS. Data are normalized 

against no SNAPTag labelled condition (luciferase subtracted) and against vehicle control 

(only HBSS incubation). Data are means ± SEM from five separate experiments, each 

performed with 6 replicates.  * P<0.05 (with respect to vehicle control; one-way ANOVA with 

Holm-Sidak multiple comparison test).  P=0.02 (AMD070), p<0.0001 (IT1t), p=0.03 

(VUN400c), p<0.0001 (VUN401), p=0.01 (CXCL12), p=0.02 (EGF+CXCL12). The dotted 

line at 100% presents the normalisation against vehicle (BRET signal from CXCR4/CXCR4 

dimer with no ligand treatment). 

 



                                                                                           Chapter 5: Results 

 

 

   

 

152 

 

Additionally, the effect of ligands and nanobodies on EGFR homodimers was 

determined via the same NanoBRET system. A constant amount of donor 

NLuc_EGFR and acceptor Halo_EGFR cDNA (20 ng/well each) was used to transfect 

HEK293T cells (Figure 5.10A). EGFR endogenous ligands EGF, TGF- and Hb-

EGF (0.1μM each) increased the EGFR homodimer formation as expected from 

previous studies (Freed, 2017b; Haubrich et al., 2024; Hofman et al., 2010b; Kovacs 

et al., 2015b) (Figure 5.10B). As previously demonstrated using FRET (Haubrich et 

al., 2024), erlotinib (erlotidine) (10 μM) increased the EGFR homodimer formation. 

One of the EGFR targeting nanobodies Q44c which mainly binds at domain III of the 

EGFR ECD and competes with EGF (Binding properties of fluorescently labelled 

CXCR4 and ACKR3 ligands determined using NanoBRET)(Comez et al., 2022; 

Schmitz et al., 2013b), increased the homodimerisation between EGFR whereas 

another EGFR targeting nanobody which mainly binds at domain I and is non-

competitive with EGF, Q86c, had a marginal decreasing effect on EGFR BRET 

homodimers. Expectedly, CXCR4 ligands CXCL12, AMD3100, AMD070, IT1t and 

nanobodies VUN400c, VUN401 and VUN415c did not have any significant effect on 

EGFR homodimerisation (Figure 5.10B). 

Finally, to observe the impact of CXCR4 and EGFR ligands and nanobodies on 

CXCR4/EGFR heterodimers, a NLuc_EGFR/SNAP_CXCR4 configuration was used 

(Figure 5.11A). For BRET experiments, HEK293T cells were transfected with a 

constant amount of NLuc_EGFR and SNAP_CXCR4 cDNA (20 ng/well each) and 

incubated with ligands and nanobodies for 30 minutes at 37℃. EGF and CXCL12 

both decreased BRET ratios obtained indicating a decline of EGFR/CXCR4 

heterodimer formation (Figure 5.11B). None of the CXCR4 antagonists AMD3100, 

AMD070 and IT1t or the EGFR RTK inhibitor erlotinib showed any significant effect 

on EGFR/CXCR4 heterodimerisation. Interestingly, the CXCR4 nanobody VUN401 

significantly increased heterodimer formation, whereas VUN400c and VUN415c 

significantly reduced it. In contrast to EGFR homodimerisation, there was no 

significant effect of the EGFR nanobody Q44c and only a slight decrease with 

incubation of Q86c on EGFR/CXCR4 heterodimerisation (Figure 5.11B). 
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Figure 5.10 NanoBRET experiments to investigate the effect of ligands and nanobodies 

on EGFR homodimer formation. HEK293 cells were transiently transfected with a fixed 

concentration of donor NLuc_EGFR cDNA (20 ng/well) and acceptor Halo_EGFR cDNA (20 

ng/well). (A) Schematic of BRET configuration for the study of NLuc_EGFR/Halo_EGFR 

homodimers. (B) Normalised BRET ratio (% vehicle control) of NLuc_EGFR/SNAP_EGFR 

formation. HaloTag AlexaFluor® 488 labelling was performed at 0.2 M concentration and 

incubated for 30 minutes at 37oC in DMEM. Cells were then incubated for 30 minutes at 37℃ 

with EGF (0.1μM), CXCL12 (0.1μM), EGF+CXCL12 (both 0.1μM), AMD3100 (10 μM), 

AMD070 (10 μM), IT1t (10 μM), erlotinib (10 μM), VUN400c (0.1μM), VUN401 (0.1μM), 

VUN415c (0.1μM), Q44c (0.1μM) or Q86c (0.1μM), TGF- (0.1μM) and Hb-EGF (0.1μM). 

NanoBRET experiments were performed in HBSS containing 0.2 % BSA. Fluorescence 

emissions were measured before NLuc substrate furimazine incubation. Furimazine (1/400 

final dilution) was added, and plates incubated for 5 minutes then luminescence and 

fluorescence emissions were measured using a BMG Pherastar FS. Data are normalized 

against no HaloTag labelled condition (luciferase subtracted) and against vehicle control (only 

HBSS incubation). Data are means ± SEM from six or seven separate experiments, each 

performed with 6 replicates.  * P<0.05 (with respect to vehicle control; one-way ANOVA with 

Holm-Sidak multiple comparison test).  P<0.0001 (EGF), p=0.0026 (erlotinib), p=0.0079 

(Q44c), p=0.008 (EGF+CXCL12), p<0.0001(Hb-EGF), p=0.0009 (TGF-). The dotted line 

at 100% presents the normalisation against vehicle (BRET signal from EGFR/EGFR dimer 

with no ligand treatment) 
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Figure 5.11 NanoBRET experiments to investigate the effect of ligands and nanobodies 

on EGFR-CXCR4 heterodimer formation. HEK293 cells were transiently transfected with 

a fixed concentration of donor NLuc_EGFR cDNA (20 ng/well) and acceptor SNAP_CXCR4 

cDNA (20 ng/well). (A) Schematic of BRET configuration for the study of 

NLuc_EGFR/SNAP_CXCR4 homodimers. (B) Normalised BRET ratio (% vehicle control) 

of NLuc_EGFR/SNAP_CXCR4 formation. SNAPTag AlexaFluor® 488 labelling was 

performed at 0.2 M concentration and incubated for 30 minutes at 37oC in DMEM. Cells 

were then incubated for 30 minutes at 37oC with EGF (0.1μM), CXCL12 (0.1μM), 

EGF+CXCL12 (both 0.1μM), AMD3100 (10 μM), AMD070 (10 μM), IT1t (10 μM), erlotinib 

(10 μM), VUN400c (0.1μM), VUN401 (0.1μM), VUN415c (0.1μM), Q44c (0.1μM) or Q86c 

(0.1μM). NanoBRET experiments were performed in HBSS containing 0.2 % BSA. 

Fluorescence emissions were measured before the NLuc substrate furimazine incubation. 

Furimazine (1/400 final dilution) was added, and plates incubated for 5 minutes then 

luminescence and fluorescence emissions were measured using a BMG Pherastar. Data are 

normalized against no SNAPTag labelled condition (luciferase subtracted) and against vehicle 

control (only HBSS incubation). Data are means ± SEM from five separate experiments, each 

performed with 6 replicates.  * P<0.05 (with respect to vehicle control; one-way ANOVA with 

Holm-Sidak multiple comparison test).  P<0.0001 (EGF), p=0.004 (VUN400c), p=0.0005 

(VUN401), p=0.004 (VUN415c), p=0.0075 (CXCL12), p<0.0001 (EGF+CXCL12). The 

dotted line at 100% presents the normalisation against vehicle (BRET signal from 

CXCR4/EGFR dimer with no ligand treatment) 
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We (Figure 5.9B) and others (Işbilir et al., 2020) have shown that the CXCR4 

nanobody VUN401 can disrupt CXCR4 homodimerisation. However, in marked 

contrast, VUN400c caused a small but significant increase in CXCR4 dimerisation 

(Figure 5.9A) which may be due to the C-terminal cysteine present on this nanobody 

causing a fraction of the VUN400 nanobodies to be dimeric and subsequently leading 

to an increase in CXCR4 dimerisation.  To investigate this possibility, this cysteine 

was removed from VUN400c and VUN415 nanobodies and NanoBRET experiments 

were performed for CXCR4 homodimers and CXCR4/EGFR heterodimers, using the 

same configurations as in Figure 5.9A for NLuc_CXCR4/SNAP_CXCR4 and Figure 

5.11A for NLuc_EGFR/SNAP_CXCR4. In contrast with the increasing effect of 

VUN400c (Figure 5.9B), VUN400 decreased the CXCR4 homodimer formation 

(Figure 5.12A). The effect of VUN415 (Figure 5.12A) was the same as VUN415c 

(Figure 5.9B) which was neutral in respect to CXCR4 homodimerisation. The same 

NLuc_EGFR/SNAP_CXCR4 configuration (Figure 5.11A) was used to detect 

EGFR/CXCR4 dimerisation. Both VUN400 and VUN415 nanobodies had no 

significant effect on the formation of NLuc_EGFR/SNAP_CXCR4 heterodimers 

(Figure 5.12B) in contrast to the inhibitory effect observed with the two cysteine 

containing variants (Figure 5.11B). These data suggest that the inhibition of the 

formation of NLuc_EGFR/SNAP_CXCR4 heterodimers by VUN400c and VUN415c 

(Figure 5.11B) may be a consequence of the C-terminal cysteines causing a fraction 

of the VUN400c and VUN415c nanobodies to be dimeric leading to an increase in 

CXCR4 homodimerisation and an attenuation of EGFR/CXCR4 heterodimers. This 

would be in keeping with VUN401 significantly decreasing CXCR4 

homodimerisation (Figure 5.9B) and increasing EGFR/CXCR4 heteromers (Figure 

5.11B). In contrast to the increasing effect of Q44c on NLuc_EGFR/Halo_EGFR 

BRET homodimers (Figure 5.10B) and similar to the neutral effect on 

NLuc_EGFR/SNAP_CXCR4 dimers (Figure 5.11B), conjugation of the C-terminal 

cysteine on the EGFR nanobody Q44c with biotin (to remove the nanobody 

dimerisation effect of C-terminal cysteine) did not lead to any changes in its effect on 

EGFR/CXCR4 heterodimer formation (Figure 5.12B). 
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Figure 5.12 Effect of CXCR4 nanobodies lacking C-terminal cysteines on CXCR4 

homodimer and EGFR-CXCR4 heterodimer formation. (A) Cells were transfected with a 

constant amount (20ng) of donor (NLuc_CXCR4) and acceptor (SNAP_CXCR4) cDNA. 

Cells were labelled with SNAP-Surface-AlexaFluor488® (0.2 μM final concentration) for 30 

min before experimentation.  Cells were then incubated for 30 minutes at 37℃ with CXCL12 

(0.1μM), Q44c-Biotin (0.1μM), VUN400 (0.1μM) or VUN415 (0.1μM), Data are means ± 

SEM from four separate experiments, each performed with 6 replicates.  * P<0.05 (with 

respect to vehicle control; one-way ANOVA with Holm-Sidak multiple comparison test).  

P=0.017 for VUN400 versus vehicle control.  (B) Cells were transfected with a constant 

amount (20ng) of donor (NLuc_EGFR) and acceptor (SNAP_CXCR4). Cells were labelled 

with SNAP-Surface-AlexaFluor488® (0.2 μM final concentration) for 30 min before 

experimentation.  Cells were then incubated for 30 minutes at 37℃ with EGF (0.1μM), Q44c-

Biotin (0.1μM), VUN400 (0.1μM) or VUN415 (0.1μM), Data are means ± SEM from four 

separate experiments, each performed with 6 replicates.  ** P<0.01 (with respect to vehicle 

control; one-way ANOVA with Holm-Sidak multiple comparison test).  P=0.0018 for EGF 

versus vehicle control. 
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To understand the concentration dependent effects of EGFR agonists on 

CXCR4/EGFR heterodimerisation, we have performed NanoBRET assays using the 

same NLuc_EGFR/SNAP_CXCR4 configuration (Figure 5.11A) with HEK293T 

cells transiently transfected with a constant concentration of NLuc_EGFR and 

SNAP_CXCR4 (20 ng/well each) cDNA. As mentioned previously (Chapter 4, Figure 

4.3), endogenous EGFR ligands are classified according to their high and low affinity 

binding (Freed et al., 2017). Here, we showed that increasing concentrations of high 

affinity ligands EGF, TGF-, Hb-EGF and BTC potently inhibited the BRET signal 

between NLuc_EGFR and SNAP_CXCR4 indicative of a decline in 

heterodimerisation (Figure 5.13 A and B). The potency of these ligands was similar 

to those reported previously for inhibition of EGF-binding and conformational 

enhancement of Q86c-HL488 binding to EGFR (Chapter 4, Figure 4.7 and Table 4.1) 

(Comez et al., 2022). Similarly, the lower affinity EGFR ligands (Freed et al., 2017) 

EREG, epigen and AREG exhibited lower potency in inhibiting 

NLuc_EGFR/SNAP_CXCR4 NanoBRET signal (Figure 5.13) which was also similar 

to their conformational enhancement of Q86c-HL488 binding to EGFR (Chapter 4, 

Figure 4.7 and Table 4.1). TGF- showed the lowest potency amongst the high affinity 

ligands of EGFR with lower maximal level of inhibition of CXCR4/EGFR 

heterodimers. And epigen demonstrated lowest potency amongst the low affinity 

ligands with lower maximal level of inhibition of CXCR4/EGFR heterodimers 

(Figure 5.13, Table 5.2).  
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Figure 5.13 Concentration-response curves for inhibition of EGFR-CXCR4 heterodimer 

formation by EGFR ligands. HEK293 cells were transiently transfected with a fixed 

concentration of donor NLuc_EGFR cDNA (20 ng/well) and acceptor SNAP_CXCR4 cDNA 

(20 ng/well). (A) BRET ratio and % vehicle control by EGF, AREG, EREG and TGF-.  Data 

are means ± SEM from 7 separate experiments, each performed with triplicates. (B) BRET 

ratio and % vehicle control Hb-EGF, epigen and BTC. SNAP-Surface-AlexaFluor488® 

labelling was performed at 0.2 M concentration and incubated for 30 minutes at 37oC in 

DMEM. The ligands were incubated for 30 minutes at 37oC. All the ligands were used at (-6 

to -11 M) concentrations except BTC (-7 to -12 M). NanoBRET experiments were performed 

in HBSS containing 0.2 % BSA. Furimazine (1/400 final dilution) was added, and plates 

incubated for 5 minutes then luminescence and fluorescence emissions were measured using 

a BMG Pherastar FS. Data are combined mean ± SEM from 7 independent experiments, where 

each experiment was performed in triplicates. BRET ratio was calculated by dividing the 

fluorescence signal to the luminescence signal. BRET signal was normalized against the 

vehicle control (no ligand). 
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Table 5.2 Concentration-response parameters for EGFR agonist-induced reduction in 

EGRF-CXCR4 oligomer formation in HEK293T cells. 

Ligand log 

IC50 

Max 

inhibition 

(%) 

n Log Ki 

(Inhibition of 

EGF-AF488 

binding) * 

Log EC50 

(enhancement 

of Q86c-HL488 

binding) * 

EGF -9.54 

± 0.17 

38.89 ± 2.74 7 -8.86 -9.52 

Hb-EGF -9.08 

± 0.17 

39.48 ± 1.94 7 -8.43 -9.20 

BTC -9.16 

± 0.25 

41.27 ± 2.90 7 -8.45 -9.17 

TGF -8.60 

± 0.15 

21.89 ± 4.56 7 -6.83 -8.32 

EREG -7.61 

± 0.17 

34.94 ± 3.38 7 / / 

AREG -7.14 

± 0.15 

39.77 ± 2.43 6 / / 

Epigen -7.25 

± 0.25 

26.95 ± 3.59 7 / / 

Values are mean ± S.E.M. from n separate experiments.  * Data from Chapter 4, Table 4.1 
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5.2.5 Detection of endogenous receptor heterodimerisation of CXCR4/EGFR  

The previous BRET experiments to detect CXCR4/EGFR heterodimerisation were 

performed with overexpression of both CXCR and EGFR receptors in HEK293 cells 

(Figure 5.3 and Figure 5.4). The overexpression of the donor and acceptor receptors 

brings up the question of bystander effect for the BRET experiments which might 

mean the non-specificity of the dimerisation signal due to high density of the receptor 

proteins on the cell membrane. To detect CXCR4/EGFR heterodimerisation in 

endogenously expressed cells first we have used CRISPR/Cas9 gene-edited HEK293T 

cells whereby NanoLuc was inserted onto the N terminus of endogenously expressed 

CXCR4 (clonal cell line created by (White et al., 2020a). These cells were transiently 

transfected with a constant concentration of Halo_EGFR cDNA (12 ng/well). 

Following 16 hours incubation, cells were labelled with HaloTag AlexaFluor® 488 

for 30 minutes at 37oC. After washing steps, the fluorescence intensity of HaloTag 

AlexaFluor® 488 was measured using a Pherastar FS to detect the viable transfection 

of Halo_EGFR. Following furimazine addition, luminescence and fluorescence 

emissions were measured and BRET ratios calculated. It was shown that endogenously 

expressed CXCR4 was able to form heterodimers with Halo_EGFR suggesting that 

the overexpression of CXCR4 is not necessary for protein-protein interaction and 

heterodimer formation can be obtained at low expression levels of CXCR4 (Figure 

5.14). 
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Figure 5.14 BRET experiments performed in CRISPR/Cas9 edited HEK293T cells 

expressing endogenous CXCR4 tagged with NLuc and transiently transfected with 

Halo_EGFR. CRISPR/Cas9 gene edited NLuc_CXCR4 HEK293T cells were transfected 

with 12 ng of Halo_EGFR. Following 16 hours incubation, HaloTag AlexaFluor® 488 

labelling was performed at 0.2 μM concentration and incubated for 30 minutes at 37oC in 

DMEM. NanoBRET experiments were performed in HBSS containing 0.2 % BSA. 

Furimazine (1/400 final dilution) was added, and plates incubated for 5 minutes then 

luminescence and fluorescence emissions were measured using a BMG Pherastar FS. Data are 

normalized against NLuc_CXCR4 alone in the absence of Halo_EGFR transient transfection 

(Only 100 ng of empy pcDNA 3.1). Data are means ± SEM from five separate experiments, 

each performed with 6 replicates.  

 

After the detection of CXCR4/EGFR heterodimerisation at HEK293 cells with 

endogenously expressing NLuc_CXCR4 and transient overexpression of Halo_EGFR 

(Figure 5.14), a new experimental system developed with both CXCR4 and EGFR 

receptors were expressed endogenously with no modification of NanoLuc or HaloTag. 

To be able to detect the receptor-receptor interactions without modification on CXCR4 

and EGFR an alternative method proximity ligation assay where oligonucleotides 

conjugated to receptor-targeted antibodies can act as probes to target a protein 

complex was used.  These oligonucleotides can be joined by ligation if they have been 

brought into close proximity by receptor oligomerisation (Soderberg et al., 2008).  The 
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DNA ligation product formed can then act as a template for PCR amplification of a 

single-stranded rolling circle product that can be visualized by hybridization of a 

fluorescence-labelled complementary oligonucleotide detection probe (Soderberg et 

al., 2008). The resulting labelled rolling circle amplified DNA product can then be 

imaged microscopically (Raykova et al., 2016).  This approach, used in conjunction 

with receptor-targeted nanobodies, provided an opportunity to study the formation of 

CXCR4/EGFR complexes in HeLa cells endogenously expressing the two receptors.   

Nanobodies equipped with a C-terminal cysteine were conjugated to azide-modified 

oligonucleotides via Dibenzocyclooctyne(DBCO)-maleimide (Figure 5.15).  In this 

series of experiments, we generated VUN416-oligo1 and VUN416-oligo2 to assess 

CXCR4 homodimer formation.  We also used Q44-oligo2 in conjunction with 

VUN416-oligo1 to evaluate CXCR4-EGFR heterodimers.  Binding of each nanobody 

to endogenous CXCR4 or EGFR in CRISPR-edited HeLa cells expressing endogenous 

NLuc-CXCR4 was assessed using biotinylated anti-sense oligonucleotides and 

streptavidin-HRP (Figure 5.15B).  The specific binding of VUN416-oligo1 (pKd 8.7 

± 0.3, n=3; Figure 5.15C) or VUN416-oligo2 to CXCR4 (pKd 8.6 ± 0.1, n=3; Figure 

5.15D) and Q44-oligo2 to EGFR (pKd 8.4 ± 0.4, n=3; Figure 5.15E) in HeLa cells is 

shown in Figure 5.15. (The PLA experiments were performed by Dr Stephanie M. 

Anbuhl, VU University of Amsterdam). 

These nanobody-oligonucleotide conjugates were then employed to detect 

endogenous CXCR4/CXCR4 homodimers and CXCR4/EGFR heteromers in native 

HeLa cells using confocal imaging (Figure 5.16).  Use of VUN416-oligo1 and 

VUN416-oligo2 enabled a clear demonstration of CXCR4 homodimer formation 

(Figure 5.16D).  This homodimer PLA signal was prevented by incubation of cells 

with unlabelled VUN416 (Figure 5.16E). Similarly, VUN416-oligo1 and Q44-oligo2 

enabled detection of endogenous CXCR4-EGFR dimers in HeLa cells (Figure 5.16A).  

Incubation with 1μM of un-tagged VUN416 (Figure 5.16B) or 1 μM Q44 (Figure 

5.16C) completely prevented the PLA signal. (The experiments were performed by 

Dr Stephanie M. Anbuhl, VU University, Amsterdam).
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Figure 5.15 Binding of nanobody-oligonucleotide conjugates to CRISPR-Cas9 edited HeLa cells expressing endogenous levels of 

NLuc_CXCR4 and EGFR. (A) Scheme for conjugation of C-terminally Cys-tagged nanobodies with maleimide-dibenzocylootyne and azide-

modified oligonucleotides. (B) Illustration of the assay format to determine nanobody-oligonucleotide binding affinity. Nluc_CXCR4 CRISPR HeLa 

cells containing endogenous levels of CXCR4, or EGFR were incubated with Nb-oligo. After washing, bound Nb-oligo was detected using a 

complementary biotinylated oligonucleotide. Bound biotin was quantified with streptavidin-HRP. (C-E) Binding of nanobody-oligo conjugates to 

Nluc_CXCR4 CRISPR HeLa cells as determined by the assay illustrated in B). Non-specific binding was determined by blocking with the respective 

unconjugated nanobody (1 µM).  Values are means ± SEM from three independent experiments, each performed in duplicate.
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Figure 5.16 Demonstration of CXCR4-CXCR4 and CXCR4-EGFR oligomerization in native HeLa cells using PLA. (A-C) Detection of 

CXCR4/EGFR heteromers by PLA using 10nM VUN416-oligo1 and 10nM Q44-oligo2 in the absence (A) or presence of either (B) unlabeled VUN416 

(1µM) or (C) Q44 (1µM). CXCR4 homodimers detected by PLA using VUN416-oligo1 (10nM) and VUN416-oligo2 (10nM) in the absence (D) or 

presence (E) of 1µM unlabeled VUN416. (F) Schematic demonstrating the working principle of PLA using single-stranded rolling circle product that 

can be visualized by hybridization of a fluorescence-labelled complementary oligonucleotide detection probe
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5.2.6 Detection of CXCL12 and EGF binding at EGFR and CXCR4 respectively 

The endogenous ligands of EGFR and CXCR4, EGF and CXCL12 promote EGFR 

and CXCR4 homodimer complexes (Figure 5.9 and Figure 5.10) while both have 

negative regulatory impacts on CXCR4/EGFR BRET heterodimers (Figure 5.11B). 

Hence, we have decided to investigate whether CXCL12 binds to EGFR or EGF to 

CXCR4. For this, we have used HEK293T cells separately transiently transfected with 

NLuc_EGFR (20 ng cDNA/well) or NLuc_CXCR4 (20 ng cDNA/well) cDNA. To 

examine binding of CXCL12 at NLuc_EGFR, increasing concentrations (0-200 nM) 

of fluorescently labelled CXCL12-AF647 was used. No BRET signal was detected 

between donor NLuc_EGFR and CXCL12-AF647 indicative of CXCL12-AF647 

having no affinity at EGFR (Figure 5.17A). The presence of unlabelled CXCL12 and 

EGF did not alter the affinity of CXCL12-AF647 to NLuc_EGFR (Figure 5.17A). To 

confirm the BRET system was working correctly, 100 nM of fluorescent EGF-AF647 

binding to NLuc_EGFR and no fluorescent ligand basal condition were included 

(Figure 5.17A). The same strategy was applied for investigating EGF-AF647 binding 

at NLuc_CXCR4 in transiently transfected HEK293T cells. Similar results were 

observed with no BRET signal between donor NLuc_CXCR4 and acceptor EGF-

AF647 meaning EGF-AF647 has no affinity for CXCR4 (Figure 5.17B). The 

presence of unlabelled EGF or CXCL12 did not change these results. The BRET signal 

obtained from 100 nM of CXCL12-AF647 binding at NLuc_CXCR4 and no 

fluorescent ligand condition confirmed the viability of the BRET system (Figure 

5.17B). These data are in keeping with the results from the CXCR4 and EGFR 

homodimerisation experiments that CXCL12 had no impact on EGFR 

homodimerisation and EGF had no impact on CXCR4 homodimerisation (Figure 5.9 

and Figure 5.10).  
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Figure 5.17 Determination of CXCL12-AF647 binding to NLuc_EGFR and EGF-AF647 

binding to NLuc_CXCR4. HEK293 cells were transiently transfected with a fixed 

concentration of donor (A) NLuc_EGFR or (B) NLuc_CXCR4 cDNA (20 ng/well) and 80 ng 

of empty pcDNA 3.1. (A) Cells were incubated with increasing concentrations (0-200 nM) of 

CXCL12-AF647 in the absence or presence of 100 nM unlabelled CXCL12 or EGF for 30 

minutes at 37°C. Total binding of 100 nM EGF-AF647 alone and basal (obtained in the 

absence of fluorescent ligand) were also determined in each experiment. (B) Cells were 

incubated with increasing concentrations (0-100 nM) of EGF-AF647 for 30 minutes at 37°C. 

Total binding of 3 nM of EGF-AF647 and 25 nM CXCL12-AF647 alone and basal (obtained 

in the absence of fluorescent ligand) were also determined in each experiment. Furimazine 

was added to each well as 1/400 final dilution and plates were equilibrated for 5 min at room 

temperature before sequential filtered light emissions were taken using a PHERAStar FS plate 

reader using 460 nm and >610 nm filters.  BRET ratios were calculated by dividing the 610 

nm emission (acceptor) by the 460 nm emission (donor).  Data are means ± SEM from 5 

separate experiments, each performed with triplicate determinations.  
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Next, we performed NanoBRET experiments to answer two questions: (a) Is there any 

competition between CXCL12 and EGF binding at their cognate receptors? (b) Does 

the co-expression/dimerisation of CXCR4/EGFR have any impact on CXCL12 and 

EGF binding at their cognate receptors? To investigate the first question, we 

performed NanoBRET competition binding experiments with HEK293T cells 

transiently transfected (20 ng cDNA each) with (i) NLuc_EGFR (Figure 5.18A) only 

and (ii) NLuc_CXCR4 only (Figure 5.18B). The examination of the competition 

between EGF-AF647 (3 nM) and increasing concentrations of unlabelled CXCL12 

and EGF at NLuc_EGFR demonstrated that unlabelled EGF (8.9  0.1, n=5) fully 

competed with EGF-AF647 (Figure 5.18A). Unlabelled CXCL12 (8.6  0.2, n=5) 

partially displaced EGF-AF647 (Figure 5.18A). This might be the result of 

endogenous expression of EGFR or CXCR4 in HEK293T cells impacting the binding 

of EGF or CXCL12. Next, the competition between CXCL12-AF647 (25 nM) and 

increasing concentrations of unlabelled CXCL12 and EGF at NLuc_CXCR4 only was 

investigated. Unlabelled CXCL12 (7.8  0.2, n=5) was able to fully displace CXCL12-

AF647. EGF only had a minor reducing effect at the highest concentration (100 nM) 

on CXCL12-AF647 binding. 

To answer the second question whether the CXCR4/EGFR co-

expression/dimerisation had an impact on CXCL12 and EGF binding at the EGFR or 

CXCR4 we used HEK293T cells transiently transfected (20 ng cDNA each) with (iii) 

NLuc_EGFR/SNAP_CXCR4 (Figure 5.18C), or (iv) NLuc_CXCR/Halo_EGFR 

(Figure 5.18D). No SNAPTag AlexaFluor® 488 or HaloTag AlexaFluor® 488 

labelling were performed. Similar to NLuc_EGFR only expression (Figure 5.18A), 

EGF (8.8  0.1, n=5) fully displaced and CXCL12 (8.6  0.8, n=5) partially displaced 

EGF-AF647 at NLuc_EGFR/SNAP_CXCR4 co-expression (Figure 5.18C). This 

suggested that co-expression of EGFR/CXCR4 has no significant impact on EGF 

binding at EGFR. In keeping with this, CXCL12 (7.9  0.2, n=5) competition with 

CXCL12-AF647 was not affected by CXCR4/EGFR co-expression as well (Figure 

5.18D). Interestingly, competition of EGF with CXCL12-AF647 was slightly 

increased at lower concentrations of EGF (Figure 5.18D). This might be due to 

alterations of the ligand binding interface of the receptors caused by dimer formation. 

Additionally, the heterodimer formation between EGFR/CXCR4 might affect the 

CXCR4/CXCR4 homodimer interfaces leading to modification of ligand binding. 
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Figure 5.18 Investigating the effect of co-expression of EGFR/CXCR4 complexes on CXCL12 and EGF binding. HEK293 cells were transiently 

transfected with a fixed concentration of donor (A) NLuc_EGFR (20 ng) or (B) NLuc_CXCR4 cDNA (20 ng/well) and 80 ng of empty pcDNA 3.1. 

cDNA (C) NLuc_EGFR and SNAP_CXCR4 (20 ng each) and 60 ng of empty pcDNA 3.1.  (D) NLuc_CXCR4 and Halo_EGFR (20 ng each) and 60 

ng of empty pcDNA 3.1. Cells were incubated with increasing concentrations of EGF (-3 to -7 M) and CXCL12 (-12 to -6 M) with (A and C) 3 nM 

of EGF-AF647 and (B and D) 25 nM of CXCL12-AF647.  in the absence or presence of 100 nM unlabelled CXCL12 or EGF for 30 minutes at 37°C. 

Total binding of 100 nM EGF-AF647 alone and basal (obtained in the absence of fluorescent ligand) were also determined in each experiment. (B) 

Cells were incubated with increasing concentrations (0-100 nM) of EGF-AF647 in the absence or presence of 100 nM unlabelled CXCL12 or EGF 

for 30 minutes at 37°C. Total binding of 200 nM CXCL12-AF647 alone and basal (obtained in the absence of fluorescent ligand) were also determined 

in each experiment. Furimazine was added to each well as 1/400 final dilution and plates were equilibrated for 5 min at room temperature before 

sequential filtered light emissions were taken using a PHERAStar FS plate reader using 460 nm and >610 nm filters.  BRET ratios were calculated by 

dividing the 610 nm emission (acceptor) by the 460 nm emission (donor).  Data are means ± SEM from 3 separate experiments, each performed with 

triplicate determinations.
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5.2.7 Investigation of conformational change of EGFR with co-expression of 

CXCR4 

Previously, we have showed that EGFR and CXCR4 ligands significantly changed the 

heterodimer formation of CXCR4/EGFR (Figure 5.11). Yet, it is still unknown 

whether these ligands modify the conformation of EGFR and CXCR4 dimerisation 

interfaces. Ligand binding at extracellular domains of EGFR excessively reshape the 

conformations of those domains (Bessman, Bagchi, et al., 2014b). We have shown 

that Q86c-HL488 affinity was increased at the endogenous ligand bound EGFR 

meaning that it is recognising a specific conformation of EGFR (Figure 4.5). Hence, 

we postulated that Q86c-HL488 could be used as a conformational sensor to recognise 

altered conformations of EGFR (Figure 4.13). Co-expression and close proximity of 

EGFR/CXCR4 has the potential to modify EGFR conformations meaning that 

presence of CXCR4 may be altering the conformation of EGFR.  

To investigate the conformational change of EGFR with CXCR4 co-expression we 

have used Q86c-HL488 as a conformational sensor. For this, HEK293T cells 

transiently transfected with only NLuc_EGFR or both NLuc_EGFR and 

SNAP_CXCR4 cDNA were used. As previously shown, Q44c-HL488 nanobody 

competes with EGF for binding to EGFR ECM domains (Figure 4.5). Since, Q44 

shows decreased affinity for EGF bound EGFR, it was used as a control group for 

these experiments. Both Q44c-HL488 and Q86c-HL488 binding to NLuc_EGFR were 

not altered with SNAP_CXCR4 co-expression (Figure 5.19).  In keeping with 

previous data showing that EGF competes with Q44c-HL488 and enhances Q86c-

HL488 (Figure 4.5), similar results were demonstrated with NLuc_EGFR co-

expressed with SNAP_CXCR4 (Figure 5.19). CXCL12 has been shown as 

monomerizer for CXCR4/EGFR complex (Figure 5.11). There was no effect of 

CXCL12 on Q86c-HL488 binding to NLuc_EGFR. In contrary, VUN401 has been 

demonstrated to increase CXCR4/EGFR heterodimer formation (Figure 5.11). In the 

presence of VUN401, there was no alteration of Q86c-HL488 binding at 

NLuc_EGFR. Interestingly, erlotinib significantly increased the binding of both Q44c-

HL488 and Q86c-HL488 to NLuc_EGFR when co-expressed with SNAP_CXCR4. 
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Figure 5.19 Detection of the conformation of NLuc_EGFR with CXCR4 co-expression 

via conformational sensor nanobody Q86c-HL488. HEK293T cells were transfected with 

NLuc_EGFR (20 ng cDNA) only or co-transfected with NLuc_EGFR and SNAP_CXCR4 (20 

ng cDNA each). 30 minutes of EGF (0.1μM), CXCL12 (0.1μM), VUN401 (0.1μM) or 

erlotinib (10μM) incubation were performed simultaneously with (A) Q44c-HL488 (12.5 nM) 

and (B) Q86c-HL488 (12.5 nM) nanobodies. No SNAP labelling was performed. Furimazine 

was added to each well as a 1/400 final dilution and plates were equilibrated for 5 min at room 

temperature before simultaneous filtered light emissions were taken using a PHERAStar FS 

plate reader.  BRET ratios were calculated by dividing the 488 nm emission (acceptor-

nanobodies labelled with HL488) by the 460 nm emission (donor).  Data are means ± SEM 

from 3 separate experiments, each performed with five replicates. 
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5.3 Summary and Discussion 

In this chapter, we used a NanoBRET dimerisation system to study the complex 

formation of CXCR4 and EGFR receptors. The distance requirements (<10 nm) of the 

NanoBRET approach between the donor and acceptor receptors provided a sensitive 

measure of the close proximity between CXCR4 and EGFR. For the NanoBRET 

system we used a donor receptor which was a N-terminal nanoluciferase-tagged 

variant of EGFR or CXCR4 with a N-terminal fluorescently-tagged acceptor receptor 

which was SNAPTag or HaloTag labelled EGFR or CXCR4, all expressed in living 

HEK293 cells.  With the same system, we examined the effects of EGFR and CXCR4 

endogenous ligands, antagonists and nanobodies on CXCR4/EGFR complexes. We 

investigated CXCR4/EGFR complexes both in an overexpression model using 

NanoBRET and with endogenous expression using CRISPR-edited cells or a 

proximity ligation assay (PLA).  

As previously shown in several studies with various techniques (Armando et al., 2014; 

Işbilir et al., 2020; Lao et al., 2017; Percherancier et al., 2005; Qin et al., 2015a; 

Saotome et al., 2024; Steel et al., 2014; Ward et al., 2021; B. Wu et al., 2010b), 

CXCR4 was able to form homodimers and the extent of the homodimerisation was 

correlated with increased amount of expressed SNAP_CXCR4 (Figure 5.1). Although 

CXCR4 homodimerisation did not require ligand binding, the endogenous ligand of 

CXCR4, CXCL12 and VUN400c nanobody significantly increased the 

homodimerisation of CXCR4 (Figure 5.9). In contrast, a variant of the VUN400 

nanobody without a C-terminal cysteine and the small molecular weight antagonists 

of CXCR4 AMD070 and IT1t showed decreasing effects on CXCR4 homodimers 

(Figure 5.9 and Figure 5.12). This was in keeping with previous studies showing that 

IT1t decreased CXCR4 homodimer formation, in contrast VUN401 and AMD3100 

had no significant effect on it (Işbilir et al., 2020; Ward et al., 2021). The effect of the 

VUN400c nanobody on increased homodimerisation of CXCR4 is possibly a 

secondary effect of dimerized VUN400c nanobodies caused by the cysteine-cysteine 

bond between two nanobodies.  

As previously suggested (Mudumbi et al., 2023; Purba et al., 2022; Tao & Maruyama, 

2008), EGFR formed homodimers with no requirement for ligand binding (Figure 

5.2). Increased amounts of expressed Halo_EGFR led to greater EGFR homodimer 
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formation (Figure 5.2). Additionally, the endogenous EGFR ligands EGF, TGF- and 

Hb-EGF significantly increased the EGFR homodimer formation (Figure 5.10). This 

is in keeping with a previous study using a structural approach that showed different 

formations of EGFR homodimerisation induced by different endogenous ligands 

(Freed et al., 2017). The small molecular weight tyrosine kinase inhibitor erlotinib 

increased EGFR homodimer formation which was reconcilable with previous 

observations (Haubrich et al., 2024). While the Q44c nanobody significantly enhanced 

the EGFR homodimer formation, Q86c had no effect on it (Figure 5.10). Since Q44c 

binds to similar epitope as EGF (Comez et al., 2022) and competes with it, it was not 

unexpected that it induces an increase on EGFR homodimer formation similar to EGF.  

Even though, there have been several studies showing  oligomeric complexes between 

GPCRs and RTKs (Bergelin et al., 2010; Blasco-Benito et al., 2019; Di Liberto et al., 

2019c; Kilpatrick et al., 2019; Kilpatrick & Hill, 2021; Maudsley et al., 2000) and the 

signalling cross-talk between CXCR4 and EGFR (Y. Cheng et al., 2020; M. Neves et 

al., 2020, 2022) CXCR4/EGFR heterodimer complexes have not been studies yet. 

Similar to CXCR4 and EGFR homodimers, CXCR4/EGFR heterodimer formation did 

not require ligand binding (Figure 5.3 and Figure 5.4). Increasing expression of 

Halo_EGFR (Figure 5.3) and SNAP_CXCR4 (Figure 5.4) lead to enhanced levels of 

CXCR4/EGFR heterodimer formation. Two different Nanoluciferase/fluorescent 

label configurations were used to detect CXCR4/EGFR heterodimer formation to 

eliminate the potential for false positive proximity caused by the 3D configuration of 

Nanoluciferase enzyme and the linkers leading to non-specific energy transfer 

between donor and acceptor. The few amino acid linkers provide flexibility for the 

luciferase and fluorescence tags that controls the positioning of the tags. Utilising two 

different NanoLuc/Fluorophore configurations helped to minimise a bystander effect 

(random interaction between the donor and acceptor leading to BRET). To investigate 

the potential bystander effect and demonstrate the specifity of BRET signal between 

pairings of CXCR4 and EGFR, NanoBRET experiments were repeated using 

receptors where there is no existing evidence of an interaction with EGFR. The 

adenosine receptor subtypes A1 or A3 were chosen for EGFR interaction experiments. 

In contrast to BRET ratios observed using the SNAP_CXCR4 receptor as an acceptor, 

SNAP_A1 and SNAP_A3 receptors did not show increased BRET with NLuc_EGFR 

(Figure 5.7) indicative of a lack of dimerisation between NLuc_EGFR with 
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SNAP_A1 or SNAP_A3 receptors. This suggested that EGFR/CXCR4 

heterodimerisation NanoBRET experiments are specific and demonstrated no major 

bystander BRET effect. 

Since both configurations established a similar CXCR4/EGFR heterodimerisation 

trend, NLuc_EGFR/SNAP_CXCR4 configuration was used for subsequent ligand 

binding experiments. Interestingly, endogenous ligands of both the EGFR and 

CXCR4, EGF and CXCL12 respectively, significantly decreased CXCR4/EGFR 

heterodimer formation (Figure 5.11). This decreased effect on BRET signal was more 

prominent for EGF (Figure 5.11). While VUN401 had an increasing effect, VUN400c 

and VUN415c significantly decreased the EGFR/CXCR4 heterodimer formation 

(Figure 5.11). Interestingly, VUN400 and VUN415 nanobodies lacking cysteine 

modification did not show any impact on CXCR4/EGFR heterodimerisation (Figure 

5.12).  As mentioned previously (Chapter 4, Figure 4.3), endogenous EGFR ligands 

are classified according to their high and low affinity binding (Freed et al., 2017, 

Comez et al 2022). Various concentrations of endogenous EGFR ligands decreased 

CXCR4/EGFR BRET heterodimerisation at high concentrations (Figure 5.13). Even 

though all the EGFR ligands potently inhibited CXCR4/EGFR heterodimerisation, the 

rank potency of these ligands was similar to those reported previously for inhibition 

of EGF-binding and conformational enhancement of Q86c-HL488 binding to EGFR 

(Chapter 4, Figure 4.7 and Table 4.1) (Comez et al., 2022). Similarly, the lower 

affinity EGFR ligands (Freed et al., 2017) EREG (epiregulin), epigen and AREG 

(amphiregulin) exhibited lower potency in inhibiting the 

NLuc_EGFR/SNAP_CXCR4 NanoBRET signal (Figure 5.13) which was also similar 

to the conformational enhancement of Q86c-HL488 binding to EGFR observed by 

these ligands (Chapter 4, Figure 4.7 and Table 4.1).  

One explanation for the the inhibiton/enhancement effect of ligands and nanobodies 

on CXCR4/EGFR heterodimerisation could be an enhanced homodimerisation of 

CXCR4 or/and EGFR which might decrease the CXCR4/EGFR heterodimerisation. 

EGF, TGF- and Hb-EGF increasing the EGFR homodimerisation of EGFR 

simultaneously inhibiting the CXCR4/EGFR heterodimerisation could be the effect of 

homodimer formation evading the heterodimerisation. A similar effect can be seen 

whereby increasing CXCR4 homodimerisation induced by VUN400c and CXCL12, 

may consequently be inhibiting CXCR4/EGFR heteromer formation. Supporting this, 
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VUN401 was able to decrease CXCR4 BRET homodimerisation but led induced an 

enhancement in CXCR4/EGFR formation. In contrast, the small molecular weight 

CXCR4 antagonists (IT1t and AMD070) that inhibited CXCR4 homodimers did not 

significantly change CXCR4/EGFR heterodimer formation. In addition, Q44c and 

erlotinib which enhanced EGFR homodimer formation had no effect on 

CXCR4/EGFR heterodimers. Furthermore, VUN415c which had no impact on 

CXCR4 homodimers, decreased CXCR4/EGFR heterodimerisation. Consequently, 

the postulation of homodimer formation of CXCR4 or EGFR which may decrease the 

CXCR4/EGFR needs further research. 

Fetal calf serum (FCS) contains several growth factors that bind to growth factor 

receptors which might have an impact on receptor oligomerization. To determine the 

effect of endogenous ligands and growth factors in fetal calf serum (FCS) in DMEM, 

NanoBRET experiments were performed with (10 % FCS) and without (0 % FCS) 

FCS conditions. No significant difference was detected between FCS starvation (0 % 

FCS) and 10 % FCS containing media conditions in respect to 

NLuc_EGFR/SNAP_CXCR4 heterodimerisation.  

CXCR4 and EGFR heterodimerisation was demonstrated when overexpressing both 

receptors in a recombinant cell line (HEK293 cells). This raises the question of 

whether heterodimerisation is caused by the high density of the receptors on the cell 

membrane leading to more receptors being in close proximity due to overexpression 

of CXCR4 and EGFR rather than a ‘true’ interaction. To investigate this, 

CRISPR/Cas9-gene edited HEK293 cells and HeLa cells were used to detect 

CXCR4/EGFR heterodimers at endogenous expression levels of either one or both 

receptors.  

Firstly, potential differences between CXCR4 targeting nanobodies binding to 

NLuc_CXCR4 when overexpressed or endogenously expressed in HEK293 cells was 

investigated. CRISPR/Cas9 edited NLuc_CXCR4 was used for endogenous 

expression of CXCR4(White et al., 2020b) . All three CXCR4 nanobodies VUN415, 

VUN400c and VUN401  (Van Hout et al., 2018) showed significantly higher affinities 

to CRISPR/Cas9-edited NLuc_CXCR4 then overexpressed NLuc CXCR4 whereas 

there was no significant difference for CXCL12 binding (Figure 5.8, Table 5.1). An 

increased BRET signal was observed between CRISPR/Cas9-edited NLuc_CXCR4 
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and overexpressed Halo_EGFR in HEK293 cells indicating heterodimer formation 

between endogenous CXCR4 and overexpressed EGFR (Figure 5.14). In addition, 

proximity ligation assays (PLA) were able to show CXCR4/EGFR heterodimerisation 

(Figure 5.16) and CXCR4 homodimerisation (Figure 5.16) in native HeLa cells 

endogenously expressing both CXCR4 and EGFR. The successful specific binding of 

the nanobodies conjugated with circular oligomers and streptavidin-HRP used for 

PLA was also demonstrated in CRISPR/Cas9-edited NLuc_CXCR4 HeLa cells 

(Figure 5.15).  

The endogenous ligands of EGFR and CXCR4, EGF and CXCL12, promoted EGFR 

and CXCR4 homodimer complexes (Figure 5.9 and Figure 5.10). In contrast both 

had negative regulatory effects on CXCR4/EGFR heterodimers (Figure 5.11). Hence, 

we decided to investigate whether CXCL12 could bind to EGFR or EGF to CXCR4. 

As expected, CXCL12-AF647 showed no binding affinity to NLuc_EGFR (Figure 

5.17). Similarly, EGF-AF647 had no affinity for NLuc_CXCR4 (Figure 5.17). Two 

questions arose from this observation: (a) Is there competition between CXCL12 and 

EGF binding at their cognate receptors? (b) Does the co-expression/dimerisation of 

CXCR4/EGFR have any impact on CXCL12 and EGF binding at their cognate 

receptors? Interestingly, EGF-AF647 binding was potently and partially inhibited by 

EGF and CXCL12 respectively in both NLuc_EGFR only and 

NLuc_EGFR/SNAP_CXCR4 co-expressed cells (Figure 5.18). CXCL12-AF647 

binding was potently inhibited in both NLuc_CXCR only and 

NLuc_CXCR4/Halo_EGFR co-expressed cells (Figure 5.18). However, EGF showed 

only partial displacement of CXCL12-AF647 binding at NLuc_CXCR4 when co-

expressed with Halo_EGFR (Figure 5.18D). Hence, there was no significant 

difference between single expression and co-expression of CXCR4 and EGFR on 

inhibitory effects of CXCL12 and EGF. Interestingly, CXCL12 was more potent at 

displacing the binding of EGF-AF647 (Figure 5.18A) than it was displacing the 

binding of CXCL12-AF647 (Figure 5.18B). Since CXCL12-AF647 showed no 

affinity to EGFR or EGF-AF647 to CXCR4, it is curious that CXCL12 seemingly 

competes with EGF-AF647. The endogenous expression of CXCR4 (Busillo et al., 

2010b) in cells with NLuc_EGFR might explain these observations. Endogenous 

CXCR4 might tend to form homodimers since assumably homodimerisation would be 

the prior preference for the receptors. In NLuc_EGFR overexpressing HEK293 cells 
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with endogenous expression of CXCR4, much less heterodimer formation could be 

seen because of more CXCR4 homodimer formation due to limited CXCR4 

expression. However, overexpression of both receptors might lead to more 

heterodimerisation formation due to a higher density of receptors on the cell 

membrane. Future experiments are needed to explain this phenomenon with HEK293 

cells lacking CXCR4 (CRISPR/Cas9 knock-out) to eliminate CXCR4 expression level 

difference. This would help understanding of homodimer/heterodimer formation 

dynamics alteration due to receptor density on the membrane.  

Finally, the role of the extracellular domains of EGFR on homodimerisation has 

previously been shown  (Bessman, Bagchi, et al., 2014b; Freed et al., 2017; Kovacs et 

al., 2015b; Mudumbi et al., 2023; Ogiso et al., 2002a). Yet, the heterodimerisation 

interface for EGFR/GPCR is still unknown. In our data, CXCR4/EGFR dimerisation 

was not affected by the conformational sensor nanobody Q86c-HL488 binding to the 

EGFR (Figure 5.19). This might demonsrate that there is a specific EGFR 

conformational change is in presence of CXCR4, and this specific conformation would 

not be recognized by Q86c-HL488. Another explanation might be that the EGFR 

extracellular domains might play a minor role in CXCR4/EGFR heterodimerisation 

meaning that the dimerisation could be led by the other domains such as 

transmembrane, intracellular or juxtamembrane domains.  A recent study showed that, 

similar to EGF, erlotinib has an increasing effect on EGFR homodimerisation 

(Haubrich et al., 2024).  EGFR homodimerisation might influence the enhancement 

of both Q44c-HL488 and Q86c-HL488 binding on NLuc_EGFR (Figure 5.19).  

5.4 Conclusion  

o CXCR and EGFR can form homodimers. 

o CXCR4 and EGFR homodimer formations can be altered by their endogenous 

ligands, antagonists and nanobodies that specifically target them ( 

o Table 5.3). 

o CXCR4/EGFR heterodimer formation is not restricted to cells that overexpress 

the receptors concerned. The PLA technique showed that endogenously 

expressed CXCR4/EGFR can form heterodimers in HeLa cells. 
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o CXCL12 has no direct binding affinity for EGFR and EGF has no direct 

binding affinity on CXCR4. However, they can have inhibitory effects on 

ligand binding as a consequence of heteromerisation. 

Table 5.3 The effect of CXCR4 and EGFR ligands and nanobodies on CXCR4/EGFR 

complexes (next page). (↑ = increase, ↓= decrease, - = no effect, / = not tested.) 

 

CXCR4 

Homodimer 

EGFR      

Homodimer 

CXCR4-EGFR 

Heterodimer 

EGF - ↑ ↓ 

TGF- / ↑ ↓ 

Hb-EGF / ↑ ↓ 

AREG / - ↓ 

EREG / - ↓ 

Epigen / - ↓ 

BTC / - ↓ 

CXCL12 ↑ - ↓ 

EGF+CXCL12 ↑ ↑ ↓ 

AMD3100 - - - 

AMD070 ↓ - - 

IT1t ↓ - - 

Erlotinib - ↑ - 

VUN400c ↑ - ↓ 

VUN400 ↓ / - 

VUN401 ↓ - ↑ 

VUN415c - - ↓ 

VUN415 - / - 

Q44c - ↑ - 
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Q44-Biotin - / - 

Q86c - - - 
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6.1 General Discussion 

CXCR4 and EGFR are key regulator receptors for cancer progression (Shi et al., 2020; 

Sigismund et al., 2018; Zielińska & Katanaev, 2020b). While signalling mechanisms 

of both receptors are well defined the heterodimerisation of them has not studied. 

Considering the relevance of both receptors in drug discovery, in this project we aimed 

to understand the pharmacology of CXCR4/EGFR heterodimerisation. A proximity 

based NanoBRET assay was used to monitor the dynamics of nanoluciferase and 

fluorescent protein (SNAPTag and HaloTag) labelled CXCR4/EGFR complexes. As 

a result, we gained novel understanding of CXCR4/EGFR heterodimerisation and the 

effect of ligands and nanobodies on this receptor complex.  

Chapter 3 characterised the binding properties of labelled and unlabelled novel 

compounds for CXCR4 and ACKR3 at nanoluciferase tagged full-length CXCR4 

(Dekkers et al., 2023) and ACKR3 (Dekkers et al., 2024). NanoBRET was used to 

monitor their ligand binding to CXCR4 or ACKR3 at 37°C when expressed in living 

HEK293T cells.  

Chapter4 investigated the binding properties of all known endogenous EGFR 

ligands and nanobodies (Q44 and Q86) at stably transfected N-terminal tagged 

NLuc_EGFR expressed in HEK293 cells (Comez et al., 2022; van den Bor et al., 

2023). Additionally, the binding interactions between EGFR nanobodies Q44 and Q86 

and ligands was studied. While Q44 has been shown to compete with EGF, Q86 

binding at EGFR was enhanced in the presence of EGF. Q86 was characterised as a 

conformational sensor since its affinity for EGFR was increased with EGF binding. 

NanoBRET was used to monitor their real-time ligand binding kinetics at 37°C in 

living HEK293T cells. Internalisation of EGFR was studied using a HiBiT 

internalisation assay and no effect of both Q44 and Q86 was detected on EGFR 

internalisation. 

Chapter 5 elucidated the dynamics of CXCR4/EGFR homodimer and 

heterodimer complexes using N-terminal tagged nanoluciferase and 

HaloTag/SNAPTag receptor (EGFR and CXCR4) configurations transiently 

overexpressed in HEK293 cells. Additionally, CXCR4/EGFR complexes at 

endogenous expression levels were detected by proximity ligation assay using circular 

oligomer conjugated nanobodies in HeLa cells. The effect of CXCR4 and EGFR 
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receptor specific ligands and nanobodies on CXCR4/EGFR complexes was 

monitored. These ligands and nanobodies were validated in chapter 3 and chapter 4. 

 

What is the pharmacology fluorescent novel compounds for CXCR4 and ACKR3? 

The generation of novel compounds for CXCR4 and ACKR3 is crucial for 

inflammation and cancer research. Various studies have designed, synthesized and 

tested the pharmacological properties of such compounds targeting either CXCR4 or 

ACKR3 (Bayrak et al., 2022b; Dekkers et al., 2023; Lin et al., 2020; Mishra et al., 

2016; Thoma et al., 2008; Zarca et al., 2024). Yet more compounds with fluorescent 

labels could be used as a tool for CXCR4 and ACKR3 research. Having selective 

fluorescent tools allow us to work on the pharmacology of these receptors like binding 

affinities of non-fluorescent compounds and internalisation of the receptors. In our 

study we described the pharmacological evaluation of recently developed and 

synthesised fluorescent CXCR4 probes based on IT1t (Thoma et al., 2008) and 

AMD070 (Mosi et al., 2012) as well as non-fluorescent and fluorescent ACKR3 

probes based on VUF11207 (Wijtmans et al., 2012) (Chapter 3). Novel BODIPY 

630/650-X fluorophore conjugated CXCR4 antagonists 10 (IT1t based), and 24 

(AMD070 based) maintained their affinity toward the CXCR4 receptor even after 

conjugation to a fluorophore which increased their size (Chapter 3). Previous results 

investigated the pharmacology of these compounds in purified membranes prepared 

from NLuc_CXCR4 expressing HEK293 cells (Dekkers et al., 2023). Both CXCR4 

compounds showed higher affinity to the purified membranes than whole HEK293 

cells. In contrast to our results, AMD3100 could not fully compete with compound 10 

in purified membranes (Dekkers et al., 2023), while we have shown that both 

AMD3100 and IT1t completely displaced compound 10 (Dekkers et al., 2023). It 

could be argued that the membrane properties and features might change the 

competitive properties of AMD3100, which might lead to a non-competitive 

interaction resembling allosterism because in membrane preparations the compounds 

would be able to bind more non-specific sites of the receptors. Fluorescent conjugates 

of VUF11207 (Wijtmans et al., 2012) labelled with BODIPY FL-X with linkers of 

three different lengths also successfully bound to the ACKR3 receptor in live cells. 
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What is the pharmacology of EGFR targeting nanobodies? 

There are several heavy-chain antibodies targeting EGFR (Roovers et al., 2007) 

purposing to monitor EGFR oligomerisation (Hofman et al., 2010a), tumour imaging 

(Piramoon et al., 2017), tumour growth inhibitor (Roovers et al., 2007) and 

determination of conformational status (Nevoltris et al., 2015a) (Sharifi et al., 2021). 

Chapter 4 investigated the pharmacology of two different fluorescent label conjugated 

EGFR nanobodies using NanoBRET with NLuc_EGFR in HEK293 cells. One of the 

nanobodies is Q86c-HL488 EgB4 (Zanetti-Domingues et al., 2018) derivative. The 

second nanobody Q44c-HL488 binds to EGF-binding site on domain III (Low-Nam 

et al., 2011; Schmitz et al., 2013b). of ECD of EGFR as a similar manner to previously 

studied 7D12 nanobody in (Schmitz et al., 2013b). In keeping with the previous studies 

Q44c-HL488 competes with the EGF at EGF binding site of EGFR (Figure 4.5 and 

Figure 4.7). Consistent with the information that Q44c nanobody binds to similar site 

as EGFR ligands, Q44c-HL488 displacement rank by the high affinity (TGF⍺, BTC, 

HB-EGF) and low affinity (epiregulin, epigen and amphiregulin) ligands was 

comparable to displacement of labelled EGF on EGFR. Q86 (termed EgB4) has been 

shown not compete EGF binding to EGFR (Hofman et al., 2008)(Low-Nam et al., 

2011). In keeping with that we showed that fluorescent Q86c-HL488 could not be 

displaced by EGF, oppositely the binding of Q86c-HL488 was increased in the 

presence of EGF (Figure 4.5). A rank of enhancement with all EGFR ligands was in 

reverse to Q44 displacement. These data suggest that the binding of EGF and other 

EGFR ligands might cause a conformational change, leading to an enhanced binding 

of Q86c to the EGFR. Q86c can therefore be considered to act as a conformational 

sensor for EGF ligand induced activation. This conformational change of EGFR might 

influence both the relative orientation and proximity of the donor and acceptor 

elements (Lay et al., 2022; Schihada et al., 2018). This change on the orientation and 

proximity of NLuc and fluorescent nanobody leads to increase energy transfer from 

the NLuc to fluorescent label of the nanobody resulting an increase on BRET signal. 

This might be due to conformational changes of EGFR by agonist binding that lead to 

exposure of the dimerisation interface in domain II promoting receptor 

homodimerisation (Bessman et al., 2014; Burgess et al., 2003; Dawson et al., 2005; 

Defize et al., 1989; Freed, 2017; Macdonald-Obermann & Pike, 2009). 
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Do CXCR4 and EGFR form heterodimers? 

Several studies have demonstrated the signalling cross-talk between CXCR4 and 

EGFR (Chapter 5, Introduction) (Y. Cheng et al., 2020; M. Neves et al., 2020, 2022). 

Studies described in Chapter 5 investigated CXCR4/EGFR heterodimer formation 

using two different configurations of the NanoBRET assay (Chapter 5, Error! 

Reference source not found.) where both receptors are overexpressed. In addition, 

CXCR4/EGFR heterodimerisation was monitored in endogenous expression systems 

such as CRISPR-edited HEK293 cells and wild-type HeLa cells using proximity 

ligation assays. Demonstration of CXCR4/EGFR dimers with two different techniques 

at both overexpressed and endogenous receptor expression levels provided more 

insight of the pharmacology of this complex.  

o With the same system, we examined the effects of EGFR and CXCR4 

endogenous ligands, antagonists and nanobodies on CXCR4/EGFR 

complexes. All endogenous ligands of CXCR4 and EGFR decreased the BRET 

signal between CXCR4/EGFR complexes (Chapter 5, Figure 5.11,  

Table 5.3). Additionally, the decreasing effect of EGFR ligands on CXCR4/EGFR 

dimers was concentration dependent.  Only a CXCR4 targeting nanobody VUN401 

increased EGFR/CXCR4 complex formation. 

Studies have shown that transactivation of CXCR4 downstream mediators, such as 

G⍺i activation, can occur following stimulation of by EGF and EGFR in HEK293 and 

HeLa cells (M. Neves et al., 2020; Roy et al., 2024). Therefore, it is important to 

understand whether EGFR ligand binds on CXCR4. In our BRET ligand binding 

studies (Chapter 5) we have observed no EGF binding at CXCR4 and similarly no 

CXCL12 binding at EGFR. Therefore, CXCL12 partially displaced EGF binding at 

EGFR. There was a While this thesis focussed on CXCR4 and EGFR, receptor 

complexes could include more than two partners. For example, αVβ3 integrin can 

interact with both VEGFR2 (Soldi et al., 1999)  and NRP1 (Robinson et al., 2009). 

There are specific evidences that CXCR4 and EGFR can form complexes with 

ACKR3 (Décaillot et al., 2011; Salazar et al., 2014b). A higher order complex 

including ACKR3 could modulate the pharmacology of EGFR and CXCR4.  
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6.2 Future directions 

This project showed a close proximity of two membrane receptors, a GPCR (CXCR4) 

and a RTK (EGFR) both in overexpression and endogenous expression systems in two 

different cell lines with two different techniques. These cell lines are human 

embryonic kidney cells (HEK293T) which express a relatively low levels of 

endogenous EGFR expression and HeLa cells, a cervical cancer model with high 

CXCR4 and EGFR expression levels. Nevertheless, further studies are required to 

investigate the CXCR4/EGFR complex in different cell types with distinct receptor 

expression levels. CRISPR knock-in and knock-out approaches for both CXCR4 and 

EGFR could be utilized for further experiments. The nanoBRET experiments 

described in this thesis, were performed with N-terminal tagged receptors and 

membrane impermeable fluorescence labelling of Halo or SnapTagged receptors. 

Therefore, it gives us information about the receptors located on the cell surface. More 

BRET experiments with receptors tagged with a C-terminal nanoluciferase or 

fluorescent tags could assist us to obtain more understanding whether the dimer 

formation include the intracellular domains of the receptors. Accordingly, 

investigating the localisation of CXCR4 and or EGFR would expand our 

understanding of the receptor pharmacology of CXCR4/EGFR complexes. 

Internalisation of the CXCR4 and EGFR due to CXCL12 and EGF respectively has 

been reported previously (Z. J. Cheng et al., 2000b; Henriksen et al., 2013; Tanaka et 

al., 2018). Further investigation is required to understand the internalisation of 

CXCR4/EGFR complexes with or without ligand stimulation. Understanding whether 

dimerised CXCR4 and EGFR receptors internalise together could be vital to expand 

the knowledge on these receptors. Single molecule imaging with fluorescent labels 

can be utilized to monitor receptor trafficking or NanoBIT based HiBiT internalisation 

assay could be used to quantify the receptor internalisation.   

To monitor for how long CXCR4/EGFR stably form dimers and the speed with which 

ligand stimulation could break the dimer formation could be studied with NanoBRET 

kinetics assay. The downstream signalling of both CXCR4 and EGFR is quite 

complex. Both receptors orchestrate various cellular behaviours such cell 

proliferation, migration and cancer progression. Therefore, the intracellular signalling 
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of both receptors after theydimerise could help to enlighten the cancer development 

process. Investigation of downstream signalling proteins such as Gi, GRKs and -

arrestin coupling to CXCR4 andGRB2 and SOS coupling to EGFR and further 

downstream signalling cascade proteins for both receptors like Erk, PI3K, Akt would 

be essential to understand the intracellular dynamics of their signalling. Regarding 

this, cellular behaviours like proliferation, migration, extravasation which are 

controlled by these intracellular signalling pathways could be a key part to 

understanding the response of a cell to CXCR4/EGFR dimerisation. Post-translational 

modifications of GPCRs and RTKs play a significant role in their receptor 

pharmacology. For example, phosphorylation and glycosylation profiles of both 

receptors and their effect on the CXCR4/EGFR complex could be another aspect for 

studying CXCR4/EGFR receptor biology. Regarding the indication that ACKR3 can 

form dimers with EGFR and CXCR4 (Décaillot et al., 2011; Salazar et al., 2014b), 

nanoBRET, PLA or co-immunoprecipitation studies could help us to understand 

whether ACKR3 also plays a part in CXCR4/EGFR complexes.  

Receptor tyrosine kinase inhibitors (RTKIs) and antibodies targeting EGFR have been 

a significant field for cancer research (Guardiola et al., 2019b; X. Liu et al., 2017). 

Understanding the receptor pharmacology and the drug resistance mechanisms of 

EGFR is essential for further development of better inhibitors. Hence, understanding 

the effect of these RTKIs and antibodies on CXCR4/EGFR complexes might be useful 

to overcome drug resistance. More nanoBRET experiments could be done with 

various inhibitors and antibodies on CXCR4/EGFR dimers.  

The future research for CXCR4/EGFR complex could benefit from computational 

modelling to distinguish the dimerisation interface and understanding which regions 

of the receptors play important parts in the dimer formation. Elucidating the specific 

residues from the dimer interface could help us to understand the pharmacology of the 

receptor complex. Following that, interpretation of computational research would be 

possible with mutagenesis studies. It would be essential to demonstrate the effect of 

single amino acids and their role in the dimer formation. 
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7.1 Amino acid sequences of the receptors 

The amino acid sequences of receptors used in this thesis, their N terminal tags and 

linkers translated from whole plasmid or/and Sanger sequencing results. The 

sequences are colour-coded, as demonstrated below. 

 

7.1.1 NLuc_CXCR4 (rat 5-HT3a Signal peptide) 

Signalling sequences, NLuc/SNAPTag/ HaloTag/ HiBiT, linker, receptor of interest.  

MRLCIPQVLLALFSMLTGPGEGSRKLLVFTLEDFVGDWRQTAGYNLDQVLE

QGGVSSLFQNLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIF

KVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTG

TLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILAGSLEGISIYTSDNY

TEEMGSGDYDSMKEPCFREENANFNKIFLPTIYSIIFLTGIVGNGLVILVMGY

QKKLRSMTDKYRLHLSVADLLFVITLPFWAVDAVANWYFGNFLCKAVHVI

YTVNLYSSVLILAFISLDRYLAIVHATNSQRPRKLLAEKVVYVGVWIPALLLT

IPDFIFANVSEADDRYICDRFYPNDLWVVVFQFQHIMVGLILPGIVILSCYCIII

SKLSHSKGHQKRKALKTTVILILAFFACWLPYYIGISIDSFILLEIIKQGCEFEN

TVHKWISITEALAFFHCCLNPILYAFLGAKFKTSAQHALTSVSRGSSLKILSK

GKRGGHSSVSTESESSSFHSS 
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7.1.2 NLuc_EGFR (IL6 signal peptide) 

Signalling sequences, NLuc/SNAPTag/ HaloTag/ HiBiT, linker, receptor of interest. 

MNSFSTSAFGPVAFSLGLLLVLPAAFPAPVFTLEDFVGDWRQTAGYNLDQV

LEQGGVSSLFQNLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEK

IFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVT

GTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILAGSSGAIALEEKK

VCQGTSNKLTQLGTFEDHFLSLQRMFNNCEVVLGNLEITYVQRNYDLSFLK

TIQEVAGYVLIALNTVERIPLENLQIIRGNMYYENSYALAVLSNYDANKTGL

KELPMRNLQEILHGAVRFSNNPALCNVESIQWRDIVSSDFLSNMSMDFQNHL

GSCQKCDPSCPNGSCWGAGEENCQKLTKIICAQQCSGRCRGKSPSDCCHNQ

CAAGCTGPRESDCLVCRKFRDEATCKDTCPPLMLYNPTTYQMDVNPEGKYS

FGATCVKKCPRNYVVTDHGSCVRACGADSYEMEEDGVRKCKKCEGPCRK

VCNGIGIGEFKDSLSINATNIKHFKNCTSISGDLHILPVAFRGDSFTHTPPLDPQ

ELDILKTVKEITGFLLIQAWPENRTDLHAFENLEIIRGRTKQHGQFSLAVVSL

NITSLGLRSLKEISDGDVIISGNKNLCYANTINWKKLFGTSGQKTKIISNRGEN

SCKATGQVCHALCSPEGCWGPEPKDCVSCRNVSRGRECVDKCNLLEGEPRE

FVENSECIQCHPECLPQAMNITCTGRGPDNCIQCAHYIDGPHCVKTCPAGVM

GENNTLVWKYADAGHVCHLCHPNCTYGCTGPGLEGCPTNGPKIPSIATGMV

GALLLLLVVALGIGLFMRRRHIVRKRTLRRLLQERELVEPLTPSGEAPNQAL

LRILKETEFKKIKVLGSGAFGTVYKGLWIPEGEKVKIPVAIKELREATSPKAN

KEILDEAYVMASVDNPHVCRLLGICLTSTVQLITQLMPFGCLLDYVREHKDN

IGSQYLLNWCVQIAKGMNYLEDRRLVHRDLAARNVLVKTPQHVKITDFGL

AKLLGAEEKEYHAEGGKVPIKWMALESILHRIYTHQSDVWSYGVTVWELM

TFGSKPYDGIPASEISSILEKGERLPQPPICTIDVYMIMVKCWMIDADSRPKFR

ELIIEFSKMARDPQRYLVIQGDERMHLPSPTDSNFYRALMDEEDMDDVVDA

DEYLIPQQGFFSSPSTSRTPLLSSLSATSNNSTVACIDRNGLQSCPIKEDSFLQR

YSSDPTGALTEDSIDDTFLPVPEYINQSVPKRPAGSVQNPVYHNQPLNPAPSR

DPHYQDPHSTAVGNPEYLNTVQPTCVNSTFDSPAHWAQKGSHQISLDNPDY

QQDFFPKEAKPNGIFKGSTAENAEYLRVAPQSSEFIGA 
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7.1.3 Halo_EGFR (EGFR native signal peptide) 

Signalling sequences, NLuc/SNAPTag/ HaloTag/ HiBiT, linker, receptor of interest. 

MRPSGTAGAALLALLAALCPASRAGSEIGTGFPFDPHYVEVLGERMHYVDV

GPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYF

FDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEF

IRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEV

EMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVP

KLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIAR

WLSTLEISGGSSGGGGSGGGGSSGAIA 

LEEKKVCQGTSNKLTQLGTFEDHFLSLQRMFNNCEVVLGNLEITYVQRNYD

LSFLKTIQEVAGYVLIALNTVERIPLENLQIIRGNMYYENSYALAVLSNYDAN

KTGLKELPMRNLQEILHGAVRFSNNPALCNVESIQWRDIVSSDFLSNMSMDF

QNHLGSCQKCDPSCPNGSCWGAGEENCQKLTKIICAQQCSGRCRGKSPSDC

CHNQCAAGCTGPRESDCLVCRKFRDEATCKDTCPPLMLYNPTTYQMDVNP

EGKYSFGATCVKKCPRNYVVTDHGSCVRACGADSYEMEEDGVRKCKKCE

GPCRKVCNGIGIGEFKDSLSINATNIKHFKNCTSISGDLHILPVAFRGDSFTHT

PPLDPQELDILKTVKEITGFLLIQAWPENRTDLHAFENLEIIRGRTKQHGQFSL

AVVSLNITSLGLRSLKEISDGDVIISGNKNLCYANTINWKKLFGTSGQKTKIIS

NRGENSCKATGQVCHALCSPEGCWGPEPKDCVSCRNVSRGRECVDKCNLL

EGEPREFVENSECIQCHPECLPQAMNITCTGRGPDNCIQCAHYIDGPHCVKTC

PAGVMGENNTLVWKYADAGHVCHLCHPNCTYGCTGPGLEGCPTNGPKIPSI

ATGMVGALLLLLVVALGIGLFMRRRHIVRKRTLRRLLQERELVEPLTPSGEA

PNQALLRILKETEFKKIKVLGSGAFGTVYKGLWIPEGEKVKIPVAIKELREAT

SPKANKEILDEAYVMASVDNPHVCRLLGICLTSTVQLITQLMPFGCLLDYVR

EHKDNIGSQYLLNWCVQIAKGMNYLEDRRLVHRDLAARNVLVKTPQHVKI

TDFGLAKLLGAEEKEYHAEGGKVPIKWMALESILHRIYTHQSDVWSYGVTV

WELMTFGSKPYDGIPASEISSILEKGERLPQPPICTIDVYMIMVKCWMIDADS

RPKFRELIIEFSKMARDPQRYLVIQGDERMHLPSPTDSNFYRALMDEEDMDD

VVDADEYLIPQQGFFSSPSTSRTPLLSSLSATSNNSTVACIDRNGLQSCPIKED

SFLQRYSSDPTGALTEDSIDDTFLPVPEYINQSVPKRPAGSVQNPVYHNQPLN

PAPSRDPHYQDPHSTAVGNPEYLNTVQPTCVNSTFDSPAHWAQKGSHQISL

DNPDYQQDFFPKEAKPNGIFKGSTAENAEYLRVAPQSSEFIGA 
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7.1.4 SNAP_CXCR4 (rat 5-HT3a signal peptide) 

Signalling sequences, NLuc/SNAPTag/ HaloTag/ HiBiT, linker, receptor of interest. 

MRLCIPQVLLALFLSMLTGPGEGSRKLTLDKDCEMKRTTLDSPLGKLELSGC

EQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPE

AIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISYQQLAALAGNPAA

TAAVKTALSGNPVPILIPCHRVVSSSGAVGGYEGGLAVKEWLLAHEGHRLG

KPGLGSLEGISIYTSDNYTEEMGSGDYDSMKEPCFREENANFNKIFLPTIYSIIF

LTGIVGNGLVILVMGYQKKLRSMTDKYRLHLSVADLLFVITLPFWAVDAVA

NWYFGNFLCKAVHVIYTVNLYSSVLILAFISLDRYLAIVHATNSQRPRKLLA

EKVVYVGVWIPALLLTIPDFIFANVSEADDRYICDRFYPNDLWVVVFQFQHI

MVGLILPGIVILSCYCIIISKLSHSKGHQKRKALKTTVILILAFFACWLPYYIGIS

IDSFILLEIIKQGCEFENTVHKWISITEALAFFHCCLNPILYAFLGAKFKTSAQH

ALTSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS 
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7.1.5 HiBiT_EGFR (IL6 signal peptide) 

Signalling sequences, NLuc/SNAPTag/ HaloTag/ HiBiT, linker, receptor of interest. 

MNSFSTSAFGPVAFSLGLLLVLPAAFPAPVSGWRLFKKISGSSGGSSGAIALE

EKKVCQGTSNKLTQLGTFEDHFLSLQRMFNNCEVVLGNLEITYVQRNYDLS

FLKTIQEVAGYVLIALNTVERIPLENLQIIRGNMYYENSYALAVLSNYDANK

TGLKELPMRNLQEILHGAVRFSNNPALCNVESIQWRDIVSSDFLSNMSMDFQ

NHLGSCQKCDPSCPNGSCWGAGEENCQKLTKIICAQQCSGRCRGKSPSDCC

HNQCAAGCTGPRESDCLVCRKFRDEATCKDTCPPLMLYNPTTYQMDVNPE

GKYSFGATCVKKCPRNYVVTDHGSCVRACGADSYEMEEDGVRKCKKCEGP

CRKVCNGIGIGEFKDSLSINATNIKHFKNCTSISGDLHILPVAFRGDSFTHTPPL

DPQELDILKTVKEITGFLLIQAWPENRTDLHAFENLEIIRGRTKQHGQFSLAV

VSLNITSLGLRSLKEISDGDVIISGNKNLCYANTINWKKLFGTSGQKTKIISNR

GENSCKATGQVCHALCSPEGCWGPEPKDCVSCRNVSRGRECVDKCNLLEG

EPREFVENSECIQCHPECLPQAMNITCTGRGPDNCIQCAHYIDGPHCVKTCPA

GVMGENNTLVWKYADAGHVCHLCHPNCTYGCTGPGLEGCPTNGPKIPSIAT

GMVGALLLLLVVALGIGLFMRRRHIVRKRTLRRLLQERELVEPLTPSGEAPN

QALLRILKETEFKKIKVLGSGAFGTVYKGLWIPEGEKVKIPVAIKELREATSP

KANKEILDEAYVMASVDNPHVCRLLGICLTSTVQLITQLMPFGCLLDYVREH

KDNIGSQYLLNWCVQIAKGMNYLEDRRLVHRDLAARNVLVKTPQHVKITD

FGLAKLLGAEEKEYHAEGGKVPIKWMALESILHRIYTHQSDVWSYGVTVW

ELMTFGSKPYDGIPASEISSILEKGERLPQPPICTIDVYMIMVKCWMIDADSRP

KFRELIIEFSKMARDPQRYLVIQGDERMHLPSPTDSNFYRALMDEEDMDDV

VDADEYLIPQQGFFSSPSTSRTPLLSSLSATSNNSTVACIDRNGLQSCPIKEDSF

LQRYSSDPTGALTEDSIDDTFLPVPEYINQSVPKRPAGSVQNPVYHNQPLNPA

PSRDPHYQDPHSTAVGNPEYLNTVQPTCVNSTFDSPAHWAQKGSHQISLDN

PDYQQDFFPKEAKPNGIFKGSTAENAEYLRVAPQSSEFIGAV 
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7.1.6 Sequencing primers for EGFR 

Sequencing Primer 1           CGCAGTTGGGCACTTTTGAAG          21-mer 

  

Sequencing Primer 2           AATTCCCAAGGACCACCTCAC           21-mer 

  

Sequencing Primer 3          AGTGTCCCCGTAATTATGTGG           21-mer 

  

Sequencing Primer 4           CACTTCTTACACTTGCGGACG           21-mer 

  

Sequencing Primer 5          ACCTGTGCCATCCAAACTGCA           21-mer 

  

Sequencing Primer 6          ATCTTAGGCCCATTCGTTGGA           21-mer 

  

Sequencing Primer 7          CGTGAGTTGATCATCGAATTCTCC        24-mer 

  

Sequencing Primer 8          AAGTTGGAGTCTGTAGGACTTGG         23-mer 

  

Sequencing Primer 9          TTTACACCGACTAGCCAGGAAG          22-mer 

  

Sequencing Primer 10        TTCTTGCTGGATGCGTTTCTG           21-mer 

  

Sequencing Primer 11        TGTGTGTGCCCTGTAACCTGA           21-mer 

  

Sequencing Primer 12        GACTGAACATAACTGTAGGCTGA        23-mer 

  

Sequencing Primer 13        GTTCAATTCATCCTCACCAGCAG         23-mer 

  

Sequencing Primer 14        GCTCACTCACAAAGGAGGGAAG         22-mer 
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T7P Sequencing Primer TAATACGACTCACTATAGGG            20-mer 

  

T7T Sequencing Primer TATGCTAGTTATTGCTCAGCGG        22-mer 

  

 

 

Table 7.1 Solvents and excitation/emission of ligands, compounds and nanobodies used. 

Ligand/Compound/Nanobody Solvent Excitation/ Emission 

EGF PBS - 

Hb-EGF H2O with 0.1% BSA - 

TGF-alpha H2O with 0.1% BSA - 

BTC H2O with 0.1% BSA - 

Amphiregulin (AREG) PBS - 

Epiregulin (EREG) H2O with 0.1% BSA - 

Epigen  H2O with 0.1% BSA - 

CXCL12 (SDF-1alpha) H2O - 

AMD3100 H2O - 

AMD070 H2O - 

IT1t H2O  - 

EGF-AF488 H2O 490/525 nm 

EGF-AF647 H2O 650/671 nm 

CXCL12-AF647 H2O 650/671 nm 
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Compound 10  DMSO 625/642 nm 

Compound 24 DMSO 625/642 nm 

18a-BODIPY FL-X DMSO 504/510 nm 

18b-BODIPY FL-X DMSO 504/510 nm 

18c-BODIPY FL-X DMSO 504/510 nm 

VUF11207 DMSO - 

4 (VUF11072) DMSO - 

9 (VUF11074) DMSO - 

19 (VUF11403) DMSO - 

20 (VUF16545) DMSO - 

Q44c PBS - 

Q86c PBS - 

Q44c-HL488 PBS 497/526 nm 

Q86c-HL488 PBS 497/526 nm 

VUN400 PBS - 

VUN401c (Q84c) PBS - 

VUN415c PBS - 
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