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ABSTRACT

G protein-coupled receptors (GPCRs) constitute the largest class of membrane pro-
teins, and are the master components that translate extracellular stimulus into intracellular
signaling, which in turn modulates key physiological and pathophysiological processes.
Research within the last three decades suggests that many GPCRs can form complexes
with each other via mechanisms that are yet unexplored. Despite a number of functional
evidence in favor of GPCR dimers and oligomers, the existence of such complexes remains
controversial, as different methods suggest diverse quaternary organizations for individual
receptors. Among various methods, high-resolution fluorescence microscopy and image-
based fluorescence spectroscopy are state-of-the-art tools to quantify membrane protein
oligomerization with high precision. This thesis work describes the use of single molecule
fluorescence microscopy and implementation of two confocal microscopy based fluores-
cence fluctuation spectroscopy based methods for characterizing the quaternary organiza-
tion of two class A GPCRs that are important clinical targets: the C-X-C type chemokine
receptor 4 (CXCR4) and 7 (CXCR?7), or recently named as the atypical chemokine receptor
3 (ACKR3). The first part of the results describe that CXCR4 protomers are mainly orga-
nized as monomeric entities that can form transient dimers at very low expression levels
allowing single molecule resolution. The second part describes the establishment and use
of spatial and temporal brightness methods that are based on fluorescence fluctuation spec-
troscopy. Results from this part suggests that ACKR3 forms clusters and surface localized
monomers, while CXCR4 forms increasing amount of dimers as a function of receptor
density in cells. Moreover, CXCR4 dimerization can be modulated by its ligands as well
as receptor conformations in distinct manners. Further results suggest that antagonists of
CXCR4 display distinct binding modes, and the binding mode influences the oligomeriza-
tion and the basal activity of the receptor: While the ligands that bind to a “minor” sub-
pocket suppress both dimerization and constitutive activity, ligands that bind to a distinct,
“major” subpocket only act as neutral antagonists on the receptor, and do not modulate
neither the quaternary organization nor the basal signaling of CXCR4. Together, these re-
sults link CXCR4 dimerization to its density and to its activity, which may represent a new

strategy to target CXCRA4.
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ZUSAMMENFASSUNG

G protein-gekoppelte Rezeptoren (GPCRs) bilden die grofite Klasse der Mem-
branproteine und sind entscheidend an der Ubersetzung extrazellulirer Reize in intrazel-
luldre Signale beteiligt, welche wiederum unzihlige physiologische und pathophysiolo-
gische Prozesse regulieren. Die Forschungsergebnisse der letzten drei Jahrzehnte deutet
darauf hin, dass viele GPCRs mittels noch weitgehend unbekannter Mechanismen
miteinander Komplexe bilden kdnnen. Trotz vielfdltiger Beobachtungen, die fiir die funk-
tionelle Relevanz von GPCR-Dimeren und -Oligomeren sprechen, ist deren Existenz den-
noch weiterhin umstritten, vor allem da verschiedene Methoden auf unterschiedliche qua-
terndre Anordnungen derselben Rezeptoren hinweisen. Von den derzeit verfligbaren
Methoden zur genauen Untersuchung der GPCR-Dimerisierung/-Oligomerisierung, stel-
len die hochauflosende Fluoreszenzmikroskopie sowie die bildbasierte Fluoreszenzspek-
troskopie die Techniken der Wahl dar. Die hier vorliegende Arbeit beschreibt die Anwen-
dung der Einzelmolekiil-Fluoreszenzmikroskopie sowie zweier konfokalmikroskopischer
Methoden zur Messung der Fluoreszenzfluktuation, mit deren Hilfe die quaternire Anord-
nung zweier klinisch hochattraktiver Klasse A GPCRs untersucht wurde: der C-X-C Typ
Chemokinrezeptoren 4 (CXCR4) und 7 (CXCR?7), letzterer auch bekannt als atypischer
Chemokinrezeptor 3 (ACKR3). Der erste Teil der Ergebnisse legt anhand Untersuchungen
an einzelnen Molekiilen dar, dass CXCR4 iiberwiegend in Form monomerer Einheiten
auftritt, die bei sehr geringen Expressionsleveln kurzlebige Dimere bilden kénnen. Der
zweite Teil beschreibt die Etablierung und Anwendung rdumlicher und zeitlicher Brillan-
zmethoden, die auf der spektroskopischen Untersuchung der Fluoreszenzfluktuation
beruhen. Die Ergebnisse dieses Abschnitts deuten darauf hin, dass ACKR3 sowohl in Form
bestindiger Rezeptor-Cluster, und monomere Einheit an der Oberfldche lebender Zellen
auftritt. CXCRA4 ist bei zunehmender Rezeptordichte hingegen vermehrt in Form von Di-
meren zu finden. Zudem kann die Dimerisierung von CXCR4 von dessen Liganden, als
auch von der drei-dimensionalen Anordnung der Rezeptorteilstrukturen (Rezeptorkonfor-
mation) auf unterschiedliche Weise reguliert werden. Die weiteren Ergebnisse legen nahe,
dass Antagonisten auf unterschiedliche Weise an CXCR4 binden kénnen und dass der

jeweilige Bindungsmodus entscheidend fiir den Einfluss des Liganden auf Oligomerisier-
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ung und basale Aktivitit von CXCR4 ist: Wahrend Liganden, die an eine kleinere Unter-
tasche des Rezeptors binden, sowohl die Dimerisierung als auch die Basalaktivitit un-
terdriicken, fungieren Verbindungen, die an eine andere, groflere Untertasche binden, ledi-
glich als neutrale Antagonisten und zeigen keinerlei Einfluss auf die quaternidre Anordnung
und basale Aktivitit von CXCR4. Zusammenfassend verkniipfen diese Ergebnisse
CXCR4-Dimerisierung mit der Rezeptordichte in Zellen und seiner Aktivitdt, was die
Grundlage fiir neue Strategien zur phamakologischen Modulation von CXCR4 darstellen

konnte.
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1. INTRODUCTION

1.1. Receptor Theory and Signal Transduction

Cells are the basic units of life that make up a whole, functional organism. A living,
functional cell processes countless number of biochemical activities within its borders,
which define its physiology. Communicating with the environment is sine qua non of cel-
lular functionality. The communication of a cell with a nearby peer, or with a distinctly
localized one can be mediated by physical and chemical stimuli. An electrical transmission
through brain cells, or a hormone that can travel via the blood through peripheral tissues
are examples of these physical and chemicals stimuli, respectively. Signal transduction is
the general mechanism defined by physical and biochemical reactions, evoked by the ex-
tremal stimuli, which eventually produces the physiological response of the cells, such as
gene transcription, secretion of ions/peptides, cellular motility, differentiation, division,

cell death et cetera.

But how do cells recognize their environment to activate such a cascade of signal-
ing processes? We now know that (putting aside the transmembrane transport of certain
molecules) many extracellular cues are recognized by a specialized family of transmem-
brane proteins called “receptors”. The first step of signal transduction is the binding of an
external molecule to the extracellular surface of its receptor. This binding induces confor-
mational changes of the receptor protein, which enables the interaction with and activation
of intracellular messengers. An activated messenger, in turn, initiates a cascade of bio-
chemical reactions, which eventually ends up as a specific cellular response (Uings and
Farrow, 2000). Most of the hormones, ions, cytokines, peptides, small molecules/nucleo-
tides and even a large number of the drugs used in medicine are now known to exert their

cellular functions through binding to specific cell surface receptors (Nair et al., 2019).

The largest superfamily of membrane localized proteins are the G protein-coupled

receptors (GPCRs), or the seven transmembrane receptors (7TMRs), which comprise more



than 800 members. GPCRs are transmembrane proteins that respond to numerous external
cues such as light, hormones, biogenic amines, peptides, ions, fatty acids, et cetera, and
consequently activate intracellular signaling cascades (Pierce et al., 2002). They are ex-
pressed in every tissue and cell type (Regard et al., 2008), and they modulate almost all
physiological processes (Marinissen and Gutkind, 2001). Due to their involvement in a
wide range of physiological functions, GPCRs are also in the center of many pathophysi-
ologies. As a natural result of this, modern drug development strategies have focused on
modulating functions of GPCRs and yielded an enormous amount of GPCR targeting

drugs, which constitute more than a third of all marketed drugs (Hauser et al., 2017).

Yet, drugs that we know now to target receptors were long used before there was
any knowledge of receptors. So, it is perhaps fair to say that it were the advances on the
action mechanism of drugs that led to the identification of receptors. Humans had already
used a number of plant-extracted pharmacological reagents that are now known to be act-
ing on receptors. Some examples of these early drugs are the muscarinic acetylcholine
receptor binding alkaloids atropine (Geiger and Hesse, 1833), scopolamine (Gerrard, 1875)
and pilocarpine (Ladenburg, 1881); opioid receptor binding alkaloids morphine
(Sertuerner, 1817) and codeine (Robiquet, 1832); adrenergic receptor binding alkaloids
ergotamine (Dale, 1922) and yohimbine (Lewitt, 1902).

The theory of cellular receptivity was perhaps firstly coined by the German scien-
tist Paul Ehrlich, who firstly used the German term “Seitenkette” (“side chains” in English),
after years of observations to conceptualize the cellular entities that toxins were able to
bind (Ehrlich and Morgenroth, 1900). The “side chain” theory that Paul Ehrlich hypothe-
sized is now known to be the cell surface and secreted antibody binding to antigens. In-
spired by the cell surface binding conception of Ehrlich, the British pharmacologist John
Newport Langley cautiously hypothesized that the direct pharmacological actions of nico-
tine and curare on the denervated muscle tissue contraction might be related to the activity

of a “receptive substance”, similarly to the mechanism that Ehrlich had proposed:



“The relation between the receptive and the contractile substance is clearly very close,
and, on the general lines of Ehrlich's immunity theory, it might be supposed that a recep-
tive substance is a side chain molecule of the molecule of contractile substance, but at
present there does not seem to me to be any advantage in attempting to refer the phenom-
ena to molecular arrangement.” (Langley, 1905)

We now know that nicotine and curare act on nicotinic acetylcholine receptors,

which are membrane bound ion channel proteins.

Acknowledging the novel receptor theory of Langley, another British scientist
Henry Dale, who extensively worked on neurotransmitters, also mentioned the possibility
of the involvement of specific “myoneural junctions”, when he described how ergot extract
reversed the vessel and muscle contraction actions of adrenaline (epinephrine), while it did

not alter the vasodilation and muscle relaxation actions of adrenaline:

“A sympathetic nerve-supply of mixed function may contain some fibres connected to
purely inhibitor, others to purely motor myoneural junctions. or, on the other hand, the
myoneural junctions may themselves be composite, containing both motor and inhibitor
elements. The question as to whether these so-called myoneural junctions are morpho-

logically differentiated, or, as Langley suggests, distributed, as "receptor substances"
through the muscle-fibre is also untouched by these results.” (Dale, 1906)

Over the next two decades, the receptor theory was confronted by other scientists
who based the drug action on other theories, suggesting that drugs act physically on cells
by changing the cell membrane structure, or by penetrating into the cell. Yet, the work of
another British pharmacologist Alfred Joseph Clark in 1930s, providing an extensive quan-
titative conceptualization of the pharmacological action of drugs, further supported that
drug action may be dependent on receptive substances on the cell surface. The mathemat-
ical approach of Clark explained the action mechanism of several drugs in terms of the law
of mass action and the Hill-Langmuir equation, which was originally developed to describe
cooperative O binding to hemoglobin (Hill, 1913). The physiochemical concepts Clark
applied on drug activity further suggested that the drug response requires a receptor medi-

ated activity:



“Measurements of the quantities of drugs that suffice to produce an action on cells,
prove that in the case of powerful drugs the amount fixed is only sufficient to cover a
small fraction of the cell surface. The speed with which drugs act and the slowness with
which drugs penetrate cells indicates that many drugs probably act on cell surfaces. The
simples probable conception of drug action is that potent drugs occupy certain specific
receptors on the cell surface, and that these specific receptors only comprise a small
fraction of the total cell surface.” (Clark, 1933)

One of the most direct attempts to conceptualize receptor activity perhaps came
from the seminal work of the American scientist Raymond P. Ahlquist in 1948. Ahlquist
was the first to classify yet-to-be hypothetical receptors that mediate the actions of sympa-
thomimetic amines. Ahlquist tested the excitatory and inhibitory effects of 6 biogenic
amines and described two classes of adrenotropic receptors (a/pha and beta) depending on

their activity type on different physiological systems:

“There are at least two distinct general types of these receptors. ... The alpha adreno-
tropic receptor is associated vasoconstriction, and stimulation of the uterus, nictitating
membrane, ureter and dilator pupillae) and one important inhibitory function (intestinal
relaxation). The beta adrenotropic receptor is associated with most of the inhibitory
functions (vasodilation, and inhibition of the uterine and bronchial musculature) and one
excitatory function (myocardial stimulation). Racemic epinephrine ... is the one amine
which is the most active on both the alpha and beta receptors”. (Ahlquist, 1948)

It is yet interesting to note that Ahlquist himself assumed for a long time that these
“receptors” were only a concept to explain the effects of the substances in tissues (Ahlquist,
1973). What perhaps added up a large support on the hypothesis of Ahlquist was the dis-
covery of a specific beta receptor blocker Compound 38,174, or as now known as propran-
olol, which inhibited the beta receptor specific cardiac sympathetic activity and reduced

arterial blood pressure (Black and Stephenson, 1962).

Starting with the British scientist Ernest Henry Starling, who coined the term “hor-
mone” in 1905 (Starling, 1905), an emerging research led to the discovery of intracellular
components, now known as second messengers, such as inositol phosphate (Hokin and
Hokin, 1989) and cyclic adenosine monophosphate (cAMP) (Sutherland and Rall, 1957,

1958) that mediate neurotransmitter and hormone activity inside the cell. The merging of



hormone activity and intracellular signaling even led the American pharmacologist Earl
W. Sutherland to propose that adenylyl cyclase (AC), the enzyme that synthesizes cAMP
from adenosine triphosphate (ATP), is the cell surface receptor for adrenaline (Robison et
al., 1967). Yet, it is now known that ACs are not the direct receptors of adrenaline. Work
of Lutz Birnbaumer and Martin Rodbell using a- and B-blockers displayed clear evidence
that the effect of each hormone or catecholamine on cAMP production was mediated by
their cognate receptors (Birnbaumer and Rodbell, 1969). The first proof that G proteins are
distinct from receptors and ACs was actually provided when Thomas Pfeuffer and Ernst J.
M. Helmreich isolated the G proteins in Wiirzburg (Pfeuffer and Helmreich, 1975). Further
developments in the field by Martin Rodbell and Alfred Gilman brought up the importance
of guanosine triphosphate (GTP) and GTP hydrolyzing enzymes Gs and Gi into light as
essential components to modulate AC mediated cAMP catalysis. Their work on how the
nucleotide GTP and G proteins modulated ligand binding to the cells further supported the
indispensable role of receptors as specialized components to mediate stimulus specific cel-
lular signaling (Rodbell, 1980). Later, it was found that G proteins were trimeric complexes
that were constituted by three distinct subunits (a, B and y) (Hildebrandt et al., 1984;
Sternweis et al., 1981).

One of the most direct evidences for hormone/catecholamine specific receptor the-
ory emerged with the advances in radioligand binding assays on cell membranes. Experi-
ments on isolated membranes of animal cells of different tissues using radioisotope labeled
glucagon, ACTH and the beta blocker alprenolol and ligands that compete with them pro-
vided a platform to quantify specific receptors on membranes, and supported the functional
and physical discrimination of a- and f-adrenoreceptors even further (Alexander et al.,
1975; Lefkowitz et al., 1970; Pohl et al., 1971; Williams et al., 1976). Following studies
revealed more and more details of how GTP and G proteins modulated low affinity and
high affinity states of the receptors (Kent et al., 1980); while the presence of nucleotide
free G proteins increased the potency of ligand binding, GTP binding to G proteins reduced
it. These advances in the field brought up a complex model, called the “ternary complex
model”, describing the functional and cooperative relationship between the agonist, recep-

tor, G protein and the effector (De Lean et al., 1980).



All of the studies mentioned above only functionally described the existence of the
receptors. Development of affinity chromatography methods using columns functionalized
with receptor ligands paved the path to isolating the first adrenoreceptors as pure proteins
(Caronetal., 1979; Lomasney et al., 1986; Regan et al., 1982; Shorr et al., 1981; Vauquelin
et al.,, 1977, 1979). Soon after, scientists were able to reconstitute these isolated proteins
and prove their functionality, postulating that these receptors were intact, single unit pro-
teins (Cerione et al., 1983). Following these, thanks to the development of novel molecular
biology tools, it became possible to discover the genetic material in which these drug and
hormone receptors were encoded (Dixon et al., 1986; Kobilka, Dixon, et al., 1987; Kobilka,
Matsui, et al., 1987). Sequencing of the whole genome of the human (Craig Venter et al.,
2001) then led to the discovery of numerous other receptor genes with similar homology

to the ones that were discovered previously (Fredriksson et al., 2003; Takeda et al., 2002).

1.2. G Protein-Coupled Receptors

As mentioned in the previous chapter, GPCRs are the largest subclass of membrane
proteins. In humans, genes encoding for all GPCRs constitutes approximately 3-4% of the
whole protein-coding genes (Takeda et al., 2002). The function of all GPCRs in simplest
terms is translate extracellular information into the cell via signal transducers and intracel-
lular effectors that initiate a cascade of biochemical events, which in turn exert a cellular
response, such as the regulation of gene expression, activation of transmembrane ion flux,
secretion of hormones and neurotransmitters, cellular motility, neural activity, cell divi-
sion, differentiation. These cellular processes in broad terms modulate systemic behaviors,
such as vision, smell, taste, heartbeat, mood, immune response, muscle contraction et
cetera. Because GPCRs are involved in almost every physiological function, dysregula-
tions in their functions are associated with numerous diseases, such as hypertension, can-
cer, depression, autoinflammation, diabetes, migraine and many more. Not surprisingly,
an enormous number of drugs used routinely in clinical practice, or being developed, target
mainly GPCRs (Santos et al., 2016). This alone indicates the importance of GPCRs not
only in physiology, but also in drug development and pharmacology. Currently, there are

drugs in the market targeting only about a hundred of all known GPCRs. Understanding



how GPCRs function at systemic, cellular and molecular level is a crucial aspect of map-
ping the role of each receptor in human physiology and pathophysiology. In order to de-
velop efficient and safer drugs, it is crucial to have a broad understanding of these proteins
in terms of their structure, distribution, interactions, signaling behavior and physiological

effects in living organisms.

1.3. Structural Features and Activation of GPCRs

The general topology of GPCRs exhibits a seven transmembrane (TM) alpha heli-
cal structure, in which each helical domain is connected to each other with alternating in-
tracellular and extracellular loops (ICLs and ECLs), together with unstructured N terminal

and C terminal domains, which all together assemble to a single continuous “bundle” (Fig-

ure 1-1).

Figure 1-1. General topology and organization of the transmembrane domains of GPCRs. GPCRs
consist of seven transmembrane alpha helical domains that are connected to each other with un-
structured loops, often an intracellular helix 8 connected to an unstructured C terminal domain,
and an N terminal domain.

A more detailed view of GPCR secondary and tertiary structures allowed dividing
GPCRs in 6 classes (Foord et al., 2005): Class A (rhodopsin-like) GPCRs constitute the
largest class with ~400 olfactory receptors and ~300 non-olfactory receptors. Class B (se-
cretin-like) receptors exhibit usually a larger N terminal domain compared to that of the

class A GPCRs, and their native ligands are peptide hormones which form extensive con-
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ligand bin ing cleft (Figure 1-2 ). Class D (fungal mating GPCRs are expressed nly in
fu g and are responsible f r sensi g pheromones and nu ri nts. A recent stu y show d
that th cl ss Drece to Ste2 exhib ted imeric assembly (Velazhahan et al , 2021) Class
E (cAM ) receptors are exp essed in slime mo ds uch as Dic yostelium dis oid um an
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p glycoprote ns aled WNT . Intrig ingly, class rece t rs lack many o the onserved
m tifs req ired for GPCR acti ation nd G protein binding. Structurall , lass GPC s
ex ibi acl sss ecif ¢ cyste ne rich e tracel ul r domain Figure 1- D). Evoluionay
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F num erngs stems ar for edina idenical lo ic but with ¢ ss specific conserved
residue for anchoring as reference (Pin et al., 2003; C. Wang et al., 2014; Wootten et al.,
2013).



Figure 1-2. Example structures of GPCRs expressed in humans. (A) class A, CXCR4 (Ngo et al.,
2020); (B) class B, Glucagon-like peptide-1 receptor (GLP1R) (Kawai et al., 2020); class C,
metabotropic glutamate receptor 5 (mGluRS5) (Koehl et al., 2019); class F, smoothened (SMO)
(Qi et al., 2020).
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GPCRs from all classes are activated either by light or upon binding of an endoge-
nous extracellular agonist to a specific cleft, named ligand binding pocket, which is located
mainly at the transmembrane domains of the protein. In general terms, receptor activation
is defined by a series of conformational changes that occur within the receptor domains
upon ligand binding, which eventually stabilizes the receptor in an “active conformation”.
This active conformation is able to interact with and activate the intracellular proteins to
stimulate downstream signaling cascades. Years of research have shown that GPCRs do
not exist only in a fixed “inactive” or an “active” conformation, but they rather exhibit a
dynamic switch between several inactive and active conformations, thus causing a certain
level of basal receptor activity. Agonist binding stabilizes a certain active receptor confor-
mation, which allows effector binding and signal transduction as response. Partial agonists
are the ligands that shift only a certain population of the receptors to an active conformation
that is less than that of full agonists. As a consequence, the maximal receptor activity
reached by partial agonists is less than that of full agonists. Another class of ligands, in-
verse agonists, shift the equilibrium of dynamics towards inactive receptor conformations.
Finally, antagonist ligands do not cause a significant shift in the active-inactive equilibrium

of the receptor population.

Agonist bound receptor conformation provides a high affinity at the intracellular
site of the receptor for signal transducer coupling. This process provides the basis of an
allosteric coupling feature of GPCRs. Moreover, binding of the signaling proteins at the
intracellular site increases the affinity of the agonist at the ligand binding pocket of the
receptor (Devree et al., 2016). According to the knowledge coming from numerous struc-
tural studies, GPCR conformations are determined by molecular interactions of varying
strength between residues from different TM domains as well as ECLs and ICLs. Binding
of an agonist at the extracellular site of the receptor causes a number of switches in specific
residue-residue interactions. These changes cause further molecular rearrangements along
the TM residues towards the intracellular end of the receptor like a defined allosteric path-
way. While there are certain differences between the activation mechanisms of GPCRs
from different classes, a signature indicator of GPCR activation is the outward movement

of the intracellular part of the transmembrane helix 6 (TM6) (Rasmussen et al., 2011). This
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movement, along with other critical conformational changes, opens a cleft at the intracel-
lular face of the receptor that allows effector coupling. Computational analyses of ever-
growing number of GPCR structures in their active, inactive and basal conformations re-
solve more and more details of the receptor activation mechanisms at the molecular level.
These analyses helped to discriminate the common features of GPCR activation, as well

as class-specific molecular signatures and rearrangements in certain “motifs”.

For class A GPCRs it is now known that agonist binding can alone shift the con-
formational equilibrium towards the active state, and this active conformation includes
outward movement of the TM6 at the intracellular side (Rasmussen et al., 2011). Yet, in
the absence of the heterotrimeric G protein, the agonist bound active structure is not fully
stable. Presence of the G protein further stabilizes the agonist bound active receptor con-
formation. A number of well conserved structural motifs that are made up of certain resi-
dues, called microswitches, govern the general allosteric activation mechanism of GPCRs.
The most conserved motifs in class A GPCRs are 1) the (E)DRY motif in TM3, 2) the PIF
motif formed between TM3-TM5-TM6, 3) the CWxXP motif in TM6, 4) the NPxxY motif
in TM7 and 5) the allosteric Na* binding pocket (White et al., 2018). The residues within
each motif form non-covalent interactions to stabilize an inactive conformation. Upon
binding to an agonist, interactions between the microswitches are weakened or broken, and
in some cases rewired to form interactions with different residues, which in turn triggers
rotations and movement of TM helices as well as changes in ICL secondary structures.
Ligand binding triggers sequential conformational switches that translates from the ligand
binding pocket to the intracellular part of the class A GPCRs (Zhou et al., 2019). According
to reports from different receptors, the first step upon ligand binding is the rearrangement
of the PIF and CWxP motifs as well as the Na* pocket, which moves the extracellular parts
of the TM2, TM3 and TM7 closer. Rearrangement of these motifs triggers an allosteric
rearrangement of a number of TM3 and TM6 residues, which initially form a so-called
hydrophobic bridge. Meanwhile, new contacts are formed between TM3-TM7 residues at
the cytoplasmic side via the Tyr7.53 of the NPxxY motif. Rearrangements in the hydro-
phobic bridge decrease TM3-TM6 interactions at the cytoplasmic side, mediate the loos-
ening and the signature outward movement of the TM6. Upon these rearrangements, the

well conserved ionic lock between the DRY motif of TM3 and charged residues of the
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intracellular tip of TM6 breaks and allows more interactions between TM5-TM6 at the
cytoplasmic side. All together, these molecular rearrangements open up a cleft that pro-

vides a high affinity docking site for the G protein (Figure 1-4).
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Figure 1-4. Topological model of the common activation pathway of class A GPCRs. (A) Upon
agonist binding receptor activation occurs in four layers. In each layer, increasing (green) and de-
creasing (orange) contacts of conserved domains (yellow) and surrounding residues lead to the
activation of the next layer. (B) Position and connections of conserved residues that modulate
conformational changes upon agonist binding. Figure is extracted and reproduced from (Zhou et
al., 2019), used under a Creative Commons Attribution-Noncommercial license: https://crea-
tivecommons.org/licenses/by/4.0/

Class B GPCRs exhibit a much larger N terminal domain compared to that of the
class A GPCRs. This domain plays an important role for the binding of agonist peptide

hormones. Several structures showed that the peptide agonists of class B GPCRs exhibit a
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rod-like alpha helical structure. Except for calcitonin (Liang et al., 2017), the N terminal
of these agonist peptides penetrates deep into the TM bundle of the receptor (Ma et al.,
2020). All of the endogenous agonists of the class B GPCRs form extensive interactions
with the N terminal domain of their receptor. The large N terminus of class B GPCRs
contains structured and flexible domains. The structured domains consist of a short alpha
helix and two beta sheets that are connected to each other via disulfide bonds. These struc-
tured domains play an important role in binding and stabilization of the peptide agonists
on class B receptors. Mutations in the N terminus of these peptide agonists can turn them
into antagonists, without any significant loss in their binding affinity (Seidel et al., 2017).
Class B receptors do not exhibit many of the motifs that modulate class A receptor activa-
tion. Agonist bound structures of class B GPCRs display a clear distinction in terms of
their activation mechanism. Firstly, agonist binding leads to an opening at the extracellular
surface of the receptor, which is in contrast to the vestibule closure in class A receptors
(Krumm and Roth, 2020). While agonist binding is sufficient for the signature outward
movement of TM6 in class A, this is not directly the case for agonist bound class B GPCRs,
as shown for the glucagon receptor (GCGR). Agonist binding indeed induces a number of
conformational rearrangements in GCGR, including a very small outward movement of
the TM6. This agonist induced conformation displays a high affinity at the intracellular
site for G protein coupling. Binding of the G protein induces further structural rearrange-
ments on GCGR. This includes a class specific outward opening of the TM6 (Hilger et al.,
2020) (Figure 1-5A). Therefore, it can be said that agonist binding induces a low energy
intermediate conformation of this exemplary class B receptor, and G protein coupling may

be essential for them to reach a fully active conformation.

Another important aspect of class B receptor activation is the unusual structural
change in the TM6. Unlike in class A GPCRs, in which the TM6 bends to perform the
outward movement after ligand binding (Figure 1-5B), the TM6 in class B receptors un-
dergoes a partial unwinding at the PxxG motif, and then G protein binding results in an
outward kinking of the intracellular half of the helix. This structural rearrangement is the
signature of class B GPCR activation (Duan et al., 2020; Liang et al., 2018; Zhang et al.,
2017).
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Figure 1-5. Activation models of class B and class A GPCRs according to the structural studies
on GCGR and B,AR. (A) Ligand binding to the class B GCGR induces conformational changes
at the extracellular site, which leads to an intermediate conformation. G protein coupling to this
conformation moves the TM6 outwards, and this complex activates nucleotide exchange in the G
protein. Dissociation of the G protein causes a very slow relaxation of the active receptor confor-
mation. (B) Agonist binding to f2AR activates the receptor, including an outward movement of
the TM6. G protein coupling further stabilizes the active conformation and allows rapid nucleo-
tide exchange in the G protein. Dissociation of the G protein induces a rapid relaxation of f,AR
to agonist bound active state, where TMG6 is not fully stable at the active position. Figure is ex-
tracted and reproduced from (Hilger et al., 2020), reprinted with permission from American As-
sociation for the Advancement of Science (AAAS).

Adhesion GPCRs, which belong to a subclass of the class B, exhibit an even larger
N terminal domain compared to that of secretin like receptors. This large N terminus,
which can consist of up to 1000 residues, contains distal adhesive subdomains, as well as
a well conserved GPCR Autoproteolysis-Inducing (GAIN) domain, both of which define
the subclass specific activation mechanism of these receptors. Adhesive subdomains are
responsible for binding neighboring cell surface proteins or extracellular matrix elements.
This binding starts the activation mechanism of adhesion GPCRs. Two models have been
proposed to define this activation mode (Beliu et al., 2021). These models suggest that
upon ligand binding of adhesive subdomains, the GAIN domain undergoes conformational
changes that leads to self-catalysis, which in turn causes either 1) complete cleavage and

dissociation, or 2) cleavage and remaining attachment via hydrophobic interactions of the
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whole N terminal fragment. Following autoproteolysis, a beta sheet domain, which is bur-
ied within the GAIN domain at basal conformation, becomes revealed and solvent exposed.
This domain, termed Stachel, is the “tethered agonist” and it can then interact with the
ECLs and TMs of the receptor and leads to receptor activation (Liebscher et al., 2014). In
line with this mechanism, truncation of the N terminal fragment displays a strong consti-
tutive activation of adhesion GPCRs (Paavola et al., 2011). In comparison to the secretin
like receptors, not much is known regarding the conformational rearrangement of the 7TM
domain of adhesion GPCRs, due to the lack of structural and mutational studies. Yet, recent
studies based on structure alignment, modeling and conformation simulations suggest that
adhesion GPCRs retain a large number of the conserved activation motifs of secretin like
receptors, which might as well modulate the conformations of the 7TM domain of adhesion

GPCRs (Arimont et al., 2019).

Class C GPCRs comprise the metabotropic glutamate receptors, (mGluRs), gamma
aminobutyric acid (GABA) B receptors (GABAgR), a calcium sensing receptor (CaSR),
taste sensing receptors (TaSRs) and a number of orphan receptors (Kniazeff et al., 2011).
The most striking structural feature of these receptors is that they are obligate dimers,
which means that they should form constitutive dimers to function (El Moustaine et al.,
2012). Different types of mGluRs can form homo- and hetero-dimers, as well as TaSRs
and CaSR. On the other hand, GABARgRSs are strictly heterodimeric (Ellaithy et al., 2020).
A well characterized domain that distinguishes class C receptors from others is the large
N terminal portion called the “venus flytrap” (VFT) domain. VFT provides the ligand bind-
ing pocket for endogenous agonists (Takahashi et al., 1993). It is worth noting here that
the TM domain of class C receptors appear to have additional, allosteric ligand binding
pockets, which can be successfully targeted to modulate receptor activity (Leach and
Gregory, 2017). The VFT domain contains a number of well conserved cysteines that form
disulfide bonds between the dimer forming protomers in mGluRs (Romano et al., 1996)
and CaSR (Bai et al., 1998). In case of mGluRs, the absence of the conserved disulfide
bond does not affect dimerization remarkably, but decreases receptor activity greatly
(Levitz et al., 2016). GABABIR- GABAR:2R heterodimer is constituted during the protein
maturation pathway via the noncovalent interactions of the C terminal domains of both

receptors. GABAR2R heterodimerizes with GABAg:R in the endoplasmic reticulum (ER).
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This dimerization masks an ER retention domain in the GABAg R C terminus, thus facil-
itates the release of the homodimer to the cell surface (Bettler et al., 2004). The first step
of class C GPCR activation is endogenous agonist binding to the VFT. In case of mGluRs,
both VFTs bind to their agonist glutamate (Koehl et al., 2019), while only GABAg;R binds
to GABA in case of the GABARgR heterodimer (Papasergi-Scott et al., 2020). Upon ligand
binding, hinge domains of VFTs close (Kunishima et al., 2000) and a series of rapid con-
formational rearrangements occur between the VFTs of the dimeric protomers in sub mil-
lisecond range (Olofsson et al., 2014). Rearrangements in VFT domains propagate addi-
tional conformational changes, which bring the cysteine rich domains (bottom part of the
N terminus) of both protomers closer to each other (Koehl et al., 2019; Liauw et al., 2021).
In addition, intermolecular reorientations between the subunits of a dimer take place within
amillisecond, which is followed by slower (20 millisecond) intramolecular rearrangements
within each TM bundle (Grushevskyi et al., 2019). It is also thought that only one of the
receptor protomers within a dimer can adopt an active conformation and recruit the G pro-

tein heterotrimer at a time (Ellaithy et al., 2020).

1.4. Types of GPCR Ligands

As mentioned above, GPCRs are structurally dynamic proteins: they continuously
swing between several conformational rearrangements between a fully active and fully
inactive arrangement. Therefore, within an observed time period, GPCRs display an equi-
librium of different conformations. The fully active state is the one that displays the highest
affinity to the downstream signal transducer, while the inactive state does not allow cou-
pling or signaling. The equilibrium state of individual receptors define their basal activity:
if a receptor adopts active or active like conformations more often, a basal activity at the

signaling level can be observed.

Different types of endogenous and exogenous components that are able to bind
GPCRs stabilize a certain receptor conformation, thus shift the conformational equilibrium
to the advantage of those conformations that result in signal transduction with different

efficacies (Figure 1-6). “Agonists” are the type of ligands that stabilize the most active
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receptor conformation. “Partial agonists” are the ones that stabilize an “active like” con-
formation, which displays a lower signaling efficacy compared to that full agonists induce
(Solt et al., 2017). Alternatively, it can be said that partial agonists can push the receptor
to the fully active conformation less frequently than a full agonist. “Antagonists” are the
molecules that bind to the receptor without changing the basal conformational equilibrium.
“Inverse agonists” change the conformational equilibrium towards the inactive direction,

which virtually does not allow any chance for downstream effector activation.
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Figure 1-6. Pharmacologically distinct types of GPCR ligands. Response is the outcome of recep-
tor activation. Ligands that change the receptor conformation induce a concentration dependent
response, which can be fit to Hill equation when plotted at semi logarithmic scale. Response at

zero stands for the basal activity of the receptor.

“Orthosteric” binding pocket is a term that defines the region of the receptor where
the endogenous agonist binds. Molecules with other pharmacological features can also
bind to this pocket. However, it is now known that many receptors contain more than one
binding site. Those “non-orthosteric” ones are called “allosteric” binding pockets. There-
fore, allosteric ligands are the ones that bind to these extra druggable clefts. An allosteric
ligand can shift the receptor conformation towards inactive (negative allosteric modulator,
NAM) or active (positive allosteric modulation) direction. While some allosteric modula-
tors can change the basal receptor conformation alone, some of them require ligand binding
to the orthosteric pocket in order to exert their effects. Recent research extended the degree

of allosterism in GPCRs between pockets: binding of a ligand to the orthosteric pocket
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may increase the affinity of an allosteric modulator, or vice versa (Jakubik et al., 2020;

Leach et al., 2007).

1.5. GPCR Signaling

GPCRs are versatile proteins in terms of downstream signaling: they can couple to
numerous intracellular proteins to initiate diverse signaling cascades with different spatio-
temporal dynamics (Marinissen and Gutkind, 2001). By adopting an active conformation,
GPCRs display a high affinity docking platform for downstream signaling partners. GPCR
ligands with different binding modes are now known to induce diverse conformations,
which can lead to the activation of a reduced number of pathways compared to that of an

endogenous agonist. This phenomena is called “biased signaling”.

1.5.1. G Proteins

GPCRs were firstly found to be triggering intracellular signaling through the epon-
ymous G proteins. G proteins are heterotrimeric proteins that consist of o, § and y subunit.
They bind to guanosine nucleotides and exert GTPase activity via the a-subunit. They be-
come activated upon binding to an agonist bound, active GPCR. The main role of G pro-
teins is to activate effectors that trigger downstream signaling cascades. At the basal state,
heterotrimeric G protein complex is bound to GDP. G and Gy subunits form a tightly
dimeric structure. Ga subunit interacts with the Gy complex through its N terminal o
helical domain (aN), which also provides membrane localization via its myristyolated/pal-
mitoylated residues. Go subunit also has a Ras-like and another a helical (aH) domain that
modulates nucleotide binding and catalysis (Sprang, 2010). Upon GPCR activation the
heterotrimer couples to the intracellular site of the receptor. This binding is mainly medi-
ated by the C terminal a5 helix of the Ga subunit (Weis and Kobilka, 2018). Upon cou-
pling, Ras-like and aH domains undergo large conformational changes that allow GDP
exchange with GTP. GDP to GTP exchange causes the dissociation of Ga and Gy subu-
nits via molecular switches modulated by a G-R-E motif on the Ga subunit (Knight et al.,

2020). Both subunits are now active and can activate a secondary messenger. Hydrolysis
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of GTP by Ga is mediated with the assistance of the regulators of G-protein signaling
(RGSs). This process terminates one cycle of G protein activity, and GDP bound Ga forms
a trimeric complex with the Gy dimer again. As long as a receptor remains active, the

activity cycle of G proteins continues (Figure 1-7).
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Figure 1-7. The basic G protein activation cycle. Upon receptor activation, GDP bound, inactive
Gopy heterotrimer is recruited to the receptor. G protein stabilizes the ligand bound, active recep-
tor conformation by inserting its a5 helix to the cytoplasmic core of the receptor. This coupling
triggers a large conformational change that causes opening of the helical domain and triggers
GDP release from the G protein, followed by GTP binding and closure of the a helical domain.
GTP bound Ga subunit dissociates from the GBy subunit and these subunits activate their effec-
tors. Meanwhile, Regulators of G protein signaling (RGS) proteins activate the GTPase activity
of the Ga subunit, which causes GTP hydrolysis to GDP. GDP bound Ga then associates with the
GPy and can bind to the active receptor again.
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1.5.1.1. Ga Subunit Mediated Signaling

There are 23 Ga proteins that are categorized in four families: Gs (G0 short, GOs ong,
Gaotr, Gogust); Gi (Gait, Gaiz, Gaiz, Gooa, Gao, Goz, Gowi, Gap, Gog); Gq (Gag, Gaii,
Gaus, Gars Gais); and G12 (Gaiz, Gaiz). Downstream signaling initiated by G proteins
eventually leads to a number of changes in cell physiology and certain biological re-
sponses. It is difficult to provide a clear picture of G protein mediated signaling, because
more and more research demonstrates novel coupling partners of second messenger prod-

ucts, which complicates the map of possible signaling cascades.

Gs family members are the first type of G proteins that were identified (Ross and
Gilman, 1977; Sternweis et al., 1981). They bind to and activate 9 different types of ade-
nylyl cyclases (ACs) that catalyze cAMP production from intracellular ATP. Increased
amounts of cCAMP further activate mainly the protein kinase A (PKA), exchange factors
directly activated by cAMP (EPACs), and cyclic nucleotide gated channels. Members of
the Gi family primarily inhibit AC activity, which in turn inhibits all cAMP mediated path-
ways. Interestingly, Ga, proteins do not directly inhibit ACs, yet they are able to reduce
intracellular cAMP levels. The family of Gq proteins activates membrane bound phospho-
lipase C B (PLCP), and convert it into membrane bound diacylglycerol (DAG) and intra-
cellular inositol-1,4,5-trisphosphat (IP3), which then binds to IP3 gated Ca?* channels on
the ER membrane and mediates intracellular release of Ca?*. Gal2/13 subunits directly
bind p115RhoGEF protein that activates Rho. Rho is a small GTPase that binds to its own

effectors to initiate downstream signaling (Marinissen and Gutkind, 2001) (Figure 1-8).

1.5.1.2. GBy subunit mediated signaling

There are 5 different Gf and 12 different Gy subunits encoded in the human ge-
nome. Some of the subunits are restricted to certain cell types, and they can form different
combinations of By dimers in different cells. Moreover, different fy combinations deter-

mine the efficacy of GPCR activity and certain Gy combinations translocate intracellu-
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larly to regulate signaling from certain compartments (Masuho et al., 2021). Upon activa-
tion of the G protein heterotrimer, the GBy subunit also activates a number of effectors in
a fashion dependent on the partnering Ga subunit. In the case of Gi protein activity, Gpy
subunits bind and activate the G protein-coupled inwardly rectifying potassium channels
(GIRKS). GBy subunits can also directly modulate other effectors, such as G protein-cou-
pled receptor kinases (GRKs), PLCB, Kir3 potassium channels, ACs, voltage gated Ca*"
channels, phosphoinositide 3 kinase y (PI3Ky) and the guanine exchange factor phospha-
tidylinositol-3,4,5-P3-dependent Rac exchanger 1 (PRex1) (Dupré et al., 2009) (Fig-
ure 1-8).

Figure 1-8. Ga and Gy activated pathways. While Gas triggers AC mediated cAMP production,
Gai inhibits AC activity. Gag/11 activates PLCB/IP3 pathway. Ga12/13 activates RhoGEF/RhoA
pathway. GBy subunits activate GRKs, GIRK channels, Kir3 channels, PLCB, ACs, PI3Ky and
PRexl.
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1.5.2. GRKSs, Arrestins and GPCR Internalization

Shortly after the identification of GPCRs, it was found that agonist exposure de-
creased the number of ligand binding sites on the cell surface, and decreased the sensitivity
of the cell to repeated stimulus with the same agonist (Chuang and Costa, 1979). This
mechanism addressed a desensitization path, which has been explained in great detail since
the discovery of its main modulators, GPCR kinases (GRKs) (Benovic et al., 1986; Kiihn,
1978) and arrestins (Attramadal et al., 1992; Kiihn et al., 1984; Lohse et al., 1990). Upon
receptor activation, GRKs are recruited to the receptor (Daaka et al., 1997). GRKs phos-
phorylate specific serine and tyrosine residues mainly at the C terminal tail and intracellu-
lar loops of the receptor. An active, phosphorylated GPCR has a high affinity to intracel-
lular proteins called B-arrestins. B-arrestins bind to the phosphorylated C terminus and the
intracellular core of the receptor and then they dock to the plasma membrane (Lally et al.,
2017) and adopt an active conformation (Latorraca et al., 2018; Nuber et al., 2016). Usu-
ally, B-arrestin binding terminates the G protein binding to the active receptor. Yet, new
studies show that G proteins and arrestins may form signaling complexes with the active

receptors (Nguyen et al., 2019; Smith et al., 2021).

A classic mechanism induced by arrestin coupling is receptor internalization via
clathrin coated pits (CCPs) (Figure 1-9). CCPs are cage-like structures located on the cell
membrane that modulate cargo delivery. CCPs are mainly built by the heavy and light
chains of clathrin protein. With the involvement of a number of adaptor proteins, they
mediate cell surface protein endocytosis (Wolfe and Trejo, 2007). Upon phosphorylation
of an active GPCR, arrestin recruitment to the receptor takes place. Active arrestin displays
high affinity to the adaptor protein 2 (AP2) and clathrin. Binding of several AP2 and clath-
rin proteins to the receptor-arrestin complex stimulates the assembly of the pit-like clathrin
coated complex. This complex starts to invaginate, and another intracellular protein called
dynamin sequesters the invaginated CCP from the cell membrane. Clathrin and AP2 then
dissociate from the internalized vesicle. The fate of the internalized GPCR is either degra-

dation or recycling back to the cell surface, which can be distinguished by the type of
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marker proteins bound on the internalized vesicles (Moore et al., 2007). In case of recy-
cling, phosphorylated receptor in the vesicle is dephosphorylated by intracellular protein
phosphatase type 2A (PP-2A) (Pitcher et al., 1995).

1.5.2.1. GRK and Arrestin Mediated Signaling

GRKs and arrestins are not only involved in the desensitization processes. They
activate numerous signaling pathways themselves. B-arrestins can interact with a number
of downstream effectors, such as the non receptor tyrosine kinase Src, and mitogen-acti-
vated protein kinases (MAPKSs). Although a number of recent studies, using cell lines de-
void of Ga subunits or B-arrestins, challenged the necessity of B-arrestins for MAPK ac-
tivity (Grundmann et al., 2018; O’Hayre et al., 2017), it is believed that B-arrestins still
play an important role in propagating and maintaining the MAPK signaling, since they
appear to act as scaffold proteins for the MAPK pathway components, and the lack of -
arrestins cause an impaired MAPK signaling in these knockout cell lines (Luttrell et al.,

2018).

GRKSs, on the other hand, have recently gained attention, since numerous studies
discovered that they can interact with several cellular signaling components. Next to their
indispensable role in receptor phosphorylation and desensitization, GRKSs interact with a
number of signaling proteins in a non-phosphorylating manner. Some of these proteins,
such as the Raf kinase inhibitor protein (RKIP), negatively modulate GRK activity (Lorenz
et al., 2003). Moreover, GRKs interact with molecules involved in receptor endocytosis,
such as caveolin, clathrin and PI3K and they can directly modulate a number of signaling
proteins, such as the serine—threonine kinase Akt, adenosine diphosphate (ADP)-ribosyla-
tion factor GTPase-activating proteins (ARF-GAP) and GRK interacting proteins 1 and 2
(GIT1 and GIT2) (reviewed in Ribas et al., 2007). In accordance with its wide interactome,
dysregulations in GRK functions are known to play significant roles in cardiovascular,
autoimmune and neurodegenerative diseases, as well as in a number of cancers (Métayé¢ et

al., 2005).



25

Recycling endosome

|
)=
%r‘* C.
&0
Lysozomal degradation Endocytosed GPCR

Figure 1-9. GRK and arrestin mediated signaling and internalization of GPCRs. GRK (green) is
recruited to the active GPCR. GRKs phosphorylate (yellow) the GPCR. B-arrestinl/2 (blue) is re-
cruited to the phosphorylated GPCR. B-arrestin recruits the internalization associated proteins
such as the AP2, and initiates membrane invagination. Later, clathrin accumulates and forms a pit
around the arrestin bound receptor. Dynamin initiates the scission of the loaded pit and finalizes
endocytosis. Endosomal GPCRs are either recycled back to the cell surface in their apo form, or
degraded by the lysosome.

1.5.2.2. Signaling of GPCRs From Intracellular Domains

An emerging paradigm in GPCR signaling is the signal transduction at intracellular
compartments. Contrary to the early belief that suggested GPCR signaling only to be
sourced from the cell surface, it is now widely accepted that GPCRs can continue signaling
after being internalized. Moreover, some GPCRs are located at intracellular structures,
such as the Golgi apparatus or the ER membrane, where they can bind to their agonist and
mediate signal transduction. Recently, a number of Gs coupled GPCRs have been shown

to induce a second wave of cAMP signaling after being internalized (Lohse and Calebiro,
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2013). These studies showed that, in order to mediate a sustained, long acting cAMP sig-
naling, and endocytosis mediated cAMP wave was indispensable. This second wave of
cAMP production can be stimulated via the receptors in the early endosomes (Calebiro et
al., 2009; Ferrandon et al., 2009), as well as the receptors that are translocated in
Golgi/trans Golgi network after internalization (Godbole et al., 2017). For the parathyroid
hormone receptor 1 (PTHIR), endosomal signaling is terminated by a retromeric protein
complex that transfers the endosomal GPCR to the Golgi membrane (Feinstein et al., 2011;

Ferrandon et al., 2009).

Moreover, GPCRs located at intracellular membranes can propagate distinct sig-
naling activities. Using conformationally selective nanobodies, it was shown that 31 and [
adrenergic receptors, as well as |, 6 and k opioid receptors were shown to be located and
become activated at the Golgi apparatus. In case of the beta adrenergic receptors , epineph-
rine and norepinephrine are transported into the intracellular space by a plasma membrane
transporter called organic cation transporter 3 (OCT3), where they undergo a passive dif-
fusion through the Golgi membrane to reach the receptor binding pocket (Irannejad et al.,
2017). Moreover, endothelin receptors, metabotropic glutamate receptor 5 (mGluR5) and
angiotensin II receptors were shown to be located and activated on the nuclear membrane

(Merlen et al., 2013; Purgert et al., 2014; Tadevosyan et al., 2015).

The physiological role of receptor signaling from intracellular domains is still an
area to be explored. Yet, a recent study suggested that blocking intracellular ;AR may be
a relevant strategy to treat norepinephrine mediated cardiac hypertrophy (Nash et al.,
2019). Moreover, intracellular mGluRS was proposed to play a role in nerve injury asso-

ciated pain and neuronal hypersensitivity (Vincent et al., 2016).

1.6. Methods to Assess GPCR Activation

Development of radiolabeled ligands provided a robust platform to identify GPCRs

and quantify ligand binding to them. However, ligand binding methods do not reveal in-
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formation on receptor activation. Upon discovery of GPCRs, numerous biochemical, bio-
physical and molecular biology methods have been developed over the last 50 years in

order to delineate GPCR activation at the receptor and downstream signaling levels.

1.6.1. Direct Detection of GPCR Activation

1.6.1.1. Structural Characterization of GPCR Activation

The most direct evidence of GPCR activation at the receptor level comes from the
structural snapshots of GPCRs. Numerous studies in the last two decades provided more
than 400 unique structures of ~90 receptors. (Kooistra et al., 2021). The general aim of
structural biology is to determine the tertiary/quaternary structure of proteins at a fixed
conformation, or monitoring conformational dynamics at atomic level. Commonly used
methods in GPCR structural biology are X-ray crystallography, NMR spectroscopy, dou-
ble electron—electron resonance (DEER) and cryogenic electron microscopy (cryo-EM).
Such studies obtain density maps of the atoms of a protein in frozen/liquid solution or in
crystal, and assemble all obtained positions to a final model that depicts the macromolecule
structure. Structures of GPCRs in apo or ligand bound states reveal a static picture of re-
ceptor conformation at inactive and active conformations, which allows comparison at
atomic level (Figure 1-10). Moreover, since structural studies reveal protein structures at
atomic resolution, they facilitate the identification of critical residues that take part in con-
formational rearrangements. Additionally, an atomic map can also reveal the residues that
form binding pockets, which can aid the development of novel drugs. Although they pro-
vide an enormous insight of receptor activation mechanisms, performing structural studies
are challenging. Structural studies do not only produce a static picture of GPCRs. Adopting
solution NMR and hydrogen-deuterium exchange mass spectrometry (HDX-MS) methods
provided more dynamic information regarding the movements of specific residues (J. Xu
et al., 2019), or temporal dynamics of global conformational changes within the receptor

(Du et al., 2019).
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Purification and reconstitution of GPCRs have been historically challenging
(Lavington and Watts, 2020). GPCRs are intrinsically highly dynamic proteins, and many
of them exhibit low thermostability after purification, which complicates obtaining a high
resolution and uniform structural model in specific cases, such as working with a ligand
that does not stabilize a specific conformation, or studying a receptor structure in the ab-
sence of conformational stabilizers (nanobodies, G proteins, arrestins et cetera) (Lebon et
al., 2012). In terms of NMR based studies, labeling receptors with isotopes, which requires
depletion of all cysteine residues except one for labeling, is also a challenging process,
since cysteine depletion may cause alternative receptor conformations (Shimada et al.,
2018). Although recent advances in cryoEM based methods provided a more rapid plat-
form to obtain structures, they still demands highly specialized equipment, time consuming
data collection and processing times and an outstanding biochemical and biophysical ex-

pertise (Grisshammer, 2020).

Figure 1-10. Structural characterization of receptor activation. Shown is the superimposed struc-
tural models obtained from X-ray crystal structures of the B2AR at active (bound to the agonist
BI-167107) (Rasmussen et al., 2011) and inactive (bound to the inverse agonist carazolol) (X.
Liu et al., 2017) conformation. Outward movement of the TM6 domain was measured on the po-
sition shift of the K267°% residue.
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1.6.1.2. Fluorescence/Bioluminescence Based Characterization of GPCR Activation

Discovery of the fluorescent proteins and the development of methods that enable
site specific labeling of proteins served greatly for studying GPCR activation. Moreover,
adoption of fluorescence and bioluminescence energy transfer (FRET and BRET) methods
in GPCR research opened the way to several robust tools that revolutionized the field and

accelerated the progress in the field.

Fluorescence, in very rough terms, is photon emission by a chemical compound
upon being excited by light or electromagnetic field. The chemical compound that is able
to emit fluorescence is called a fluorophore. When a fluorophore is illuminated by light,
electrons become promoted from ground singlet state (So) to an excited electronic state
(Sn). Electrons at excited states undergo a number of internal transitions, such as relaxation
to lower vibrational states within the excited singlet state, as well as internal conversions
to lower excited states (i. e. from S, to S1). During these conversions, photons lose part of
the energy they absorbed. When a photon undergoes a relaxation from S; singlet state to
the ground Sy singlet state, it releases its energy in form of photons. This released energy
is defined as fluorescence. Since electrons spend part of their energy during internal con-
versions, the emitted energy is lower than the absorbed energy. As a result of this, wave-
length of the emitted light is larger than the excitation light. This phenomena is called the
Stokes shift (Stokes, 1852).

Resonance energy transfer occurs when the electrons at the excited singlet state
transfer their energy in a non-radiative dipole-dipole coupling process to a neighboring
(acceptor) fluorophore. This transfer excites the electrons of the acceptor fluorophore,
which eventually may relax to the ground state and emit photons, or lose all the absorbed
energy during internal conversions (Figure 1-11A). For non radiative energy transfer to
occur, the excitation spectra of the acceptor fluorophore should overlap the emission spec-
tra of the transferred energy, two fluorophores should be within minimal spatial distance,
and the transition dipole moments of both fluorophores should display a high relative ori-

entation (preferably parallel, for maximum energy transfer) (Forster, 1946) (Figure 1-11B-
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D). The efficiency of energy transfer is also dependent on the intrinsic photophysical prop-
erties of fluorophores, such as the quantum yield (relative amount of photons emitted in
comparison to absorbed) and extinction coefficient (ability of light absorption) of both

donor and acceptor molecules.
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Figure 1-11. Jablonski diagram and the principles of FRET. (A) Schematic representation of
fluorophore excitation (blue arrow), interstate conversions (yellow lines) and emission (fluores-
cence, dark red line). FRET is the non radiative transfer of donor energy at the excited state to the
acceptor fluorophore (grey line), which brings the ground state electrons of the acceptor to the
excited state. Transfer of this energy to the ground state exhibits acceptor emission (red arrow).
(B) For FRET, the emission spectra of the donor fluorophore (orange, Cy3) should overlap with
the excitation spectra of the acceptor (red, Cy5). (C) FRET decreases as a function of distance be-
tween the donor and acceptor. (D) Donor and acceptor should exhibit an appropriate dipol-dipol
orientation for FRET.

Fluorescence based methods have been applied in the GPCR field soon after recep-
tor isolation was achieved. Site specific, covalent labeling of rhodopsin and f2AR with
environmentally sensitive fluorophores allowed spectroscopic measurements of ligand in-
duced conformational changes in these receptors (Farrens et al., 1996; Gether et al., 1995).

Recent advances in protein biochemistry and microscopy methods enabled studying these
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receptors in better spatiotemporal resolution. Incorporation of the environmentally sensi-
tive monobromobimane to the conformationally dynamic domains of GPCRs aided to de-
lineate highly dynamic conformational landscape of GPCRs, and how its equilibrium can

be rapidly modulated by the ligands (Lamichhane et al., 2015; Maeda et al., 2014).

A revolutionary advance in this regard came with the characterization of the first
GPCR based intramolecular FRET sensors, which were developed to measure the confor-
mational switch of the GPCR based on the large movement of the TM6 helix. These sen-
sors based on the axa-adrenergic receptor (02aAR) and the parathyroid hormone receptor
(PTHR) reported for the first time directly that the receptor activation occurred in the mil-
lisecond range (Vilardaga et al., 2003). Starting with these biosensors, many other FRET
sensors have explored many facts regarding the ligand specific and temporal characteristics
of the changes in receptor conformations (Kauk and Hoffmann, 2018; Vilardaga et al.,
2005; Ziirn et al., 2009). FRET based GPCR sensors were further used in single molecule
studies. Site specifically labeling of two intracellular residues that are supposed to undergo
a significant distance change made it possible to explore the conformational dynamics of
GPCRs with high signal to noise ratio. Such studies now expand the knowledge of how
ligands and intracellular effectors, as well as nucleotides affect the conformational dynam-

ics of GPCRs (Gregorio et al., 2017; Maslov et al., 2020; Vaftabakhsh et al., 2015).

1.6.2. Detection of Signal Transducer Activation

G proteins are the first step of signal transduction after receptor activation. Perhaps
the most historical and classical method to measure G protein activity is the measurement
of a S radioisotope labeled, non hydrolysable GTP (GTPyS) binding to the G protein.
The method relies on the continuous GTPase activity cycle upon G protein activation.
Presence of 3S-GTPyS occupies all active G proteins, and detection of the radioactivity
from the bound GTPyS successfully reports the GTPase activity (Bokoch et al., 1984).
Updated versions of this method use a fluorescently labeled GTPyS that allows fluoromet-
ric measurements (Labrecque et al., 2005; McEwen et al., 2001). A novel version of this

application makes use of fluorescently labeled GTPyS and a fluorescently labeled antibody
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that targets only the active Ga protein. FRET between two labels reports the extent of G
protein activity. This assay provides a better signal to noise ratio compared to that of the

radiolabeled GTPyS method (Rozwandowicz-Jansen et al., 2010).

Novel biosensors based on FRET can also measure G protein activation using flu-
orescence imaging. These sensors are based on the phenomena that activated Goa and Gy
subunits dissociate from each other (Wall et al., 1995). Labeling Go and Gy subunits with
donor and acceptor fluorophores allows direct monitoring of G protein with high temporal
resolution (Janetopoulos et al., 2001; Lohse et al., 2008). Development of such sensors
also cast doubt on the necessity of subunit dissociation phenomena for G protein activation,
since the Gai subunits labeled at certain sites led to an increase in FRET upon receptor
activation, instead of a decrease (Biinemann et al., 2003; Frank et al., 2005). FRET has
also been used for measuring the temporal dynamics of receptor-G protein interactions and
displayed a very rapid onset of interaction upon receptor activation (Hein et al., 2005).
Using more bright and photostable fluorophores and luciferases, G protein activation bio-
sensors have been made compatible with multiwell assay plates for high throughput meas-
urements (Olsen et al., 2020). Moreover, single molecule imaging methods allowed track-
ing the interactions of receptors and G proteins in a spatiotemporal manner, which allowed
observing the “hotspot” regions where G proteins and receptors meet more often upon
activation. This study added “location” as a new dimension to the complexity of receptor-

G protein interactions (Sungkaworn et al., 2017).

1.6.3. Detection of Second Messenger Levels

Active G proteins, whose activity is triggered by GPCRs, diffuse on the cell mem-
brane to find and activate their effectors. The result of this process is the production/inhi-
bition of second messengers, such as cAMP and IP derivates. Numerous types of robust
biochemical and biophysical assays are present to measure these processes. The most clas-
sical assays in this regard are based on radioimmunoassays, which are based on competi-
tive binding of radioisotope labeled second messengers to messenger specific receptors or

antibodies (Steiner et al., 1972). Improved version of these assays now use fluorophore
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labeled metabolites instead of radioisotope labels with fluorescently labeled antibodies/re-
ceptors specifically binding to the metabolite, allowing FRET based quantification of me-

tabolite production in high throughput manner (Degorce et al., 2009).

Second messengers can also be measured by genetically encoded fluorescent bio-
sensors. Among these, circularly permuted fluorescence protein (cpFP) based biosensors
provide a simple, single color based measurement of pathway activation. These sensors
can be designed using a cpFP attached to one of the following peptide domains: a metab-
olite binding peptide, e.g. cAMP, or a kinase/phosphatase substrate of a signaling compo-
nent, e.g. PKA (Harada et al., 2017; Ohta et al., 2018). Conformational changes in the
cpFPs domain of the biosensor cause complementation of a fluorescent chromophore, as
well as a shift in the excitation spectra of the pre-formed chromophore (Mehta et al., 2018).
Ca’" binding proteins such as calmodulin have also been used to design fluorescent bio-
sensors (A. Takahashi et al., 1999). Ca®* binding to the sensor’s binding domain induces a
conformational change that eventually rearranges the cpFP barrel in a manner that it be-
comes more fluorescent. As a result, an increase in fluorescence can be observed in an
intracellular Ca?* flux dependent manner (Zhong and Schleifenbaum, 2019). Intracellular
Ca®" can also be measured as a second messenger. Dyes of which the excitation maxima

is shifted upon Ca?" binding (Fura-2, Fluo-4) are widely used in live cell measurements.

Moreover, FRET and BRET based biosensors that use the substrate/binding do-
main principle also exist. These sensors are based on the conformational changes on the
binding domain that rearranges the distance and orientation of the donor and acceptor
fluorophores attached to it (Klarenbeek et al., 2015; Nikolaev et al., 2004). As a result,
changes in the RET signal are observed. All fluorescent biosensors are suitable for meas-
urements with high temporal resolution. However, RET based biosensors can also provide
spatial resolution at nanometer grade, which helps understanding the location of the ob-

served signal (Mo et al., 2017).
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1.6.4. Detection of GPCR Desensitization/Internalization

Activated receptors become phosphorylated by GRKs, interact with arrestins and
become internalized via the CCPs. All of these processes can also be monitored as part of
receptor activation mechanism. GRK mediated receptor phosphorylation can be measured
via phosphorylation sensitive receptor antibodies. This method requires phosphorylation
specific antibodies for each receptor, and even each residue that is phosphorylated
(Prihandoko et al., 2015). Moreover, incorporation of radiolabeled phosphorus ([*?P]-or-
thophosphate) can also be used to measure receptor phosphorylation, in combination with

receptor isolation (Stadel et al., 1983).

Receptor internalization can classically be observed by radioligand binding assays.
Since agonist stimulation decreases the number of receptors over time, radioligand binding
at different time points after agonist stimulation can report the decrease in binding pockets
on the cell surface (Mukherjee et al., 1975). Receptor internalization can also be assessed
using flow cytometry or ELISA with receptor specific, labeled antibodies (Hislop and Von
Zastrow, 2011; Nevins and Marchese, 2018). More advanced assays use TR-FRET and
BRET technologies. Such assays make use of fluorescently labeled receptors at their C
terminal domain, and a membrane localized bioluminescent/fluorescent protein (fused to
lipids or a membrane bound protein). Agonist mediated internalization of the receptor
would decrease the amount of fluorescently labeled receptor on the cell surface, which is
reported as a decrease in RET (White et al., 2017). Moreover, using membrane imperme-
able dyes in cell culture medium with N terminally labeled receptors are also used in the
same manner. In this case, FRET/BRET would decrease upon receptor internalization,
since the number of fluorescently labeled receptors-extracellular dye interactions would
decrease (Levoye et al., 2015). Such an assay can also be implemented in terms of lucifer-
ase complementation. In this case, the receptor is tagged with a peptide based on the lucif-
erase, which can be complemented with an extracellular, purified luciferase peptide (Soave

et al., 2020).
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Using FRET and BRET, the early steps of receptor internalization, which are the
arrestin and GRK recruitment to the receptors, can also be monitored. RET can be used
with C terminally labeled receptor in combination with fluorescently labeled arrestin/GRK
(Angers et al., 2000; Krasel et al., 2005; Vilardaga et al., 2003). On the other hand by-
stander BRET methods make use of non labeled receptors in combination with membrane

localized fluorescent proteins or luciferase labeled arrestins (Namkung et al., 2016).

1.6.5. Detection of Downstream Signaling

Further downstream signals induced by second messengers can also be measured
using several assays. Western blot method is one of the best established technique in this
regard, thanks to the availability of phosphor-specific and unspecific antibodies targeting
the components of the signaling pathway. Signal transduction after second messenger ac-
tivation involves several kinase induced pathways. These include cAMP/PKA,
MAPK/ERK, PI3K/Akt/mTOR, PLC/PKC et cetera. Moreover, a number of novel cpFP
and RET based biosensors can also be used (Harvey et al., 2008; Mehta et al., 2018). These
biosensors usually make use of the substrates of kinases labeled with a cpFP or acceptor
and donor fluorophores. Upon phosphorylation, these protein subunits undergo a confor-
mational change that induces a change in fluorescence intensity of the cpFP, or in the RET

signal.

1.7. Oligomerization of GPCRs

A rather new and emerging concept in GPCR biology is the ability of receptors
forming oligomers. Receptor oligomers can be described in two categories: self association
of protomers (homomerization) or complex formation with a different receptor type (het-
eromerization). The size of the complex defines the name of it: a single protomer is a mon-
omer, and two receptors form a dimer, then trimer, tetramer, oligomer et cetera. GPCR
oligomerization was first reported for human 2AR isolated from lung cells (Fraser and

Venter, 1982). Since then, the concept of GPCR oligomerization has been described for
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several GPCRs, and the functional impact of these complexes has been explored inten-
sively. It is now well known that class C GPCRs are constitutive homo/heterodimers (Pin
and Bettler, 2016). However, in the case of class A and B GPCRs, oligomerization is a hot
and still debated topic. The existence, stability and functional relevance of especially the
class A GPCRs are still not well understood, despite many reports addressing these issues.
One of the main problems in assessing class A receptor dimerization is the methods used

to identify dimers.

1.7.1. Methods to Assess GPCR Oligomerization

Techniques that are used for identifying GPCR oligomerization can be categorized
in four groups: biochemical, biophysical, structural and computational methods (Fig-

ure 1-12).

1.7.1.1. Biochemical Methods

Biochemical methods that are used for GPCR oligomerization detection are based
on immunodetection with protein gel electrophoresis. The first well controlled evidences
on GPCR oligomerization were reported using Western blot and coimmunoprecipitation
(coIP) for B2AR and SOR in heterologous systems using antibodies against epitope tags
(Cvejic and Devi, 1997; T. E. Hebert et al., 1996). These methods have also been used to
describe the oligomerization of receptors in native cells using receptor specific antibodies
(Marsango et al., 2011; Nimchinsky et al., 1997). These methods have also been used in
combination with cysteine-cysteine cross linking at specific residues, in order to identify
possible dimer interfaces between the protomers (W. Guo et al., 2008; Mancia et al., 2008;
Xue et al., 2019). A crucial point to consider while interpreting the oligomerization using
biochemical methods is the solubility of proteins. Membrane proteins are hard to isolate,
as they require excessive detergent treatment for full solubilization. Therefore, if protein
solubility is not assessed well, it may lead to false dimers in these experiments. On the
other hand, detergents can also cause excessive denaturation of the proteins, which may

actually reduce the size of protein complexes, leading to artificial monomers. Moreover,
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using reducing reagents in the experiments can also disrupt possible disulfide bonds be-

tween protomers, again causing a reduction in the oligomer size.

Western blot
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Figure 1-12. Schematic view of the methods used for identifying and characterizing GPCR oli-
gomerization. These methods are divided in 4 categories: Biochemical, biophysical, structural
and computational. Full form of abbreviations are given in the List of Acronyms / Abbreviations.
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Blue native polyacrylamide gel electrophoresis (BN-PAGE) is an alternative
method to Western blot for identifying GPCR oligomers. This method makes use of mild
detergents and Coomassie blue, both of which are less denaturing reagents. As a result,
during purification proteins retain their endogenous stoichiometry. Using this method, di-
meric stoichiometry of the orexin 1 (OX1) and 5-HT»c receptors were detected (Ward et
al., 2015; T. R. Xu et al., 2011).

1.7.1.2. Biophysical Methods

Fluorescence based methods constitute the backbone of biophysical methods for
studying GPCR oligomerization. Among these, FRET and BRET have been the pioneers.
Earlier studies used exogenous expression of donot/luciferase and acceptor tagged recep-
tors in immortalized cell lines using BRET (Angers et al., 2000; Ayoub et al., 2002;
Hanyaloglu et al., 2002; Issafras et al., 2002) and FRET (Overton and Blumer, 2000;
Rocheville et al., 2000). Since RET based methods require a very proximal orientation of
the fluorophores, they are one of the best indicators of receptor-receptor interactions. FRET
and BRET can be measured using a microscope or microtiter fluorescence/biolumines-
cence readers. One advantage of using microscopic imaging, especially those methods that
provide high spatial resolution, is the power of identifying the location of the RET signal.
Homo- and hetero oligomerization of proteins have been performed using acceptor photo-
bleaching FRET (FRET AB), which is based on calculating the FRET efficiency from the
intensity increase in the donor fluorophore upon photodestruction of the acceptor (Herrick-
Davis et al., 2004, 2006; Vilardaga et al., 2008). Working with titrated and known concen-
trations of donor and acceptor labeled proteins, one can directly compare the average FRET
AB values for a monomeric control and the protein of interest (Patel, Lange, et al., 2002).
Alternatively, plotting the FRET efficiency values against the acceptor intensity or accep-
tor/donor intensity ratio provides a semi-quantitative calculation of oligomerization: If the
FRET efficiency data follows a hyperbolically increasing trend, this indicates a specific
protein-protein interaction. Another robust method is measuring the donor lifetime, which
is a more quantitative indicator of FRET (Lukasiewicz et al., 2007). Combination of BRET

and FRET have also been used to detect trimers or higher order oligomers (Carriba et al.,
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2008). The principle of this assay is using receptors tagged with a luciferase that can trans-
fer energy to a fluorophore, which in turn can transfer energy to another fluorophore. FRET
and BRET have also been used to study the changes in dimer conformations as well as
stoichiometry changes upon certain stimuli. However, it is important to consider that it is
difficult to discriminate whether the RET signal change originates from stoichiometry or
conformational changes. One disadvantage of these methods is the requirement of using
engineered receptor constructs and overexpression of these receptors. Therefore, it be-
comes troublesome to estimate the receptor concentrations at which dimerization is ob-
served. A solution to this drawback emerged by measuring FRET using donor and acceptor
fluorescent dye labeled ligands. This technique allows studying oligomerization in native
tissues. The important point here is that the selected ligands for RET measurement should

not alter the basal receptor dimerization.

Fluorescence recovery after photobleaching (FRAP) is a confocal microscopy im-
aging method that has been report used to report oligomerization in a qualitative manner.
FRAP is based on the diffusion of fluorophores to a region in which all fluorophores are
photobleached. The fluorescence recovery at the bleached area indicates diffusion. This
feature of FRAP has been used to detect GPCR oligomerization, using receptors tagged
with two spectrally different fluorophores. If constraining the mobility of one receptor also
causes a reduction of the mobility of the second receptor, it means that they interact with
each other. If the diffusion of the second receptor is not influenced, then these receptors do
not oligomerize. This method has been used to identify both homo and hetero oligomers

of GPCRs (Dorsch et al., 2009; Fonseca and Lambert, 2009).

Fluorescence and bioluminescence protein complementation assays have also been
used to study oligomerization (Vidi et al., 2010). These methods are based on the comple-
mentation of two fragments of the FP/luciferase. In this case, fluorescence/biolumines-
cence is only observed when two proteins, each carrying complementary fragments of the
FP/luciferase, are in close proximity that allows the formation of functional lumines-
cent/fluorescent protein. Split luciferase and split FP approach have been combined to de-

tect higher order oligomers in terms of BRET (Armando et al., 2014; Bagher et al., 2019;
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Gandia et al., 2008). In this assay, complementation of luciferase and FP separately indi-
cates dimerization, and BRET between complemented luciferase and FP reports at least
tetramer formation. One drawback of the bimolecular fluorescence complementation is
that the complementary fragments of the FPs usually have high affinities, which causes
overestimating the oligomerization. This is less of a concern for the bimolecular lumines-
cence complementation nowadays, thanks to the development of a “split nanoluciferase”,
which consists of very low affinity fragments. In these assays, the main problem again is
that they lack spatial information on the protein oligomerization, unless they are imaged
under a high resolution microscope. Yet, these assays also require overexpression of the
proteins of interests, as signal detection might not be possible at endogenous expression

levels.

Single molecule based oligomer analysis is one of the most novel and informative
techniques. This method is based on TIRFM imaging of receptors carrying fluorescent
tags. This approach allows detecting single receptors with the size of the point spread func-
tion of the receptor. The oligomerization can be detected in two manners: 1) when two
single PSFs overlap in the imaging field, they appear as a single PSF, but with the sum of
the intensity of two (Calebiro et al., 2013). Therefore, comparing the cumulative single
molecule intensities of a monomeric control and a protein of interest can help identify the
oligomeric size of a receptor (Figure 1-13A). Other studies also make use of calculating
the ratio of colocalizing receptors labeled with two different colors to the total number of
fluorescent receptors detected. This way, a 33% of particle colocalization can be assigned
to a perfect homodimerization (Felce et al., 2017) (Figure 1-13C). However, static TIRF
images do not inform on the dynamics of single receptor interactions. Using continuous
TIRFM imaging with high temporal resolution, it has been possible to calculate the time
constants of particle interactions, which reported the dimer lifetimes of class A GPCRs
(Figure 1-13B). Since fluorescently labeled single particles exhibit larger diameters than
the real size of GPCRs (10 nm), not every single PSF collision is a productive dimerization.
Simulating the movements of single PSFs that match the size of experimental ones have

been informative on detecting the non-dimerization associated lifetimes of PSF collisions.
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gomer fraction calculation. (B) Calculation of dimer lifetime by single molecule tracking. (C)
Dual color particle colocalization analysis. (D) FRET based dimer lifetime calculation by meas-
uring track length in the acceptor channel.

Recently, a new method described class A GPCR interactions using single mole-
cule FRET (smFRET) technology using highly photostable and bright organic fluoro-

phores (Asher et al., 2021). This method can be more advantageous in comparison to the
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single molecule tracking approach, as the single molecule FRET traces can only be ob-
served if the donor and acceptor labeled proteins interact at FRET distances (Fig-
ure 1-13D). One minor disadvantage of this method is that, in terms of measuring homo
oligomerization, only 33% of every receptor-receptor interaction can be detected, assum-
ing a 1:1 donor:acceptor labeling. In general, a main advantage of single molecule studies
is the power of detecting oligomers with high resolution imaging, at very low expression
levels. However, the requirement for low receptor expression can be disadvantageous,
since it does not allow concentration based effects on receptor dimerization. In general,
single molecule based methods described a transient nature of class A GPCR dimerization,
with small amount of steady state dimers at very low expression levels. Assessment of the
dynamic receptor-receptor interactions suggested dimer lifetimes ranging from low milli-
second to one second range (Calebiro et al., 2013; Dijkman et al., 2018; Hern et al., 2010;
Isbilir et al., 2020; Moller et al., 2020; Tabor et al., 2016).

A rather newly adopted class of methods to measure GPCR oligomerization is the
fluorescence fluctuation spectroscopy (FFS) based methods (T. Youker and Voet, 2020).
These methods are based on the statistical analysis of fluorescence signal fluctuations in a
small observation volume. Using this data as an input, FFS based methods can report the
diffusion behavior, concentration and oligomeric size of the fluorescent entities measured.
The ability of FFS to calculate an average concentration and oligomer size is superior to
the RET methods. Moreover, since all FFS methods are compatible with confocal micros-
copy, they allow calculating receptor concentration and oligomerization at specific sub-
structures of cells. Since the concentrations calculated by FFS methods are defined by the
shape and size of the confocal observation volume, it is crucial to characterize the PSF
profile of the confocal microscope at the wavelengths used for actual experiments. FFS
methods are also versatile methods in terms of the setup. They can be implemented to
microscope setups using different types of photon detectors, different illumination sources

and imaging modes, such as TIRF (Zamai et al., 2019) or STED (Sezgin et al., 2019) im-
aging.



43

Fluorescence correlation spectroscopy (FCS) is perhaps the most historical FFS
method, extensively used to determine the concentration and diffusion properties of fluo-
rescent molecules (Ehrenberg and Rigler, 1974; Magde et al., 1972). FCS is based on
measuring the intensity fluctuations in a small volume (i.e. confocal volume) of an open
system in which fluorescent particles are freely diffusing. Diffusion of these particles in
and out of the observation spot generates fluctuations in observed fluorescence intensity
over time. FCS uses an autocorrelation analysis of these measured intensity fluctuations,
allowing the average transit time through the observation volume and the average number
of molecules over time in the observation volume to be calculated. Dividing the average
intensity to the average number of molecules gives the photon counts per molecule per
given time, which is called the molecular brightness value (Figure 1-14). Molecular bright-
ness can then be used to calculate the average oligomeric size of the observed particles
when compared with the brightness of a well characterized monomeric control. FCS cor-
relates the measured intensity fluctuation with itself by shifting the signal with a certain
lag time, and outputs the strength of the correlation across multiple lag times. This general

autocorrelation function is as follows:

< S8I(t).6I(t+ 1) >
G(r) = < I(t) >2

Where G is the autocorrelation function, I(t) is the average intensity signal at time
t, and I(t+1) is the intensity after the lag time (7). oI (t) is the fluorescence fluctuation at the
time point t, and it is calculated by the formula: §I(t) = I(t) <1 >, where <I> is the
ensemble average intensity. Rapidly diffusing molecules exhibit a rapidly decaying auto-
correlation curve, while this decay 1s delayed for the slower particles. The average transit
time of the molecules throughout the observation volume can be calculated by fitting a
diffusion model (i.e. 2D or 3D diffusion) to the autocorrelation curve. Using the calculated

transient time (tp), an average diffusion coefficient (D) can be calculated:
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Where ®? is defined by the ratio of the axial and lateral dimensions of the ellipsoi-
dal observation volume. The amplitude of the autocorrelation plot also contains the infor-
mation about molecular concentration. The amplitude of the autocorrelation decreases
when a sample with higher concentration is measured, because the relative contribution of
each individual molecule to the total fluorescence intensity becomes less as the concentra-
tion of particles increases. This inverse relation of the autocorrelation and particle number

can be seen in an alternative representation of the autocorrelation formula:

From this formula, the number of particles can be calculated at the lim(z — 0) as
G(0)-1= 1 / N assuming free diffusion. FCS has been initially used to characterize flu-

orescent ligand binding to GPCRs, but since FCS gives information on the concentration
and brightness of fluorescent particles, it has also been used in characterizing GPCR oli-
gomerization as well at overexpression (Herrick-Davis et al., 2013) and native systems
(Herrick-Davis et al., 2015). Moreover, an extension of FCS, called fluorescence cross-
correlation spectroscopy (FCCS), which can be applied to two color imaging (Figure 1-14),
was also used to characterize somatostatin receptor (SSTR) oligomerization (Patel, Kumar,

et al., 2002).

A spatial analog of the FCS analysis is the image correlation spectroscopy (ICS)
(Petersen et al., 1993). ICS uses single my confocal images (Figure 1-14). These images
are generated by measuring fluorescence intensity values with a step-by-step (with a de-
fined step distance) sliding observation spot (defined by the PSF) in a raster fashion and
rendering them in a 2D matrix array as pixels. In an image, intensity fluctuations come
from the relative intensity differences of the pixels across the image: 61(x,y) = I(x,y)-<
I >, where Iy is the fluorescence intensity of the pixel at the x,y coordinate. Therefore,
ICS applies the autocorrelation function across the spatial domain. Classic ICS has also

been used to study GPCR oligomerization (Chakraborty et al., 2018).
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Figure 1-14. Summary of the main principles of the FCS based methods to calculate protein oli-
gomerization and density. Figure extracted and modified from (Briddon et al., 2018), used under
the license number 5034380705311 provided by Elsevier and Copyright Clearance Center.

Addition of the temporal domain to ICS brought up the method called temporal

ICS (TICS) (Srivastava and Petersen, 1996). TICS autocorrelates the intensity fluctuations

across time for individual pixels of an xy image series and extracts the diffusion data as

well. As a result, it provides diffusion information for each pixel of the image, but requires

an averaging of all those values. In scanning confocal microscope imaging, since the time

gap that the scanner needs to arrive back at the same pixel is longer than the one that FCS

requires (FCS is faster because the observation spot is stationary), TICS can measure more

slowly diffusing particles but not the faster ones, which is the opposite of single point FCS.

TICS was used in one instance to characterize the distribution and membrane dynamics of

B2AR, PTHIR and CaSR (Wheeler et al., 2007).
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Another extension of ICS is the spatiotemporal ICS (STICS) (B. Hebert et al.,
2005). STICS was developed by integrating temporal and spatial fluctuations of molecules
in order to obtain not only the magnitude of diffusion, but also the directionality of the
molecules moving by flow. STICS uses xy confocal image series and calculates average
spatial correlations using each image for every time lag. From resulting correlation maps,
the time resolved shift in the position of the autocorrelation fit peak can be detected. The
magnitude in the shift and position of the peak directly reports the velocity and direction
of the flow. Because STICS can be applied in three dimensional imaging, it can be used to

distinguish a wide range of diffusion rates (Bock et al., 2020).

Photon counting histogram (PCH) is another FFS method that can calculate con-
centration and brightness from photon statistics (Chen et al., 1999). Data acquisition of
PCH is identical to that of the FCS (Figure 1-14). Photon counts over time that stems from
the constant presence of a single molecule in the observation volume follows Poisson sta-
tistics. When two or more particles are present in the system, the photon counting histo-
gram becomes the convolution of the intensity distribution of each particle. In a free diffu-
sion system, presence of certain number of particles at a given time also follows a Poisson
distribution. Thus, fluctuation of particles creates an additional broadening of the Pois-
sonian distribution of the photon counts. Taking this into account, PCH method fits Pois-
sonian and super-Poissonian functions to the frequency distributions of the photon counts.
Then, taking the fits into account, it calculates the probability of observing an average N
number of fluorescent molecules for several configurations of N. Once calculated the op-
timum N value, the average intensity can be used to calculate the molecular brightness as
an indicator of oligomeric size in comparison to a monomeric control that is measured
under identical concentrations. This method has been used to characterize the quaternary
assembly of GPCRs, and how ligands affect the oligomer size (Ilien et al., 2009; Parmar
et al., 2017; Wolf-Ringwall et al., 2011). PCH has also been combined with fluorescent
protein complementation to quantify higher order oligomers of GPCRs (Kilpatrick et al.,
2012).
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An extension of the PCH method is the spatial intensity distribution analysis
(SpIDA). SpIDA, in simple terms, is the application of the PCH theory to the spatial do-
main. This means that the fluctuations in photon counts do not stem from observing a sta-
tionary spot over time, but rather from intensity values of individual pixels from an xy
confocal image. This means, SpIDA uses single confocal images to generate intensity dis-
tribution histograms, from which it calculates average number and brightness of fluores-
cent labels in cells. Conceptually, this is similar to applying the theory of FCS to the spatial
domain, which ICS is based on, as discussed above. An advantage of SpIDA is that it can
also be used in chemically “fixed” cells, as it does not require diffusing particles and the
fluctuation comes from the intensity variations across individual pixels. Thus, SpIDA can
also be used in combination with fluorescently labeled antibodies, and measure oligomer-

ization in native tissues.

Number and Brightness (N&B) is another FFS method based on moment analysis
of fluorescence fluctuations (Digman et al., 2008; Qian and Elson, 1990). N&B also uses
an xy confocal microscope image series as input data and calculates an average aggregate
number and brightness value for each pixel of the image, using the first (center, mean) and
second (variance) moments of the intensity distribution histograms generated from the flu-
orescence fluctuation information throughout each pixel over time. In an open volume sys-
tem containing 100 monomeric or 25 tetrameric fluorescent particles of the same kind, free
diffusion of these particles throughout an observation volume would generate intensity
fluctuations. While the average intensity in both cases will be the same, the intensity fluc-
tuations of the tetramers would result in a higher variance than that of the monomers. Alt-
hough the first moment of these scenarios are the same, the second moment, the variance
values, are different, and informative of the number of aggregates as well as the aggregate
size of the particles. Here, the ratio of the squared mean intensity to the variance results in
the average number of particles (for monomers) or aggregates (for oligomers). N&B has
recently been used to determine GPCR quaternary structure as well (Calizo and Scarlata,
2013; Moller et al., 2018). N&B calculates a number and brightness map using confocal
image series. An extended version of N&B, called enhanced N&B (eN&B), is applied for
the cases where the oligomerization dynamics in a sample is not homogenous (Cutrale et

al., 2019). To uncover the dynamic changes in aggregation, eN&B subsamples the data
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and calculates the N&B at each subsample and iterates the same process by shifting sub-
sampling by a factor of one frame, until all possible subsamples are covered. Another
extension of the N&B method is based on the application of the moment analysis theory
to the spatial domain, called fluorescence intensity fluctuation spectrometry (FIF)
(Stoneman et al., 2019). FIF also uses single confocal microscope images. One of the
unique features of FIF is to segment the image into smaller regions, and calculate the num-
ber and brightness values for each segments. The goal behind this rationale is to identify
the proportions of different oligomeric entities. FIF has also been successfully applied to

determine basal and ligand induced stoichiometry of GPCR oligomers.

1.7.1.3. Structural Methods

A number of structural studies reported homodimeric organization of class A
GPCRs (Figure 1-15). Importantly, all of the homodimers observed in structural studies
were obtained with X-ray crystallography. This technique provided homodimeric/oligo-
meric assembly of human CXCR4 (Qin et al., 2015; B. Wu et al., 2010), murine p-opioid
receptor (LOR) (Manglik et al., 2012), human «OR (H. Wu et al., 2012), turkey 1 adren-
ergic receptor (Huang et al., 2013) and squid rhodopsin (Murakami and Kouyama, 2008).
Interestingly, dimer interfaces observed in these studies were always formed between ei-
ther TM5-TM6, or TM1, TM2-HS, or both. The only dimeric GPCR structure coming from
cryoEM so far belongs to the yeast GPCR Ste2. In this structure, homodimer interface was

observed between TM1-TM7 (Velazhahan et al., 2021).
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Figure 1-15. Dimeric X-ray structures of class A GPCRs: (A) uOR (PDB: 4DKL), (B) kOR
(4DJH), (C) B1AR (4GPO) and (D) CXCR4 (30DU).

1.7.2. Functional Implications of Class A GPCR Oligomers

Class C GPCRs are constitutive dimers, and their dimerization is essential for cell
surface targeting (Bettler et al., 2004) and signal transmission (Levitz et al., 2016). mGluRs
can form functional homo and heterodimers. Heterodimerization of mGluRs usually occurs
between specific subunit groups, such as mGluR1,5; mGluR2,4; and mGIuR7,8 (Delgado
et al., 2017; Yin et al., 2014), and these heterodimers mediate distinct functions, such as
location specific neural transmission (Yin et al., 2014). Activation mechanisms of class C
GPCR homo- and heterodimers are described in great detail. In case of GABAgR, binding
to GABABgIR is sufficient to activate the heterodimer. This binding transactivates the
GABABR:R, which can then couple to the G protein (Geng et al., 2013). In the case of
mGluRs, ligand binding to one of the protomers is sufficient to start signaling, but binding
to both protomers in the dimer is necessary for full activation (Kniazeff et al., 2004). Upon
activation, only one mGIluR protomer adopts an active conformation at a time, and ligand
binding to one protomer can cross activate the adjacent protomer regardless of ligand bind-

ing to the second one. This mechanism is termed asymmetric activation (Brock et al.,
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2007). Therefore, eventually one protomer couples with the G protein. Asymmetric acti-
vation is thought to activate a specific protomer, as in case of the mGluR2,4 heterodimer,

in which the G protein coupling is mediated by the mGluR4 (J. Liu et al., 2017).

Functional significance of class A GPCRs is a highly debated topic (Bouvier and
Hébert, 2014; Lambert and Javitch, 2014). GPCRs are allosteric proteins that can work in
a dynamically cooperative manner. Yet, how much is receptor dimerization involved in
this cooperative modulation of activity? Numerous studies showed that individual class A
GPCRs can function as active signaling units (Hanson et al., 2007; Kuszak et al., 2009;
Whorton et al., 2008). However, this does not exclude the potential effect of dimerization
on the receptor function by other means, i.e. alterations in ligand or effector affinity, acti-
vation kinetics, surface delivery or internalization dynamics. Recent studies based on flu-
orescence microscopy imaging revealed that all studied class A GPCRs form only transient
homodimers with each other (Calebiro et al., 2013; Dorsch et al., 2009; Fonseca and
Lambert, 2009; Isbilir et al., 2020; Kasai et al., 2011; Moller et al., 2020; Tabor et al.,
2016). Yet, a number of studies based on FFS methods suggested that at higher expression
levels a few of those receptors can form dimeric and high order oligomeric assemblies
(Isbilir et al., 2020; Marsango et al., 2017; Stoneman et al., 2019; Ward et al., 2015). A
number of high technology methods were able to show receptor dimers even in native
tissues (Albizu et al., 2010). Therefore, it is possible that specific dimerization of class A
dimerization follow the law of mass action, with varying specific affinity to each other. On
the other hand, to date, no dynamic information for heterodimerization is present, yet a
similar scenario as observed for class A receptor homodimers can be expected. A study
demonstrating the negatively cooperative binding of alprenolol to f2AR brought up the
possibility of pocket to pocket cooperativity as a result of possible receptor oligomerization
(Limbird et al., 1975). Although more studies followed this example and suggested nega-
tive binding cooperativity as a consequence of dimerization (George et al., 2002; Springael
et al., 20006), others challenged this idea by suggesting that the competition for G protein
may be the reason for observed negative cooperativity (Chabre et al., 2009). Yet, a large
number of studies have explored the relevance of GPCR dimers at functional level, espe-
cially for heterodimers. For example, in case of the dopamine D, receptor (D2R), activation

of both protomers within a DR dimer shows less efficacy in signaling than that of the
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situation where only one receptor is active (Han et al., 2009). This addresses a negative
cooperativity between the dimeric protomers. In contrast, another study focusing on the 5-
HTj4 receptor (5-HT4R) demonstrated that this receptor can form dimers, and activating
both protomers of the dimer is more efficient in recruiting and activating the heterotrimeric
G protein (Pellissier et al., 2011). Melatonin receptors 1 and 2 (MT;R and MT:R) also
received great attention in terms of their heterodimeric function. MT R and MT>R hetero-
dimer is one of those few that were shown to be functionally essential in vivo. In retina,
MTR and MT>R heteromer modulates the effect of melatonin on light sensitivity. This
effect was moreover shown to be due to the heteromer specific activation of PLC/PKC
pathway (Baba et al., 2013). Moreover, GPR50 was shown to heterodimerize both with
MT R and MT2R, and even negatively modulate the ligand binding and G protein mediated
signaling of the MT2R (Levoye et al., 2006). Another example of functional cooperation
was shown between the a2a AR and the pOR (Vilardaga et al., 2008). In this case, activation
of the pOR by morphine was shown to partially inhibit the norepinephrine mediated acti-
vation of the axaAR. This cross-inactivation was also shown to be reflected as a reduction
in G protein and MAPK activation. Another striking example comes from a study focusing
on luteinizing hormone receptor (LHR) homodimers. In this study, expression of binding
deficient and signaling deficient LHR mutants in a LHR knockout mouse restored the
activity of LH, demonstrating a positive functional cooperativity between two mutants
(Rivero-Miiller et al., 2010). Apart from the function, dimerization was proposed to be
necessary for cell surface delivery of receptors (Jin et al., 2018; Salahpour et al., 2004) and

even internalization (Sartania et al., 2007).

1.8. Chemokines and Chemokine Receptors

1.8.1. Chemokines

Chemokines are a class of cytokines that primarily modulate motility related func-
tions of bone marrow derived cells. In humans, the chemokine family consists of approxi-
mately 50 individual members. Although chemokines and their receptors mainly regulate

the cells of the immune system, they are also widely expressed in other cell types, such as
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epithelial and endothelial cells, progenitor cells and even astrocytes and neurons. Next to
their function of controlling cellular migration, chemokines are also involved in numerous
physiological processes, such as apoptosis, survival, exocytosis, angiogenesis, develop-

ment, differentiation et cetera (Hughes and Nibbs, 2018).

The size of chemokine peptides varies from 8 to 12 kiloDaltons (kDa). Although
chemokines share a similar structural architecture, they are divided in three groups accord-
ing to their highly conserved cysteine residues that form two disulfide bonds: CC, C-X-C
and C-X3-C chemokines (Zlotnik and Yoshie, 2000). Overall, chemokines consist of a
long unstructured N terminal motif connected to a single turn 319 helix, which is connected
to three antiparallel B sheets connected to each other with two short loops, and a C terminal
o helix domain that folds onto the triple B sheets. Typically, the first two Cys residues are
located at the N terminal domain. The first disulfide bond forms between the first and the
third Cys, and the second bond forms between the second and the fourth Cys residues. Cys

residues are numbered according to the order of appearance in the polypeptide sequence.

Chemokines exert their activity as monomeric peptides. However, they are able to
form dimers and oligomers (Figure 1-16). Dimerization of chemokines can occur in solu-
tion, but it is known that the cell surface glycosaminoglycans (GAGs) also contribute to
chemokine oligomerization (Hoogewerf et al., 1997). Different chemokines have different
GAG binding affinities (Kuschen et al., 1999), and GAG mediated chemokine oligomeri-
zation is thought to be essential for the function of a number of chemokines (Ali et al.,
2005). Emerging evidence shows that di-/oligomeric chemokines interact with their recep-
tors in distinct orientations and induce different cellular functions, such as chemokine re-
tention during inflammation (Proudfoot et al., 2003). Usually, while chemokines in solu-
tion, i.e. in blood, mediate directed cell migration by forming a chemokine concentration
gradient, cell surface bound chemokines may act as a docking site for the recruited cells,

and mediate cell arrest and migration into tissues.
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Figure 1-16. Structures of the (A) monomeric and (B) dimeric C-X-C chemokine 12 (CXCL12)
(PDB: 2K01). Shown are two CXCL12 protomers (cyan and orange) that form a dimer via their
Bsheets. Conserved double disulfide bonds in each chemokine structure are shown in red.

Chemokines can be divided in two groups regarding their function: homeostatic
chemokines are constitutively produced and they balance the basal trafficking and homing
of leukocytes as well as B and T cell maturation (Mantovani, 1999), and inflammatory
chemokines are the ones that are produced upon inflammation and they trigger immune
cell responses. At resting state, cells of the immune system exhibit a certain profile of
chemokine expression in order to maintain the immune surveillance, leukocyte homing,
hematopoiesis (Figure 1-17A). In case of inflammation, chemokine profile can drastically
change in order to activate the immune system and recruit leukocytes to the inflammation
site (Lam et al., 2010; Ovrevik et al., 2009). The altered chemokine profile generates a
gradient of chemokines to mediate chemotaxis, fixation of certain chemokines on the en-
dothelial cells for cell arrest and extravasation, and different chemokine content at the in-
flammation site to activate the innate immunity (Figure 1-17B). Although the inflamma-
tory versus homeostatic chemokine discrimination is applicable to a certain degree, a num-
ber of chemokines with dual functions do exist (Constantin et al., 2000). Therefore, a major
determining factor of the immune response and basal surveillance must be maintaining the

correct balance of different chemokines.
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Figure 1-17. Homeostatic and inflammatory roles of chemokines in the immune system. A num-
ber of chemokines, i.e. CXCL12 as one of the most central ones, mediate bone marrow homing
and retention of blood cells. Other chemokines also play role in i.e. trafficking of immune cells to
blood and other peripheral tissues, such as lymph node, where immune cells differentiate and
maturate. Differentiated cells also change their chemokine receptor expression pattern, which al-
lows them to migrate to blood, where they mediate their immune surveillance duties. Upon in-
flammation, expression of homeostatic GPCR CXCR4 and its ligand CXCL12 decreases. Inflam-
matory chemokines generate a concentration gradient, which activates immune system cells and
allows their migration toward peripheral tissues until the site of inflammation to start the immune
response. Figure is extracted and modified from (Griffith et al., 2014), used under the license
number 1106246-1 provided by Annual Reviews, Inc. and Copyright Clearance Center.
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1.8.2. Chemokine Receptors

Chemokines are the agonists of the cell surface chemokine receptors, which are
class A GPCRs. The first chemokine receptors identified from the human genome were
the interleukin 8 (IL-8, or CXCLS8) receptors CXCR1 and CXCR2 (Holmes et al., 1991;
Murphy and Tiffany, 1991). Since then, a total of 22 chemokine receptors have been iden-
tified (Arimont et al., 2017). Chemokines interact with chemokine receptors promiscu-
ously; most of the chemokines can bind to multiple receptors (Figure 1-18). This promis-
cuity complicates the functional outcomes of chemokine signaling, yet it is thought to be

a factor for fine tuning of the immune system (Proudfoot and Uguccioni, 2016).

Except the four atypical chemokine receptors, which activate alternative signaling path-
ways, all chemokine receptors are primarily Gi protein couplers (Francoise Bachelerie et
al., 2014). The expression profile of chemokine receptors in the immune system is in ac-
cordance with the function of their cognate chemokines. Some chemokine receptors, such
as CXCRA4, are widely expressed throughout the immune cells. In contrast, expression of
the receptors like CCR3 and CXCRI is more restricted to certain cell types (Figure 1-18).
This tightly regulated expression pattern allows the immune system to respond correct

chemokine profiles under inflammatory and basal conditions.

Over decades, structural and biophysical studies provided a great understanding of
how chemokines interact with their receptors. Many of these studies proved that similar
architecture of all chemokines also follows a similar mode of binding with their receptors.
Overall, chemokine receptors form extensive contacts with their chemokines through the
receptor N terminal domain, extracellular loops and TM domains. Earlier studies described
chemokine binding to its receptor with a “two-site, two-step” mechanism that involved
sequential binding of the chemokine via two chemokine recognition sites (CRSs): The re-
ceptor N terminal domain, which is called the CRS1, interacts with the globular domain of
the chemokine, but this interaction does not activate the receptor. Mutations at this site, or
at the adjacent chemokine site of it, was shown to reduce chemokine binding affinity(Hem-

merich et al., 1999; Mayer and Stone, 2001). TM core domain of a chemokine receptor,
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Figure 1-18. Chemokines and their promiscuous relationship with chemokine receptors. “Distri-
bution” is the cell types in which each chemokine receptor is expressed. Abbreviations are: Ba,
basophil; Ca, cancer; CD4rym, resident memory CD4 T cell; EC, endothelial cell; Eo, eosinophil;
Fb, fibroblasts; iDC, immature DC; MC, mast cell; Me, melanocyte; MG, microglial cell; Mo,
monocyte; M®, macrophage; N, neutrophil; NHC, nonhematopoietic cells; PC, plasma cell; pDC,
plasmacytoid DC; Tem, central memory T cell; Thl, type 1 helper T cell; Ty, naive T cell;
eff/mem, effector/memory; thym, thymocytes. Figure and the abbreviations are extracted from
(Francoise Bachelerie et al., 2014), used under the license number 1121457-1 provided by Amer-
ican Society for Pharmacology and Experimental Therapeutics and Copyright Clearance Center.

which constitutes CRS2, forms interactions with the N terminus of a chemokine, and this
binding promotes receptor activation (Crump et al., 1997). Indeed, mutating the N terminal
residues of a few chemokines turned them into high affinity antagonists, suggesting the
importance of CRS2 for receptor activation (Clark-Lewis et al., 1991; Gong and Clark-

Lewis, 1995; Proudfoot et al., 1996). Despite many more evidence in favor of this model,
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recent studies challenged this simplistic binding and activation model by identifying other
sites on chemokine receptors that are also contributing to chemokine binding and receptor

signaling efficacy (Kleist et al., 2016).

Structural studies shed light on experimentally supported models of receptor-ligand
interactions. To date, 5 chemokine and G protein bound, 9 antagonist bound, and one lig-

and free chemokine receptor structures have been reported:

Table 1-1. Reported active chemokine structures.

Receptor Ligand G protein Reference
CXCR2 CXCLS;

miniG, (K. Liu et al., 2020)
CXCR2 CXCLS:
CCRS5 [6P4]CCLS5 Gii (Isaikina et al., 2020)
CCR6 CCL20 Gi1 (Wasilko et al., 2020)
US28 CX3CL1 - (Burg et al., 2015)

Table 1-2. Reported inactive chemokine receptor structures.

Receptor Ligand Reference
CXCRI1 - (Park et al., 2012)
CXCR4 vMIPII (Qin et al., 2015)
CXCR4 CVXl15

(B. Wu et al., 2010)
CXCR4 IT1t
CCR2 BMS-681

(Zheng et al., 2016)
CCR2 CCR2-RA-[R]
CCR5 Maraviroc (Q. Tan et al., 2013)
CCRS5 [SP7]CCLS5 (Zheng et al., 2017)

CCRS5 gpl20 (Shaik et al., 2019)
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CCR7 Cmp2105 (Jaeger et al., 2019)
CCR9 Vercirnon (Oswald et al., 2016)
A

Figure 1-19. Active structures of (A) CCR6 (bound to CCL20) and (B) CXCR2 (bound to
CXCLS8:) coupled to Gy, proteins. Shown structures are chemokines (pink), receptors (yellow),
Ga (cyan), Gf (orange) and Gy (magenta).

Chemokine:chemokine receptor complex structures revealed a previously un-
known mechanism of receptor activation: In CCR6:CCL20 (Figure 1-19A) and
CXCR2:CXCL8 (Figure 1-19B) complexes, although the described CRS1 contacts were
present, the N terminal domain of these chemokines did not display any contact with the
so-called binding pocket located within the TM domains (Liu et al., 2020; Wasilko et al.,
2020), in contrast to [6P4]CCL5 on CCR and CX3CL1 on US28 (Burg et al., 2015; Isaikina
et al., 2020). The active structures of CCR6 and CXCR2 suggested that ligand binding to
the N terminus and extracellular loops of these receptors induced a force that is translated
through the TM domains and activate the receptor. This is in contrast to the activation

mechanism of CCRS5, in which the agonist binds both to extracellular and TM domains and



59

triggers a canonical microswitch cascade that eventually stabilize an active receptor con-
formation. This major difference is thought to be a result of short N terminus of CCL20
and CXCLS8 compared to that of CCLS5. Moreover, a well conserved rotamer toggle switch

at the position 6.48 is a Trp in CCRS, while it is a GIn in CXCR2 and CCR6.

1.8.3. CXCL12/CXCR4/ACKR3 Axis

Among all chemokines and their receptors, CXCR4 and ACKR3 have exception-
ally diverse functional roles. Despite the large promiscuity among chemokines and chem-
okine receptors, CXCR4 binds to only CXCL12, and ACKR3 binds to CXCLI12 and
CXCL11 (Scholten et al., 2012).

1.8.3.1. CXCR4

CXCR4 was discovered in 1996, originally with the name “fusin” or “leukocyte-
derived seven-transmembrane domain receptor” (LESTR), as an human immunodefi-
ciency virus 1 (HIV-1) entry cofactor protein (Feng et al., 1996). The only native chemo-
kine of CXCR4 is CXCL12, or the stromal cell derived factor 1 (SDF-1), which was dis-
covered the same year as CXCR4 (Bleul et al., 1996; Oberlin et al., 1996).

CXCL12 and CXCR4 are ubiquitously expressed in tissues at embryo and adult
stages. As a result of this, they modulate numerous physiological processes beyond the
immune system. CXCR4 expression and function is thought to be vital for mammalians,
as homozygous knockout of Cxcr4 causes perinatal fatality in mice with cerebellar, cardi-
ovascular and hematopoietic defects (Zou et al., 1998). As an indispensable component of
the immune system, CXCR4 is responsible for the survival and homing of the hematopoi-
etic progenitor cells in the bone marrow (Broxmeyer et al., 2003; Sugiyama et al., 2006)
as well as progenitor T cell localization and survival in thymus (Plotkin et al., 2003;
Trampont et al., 2010). Apart from the ones in the immune system, other examples of

physiological processes that CXCR4 plays a role in are angiogenesis (Tachibana et al.,
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1998), cerebellar development (Q. Ma et al., 1998; Zou et al., 1998), cardiac myocyte
function (Pyo et al., 2006) and neurogenesis (Stumm and Héllt, 2007).

Because of its key homeostatic and regulatory functions, alterations in CXCR4 ex-
pression and function are associated with numerous pathologies. Naturally occurring non-
sense and frame shift heterozygous mutations in CXCR4 that cause truncations of its C
terminal domain are associated with the human papilloma virus (HPV) induced warts, hy-
pogammaglobinemia, infections, and myelokathexis (WHIM) syndrome (Hernandez et al.,
2003; Q. Liu et al., 2012). These gain-of-function variants of CXCR4 cause diminish de-
sensitization of CXCR4, cause abnormal retention of bone marrow cells and alter immune
synapse formation between T cells and antigen presenting cells (Balabanian, Lagane,
Pablos, et al., 2005; Kallikourdis et al., 2013). CXCR4 is also a known coreceptor for the
entry of X4 strain of HIV-1 in humans. Binding of the HIV-1 glycoprotein gp120 to the
main HIV-1 entry receptor CD4 and, in addition, to CXCR4 allows the virus to stabilize
itself on the surface of CD4" T lymphocytes and fuse with the cell membrane to release its
material inside the cell (Wyatt and Sodroski, 1998). It is now well established that over-
expression of CXCR4 is a prognostic marker in more than 23 types of cancers, including
leukemia, lymphoma, melanoma, glioma, myeloma, sarcoma as well as prostate, cervical,
ovarian, pancreatic, lung, gastrointestinal, renal and breast cancers (Chatterjee et al., 2014).
In cancer, CXCR4 causes the survival, growth and proliferation of cancer cells and cancer
stem cells, as well as angiogenesis, metastasis and recurrence of cancers (Chatterjee et al.,
2014). CXCR4 is also involved in cardiovascular (Doring et al., 2014) and neurodegener-
ative (Bonham et al., 2018) diseases, in which the absence of CXCR4 usually causes de-
velopmental or post-injury specific pathologies, which are associated with the chemotactic

ability of CXCR4.

Activation of CXCR4 by its agonist CXCL12 transduces signals to the cell interior
via a number of signaling pathways (Figure 1-20). The signaling of CXCR4 may vary
depending on the cellular context (Heuninck et al., 2019). In response to CXCL12, CXCR4
primarily couples to inhibitory G proteins, except Gaz (Armando et al., 2014). A more

efficient coupling was observed with Gaii and Gaiz than with Gois and Ga, (Perpiia-
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Viciano et al., 2020). Activation of Gaix via CXCR4 can trigger Src activation that is fol-
lowed by ERK phosphorylation (Conley-LaComb et al., 2016). Other studies using more
endogenous settings showed that CXCR4 can also activate Gai3, which is necessary for
CXCR4 induced migration of Jurkat T cells (W. Tan et al., 2006). Although a number of
studies showed that CXCR4 can signal through Gogq mediated PI3K pathways in physio-
logically relevant cells (Soede et al., 2001; Vicente-Manzanares et al., 1999), in vitro ex-
periments could not report any direct Goq activation in HEK293 cells (Perpifia-Viciano et
al., 2020). It is possible that some cell types, such as dendritic cells, require both Goq and
Go; for CXCR4 functions, while Ga; may suffice in other cells, such as T and B cells (G.
Shi et al., 2007).

Agonist bound CXCR4 is targeted by GRKSs and protein kinase C (PKC), which
phosphorylate intracellular serine/threonine (S/T) residues of it (Busillo et al., 2010). It
was shown that specific S/T residues are targeted by specific kinases with specific order:
upon agonist binding S346/347 are rapidly phosphorylated by GRK2/3, which is followed
by PKC and GRK6 mediated S324/325 phosphorylation, and then S338/339 by GRK6
(Mueller et al., 2013). Upon phosphorylation, CXCR4 interacts with B-arrestinl/2. Inter-
estingly, B-arrestin2 recruitment occurs with faster kinetics than that of B-arrestinl. More-
over, GRK2/3 mediated phosphorylation of S346/347 appears to be essential for B-arrestin
recruitment to CXCR4. B-arrestin recruitment to CXCR4 also plays a role in chemotaxis,

since knocking out B-arrestins reduces T and B cell migration towards CXCL12 in mice

(Fong et al., 2002).

CXCR4 can also induce a number of non canonical signaling pathways. Among
these, an interesting one is the non receptor tyrosine kinase JAK. It was proposed that
CXCLI12 binding to CXCR4 activated JAK2 and JAK3 by physically interacting with
them, which eventually led to nuclear transport of phosphorylated STAT proteins (Vila-
Coro et al., 1999a). Moreover, this pathway was proposed to be independent from the G
protein activation, and inhibition of Gi by pertussis toxin (PTx) led to a prolonged
JAK/STAT activation.
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Figure 1-20. Schematic view of the signaling pathways activated by CXCL12/CXCR4 pair. Fig-
ure is extracted and modified from (Teicher and Fricker, 2010), used under the license number
5034461011761 provided by American Association for Cancer Research and Copyright Clear-

ance Center.

1.8.3.2. ACKR3 (CXCRT7)

ACKR3, or its old name CXCR7, is an atypical chemokine receptor. Atypical
chemokine receptors contain mutations in the highly conserved DRYLAIV domain of class
A GPCRs, which is essential for G protein mediated signaling (Francoise Bachelerie et al.,
2014). ACKR3 binds to only two chemokines: CXCL12, which it shares with CXCR4, and
CXCLI11, which binds also to CXCR3. ACKR3 exhibits higher affinity for both of these
chemokines than does CXCR3 or CXCR4 (Balabanian, Lagane, Infantino, et al., 2005;
Burns et al., 2006). Upon ligand binding, ACKR3 interacts with GRKSs for receptor phos-
phorylation (Zarca et al., 2021), which is followed by B-arrestin recruitment, and a rapid
internalization follows (Rajagopal et al., 2010). Although ACKR3 does not activate G pro-
teins, it was shown to be able to interact with Gi protein in in vitro assays (Levoye et al.,

2009). It is possible that this interaction is needed for GRK recruitment to ACKR3 (H. T.
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Nguyen et al., 2020). Independently from B-arrestin mediated pathway, ACKR3 is contin-
uously internalized and recycled back to the cell surface in the absence of ligands. The
continuous trafficking of ACKR3 is mediated by constitutive ubiquitination/deubiquitina-
tion (Canals et al., 2012). Yet, activation via its chemokines accelerates its internalization
via B-arrestin dependent pathways (K. E. Luker et al., 2010). However, CXCL11 mediated
internalization occurs more rapidly in comparison to that of CXCL12 (Montpas et al.,
2018). Truncation of the C terminus of ACKR3 impairs continuous internalization of the
receptor, and enhances ligand induced ERK phosphorylation (Ray et al., 2012). Arrestin
coupling to ACKR3 was shown to activate Akt and ERK pathway activation (Rajagopal et
al., 2010; Torossian et al., 2014). Due to its high affinity to chemokines and continuous
internalization cycle, it is thought that ACKR3 acts as a “chemokine scavenger”, which by
simple means is a fine tuner of chemokine concentration in the surrounds of cells

(Naumann et al., 2010).

ACKR3 is mainly expressed in astrocytes (Puchert et al., 2017), B cells and gran-
ulocytes (Humpert et al., 2012), and stromal cells such as fibroblasts and endothelial cells
(Berahovich et al., 2014). Similarly to Cxcr4, knockout of Ackr3 also leads to fetal or post-
natal mortality and developmental defects in cardiac and renal tissues as well as in brain
(Quinn et al., 2018). Endogenous expression of ACKR3 modulates chemokine concentra-
tions in the vicinity of the cells it is expressed in. Moreover, ACKR3 is required for mature
B cell functioning (Infantino et al., 2006). Next to scavenging chemokines, ACKR3 is also
able to scavenge a number of natural opioid peptides in the brain (Meyrath et al., 2020).

Just like CXCR4, dysregulated expression and activity of ACKR3 is associated
with numerous pathologies. Elevated expression levels of ACKR3 were found in cancer,
inflammatory bowel disease, viral infections and rheumatoid arthritis (Freitas et al., 2014;
Sanchez-Martin et al., 2013). High expression of ACKR3 is also associated with tumor
growth (Neves et al., 2019). In cancer cells, ACKR3 overexpression causes cancer cell
proliferation and metastasis. Moreover, although ACKR3 is not expressed in healthy vas-
cular endothelial cells, it is expressed in tumor vasculature and increases angiogenesis

(Miao et al., 2007). Moreover ACKR3 has been shown to increase EFG and VEGF signal-
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ing especially in the vasculature, upregulating matric metalloproteases and cell-cell adhe-
sion proteins, which further enhances tumor growth and vascularization (Wani et al.,
2014). ACKR3 is also involved in viral pathologies, such as human herpes virus 8 (HHVS),
human T lymphotropic virus type 1 (HTLV1), human papilloma virus (HPV) and Epstein-
Barr virus (EBV), all of which carry oncogenic potential. In all carcinomas associated with
above mentioned virus infections, ACKR3 overexpression was observed. ACKR3 overex-
pression is thought to contribute to proliferation and survival, as well as immortalization

of virus induced carcinomas by enhanced signaling via CXCL12. (Freitas et al., 2014).

1.8.4. Chemokine Receptor Oligomerization

Oligomerization concept in the chemokine world is not limited to chemokine pep-
tides itself. There is now evidence from a wide range of studies in favor of chemokine
receptor homo- and heterooligomers. Again, a variety of biochemical (i.e. colP) and bio-
physical methods (i.e. FRET and BRET) were used to demonstrate chemokine receptor
oligomerization (Stephens and Handel, 2013). The only in vivo evidence for chemokine
receptor dimerization was reported using proximity ligation assay (M. A. Hauser et al.,
2016; Hayasaka et al., 2015). For a number of chemokine receptors oligomerization occurs
at the basal state, as well as after binding to chemokines (Martinez-Mufioz, Villares, et al.,
2018). Mutagenesis studies also showed the relevance of predicted dimerization interfaces
of CCR2 and CCRS5 (Hernanz-Falcon et al., 2004; Hurevich et al., 2013). Oligomerization
of chemokine receptors is thought to influence receptor function by crosstalk at ligand
binding and signaling stages. Ligand induced tetramerization of CCR7 was shown to be
necessary for dendritic cell migration via tetramer associated Src and SHP2 signaling (M.
A. Hauser et al., 2016). Homodimerization of CCR5 was associated with a reduction in
HIV infection (Vila-Coro, 2000). CCRS5 and CCR2 forms heterodimers and agonist bind-
ing to CCRS5 negatively influences agonist binding to CCR2 (Springael et al., 2006). In
case of CXCR1 and CXCR2 heterodimers, their common agonist CXCLS8 disrupts hetero-

dimers and stabilizes homodimers of both receptors (Martinez Muioz et al., 2009).



65

1.8.4.1. Oligomerization of CXCR4 and ACKR3

Numerous studies reported homo- and heterooligomerization of CXCR4 and
ACKR3. In case of CXCRA4, earlier studies using colP suggested both basal and ligand
induced CXCR4 multimerization (Babcock et al., 2003; Vila-Coro et al., 1999b). Later
studies based on FRET and BRET also supported the steady state dimerization of CXCR4
(Felce et al., 2017; Hamdan et al., 2006; Hammad et al., 2010; Lagane et al., 2008; Tanaka
et al., 2010). CXCR4 dimerization was also shown in cancer cells using FRET (J. Wang et
al., 2006). Additional analogous studies reported an increase in BRET and FRET signal
between CXCR4 protomers upon CXCL12 treatment. This signal increase was interpreted
as either an increase in the oligomeric size of CXCR4, or a conformational change between
the protomers within dimeric units (Isik et al., 2008; Kalatskaya et al., 2009; Percherancier
et al., 2005; Toth et al., 2004). A number of studies using bimolecular luminescence com-
plementation (BiLC) and BiLC-BRET also described spontaneous formation of higher or-
der oligomers as well as ligand stabilized ones (Hamatake et al., 2009; Sohy et al., 2009).
Moreover, CXCR4 crystal structures also show a dimeric receptor assembly, with a TMS5,6
dimer interface (Qin et al., 2015; B. Wu et al., 2010) (Figure 1-21). Isolated and liposome
reconstituted CXCR4 also appeared to be dimeric (Zhukovsky et al., 2010). CXCR4 di-
mers were described to be formed in lipid rafts, as depletion of sphingomyelin from cell
membrane increased CXCR4 dimerization (Asano et al., 2012). Recent studies based on
single molecule analysis showed that CXCR4 is monomeric at low expression levels
(Beletkaiaetal.,2016; Ge et al., 2017; Lao et al., 2017). These studies also reported agonist
induced dimers and oligomers. An excellent study also used single molecule imaging and
showed that CXCR4 exhibits a balanced distribution of monomers, dimers and higher or-
der oligomers (Martinez-Mufioz, Rodriguez-Frade, et al., 2018). This study also showed
that ligand induced oligomer formation is essential for CXCR4 mediated migration, and
oligomerization-deficient mutants of CXCR4 did not induce migration. Steady state ho-
modimerization was described during cell surface delivery of CXCR4 as well (Charette et
al., 2011), implying that dimerization may play in receptor translocation from Golgi to the

cell surface.
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Figure 1-21. Dimer interfaces of CXCR4 obtained from three different crystal structures. The
structures suggest that dimers are formed by a TM4-TMS interface involving mainly the extracel-
lular and intracellular portions of the helices. Figure is extracted and modified from (Qin et al.,
2015), reprinted with permission from American Association for the Advancement of Science
(AAAS).

CXCR4 also forms heteromeric complexes with other GPCRs and membrane pro-
teins. Constitutive interactions of CXCR4 with CCR2 (Rodriguez-Frade et al., 2004; Sohy
et al., 2009, 2007), CCRS5 (Charette et al., 2011; Contento et al., 2008; Hammad et al.,
2010; Isik et al., 2008; Kuang et al., 2012; Sohy et al., 2009), a1a-adrenoceptor (Gao et al.,
2020; Tripathi et al., 2015), u- and k-opioid receptors (Toth et al., 2004), as well as CD4
(Martinez-Mufioz, Rodriguez-Frade, et al., 2018; Toth et al., 2004) and T cell receptor
(TCR) (Kumar et al, 2006) were reported. Heterocomplexes between
CCR2/CCRS5/CXCRA4 (Sohy et al., 2009) as well as CD4/CCRS5/CXCR4 (Martinez-Mufioz
et al., 2014).

Numerous studies, mainly based on BRET and FRET, also suggested that ACKR3
can form oligomers with itself (Kalatskaya et al., 2009; Levoye et al., 2009) as well as
with CXCR4 (Décaillot et al., 2011; Sierro et al., 2007). The studies of Décaillot et al. and
Sierro et al. suggested that CXCR4/ACKR3 heteromers exhibit enhanced CXCL12 signal-
ing, which appears to be necessary for cellular migration and the development of cardio-
vascular tissue. Yet, another study suggested that ACKR3 negatively regulates the G pro-
tein signaling of CXCR4 as well as T cell migration (Levoye et al., 2009). A recent study
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showed that in cancer cell epithelium, where both CXCR4 and ACKR3 are overexpressed,
heterodimers of these receptors increase histone demethylation and lead to an increased
transcription of inflammatory and oncogenic genes (Song et al., 2019). It was shown that
both ACKR3 agonists, as well as the CXCR4 antagonist AMD3100 increases BRET be-
tween two ACKR3 protomers (Kalatskaya et al., 2009; Kathryn E. Luker et al., 2009).
However, a recent study could not verify CXCR4/ACKR7 heteromer, while ACKR3 ho-
momers were present in their assays using BiLC (H. T. Nguyen et al., 2020).

Chemokine mediated signaling is already complicated due to the diverse binding
promiscuity. On top of this, chemokine receptor oligomerization adds another layer of
complexity to the whole chemokine system. As mentioned in earlier chapters, determina-
tion of oligomerization should be performed with tools that can provide spatial visualiza-
tion, verified monomeric and dimeric controls. Moreover, assessing chemokine oligomer-
ization should ideally be performed in functionally relevant cells, under endogenous ex-
pression conditions. Yet, heterologous systems that rely on microscopic analysis of oli-
gomerization serve for characterizing the biophysical dynamics of oligomerization by al-
lowing the observation of single receptor-receptor interaction timelines, or oligomerization
dynamics as a function of receptor concentrations. In summary, chemokine receptors are
involved in numerous physiological and pathophysiological processes, and understanding
their mechanism of work is essential for developing drugs. Oligomerization of chemokine
receptors appears to be one of the layers that contribute to the complexity of the chemokine

system. Thus, it is an interesting and relevant topic to focus on.
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2. AIM AND STRATEGY

During the last 20 years, numerous research teams addressed that G protein-cou-
pled receptors can exist as monomers, yet form dimers and even oligomers. While these
receptor complexes can be formed among the receptor protomers of the same type, called
homo-oligomers, hetero-oligomers can also exist. Shortly after the first reports on GPCR
complexes, the idea of receptor oligomerization was started to be challenged, especially in
terms of its significance regarding receptor function. Growing output within the field de-
scribed contradictory oligomerization behaviors for the same receptors. One key aspect of
this controversy has been different types of methods used for identifying receptor oligo-
mers. Thus, before studying whether a receptor forms homo- or hetero-oligomers, one

main aspect to consider is the method of choice.

As described above, different methods can greatly affect the outcome of oligomer-
ization analysis. Chemokine receptors CXCR4 and CXCR?7 are also the receptors suffered
from this fact. While a number of studies using biochemical and biophysical methods sug-
gested that these two receptors can dimerize with themselves as well as with each other
(Stephens and Handel, 2013), more recent biophysical studies suggested a monomeric or-
ganization for CXCR4 (Ge et al., 2017; Lao et al., 2017). A main criticism on the ensemble
methods used in these studies is the fact that they do not quantify the exact expression
levels of these receptors while detecting their oligomer size. Yet, it is known that such

methods require overexpression of the receptors under investigation.

This thesis work aimed on two main questions: 1) Establishment of an experimental
protocol based on microscopy imaging to assess membrane protein dimerization at various
expression levels, with exact quantification of receptor density. 2) Assessment of the qua-

ternary organization of two class A GPCRs: CXCR4 and CXCR?7.
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Several drawbacks of the previous literature focusing on GPCR oligomerization
has been the motivation of this study. First of all, many biophysical and biochemical meth-
ods used for studying receptor oligomerization only describe a qualitative assessment of
receptor expression at overexpression levels. Moreover, several methods described GPCR
oligomerization only qualitatively, without focusing on the actual size of the possible com-
plexes observed. To address these aspects, more recently a robust and high resolution mi-
croscopy method, called single molecule imaging, was used. This method is based on high
resolution microscopy that allows imaging fluorescently labeled receptors on the surface
of living cells. Because it is a high resolution method, it allows precise quantification of
how many receptors are monomeric, or oligomeric. Moreover, this method allows tracking
the motion of individual receptors, which in turn can quantify the interaction dynamics and
kinetics of individual receptors. This method was selected as one of the methods to assess

GPCR oligomerization in the present work.

When one has to deal with higher expression levels to study receptor oligomeriza-
tion, single molecule tracking does not provide a feasible platform. In this case, methods
that rely on statistical analysis of fluorescence fluctuations in confocal mode are a better
choice. Despite being a robust method to study oligomerization, fluorescence fluctuation
spectroscopy may suffer from complicated analysis procedures that are available only un-
der unclear protocols and user-unfriendly softwares. One of the aims of this thesis work
was to cover the above mentioned pitfalls. Firstly, a method that can precisely describe
receptor oligomerization at high expression, but in a quantitative fashion, was needed. For
this, two molecular brightness analysis methods were established. These methods can
quantify the average concentration and oligomer size of fluorescently labeled receptors, in
single cell resolution. While the first method, spatial brightness, can identify concentration
and oligomer size from singe images, the second method, spatial brightness, can reveal
these from image series of single cells expressing the labeled receptors. Here, this method
was established for different fluorescence labeling strategies, as well as with reference
monomeric and dimeric controls for each labeling. Next, using these methods, oligomeri-
zation of CXCR4 and CXCR7 were quantified. Especially for CXCR4, not only the basal

oligomerization was assessed, but also the ligand and mutation mediated effects.
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DNA Vector Source
B1AR-EYFP pcDNA3 (Dorsch et al., 2009)
B1AR-2xEYFP pcDNA3 This work
FLAG-SNAP-B;AR pcDNA3 (Calebiro et al., 2013)
CD86-EYFP pcDNA3 (Dorsch et al., 2009)
CD28-EYFP pcDNA3 (Dorsch et al., 2009)
FLAG-SNAP-CD86 pcDNA3 (Calebiro et al., 2013)
FLAG-2xSNAP-CD86 pcDNA3 (Calebiro et al., 2013)
FLAG-SNAP-CD28 pcDNA3 (Calebiro et al., 2013)
CXCR4 pcDEF Francoise Bachelerie
CXCR4 pcDNA3 This work
CXCR4-mTurquoise2 pcDNA3 This work
CXCR4-nLuc pcDNA3 This work
3xHA-CXCR4-ECFP pcDNA3 (Perpifia-Viciano et al.,
2020)
CXCR4-EYFP pcDNA3 This work
CXCR4-SYFP2 pcDNA3 This work
FLAG-SNAP-CXCR4 pcDNA3 This work
CXCR4-Y116S pcDNA3 This work
CXCR4-Y116S-SYFP2 pcDNA3 This work
CXCR4-N119S pcDNA3 This work
CXCR4-N119S-SYFP2 pcDNA3 This work
CXCR4-V242D pcDNA3 This work
CXCR4-V242D-SYFP2 pcDNA3 This work
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CXCR4-L246P pcDNA3 This work
CXCR4-L246P-SYFP2 pcDNA3 This work

Gi2  sensor (pGP1-2A- | pEGFP-N1 (Van Unen et al., 2016)
cpl73Venus-Gy2-IRES-

Gai2-mTurquoise2A9)

Gai pcDNA3 (Biinemann et al., 2003)
GB1 pcDNA3 (Biinemann et al., 2003)
Gv2-SYFP pcDNA3 (Blinemann et al., 2003)
B-arrestin2-HaloTag pcDNA3 (Moller et al., 2020)
Lyn-Halo-SAH60-Halo- pcDNA3 (Moller et al., 2020)
CAAX

AP2p2-mCherry pIRESneo3 (Taylor et al., 2011)

Table 3-2. List of primers

Primer set (F, forward primer; R, reverse primer)

Purpose

F: 5’-AATAATAAGCTTATGGGCGCGGGGGTGCTC-3’

To PCR-amplify

R: 5’-AATAATGGATCCCACCTTGGATTCCGAGGCGAA-3’ | the BiAR cDNA

for generating the
B1AR-2xEYFP

vector.

F: 5’-AATAATGGATCCGTGAGCAAGGGCGAGGAG-3’

To PCR-amplify

R: 5°- AATAATGAATTCCTTGTACAGCTCGTCCATGCC-3’ | the first EYFP

cDNA for
generating the
B1AR-2XxEYFP
vector.

F: 5’P-aattcGCAGAGGCCGCGGCTAAGGAGGCCGCTGCG | To generate the

AAAGAAGCTGCAGCGAAGGAAGCTGCAGCGAAGt-3°

rigid linker cDNA

for generating the
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R: 5°P-ctagaCTTCGCTGCAGCTTCCTTCGCTGCAGCTTCTT
TCGCAGCGGCCTCCTTAGCCGCGGCCTCTGCg-3’

B1AR-2XxEYFP

vector.

F: 5-AATAATTCTAGAGTGAGCAAGGGCGAGGAGCTG-
3,
R: 5’-AATAATGGGCCCTTACTTGTACAGCTCGTCCATGC

To PCR-amplify
the second EYFP

cDNA for

C-3 generating the
B1AR-2xEYFP
vector.

F: 5'- AAAGAATTCATGGAGGGGATCAGTATATACAC-3 | To PCR-amplify

R: 5-AAATCTAGAGCTGGAGTGAAAACTTGAAGA-3

the CXCR4 cDNA
for generating the
pcDNA3-CXCR4-
EYFP vector

F: 5'- CTAGCTAGCGATGAGGGGATCAGTATATA -3’
R: 5'- CCCTCGAGTTAGCTGGAGTGAAAACTTGAA -3’

To PCR-amplify
the CXCR4 cDNA
for generating the
pcDNA3-FLAG-
SNAP-CXCR4

vector

F: 5-AAATCTAGAGTCTTCACACTCGAAGATTTCGTTGG
GGAC-3

R: 5-AAAGCGGCCGCTTACGCCAGAATGCGTTCGCACA
G-3'

To PCR-amplify
the nLuc cDNA
for generating the
pcDNA-CXCR4-

nlLuc vector

F: 5'-CCATGTCATCTCCACAGTCAACC-3'
R: 5'- ACTGCCTTGCATAGGAAG-3'

To generate the
CXCR4 YI116S

mutant

F: 5'-CTACACAGTCTCTCTCTACAGCAGTG-3’
R: 5-ATGACATGGACTGCCTTG-3'

To generate the
CXCR4 NI119S

mutant
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F: 5'-CAAGACCACAGACATCCTCATCCTGG-3’
R: 5-AGGGCCTTGCGCTTCTGG-3’

To genearate the
CXCR4 V242D

mutant

F: 5-CATCCTCATCCCAGCTTTCTTCGCCTG-3’
R: 5-ACTGTGGTCTTGAGGGCC-3'

To generate the
CXCR4  L246P

mutant

Table 3-3.List of enzymes

Kit

Enzyme Supplier Catalog number
Apal New England Biolabs RO114S
BamHI-HF New England Biolabs RO136S
EcoRI-HF New England Biolabs R3101S
HindIII-HF New England Biolabs R3104S
Nhel-HF New England Biolabs R3131S

Notl-HF New England Biolabs R3189S

Xbal New England Biolabs RO145S

Xhol New England Biolabs RO146S

Table 3-4. List of kits

Kit Supplier Catalog number
1 kb Plus DNA Ladder New England Biolabs N3200S

QS5 High-Fidelity PCR Kit New England Biolabs E0555S

Quick Ligation Kit New England Biolabs M2200S

Q5 Site-Directed New England Biolabs E0554S
Mutagenesis Kit

Monarch Plasmid Miniprep | New England Biolabs T1010S
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QIAquick Gel Extraction QIAGEN 28704
Kit
QIAGEN Plasmid Plus Midi | QIAGEN 12945
Kit

3.2.1. Bacterial Strains

3.2. Biological Materials

Table 3-5. List of bacterial strains

Strain

Supplier Catalog number

coli (High Efficiency)

NEB 5-alpha Competent E.

New England Biolabs C2987U

3.2.2. Cell Lines

Table 3-6. List of cell lines

Cell line Supplier Cat. No. / Reference
CHO-K1 ATCC ATCC CCL-61

HEK 293AD Biocat AD-100-GVO-CB
HEK293 AGa Dr. Asuka Inoue

HEK?293 Aarrestin Dr. Asuka Inoue
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3.2.3. Antibodies

Table 3-7. List of antibodies

Antibody Supplier Catalog number
CXCR4 Antibody (44717) Research And Diagnostic | FAB173G-025
[Alexa Fluor 488] Systems, Inc.

3.3.1. Chemicals

3.3. Chemicals

Table 3-8. List of chemicals

hydroxyethyl)-1-
piperazineethanesulfonic

acid)

Chemical Supplier Catalog number
Agar Applichem A0949
Agarose Thermo Fisher Scientific 16500
Ampicillin Sigma-Aldrich A0166
Bovine Serum Albumin Sigma-Aldrich A7030
Calcium Chloride (CaCl») Sigma-Aldrich 449709
Dimethyl Sulfoxide Sigma-Aldrich D8418
(DMSO)

Ethanol Sigma-Aldrich 1024282500
Ethidium Bromide Thermo Fisher Scientific 15585011
Glucose (a-D) Sigma-Aldrich 158968
Glycerol Sigma-Aldrich G5516
HEPES (4-(2- Sigma-Aldrich H3375




77

Isopropanol Sigma-Aldrich W292912
Kanamycin Sigma-Aldrich K1377
Magnesium Chloride Sigma-Aldrich M8266
(MgCly)
Methanol Sigma-Aldrich MI1775
Modified Tris-Acetate- Merck Millipore LSKMTAES0
EDTA (TAE) Buffer
Poly-D-Lysine Thermo Fisher Scientific D8418
Potassium Chloride (KCI) Sigma-Aldrich P3911
Sodium Chloride Sigma-Aldrich S7653
Tryptone Merck Millipore T7293
Yeast Extract Sigma-Aldrich Y1625
3.3.2. Ligands
Table 3-9. List of ligands
Ligand Description Supplier Cat. No.
Human CXCL11 CXCRT agonist Peprotech 300-46
Human CXCL12 CXCR4 and Peprotech 300-28A
CXCR?7 agonist
AMD?3100 CXCR4 antagonist | Sigma-Aldrich 239820
AMD3465 CXCR4 antagonist | Tocris 4179
TC14012 CXCR4 inverse Tocris 4300
agonist
LY2510924 CXCR4 inverse MedChemExpress | HY-12488
agonist
IT1t CXCR4 inverse Tocris 4596
agonist
FC131 CXCR4 inverse Tocris 4320
agonist
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3.3.3. Fluorescent Dyes

Table 3-10. List of organic fluorescent dyes

Dye Supplier Catalog number
HaloTag NanoBRET 618 Promega G9801

Ligand

Rhodamine 6G Sigma-Aldrich 83697
SNAP-Surface Alexa Fluor | New England Biolabs S9124S

488

SNAP-Surface 549 New England Biolabs S9124S

3.4. Consumable Materials

Table 3-11. List of consumable materials

Material Supplier Catalog number
96-well plate Sarstedt AG 83.3924.005
6-well plate Sarstedt AG 83.3920.005
35 mm dish Sarstedt AG 83.3900

60 mm dish Sarstedt AG 83.3901

100 mm dish Sarstedt AG 83.3902
T75 flask Sarstedt AG 83.3911
96-well plate, black Brand GmbH 781668
96-well plate, white Brand GmbH 781665
Cryogenic tubes Thermo Fisher Scientific 375418

0.2 mL PCR tubes Eppendorf 0030124359
0.5 mL microcentrifuge tube | Eppendorf 0030121023
1.5 mL microcentrifuge tube | Eppendorf 0030120086
2 mL microcentrifuge tube | Eppendorf 0030120094
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5 mL microcentrifuge tube | Eppendorf 0030119401

Protein LoBind Tubes Eppendorf 0030108116

15 mL centrifuge tube Corning 352096

50 mL centrifuge tube Corning 352070

Attofluor cell chamber Thermo Fisher Scientific A7816
Hartenstein 7?

Glass cover slips

0.22 um syringe filters

3.5. Media, Buffers and Solutions

3.5.1. Cell Culture Media and Solutions

Table 3-12. List of cell culture media and solutions

Medium Supplier Catalog number
DMEM/F12 Thermo Fisher Scientific 21041033
Dulbecco Modified Eagle’s | PAN Biotech P04-03500
Medium (DMEM)

Dulbecco’s Phosphate- Gibco 14040174
Buffered Saline (DPBS)

Fetal Bovine Serum Biochrom AG SO0115
Fluorobrite DMEM Thermo Fisher Scientific A1896701
Hank’s Buffered Saline Thermo Fisher Scientific 14025092
Solution (HBSS)

L-Glutamine PAN Biotech P04-80050
Opti-MEM Reduced Serum | Gibco 11058021
Medium

Penicillin/Streptomycin PAN Biotech P06-07050
Trypsin/EDTA PAN Biotech P10-020100
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3.5.2. Bacterial Growth Media

Table 3-13. List of bacterial growth media

Media Formulation
Luria Bertani (LB) Medium 25 g NaCl
50 g Tryptone

25 g Yeast Extract

Distilled water up to 1 L, autoclaved

LB Agar Medium 15 g Agar
LB Medium up to 1 L, heated

3.5.3. Immunofluorescence Media

Table 3-14. List of immunofluorescence media

Medium Formulation

Medium for Labeling with Antibody 2.5 g BSA

55.5 mg CaCl,

2.2 g Glucose

2.4 g HEPES

7.5 g KCl1

47.6 mg MgCl,

3.1 g NaCl

Distilled Water up to 1L, autoclaved




3.6. Assay Kits

Table 3-15. List of assay kits
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Kit Supplier Catalog number
MycoAlert Mycoplasma Lonza LTO07-318
Detection Kit

NanoBRET PPI Starter Promega N1821
System Flexi

NanoBRET Nano-Glo Promega N1661
Detection System Standard

Effectene Transfection QIAGEN 301427
Reagent

Lipofectamine 2000 Thermo Fisher Scientific 11668019
Transfection Reagent

3.7. Key Devices

Table 3-16. List of key devices

Device Supplier Catalog number
Plate reader Biotek

Fluorescence/FRET Visitron

microscopy setup

Perfusion System ALA Scientific

OctaFlow 11

TIRF microscopy setup

Nikon Instruments
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3.8. Software and Databases

Table 3-17. List of software’s and databases

Software Supplier
CorelDraw Graphics Suite Corel
Gen5 Biotek

Imagel National Institute of Health
Matlab 2019 Mathworks

OriginPro 2017 OriginLab

SnapGene GSL Biotech LLC
VisiView Visitron
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4. METHODS

4.1. Molecular Biology Methods

4.1.1. Primer Design and PCR

4.1.1.1. Primer Design

All primers used for PCR-amplification of the DNA were designed in silico using
the SnapGene software. In case of cloning with restriction digestion, a restriction enzyme
recognition sequence followed by a triple Adenine (A) nucleobase sequence was inserted
to the 5’ end of each forward and reverse primer. Primers for site-directed mutagenesis
were designed using the NEBaseChanger tool (http://nebasechanger.neb.com/). All primer
oligonucleotides were synthesized by Biotez. Primers were dissolved in double distilled

water (ddH>O) to a stock concentration of 100 uM.

4.1.1.2. Polymerase Chain Reaction

Standard PCR experiments were performed to amplify DNA fragments of interest,
with the purpose of cloning them into a new vector plasmid by restriction digestion fol-
lowed by ligation. Briefly, PCR mixtures were prepared in 0.2 mL tubes on ice according
to the Table 4-1. Reaction mixtures were mixed thoroughly by pipetting, spun down and

placed into the thermal cycler block.

Table 4-1. Q5 polymerase PCR mixture

Reagent Volume Final concentration

5X Q5 Reaction Buffer 10 uL 1X
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10 mM dNTPs 1 uL 200 uM

10 uM Forward Primer 2.5ulL 0.5 uM
10 uM Reverse Primer 2.5 ul 0.5 uM
Template DNA 1 uL <20 ng/uL
Q5 High-Fidelity DNA | 0.5 uL 0.02 U/uL
Polymerase

ddH,O To 50 uL

Thermocycling was performed according to the protocol given in Table 4-2. Primer
annealing temperature is a unique feature of each primer pair, and should be optimized
depending on the melting temperature of each primer. It is also important that the differ-
ence in melting temperatures of the forward and reverse primers within a pair should not

exceed 2-3°C.

Table 4-2. Thermocycling protocol using the Q5 High-Fidelity DNA Polymerase

Step Temperature Time

Initial denaturation 98°C 30 seconds
Denaturation 98°C 10 seconds
Primer annealing 50-72°C 20 seconds
Elongation 72°C 30 seconds/kb
(35 cycles)

Final elongation 72°C 2 minutes
Hold 4°C 0

Site-directed mutagenesis reactions were performed in order to introduce sin-
gle/multiple mutations, deletions or insertions in the gene of interest. The method used by
the Q5® Site-Directed Mutagenesis Kit includes a PCR-based amplification of the target
vector using the mutation-inducing primers, circularization and ligation of the amplified
single-strand mutant DNA, and Dpnl-mediated digestion of the template vector. For the
PCR step, mixtures were prepared according to Table 4-3, mixtures were spun down and

the thermocycling reaction was performed according to the protocol given in Table 4-4.
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Table 4-3. Q5® Site-Directed Mutagenesis Kit PCR mixture

Reagent Volume Final concentration
Q5 Hot Start High-Fidelity | 12.5 uL 1X

2X Master Mix

10 uM Forward Primer 1.25 pL 0.5 uM

10 uM Reverse Primer 1.25 uL 0.5 uM

Template DNA 1 uL 10 ng/pL

ddH>O 9 uL

For the thermocycling step, primer annealing temperature calculated by the NE-

BaseChanger tool should be used.

Table 4-4. Thermocycling protocol using the Q5 Site-Directed Mutagenesis Kit

Step Temperature Time

Initial denaturation 98°C 30 seconds
Denaturation 98°C 10 seconds
Primer annealing 50-72°C 20 seconds
Elongation 72°C 30 seconds/kb
(25 cycles)

Final elongation 72°C 2 minutes
Hold 4°C 00

After the PCR step, the amplified DNA was subjected to the Kinase-Ligase-Dpnl
(KLD) reaction by incubating the mixture given in Table 4-5 for 10 minutes at the room

temperature.
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Table 4-5. Kinase-Ligase-Dpnl (KLD) reaction mixture

Reagent Volume Final concentration
PCR Product 0.5 uL

2X KLD Reaction Buffer | 2.5 uL 1X

10X KLD Enzyme Mix 0.5 uL 1X

ddH-O 1.5 uL

4.1.2. Restriction Enzyme Digestion

For the cloning path with restriction enzyme digestion, PCR products were sub-
jected to two restriction enzymes, in order to generate PCR products and target vector
plasmids with compatible 5> and 3’ ends. The reaction mixture was prepared according to

Table 4-6, was spun down and incubated at 37°C for 1 hour. Only the Apal enzyme was

used in 2X concentration.

Table 4-6. Restriction enzyme digestion mixture

Reagent Volume Final concentration
PCR Product/ Vector 1 ng

Restriction enzyme 1 1 uL 20 units

Restriction enzyme 2 1 pL 20 units

10X CutSmart Buffer 5uL 1X

ddH>O to 50 uL
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4.1.3. Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed to isolate the digested vector and the
PCR product from the reaction mixture. To prepare the agarose gel, 0.75 g agarose powder
was mixed in 100 mL 1X TAE buffer (prepared in ddH>0). The mixture was heated until
the agarose was completely dissolved. Then, the mixture was cooled down and 10 pL eth-
idium bromide was added and mixed. The solution was cast into an agarose gel tray with
a gel comb to form the sample wells. After polymerization, the gel was taken into an elec-
trophoresis tank filled with 1X TAE buffer. Samples were mixed with loading dye to a
final dye concentration of 1X, and then they were loaded in the agarose gel wells along
with the 1kB DNA ladder. The electrophoresis was performed at constant 120V for 45

minutes.

4.1.4. Extraction of DNA from Agarose Gel

After the electrophoresis, the gel was placed under a UV light box, wearing a plas-
tic face protection. The fluorescent DNA bands corresponding to the digested vector back-
bone and the gene were cut out by using a scalpel. The excised agarose piece was taken
into a 1.5 pL microcentrifuge tube, and then weighed. DNA extraction from this gel was
performed using the QIAquick Gel Extraction Kit according to the manufacturer’s instruc-

tion.

4.1.5. Ligation of DNA

Ligation reaction was performed using the T4 DNA Ligase kit. To do so, the di-
gested, compatible PCR product and the vector backbone were mixed in different molar
ratios (from 1:1 to 1:7 ratio of vector:insert), reaction mixture was prepared according to
Table 4-7 (as an example, 1:3 ratio of vector:insert is given), and the mixture was incubated

at room temperature for 1 hour.
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Table 4-7. DNA Ligation reaction mixture

Reagent Volume Final concentration
T4 DNA Ligase Buffer 2 uL 1X

Vector DNA (6 kb) 2.5 ng/pL

Insert DNA (1kb) 1.25 ng/uL

T4 DNA Ligase 1 uL 400 units

4.1.6. Bacterial Transformation

NEB 5-alpha Competent E. coli were transformed with the constructs generated in
vitro by the mutagenesis or the ligation reaction. Thawed competent cells were mixed with
10 pL of the mutagenesis or ligation mixture, and the suspension was incubated on ice for
20 minutes. Next, the mixture was placed into a 42°C heat block for 45 seconds, and then
placed back on ice for a 2 minute incubation. Then, 950 uLL LB medium was added, and
the mixture was incubated at 37°C for 1 hour. 50uL of this mixture was added and spread
onto a LB agar plate containing the appropriate antibiotic, and the plate was incubated at

37°C overnight.

4.1.7. Preparation of Plasmid DNA from E. coli

Bacteria colonies containing the transformed DNA were picked up from the LB agar plate
using a pipette tip, and placed into bacterial culture tubes containing 5 mL (for miniprep)
or 50 mL(for midi prep) LB medium supplemented with appropriate antibiotic. The mix-
ture was incubated with shaking at 400 rpm at 37°C overnight. Plasmid isolation from
these cultures were performed using the Monarch Plasmid Miniprep Kit or the QIAGEN
Plasmid Plus Midi Kit according to the manufacturers’ instructions. Plasmid concentra-

tions and quality were assessed using a microvolume spectrophotometer by measuring the
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sample absorbance at light wavelengths of 260 and 280 nm. Plasmid sequences were ver-

ified by performing a Sanger sequencing through LGC Genomics.

4.2. Cell Culture Methods

4.2.1. Growth and Maintenance of Cell Lines

HEK293AD cells were cultured in DMEM supplemented with 10% (vol/vol) fetal
bovine serum (FBS), 1% L-glutamine, penicillin (100 U/mL), and streptomycin (100
pug/mL) in a sterile incubator at 37 °C and 5% CO,. CHO-K1 cells were cultured in phenol
red-free DMEM/F12 medium supplemented with 10% FBS, 1% L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin in a sterile incubator at 37 °C and 5% CO..

In order to start culturing cryopreserved cells, tubes containing cells were taken
from liquid nitrogen and the cells were quickly thawed in a water bath at 37°C for 2
minutes. Thawed cell suspension was taken into a 15 mL centrifuge tube and supplemented
with 10 mL pre-warmed cell culture medium in a sterile laminar flow hood. Cell suspen-
sion was centrifuged at 900 rpm for 3 minutes at room temperature. Supernatant was dis-
carded using a sterile glass Pasteur pipette connected to a suction pump. Pelleted cells were
resuspended in fresh cell culture medium. Cell counting was performed using an automated
cell counter by loading a 1:1 mixture of cell suspension:methylene blue to a cell counting

slide.

For maintenance, firstly the medium in T75 flasks with cells was removed. Cells
were then washed with 2 mL PBS, and treated with 2 mL trypsin/EDTA solution for 30
seconds. After removing the trypsin/EDTA, cells were detached by tapping the flask a few
times. Then, cells were resuspended in 10 mL cell culture medium. Two million cells were
resuspended in a total volume of cell culture medium in a T75 cell culture flask, which was

maintained in a sterile incubator at 37 °C and 5% CO; and passaged every 2 to 3 days.
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4.3. Live Cell Microscopy Methods

4.3.1. Transfection of Cells for Fluorescence Microscopy

For single-cell analysis using fluorescence, FRET, confocal and TIRF microscopy,
cells were prepared at a density of 250,000 cells/well in 6-well plates containing 24 mm
() round glass coverslips. Sixteen hours later, cells were transfected. HEK 293AD cells
were transfected using Effectene Transfection Reagent. Briefly, 0.5ug plasmid DNA was
mixed with 55 uLL EC Buffer and 4 pL Enhancer. After 3 minutes incubation at room
temperature, 6 uL Effectene was added to the mixture and further incubated for 7 minutes,
and then the mixture was added drop-wise into one well, mixed by gently shaking the plate.
CHO-KI cells were transfected using the Lipofectamine 2000 Transfection Reagent ac-
cording to the manufacturer’s instructions. Briefly, in one 2 mL microcentrifuge tube, 2
ng plasmid DNA and 0.5 mL OptiMEM medium were added. In another tube, 6 uL
Lipofectamine Transfection Reagent and 0.5 mL OptiMEM medium were added. After
incubating for 5 minutes, both solutions were combined and the final mixture was further
incubated for 20 minutes. During this incubation, cell culture medium in 6-well plates with
cells was replaced with the antibiotic-free DMEM/F12 supplemented with FBS and L-
Glutamine. After incubating the cells for 20 minutes, transfection mixture was added to
one well. Four to five hours after transfection, the transfection medium was replaced with
the antibiotic-free DMEM/F 12 medium. For fluorescence, FRET and confocal microscopy
imaging, cells were transfected for 16 to 48 hours. For TIRF experiments, cells were trans-

fected for 4 to 6 hours.

4.3.2. SNAP and HaloTag Labeling of Cells

For SNAP tag labeling, dye stocks were prepared using DMSO at a final concen-
tration of 1 mM. Stocks were preserved at -20°C. After appropriate time of transfection,
the medium was removed from the 6-well plates and cells on coverslips were rinsed three
times using pre-warmed PBS solution. Then, cells were supplemented with 1 mL cell cul-

ture medium containing 1 uM SNAP-Surface labeling reagent, or 1 uM HaloTag ligand.
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After incubating for 20 minutes, labeling medium was removed, and cells were incubated

with PBS for 3 times, each for 5 minutes in a cell culture incubator at 37 °C and 5% CO..

4.3.3. Single Color Fluorescence and FRET Microscopy

In order to perform time-course imaging of cpGFP-based sensors, FRET-based bi-
osensors or FRET measurements of two proteins with fluorescent tags in intact single-cells

a fluorescence microscope was used.

4.3.3.1. Microscope Setup

The microscope is a semi-customized commercially-available setup from Visitron,
Germany. It contains a Leica DMi8 microscope body with inverted objectives. [llumina-
tion unit contains a 75 Watt Xenon lamp and a VisiChrome polychromator that is con-
nected to the microscope body where the excitation filter turret is located. Signal is de-
tected by a Prime 95B scientific complementary metal-oxide semiconductor (sCMOS)
camera that is connected to the microscope body with an OptoSplit II emission beam split-
ter. The beam splitter is used for simultaneous two-color (i. e. FRET) imaging (Figure 4-1).
This unit contains a filter cube that allows in the light between certain emission wave-
lengths defined by the first filter. The allowed light is further filtered through a dichroic
mirror inside: while the light within a certain wavelength window is allowed through to
one half of the camera chip, another is reflected. The reflected light at higher wavelength
is then filtered through another emission filter, and beamed to the other half of the camera
chip. This way the same camera can detect light with different wavelength windows at
distinct parts of the camera chip. The filer sets used in this study are given in the sec-

tion 4.3.3.3.
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Figure 4-1. Schematic view of the OptoSplit II that is used for dual-color widefield fluorescence
imaging. The beam with mixed wavelengths enters the filter cube (inner box in dark grey) and
hits the dichroic mirror, which reflects the wavelengths lower than a certain threshold (blue) and
allows the higher wavelengths (yellow). Both filtered beams pass through allows the light within
a defined wavelength window. Filtered emission beams are then reflected via full mirrors to the
top and bottom halves of the camera chip.

4.3.3.2. Perfusion Setup and Application

The fluorescence microscope setup is complemented with an external liquid han-
dling unit (OctaFlow II, ALA Scientific, USA) that allows ultra-fast drug application dur-
ing time-course imaging of living cells. The setup is connected to a computer with a USB
interface that allows the digital control of valves. The liquid handling unit contains a board
with air-pressurized sample reservoirs, each of which is connected to a pinch valve and a
microdiameter tubing. These tubings are then connected to a micromanifold where all
channels are clustered to a single opening. The micromanifold opening is then connected
to an output tube of 100 pm diameter that can be placed closely to the cell that is to be
imaged, in order to allow direct drug application. Solution switching speed of OctaFlow is

in the range of hundreds of microseconds.

In order to use the perfusion setup, the first step is to load the reservoirs with a 5

mL volume of the drug solution. Then, the first 1 mL is run through the system to assure
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that the drug has reached to the tip of the output, which will ensure ultrafast exchange from

buffer to drug.

4.3.3.3. Image Acquisition

After 16 to 24 hours of transfection and then labeling in case of experiments with
SNAP and HaloTag, glass coverslips containing cells were taken into an imaging chamber
and supplemented with HBSS. The chamber with coverslip was placed on the microscope,
with a drop of immersion oil between the objective and the coverslip. Image acquisition

was performed using the VisiView software.

For cpGFP biosensor imaging, only the single-color imaging settings were used.
The cells were illuminated at 450-490 nm and emission was detected between 500-550
nm. For CFP/YFP FRET imaging, cells were illuminated at 430-440 nm and CFP was
detected between 450-480 nm, while FRET was detected between 520-560 nm. For kinetic
experiments, constant illumination was applied. Signal was collected with 10 millisecond

intervals for kinetic measurements.

After detecting a cell with appropriate fluorescence signal, the perfusion tip was
aligned very closely to the cell. Cells were subjected to a continuous buffer superfusion at
the beginning of the imaging. During the imaging, buffer was switched with drug superfu-
sion for different durations, and then the drug was washed out with buffer superfusion until
the signal reached the baseline value. Time points at which buffer and drug solutions were
exchanged were stamped during imaging via the imaging software (VisiView, Visitron,

Germany).

4.3.3.4. Image Correction

All acquired image series were corrected to background signal using the ImageJ

software. Background fluorescence intensity was detected by selecting a cell/fluorescence-
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free region in the image and the mean value was subtracted from the intensity value of
each pixel within the image. Same procedure was applied to each image within an image

series.

CFP/YFP FRET images were additionally corrected to donor bleed through to the
acceptor channel, and direct excitation of the acceptor. Bleed through is the direct donor
emission that is detected in the acceptor channel, which occurs due to spectral spillover of
the donor emission in the acceptor channel. On the other hand, direct excitation of YFP
occurs because of the beginning of the YFP excitation spectra at the 430-440 nm. To cal-
culate the donor bleed through, cells expressing only CFP was imaged using the FRET
imaging settings. After background correction, bleed through factor (BTF) was calculated
by dividing the YFP intensity (Fyrpws3s,s40)) by the CFP intensity (Fcrp43s,465)). Direct exci-
tation was measured by imaging cells expressing only YFP. YFP emission at 490-510 nm
excitation (Fyrp(s00,540)) was divided by the YFP emission 430-440 nm (Fyrp3s,540) to cal-

culate the direct emission factor (DEF).

In FRET image series, after background correction, the corrected YFP signal was

calculated using the formula:

Fypp(corry = Fyrp(ass,sa0) =~ BTF X Fepp(assaesy = DEF X Fypp(s00,540)

Final FRET ratio for each image within an image series was calculated by dividing

Fvyrp(com) by Fcrp.

In time-lapse fluorescence imaging, exposure to the excitation light causes irre-
versible damage of fluorophores that causes an exponential decay of the fluorescence in-
tensity over time. This exponential decay is reflected likewise in the FRET signal. In order
to accurately calculate the onset and offset kinetics of fluorescence intensity and FRET

changes over time, this photobleaching effect should be corrected. To do this correction,
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firstly an exponential decay function was fit on the manually-selected baseline fluores-
cence/FRET signal, and then the calculated fit was subtracted from the trace, using Origin

Pro 2017 software.

4.3.3.5. Onset and Offset Kinetics Calculation

In order to calculate the kinetics of fluorescence/FRET changes upon drug appli-
cation/removal, Origin Pro 2017 software was used. Firstly, corrected intensity/FRET val-
ues were plotted over time. In order to calculate the kinetics of any change in the signal, a
mono-exponential function was fit from the data point where the change in signal started,
until the data point where the signal exhibited a linear behavior. After applying this calcu-
lation on several measurements, obtained tau (t) values were plotted as a scatter dot plot

using the GraphPad Prism 7 software.

4.3.4. Confocal Microscopy

Confocal microscopy was used for imaging the samples prepared for immunofluo-
rescence and spatial and temporal brightness experiments. The setup that was used is a
commercial Leica SP8 laser-scanning confocal microscope equipped with two photon-
counting and two analog (with photomultiplier tube) multiwavelength detectors, scanning

head, white light laser (WLL), 405 nm diode laser and multiple objectives.

4.3.4.1. Immunofluorescence

HEK293AD or CHO-K1 cells were seeded on glass cover slips in 6-well plates,
and the next day they were transfected with pcDNA3 or 3xHA-CXCR4-ECFP or 1AR-
ECFP construct as given in the section 4.3.1. Next day, cells were washed 3 times with
pre-warmed PBS, and then were supplemented with 1% BSA in FluoroBrite medium, and
were incubated at 37 °C and 5% CO,. One hour after incubation, the medium was replaced

with the immunofluorescence medium supplemented with 20 pg/mL CXCR4 Alexa Fluor
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488-conjugated antibody, and then further incubated for 1 hour at 37 °C and 5% CO,. Next,
the antibody-containing medium was discarded, cells were washed 3 times with PBS, and
then were incubated with the immunofluorescence medium for 10 minutes. This step was
repeated 3 times and after each step the medium was refreshed. After the last incubation,
a coverslip containing labeled cells was placed into a cell chamber and supplemented with
immunofluorescence buffer. The chamber was carefully placed on the microscope stage
right above the 40X/1.3 NA objective with a drop of immersion oil. For ECFP excitation,
a 405 nm diode laser was used at 10% power, and ECFP emission was detected between
430-490 nm using the first hybrid detector in photon counting mode. For Alexa Fluor 488
excitation, WLL was set to 492 nm laser line at 10% final power output. Alexa Fluor 488
emission was detected between 500-650 nm using the second hybrid detector in photon
counting mode. Line sequential imaging option was used, in order to prevent the spillover
of the ECFP signal into the Alexa Fluor 488 channel. Image size was 512x512 pixels,

zoom factor was 11.37, pixel size was 50 nm, and pixel dwell time was 4.88 ps.

4.3.4.2. FRET Acceptor Photobleaching

To perform FRET acceptor photobleaching (FRET AB), HEK293AD cells were
seeded on glass cover slips in 6-well plates, and the next day they were transfected with
two GPCR constructs, one with ECFP at the C terminus, and the other with EYFP. 16 to
24 hours after transfection, cells were taken to a cell chamber and supplemented with
HBSS, or HBSS with a drug at certain concentration. For imaging the FRET AB module
of the Leica SP8 confocal microscope was used. FRET AB imaging was performed on the
basal membranes of the cells expressing ECFP and EYFP-tagged receptors. .A pre-bleach-
ing snapshot of donor and acceptor channels were sequentially acquired at 700 Hz scanner
rate with 1% 405 nm laser output and 1% output of 514 nm line of the WLL. Detection
was performed using the PMT detectors at 700 V gain. ECFP was detected between 450-
490 nm and EYFP was detected between 520-600 nm. Next, photobleaching of the accep-
tor was performed by acquiring 10 frames of the whole imaging field using the 514 nm
line of the WLL at 50% output. After photobleaching, post-bleaching images of the donor
and acceptor were acquired using the same settings as in the pre-bleaching imaging. Image

size was 512x512, pixel size was 50 nm. To calculate the FRET efficiency, a region of
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interest (ROI) was selected by hand, avoiding the heterogeneous, high-intensity areas such
as clusters, membrane ruffles etc. FRET efficiency was calculated according to the follow-
ing formula, where Iecrp(pre) 18 the intensity of ECFP before acceptor photobleaching, and

IEcrp(post) the intensity of ECFP after acceptor photobleaching within the ROI:

IECFP(post) - IECFP(pre)

%FRET =

IECFP(pre)

4.3.4.3. Spatial and Temporal Brightness Imaging

For spatial and temporal brightness imaging, cells were seeded on glass cover slips
in 6-well plates, and the next day they were transfected with constructs carrying a SNAP-
or EYFP-tagged GPCR gene according to the section 4.3.1. 16 to 24 hours after transfec-
tion, cells were washed with pre-warmed PBS, were mounted on a cell chamber and sup-
plemented with HBSS. Then, the cell chamber was placed on the microscope stage, over
the 40X/1.3 NA objective with a drop of immersion oil. For SNAP Surface Alexa Fluor
488-labeled cells, the 488 nm line of the WLL was used at 10% power for excitation. For
EYFP, 514 nm laser line was used at 10% output. While searching cells, laser power for
either wavelength line was used at 0.3% to minimize photobleaching, the scan frequency
was increased to 700 Hz and the zoom factor was set to minimum to allow a more rapid
cell search. Using the z-axis scanning module, the bottom membrane (membrane area that
contacts the coverslip) of the cells were assessed. Only the cells that exhibited a homoge-
nous morphology at this area were imaged. Once a suitable cell was found, the zoom factor
was set to achieve 50 nm pixel size, the cell was centered in the imaging field, and then
the acquisition was stopped. Next, the following settings were applied and image acquisi-
tion was started: For spatial brightness imaging, laser output was 10%, image size was
512x512 pixels, zoom factor was 11.37, and pixel dwell time was 4.88 ps. For regular
brightness analysis, only one frame was acquired. For experiments with photobleaching, a
series of 10 consecutive frames were acquired. For temporal brightness imaging, laser out-
put was 0.75%, image size was 256x256 pixels, zoom factor was 22.8, and pixel dwell

time was 2.43 ps. For both imaging approaches, emission was detected using the hybrid
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detectors in photon counting mode, between 520-600 nm for EYFP and 500-650 nm for
SNAP Surface Alexa Fluor 488. For each cell, 100 consecutive frames were acquired.
During acquisition, autofocus was set to a well-focused lane on the z-axis, in order to pre-

vent the defocusing of the sample during imaging.

4.3.4.4. Spatial and Temporal Brightness Analysis

Spatial image analysis was performed using a custom-written analysis routine in
Matlab and Igor (can be found at Isbilir et al., 2021). First, a single frame image was opened
in Matlab or Igor. A polygonal region of interest (ROI) was marked by hand, avoiding the
inhomogeneities that are obvious to the eye. After masking the selected ROI, the analysis

code was run to calculate the number and the brightness values.

Temporal brightness analysis was performed manually using the ImagelJ software.
First, an image stack was opened in ImageJ and the image type was set to 32-bit. Intensity
profile was plotted over frame number to assess the photobleaching level. If photobleach-
ing was less than 70%, then a detrending routine was applied without any thresholding
using the Detrendr plugin on ImagelJ. Average fluorescence across the image stack was
always checked after “detrending”. Detrending is applied on the image series to normalize
the photobleaching-induced decrease in fluorescence. Image series that display is 30% or
more photobleaching were not used in the analysis. Using the photobleaching-corrected
image stack, average intensity and standard deviation images were generated. The variance
image was then generated by calculating the square root of the standard deviation image.
Also, a squared mean intensity image was generated. Then, using the image calculator on
ImagelJ, a brightness image was generated by dividing the variance image by the average
intensity image. The “number of molecules” image was generated by dividing the squared
mean intensity image by the variance image. To calculate the average number and bright-
ness, aligned ROIs on both number and brightness images were selected and mean pixel

values were calculated.
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4.3.5. TIRF Microscopy

4.3.5.1. TIRF Microscope Setup

To image fluorescently-labeled receptors at single molecule resolution, TIRF mi-
croscopy approaches were used. The commercial, modified microscopy setup used here is
equipped with a 100X/1.49 NA TIRF objective with automated correction collar, a laser
box with 405 nm: 20 mW, 488 nm: 45 mW, 561 nm: 45 mW, 647 nm: 40 mW diode laser
lines connected to a single fiber output to the N-STORM module, and 4 electron multiply-
ing charge-coupled devices (EMCCD). EMCCDs were connected to the microscope body
via a camera splitter equipped with dichroic mirrors for detection of certain wavelength

windows at each camera.

4.3.5.2. TIRF Microscopy Imaging

CHO-K1 cells were seeded on clean cover slips in 6-well plates and transfected 24
hours after seeding with plasmids containing N-terminally SNAP-tagged GPCR DNA.
Four to six hours after transfection, transfection medium was removed, cells were washed
with pre-warmed PBS, and supplemented with cell culture buffer containing 1 uM SNAP
Surface 549 dye. After incubating the cells for 20 minutes at 37 °C and 5% CO., the label-
ing medium was removed, cells were washed 3 times with DPBS, and then they were in-
cubated with cell culture medium for 5 minutes to remove excess and non-specifically
bound dye. This incubation was repeated 2 more times with fresh medium. After the last
incubation, the medium was removed, cells were rinsed with PBS, the cover slip was taken
to an imaging chamber and it was supplemented with HBSS. Using a low laser power, the
focus was set, and the focus position was fixed on the software for continuous autofocus.
Imaging was performed at different time intervals ranging from 10 to 50 ms, and 400 to

800 frames were acquired. Image size was 512x512, pixel size was 106 nm.
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4.3.5.3. Single Molecule Intensity Analysis

In order to quantify receptor oligomerization via single molecule imaging, first
frames of the TIRF movies acquired with 40 ms and 50 ms integration time were used, as
these images provided the sufficient signal-to-noise ratio for robust quantification of single
fluorescent particle intensities. Analysis was performed using the u-track software, which
detects single particles and calculates their mean intensities. After obtaining the intensity
values of each particle from the first or the last frame of the image series, their frequency
distribution was plotted. By fitting multiple Gaussian distributions with experimentally-
defined center of mass and standard deviation, proportions of different oligomeric states

were obtained by calculating the area under each mono-Gaussian.

4.3.5.4. Single Molecule Tracking Analysis

Single molecule tracking was performed in order to calculate the kinetics of single
molecule interactions. For this analysis, TIRF movies acquired with 10 ms to 40 ms were
used. The u-track software was used for detecting single particles at each frame of the
movie, and corresponding particle trajectories for each single molecule were assigned. This
software can also assign particles association and dissociation in terms of track merging
and splitting. Using a second software, named Polytracker, the length of the tracks from
the moment two particles merged until they split were calculated. Polytracker uses the
tracking information from u-track to retrieve track merging and splitting information. It
calculates the number of frames starting from the frame where two individual tracks merge
until they split. By manually entering the frame rate in the script, it calculates the “lifetime”
of each dimer track. The frequency of lifetimes with a bin size of 50 ms was then plotted,
and a bi-exponential curve was fit to this in order to calculate the t value of the dimerization
lifetime. The t of the fast monoexponential phase of this function was fixed to 112 ms,
which is the t value obtained by fitting the dimer lifetimes of simulated single molecule
particles that exhibit a mixed diffusion behavior. From this constrained bi-exponential fit,

the slow phase of the fit revealed the t of the true dimer lifetimes of the measured receptor.
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4.4. Plate Reader-Based FRET and BRET Analysis

4.4.1. Plate Reader Setup

In order to assess the drug concentration-response relationship of biological path-
ways using FRET or BRET, a multi-well plate reader was used. This commercial Biotek
Neo?2 plate reader is equipped with a Xenon lamp and a monochromator to facilitate fluor-
ophore excitation with a defined wavelength. Emission light is filtered through mono-
chromators and detected via photomultiplier tubes (PMT) with adjustable voltage gain.
Excitation and emission can also be controlled using filter blocks equipped with dichroic
mirrors that can filter appropriate light wavelengths and direct them to separate PMT de-
tectors. For BRET measurements, no external excitation light is used, since it is produced
by an enzymatic reaction via the nanoluciferase enzyme and its substrate furimazine. For
CFP/YFP FRET, an excitation filter cube with 420/50 nm bandpass filter was used. The
emission filter had two filters: 485/20 nm bandpass for donor (CFP) and 540/25 nm band-
pass for acceptor (YFP). For nanoBRET, a full pass-through excitation filter cube was
used. For nanoBRET emission (BRET between nanoluciferase and HaloTag 618 dye) an
emission filter cube with the following filters was used: 450/50 nm bandpass for donor

(nanoluciferase) emission and 610 nm longpass filter for acceptor (HaloTag 618) emission.

4.4.2. Preparation of Cells for the Multiwell Plate Measurements

Two million HEK293AD cells were seeded in 10 cm cell culture plates and were
transfected with plasmids containing the appropriate FRET or BRET pair. Twenty-four
hours after transfection, cells were resuspended in cell culture medium and 50,000 to
100,000 cells were seeded into each well of a 96-well plate. If a NanoBRET assay was to
be performed, cell suspension was supplemented with HaloTag 618 dye with a final con-
centration of 1 pM. After seeding to the 96-well plate, cells were incubated for 24 hours at
37°C and 5% COs. For plate reader measurements, cell medium was discarded and cells
were washed using HBSS, supplemented with 90 uL pre-warmed HBSS and incubated at
37°C and 5% CO> for 10 minutes. If a NanoBRET assay was to be performed, HBSS was
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supplemented with furimazine solution (1:1,000 vol/vol). Next, measurement was per-
formed by placing the 96-well plate in the reader and applying an appropriate, pre-set assay
protocol. All measurements were performed at 37°C. Detector distance from the plate was
set to 4.5 mm. For FRET, measurements per data point per well was set to 20, and lamp
energy was set to high. For BRET, residence time of the detector on each well was set to
0.3 seconds. For FRET, donor and acceptor PMT gain were both set to 100. For BRET,
donor PMT was set to 90 and acceptor PMT was set to 120.

To assess drug response, firstly a basal measurement with no drug was performed.
For this, each well was measured 4 times. Then, each column (8 wells) of the plate was
supplemented with different concentrations of the drug (in total 11 concentrations and ve-
hicle). An automatic, 5-second bidirectional shake was applied to allow uniform distribu-
tion of the applied drug. For G protein activation FRET assays, a 5-minute measurement
was performed post-drug application. For BRET-based B-arrestin recruitment and inter-

nalization assays, this measurement was performed for 45 minutes after drug addition.

4.4.3. Plate Reader Data Analysis

After the measurement was done, an Excel file containing the whole assay data was
extracted. To calculate a drug-induced change of FRET or BRET, the mean basal and post-
stimulus response were calculated by averaging the basal and post-stimulus signal from
different time points. Data points at the linear saturation were used for averaging in case
of post-stimulus response. Next, the net signal change (%A Response) was calculated using

the formula below:

Response,,ss — Responsepqsq

% Response = ( ) x 100

Responsey sal

Where Responsepos: 1s the average BRET or FRET ratio after ligand stimulus, and Re-
sponsepre 1 the average FRET or FRET ratio observed at the basal state. Calculated %A
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Response values were plotted against corresponding logarithmic drug concentration value
in Molar unit, and a Hill equation was fit on the data to calculate the EC50 and Emax

values.
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5. RESULTS

5.1. TIRFM-Based Assessment of CXCR4 Oligomerization

CXCRA4 is expressed in diverse tissues and cell types, and the expression levels of
CXCR4 varies greatly from one cell type to another. Due to this, one of the first aspects to
consider before assessing oligomerization is the expression level of a receptor of interest.
A robust technique to precisely quantify membrane protein oligomerization at very low
expression levels is the TIRFM based single particle analysis. At expression levels below
0.5 particle per micron square (um?) membrane area, this method provides sufficient res-
olution to observe single receptor protomers labeled with a fluorophore. To investigate
CXCR4 oligomerization using single molecule analysis, an N-terminally SNAP-tag incor-
porated CXCR4 construct was cloned and used. This protein tag was expressed in cells
and covalently labeled with a selection of organic dyes to facilitate live cell TIRFM imag-

ing.

5.1.1. Single Particle Intensity Analysis

As the first method of choice, single particle intensity analysis was employed to
quantify oligomerization. For this, intact CHO-K1 cells expressing SNAP-tagged receptors
were imaged after labeling with SNAP Surface 549 dye (Figure 5-1A). This analysis makes
use of single-frame TIRF images (Figure 5-1C), from which the single particles are de-
tected, and then their intensities are calculated (Figure 5-1D). Due to the resolution limit,
each receptor, which in reality has a diameter of 10 nm, appears as a sphere with a diameter
of approximately ~550 nm diameter, which is defined by the point spread function (PSF).
Therefore, when two particles physically interact, in the imaging field they appear as one
single PSF that present the intensity value corresponding to the sum of those two overlap-
ping particles. Because of the cell architecture and intrinsic properties of fluorophores, as
well as the illumination profile of the microscope and other setup dependent effects, these

particles do not exhibit a homogeneous intensity value. Rather, the intensity values of the
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particles of a particular size are normally distributed. By fitting a Gaussian distribution to
the particle intensity distributions, one can calculate the characteristics of intensity distri-
butions of known monomeric/oligomeric controls. Such an analysis requires well-charac-
terized monomeric and dimeric membrane proteins in order to quantify oligomeric states
with precision. Therefore, previously-established controls were used here: N-terminally
SNAP-tagged B1AR (SNAP-B1AR) as the monomeric, and SNAP-CD28 as dimeric control
(Calebiro et al., 2013).

A SNAP-Surface® 549 B il

Figure 5-1. Single molecule imaging using TIRFM. (A) Schematic view of a SNAP (red)-
CXCRA4, labeled with SNAP-Surface 549 (yellow). (B) Schematic representation of TIRFM im-
aging of single molecules. Laser beam is directed to the specimen at a certain incidence angle.
Depending on this angle and the refractive index of the immersion oil between the specimen and
the objective, the excitation beam is partially reflected. A portion of the non-reflected light gener-
ates an electromagnetic evanescence field (light blue), with a depth of ~100 nm, which allows ob-
serving fluorescent particles in single molecule resolution on the surface of an intact cell (yel-
low). (C) A representative single molecule TIRFM image of SNAP-CXCR4 in an intact CHO-K1
cell, displaying single fluorescent particles (red) and (D) particle detection from this image. Each
purple circle indicates a detected particle above the background threshold. Inlet: zoomed in view
of the image within the white box.
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After transfecting CHO-K1 cells with one of these constructs each for 4-6 hours,
expressed and cell surface localized SNAP-tagged receptors were labeled using the SNAP
Surface 549 dye, and imaging was performed on the TIRF microscope. To deconvolute
each of the oligomer states of a given receptor using this method, multiple Gaussian fits
on the single molecule intensity frequency distributions are applied. In such a fit, each
Gaussian component corresponds to an oligomeric state. Firstly, the properties (center (c)
and full width at half maximum (FWHM)) of the Gaussian fit that corresponds to an ex-
clusively monomeric receptor (using certain image acquisition settings) needs to be de-
fined as reference. To do this, multiple consecutive frames of the highly monomeric
SNAP-B1AR were acquired (Figure 5-2A and B), and the particle intensity distribution was
calculated from the last frame of those movies, because TIRF imaging at high laser power
causes photobleaching, and this increases the probability of having all remaining SNAP-

B1AR particles in the last image frame to be exclusively monomeric.

When analyzed, the intensity distribution of the 400 frame of SNAP-B;AR movies
displayed, indeed, a single Gaussian trend, which corresponded to an exclusively mono-
meric behavior (Figure 5-2C). This Gaussian fit resulted in the following values: c=
0.00425 and FWHM=0.0043. These values then served to define the properties of the
Gaussian fit profiles of larger oligomeric fractions as fixed values, such as dimers (c=

0.0085 and FWHM=0.0086) or tetramers (c=0.017 and FWHM=0.0172).

A B

Frame 1 Frame 400

10 pm

SNAP-B,AR (400" frame)
0.151

10 pm

0.101
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Figure 5-2. Determination of monomeric single molecule intensity distribution fitting values. (A)
First and (B) last (400™) images of a CHO-K1 cell expressing the SNAP-B;AR labeled with
SNAP Surface 549. (C) Intensity distribution of the 400" image can be fit with a mono-Gaussian
distribution, which indicates that there are only monomeric species in this sample. The properties
of this fit corresponding to the monomeric intensity character are then used as constrains for the
experiments with unknown species characteristics.
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Next, the first frames of SNAP-B1AR movies were analyzed to identify the basal
oligomeric behavior of this receptor. After fitting multi-Gaussian distributions with de-
fined c and FWHM values on the intensity frequency distributions, the area under the curve
(AUC) of each Gaussian component was calculated. This calculation revealed a 94.4%
monomeric and 5.6% dimeric fraction, and no larger oligomers (Figure 5-3A and D). This
analysis confirmed the largely monomeric behavior of SNAP-B;AR. The same analysis on
the dimeric control, SNAP-CD28, revealed a 92.6% dimeric and 3.8% tetrameric popula-
tion for it. A small, monomeric SNAP-CD28 fraction of at 3.6%, which is probably caused
by substantial photobleaching, or incomplete labeling, was also observed (Figure 5-3B and
D). These experiments revealed the reliable use of the control constructs used here and
also confirmed the validity of the approach. Finally, the analysis of SNAP-CXCR4 images
revealed a highly monomeric fraction at 86.7%, and a fraction of dimers at 11.6%, as well

as a negligible amount of higher order oligomers (1.7%) (Figure 5-3C and D).

All together, these results suggest that at very low expression levels (below 0.3
particles per um?) SNAP-CXCR4 exhibits a dominant monomeric behavior in intact CHO-
K1 cells.
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Figure 5-3. TIRFM single molecule intensity analysis. Intensity distributions of SNAP-Surface
549 particles corresponding to (A) SNAP-CXCR4, (B) SNAP-B;AR, and (C) SNAP-CD28. A
mixed Gaussian fit distinguishes fractions of oligomeric populations. From the global fit (black
line), monomeric (blue), dimeric (green), and tetrameric (orange) fractions were derived. (D) Pie
chart view of the fractions of oligomeric species, calculated from the areas under Gaussian fit
curves. Intensity values were collected from 27 different cells for SNAP-CXCR4, 8 cells for
SNAP-B;AR, and 13 cells for SNAP-CD28 in seven independent experiments.

5.1.2. Dynamic Interactions of CXCR4 Protomers

Static analysis of single molecule intensities displayed a prevalently monomeric
organization of CXCR4. Therefore, it was essential to assess whether these monomeric
CXCR4 molecules ever interact with each other, and if they do so, with what temporal
kinetics those interactions would occur. To assess this, lateral movements of individual
SNAP-CXCR4 molecules in living cells were assessed from TIRF image series acquired

at 10-50 ms intervals per frame (Figure 5-4A and B). Using the Polytracker software
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(Moller et al., 2020), time points where individual tracks colocalized and split were ana-
lyzed. Then, the durations in which two tracks remained merged were calculated and their
frequencies were plotted. Since TIRFM cannot resolve particles below 50 nm, not every
merging information revealed by Polytracker actually corresponds to a specific interaction.
Due to this, some of the interactions observed in TIRF movies correspond to random col-
ocalizations. The duration of these random, nonspecific colocalizations of PSFs were cal-
culated previously (for identical imaging settings) by computationally simulating the sin-
gle molecules with experimentally-determined diffusion speeds (Mdller et al., 2020). The
distribution of random colocalization times displayed a single exponential decay behavior,
with a t value of 112 ms. Then, a bi-exponential decay on the SNAP-CXCR4 data with a
constrained t value of the random colocalizations was fitted. This revealed the true inter-
action kinetics of SNAP-CXCRA4, as the t value of the second exponential component from
the fit, which was ~900 ms (Figure 5-4C). This dimerization time is almost twice as long

as that observed for the strictly monomeric p opioid receptor under identical experimental

conditions.
TIRF single molecule tracking SNAP-CXCR4 dimerization kinetics
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Figure 5-4. TIRFM single molecule tracking and dimerization kinetics. (A) A representative
TIRF image and single molecule tracks (red) overlaid on its source TIRF movie. (B) Representa-
tive tracks of two SNAP-CXCR4 transiently homodimerizing. Shown are the coordinates of two
tracks (blue lines) in X (upper) and Y (middle) dimensions. Intensity doubling (lower) upon par-
ticle merging (color change from blue to green) demonstrates receptor interactions. (C) Distribu-
tion of colocalization times obtained from the length of individual dimerization events. A biexpo-
nential decay function (black) with a constrained rate constant (magenta), derived from simulated

randomly colocalizing particles (magenta), resulted in a slow component (green), representing
specific interactions of SNAP-CXCR4, with a lifetime (t-value) of 890 (730 to 1,088) ms (mean
and 95% CI).
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In summary, these results suggest that CXCR4 organization is largely monomeric
at low densities, but the individual protomers can form specific interactions with each other

in the order of 1 second kinetics.

5.2. Molecular Brightness-Based Assessment of CXCR4 Oligomerization

Single molecule imaging using TIRFM is an excellent method to precisely analyze
receptor oligomerization at very low expression levels. This method provides a robust ap-
proach to understand dynamic and kinetic features of receptor protomer interactions. How-
ever, at receptor densities higher than ~0.5 protomers per um? membrane area, the individ-
ual PSFs within the TIRF illumination field start to overlap, thus detecting single entities
separately becomes impossible. Moreover, depending on the receptor and tissue type, ex-
pression levels of GPCRs usually exceed the expression levels that are generally optimal
for TIRF imaging. This is indeed the case for CXCR4. For example, CXCR4 levels in
leukocytes can range from a few thousands to above 100.000 receptors, which corresponds
to a range between ~4 to >300 receptors per pm? of membrane area (assuming that the
surface area of a T cell is ~250 um?). Therefore, single molecule fluorescence imaging
would not be suitable to explore CXCR4 oligomerization at high expression levels. For
this reason, molecular brightness analysis, which is a method based on fluorescence fluc-

tuation spectroscopy, was the method of choice for further experiments.

5.2.1. Implementation of Spatial and Temporal Brightness Protocols

Molecular brightness methods implemented here are based on the mathematical
theory of the Number & Brightness (N&B) analysis (Digman et al., 2008), which is a flu-
orescence fluctuation spectroscopy method. N&B method relies on the statistical analysis
of fluorescence intensity fluctuations within the confocal beam volume determined by the
confocal beam volume, to calculate the concentration and brightness of fluorescent parti-

cles.
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Figure 5-5. The basis of fluorescence fluctuation analysis. (A) Intensity fluctuations can be meas-
ured in individual pixels over time (top), or among different pixels of an image (bottom). (B) In
temporal measurements, diffusion of several monomeric proteins or a single trimeric protein
through the observation volume produces the same average intensity, while the intensity fluctua-
tions in case of trimers is larger. (C) Intensity histograms of these two cases clearly indicate that
the variance of intensity distributions is larger for the case where trimers are present, compared to
where monomers are present.

Originally, N&B was developed to measure the intensity fluctuations within indi-
vidual pixels of an image over time. However, a pool of pixels with individual intensity
values can be treated similarly, thus the theory behind N&B may apply to a single confocal
image as well (Figure 5-5A). The fluctuations, within a pixel over time or within several
pixels over a single image, produce intensity variations (Figure 5-5B). The variation of the
fluorescence intensity is defined by the oligomeric size of the fluorescent particles travel-
ing through the confocal volume over time, or the presence of particles in a given moment
over space. This means, over time, whenever a large particle (i.e. tetramer) travels through
the observation spot, high jumps in the fluorescence intensity are observed, while smaller
complexes (i.e. monomer) produce smaller intensity changes (Figure 5-5C). Same applies
in the spatial domain: compared to monomeric species, the presence of the amount of tri-
meric species in individual pixels of a static image in a given time exhibits a larger variance

in fluorescence intensity.

Based on this theory, the number and brightness calculations, where the ratio of the
variance (c?) to average intensity (k) results in the apparent brightness, and the ratio of the
square of the average intensity (k) to variance, results in the apparent number of particles
within the observation volume. 6 and k are calculated by Gaussian fitting on the intensity

histograms. In an ideal model, where all the fluorescence fluctuations arise purely from the
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photon counts, apparent number, N, and apparent brightness, B, are calculated with the

formulas given below:

k? o?

N = —
g2 k

The variance o? is proportional to the square of intrinsic molecular brightness (real
photon counts per particle per time), 7, and the number of particles, n. So, 62 is calculated
as: 02 = £?n. However, the variance in fluorescence intensity does not solely emerge from
photon counts. In a photon counting detector, detector shot noise also contributes linearly
to the variance (67 = en). Because en is actually equal to the average intensity k, the de-
tector shot noise contributes to the variance equally to the k. Thus, the apparent B is calcu-

lated with the contribution of both variances:

B_aﬁ_l_aj_ezn_l_en_ek_'_k_ 1
"k Tk Tk Tk Tk Tk

N k? enxen en X en en
02 en+en en(e+1) e+1

The intrinsic brightness ¢ is independent from the number of particles #, and it is
defined by the photophysical properties of the fluorescent entity (fluorescent protein or
dye). On the other hand, N is directly proportional to #. So the ¢ and » can be defined as:
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Figure 5-6. Image acquisition and data curation for temporal brightness analysis. (A) Confocal
image series of the basolateral membrane of an intact HEK293AD cell expressing a C-terminally
EYFP tagged GPCR. (B) Intensity profile and the mean intensity (black dashed line) of an indi-
vidual pixel over time. (C) Distribution of the intensity values obtained from (B) and Gaussian
fitting. Center of and the variance of the Gaussian fit are used to calculate the N and B values for
this individual pixel. Same calculations are iterated for all the pixels within the image. (D and E)
Number and Brightness maps generated from the calculations in (C). (F) Distribution of N and B
values obtained by appointing a ROI on the N and B maps in (D) and (E). A Gaussian distribu-
tion fitting revealed the average number (N.4.,) and average brightness (Bavg) for the marked ROI.

The temporal brightness (TB) method uses image series (Figure 5-6A) and calcu-
lates average number of fluorescent molecules as well as their average brightness for indi-
vidual beam areas (Figure 5-6B and C), and assigns these values to each pixel. When this
analysis is performed over time with several pixels that constitute an image, it generates
number and brightness maps of individual cells (Figure 5-6D and E). It is then possible to
calculate the average number and brightness at certain regions of the cells (Figure 5-6F).
On the other hand, spatial brightness (SB) calculates an average N and apparent B from a
pool of pixels of a single image (Figure 5-7A and B), and produces a single, average num-

ber and brightness value for each ROI on individual cells (Figure 5-7C).
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Figure 5-7. Image acquisition and data curation for spatial brightness analysis. (A) A single con-
focal image of the basolateral membrane of an intact HEK293AD cell expressing a C-terminally
EYFP tagged GPCR. (B) Intensity profile and the mean intensity (black dashed line) of the pixels
within the ROI (white) marked on the image in (A). (C) Distribution and Gaussian fitting of the
intensity values obtained from (B). Center of and the variance of the Gaussian fit are used to cal-
culate the N and B values for this individual ROL.

To successfully apply a molecular brightness method, it is essential to verify the
validity of the theory under certain imaging conditions first. To verify whether this method
can calculate the concentration (number of fluorescence molecules within the confocal
beam area), firstly the microscope resolution, thus the PSF beam volume was calculated
by imaging single 0.5 pum TetraSpeck microspheres on confocal microscope. Fluorescent
microspheres were diluted 1:1000 (vol/vol) in ethanol and 10 pL of the mixture was added
on a glass coverslip, and then it was allowed to drop. Then, the coverslip was mounted on
a microscope slide and an xyz image of a single bead was acquired using the imaging
settings for Alexa Fluor 488 (excitation with 488 nm at 10% laser power, emission at 500-
650 nm) and EYFP (excitation with 514 nm at 10% laser power; emission at 520-600 nm)
(Figure 5-8A). Then, using the MetroloJ plugin of ImageJ (Matthews and Cordeliéres,
2010), an xz and a yz projection from the center of the microsphere was taken to calculate
the x, y and z dimensions of the PSF, which are used for calculating the confocal volume
(V) and the beam area (w?) (Figure 5-8B). The calculated PSF dimensions are given in
Table 5-1. After deconvoluting 0.25 pm (radius of the microspheres) from these values,
the PSF volume was calculated using the spheroid volume formula, and the beam area was
calculated using the ellipsoid area formula. The “number” value calculated by TB and SB
corresponds to the amount of fluorescent molecules within the size of one beam area. This
calculated number per beam area can then be converted to number of particles per um?

membrane area.
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Figure 5-8. Confocal beam volume/beam area calculation and verification. (A) xyz intensity pro-
file of a 0.5 um Tetraspeck bead acquired under SB imaging settings with 488 nm and 514 nm
laser lines.(B) Theoretical shape of the confocal beam and calculation of the confocal volume and
area based on the Rayleigh criterion. Gaussian fitting of the bead intensity profiles at x, y, and z
axes calculates the beam dimensions (FWHM of the Gaussian fit for each axis). From these di-
mensions both the beam area (w? = mxy) and volume (V = n3/?xyz) are calculated. (C) Verifi-
cation of the calculated beam volume by measuring the Rhodamine 6G. Theoretical number was
calculated considering the molar concentration of Rhodamine 6G solution and the observation
volume calculated from the beads. Each data point is the mean+standard deviation (SD) calcu-
lated from 3 different images per condition. The straight line is the fit of the data points with 95%
confidence intervals (CI, gray shade). The fit resulted in a line with a slope of 1.16 (0.94 to 1.38
CD).

Table 5-1. Confocal PSF dimensions calculated by imaging fluorescence microspheres.

Laser Line | x (corr.) y (corr.) z (corr.) Volume Beam Area

488 nm 0.545 pm 0.548 um 1.226 um 0.35 fL 0.27 um?
(0.295 pm) | (0.289 pm) | (0.976 pm)

514 nm 0.579 pm 0.566 um 1.389 um 0.65 fL 0.33 um?
(0.329 um) | (0.316 pm) | (1.139 pm)

Once the confocal volume was calculated, the next step was to verify whether the
solution concentrations could be accurately measured using the brightness methods. For
this, Rhodamine G solutions at different concentrations prepared in glycerol:water (9:1
vol/vol) were prepared and imaged with spatial brightness imaging settings using the 514
nm laser line and 520-600 nm detection window. Ideally, since the concentration of the

confocal volume is known, the calculated number using the brightness analysis should
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correctly correspond to the concentration of the solution. Indeed, the calculated number of
Rhodamine 6G at each concentration correlated with the theoretical number of molecules
at given confocal volume. These experiments verified that the implemented imaging set-
tings for molecular brightness measurement can calculate fluorescent particle concentra-
tions accurately, and can be used for studying the oligomerization of fluorescently-labeled

GPCRs (Figure 5-8C).

5.2.1.1. Selection and Verification of Monomeric and Dimeric Controls

Once the calibration measurements verified the concentrations calculated by
brightness measurements, the next step was to test the method to quantify the membrane
protein oligomerization and density. The apparent brightness (¢) values produced by the
method can be used to quantify the average oligomerization only when it is compared with
a fully characterized and validated, true monomeric and, ideally, a dimeric control protein.
By normalizing the observed brightness value to which observed for the monomeric con-

trol, one can describe an average oligomeric state for the protein of interest:

Oligomer state = —SPCR_

Emonomer

Recent studies displayed that a majority of GPCRs display similar diffusion prop-
erties (Yanagawa et al., 2018). In view of previous studies, the single-transmembrane pro-
tein CD86 and a class A GPCR B adrenergic receptor (B1AR), were tested as candidate
monomeric controls (Calebiro et al., 2013; Dorsch et al., 2009). Both B1AR and CD86
displays monomeric stoichiometry according to the single molecule studies. To evaluate
their potential as monomeric controls, an N-terminally SNAP-tagged, or a C-terminally
EYFP-tagged B1AR and CD86 constructs were cloned. Moreover, in order to have a di-
meric control, a B1AR construct with two tandem EYFPs at the C-terminus (B1AR-
2xEYFP) was also cloned. A rigid, alpha helical linker sequence that is made up of
A(EAAAK)4A protein sequence was inserted between two EYFPs in order to limit the
interactions between the two EYFPs within the same protein (Arai et al., 2001). Therefore,
SNAP-CD28 and CD28-EYFP constructs were also cloned to be tested as dimeric control

constructs (Figure 5-9A). Confocal microscopy imaging of these constructs expressed in
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HEK293AD cells showed that these tags did not alter the expression or the plasma mem-

brane localization of this receptor (Figure 5-9B).

Monomeric controls B1AR-EYFP B1AR-2xEYFP SNAP-B1AR

CD86-EYFP E pEAR -EYFP ﬁ
EYFP  SNAP-CD86 SNAP-B1
Dimeric controls CD86-EYFP CD28-EYFP SNAP-CD86 SNAP-CD28
CD28-EYFP B1AR-2xEYFP
ever Ever SNAP-CD28 P
EYFP

Figure 5-9. Candidate monomeric and dimeric calibration constructs for brightness analyses. (A)
Cartoon view of the designed control constructs. EYFP was always inserted C-terminally. SNAP
tag was inserted N-terminally for extracellular labeling with organic dyes. (B and C) Confocal
microscopy images of the basolateral membranes of HEK293AD cells expressing the (B) C-ter-
minally EYFP tagged constructs and (C) N-terminally SNAP tagged constructs, labeled with
SNAP Surface Alexa Fluor 488 dye. The scale bar in each image is 5 pm.

Firstly, C-terminally EYFP-tagged constructs were characterized. Several single
confocal images of the cells expressing each construct were acquired for SB analysis. Re-
sults of SB analysis showed that the f1AR-EYFP displayed the lowest average brightness
(€=0.99 £ 0.21 SD). The average brightness calculated for B1AR-2XEYFP was double of
was measured for B1AR-EYFP (2.01 £+ 0.34). CD28-EYFP displayed brightness values
slightly above B1AR-2XEYFP (2.21 £ 0.39). On the other hand, the average brightness of
CD86-EYFP was roughly 20% higher than that of BiAR-EYFP (1.17 + 0.22) (Fig-
ure 5-10A). Brightness values for each of these construct also displayed a consistent aver-
age brightness along increasing densities, calculated as number of receptors per square
micron basolateral membrane area (Figure 5-10B). These results at the first glance suggest
that B1AR-EYFP was a better monomeric control than CD86-EYFP at expression levels
needed for brightness analysis. In order to confirm that B;AR-EYFP is truly monomeric, a
stepwise bleaching approach with SB was used. This approach relies on the following fact:
If the imaged protein is truly monomeric, photobleaching causes only a reduction in the

number of fluorescent molecules, but not the brightness. On the other hand, if there are
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more complex assemblies, bleaching would reduce not only the number of fluorescent par-
ticles, but also the brightness, as at each step of photobleaching fluorescent molecules
within oligomers will become dim and they would not produce decreased brightness. For
this approach, 3 consecutive frames of individual cells expressing CD86, CD28, B1AR-
EYFP and B1AR-2xEYFP were acquired, ensuring photobleaching after each frame (as-
sessed by comparing average intensity values of each frame), and average brightness was
analyzed for the first and the third frame (Figure 5-10C). This analysis showed that f;AR-
EYFP displayed identical average brightness in both frames (¢ change from 1.01 to 0.99),
while a remarkably decreased brightness was observed for CD28 (from 2.37 to 1.51) and
B1AR-2xEYFP (from 2.14 to 1.18). On the other hand, CD86 displayed a non-negligible
decrease in brightness from first to the last frame (from 1.31 to 0.96). These experiments
confirmed the dimeric nature of CD28-EYFP and B1AR-2XxEYFP, as well as the mono-
meric behavior of B1AR-EYFP. To test the reliability of these results, the same experiments
were performed with TB analysis. The results of the TB analysis were in good correlation
with that of the SB analysis. The bleaching analyses using TB also supported the notion
that B1AR-EYFP is highly monomeric, while CD86-EYFP displays a slightly higher oli-
gomer state (Figure 5-10D).

In order to further verify whether the 3-step bleaching was sufficient to characterize
the monomeric structure of B1AR-EYFP, this time a 10-step bleaching was performed.
Analysis of 10 consecutive frames from individual cells showed that the brightness of
B1AR-EYFP remains stable (Figure 5-10E), and B1AR-2XxEYFP decreases (Figure 5-10F),
while the total number decreases over bleaching steps for both conditions. These results
further confirmed that B1AR-EYFP and B1AR-2XEYFP are reliable monomeric and di-

meric controls for brightness analysis.



120

A SB average B
3.01 3 e pB,AR-EYFP
o B4AR-2xEYFP
:;2.5 : + CDBG-EYFP
B0 @ 21 o CD28-EYFP
c c
£ b=
915 [=]
= = 14
0.5 ' T T 0 ' . r . -
668 <5}Q Q_’(‘Q é“q 0 25 5 75 100 125
& G Number (Receptors/um?)
¥ & Q Q
< \s < %)
Qz'\
C SB bleaChing SBvs TB 01 B4AR-EYFP
3.07 OPre-bleach 3.0 ° B4AR-EYFP
ElPost-bleach post-bleach
w 2.5 2.54 © BAR-2XEYFP
; = g
7] B1AR-2XEYFP
2 2.01 m 2.0 " post-bleach
o] n D8G-EYFP
<515 15 - ODeb
= o CDBE-EYFP
@ 40 + 1.0 post-bleach
"fE- © CD28-EYFP
0.54— R ———— 0.5 ————r—T—— g CD28-EYFP
P & & & 0.05 0.10 0.15 0.20 0.25 0.30 post-bleach
Qf‘.’\ :»*g\ o @’é B
¥ & & &
%\
B+AR-EYFP B1AR-2XEYFP
< 1007 < 1007
E a0 € sl
. 5 80 . 3 80 4
2 £ 6o 2 2 6o
3] £ 9
E = =
S 2 404 S 2 40
zQ Zz 9
O 204 @ 20+ i ®
3 3
0 . . . r : 0 - r : . .
0 2 4 6 8 10 0 2 4 6 8 10
Frame number Frame number

Figure 5-10. Characterization of the monomeric and dimeric controls of the EYFP tagged con-
structs. (A) The box and whiskers representation shows the median and 5-95 percentile of bright-
ness (e=B-1) values of multiple single cells calculated with SB for each construct. (B) Concentra-
tion-brightness plot. Each data point represents the N and € values of each cell image for different

constructs. (C) Box and whiskers plot of average brightness values calculated from the pre- and
post-bleached images. Whiskers show the 5-95 percentiles of the median. (D) Comparison of the
€ values calculated from spatial and temporal brightness analysis before and after bleaching. Each
data point is the average € value with SD. (E and F) Time-course plot of brightness and density of
the time-series images. Despite the density of BiAR-EYFP molecules decrease, its brightness re-
mains the same (coefficient of variation: 3.81%), while fiAR-2XxEYFP exhibits declining bright-
ness (coefficient of variance: 29.43%) and number. Four different membrane regions correspond-

ing to the same spots within each frame was analyzed and obtained brightness-density values
were averaged. Black and blue lines connect data points. Each data point is the mean &+ SD of
three independent experiments.
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Next, N-terminally SNAP-tagged constructs were tested. Firstly, SB analysis of
these constructs showed that SNAP-B1AR (¢ = 0.52 £ 0.11) exhibited relatively lower
brightness than that of SNAP-CD86 (0.67 = 0.10). On the other hand, a double-SNAP
tagged CD86 construct (2xSNAP-CD86) displayed an average brightness notably higher
than the double of that of SNAP-B1AR (1.04 £+ 0.23). Moreover, it displayed a density-
dependent increase in its brightness, suggesting that it would not be a reliable control can-
didate (Figure 5-11A). The post-photobleaching SB experiments further showed that
SNAP-CD86 brightness decreased in post-bleach images, while the SNAP-$;AR bright-

ness remained stable (Figure 5-11B).
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Figure 5-11. Characterization of the SNAP tagged monomeric and dimeric control constructs. (A)
Box and whiskers plot of average € values calculated by SB analysis. Each data point represents
the € and N calculated from a single cell image expressing the respective construct. (B) Box and

whiskers plot of the pre- and post-bleach average € values obtained via SB analysis. Data are

given as median with its 5-95 percentiles. (C) Comparison of the average € values calculated
from SB and TB analyses before and after photobleaching. Each data point is the average € value

with SD. Each dataset is obtained from at least 3 independent experiments for each condition.

In conclusion, these results confirmed that both the C-terminal EYFP tag and an
N-terminal SNAP tag can be used reliably for SB and TB analyses. Moreover, B1AR with
either of these tags serves greatly as a monomeric control construct, and a double EYFP

tagged version of the B1AR serves well as a dimeric control.
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5.2.2. Oligomerization Analysis of CXCR7

Using the monomeric and dimeric controls established, the oligomeric status of
CXCR7 was studied. For this, a CXCR7 construct with a C terminally EYFP tag was used.
When transiently expressed in HEK293AD cells, the CXCR7-EYFP fluorescence was ob-
served mainly as membrane, near membrane and intracellular clusters, and only a very
small, hardly distinguishable CXCR7-EYFP signal was observed on the cell surface (Fig-
ure 5-12A). SB analysis on these images resulted in very high brightness values that re-
ported an artificial, highly oligomeric organization (¢ = 5.02 = 1.76 SD). Applying an in-
tensity threshold during SB analysis helped to eliminate the high intensity clusters and
provided a more homogeneous membrane area selection (Figure 5-12B). Membrane areas
with more homogeneous CXCR7-EYFP signal resulted in brightness values closer to the
monomeric control (egiar = 1.78 £ 0.35), yet revealed the presence of roughly 30% of

CXCR?7 as dimers (ecxcr7 = 1.72 £ 0.38) (Figure 5-12C).

In order to overcome the intracellular fluorescence from CXCR7-EYFP, and to an-
alyze the oligomerization of the surface localized CXCR7, an N-terminally SNAP tagged
CXCRY7 construct was used. Cells expressing SNAP-1AR or SNAP-CXCR?7 were labeled
with SNAP Surface Alexa Fluor 488, and confocal imaging for SB was performed. Con-
focal images showed that right after a 20-minute SNAP labeling, SNAP-CXCR?7 still
formed clusters on the basolateral membrane (Figure 5-12D), yet to a lesser extent com-
pared to that of CXCR7-EYFP. Excluding the obvious CXCR7 clusters, SB analysis of
SNAP-CXCR?7 showed that the average oligomer size of this receptor was approximately
1.3 (¢ = 1.52 + 0.25 SD), suggesting again that this receptor is organized essentially as

monomers with a 30% fraction of dimers on the cell surface (Figure 5-12F).

Together, these results suggest that CXCR7-EYFP is localized mainly at intracel-
lular domains of HEK293AD cells, which did not allow a reliable brightness analysis of
this receptor. A more confident analysis was only possible when only the surface localized
SNAP-CXCR7 was used, and this construct exhibited a largely monomeric behavior in SB

analysis.
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Figure 5-12. Oligomerization analysis of CXCR7 by spatial brightness. (A and D) SB images of
HEK293AD cells expressing f1AR-EYFP (A left) CXCR7-EYFP (A right), SNAP-B;AR (D left)
and SNAP-CXCR?7 (D right). (B and E) Intensity heat map of a cell expressing (B) CXCR7-
EYFP and (E) SNAP-CXCR?7 before (left) and after (right) applying an intensity threshold prior
to SB analysis. (C and F) Intensity distributions of the ROIs from B and E used for SB analysis.
A normal distribution is observed for threshold applied CXCR7-EYFP images, which allowed
proper N and B calculations. Without filter, intensity distributions appeared as mixed normal dis-
tributions due to the contribution of high intensity clusters. (C) Box and whiskers plot showing
oligomer size of CXCR7-EYFP calculated from SB analysis. Whiskers show the 5-95 percentile
of the median. Data was obtained from at least 3 independent experiments.

5.2.3. Oligomerization Analysis of CXCR4

5.2.3.1. Evaluating the Endogenous Expression of CXCR4 in Cell Lines

Before exploring the oligomerization of CXCR4, the first step was to evaluate the
endogenous levels of CXCR4 in the cells lines that were to be used in brightness experi-
ments. For this purpose, HEK293AD and CHO-K1 cells were assessed. Cells seeded on
glass coverslips in 6-well plates were transfected with either CXCR4-ECFP, or B1AR-
ECFP. Twenty-four hours after transfection, cells were labeled with an Alexa Fluor 488-
conjugated CXCR4 antibody, which binds to the N-terminus of CXCR4. Upon labeling,
basolateral membranes of the cells were imaged with the SB protocol. While both
HEK293AD and CHO-K1 cells expressing CXCR4-ECFP also displayed the fluorescence
signal from the antibody (Figure 5-13A and C), cells expressing B1AR-ECFP displayed
antibody signal at background level (Figure 5-13B and D). These results confirm that en-

dogenous CXCR4 expression in both cell types investigated here are below the detection
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limit of brightness analysis, which corresponds to less than approximately 5 CXCR4 copies

per um? membrane area.

HEK293AD HEK293AD

AF488-FAB173 CXCR4-ECFP AF488-FAB173 f(,AR-ECFP
CHO-K1 CHO-K1

AF488-FAB173 CXCR4-ECFP AF488-FAB173 B1R-ECFP

Figure 5-13. Immunocytochemistry-based assessment of endogenous CXCR4 expression in
HEK293AD and CHO-K1 cells. Cells were transfected with CXCR4-ECFP (A and C) or B;AR-
ECFP (B and D) and then were labeled with the AlexaFluor488 labeled CXCR4 antibody
(FAB173G). Image acquisition settings used for SB was employed. In CXCR4-ECFP
overexpressing cells, the antibody detected the CXCR4 epitope (A and C, green channel). In
B1AR-ECFP expressing cells, no analyzable fluorescent signal was detected in the green channel,
indicating that CXCR4 expression was below the detection levels of SpIDA (i.e. below 5 recep-
tors/um? membrane area (3,500 receptors/cell). Images are representative of 3 independent
immunocytochemistry experiments. Scale bar (white): Sum.

5.2.3.2. Evaluating the Oligomerization of CXCR4 Using Brightness Analysis

Having the cell lines and the monomeric / dimeric controls validated, the next step
was assessing the CXCR4 oligomerization using brightness analysis. For this, firstly,
HEK293AD cells transiently expressing CXCR4-EYFP, B1AR-EYFP or B1AR-2xEYFP
were imaged. SB analysis of these cells at different receptor expression levels displayed a
consistent brightness for B1AR-EYFP and B1AR-2XEYFP. On the other hand, for CXCR4-

EYFP, a density-dependent increase was observed. Normalizing all brightness values to
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the average brightness of the monomeric control, B;1AR-EYFP demonstrated a consistent
monomeric and dimeric organization of B1AR-EYFP and 1 AR-2XxEYFP, respectively, at
every expression level ranging from 10 to 150 receptors/um? membrane area (Fig-
ure 5-14A). On the other hand, while CXCR4-EYFP was strictly dimeric at expression
levels above 70 receptors/um?, this organization shifted towards less abundance of dimers
and more monomers as the expression levels decreased (Figure 5-14A). Quantification of
CXCR4-EYFP oligomeric state at densities between 10-30 receptors/ pm? displayed an
average oligomer size between monomeric and dimeric value (Figure 5-14C), while the
receptor showed a dimeric assembly within the range of 85-150 receptors per um? (Fig-
ure 5-14D). These results suggests a density dependence of CXCR4 dimerization. In order
to quantify this concentration dependence, the oligomeric state values of CXCR4-EYFP
were averaged within certain density intervals. After adding the average oligomer size
value from the TIRF experiment, these values were plotted against the log average N value.
Fitting a Hill equation to this plot resulted in a dissociation constant of about 30 molecules

per um? for CXCR4 dimerization (Figure 5-14B).

In order to understand whether the concentration dependence of CXCR4 dimeriza-
tion is specific to HEK293AD cells, SB experiments were performed also in CHO-K1 cell
lines, which originate from the species of hamster. In line with the results from the
HEK293AD cells, CXCR4-EYFP displayed a concentration dependent increase in bright-
ness when expressed in CHO-K1 cells (Figure 5-15A and B). These results together sug-
gest that CXCR4-EYFP dimerization is not limited to one cell line. Since the endogenous
CXCR4 levels in both cell lines are below the range that could be detected by the brightness
analysis (which means that they are below 5 receptors per um? membrane area), it can be
stated that the low brightness observed at low CXCR4-EYFP expression levels is not
caused by a competition on dimerization between the endogenous, unlabeled CXCR4 and

exogenously expressed CXCR4-EYFP.
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Figure 5-14. Spatial brightness analysis of CXCR4 oligomerization. (A) Measured average oligo-
meric state as a function of fluorescent particle number. Each data point represents the brightness
value obtained from a single cell, normalized to the average brightness of the monomeric control
BiAR-EYFP. (B) Binned average oligomeric state values from single molecule (grey circle) and
SpIDA data (white circles) as a function of receptor number per pm? membrane area. A sig-
moidal curve (dark grey) fitting yielded the dimer dissociation constant of 33.6 (27.5-39.6) recep-
tors/um? (Mean and CI). The fitted line saturated at 2.21 (1.97-2.39) (Mean and CI). The shaded
pink area marks the range of oncogenic CXCR4 levels. (C) Scatter dot plot representing the oli-
gomeric states (C) between 0-30 receptors per um? average oligomer states for BiAR-EYFP: 1.01
+ 0.08, B1AR-2XxEYFP: 1.97 £ 0.12 and CXCR4-EYFP: 1.42 £ 0.21, and (D) between 85-150 re-
ceptors B1AR-EYFP: 1.01 £ 0.12, B;AR-2XxEYFP: 2.04 £ 0.13 and CXCR4-EYFP: 2.14 £0.19
(mean + SD).

It was previously shown that a number of fluorescent proteins can be prone to ag-
gregation through dimerization, in the cytosol or at different cellular compartments
(Cranfill et al., 2016). Performing brightness experiments with a fluorescent protein that is
highly dimerization prone might cause observing false dimers/oligomers. Thus, it was es-
sential to rule out any contribution of EYFP dimerization on the dimeric behavior of

CXCRA4. To test this, SB analysis was performed with the SNAP-CXCR4 construct. After
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labeling SNAP-CXCR4 with SNAP Surface Alexa Fluor 288, SB imaging and analysis
was performed. These experiments also confirmed that SNAP-CXCR4 is dimeric at high
expression levels, and this dimerization is again dependent on SNAP-CXCR4 concentra-
tion, similar to what was observed for CXCR4-EYFP (Figure 5-15C and D). In conclusion,
these results using different cell types, different labeling methods and different controls

suggest that CXCR4 exhibits a density-dependent dimeric behavior.

A CHO-K1 B SB: CHO-K1

e
=)

1 ® BAR-EYFP
® B1AR-2xEYFP
] © CXCR4-EYFP

N
o

= (]
o ©
£
h-]_;;g:
®
[

Oligomeric state
17}
Og

5
o
%
‘
o
@
®
°
<
©
)

B,AR-EYFP CXCR4-EYFP 0 25 50 75 100 125 150
Number (Receptors/um?)

C HEK293AD

SB: HEK293AD

O

W
=)

e SNAP-B;AR
| © SNAP-CXCR4
O &

I
o

g
o

Oligomeric state
—
[}
; ]

%
s
x.

o
o

SNAP-8,AR SNAP-CXCR4 0 25 50 75 100 125 150
Number (Receptors/um?)

Figure 5-15. SB analysis of CXCR4 in a non-human cell line and with a different label. (A) Rep-
resentative confocal images of the basolateral membranes of CHO-K1 cells expressing B1AR-
EYFP (left) or CXCR4-EYFP (right). (B) Oligomeric state of the controls and CXCR4-EYFP in
CHO-K1 cells, plotted as a function of receptor density. Each data point represents the NV and €
values calculated from a single cell and € value and normalized to the monomeric control. (C)
Representative confocal images of the basolateral membranes of HEK293AD cells expressing
Snap Surface AF488 labeled SNAP-B;AR (left) or SNAP-CXCRA4 (right). (D) Density-depend-
ence of brightness for SNAP-CXCR4 and SNAP-B;AR expressed and imaged in HEK293AD
cells. Data points are obtained as in (B). Confocal image scale bar (white): Spum.
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As mentioned previously, the presence of a protein (unlabeled, or labeled with a
different fluorophore than which brightness is measured for) that competes for oligomeri-
zation with CXCR4 promotes a decrease in the number of CXCR4 homodimer. As a result,
the observed dimeric brightness for CXCR4 would diminish (Figure 5-16A). Thus, this
would confirm that the observed dimeric CXCR4-EYFP brightness is a result of real di-
merization. To test this, HEK293AD cells were co-transfected with B1AR-EYFP and
SNAP-B1AR, or with CXCR4-EYFP and SNAP-CXCR4. After labeling with SNAP Sur-
face Alexa Fluor 647, SB measurements were performed and EYFP brightness was ana-
lyzed. Compared to f1AR-EYFP alone, expression of SNAP-B1AR alongside f1AR-EYFP
did not reduce the brightness of B1AR-EYFP, confirming that even at the expression levels
studied here, B1AR is truly monomeric. On the other hand, co-expressing SNAP-CXCR4
with CXCR4-EYFP remarkably reduced the dimeric CXCR4-EYFP brightness, support-
ing that at high expression levels CXCR4-EYFP is truly dimeric (Figure 5-16B).
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Figure 5-16. Spatial brightness analysis of dimer dilution by coexpression. (A) Schematics of the
dimer dilution experiments: SNAP-CXCR4 dimerization with CXCR4-EYFP (upper right) re-
sults in lower € than a CXCR4-EYFP homodimer (upper left). Representative images of
HEK293AD cells co-expressing CXCR4-EYFP (lower right, grey) + SNAP-CXCR4 labeled with
SNAP Surface 647 (lower right, red), and CXCR4-EYFP (lower left, grey) + empty vector as
negative control. (B) SB analysis of HEK293AD cells co-expressing fiAR-EYFP + vehicle (dark
grey), B1AR-EYFP + SNAP-B,AR (light grey), CXCR4-EYFP + empty vector (yellow) and
CXCR4-EYFP + SNAP-CXCR4 (red). The data are displayed with mean + SD from 3 independ-
ent experiments.
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5.2.4. Validation of CXCR4 Dimerization Using FRET Acceptor Photobleaching

Although brightness-based methods can robustly report the average oligomeric sta-
tus of GPCRs, they have a number of limitations. For example, compared to RET methods,
FFS based methods do not report direct interactions. Rather, FFS associates co-diffusion
of particles to oligomerization. Therefore, if two (or more) protomers of a GPCR, without
necessarily interacting, bind to a common partner and diffuse, they may appear as oligo-
meric complexes on brightness analysis. To test whether this may be the reason that
CXCR4 appears dimeric on brightness analysis, the FRET acceptor photobleaching, which
directly assess specific protein-protein interactions, was used as an independent method.
This method provides the average FRET efficiency between donor and acceptor fluoro-
phores, as measured upon photobleaching of the acceptor fluorophore. Since FRET occurs

in distances shorter than 10 nm, it reliably reports direct protein-protein interactions.
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Figure 5-17. FRET Acceptor Photobleaching analysis of CXCR4 dimerization. (A) A representa-
tive acceptor photobleaching routine using the confocal microscope. After identifying a cell that
expressed both donor and acceptor fluorophores, a snapshot of the donor and acceptor channel
was taken before and after acceptor photobleaching. To calculate the FRET efficiency, percent-
age increase in the fluorescence intensity of the donor channel was calculated. (B) FRET accep-
tor photobleaching experiment in HEK293AD cells co-expressing CXCR4-ECFP and CXCR4-
EYFP (yellow) or BiAR-ECFP and BiAR-EYFP (grey). Each data point is obtained from a single
cell. For each dataset, a total binding fit and a straight line fit were compared and the best fit was
applied.

To measure CXCR4 homodimerization using FRET AB, HEK AD cells transiently
transfected with CXCR4-ECFP and CXCR4-EYFP were used. As control, cells expressing
B1AR-ECFP and BiAR-EYFP were assessed. The FRET efficiency was measured on the
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basolateral cell membranes, avoiding the heterogeneities (Figure 5-17A). After measure-
ment, FRET efficiency values from each cell were plotted against acceptor fluorescence
intensity. In this plot, a hyperbolic increase of FRET efficiency values as a function accep-
tor intensity was observed for CXCR4-ECFP and CXCR4-EYFP, implying specific
CXCR4-CXCR4 interactions (Vilardaga et al., 2008). On the other hand, FRET efficiency
results obtained from B1AR expressing cells displayed a linear increase as a function ac-
ceptor intensity, which indicates nonspecific interaction between 31 AR-ECFP and 31 AR-

EYFP as a function acceptor intensity (Figure 5-17B).

5.2.5. Agonist-Mediated Changes in CXCR4 Oligomerization

Previous studies on diverse GPCRs suggested distinct effects of ligands on recep-
tor oligomerization (Ge et al., 2017; Martinez-Mufioz, Rodriguez-Frade, et al., 2018).
Therefore, having confirmed the dimeric footprint of CXCR4 at high expression, the effect
of CXCR4 ligands on receptor quaternary organization was assessed next. For this, SB
analysis was used in HEK293AD cells expressing CXCR4-EYFP. For these experiments,
cells expressing more than 50 receptors/um? were used, as at this expression level CXCR4
is prevalently dimeric. Firstly, the effect of the agonist, CXCL12, was assessed. Cells ex-
pressing CXCR4-EYFP were treated with saturating concentrations of CXCL12 (100 nM),
and brightness was assessed at different time points. After 1 min of agonist stimulation,
the already-dimeric status of CXCR4 did not change remarkably. However, at later time
points, CXCR4 cluster formation was observed at up to 5 molecules per cluster in average
(Figure 5-18A). Moreover, stimulation with different concentrations of CXCL12 for 20
minutes revealed distinct oligomerization profiles: While 1 nM of CXCL12 did not alter
the basal dimeric status, 10 nM CXCL12 increased the oligomer size to roughly trimers on
average, and 100 nM CXCLI12 further increased the cluster size (Figure 5-18A). It is
known that agonist stimulation activates GPCRs, which prompts -arrestin recruitment and
subsequent internalization of the receptor. To understand whether the agonist induced
CXCR4 clusters were associated with internalization, CXCR4-EYFP was imaged with
mCherry labeled p2 subunit of the adaptor protein 2 (mCherry-AP2u2), which is a protein
used as a clathrin coated pit (CCP) marker (Pearse et al., 2000). Imaging the basolateral
membranes of HEK293AD cells after 100 nM CXCL12 stimulation for 20 min revealed
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that a large number of CXCR4-EYFP clusters co-localized with AP2u2-mCherry, indicat-

ing that these clusters may be in the process of being internalized (Figure 5-18B).

SB: CXCR4-EYFP + 100 nM CXCL12 CXCR4-EYFP_ APu2-mCherry _ Multiplied
8 . - 8 e
2 7 7
6 LI § 6 “ee
25 g % &.v 25 [t
@ L @
E 4 % E 4 .
5 a og a0 o'e
23 . 2 e
5 o & = 5 f s W
“ﬁ.“qq.lx“‘\o.p“i‘o o™ c.‘#-c‘\'ﬂ c.‘!-c’\"ﬂ c.*"\'ﬂ
(ealifr ST S
oF &1& &*GRO*G\.;C‘S,\. AT A% \00!\
C SB: CXCR4-EYFP + 100nM CXCL12 D E
Clustering kinetics BRET: CXCR4-nLuc + Lyn-2xHaloTag-CAAX BRET: CXCR4-nLuc B-Arrestin2-HaloTag
8 c=a8min @107 CY ZM0)  <=7.2min(6482C) S 1251 =34min(27340))
g : E 100 E 100
3 -
(=]
£ 5 2 50 $ 75
g 4 = 50
[=] w w
23 x 80 € 35
5 2 ] 4]
1 “ edb———————— < o4
& = i@ € 29 2% 0 5 10 15 20 25 30 35 40 45 0 5 0 15 20
Time (min) Time (min) Time (min)

Figure 5-18. Agonist-mediated clustering of CXCR4. (A and B) SpIDA-based brightness meas-
urement of CXCR4-EYFP as a time-course with 100 nM CXCL12 (A) and effect of different
concentrations of CXCL12 measured after 20 minutes of ligand exposure (B). Each data point

represents monomer-normalized brightness value obtained from a single cell. Data is shown with
mean + SD. (C) Representative confocal microscopy image of CXCR4-EYFP and AP2p2-
mCherry after 20 min exposure to 100 nM CXCL12. Merge image displays colocalization of

CXC4 clusters with AP2u2. (D) Kinetic representation of CXCR4 clustering via CXCL12. Each

data point represents the mean + SD of the data in A. (E and F) Kinetic BRET measurement of -

arrestin2 recruitment (E) and receptor internalization (F) after stimulation with 100 nM CXCL12.

Data is shown as mean (black curves) = SD (gray shades) from 3 independent plate reader experi-

ments (D, E and F). Tau values were obtained by fitting an “exponential decay followed by plat-
eau” function (red curves).

Next, the kinetics of receptor clustering, B-arrestin recruitment and internalization
processes were assessed in order to understand the temporal relations of these processes.
In order to measure B-arrestin recruitment to CXCR4, a BRET based receptor-arrestin in-
teraction assay was used. HEK293AD cells were transfected with CXCR4-nLuc and B-
arrestin2-HaloTag, then they were labeled with HaloTag 618 dye, and measurements were
performed in a 96-well plate. Similarly, CXCR4 internalization was measured using an-
other BRET based assay in HEK293AD cells at 96-well plate format, in which the non-
specific interaction of CXCR4 with a membrane-bound, non-internalizing protein con-

struct was used. This construct is made up of two HaloTag proteins separated by a 60 nm
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rigid protein linker, an N-terminal membrane targeting sequence of Lyn and a C-terminal
membrane targeting CAAX (C, cysteine; A, any aliphatic amino acid; X, any amino acid)
motif, and is dubbed as Lyn-2xHalo-CAAX. Both BRET measurements were performed
in a kinetic manner upon addition of 100 nM CXCL12. Analyzing time traces of f-arrestin
recruitment and internalization revealed that the temporal kinetics of CXCR4 clustering
(Figure 5-18C) and internalization (Figure 5-18D) were in good correlation, while the ki-
netics of arrestin recruitment (Figure 5-18E) preceded both. Together, these results agree
that formation of CXCR4 higher order oligomers correlate both in time and space with the

internalization process of CXCR4.

5.2.6. Effect of Antagonists/Inverse Agonists in CXCR4 Oligomerization

Next, the effect of diverse inhibitors of CXCR4 were measured. The word “di-
verse” here addresses to structural/chemical diversity of the inhibitors used: the bicyclam
antagonist AMD3100, the N-pyridinylmethylene cyclam antagonist AMD3465, the isothi-
ourea derivate small molecule IT1t, the cyclic peptides LY2510924 and FC131, and a re-
cently characterized nanobody VUN401. In cells treated for 20 minutes with individual
ligands, SB analysis of CXCR4-EYFP showed ligand specific changes in oligomerization
(Figure 5-20A): The cyclam antagonists AMD3100 (Figure 5-19A) and AMD3465 (Fig-
ure 5-19B) did not alter the basal dimeric status. Only a slight decrease was observed with
TC14012 (Figure 5-19C). While LY2510924 (Figure 5-19D) and IT1t (Figure 5-19E) sig-
nificantly decreased the basal dimeric status, FC131 (Figure 5-19F) and the nanobody
VUN401 (Figure 5-19G) completely disrupted CXCR4 dimerization.

As the next step, the kinetics of dimer disruption by IT1t, FC131 and VUN401 was
assessed using SB. For this, cells expressing CXCR4-EYFP in a coverslip was stimulated
with one of the ligands, and SB images of different cells were acquired each 30 seconds.
Here, a bottom density threshold was set during the analysis in order to ensure that the cells
analyzed exhibited concentrations at which CXCR4-EYFP is dimeric (>50 receptors/um?

membrane area). Results of this experiment showed that all ligands were able to induce
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dimer destabilization within the first 30 seconds of stimulation. The equilibrium was ob-
served with a t-value of 50 s (30 to 84 CI) for FC131 and t of 46 s (30 to 72 CI) for IT1t,
while the nanobody VUN401 exhibited a more rapid dimer disruption, with a t of 17 s (0
to 50 CI).
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Figure 5-19. : Density dependence of CXCR4-EYFP brightness under antagonist treatment. (A-
E) Normalized brightness values from cells expressing CXCR4-EYFP and treated with 10pM
AMD3100 (A) and 10pM AMD3465 (B), 10uM TC14012 (C), 100nM LY2510924 (D), 10uM
IT1t (E), 10uM FC131 (F), and 10uM VUN401 (G). Each data point represents the monomer
control-normalized brightness value from single cells.

Temporal brightness analysis of CXCR4-EYFP with ligands was also performed
to verify the effects of the ligands. Results from both TB and SB analysis were in good
correlation for all tested ligands (Figure 5-20C). Because TB and SB analysis are based on
the same mathematical theory, an independent assay was needed to verify the ligand effects
on CXCR4 dimerization. For this purpose, FRET acceptor photobleaching (FRET AB)
was used. This time, before evaluating the FRET efficiency, cells expressing CXCR4-
EYFP and CXCR4 ECFP were treated with the ligands that reduced CXCR4 dimerization
significantly in brightness analyses. Results showed that the FRET efficiencies at increas-
ing acceptor intensities exhibited a linear increase that could not be fit to a hyperbola,
indicating a diminished CXCR4-CXCR4 interaction. On the other hand, FRET efficiencies
with LY2510924 could be fit with a hyperbolic function, but the dissociation constant (Ky)
of the fit was 20,587 intensity units (IU), which is approximately 30 times lower compared
to which observed for basal condition (Ks= 700 IU), indicating a reduced, but still apparent
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CXCR4 homodimerization (Figure 5-20D). Together, FRET AB results also support the

conclusions of brightness analyses and suggests a true dimeric organization of CXCR4.
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Figure 5-20. Antagonist-mediated modulation of CXCR4 dimerization. (A) SB analysis of
HEK293AD cells expressing BiAR-EYFP or CXCR4-EYFP, and CXCR4-EYFP after 20 minutes
of incubation with ligands: 10 uyM AMD3100, 10 uM AMD3465, 10 uM TC14012, 100 nM
LY2510924, 10 uM IT1t, 10 uM FC131 and 1 pM VUN401. Each data point is a brightness
value from one cell normalized to the monomer control, given with mean + SD. (B) SB kinetics
of dimer destabilization by VUN401, IT1t and FC131. Different cells were imaged for SpIDA
analysis for 20 minutes at 30 second intervals upon ligand addition. Plotted mean + SD data over
time were fitted to a mono-exponential decay function. (C) Correlation of average oligomeric
states (with SD) obtained from SpIDA (x-axis) and temporal brightness measurements (y-axis).
Color code of the data points is the same as in Fig. 3A. Black straight line is the linear fit of the
data (slope: 0.94 (0.873-1.014 CI)), representing the degree of correlation for two methods. (D)
FRET acceptor photobleaching experiment in HEK293AD cells co-expressing CXCR4-ECFP
and CXCR4-EYFP. Each data point is obtained from a single cell. Color code of the data points
is the same as in Figure 3A. All data were obtained from at least 3 experiments per condition.



135

When summed up, all these results with TB, SB and FRET AB suggests a distinct,
ligand specific modulation of CXCR4 dimerization. While T14012 induces only a modest
decrease of dimerization, LY2510924 and IT1t disrupts dimers more prominently. How-
ever, the other cyclic peptide FC131 and the nanobody VUN401 disrupts the dimers com-
pletely and leads to an absolute monomeric equilibrium. Two small molecules containing
cyclam moieties, AMD3100 and AMD3465 do not change the basal dimeric organization
of CXCRA4.

5.2.7. Molecular Determinants of CXCR4 Oligomerization

Having observed that ligands affect basal CXCR4 dimerization to different ex-
tends, the next question was what causes this distinct profile. To understand this, the pos-
sible contribution of a number of factors regarding CXCR4 activity and interactions in

light of ligands were assessed.

5.2.7.1. Contribution of CXCR4 Activity

First, the possible contribution of CXCR4 activity on basal receptor dimerization
was assessed. Since CXCR4 is a Gi-coupled GPCR, a FRET-based Gi; activation biosen-
sor was used to measure the receptor activity. This biosensor reports Giz protein activation
as a decrease in FRET response that is mediated by separation of donor/acceptor labeled
Ga and Gy subunits (Figure 5-21A). As expected, stimulation of cells expressing CXCR4
and the Gi» sensor with 100 nM CXCL12 produced a 13% decrease in FRET, while stim-
ulation with vehicle (HBSS) did not induce any detectable FRET change, indicating ago-
nist mediated Gi; sensor activation. AMD3100, AND3465 and VUN401 did not induce
any FRET change at saturating concentrations. In stark contrast, the inhibitors TC14012,
LY2510924, IT1t and FC131 induced an increase in FRET, indicating inactivation of the
Gi, sensor (Figure 5-21B). These results implied a certain basal Gi, activity in cells ex-
pressing CXCR4, which can be reversed with a number of CXCR4 inhibitors. To further
test this basal activity, cells expressing Gi, sensor and CXCR4 were treated with Pertussis

toxin (PTx, an inhibitor of Gai activity) or vehicle overnight, and basal BRET ratios were
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measured. Compared to the cells treated with vehicle, a roughly 5% higher basal FRET
ratio was observed in cells treated with PTx (Figure 5-21B, black line). These results indi-
cate that CXCR4 expression causes a certain level of basal activity on the Gi, protein,
which can be reversed by stimulation with PTx, or the CXCR4 inhibitors TC14012,
LY2510924, IT1t or FC131.

To further understand whether these ligands are truly inverse agonists, Giz biosen-
sor experiments were performed in the presence of a constitutively active mutant of
CXCR4 (CAM CXCR4, produced by mutating Asp119° to Ser (N119*3S). Cells ex-
pressing CAM CXCR4 exhibited roughly 15% lower basal FRET ratio in the Gi, sensor
compared to which observed in cells expressing wild type CXCR4 (WT CXCR4), con-
firming the constitutive activity of the N119%*3S mutant (Figure 5-21C). CXCL12 and
AMD3100 further decreased FRET roughly by 3-4% with this mutant, while AMD3465
and VUN401 did not induce a remarkable change in FRET. On the other hand, TC14012,
LY2510924, IT1t and FC131 produced a prominent increase in FRET, suggesting that
these ligands act as inverse agonists both on the WT and CAM CXCR4 (Figure 5-21D).
Despite being as effective as the other ligands on the CAM CXCR4 basal activity,
TC14012 was only a weak inverse agonist on the WT CXCR4 at the G protein level, while
AMD3100 acted as a partial agonist.

In order to understand further details of ligand effects on CXCR4 downstream sig-
naling, CXCR4-G protein interaction was assessed using a BRET based measurement be-
tween CXCR4-nLuc and Gy proteins. In this assay, the agonist CXCL12 induced a con-
centration dependent BRET decrease (Figure 5-22A). AMD3100 and AMD3465 did not
induce any BRET change at any concentrations tested. In contrast, all other ligands induced
a concentration dependent BRET increase with varying potency and efficacy values. Sur-
prisingly, VUN401 produced the largest BRET increase compared to the other ligands.
This suggests that, despite not affecting the basal Giz activity at all, VUN401 still induces
a conformational change between CXCR4 and the G protein (Figure 5-22B).
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Figure 5-21. Constitutive G protein activation by CXCR4. (A) Schematics of the FRET based Gi,
activation measurement. Gi sensor is in the high FRET conformation at the resting state.
CXCL12 binding to CXCR4 induces a lower FRET state of the sensor. (B) %FRET changes in
the Gi, sensor by CXCR4 ligands. Scatter dot plots with bars show % average FRET changes in
20 minutes after the addition of different ligands. The grey line represents the average AFRET
resulting from PTx treatment. (B) Data points represent FRET ratios of Gi» FRET sensor co-ex-
pressed with either WT CXCR4 (black) or CAM CXCR4 (grey) and normalized to the data from
WT CXCR4 of the same plate. N119***S mutant mediates higher basal activity of Gi, protein
than WT CXCRA4, as it displays a lower FRET ratio at basal state. (C) Measurement of Gi activa-
tion by CAM CXCR4 using the Gix FRET sensor with different CXCR4 ligands. Scatter dot plots
with bars represent ligand mediated FRET change (mean + SD) relative to basal in mean with SD
of at least 3 different plate reader experiments.
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Figure 5-22. Ligand mediated modulation of CXCR4-Gy; interactions by means of BRET. (A)
Schematics of the BRET measurement between CXCR4-nLuc and Gy,-SYFP. At the basal state,
CXCR4-nLuc and Gy>-SYFP are at BRET distance. CXCL12 binding to CXCR4-nLuc results in
a decrease in BRET. (B) Concentration-response curves obtained by fitting the data to a four-pa-
rameter Hill equation. Obtained pECso values: CXCL12: 9.5 (9.7 to 9.3 CI); LY2510924: 8.1 (8.2
to -7.9 CI); TC14012: 7.7 (8.0 to 7.3 CI); IT1t: 7.8 (8.3 to 5.7 CI); VUN401: 7.9 (8.3 to 6.6 CI).
Color code of the data points is the same as in Figure 3A. Data points at each concentration show

the mean + SD from at least 3 independent plate reader experiments.

The general conclusion regarding the Gi» activity analysis is that a number of
CXCR4 ligands inhibits the basal activity of the receptor to varying levels, while some of
the ligands behave as pure antagonists. In light of these results, the effects of ligands on
dimerization and basal activity were compared. Simply, the average oligomer status was
plotted against the percentage of inhibition in basal activity for each ligand. This plot dis-
played a clear positive correlation between the dimeric status and basal activity of CXCR4
under diverse ligand treatment (Figure 5-23). Simulating a linear fit with ideal conditions
(zero basal activity corresponding to monomeric CXCR4 and 100% basal activity to di-
meric receptor, thus the slope of the line is 1) and the experimental fit resulted in a nearly
identical slope, verifying the high correlation between the basal activity and dimeric or-
ganization of CXCR4. The only ligand that deviated from this correlation was the nano-
body VUN401. While VUN401 disrupted CXCR4 dimers efficiently, it failed to produce
any change on the CXCR4 basal activity, yet induced conformational changes between the

receptor and the G protein.
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Figure 5-23. Correlation plot of CXCR4 basal activity and oligomeric state. Oligomeric state val-
ues were obtained from the data given with SD error bars in Figure 5-20A. Basal activity data
(with SD error bars) was generated by normalizing the data in Figure 5-21B to %AFRET of PTx
(as 0%) and vehicle treatment (as 100%). The dotted line shows the assumed pseudo-correlation,
and the black line is the actual fit (VUN401 was identified as an outlier of the 95% CI (in grey).
Color code of the data points is the same as in Figure 3A.

5.2.7.2. Contribution of G proteins and [-arrestins

Results of the previous section suggested a positive correlation between CXCR4
activity and dimerization. Therefore, the next question was whether the intracellular signal
transducers that couple to CXCR4 may play a role in dimer formation. Upon agonist bind-
ing, CXCR4 can activate Gi proteins. Moreover, a baseline Gi protein activation mediated
by CXCR4 is already present. Next to this, B-arrestinl and 2 are recruited to agonist bound
CXCRA4. Therefore, CXCR4 oligomer state was assessed in the absence of Ga protein sub-
units or B-arrestins. To do so, SB analysis on CXCR4-EYFP was performed in HEK293
cells devoid of all genes encoding functional Gas, Gaq, Gai, and Gal2/13 proteins (AGa
HEK?293) or B-arrestinl/2 (ABarr HEK293). In both cell lines, CXCR4 still displayed a
dimeric organization at expression levels above 50 receptors/um? membrane area. Moreo-
ver, ITIt, FC131 and VUN401 were still able to disrupt these dimers, while AMD3100
and TC14012 did not cause any remarkable dimer disruption: a similar pattern also ob-

served in cells expressing all Ga subunits and p-arrestinl/2 proteins (Figure 5-24).
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In conclusion, these results suggested that the absence of Ga subunits or B-arres-

tin1/2 did not affect the dimeric status of CXCR4 at high expression levels.
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Figure 5-24. Oligomerization analysis of CXCR4-EYFP in cells lacking functional Ga subunits
or B-arrestins. SB analysis in HEK293 cells devoid of Ga subunits (A) or B-arrestinl/2 (B). Ana-
lyzed are B1AR-EYFP, BiAR-2XxEYFP and CXCR4-EYFP at basal level, and CXCR4-EYFP
post-exposure to the ligands for 20 minutes at concentrations given in Fig. SA. Each data point
represents the oligomeric state calculated from one cell. Each dataset is given with mean + SD.

5.2.7.3. Contribution of Ligand Binding Modes

Previous sections suggested a pattern correlating the ligand effect on receptor di-
merization and basal activity. In order to understand whether ligand binding modes have
any impact on these actions, bioinformatics analyses were performed. Using the crystal
structure of CXCR4 (PDB ID: 30E0), docking experiments were performed under the
guidance of the experimental data, where binding of CXCR4 ligands on different binding
pocket mutants were tested. Thus, the obtained binding poses reflect the experimentally
observed structure-activity relationship. This approach revealed binding poses of each lig-
and (Figure 5-25A), and that the CXCR4 residues that interact with ligands could be
grouped in two sub pockets and an extracellular domain, which were previously described

by structural analyses (Figure 5-25C).
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According to the observed binding poses, the nanobody VUN401 is accommodated
on the extracellular moieties of CXCR4, forming a specific contact with the R30'2* residue
(Figure 5-25B). AMD3100 (Figure 5-25D and Figure 5-26A), AMD3465 (Figure 5-25E
and Figure 5-26B) and TC14012 (Figure 5-25F and Figure 5-26C) appear to be accommo-
dated almost exclusively in the major binding pocket forming specific interactions with
the acidic residues Asp1714° of the TM4 and Asp26258 of the TM6. In contrast, the lig-
ands that reduced CXCR4 dimerization and inhibited the basal activity form contacts with
the minor pocket residues. IT1t (Figure 5-25H and Figure 5-26E) is exclusively accommo-
dated in the minor pocket, interacting with the TM2 residues Trp9429°, Asp97%93, and
Tyr116°32. FC131 (Figure 5-25G and Figure 5-26D) exhibited a hybrid binding mode,
forming interactions with the residues in both sub pockets: its L-Arg? residue extends to-
ward the minor pocket to form an ionic contact with Asp972¢* (TM2) and it forms a cat-
ion pi interaction with Tyr116%3 of the major pocket. It was not possible to find an ex-
perimentally validated binding pose of the other dimer destabilizing ligand, LY2510924,
due to the lack of binding experiments with this ligand on different binding pocket mutants
of CXCR4. Yet, in the only publication in which LY2510924 is described, this ligand is
shown to exhibit a hybrid binding, similar to that of FC131. It is shown that LY2510924
extends towards the minor pocket by forming contact with His113*?° and Glu2887-° resi-
dues, and binds to the major pocket via interactions with Aspl18743! Argl88+4-2

Tyr190%-4 and GIn20033° (Figure 5-26F).

Overall, the ligand poses on CXCR4 crystal structure display a pattern that corre-
lates with the ligand-mediated effects on receptor dimerization and basal activity: The lig-
ands that form contacts with the minor pocket residues are the ones that effectively disrupt
CXCR4 dimers and diminish the basal Gi; activity. On the other hand, ligands that are not
able to induce significant changes in basal CXCR4 dimerization and baseline Gi; activity

exclusively bind to the major pocket of the receptor.
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Figure 5-25. Binding modes of different CXCR4 ligands. (A) Overview of the CXCR4 crystal
structure (PDB ID: 30EO, grey cartoon) with docked VUN401 (magenta), TC14012 (green),
AMD?3100 (purple), FC131 (brown), CXCL12 (yellow), and IT1t (cyan), seen detailed in (B),
(D), (E), (F) and (G). (B) Zoom-in view of the transmembrane domain binding site of CXCR4,
where no VUN401 interactions are observed. VUN401 binds in view of the extracellular vesti-
bule of CXCR4 and its epitope has been matched to the residue R30'%* in the CXCR4 N-termi-
nus. (C) Top view of the CXCR4 transmembrane domain binding site, which can be divided into
a minor pocket comprised by TM1-3 and TM7 (rose), and a major pocket, comprised by TM3-7
(purple). The side-chains of residues that have been experimentally validated to interact with
CXCR4 ligands are presented in sticks in all binding mode representations. (D-G) Binding mode
representations based on literature data of TC14012 (based on co-crystallized ligand CVX-15)
(D), AMD3100 (E), FC131 (F) and IT1t (G). Images were placed from left to right to visualize
the binding pose shift from major to minor pocket. (H) Overview of the CXCR4 residues that are
in contact with ligands.
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Figure 5-26. 2-D maps of ligand receptor interactions. (A-F) Ligand-receptor interaction sites as
retrieved from docking. Each residue of CXCR4 that forms contact with the ligands is shown
with their specific interaction types. lonic interactions between residues and ligand atoms are

shown with red lines, and hydrophobic interactions are shown as green arches.

To test experimentally whether the minor pocket binding indeed plays a role in
modulating receptor dimerization, the minor pocket residue tyrosine (Y) 116 was mutated
to serine (S) (Y116332S), as this residue appears to be critical for FC131 and IT1t binding.
Then, the oligomeric state of this mutant was assessed using SB. At densities above 60
molecules/um? membrane area, Y 116328 displayed a highly dimeric behavior. While 100
nM IT1t or FC131 were able to disrupt dimerization of WT CXCR4, these ligands were
remarkably less efficient in destabilizing the Y116332S dimers (Figure 5-27).
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Figure 5-27. SB analysis of the WT CXCR4 and Y 116°3S variant (yellow), after 20 minutes of
incubation 100 nM IT1t (blue) and 10 uM FC131 (red). Each data point represents a brightness
value from one cell normalized to the monomer control, given with mean + SD as error bars.
Data were obtained from at least 3 experiments per condition.

All together, these results demonstrated a correlation between the ligand binding

mode in the transmembrane pockets and their ability to modulate the receptor dimerization.

5.2.7.4. Contribution of Receptor Conformations

Results of the previous sections suggest that CXCR4 exhibits a baseline Gi» sig-
naling at the basal state. In class A GPCRs, basal activity is thought to be mediated by the
shift of the equilibrium of receptor conformations towards the active conformation. In line
with this, a number of ligands inhibit the basal CXCR4 signaling, which implies a shift of
equilibrium towards inactive receptor conformation. Moreover, these ligands also disrupt
receptor dimerization to distinct levels. In view of these observations, it can be hypothe-
sized that 1) either the basally active receptor conformation is responsible for dimer for-
mation, or 2) dimerization is responsible for receptor basal activity. The recent work of
Wescott et al., in which distinct residues that control ligand binding, receptor activation
and effector coupling were identified, aided in selecting the correct residues for mutagen-
esis. Among these residues, the TM6 residues valine (V) 242638 and leucine (L) 24654
reside in the center of the conserved signaling motifs of GPCRs and were proposed to
regulate the micro switches that modulate CXCR4 activation by interacting with side

chains of TM helices 5, 6, and 7 (Figure 5-28A). Therefore, the V242 to aspartate mutant
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(V242538D) and L.246 to proline (L24654P) were generated and these mutants were tested

in terms of basal activity and dimerization.
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Figure 5-28. CXCR4 V242°38D and the 1.246°*’P mutants are monomeric and display no basal or
ligand-induced activity. (A) Position of the V24263 residue on CXCR4 model (Ngo et al., 2020).
V242638 interacts with other TM6 residues (shown as sticks) and form a hydrophobic network
that stabilize the micro switch residues on TMS5 and 7 (shown as sticks), viewed from side (mid-
dle panel) and top (right panel). (B) SpIDA shows that the V2426 3D mutant (light grey) is
mainly monomeric and the L246°4’P is largely monomeric in comparison to the WT CXCR4
(yellow). (C) V242638D and 1L.246°*’P mutants display higher basal FRET ratios, (lower basal G
protein activity), in comparison to the WT CXCR4 (yellow) on FRET-based Gi» sensor. PTx in-
duced increase in FRET probes the basal activity of CXCR4. (D) Correlation plot of basal activ-
ity and oligomeric state for the TM6 mutants; data with SD error bars were derived from Fig. 6B
and 6C. The dotted line indicates the pseudo-correlation. The black line with 95%CI (grey
shades) is the actual fit (slope m=0.009 (0.008 to 0.010 CI))

In SB experiments, the V242%3D mutation exhibited a completely monomeric be-
havior as opposed to the WT CXCR4 (Figure 5-28B). Moreover, in the Gi activation assay
this mutant showed a noticeable reduction in basal Gi, activity (Figure 5-28C). None of
the ligands tested on this receptor induced a FRET change in the Gi, biosensor (Fig-
ure 5-29A), suggesting that this mutant is absolutely signaling-deficient. Likewise, the
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L.246%4?P displayed a reduced brightness compared to the WT CXCR4, yet it was not as
monomeric as the V24253¥D mutant (Figure 5-28B). The basal Gi, signaling via the
L246%4°P mutant was also diminished compared to the WT CXCR4, yet to a lesser extent
compared to the V242%3D mutant (Figure 5-28C). Moreover, the partial basal activity of
the L2465%P mutant was further reduced by the inverse agonists FC131 and IT1t (Fig-
ure 5-29B). Plotting the basal activity against the dimeric status of these mutants again
showed a positive correlation between the receptor basal activity and the oligomer status

(R =0.7), further confirming the connection between these two features (Figure 5-28D).
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Figure 5-29. Assessment of Gi, protein activation by CXCR4 ligands on TM6 mutants. Measure-
ment of Gi activation by CAM CXCR4 using the Gi» FRET sensor with different CXCR4 ligands
for the V242°38D (A) and the L246°*’P (B) mutants of the CXCR4. Scatter dot plots with bars
represent ligand-mediated FRET change (mean + SD) relative to basal in mean with SD of at
least 3 different plate reader experiments.

All together, these results show that the mutations on critical micro switch residues
of CXCR4 TM domains can reduce the basal signaling as well as receptor dimerization in
a correlated manner. This observation suggests an important role of receptor conformation

on dictating the receptor oligomer status.
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5.3. Designing a Novel Biosensor to Detect CXCR4 Activation

Being in the center of immune regulation and progression of cancer and immune
diseases, CXCR4 receives a great interest as a drug target. Hence, developing assays that
report CXCR4 activation or signaling is crucial. Several genetically encoded biosensors
and immunoassays reporting CXCR4 downstream signaling are already being used. How-
ever, only one biosensor to measure direct CXCR4 activation, which is based on an intra-
molecular CXCR4 FRET sensor, is available. To create a robust tool to measure CXCR4
conformational changes, two additional sensor designs were created and tested in this

work.

5.3.1. BRET-Based CXCR4 Biosensor Design

The first design of choice was a BRET based intramolecular CXCR4 biosensor.
This design is based on introducing a nanoluciferase (nLuc) and a HaloTag to the intracel-
lular loops of the receptor. The design is based on the conformational changes in the trans-
membrane domains and relatively large distance changes at the intracellular tips of these
structures. Numerous structural studies on class A GPCRs suggested that upon agonist
binding these receptors undergo a number of conformational changes. The most remarka-
ble one is the large (roughly 10 Angstrém) outward movement of the intracellular tip of
TM6. Therefore, inserting a nanoluciferase to the C-terminal and a HaloTag to the ICL3
of the receptor may take advantage of this large conformational rearrangement (Fig-
ure 5-30). A large number of FRET- and BRET-based biosensors based on this phenome-
non were described previously, supporting the design rationale. Therefore, generating a
CXCR4-based biosensor in a similar concept was expected to generate BRET signal that

changes upon ligand binding and subsequent conformational changes in the receptor.
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Figure 5-30. Schematic representation of the mechanism of intramolecular GPCR BRET sensors.
The sensor design involves the insertion of a HaloTag to the ICL3, and a nanoluciferase (nLuc)
to the end of the C terminus of the GPCR. (A) In non-ligated state, the biosensor exhibits a basal
BRET signal, owing to the distance between nLuc and dye bound HaloTag. (B) Upon ligand
binding to the GPCR, a series of conformational changes occur in the GPCR, which changes the
orientation and the distance between the nLuc and HaloTag bound fluorescent dye. These confor-
mational switches result in changes in BRET, which can be in positive or negative direction de-
pending on the individual sensor used.

To generate such a CXCR4 BRET sensor, nLuc was inserted after the last residue
of the C terminal, and HaloTag was introduced between the residues His228%¢7 and
Ser229°9 (Figure 5-31A). HaloTag insertion sites were selected identical to the FRET
based intramolecular CXCR4 sensor design, since the insertion of the FIAsH binding motif
between His228%¢7 and Ser229°8 residues produced a working FRET sensor with slightly
diminished G protein activity. Firstly, the absorption spectra of the cloned CXCR4 BS was
assessed in 96-well plate format before and after labeling the HaloTag with the HaloTag
618 ligand. In cells, in which HaloTag is not labeled, only one absorption peak, which
corresponds to nanoluciferase emission, was observed. On the other hand, cells that are
labeled with HaloTag 618 ligand, two emission peaks were observed: one that corresponds
to that of nanoluciferase, and another peak with smaller amplitude that corresponds to the

acceptor HaloTag 618 emission, which is indicative of basal BRET (Figure 5-31B).

Next, the sensor BRET response was tested before and after adding increasing con-
centrations of the agonist CXCL12, as well as a number of other ligands that inhibit
CXCR4. Concentration-response plots generated from these experiments revealed distinct,
ligand dependent changes in BRET signal. The agonist CXCL12 induced a concentration

dependent BRET increase. However, this increase did not reach to a saturation up to 10
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uM CXCLI12 concentrations. On the other hand, the inverse agonists FC131, ITlt,
LY2510924, and TC14012 resulted in concentration dependent decrease in BRET signal
with varying potency and efficacy values. In contrast, the antagonist AMD3100 caused a
small but concentration dependent increase in BRET, suggesting a partial agonist activity
for this ligand. Except CXCL12, all the ligands tested exhibited a saturated BRET re-

sponse, which allowed calculating EC50 values for each ligand response (Figure 5-31C).
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Figure 5-31. Design and evaluation of the BRET based intramolecular CXCR4 activation biosen-
sor. (A) Topological view of the designed sensor protomer. A full length HaloTag was inserted
between the residues His228 and Ser229 within the ICL3. Nanoluciferase was inserted after the

last residue of the receptor C terminal, Ser352. (B) Absorption spectra of the biosensor expressed

in HEK293 cells before (black line) and after (red line) labeling of the HaloTag with the Halo

618 ligand. The early peak with a maximal emission of 460 nm corresponds to the nanoluciferase

emission. The late peak in the labeled condition corresponds to the HaloTag 618 emission which

is an indicator of basal BRET occurrence. (C) Concentration-response plot depicting the %
BRET changes observed on the CXCR4 biosensor after stimulation with various concentrations
of CXCR4 ligands. Each data point is the average £ SEM of at least 3 independent experiments.

Straight line on each data set is the Hill equation fit of the data, from which the logECs data (be-

low) was obtained.

To understand the temporal kinetics of the obtained responses, same BRET assay

was employed in well reading format. In this format, individual wells are measured with
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high temporal kinetics, and ligand addition is performed via the automatized dispenser unit
of the plate reader device, which allows a continuous measurement. First, cells were stim-
ulated with 1 uM CXCL12, and then with buffer. Here, CXCL12 induced a BRET increase
with a 1 value of 10 seconds, and this response went down upon addition of buffer, due to
agonist dilution. When this experiment was performed with first CXCL12, and then 10 uM
IT1t addition, IT1t decreased the CXCL12 induced response below the basal level. When
first stimulus was performed with IT1t, a BRET decrease with a t = 26 seconds was ob-
served. While buffer stimulus as second injection did not change the IT1t induced re-
sponse, CXCL12 partially reversed this response, revealing its agonistic activity on the

biosensor (Figure 5-32).
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Figure 5-32. Time course analysis of ligand-induced BRET responses in CXCR4 BRET biosen-
sor. BRET experiments were performed in HEK293 cells transiently expressing the CXCR4
BRET sensor. In order to perform a measurement with high temporal resolution, each time a sin-
gle well was measured. Step-wise ligand stimulations were performed via the internal dispensers
of the plate reader in order to achieve an uninterrupted measurement. Time trace data shown in
the graph is the mean + SEM of at least 3 experiments for each condition. Exponential fitting
(black lines) after each ligand injection was performed to calculate the kinetics of the ligand me-
diated changes in BRET signal.

Altogether, a first generation intramolecular CXCR4 BRET sensor was generated
and experimentally evaluated. This sensor exhibited changes in its basal BRET with all the
ligands that were tested. The sensor revealed an accurate profile of agonism/antagonism/in-
verse agonism for all of the tested ligands. Apart from the agonist CXCL12, all ligands

generated ECso values that are in the range of which reported in the literature.
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5.3.2. cpGFP-Based CXCR4 Biosensor Design

As a second approach to generate a biosensor that reports CXCR4 conformational
changes, the cpGFP design was used. This design is also based on the outward movement
of the TM6 helix upon receptor activation. It is believed that the cpGFP inserted between
the TMS5 and TM6 helices can undergo conformational changes due to the movements of
both helices, but particularly the TM6, which results in stretching/relaxing of the cpGFP
between these two helices. These movements in turn cause different assemblies of the GFP
barrel and affects the chromophore microenvironment, thus producing different fluores-

cence intensities (Figure 5-33).
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Figure 5-33. Schematic representation of cpGFP based GPCR biosensors. A cpGFP is inserted
between TMS and 6, with linkers of a few residues flanking cpGFP. Upon ligand binding to the
sensor, cpGFP fluorescence increases due to the conformational changes. (C) Sequence align-
ment of CXCR4 with other class A GPCRs that were used as cpGFP scaffold. Red lines at TM5
and TM6 represents the sites where cpGFP with flanking linkers is inserted.

Following this phenomenon, and considering the characteristics of the previously

reported cpGFP based GPCR biosensors, a CXCR4-cpGFP sensor was designed. Firstly,
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a signal peptide was inserted to the N terminus of CXCR4 to increase plasma membrane
targeting of the receptor. Then, the insertion site for cpGFP and the composition of the
linkers flanking cpGFP were selected (Figure 5-34A). Considering the linkers from suc-
cessful GPCR-cpGFP biosensors, two sets of linkers were selected: The first set of linkers
come from the dLight sensor (based on the dopamine receptor D1), in which the cpGFP is
flanked by the LSSLI and NHDQL residues. The second linker set comes from the Gach2.0
sensor (based on the muscarinic receptor M3), in which the cpGFP is flanked by the
VEQGG and APSVADGR residues. As an initial insertion site, Gly231-His232 was se-
lected, since these residues are in the center of the short ECL3 of CXCR4, and may undergo

a large distance shift upon activation.

Fluorescence microscopy analysis of intact cells expressing the CXCR4-cpGFP
variant with dLight linkers (v1) showed that this sensor was localized mainly on the cell
surface, and a remarkable portion of the fluorescence signal was observed in the intracel-
lular domains. This sensor did not exhibit any fluorescence intensity change upon addition
of 10 uM CXCL12, or 10uM IT1t, suggesting that this sensor does not report the possible
ligand induced conformational changes. The second sensor design that contains the
Gach2.0 linkers (v2) was mainly localized on the cell surface. In contrast to the first design,
CXCR4-cpGFP v2 induced a roughly 5% increase in fluorescence intensity upon treatment
with 10 uM CXCL12 (Figure 5-34B and C). Next, temporal kinetics of the agonist-medi-
ated response was measured with the assistance of a perfusion system for rapid ligand
stimulation. From these experiments, a t-value of 690 msec was observed for the fluores-
cence increase by 10 uM CXCL12 addition ((Figure 5-34D). These kinetics match the one
observed for the recently described CXCR4 FRET sensor. Therefore, CXCR4-cpGFP v2

design was selected as the preliminary candidate for further development.

As a second line of sensor improvement, other insertion sites were selected. The
insertion site of the cpGFP can be critical, since inserting this fluorophore where the largest
conformational changes are observed would result in the best responses. Therefore, cpGFP

with Gach2.0 linkers was inserted between His228 and Ser229 (v3) and GIn233 and
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Lys234 (v4) (Figure 5-34A). Although both sensors displayed excellent membrane locali-
zation, neither of them responded to saturating concentrations of CXCL12 or IT1t (Fig-
ure 5-34C).
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Figure 5-34. Design and experimental evaluation of CXCR4-cpGFP biosensors. (A) Sequence of
CXCR4 TMS5, ICL3 and TM6 residues. Arrows below show the selected insertion sites for
cpGFP. Two arrows with the same color indicates that the residues in between were truncated.
(B) Epi-fluorescence microscopy images of GPCR-cpGFP biosensors. Scale bar is 10 um. (C)
Bar graph shows agonist induced changes in cpGFP fluorescence. M3R-cpGFP (Jing et al., 2018)
was stimulated with 100 uM acetylcholine. f;ARand B.AR sensors (Patriarchi et al., 2018) were
stimulated with 100 uM norepinephrine. CXCR4-cpGFP variants were stimulated with 10 uM
CXCL12. Error bars indicate SEM of 3 independent experiments. (D) Representative single cell
analysis of activation and deactivation kinetics of the CXCR4-cpGFP v2 sensor. Black line indi-
cates the time trace data and red lines show the monoexponential fit of the data within the shown
range to calculate activation (t=690 ms) and deactivation (==1516 ms) kinetics.

As well as the insertion site, amino acid composition flanking the cpGFP and the
linkers may also influence the cpGFP response. When compared by amino acid alignment,
it was observed that a big portion, if not all, of the ICL3 was truncated with the intracellular
“tips” of the TMS5 and 6 in the successfully published GPCR-cpGFP biosensors. In most
of the sensors, the linkers were flanked by a positively charged residue. In light of this, an
insertion approach resembling the other GPCR-cpGFP biosensors was prepared. In this
design, cpGFP flanked by the Gach2.0 (Jing et al., 2018) linkers was inserted between
CXCR4 residues K230 and K234 (v2.2), as these residues align to the basic residues used
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in other GPCRs for inserting the cpGFP between. CXCR4-cpGFP v2.2 displayed an unal-
tered membrane localization, compared to the previous versions (Figure 5-34B). In con-
trast to the v2, the v2.2 sensor produced a decrease in fluorescence intensity in response to

10 uM CXCL12 (Figure 5-34C).

In summary, this work led to two cpGFP-based CXCR4 biosensors, both of which
responding to the agonist CXCL12 in inverse directions, reflecting the correct agonism of
the sensor. The biosensor CXCR4-cpGFP v2 displays an increasing fluorescence signal in
response to the agonist CXCL12, and therefore is an excellent starting point to develop
CXCR4-cpGFP sensors with larger fluorescence intensity change and a better agonist af-

finity.
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6. DISCUSSION

G protein coupled receptor oligomerization has been an attractive, yet controversial
topic over the last two decades (George et al., 2002). Using diverse types of methods,
contradicting conclusions have been reported in terms of oligomerization of several recep-
tors (Isbilir et al., 2017). Despite this controversy, a growing number of evidence suggest
that oligomerization may have an influence on the pharmacology of a number of receptors
under certain cellular context (Ferré et al., 2014). Recent advances in high resolution single
molecule microscopy, as well as fluorescence spectroscopy have served as great tools to
study membrane protein complexes with great precision (Calebiro and Sungkaworn,
2018). Super resolution methods provide a resolution at single molecule level. Numerous
reports using these methods suggested a largely monomeric quaternary organization of
class A GPCRs, such as the 1 adrenergic receptor (Calebiro et al., 2013), u opioid receptor
(Mdller et al., 2020), muscarinic M; receptor (Hern et al., 2010), dopamine D, receptor
(Tabor et al., 2016) and neurotensin 1 receptor (Dijkman et al., 2018).

Although single molecule imaging provides a great amount of quantitative infor-
mation on the exact amount of receptors per complex as well as the spatio-temporal dy-
namics of receptor-receptor interactions, this method requires a very low, and usually sub
physiological expression levels of the receptor being studied, in order to assure single mol-
ecule resolution. Thus, it does not allow addressing the effect of different expression levels
on receptor oligomerization. Recent advances in fluorescent fluctuation spectroscopy have
allowed the use of this technique on commercial confocal microscopes, with less compli-
cated analysis routines, to study membrane protein oligomerization. Methods such as
SpIDA, PCH and N&B have been successfully employed to decipher the oligomeric as-
sembly of numerous GPCRs at expression levels ranging from 10 to 1000 receptors per

um? plasma membrane area (Briddon et al., 2018; T. Youker and Voet, 2020).

The main scope of this thesis work was to assess the oligomerization of chemokine

receptors CXCR4 and CXCR?7 using a well-established single molecule imaging routine,
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and implementing a clear protocol to assess receptor oligomerization using molecular
brightness analysis at high receptor expression levels, where concentrations exceed the
single molecule resolution. Implementation of two brightness analyses with reliable mon-
omeric controls was successfully achieved in this work. For two labeling methods, two
monomeric control constructs based on ;AR were verified with vigorous testing. Moreo-
ver, a double EYFP tagged version of the f1AR also worked greatly as a dimeric control

for the case of EYFP labeling.

First, TIRFM based single molecule microscopy revealed a highly monomeric or-
ganization of CXCR4: only 12% of the observed spots resulted in a dimeric assembly, in
comparison to the monomeric control f1AR and the dimeric control CD28. Assessing the
single receptor tracks over space and time allowed characterizing the individual receptor-
receptor colocalizations. This analysis revealed that CXCR4 protomers do indeed cod-
iffuse. After deconvoluting the random, nonspecific interaction kinetics, the dimer lifetime
of CXCR4 was observed in the range of ~1 second. Compared to previous single molecule
data under analogous conditions (i.e. temperature), this interaction kinetics was in the same
scale as observed for the neurotensin 1 receptor, which displayed a t of 1.2 seconds of
dimer lifetime. On the other hand, CXCR4 displayed longer interaction times in compari-
son to that of the p opioid receptor (Moller et al., 2020) and the muscarinic M; receptor
(Hern et al., 2010), both of which displayed interaction lifetimes of ~0.5 seconds. When
interpreting the dimer kinetics data from TIRFM experiments, it is important to note that
the duration of TIRF movies was between 4 and 8 seconds. Therefore, if there are any
interactions that are longer than these, the software would not involve them in the analysis.
On the other hand, upon interaction, if both of the molecules are photobleached, this is also
not involved in the analysis. Moreover, it is also worth to note that a proportion of CXCR4
dimers at low expression levels may also be constitutive, which is also not considered in
the dimerization kinetics calculations. Therefore, it is possible to speculate that a number
of experimental drawbacks, which need immediate improvement, may actually cause the

underestimation of dimer lifetimes of CXCRA4.

Next, the goal was to use these methods to investigate the oligomerization of

CXCR4 and CXCR?7 at higher expression levels. Both CXCR4 and CXCR?7 are expressed
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in several tissue types, with varying copy numbers per cell. In particular, immune cells
express from a few thousands to 150,000 copies of CXCR4 (Lee et al., 1999; Ueda et al.,
1998), while cancer cells, where CXCR4 expression is usually a prognostic factor, express
above 100,000 CXCR4 copies per cell (P. Guo et al., 2012; D. Liu et al., 2018; B. Wang
et al., 2015). On the other hand, despite not characterized quantitatively, growing evidence
suggests that cancer cells can express very high amounts of CXCR7 as well (Melo et al.,
2014; Song et al., 2019; S. Xu et al., 2019). Therefore, studying the oligomerization of
CXCR4 and CXCR7 at a large spectrum rather than only at low expression levels was
important to understand the quaternary assembly of these receptors in greater detail. Mo-
lecular brightness methods, such as the number and brightness analysis, are well estab-
lished tools for this purpose. Firstly, the application of the N&B theory was expanded from
temporal domain to spatial domain. Since N&B method is based on statistical analysis of
photon counts over individual pixels over time, it could in principle be applied on several
pixels of a single confocal microscopy image. Firstly, this theory was tested by measuring
the number of Rhodamine 6G fluorescence dye molecules within the confocal beam vol-
ume, and comparing them with the theoretical number calculated from the known concen-
tration of the dye solutions used. This comparison showed that the spatial brightness ex-
pansion of the N&B method can precisely calculate the concentration of molecules in a

well characterized beam volume.

In order to use spatial and temporal brightness methods, appropriate monomeric
and dimeric controls for each labeling approach were needed. Firstly, two labeling methods
were tested: 1) C-terminal EYFP tagging and 2) N-terminal SNAP tagging with Alexa
Fluor 488 labeling. For EYFP tagging, B1AR-EYFP served as a reliable monomeric con-
trol, as its brightness was lower than that of CD86-EYFP. Moreover, 31AR-EYFP bright-
ness was stable even after 10 frames of photobleaching. A double EYFP-tagged B1AR
worked as a robust dimeric control, with a doubled brightness value compared to B1AR-
EYFP. For SNAP tagging, SNAP-B;AR again displayed lower, bleaching-resistant bright-
ness in comparison to SNAP-CD86, verifying that it is indeed a reliable monomeric control

for both labeling approaches. A robust outcome of the results here is that both spatial and
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temporal brightness analyses resulted in correlating brightness values for the control con-
structs for each labeling approach. These conclusions suggest that the expansion of the

N&B theory from temporal to spatial domain has proven to be working vigorously.

Next step after establishing the working protocols for brightness analyses was to
apply the methods on CXCR4 and CXCR7. When tested on CXCR7 with a C terminal
EYFP tag, this receptor displayed a highly intracellular localization of the fluorescence
signal. This may not be surprising, as CXCR?7 is an arrestin-biased, decoy oriented receptor
that exhibits continuous basal internalization in several assay systems (Canals et al., 2012;
K. E. Luker et al., 2010). In order to avoid the interference of intracellular CXCR7-EYFP
signal on the plasma membrane signal, SNAP surface labeling approach was used, as this
technique allows labeling only the receptors that are localized on the cell surface. Yet
again, SNAP Surface labeled SNAP-CXCRY7 still displayed clusters near the cell surface.
Of note, labeling with SNAP dyes requires an incubation time of 20 minutes. Since CXCR7
is believed to be internalized constitutively, this time scale would be sufficient for labeled
receptors to be internalized already, and this might cause the observed SNAP-CXCR?7
clusters which are either internalized or on the path of internalization. Since clusters exhibit
higher intensity values, they can be eliminated in brightness analyses by filtering out the
pixels with intensity values above a certain threshold. After applying individual intensity
threshold values for each image, membrane areas with more homogenous CXCR?7 distri-
bution could be analyzed. This analysis showed that CXCR7 is mainly monomeric. These
results contradict others reported earlier, in which luminescence complementation, FRET
and BRET were used to assess oligomerization (Kalatskaya et al., 2009; Levoye et al.,
2009; H. T. Nguyen et al., 2020). It should be noted that the methods in the given studies
do not assess the localization of the CXCR7 signal. Therefore, it is possible that the re-
ported oligomer signal of CXCR7 might stem from receptor clusters in clathrin coated pits

and endosomes, which CXCR7 appears to accumulate constitutively.

Molecular brightness analysis of CXCR4 at various expression levels suggested a
concentration-dependent increase in the complex size for this receptor. Brightness based

assessment of receptor oligomerization may suffer from receptors binding to and co-dif-
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fusing with an interaction partner, without specific receptor-receptor interactions. To over-
come this, a technically independent assay, FRET AB in this case, was applied, and the
results of this assay further corroborated the specific interactions of CXCR4. At densities
above 50,000 receptors per cell (>70 receptors per pm?> membrane area), CXCR4 exhibited
a strictly dimeric behavior. The concentration dependence of CXCR4 dimerization might
be important for its physiological and pathophysiological function, as CXCR4 concentra-
tions in functionally relevant cells are usually at the range where the receptor is dimeric.
However, it is important to note that dimerization of receptors can be influenced by the
cellular context (i.e. presence or absence of interaction partners, membrane composition
and properties etc.). Therefore the conclusions of these results should be assessed with

careful consideration.

Activation of CXCR4 with its agonist CXCL12 appeared to further increase the
complex size. CXCL12 caused clusters of CXCR4, which appeared time and ligand con-
centration dependently. A deeper assessment showed that these clusters colocalized with
the clathrin adaptor AP2. Moreover, time kinetics of the cluster formation was in good
correlation with receptor internalization. CXCR4 was also still in a dimeric state very
shortly after agonist stimulation. This short time scale is already necessary to reach a full
G protein activation state. Therefore, it is possible to speculate that G protein activation
does not require an apparent shift in CXCR4 stoichiometry. Yet, it was previously reported
that CXCR4 dimers undergo a conformational rearrangement rapidly upon activation. A
possible mechanism to suggest here would be that CXCL12 binding to CXCR4 induces a
rapid (~600 msec) intramolecular conformational rearrangement, as well as a slower ho-
modimer rearrangement (~2 sec). Then, activated dimers start to form clusters, which may
be associated with receptor internalization. However, the interplay and interdependence of
these processes are not fully understood, and require further investigation. The elegant
study of Martinez-Mufioz et al. recently suggested that agonist induced clustering of
CXCR4 mediated T cell migration, and mutants that are not able to form clusters do not
activate the migration process (Martinez-Mufioz, Rodriguez-Frade, et al., 2018). This hy-
pothesis may be true, but it is worth noting that the mutations in the study of Martinez-
Mufioz et al. are on the TM6 residues of CXCR4, which were previously shown to strictly

control the conformational changes of the receptor upon agonist binding (Wescott et al.,
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2016). Therefore, it is necessary to understand better if these mutants do not form clusters
because they cannot become activated, or if they cannot become activated because they
cannot cluster. Answering such a question may contribute the understanding of the inter-

play between CXCR4 tertiary and quaternary structure during receptor activation.

Further assessment of CXCR4 dimers showed that dimerization is closely related
to the receptor basal activity. A FRET-based G protein activation assay showed that
CXCR4 induces basal Gi, protein activity, which is PTX-dependent. Moreover, CXCR4
antagonists TC14012, LY2510924, IT1t an FC131 can reduce this basal activity with var-
ying efficacies. These ligands also reduce the high basal activity of a constitutively active
CXCR4 mutant. Therefore, these ligands can be labeled as inverse agonists. Interestingly,
among these inverse agonists, LY2510924, IT1t and FC131 were able to inhibit CXCR4
dimerization. Furthermore, compared to the other CXCR4 inhibitors, these 3 ligands form
contacts with the CCR4 minor binding pocket. Mutating a residue within this binding
pocket reduced the dimer destabilizing ability of IT1t and FC131. Therefore, it can be
proposed that ligands of CXCR4 minor pocket can inhibit receptor dimerization by inhib-
iting the receptor basal activity. The lack of dimer destabilizing ability of TC14012 can be
associated with its low efficacy on reducing the basal Gi, activity. In support of these ob-
servations, a great correlation was observed between the basal activity and basal dimeriza-
tion of two CXCR4 mutants, V242%38D and L24654?P. While V242638D exhibited virtually
no basal activity, this mutant was also completely monomeric. L246%*P, on the other
hand, displayed a partial basal activity, which probably reflects the partially dimeric or-
ganization of this mutant. Therefore, it is possible to speculate that the basally active
CXCR4 conformation is a modulator of the receptor dimerization. Once the basal activity
is inhibited, receptor stoichiometry shifts towards the prevalence of monomers. Another
supportive result in regard to this observation came from the nanobody VUN401. This
ligand binds exclusively to the extracellular regions of CXCR4. Probably because it does
not bind to the major or minor binding pockets of CXCR4, it is not able to modulate the
receptor basal activity. Yet, it disrupts receptor dimers completely. From this observation,
it can be concluded that VUN401 causes a physical separation of CXCR4 dimers, owing
to the large size of the ligand, and its extracellular binding mode, without affecting the

receptor basal activity. This supports that it is not the receptor dimerization that modulates
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receptor’s basal activity. Rather, CXCR4 dimerization is a consequence of its basal activ-

ity, and inhibition of CXCR4 basal activity leads to dimer disruption.

BASAL STATE AGONIST
CXCR4 V242D mutant: CXCR4 wild type CXCL12
+« Monomeric « Dimeric + Dimer rearrangement
* No basal activity « Basal activity « Full activity

1y

ANTAGONISTS INVERSE AGONISTS

Extracellular nanobody Major pocket ligands Minor pocket ligands
+ Monomeric + Dimeric + Monomeric
+ Basal activity + Basal activity * No basal activity

1y

Figure 6-1. Graphical abstract of quaternary organization, pharmacological modulation and re-
ceptor conformation dependency of CXCR4 dimerization. At the basal state, CXCR4 is highly
dimeric, and exhibits basal G protein activity. Mutating the V242 residue to D diminishes both
receptor dimerization and basal activity. Among the ligands, the agonist CXCL12 induces a di-
mer rearrangement and fully activates the G protein. From the inhibitors, inverse agonists that
bind to the minor pocket diminish the basal activity, thus disrupts dimers, while the major pocket
ligands cannot exhibit either of these. On the other hand, the nanobody VUN401 binds to the ex-
tracellular sites and disrupts the dimers, without affecting the basal activity of CXCR4.

Upon observing how the basally active CXCR4 conformation is prone to form re-

ceptor dimers, it was crucial to assess whether the intracellular interaction partners of
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CXCR4 can influence receptor dimerization. Therefore, the most obvious signaling part-
ners were assessed: G protein o subunits and B-arrestins. Although CXCR4 is known to
activate primarily Gai, others reported that it can stimulate Gaq (Doijen et al., 2017; Soede
et al., 2001) and Gal12/13 (Yagi et al., 2011) signaling as well. Therefore, assessing
CXCR4 dimerization in a cell line devoid of all functional Ga subunits, as well as another
that lacks both B-arrestin 1 and 2 was the choice for this approach. In both of these cell
lines, CXCR4-EYFP appeared to be dimeric above 50 receptors/um2 membrane area.
Moreover, inverse agonists that disrupted CXCR4 dimers in HEK293AD cells still re-
tained their effect in the knockout cell lines as well. From these experiments, it can be
concluded that neither Ga subunits, nor B-arrestins stabilize CXCR4 dimers. However,
what is not assessed here is whether these effectors affect the dimer stability at different
expression levels of CXCR4. Pharmacologically, it is possible that the effectors can shift
the Ky of dimer formation. The experiments here were performed already and the levels
where dimerization reached the saturation, which may hinder any effect of the effectors.
Therefore, more detailed assessment of the effectors may be needed to understand their

effect in more detail.

To sum up, this thesis work focused on tackling the problem of CXCR4 and
CXCR7 oligomerization via a tour de force of fluorescence microscopy and luminescence
methods including single particle tracking, molecular brightness analysis, FRET, and
BRET. The results agreeably show that exogenously expressed CXCR4 dimerizes in a
density dependent fashion, and the dimerization is inhibited by stabilizing an inactive re-
ceptor conformation, either via mutations, or inverse agonists that bind the minor pocket
of CXCR4. CXCR4 is a major drug target in immune diseases as well as cancer, and de-
veloping more efficient inhibitors of CXCR4 is essential in this regard. Here, the results of
this work may uncover a new strategy to design drugs that target CXCR4 minor pocket,

rather than only targeting the receptor dimer interface.
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7. OUTLOOK

GPCR oligomerization has been studied by several groups using numerous bio-
chemical and biophysical methods over recent decades (Guo et al., 2017). Although some
of these methods, such as FRET and BRET, reports direct receptor-receptor interactions,
they cannot discriminate the location of the RET signal. As a result, when a receptor accu-
mulates in a subcellular structure, i.e. an endosome, the conclusion from such assays would
be that it is an oligomeric receptor. Yet, if FRET is the method of choice for oligomeriza-
tion analysis, it is recommended to use it on a confocal or TIRF microscope, where a spe-
cific cellular domain, in particular the cell membrane, may be selected, so that any RET
signal that may arise from other compartments can be avoided. Yet, such methods, i.e.
FRET acceptor photobleaching, as applied in this work, still does not provide a quantitative
analysis of receptor oligomerization. Vigorous simulations and mathematical modeling ap-
proaches are needed to use FRET AB in a quantitative manner, which requires a high level
of mathematical expertise to follow (Prasanna et al., 2014). On the other hand, biochemical
methods that involve receptor solubilization in methods are rather harsh and do not always
represent the native quaternary organization of GPCRs. Although more advanced bio-
chemical methods, such as blue native polyacrylamide gel electrophoresis method, use
milder detergents and retain the receptor complexes in their native states (Furness et al.,
2016), this method still does not match an analysis in an intact cell. As opposed to such
methods, image analysis based techniques provide more quantitative assessment of recep-
tor quaternary organization. Among these, fluorescence fluctuation spectroscopy based

methods stand out.

Here, the implementation and use of temporal and spatial brightness analysis tech-
niques served as valuable tools to uncover several biological insights regarding CXCR4
and CXCR7 oligomerization. The work here demonstrated that these two methods could
be combined with different labeling strategies, which provide a flexible platform. One im-
portant aspect to consider while designing a brightness-based measurement is to have a

reliable monomeric control, which should be used as a reference while characterizing av-
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erage oligomer size of each receptor of interest. The work here also describe such mono-
meric and dimeric control constructs, and provide a strong strategy to assess any other
candidate monomeric or dimeric control construct. Another crucial aspect of brightness
based analyses is the selection of the region for analysis. Cells being imaged may exhibit
inhomogeneous structures, which display high intensities, such as filopodia, membrane
ruffles, endosomes that are located closely to the membrane etc. Such heterogeneities
should be avoided while selecting a region of interest (ROI) to be analyzed. A very good
example, as shown in the work here, is the chemokine receptor CXCR7, which exhibited
a highly clustered organization. The membrane located fraction of CXCR7 could only be
assessed by eliminating the clusters by implementing an intensity filtering. This educated
ROI selection revealed that the plasma membrane localized fraction of CXCR7 is actually
monomeric, while previous reports based on RET analysis in 96-well plates suggested an

oligomeric assembly of CXCR7.

Another important point is using the temporal and spatial brightness in combina-
tion. Even though both methods are simply based on the same mathematical theory, in
practice their results may slightly differ. In temporal brightness, any immobile fraction
persisting in individual pixels will result in zero brightness, as there will be virtually no
fluorescence fluctuation. Here, using a spatial brightness approach would provide a solu-
tion. On the other hand, spatial brightness may suffer from the selection of areas with in-
homogeneous intensities. This problem can also be solved during the analysis. Testing the
quality of the Gaussian fit on the intensity distribution can help identifying whether any
inhomogeneity was involved in the ROI. This analysis can be iterated for numerous ROIs

until a convenient ROI selection has been made.

As opposed to single molecule analysis, temporal and brightness analyses provide
only an average behavior of oligomerization. For example, for a species that exhibits a
dimeric brightness value, it is difficult to say whether it is formed by 100% dimeric en-
sembles, or 50% monomeric and 50% trimeric complexes. Another extension of the N&B
analysis, called fluorescence intensity fluctuation spectrometry (FIF) addressed this issue
by segmenting a single confocal image and calculating brightness within each segment, in

order to generate brightness spectrograms from which oligomeric species can be quantified
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(Stoneman et al., 2019). Although this novel approach offers an extra magnification on the
existing ensemble brightness methods, its way of handling small segments of a large ROI

has been debated (Annibale and Lohse, 2020).

Chemokine receptors CXCR4 and CXCR?7 are two of the main regulators of cellu-
lar migration during development and immune cell surveillance. Owing to their abundance
in numerous tissues, they mediate distinct cellular signaling functions at diverse sites of
the human body. Being involved in several vital processes also comes with its own price:
Dysregulation of both CXCR4 and CXCR7 mediated signaling has been proven by many
studies to cause cancer progression, due to cancer cell survival and metastasis (Y. Shi et
al., 2020). Due to its involvement in such diseases, CXCR4 has been a valuable druggable
target. Therefore, understanding the biology of this receptor is quite crucial in terms of

drug development.

Here, this worked addressed the CXCR4 biology in terms of receptor organization
on the cell surface. The results of this study suggested that CXCR4 can form dimers in a
density dependent fashion. Moreover, this work revealed a basal G protein activity that is
mediated by CXCR4. Mutations that are introduced in the TM6 residues that govern con-
formational changes of CXCR4 during activation process can inhibit the basal activity.
This suggests that CXCR4 appears to reside in a conformation where activation is slightly
favorable, which in turn causes a small but obvious basal G protein activity. A recently
published computational study supported this notion. Chang et al. performed molecular
dynamics simulations of CXCR4 conformations, and found out that the receptor displayed
different conformations in the basal and IT1t bound state (Chang et al., 2020). Measuring
the movement of the TM6, they found out that the apo receptor displayed a 5A outward
shift of TM6 compared to the IT1t bound state. Moreover, two mutations, L244%4°P and
L.24654P are able to stabilize a conformation that is similar to the IT1t bound state, both
moving the TM6 inwards. Binding of the agonist CXCL12 further moved the TM6 out-
wards to a probably fully active state. These results suggest that the apo receptor is partially
active, and IT1t binding, as well as two TM6 mutants, can shift the receptor back to a fully

inactive state. The results of Chang et al. are in line with the observations of this thesis
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work, describing a basally active CXCR4 state, which can be modulated pharmacologi-

cally and via mutations in the TM6 residues of the receptor.

Moreover, this thesis work revealed that CXCR4 dimerization is connected to the
basal activity of the receptor. Dimerization could be disrupted by shifting the receptor con-
formation towards a more inactive direction. Clinically, the basally active conformation of
CXCR4 might have a potential of targeting. Recently, a number of groups showed that the
ligands of the minor pocket, thus inverse agonists, diminished auto inflammatory responses
caused by CXCR4 (N. Smith et al., 2019; Zirafi et al., 2015), while the major pocket ligand,
AMD3100, did not exhibit such an effect. In line with these observations, it is possible to
speculate here that the anti-inflammatory effects of these CXCR4 inhibitors may be due to
their inverse agonistic activity, as the neutral antagonist/partial agonist AMD3100 did not
show any similar effect. Moreover, another group has recently reported that inducing a
mutation to the TM6 residue of mouse CXCR4 in leukemia cells decreased the homing of
these cells in bone marrow, while mutations in CXCR4 binding pocket did not have such
an effect (Ramakrishnan et al., 2020). The results of this study implies that inhibiting
CXCLI12 binding does not completely diminish the ligand independent activity of CXCR4.
Therefore, inverse agonists that exert such an inhibitory effect may also decrease cancer
cell homing in the bone marrow. Bone marrow homing of cancer cells provide an environ-
ment for cancer survival and progression. Moreover, bone marrow is not an easily acces-
sible environment for anticancer drugs (Mu et al., 2018). Therefore, any mechanism that
can allow cancer stem cells, or leukemia cells out of the bone marrow can increase the
targetability of these cells by chemotherapeutic drugs. This may be achieved by developing
CXCR4 inverse agonists, as such ligands may not only inhibit agonist binding to the re-
ceptor, but also inhibit the basal signaling via CXCR4, thus diminishing the homing of
malignant cells in the bone marrow. Possible activity of existing CXCR4 inverse agonists
on this axis, especially the ones that were identified as the dimer disrupting inverse agonists
in this thesis work, would be of importance to test in such in vivo assays in order to open

up a novel therapeutic mechanism.

In summary, recent studies focusing on CXCR4 conformations and clinical impli-

cations of receptor functions suggest that CXCR4 exhibits a certain basal activity that is
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clinically important. A number of drugs that are under clinical trials already target CXCR4
activity, especially in cancer. Yet, the molecular mechanism of CXCR4 activity is still not
fully understood, and requires further exploration. This work focused on the effect of the
quaternary structure of CXCR4 on the receptor signaling, and proposes a possible mecha-
nism on how basal activity and inverse agonists modulate receptor oligomer size. Due to
the importance of CXCR4 activity in such diseases, targeting the basal activity of CXCR4
via inverse agonists may be a relevant and potentially useful strategy as a therapeutical

approach in cancer.
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Table A-1. Multiple comparison and significance test results for Figure 5-20.
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Tukey's multiple comparisons Mean 95,00% CI of diff, | Significant? | Summary Adjusted P
test Diff, Value
B1AR-EYFP vs. Basal -1,03 -1,192 t0 -0,8672 Yes K <0,0001
B1AR-EYFP vs. CXCL12 -1,158 -1,335 t0 -0,9817 Yes HrHE <0,0001
B1AR-EYFP vs. IT1t -0,2771 -0,4309 to -0,1233 Yes K <0,0001
B1AR-EYFP vs. FC131 -0,112 -0,2565 to 0,03244 No ns 0,2860
B1AR-EYFP vs. AMD3100 -0,991 -1,19 to -0,7917 Yes HrHE <0,0001
B1AR-EYFP vs. TC14012 -0,8694 -1,043 to -0,6954 Yes HHAE <0,0001
B1AR-EYFP vs. VUN401 -0,07642 -0,2504 to 0,09752 No ns 0,9250
B1AR-EYFP vs. AMD3465 -0,981 -1,167 to -0,795 Yes HEAE <0,0001
B1AR-EYFP vs. LY2510924 -0,4226 -0,5809 to -0,2644 Yes HHAE <0,0001
Basal vs. CXCL12 -0,1286 -0,3003 to 0,04306 No ns 0,3343
Basal vs. IT1t 0,7525 0,6042 to 0,9008 Yes HrxE <0,0001
Basal vs. FC131 0,9176 0,779 to 1,056 Yes oAk <0,0001
Basal vs. AMD3100 0,03857 -0,1565 to 0,2336 No ns 0,9998
Basal vs. TC14012 0,1602 | -0,008794 to 0,3293 No ns 0,0796
Basal vs. VUN401 0,9532 0,7841 to 1,122 Yes HrxE <0,0001
Basal vs. AMD3465 0,04859 -0,1328 t0 0,23 No ns 0,9975
Basal vs. LY2510924 0,607 0,4541 to 0,7598 Yes oAk <0,0001
CXCLI12vs. IT1t 0,8811 0,7175 to 1,045 Yes okl <0,0001
CXCLI12 vs. FC131 1,046 0,8913 to 1,201 Yes ook <0,0001
CXCLI12 vs. AMD3100 0,1672 -0,0398 to 0,3742 No ns 0,2327
CXCL12 vs. TC14012 0,2889 0,1062 to 0,4716 Yes oAk <0,0001
CXCL12 vs. VUNA401 1,082 0,8991 to 1,264 Yes oAk <0,0001
CXCL12 vs. AMD3465 0,1772 -0,01696 to 0,3714 No ns 0,1071
CXCL12 vs. LY2510924 0,7356 0,5678 to 0,9034 Yes ook <0,0001
IT1tvs. FC131 0,1651 0,03663 to 0,2935 Yes ** 0,0022
IT1t vs. AMD3100 -0,7139 -0,9019 to -0,5259 Yes oAk <0,0001
IT1tvs. TC14012 -0,5923 -0,7531 to -0,4314 Yes oAk <0,0001
IT1t vs. VUN401 0,2007 0,03983 to 0,3615 Yes *E 0,0035
IT1t vs. AMD3465 -0,7039 -0,8777 to -0,5301 Yes e <0,0001
IT1tvs. LY2510924 -0,1455 | -0,2893 to -0,001813 Yes * 0,0444
FC131 vs. AMD3100 -0,879 -1,059 to -0,6985 Yes oAk <0,0001
FC131 vs. TC14012 -0,7573 -0,9093 to -0,6054 Yes oAk <0,0001
FC131 vs. VUN401 0,03563 -0,1163 to 0,1876 No ns 0,9991
FC131 vs. AMD3465 -0,869 -1,035 to -0,7034 Yes e <0,0001
FC131 vs. LY2510924 -0,3106 -0,4443 to -0,1769 Yes HrHE <0,0001
AMD3100 vs. TC14012 0,1217 -0,08312 to 0,3265 No ns 0,6699
AMD3100 vs. VUN401 0,9146 0,7098 to 1,119 Yes oAk <0,0001
AMD3100 vs. AMD3465 0,01003 -0,2051 to 0,2251 No ns >0,9999
AMD3100 vs. LY2510924 0,5684 0,3768 to 0,76 Yes HAHE <0,0001
TC14012 vs. VUN401 0,7929 0,6127 to 0,9731 Yes HrxE <0,0001
TC14012 vs. AMD3465 -0,1117 -0,3035 to 0,08018 No ns 0,6958
TC14012 vs. LY2510924 0,4467 0,2816t0 0,6118 Yes Hokokok <0,0001
VUN401 vs. AMD3465 -0,9046 -1,096 to -0,7128 Yes okl <0,0001
VUN401 vs. LY2510924 -0,3462 -0,5113 to -0,1811 Yes HxE <0,0001
AMD3465 vs. LY2510924 0,5584 0,3807 to 0,7361 Yes HrEE <0,0001
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Test details Mean 1 | Mean 2 Mean Diff, SE of nl | n2 q DF
diff,
B1AR-EYFP vs. Basal 0,9836 2,013 -1,03 0,0508 22 | 25 28,66 225
B1AR-EYFP vs. CXCL12 0,9836 2,142 -1,158 | 0,05524 22 | 18 29,65 225
B1AR-EYFP vs. IT1t 0,9836 1,261 -0,2771 | 0,04813 22 | 32 8,142 225
B1AR-EYFP vs. FC131 0,9836 1,096 -0,112 | 0,04521 22 | 45 3,505 225
B1AR-EYFP vs. AMD3100 0,9836 1,975 -0,991 | 0,06237 22 | 12 22,47 225
B1AR-EYFP vs. TC14012 0,9836 1,853 -0,8694 | 0,05443 22 | 19 22,59 225
B1AR-EYFP vs. VUN401 0,9836 1,06 -0,07642 | 0,05443 22| 19 1,986 225
B1AR-EYFP vs. AMD3465 0,9836 1,965 -0,981 | 0,05819 22 | 15 23,84 225
B1AR-EYFP vs. LY2510924 0,9836 1,406 -0,4226 | 0,04951 22 | 28 12,07 225
Basal vs. CXCL12 2,013 2,142 -0,1286 | 0,05372 25 | 18 3,386 225
Basal vs. IT1t 2,013 1,261 0,7525 | 0,04639 25132 22,94 225
Basal vs. FC131 2,013 1,096 0,9176 | 0,04335 25| 45 29,93 225
Basal vs. AMD3100 2,013 1,975 0,03857 | 0,06103 25 1 12 0,8936 225
Basal vs. TC14012 2,013 1,853 0,1602 | 0,05289 | 25 | 19 4284 225
Basal vs. VUN401 2,013 1,06 0,9532 | 0,05289 25119 25,48 225
Basal vs. AMD3465 2,013 1,965 0,04859 | 0,05676 25 | 15 1,211 225
Basal vs. LY2510924 2,013 1,406 0,607 | 0,04782 25| 28 17,95 225
CXCL12 vs. IT1t 2,142 1,261 0,8811 0,0512 18 | 32 24,34 225
CXCLI12 vs. FC131 2,142 1,096 1,046 | 0,04847 | 18 | 45 30,53 225
CXCLI12 vs. AMD3100 2,142 1,975 0,1672 | 0,06477 18 | 12 3,651 225
CXCL12 vs. TC14012 2,142 1,853 0,2889 | 0,05716 18 | 19 7,147 225
CXCL12 vs. VUN401 2,142 1,06 1,082 | 0,05716 18 | 19 26,76 225
CXCL12 vs. AMD3465 2,142 1,965 0,1772 | 0,06076 18 | 15 4,125 225
CXCL12 vs. LY2510924 2,142 1,406 0,7356 0,0525 18 | 28 19,81 225
IT1tvs. FC131 1,261 1,096 0,1651 | 0,04019 32 | 45 5,808 225
IT1t vs. AMD3100 1,261 1,975 -0,7139 | 0,05883 32 |12 17,16 225
IT1t vs. TC14012 1,261 1,853 -0,5923 | 0,05033 32119 16,64 225
IT1t vs. VUN401 1,261 1,06 0,2007 | 0,05033 32 119 5,639 225
IT1t vs. AMD3465 1,261 1,965 -0,7039 | 0,05438 | 32 | 15 18,3 225
IT1tvs. LY2510924 1,261 1,406 -0,1455 | 0,04497 32 28 4,577 225
FC131 vs. AMD3100 1,096 1,975 -0,879 | 0,05646 45 | 12 22,02 225
FC131 vs. TC14012 1,096 1,853 -0,7573 | 0,04755 451 19 22,52 225
FC131 vs. VUN401 1,096 1,06 0,03563 | 0,04755 45 1 19 1,06 225
FC131 vs. AMD3465 1,096 1,965 -0,869 | 0,05182 45 | 15 23,72 225
FC131 vs. LY2510924 1,096 1,406 -0,3106 | 0,04183 45 | 28 10,5 225
AMD3100 vs. TC14012 1,975 1,853 0,1217 | 0,06408 12 | 19 2,685 225
AMD3100 vs. VUN401 1,975 1,06 0,9146 | 0,06408 12 ] 19 20,18 225
AMD?3100 vs. AMD3465 1,975 1,965 0,01003 | 0,06731 12 | 15 0,2106 225
AMD3100 vs. LY2510924 1,975 1,406 0,5684 | 0,05996 12 | 28 13,41 225
TC14012 vs. VUN401 1,853 1,06 0,7929 | 0,05639 19 | 19 19,89 225
TC14012 vs. AMD3465 1,853 1,965 -0,1117 | 0,06003 19 | 15 2,631 225
TC14012 vs. LY2510924 1,853 1,406 0,4467 | 0,05166 19 | 28 12,23 225
VUN401 vs. AMD3465 1,06 1,965 -0,9046 | 0,06003 19 | 15 21,31 225
VUN401 vs. LY2510924 1,06 1,406 -0,3462 | 0,05166 19 | 28 9,479 225
AMD3465 vs. LY2510924 1,965 1,406 0,5584 | 0,05561 15 | 28 14,2 225
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Table A-2. Multiple comparison and significance test results for Figure 5-21.

WT CXCR4

Tukey's multiple comparisons test Mean | 95,00% CI of diff, | Sig- | Sum- Adjusted P

Diff, nifi- | mary Value

cant?

CXCL12 100 nM vs. AMD3100 10uM -12,39 -13,94t0-10,83 | Yes | **** <0,0001
CXCL12 100 nM vs. TC14012 10uM -13,82 -1521t0-12,43 | Yes | *#** <0,0001
CXCL12 100 nM vs. IT1t 10uM -16,02 -17,33t0-14,72 | Yes | **** <0,0001
CXCL12 100 nM vs. FC131 10uM -16,15 -17,54 t0 -14,76 | Yes | **** <0,0001
CXCL12 100 nM vs. VUN401 1uM -12,34 -13,8t0-10,88 | Yes | **** <0,0001
CXCL12 100 nM vs. Vehicle -12,2 -13,59 to -10,81 Yes | *¥¥* <0,0001
CXCL12 100 nM vs. AMD3465 10uM -13,03 -1442t0-11,64 | Yes | *¥** <0,0001
CXCL12 100 nM vs. LY2510924 100nM -15,19 -16,49t0-13,89 | Yes | **** <0,0001
AMD3100 10uM vs. TC14012 10uM -1,432 -2,986 to 0,1233 No ns 0,0930
AMD3100 10uM vs. IT1t 10uM -3,637 -5,112t0-2,162 | Yes | **** <0,0001
AMD3100 10uM vs. FC131 10uM -3,766 -5,321t0-2,211 | Yes | **** <0,0001
AMD3100 10uM vs. VUN401 1uM 0,04596 -1,57 to 1,662 No ns >0,9999
AMD3100 10uM vs. Vehicle 0,1917 -1,363 to 1,747 No ns >0,9999
AMD3100 10uM vs. AMD3465 10uM -0,6396 -2,194 t0 0,9152 No ns 0,9141
AMD3100 10uM vs. LY2510924 100nM -2,799 -4274t0-1,324 | Yes | **** <0,0001
TC14012 10uM vs. IT1t 10uM -2,205 -3,506 t0 -0,9044 | Yes | **** <0,0001
TC14012 10uM vs. FC131 10uM -2,334 -3,725t0-0,9437 | Yes | **** <0,0001
TC14012 10uM vs. VUN401 1puM 1,477 0,01891 102,936 | Yes * 0,0450
TC14012 10uM vs. Vehicle 1,623 0,2325t03,014 | Yes * 0,0116
TC14012 10uM vs. AMD3465 10uM 0,7919 -0,5988 to 2,183 No ns 0,6481
TC14012 10uM vs. LY2510924 100nM -1,368 | -2,669 to -0,06705 | Yes * 0,0325
IT1t 10uM vs. FC131 10pM -0,1291 -1,43 to0 1,172 No ns >0,9999
IT1t 10uM vs. VUN401 1pyM 3,683 2,31t05,056 | Yes | **** <0,0001
IT1t 10uM vs. Vehicle 3,828 2,528t0 5,129 | Yes | **** <0,0001
IT1t 10uM vs. AMD3465 10uM 2,997 1,696 10 4,298 | Yes | **** <0,0001
IT1t 10uM vs. LY2510924 100nM 0,8373 -0,367 to 2,042 No ns 0,3853
FC131 10uM vs. VUN401 1yM 3,812 2,353105,27 | Yes | **** <0,0001
FC131 10uM vs. Vehicle 3,958 2,5671t05,348 | Yes | **** <0,0001
FC131 10uM vs. AMD3465 10uM 3,126 1,736 t0 4,517 | Yes | **** <0,0001
FC131 10uM vs. LY2510924 100nM 0,9664 -0,3344 t0 2,267 No ns 0,2994
VUN401 1uM vs. Vehicle 0,1457 -1,313 to 1,604 No ns >0,9999
VUN401 1uM vs. AMD3465 10uM -0,6856 -2,144 t0 0,773 No ns 0,8358
VUN401 1uM vs. LY2510924 100nM -2,845 -4219t0-1,472 | Yes | *¥** <0,0001
Vehicle vs. AMD3465 10uM -0,8313 -2,222 t0 0,5594 No ns 0,5876
Vehicle vs. LY2510924 100nM -2,991 -4,292t0 -1,69 | Yes | FH** <0,0001
AMD?3465 10uM vs. LY2510924 100nM -2,16 -3,461t0-0,8589 | Yes | **** <0,0001
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Test details Mean 1 | Mean 2 Mean SEof | nl | n2 q | DF
Diff, diff,
CXCL12 100 nM vs. AMD3100 10uM -12,21 0,1758 -12,39 0,4779 6 4 36,66 | 46
CXCL12 100 nM vs. TC14012 10uM -12,21 1,607 | -13,82 | 04274 | 6| 6| 4572 | 46
CXCL12 100 nM vs. IT1t 10uM -12,21 3,813 -16,02 0,3998 6 8 56,68 | 46
CXCL12 100 nM vs. FC131 10uM -12,21 3,942 -16,15 0,4274 6 6 53,45 | 46
CXCL12 100 nM vs. VUN401 1uM -12,21 0,1298 -12,34 | 0,4483 6| 5| 3893 | 46
CXCL12 100 nM vs. Vehicle -12,21 - -12,2 0,4274 6 6 40,35 | 46
0,01588
CXCL12 100 nM vs. AMD3465 10uM -12,21 0,8154 -13,03 0,4274 6 6 43,1 | 46
CXCL12 100 nM vs. LY2510924 100nM -12,21 2,975 -15,19 | 03998 | 6| 8| 53,72 | 46
AMD3100 10uM vs. TC14012 10uM 0,1758 1,607 -1,432 0,4779 4 6 4,236 | 46
AMD3100 10uM vs. IT1t 10uM 0,1758 3,813 -3,637 | 04533 | 4| 8| 11,34 | 46
AMD3100 10uM vs. FC131 10uM 0,1758 3942 | -37766 | 04779 | 4| 6| 11,14 | 46
AMD3100 10uM vs. VUN401 1yuM 0,1758 0,1298 | 0,04596 | 0,4966 | 4| 5| 0,1309 | 46
AMD3100 10uM vs. Vehicle 0,1758 - 0,1917 | 04779 | 4| 60,5672 | 46
0,01588
AMD3100 10uM vs. AMD3465 10uM 0,1758 0,8154 | -0,6396 0,4779 4 6 1,893 | 46
AMD3100 10uM vs. LY2510924 100nM 0,1758 2,975 -2,799 | 04533 | 4| 8| 8,733 | 46
TC14012 10uM vs. IT1t 10uM 1,607 3,813 -2,205 | 03998 | 6| 8 7,8 | 46
TC14012 10uM vs. FC131 10uM 1,607 3,942 -2,334 0,4274 6 6 7,724 | 46
TC14012 10uM vs. VUN401 1uM 1,607 0,1298 1,477 | 0,4483 6| 5| 4,661 | 46
TC14012 10uM vs. Vehicle 1,607 - 1,623 | 04274 | 6| 6| 5371 | 46
0,01588
TC14012 10uM vs. AMD3465 10uM 1,607 0,8154 | 0,7919 | 04274 | 6| 6 2,62 | 46
TC14012 10uM vs. LY2510924 100nM 1,607 2,975 -1,368 0,3998 6 8 4,839 | 46
IT1t 10uM vs. FC131 10uM 3,813 3,942 | -0,1291 | 0,3998 8| 604567 | 46
IT1t 10uM vs. VUN401 1pM 3,813 0,1298 3,683 0,422 8 51 12,34 46
IT1t 10uM vs. Vehicle 3,813 - 3,828 | 10,3998 8| 6| 13,54 | 46
0,01588
IT1t 10uM vs. AMD3465 10uM 3,813 0,8154 2,997 | 0,3998 8| 6 10,6 | 46
IT1t 10uM vs. LY2510924 100nM 3,813 2,975 | 0,8373 | 0,3702 8 8| 3,199 | 46
FC131 10uM vs. VUN401 1pM 3,942 0,1298 3,812 | 0,4483 6| 5| 12,03 | 46
FC131 10uM vs. Vehicle 3,942 - 3958 | 04274 | 6| 6| 13,09 | 46
0,01588
FC131 10uM vs. AMD3465 10uM 3,942 0,8154 3,126 | 04274 | 6| 6| 1034 | 46
FC131 10uM vs. LY2510924 100nM 3,942 2,975 | 09664 | 03998 | 6| 8| 3,418 | 46
VUN401 1uM vs. Vehicle 0,1298 - | 0,1457 | 0,4483 51 604596 | 46
0,01588
VUN401 1uM vs. AMD3465 10uM 0,1298 0,8154 | -0,6856 | 0,4483 50 6| 2,163 | 46
VUN401 1uM vs. LY2510924 100nM 0,1298 2,975 -2,845 0422 | 5 8| 9,535 | 46
Vehicle vs. AMD3465 10uM - 0,8154 | -0,8313 | 04274 | 6| 6| 2,751 | 46
0,01588
Vehicle vs. LY2510924 100nM - 2,975 -2,991 0,3998 6 8 10,58 | 46
0,01588
AMD3465 10uM vs. LY2510924 100nM 0,8154 2,975 -2,16 | 03998 | 6| 8 7,64 | 46
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CAM CXCR4

Tukey's multiple comparisons test Mean 95,00% CI of | Signifi- Sum- Adjusted P

Diff, diff, cant? mary Value
CXCL12 100 nM vs. AMD3100 10uM -0,9164 -3,716 to 1,883 No ns 0,9703
CXCL12 100 nM vs. TC14012 10uM -9,449 -12,04 to -6,858 Yes Hokokok <0,0001
CXCL12 100 nM vs. IT1t 10uM -10,09 -12,68 to -7,501 Yes Hokokok <0,0001
CXCL12 100 nM vs. FC131 10uM -11,62 -14,21 to -9,025 Yes Hokokok <0,0001
CXCL12 100 nM vs. VUN401 1uM -2,995 | -5,794 t0 -0,1954 Yes * 0,0290
CXCL12 100 nM vs. Vehicle -2,689 | -5,28't0-0,09713 Yes * 0,0374
CXCL12 100 nM vs. AMD3465 10uM -3,938 -6,303 to -1,572 Yes ok 0,0002
CXCL12 100 nM vs. LY2510924 100nM | -12,17 -14,53 to -9,802 Yes HoHAE <0,0001
AMD3100 10uM vs. TC14012 10uM -8,533 -11,33 t0 -5,734 Yes HoAk <0,0001
AMD3100 10uM vs. IT1t 10uM -9,176 -11,98 to -6,377 Yes HoAk <0,0001
AMD3100 10uM vs. FC131 10uM -10,7 -13,5t0 -7,901 Yes HoAk <0,0001
AMD3100 10uM vs. VUN401 1uM -2,078 -5,071 t0 0,9143 No ns 0,3613
AMD3100 10uM vs. Vehicle -1,772 -4,571 to 1,027 No ns 0,4811
AMD3100 10uM vs. AMD3465 10uM -3,021 | -5,613 to -0,4296 Yes * 0,0132
AMD3100 10uM vs. LY2510924 100nM | -11,25 -13,84 to -8,66 Yes HoAk <0,0001
TC14012 10uM vs. IT1t 10uM -0,6436 -3,235 t0 1,948 No ns 0,9948
TC14012 10uM vs. FC131 10uM -2,167 -4,758 to 0,4245 No ns 0,1593
TC14012 10uM vs. VUN401 1pyM 6,455 3,656 109,254 Yes HoAk <0,0001
TC14012 10uM vs. Vehicle 6,761 4,169 to 9,352 Yes HoAk <0,0001
TC14012 10uM vs. AMD3465 10uM 5,512 3,146 t0 7,877 Yes Hokokok <0,0001
TC14012 10uM vs. LY2510924 100nM -2,719 -5,084 t0 -0,353 Yes * 0,0152
IT1t 10uM vs. FC131 10uM -1,523 -4,115 to 1,068 No ns 0,5764
IT1t 10uM vs. VUN401 1pyM 7,098 4,299 t0 9,897 Yes Hokskok <0,0001
IT1t 10uM vs. Vehicle 7,404 4,813 t0 9,996 Yes oAk <0,0001
IT1t 10uM vs. AMD3465 10uM 6,155 3,79 to 8,521 Yes Hokskok <0,0001
IT1t 10uM vs. LY2510924 100nM -2,075 -4,441 t0 0,2906 No ns 0,1214
FC131 10uM vs. VUN401 1uM 8,622 5,823 to 11,42 Yes Hokokok <0,0001
FC131 10uM vs. Vehicle 8,928 6,336 to 11,52 Yes Ak <0,0001
FC131 10uM vs. AMD3465 10uM 7,679 5,313 to 10,04 Yes Hokokok <0,0001
FC131 10uM vs. LY2510924 100nM -0,5517 -2917 to 1,814 No ns 0,9966
VUN401 1uM vs. Vehicle 0,3059 -2,493 to 3,105 No ns >0,9999
VUN401 1uM vs. AMD3465 10uM -0,943 -3,534 to 1,649 No ns 0,9459
VUN401 1uM vs. LY2510924 100nM -9,173 -11,76 to -6,582 Yes Hokokok <0,0001
Vehicle vs. AMD3465 10uM -1,249 -3,615t0 1,117 No ns 0,7023
Vehicle vs. LY2510924 100nM -9,479 -11,84 to -7,114 Yes HoHAE <0,0001
AMD?3465 10uM vs. LY2510924 100nM -8,23 -10,35 to -6,114 Yes okokok <0,0001
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Test details Mean 1 | Mean 2 Mean | SEof | nl | n2 q| DF
Diff, diff,
CXCL12 100 nM vs. AMD3100 10uM -2,91 -1,993 | -0,9164 | 0,8366 4 3 1,549 29
CXCL12 100 nM vs. TC14012 10uM -2,91 6,54 | -9,449 10,7745 | 4| 4| 1725 29
CXCL12 100 nM vs. IT1t 10uM -2,91 7,183 -10,09 | 0,7745 4 4 18,43 29
CXCL12 100 nM vs. FC131 10uM -2,91 8,707 | -11,62 10,7745 | 4| 4| 2121 29
CXCL12 100 nM vs. VUN401 1uM -2,91 | 0,08496 | -2,995 | 0,8366 | 4| 3| 5,062 29
CXCL12 100 nM vs. Vehicle -2,91 -0,221 -2,689 | 0,7745 4 41 4,909 29
CXCL12 100 nM vs. AMD3465 10uM -2,91 1,028 | -3938 | 0,707 | 4| 6| 7,876 29
CXCL12 100 nM vs. LY2510924 100nM -2,91 9,258 -12,17 0,707 4 6 24,34 29
AMD3100 10uM vs. TC14012 10uM -1,993 6,54 -8,533 | 0,8366 3 4 14,42 29
AMD3100 10uM vs. IT1t 10uM -1,993 7,183 | -9,176 | 0,8366 | 3 41 1551 29
AMD3100 10uM vs. FC131 10uM -1,993 8,707 -10,7 | 0,8366 3 4 18,09 29
AMD3100 10uM vs. VUN401 1yuM -1,993 | 0,08496 | -2,078 | 0,8943 3 3| 3,286 29
AMD3100 10uM vs. Vehicle -1,993 -0,221 -1,772 | 0,8366 | 3 41 2,99 29
AMD3100 10uM vs. AMD3465 10uM -1,993 1,028 | -3,021 | 0,7745 | 3 6| 5516 29
AMD3100 10uM vs. L'Y2510924 100nM -1,993 9,258 -11,25 | 0,7745 3 6 20,54 29
TC14012 10uM vs. IT1t 10uM 6,54 7,183 | -0,6436 | 0,7745 | 4| 4| 1,175 29
TC14012 10uM vs. FC131 10uM 6,54 8,707 -2,167 | 0,7745 4 4 3,957 29
TC14012 10uM vs. VUN401 1uM 6,54 | 0,08496 6,455 10,8366 | 4| 3| 1091 29
TC14012 10uM vs. Vehicle 6,54 | -0,221 6,761 | 0,7745 | 4| 4| 12,34 29
TC14012 10uM vs. AMD3465 10uM 6,54 1,028 5,512 0,707 4 6 11,02 29
TC14012 10uM vs. LY2510924 100nM 6,54 9,258 | -2,719 | 0,707 | 4| 6| 5,438 29
IT1t 10uM vs. FC131 10uM 7,183 8,707 -1,523 | 0,7745 4 4 2,782 29
IT1t 10uM vs. VUN401 1uM 7,183 | 0,08496 7,098 | 0,8366 4 3 12 29
IT1t 10uM vs. Vehicle 7,183 -0,221 7,404 | 0,7745 4 4 13,52 29
IT1t 10uM vs. AMD3465 10uM 7,183 1,028 6,155 0,707 4 6 12,31 29
IT1t 10uM vs. LY2510924 100nM 7,183 9,258 | -2,075| 0,707 | 4| 6| 4,51 29
FC131 10uM vs. VUN401 1uM 8,707 | 0,08496 8,622 | 0,8366 4 3 14,57 29
FC131 10uM vs. Vehicle 8,707 | -0,221 8,928 | 0,7745 | 4| 4 16,3 29
FC131 10uM vs. AMD3465 10uM 8,707 1,028 7,679 0,707 4 6 15,36 29
FC131 10uM vs. LY2510924 100nM 8,707 9,258 | -0,5517 0,707 4 6 1,103 29
VUN401 1uM vs. Vehicle 0,08496 -0,221 0,3059 | 0,8366 3 4 10,5172 29
VUNA401 1uM vs. AMD3465 10uM 0,08496 1,028 -0,943 | 0,7745 3 6 1,722 29
VUN401 1uM vs. LY2510924 100nM 0,08496 9,258 | -9,173 | 0,7745 | 3 6| 16,75 29
Vehicle vs. AMD3465 10uM -0,221 1,028 | -1,249 | 0,707 | 4| 6| 2,498 29
Vehicle vs. LY2510924 100nM -0,221 9,258 | 9479 | 0,707 | 4| 6| 18,96 29
AMD3465 10uM vs. LY2510924 100nM 1,028 9,258 -8,23 | 0,6324 6 6 18,41 29




Table 0-3. Statistical outlier analysis and of the linear fit on Figure 5-23:

Straight line

Best-fit values

Ylntercept 0,9528
Slope 0,01112
Std. Error

YIntercept 0,03084
Slope 0,0004855

95% CI (profile likelihood)

Ylntercept

0,8919t0 1,014

0,01016 to
Slope 0,01208
Goodness of Fit
Degrees of Freedom 158
R square 0,7686
Absolute Sum of Squares 5,946
Sy.x 0,194
Number of points
# of X values 179
# Y values analyzed 179
Qutliers (excluded, Q=1%) 1
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