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Summary

SUMMARY

The CXC chemokine receptor 4 (CXCR4) and the atypical chemokine receptor 3 (ACKR3) are seven-
transmembrane receptors that are involved in numerous pathologies, including several types of cancers.
Both receptors bind the same chemokine, CXCL12, leading to significantly different outcomes. While
CXCR4 activation generally leads to canonical GPCR signaling, involving G; proteins and B-arrestins, ACKR3,
which is predominantly found in intracellular vesicles, has been shown to signal via B-arrestin-dependent
signaling pathways. Understanding the dynamics and kinetics of their activation in response to their
ligands is of importance to understand how signaling proceeds via these two receptors.
In this thesis, different Forster resonance energy transfer (FRET)-based approaches have been combined
to individually investigate the early events of their signaling cascades. In order to investigate receptor
activation, intramolecular FRET sensors for CXCR4 and ACKR3 were developed by using the pair of
fluorophores cyan fluorescence protein and fluorescence arsenical hairpin binder. The sensors, which
exhibited similar functional properties to their wild-type counterparts, allowed to monitor their ligand-
induced conformational changes and represent the first RET-based receptor sensors in the field of
chemokine receptors. Additional FRET-based settings were also established to investigate the coupling of
receptors with G proteins, rearrangements within dimers, as well as G protein activation. On one hand,
CXCR4 showed a complex activation mechanism in response to CXCL12 that involved rearrangements in
the transmembrane domain of the receptor followed by rearrangements between the receptor and the
G protein as well as rearrangements between CXCR4 protomers, suggesting a role of homodimers in the
activation course of this receptor. This was followed by a prolonged activation of G; proteins, but not Gq
activation, via the axis CXCL12/CXCR4. In contrast, the structural rearrangements at each step of the
signaling cascade in response to macrophage migration inhibitory factor (MIF) were dynamically and
kinetically different and no G; protein activation via this axis was detected. These findings suggest distinct
mechanisms of action of CXCL12 and MIF on CXCR4 and provide evidence for a new type of sequential
signaling events of a GPCR. Importantly, evidence in this work revealed that CXCR4 exhibits some degree
of constitutive activity, a potentially important feature for drug development. On the other hand, by co-
transfecting the ACKR3 sensor with K44A dynamin, it was possible to increase its presence in the plasma
membrane and measure the ligand-induced activation of this receptor. Different kinetics of ACKR3
activation were observed in response to CXCL12 and three other agonists by means of using the receptor
sensor developed in this thesis, showing that it is a valuable tool to study the activation of this atypical
receptor and pharmacologically characterize ligands. No CXCL12-induced G protein activation via ACKR3
was observed even when the receptor was re-localized to the plasma membrane by means of using the
mutant dynamin. Altogether, this thesis work provides the temporal resolution of signaling patterns of
two chemokine receptors for the first time as well as valuable tools that can be applied to characterize

their activation in response to pharmacologically relevant ligands.
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Zusammenfassug

ZUSAMMENFASSUNG

Der CXC Chemokin-Rezeptor 4 (CXCR4) und der atypische Chemokin-Rezeptor 3 (ACKR3) sind hepta-
transmembranare Rezeptoren, die in zahlreichen Krankheitsbildern eine Rolle spielen, wie in einigen
Krebsarten. Beide Rezeptoren werden zwar von dem gleichen Chemokin CXCL12 aktiviert, allerdings
mit unterschiedlichen Signalweiterleitungsmustern. Die Aktivierung von CXCR4 fiihrt zu kanonischer
GPCR Signaltransduktion tber Gi-Proteine und B-Arrestine. Die Signalweiterleitung des Rezeptors
ACKR3 hingegen, welcher hauptsachlich in intrazelluldren Vesikeln vorliegt, erfolgt Gber B-Arrestin-
abhangige Signalwege. Es ist von groRer Wichtigkeit die Dynamik und Kinetik dieser beiden Rezeptoren
hinsichtlich der Aktivierung durch ihre Liganden und der Signalweiterleitung zu verstehen. In dieser
Arbeit wurden verschiedene Férster-Resonanzenergietransfer (FRET) Anwendungen kombiniert, um
die frihen Phasen der Signal-Kaskade von CXCR4 und ACKR3 zu untersuchen. Zur genaueren
Aufklarung der Rezeptoraktivierung wurden intramolekulare FRET-Sensoren entwickelt, hierzu wurden
die Fluorophore Cyan-fluoreszierendes Protein und engl. fluorescence arsenical hairpin binder
verwendet. Die generierten Sensoren zeigten &ahnliche funktionelle Eigenschaften wie die
unverdnderten Rezeptoren. Liganden-induzierte Anderungen der Rezeptorkonformation kénnen
mittels dieser Sensoren beobachtet werden und stellen die ersten RET-basierten Sensoren auf dem
Forschungsgebiet der Chemokin-Rezeptoren dar. Weitere FRET-basierte Methoden wurden zur
Untersuchung von Interaktionen zwischen Rezeptor und G-Protein, Neuanordnung von Dimeren,
sowie der G-Protein Aktivierung eingesetzt und fir beide Chemokin-Rezeptoren etabliert. CXCR4
zeigte einen komplexen Aktivierungsmechanismus nach Stimulation durch CXCL12, bei welchem
zunachst eine Neuordnung der Rezeptor-Transmembrandomane gefolgt von Neuordnungen zwischen
Rezeptor und G-Protein und zuletzt eine Neuordnung zwischen CXCR4 Protomeren erfolgte. Dies
impliziert, dass im Aktivierungsprozess des Rezeptors Homodimere eine Rolle spielen. Zudem wurde
eine verlangerte Gi -Protein Aktivierung gegeniber der Gg-Protein Aktivierung bei CXCL12
stimuliertem CXCR4 beobachtet. Hingegen zeigte eine Stimulierung mit dem Macrophage Migration
Inhibitory Factor (MIF) bei jedem Schritt der friihen Singal-Kaskade verdnderte Dynamiken und
Kinetiken im Vergleich zu CXCL12. Dariiber hinaus konnte keine Gi -Protein Aktivierung festgestellt
werden. Dieser Befund zeigt individuelle Mechanismen fir MIF und CXCL12 am CXCR4-Rezeptor und
liefert Belege fiir eine neuer Art von sequenziellen Signalweiterleitungen an GPCRs. Eine wichtige
Beobachtung dieser Arbeit fiir eine potentielle Medikamentenentwicklung ist das CXCR4 liganden-
unabhangige Aktivitat zeigt. Um die Aktivierung des ACKR3 Sensors messen zu kdnnen wurde durch
eine Co-Transfektion mit K44A Dynamin eine hohere Membranstandigkeit erreicht. CXCL12 und drei
weiteren Agonisten zeigten am hier entwickelten ACKR3-Sensor unterscheidbare Kinetiken. Mit

diesem wertvollen Werkzeug kénnen Liganden an diesem atypischen Rezeptor pharmakologisch
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Zusammenfassug

charakterisiert werden. Es konnte keine CXCL12-induzierte G-Protein Aktivierung gemessen werden,
trotz der starkeren Prasenz an der Plasmamembran mit Hilfe der Dynamin-Mutante. In Summe liefert
diese Arbeit zum ersten Mal eine zeitliche Auflésung von Signalweiterleitungsmustern von zwei
Chemokin-Rezeptoren sowie wertvolle Werkzeuge zur Charakterisierung der friihen Phase der Signal-

Kaskade durch andere pharmakologisch relevanten Liganden.
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Introduction

1. INTRODUCTION

1.1. G PROTEIN-COUPLED RECEPTORS.

Guanine nucleotide binding protein-coupled receptors (GPCRs) are the largest class of membrane
proteins in the human genome, with almost 1000 members identified to date. These receptor proteins
transduce extracellular signals of diverse nature (pheromones, photons, neurotransmitters,
hormones, lipids, ions, small chemical agents, etc.) into intracellular responses in the cells, ultimately
triggering a variety of cellular events that are determinant for a large number of biological processes.
Consequently, alterations in the function or expression of these receptors result in a diverse number
of pathologies, such as cardiovascular diseases, central nervous system (CNS) and immune disorders,
and cancer (Insel et al., 2007). For this reason, GPCRs represent important therapeutic targets: ~34%
of drugs approved by the food and drugs administration (FDA) are estimated to exert their clinical

effects via GPCRs (Hauser et al., 2018).

1.1.1. Structure of GPCRs.

Generally, GPCRs present a common architecture consisting of a single polypeptide chain with seven
transmembrane (TM)-spanning (TM1-TM7) helices connected by three intracellular loops (ICL-1, ICL-2
and ICL-3) and three extracellular loops (ECL-1, ECL-2 and ECL-3), an extracellular amino-terminus, and
an intracellular carboxy-terminus (Figure 1A). The helices are arranged in a circular fashion within the
membrane, which, in many cases, contains the ligand binding site, normally accessible from the
extracellular side (Figure 1B). While each TM domain is generally composed of around 20-27 amino
acids, the C- and N-terminal domains as well as the loops can significantly vary in size. Remarkably,
despite the overall conserved structural similarities, GPCRs are able to respond to a large repertoire of

stimuli and differentially regulate complex signaling pathways and biological processes.

A N-terminus B
ECL-1 ) C-terminus

N-terminus

ICL-2 _ i
ICL-3 C-terminus

Figure 1. GPCR architecture. (A) Frontal view. (B) View from the extracellular side. Modified

from Palmer, M. Biochemical Pharmacology, lecture notes, University of Waterloo.
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1.1.2. Classification of GPCRs.

Over the years, several classification systems have been proposed in order to organize this superfamily
of proteins. One of the most used classification systems is based on their amino acid sequences and
functional similarities, and covers all known GPCRs from both vertebrates and invertebrates. This
system presents 6 different classes, named from A to F, but class D and E do not exist in humans
(Attwood and Findlay, 1994; Kolakowski, 1994; Table 1). Then, a novel classification system was
proposed based on the phylogenetic analysis of approximately 800 human GPCR sequences. This
system is called “GRAFS” and classifies the GPCRs into 5 families (Fredriksson et al., 2003; Table 2). The
nomenclatures of both systems are partially overlapping. The main difference between these two is
the subdivision of class B from the A-F system into two separate families in the GRAFS system, which

gives rise to the adhesion family.

Table 1. A-F classification system. Table 2. GRAFS classification system.
Class Family Class Family
A Rhodopsin-like receptors G Glutamate
B Secretin receptors R Rhodopsin
C Metabotropic glutamate receptors A Adhesion
D Fungal mating pheromone receptors F Frizzled/Taste2
E Cyclic AMP receptors S Secretin
F Frizzled/Smoothened receptors

The rhodopsin family is the largest group of GPCRs (approximately 80% of GPCRs belong to this family)
with four main groups named a, B, y, and 6. It contains a diversity of GPCRs that transduce signals in
response to a wide variety of stimuli. For instance, it includes the rhodopsin receptors, which are
activated by light photons, and the chemokine receptors, which bind peptides of variable sizes. Most
members share several structural characteristics, such as the NSxxNPxxY motif in TM7 and the DRY
motif in the intracellular side of TM3, which are generally important determinants for the receptor
conformational switch and G protein coupling (Ballesteros, Shi and Javitch, 2001; Kristiansen, 2004).
Besides, some present an eighth helix in addition to the 7TM domain. Most GPCRs of this family bind
their ligands directly in the TM cavity. In contrast, GPCRs from the other families often present long N-
termini with specific domains that play a critical role in the binding of their ligands. For instance, many
members of the secretin family present long N-termini stabilized by disulfide bonds and the binding
mechanism of their ligands has been described to proceed via a “two-step mechanism” (Castro et al.,
2005). Members of the glutamate family often present cysteine-rich domains in their long N-termini

and form obligate dimers, which is crucial in their activation mechanism (El Moustaine et al., 2012).
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1.1.3. GPCR activation and signaling pathways.

Upon activation in response to extracellular stimuli, GPCRs undergo conformational changes in their
structures that allow them to interact with a variety of intracellular effectors, ultimately regulating a

number of signaling cascades, including G protein-dependent and -independent.

1.1.3.1. GPCR activation.

GPCR dynamics have been traditionally described by two-state models, in which receptors existed in
either active or inactive conformations. Nevertheless, advances in crystallography, spectroscopy, and
computer simulations in recent years have shown that GPCRs are highly dynamic entities that can
adopt an infinite number of conformations (the term conformation refers to a particular three-
dimensional snapshot of the protein at a single time point). Similar conformations can be clustered
into groups, which are referred to as conformational states. This topic has been extensively reviewed

by Manglik et al. (2015) and Latorraca, Venkatakrishnan and Dror (2017).

In the absence of ligand, receptors exist in equilibrium between multiple discrete conformational
states. Binding of different ligands affects the dynamics of GPCRs in different manners. The largest
effect is to shift the receptor population towards specific conformational states. Agonist binding shifts
the equilibrium towards an active conformational state, increasing the level of activity. In contrast,
binding of inverse agonists shifts the equilibrium towards an inactive conformational state and
decreases the level of activity. Antagonists are neutral ligands that block ligand binding into the
receptor without changing its activity. Some GPCRs intrinsically display high basal activity, also known
as constitutive activity. This means that they undergo agonist-independent isomerization from inactive
to active conformational states, which results in the agonist-independent activation of downstream
signaling pathways. This has been described for more than 60 wild-type (wt) GPCRs. In addition,
naturally-occurring mutations in GPCRs can also generate constitutively active receptors with
increased basal activity in comparison to their wt counterparts, which is the cause of numerous

diseases (Seifert and Wenzel-Seifert, 2002; Fukami et al., 2018).

GPCR activation involves conformational changes within the receptor that allow it to elicit an
intracellular response. Crystal structures of many receptors in both inactive and active states indicate
that the global conformational changes that occur upon activation are similar, particularly on the
cytoplasmic side. The most common feature is a large outward shift of TM6 (ranging from 6 to 14A,
depending on the receptor/G protein pair studied) and small inward rotations and movements of TM5
and TM7 (Figure 2; Latorraca et al., 2017). This, combined with rearrangements of the loops, uncovers
an intracellular site for the engagement of intracellular partners, such as G proteins or -arrestins. The
binding of the G protein to the agonist-bound GPCR further stabilizes the receptor in a fully active state

(Mahoney and Sunahara, 2016).
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Figure 2. Receptor conformations in active (Gs-
and Gj,-bound) and inactive states. (A) Side
view. The position of TM6 is depicted with black
lines. (B) View from the intracellular side. Arrows

indicate the movement of TM6 and TM7 upon

receptor activation. Adapted from Glukhova et

:
AAR (DNG,) { \(7Z
5-HT R (MG }=*

al. (2018) with permission via RightsLink.

1.1.3.2. G protein-dependent signaling.

Most GPCRs are able to signal through G proteins upon activation by a ligand. Heterotrimeric G
proteins are composed of three subunits: Go, G, and Gy. The two latter subunits can form a stable
dimeric complex known as “Gy complex”. There are 21 identified Ga isotypes in humans and at least
5 and 12 different G} and Gy subunits, respectively (Downes and Gautam, 1999). The formation of
different combinations might depend on the expression pattern of the different subunits in specific
cell types and, although specific combinations have been observed to not form, a large number of

pairings is still possible.

G proteins are classified in four major families based on sequence homology between the identified
Ga isotypes in the human genome: Gs, Gijo, G, and Gi/13. These G protein subtypes regulate different
downstream pathways. Gs proteins stimulate the activity of the enzyme adenylyl cyclase (AC),
increasing cAMP levels, and thus the activity of cAMP-dependent protein kinases (PK), such as PKA. In
contrast, Gy, proteins have the opposite effect by inhibiting the activity of AC. The fact that Gy, proteins
are sensitive to pertussis toxin (PTX) facilitates the recognition of Gi,-dependent responses. The G,
proteins stimulate the activation of phospholipase C (PLC)-B, which in turn produces Ca* release and
activation of PKC. Last, the Giz/13 proteins regulate the activity of Rho GTPases. The Gy complex can
recruit G protein receptor kinases (GRKs) to the membrane, regulate the activity of channels, such as
G protein-coupled, inwardly rectifying K* (GIRK) channels or Ca?* channels, or the activity of kinases
and phospholipases (Milligan and Kostenis, 2006). The main G protein-mediated pathways are

displayed in figure 3. The families and subtypes of G proteins are displayed in table 3.

Gs Gi Gq GlZ/13
™ ‘/ v v Figure 3. Classical G protein-mediated
AC PLC-B Rho GTP
T 7 = v signaling pathways. The G protein
PIP. IP DAG - .
ATP cAMP 2 3t s families are shown in red and the
l l downstream effector proteins in blue.
PKA Caz* PKC
Diverse cellular responses
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Table 3. Families of G proteins and their members.

Family Members
G Gs, Goir
Gi/o Gi1, Gi2, Gi3, Goa, Gog, Gt, Gg, G,
Gq Gg, G11, G14, G1s/16
Giz/13 Gy, Gi3

In the inactive state, the Ga subunit is bound to GDP and associates with the GBy complex, forming
the inactive heterotrimer. Activation of the receptor promotes the engagement of the G protein on its
intracellular side and triggers the dissociation of GDP from the Ga subunit. The nucleotide-binding site
is rapidly occupied by GTP due its high intracellular concentration. Subsequently, the Ga and GBy
subunits dissociate due to induced conformational changes within the Ga subunit and can further
interact with or modulate different downstream effectors. G protein-mediated signaling is terminated
when the Ga subunit, which has intrinsic GTPase activity, hydrolyzes GTP to GDP. At this point, it
reassociates with the GBy complex to form the inactive heterotrimer. This process is known as the G
protein activation cycle (Figure 4; Oldham and Hamm, 2008). Some studies have proposed that some
Ga and Gy subunits do not completely dissociate upon activation but rather rearrange (Blinemann,

Frank and Lohse, 2003; Galés et al., 2006).

Two major models have been proposed to explain the coupling mode of receptors and G proteins,
which have been review by Hein and Blinemann (2009). On one hand, the “free-collision coupling”
model postulates that receptors and G proteins freely diffuse and interact, but only active receptors
couple productively to G proteins, leading to their activation. This model is supported by the observed
signal amplification between receptors and G proteins (also referred to as “receptor reserve”), which
could be explained by the fact that one receptor has free access to multiple G proteins and that they
couple catalytically. On the other hand, the “pre-coupling” model postulates that G proteins form a
stable complex with receptors regardless of their activation state. Activation of the receptor produces
a conformational change in the pre-assembled complex that would immediately lead to G protein
activation. Theoretically, pre-coupled complexes would contribute to fast activation kinetics. There are
many observations coming from different type of studies that support each of these models. However,
alternative models have also been proposed to explain or reconcile discrepant observations. For
example, the existence of small limiting regions where receptors have free but limited access to G
proteins has been proposed (Patel, Murray and Insel, 2008; Sungkaworn et al., 2017). Also, the
possibility that receptors are pre-assembled with G proteins and switch to a collision mode after initial
stimulation. It is also important to consider that the expression levels and mobility of the individual
components in the different contexts studied might influence the outcomes and interpretation, or that

the coupling mode might depend on the receptor/G protein pair considered or the context.
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Section 1.1.3.2. Section 1.1.3.1. Section 1.1.3.3.

G protein-dependent signaling Receptor activation G protein-independent signaling

Recycling Internalization

Desensitization

Activation of MAPK,
y & : PI3K/Akt...
L Degradation

Figure 3

Figure 4. Classical GPCR transduction pathways. GPCRs can regulate diverse signaling pathways that can be G
protein-dependent or -independent. Activation of the receptor leads to a conformational rearrangement which
most common hallmark is an outward movement of TM6 (see figure 2). The activated receptor can then couple
to different downstream effectors. Coupling to G proteins results in GDP/GTP exchange and dissociation of the
Ga and Gy subunits, which in turn regulate several downstream effectors (see figure 3). The activated receptor
can be phosphorylated and engage B-arrestins, which can lead to desensitization, activation of downstream

effectors, or internalization. The latter can result in either degradation or recycling to the plasma membrane.

1.1.3.3. G protein-independent signaling.

Upon activation by an agonist, GPCRs generally transmit a signal to G proteins and rapidly become
phosphorylated (commonly at seryl/threonyl residues) by GRKs and/or other downstream-activated
kinases, such as PKA and PKC (Komolov and Benovic, 2018). These phosphorylations on the
intracellular side of the receptor were generally thought to prevent further activation of G proteins by
the agonist-stimulated receptors and promote binding to B-arrestins, terminating G protein-depending
signaling. This process is known as receptor desensitization. Nevertheless, over the past years, it has
become clear that the role of B-arrestins goes beyond “blocking” the activated GPCRs/G protein-
mediated signaling, and increasing number of roles for these proteins have emerged. These molecules
can serve as signal transducers on their own, initiating or modulating the activity of several
downstream effector proteins, such as Src kinases and mitogen-activated protein kinases (MAPK),
including extracellular-regulated kinases (ERKs), p38 MAPK, and C-Jun N-terminal kinase (JNK) 3
(Buchanan and DuBois, 2006; DeWire et al., 2007; Gurevich and Gurevich, 2019). Whether B-arrestin-
mediated signaling in completely independent of G proteins is still under intensive research and recent
findings showed that in total absence of G protein activity, arrestin-mediated signaling in response to

GPCR activation cannot be detected (Alvarez-Curto et al., 2016; Grundmann et al., 2018).
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B-arrestins also function as adaptor proteins, recruiting different partners to GPCRs and specifically
targeting them for dynamin-dependent endocytosis via clathrin-coated vesicles. Internalization can be
followed by dephosphorylation and subsequent receptor recycling or degradation (Figure 4).
Interestingly, increasing evidence indicates that once internalized, some GPCRs can still continue to

signal from endosomes (Calebiro et al., 2009; Calebiro and Godbole, 2018).

1.1.3.4. Kinetics of the early events in the GPCR signaling cascade.

Forster resonance energy transfer (FRET)-based approaches are very useful to investigate the
dynamics and kinetics of the initial steps of GPCR activation and signaling in intact cells (Lohse, Nuber
and Hoffmann, 2012). This approach is described in detail in section 1.5.4. By means of using
intramolecular receptor sensors, activation kinetics on the order of 40-100 ms have been established
for the aza-, B1- and B;-adrenergic receptors (AR), adenosine A2A receptor (Axa-R), Bz-bradykinin
receptors, and various muscarinic acetylcholine receptors (AChR) in response to small agonist
molecules (Vilardaga et al., 2003; Hoffmann et al., 2005; Rochais et al., 2007; Jensen et al., 2009; Maier-
Peuschel et al., 2010; Ziegler et al., 2011; Hlavackova et al., 2012). Remarkably faster kinetics have
been observed for the rhodopsin receptor with activation kinetics of about 1-2 ms in response to light
(Knierim et al., 2007). In contrast, the activation rate of the class B parathyroid hormone receptor
(PTHR) was =1s upon stimulation with the large agonist ligand PTH(1-34), which association proceeds
via a two-step binding mechanism (Vilardaga et al., 2003; Castro et al., 2005). An interesting case is the
activation of dimeric receptors, which can be measured by intermolecular FRET between the
protomers. For instance, class C metabotropic glutamate receptor 1 (mGIuR1) form obligatory dimers,
which is essential for their functioning. In this case, it has been demonstrated that initial inter-subunit
rearrangements occur within 1-2 ms after agonist exposure, whereas conformational changes within
the TM domain (intra-subunit rearrangements) occur within =20 ms (Grushevskyi et al., 2019). Hence,
this suggests that motions within a single GPCR protomer are slower than motions between protomers
relative to each other. Nonetheless, how protomers within a dimer specifically influence each other,
the activation of the receptor, or the activation of downstream signaling partners is still an open
question. Studies on axa-AR/u-opiod heterodimers as well as mGLUR1 homodimers suggest that only
one of the protomers is activated (Hlavackova et al., 2005; Vilardaga et al., 2008). However, it appears
clear now that activation of both protomers is required for full activation (Kniazeff et al., 2004;

Grushevskyi et al., 2019).

G protein engagement to the receptor can occur as fast as receptor activation when G protein
expression levels are high and therefore not limiting, with time constants ranging from 40 msto 1's,
depending on the ligand/receptor pair (Hein et al., 2005; Hein et al., 2006; Ferrandon et al., 2009).

Slower activation kinetics have been observed for G protein activation, which involves the exchange
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of GDP for GTP and rearrangement/dissociation of the Ga and Gy subunits. For adenosine and
adrenergic receptors as well as histamine H1 receptor, G protein activation kinetics were in the range
of 0.5-1s (Adjobo-Hermans et al., 2011; van Unen et al., 2016), while the kinetics for the PTHR were
=2s (Ferrandon et al., 2009). This last step is thus significantly slower than the previous ones and

represents the rate-limiting step.

The direct interaction of receptors with GRKs has been observed to occur rapidly after receptor
activation and to achieve the maximum after a few seconds or minutes, depending on the pair studied
(Hasbi et al., 2004; Jorgensen et al., 2007; Jorgensen et al., 2008). However, these studies have been
performed using different experimental set-ups with bioluminescence resonance energy transfer
(BRET) technique and cannot be directly compared to the kinetic data presented above. Using a FRET
approach again, B-arrestin interaction and activation has been investigated using the [,-AR. While,
B-arrestin interaction with the receptor was immediate upon agonist stimulation and occurred with a
time constant of ~1.3s, the conformational change that represents activation occurred with a delay
from the time of the stimulation and with a time constant of ~2.2s (Nuber et al., 2016). This same study
observed that B-arrestin remained active after dissociating from the receptor, which would leave it
available for further B-arrestin-mediated signaling. Studies have shown that receptor/B-arrestin
interaction is highly dependent on GRKs, and that phosphorylation mediated by this group of kinases

is the rate-limiting step (Krasel et al., 2004).

Overall, several studies indicate that the entire GPCR signaling cascade can be activated within a few
hundred milliseconds to seconds. For example, for rhodopsin, the downstream closure of the
cGMP-gated cation channels is observed within 200 ms (Makino, Wen and Lem, 2003), whereas for
oza- and axc-ARs opening of GIRK channels occurs within 200-500 ms (Biinemann et al., 2001). In the
case of PTHR, cAMP production is initiated and reaches its maximal level within =10 s (Ferrandon et

al., 2009).
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1.2. THE CHEMOKINE:CHEMOKINE RECEPTOR NETWORK.

The chemokine network is a complex group of pro-inflammatory cytokines that were first recognized
by their ability to act as chemoattractants. Hence, they are referred to as “chemotactic cytokines”.
They exert their various biological functions by interacting with the subfamily of GPCRs known as
chemokine receptors. In humans, at least 45 chemokines have been described, constituting the largest
family of cytokines, as well as 22 chemokine receptors, constituting the largest branch of the y
subfamily of class A GPCRs (Hughes and Nibbs, 2018). The large number of chemokines in comparison
to chemokine receptors implies redundancy in their interactions, with multiple ligands binding to the
same receptor and vice versa (bidirectional promiscuity). Yet, some aspects suggest that under
physiological conditions the system might not be as redundant as initially considered. For instance,
chemokines differ in the cells that produce them, the stimuli that induce their release, and their
binding affinity, biological efficacies and potencies. Additionally, they can be modified in multiple ways

in their target environment. All these are likely to decrease the level of redundancy.

Chemokines and their receptors are key players in cell migration, particularly of leukocytes, which is
critical for the development of the immune system under both homeostatic and inflammatory
conditions, as well as immune surveillance (Esche, Stellato and Beck, 2005). However, they also
regulate a number of other processes, as shown in figure 5 (Lopez-Cotarelo et al., 2017; Hughes and
Nibbs, 2018). In addition to some subsets of leukocytes, other cell types, including neurons, astrocytes,
epithelial, mesenchymal, and endothelial cells can also express chemokine receptors and respond to
chemokines (Bleul et al., 1997; Cartier et al., 2005; Beck et al., 2006). As a result of shaping major
physiological processes, this network of proteins is involved in many pathologies and diseases. For
example, dysregulation or abnormal function has been linked to autoimmune diseases, including
multiple sclerosis (Szczucinski and Losy, 2007) and rheumatoid arthritis (Szekanecz et al., 2010),
infectious diseases, such as malaria (loannidis, Nie and Hansen, 2014) and AIDS (Suresh and Wanchu,
2006), and more recently, cancer (Chow and Luster, 2014). Consequently, great efforts to develop
drugs to modulate the function of chemokine receptors are being done and, there are several FDA-
approved drugs that target chemokine receptors (Woollard and Kanmogne, 2015; Bilgin and de Greef,

2016; Makita and Tobinai, 2017).

Two of the most studied axes in this network involve the CXC chemokine receptor 4 (CXCR4) and
atypical chemokine receptor 3 (ACKR3), which bind the same chemokine, the CXC ligand 12 (CXCL12).
However, the interaction of this ligand with these two receptors leads to significantly different
outcomes. These axes CXCL12/CXCR4 and CXCL12/ACKR3 are the focus of this work and are further

described in section 1.3 and section 1.4, respectively.
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1.2.1. Chemokines.

Chemokines are proteins with a molecular weight usually between 7-12 kDa that present high
structural homology. Their conserved topology consists of a disordered N-terminal tail, which plays a
crucial role in the activation of chemokine receptors, followed by a more structured “globular core
domain” that consists of an extended N-loop, three stranded anti-parallel B-sheets connected by loops
(30s, 40s and 50s loops), and a a-helix at the C-terminus (Figure 6A). Variation in the two conserved
cysteines closest to the N-terminus of the mature proteins allows chemokines to be classified in four
different subfamilies: XC, CC, CXC and CX3C, where X can be any amino acid. The XC chemokines lack
two cysteines of the typical structure, containing a single one at the N-terminus; in CC chemokines the
two cysteines at the N-terminus are directly juxtaposed, while CXC and CX5C chemokines have one and
three amino acids between them, respectively (Figure 6B). These cysteine residues are structurally
very important, stabilizing the conformation of the chemokine by forming disulfide bonds. All
chemokines are produced with a signal peptide at the N-terminal end, which is removed before
secretion. Besides, some present an extended C-terminus and can bind to the cell surface through a
mucin-like domain, which can be cleaved later to release the proteins into the extracellular area

(Hughes and Nibbs, 2018).

A systematic nomenclature to name the chemokines was introduced in 2000, which consists of the
subfamily designation (XC, CC, CXC, CX5C), followed by “L” (ligand), and the number according to when
the gene was first isolated (Murphy et al., 2000; Zlotnik and Yoshie, 2000). Most chemokines belong
to the CC and CXC classes, while there are only two known XC chemokines and one known CX5C
chemokine. The CXC family can be further subdivided into ELR+ and ELR-, depending on whether they

contain the tripeptide ELR (Glu-Leu-Arg) motif at the N-terminus or not.
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Chemokines can also be defined based on their functional properties. In a broad manner, they can be
homeostatic or inflammatory. Homeostatic chemokines are constitutively expressed in certain tissues
or organs and regulate the basal recruitment of cells involved in immune responses. Inflammatory
chemokines are not abundantly expressed, but their expression is rapidly induced under certain

circumstances, such as infection or tissue injury, which serves to recruit inflammatory leukocytes.
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N-terminus XC chemokines CC chemokines
/ % 0000 € GOO000-Co0H € 00O000-CO0H
J | I
= C-terminus NH;OOOOO co NH,00CO (ic @,
C
405 loop N-loop
CXC chemokines €X,C chemokines zllucin_e-like
omain
000 €OO0CO00-CO0H C
OO Peptide chain | OOOOOO | Hydrophobic
— Disulfide bridge NH,0000 TXC o NH,0000 T:XXXC domain
C Cysteine c c -COOH

Figure 6. Chemokines structure and classification. (A) General conserved architecture of chemokines.

(B) Classification of chemokines according to their cysteine motif, which is highlighted in black.

1.2.1.1. CXCL12.

CXCL12, a homeostatic chemokine of about 8 kDa also known as stromal cell derived factor-1, presents
the common architecture of CXC chemokines. Its N-terminus, particularly the residues Lys-1 and
Pro-2 of the mature protein, play a crucial role in CXCR4 activation. The structural motif RFFESH near
the N-terminus also plays a crucial role in directing the interaction with the receptor (Figure 7; Crump
et al.,, 1997). CXCL12 is abundantly expressed in many tissues, including the brain, lung, thymus, heart,
and the bone marrow (Lavi et al., 1998; Wang, Liu and Groopman, 1998; Wang, Park, and Groopman,

2000; Tham et al., 2001; Banisadr et al., 2003; Agarwal et al., 2016).

RFFESH motif

Figure 7. Crystal structure of CXCL12. Modified from

N-terminus
Pawig et al. (2015).

(https://www.frontiersin.org/articles/10.3389/fimmu.
3-stranded

B-sheet 2015.00429/full).

a-helix
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The activity of CXCL12 is tightly regulated at multiple levels, which has been recently reviewed by
Janssens, Struyf and Proost (2018). It is the only CXC chemokine which mRNA undergoes differential
splicing, leading to the generation of six different splice variants in humans, named from a to ¢. Each
of them has a specific tissue distribution and in vivo activity. CXCL12a is abundantly expressed and is
the most studied form. The activity of CXCL12 is also regulated by post-translational modifications,
including proteolytic removal of amino acids from the N- and C-terminus, citrullination of arginine
residues, or nitration of tyrosine residues. These modifications generally inactivate or reduce the
activity of the chemokine. Furthermore, CXCL12 can homo- and heterodimerize under physiological
conditions. The equilibrium between monomeric and dimeric CXCL12 is potentially relevant since it
has been shown that these two species exhibit different signaling through CXCR4 and ACKR3 (Drury et
al.,, 2011; Ray et al., 2012a). In addition, CXCL12 can also form complexes with other chemokine and
non-chemokine proteins, such as the nuclear protein high mobility group box 1 (HMGB1; Schiraldi et
al., 2012), CCL5, CXCL4, and CXCL7 (Carlson et al., 2013). Its oligomeric state is modulated by pH,
concentration, the presence of divalent cations as well as glycosaminoglycans (GAGs), which have
recently emerged as important interaction partners for chemokines (Sadir et al., 2004; Crown et al.,

2006; Poluri et al., 2013).

1.2.2. Chemokine receptors.

Chemokine receptors present the general common architecture of GPCRs. Their N-termini are
generally acidic and often contain tyrosine residues that are post-translationally sulfated, which has
been shown to modulate the affinity and potency of chemokine ligands and even play a role in
selectivity (Ludeman and Stone, 2014). Their C-termini present numerous serine and threonine
residues that are relevant for phosphorylation upon ligand binding to the receptor (Busillo et al., 2010;

Mueller et al., 2013).

Chemokine receptors can be divided into two families: conventional chemokine receptors (cCKRs) and
atypical chemokine receptors (ACKRs). A total of 22 chemokine receptors have been described to date
in humans, from which 4 are ACKRs. Conventional receptors are classified according to the subfamily
of chemokine they preferably bind and are named following the same principle as the chemokines, but
replacing “L” by “R”, which denotes “receptor”. Most cCKRs belong to the CCR and CXCR classes, with
10 and 6 members, respectively, while there is only one CX3CR and one XCR (Hughes and Nibbs, 2018).
Conventional receptors typically transduce their signals via G; proteins and B-arrestins, while the
atypical receptors do not generally couple to G proteins and fail to induce typical transduction

pathways activated by cCKRs.
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1.2.3. Chemokine:chemokine receptor interaction.

In the mid-1990s, the interaction of chemokines with their receptors was described to proceed via a
two-step/two-site mechanism. In this model, the globular core of the chemokine interacts with the
N-terminus of the receptor, which is known as ‘chemokine recognition site 1 (CRS1)’. Then, the flexible
N-terminus of the chemokine interacts with the TM domain, which is known as ‘chemokine recognition
site 2 (CRS2)’. This model segregated the chemokine:receptor interactions functionally (‘two-step’) and
spatially (‘two-site’), with CRS1 defining specificity and affinity, and CRS2 mediating receptor activation
(Monteclaro and Charo, 1996; Pakianathan et al., 1997). However, later functional and crystallographic
studies challenged the structural and functional independence of these two sites and suggested that

the model overlooks the complexity and diversity of chemokine:receptor interactions.

In 2015, the crystal structure of CXCR4 in combination with the chemokine antagonist vMIP-Il was
solved, as well as the structure of the human cytomegalovirus receptor US28 with the chemokine
agonist CX3CL1 (Burg et al., 2015; Qin et al., 2015). Both structures confirmed the existence of CRS1
and CRS2 of the two-site model: the N-termini interact with the N-loop and 40s loop of the chemokines
(CRS1) and the flexible N-termini of the chemokines reach into the TM pockets (CRS2). Interestingly,
both structures showed an extensive and continuous interacting surface spanning from the proximal
N-termini part until the upper part of the TM domain that did not present clear boundaries with CRS1
and CRS2. This intermediate region was thus named CRS1.5 and likely acts as a flexible pivot point to
allow the rotation of the chemokine, providing some freedom in its positioning (Qin et al., 2015). This
intermediate region has been also observed in the structure of CCR5 in complex with the chemokine
antagonist [5P7]CCL5 (Zheng et al., 2017). Furthermore, experimental data and modeling studies on
several chemokine:receptor pairs, including CXCL12:ACKR3, suggest an additional interaction epitope
in which the distal N-terminus of the receptor interacts with the Bi-strand of the CXC chemokines
(Katancik, Sharma and de Nardin, 2000; Gustavsson et al., 2017). This region was termed CRS0.5 and
is probably difficult to observe in crystal structures due to difficulties to detect and solve the flexible

N-termini of receptors.

Altogether, numerous studies reveal a complex model of chemokine:receptor interaction and
activation with extensive interacting interfaces that seem to be physically and allosterically linked. This
has led to propose the binding mechanism as a complex “multi-site model”, in which functionally
distinct outcomes upon chemokine binding may be generated by a “selection” of a unique subset of

interactions, binding modes, and conformations (Kleist et al., 2016).
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1.3. CXCR4.

CXCR4 is broadly expressed in cells of the immune system, including most leukocyte subsets, as well
as in stem cells in both blood and the bone marrow (Forster et al., 1998; Ara et al., 2003). It is also
highly expressed in cells of the CNS and endothelial cells (Hesselgesser et al., 1997; Gupta et al., 1998).
The cognate ligand for this receptor is the chemokine CXCL12. CXCR4-expressing cells respond to and
migrate along CXCL12 gradients, which modulates their directional migration. This axis is crucial during
early embryonic development for the correct formation of vascular, nervous, hematopoietic, and
cardiac systems (Miller, Banisadr and Bhattacharyya, 2008). It is equally vital in adults for homing of
hematopoietic precursor and stem cells in the bone marrow and their mobilization into peripheral
blood and tissues as well for mediating immune cell movement (Moll and Ransohoff, 2010; Guyon,
2014). The relevance of this axis is well reflected by the fact that knock-out mice of either CXCL12 or
CXCR4 are lethal and die at late gestational stage with highly similar phenotypes, including
abnormalities in B cell lymphopoiesis, bone marrow colonization, blood vessel formation, and defects
in cardiovascular and neuronal development (Nagasawa et al., 1996; Ma et al., 1998; Tachibana et al.,

1998; Zou et al., 1998).

CXCR4 acts as a co-receptor for HIV-1 entry into T cells and is involved in a large number of diseases,
including autoimmune, neurodegenerative, and cardiovascular diseases (Feng, et al., 1996; Doring et
al., 2014; Bonham et al., 2018). In addition, increasing evidence has shown that CXCR4 is also involved
in tumor growth and metastasis in more than 23 types of cancers (Chatterjee, Azad and Nimmagadda,
2014). Therefore, the CXCL12/CXCR4 axis represents an important therapeutic target. In fact, CXCR4 is
the target of the FDA-approved drug Mozobil™ (AMD3100, Genzyme, Cambridge, USA), a small
antagonist molecule that was approved in 2008 for hematopoietic stem cell mobilization after failed
attempts to use it as a HIV inhibitor (Uy, Rettig and Cashen, 2008). Besides, more drugs against this

target are currently under development for treating other pathologies (Walenkamp et al., 2017).

1.3.1. CXCR4-mediated signaling in response to CXCL12.

In response to CXCL12, CXCR4 generally leads to the activation of G proteins of the G; subfamily.
Accordingly, most of the outcomes related to its function described to date have been shown to be
sensitive to PTX treatment (Busillo and Benovic, 2007; Heuninck et al., 2019). Activation of G; proteins
results in inhibition of AC, ultimately reducing cAMP levels in the cell and therefore the activity of
cAMP-dependent kinases such as PKA. At some extent, it also induces activation of PLC-B through the
GBy subunits, leading to Ca?* release, and activation of phosphatidylinositol 3-kinase (PI3K), leading to
the activation of ERK and Akt pathways. These various signaling routes result in diverse biological

outcomes, such as cell proliferation, migration, adhesion, and survival.
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CXCR4 has been shown to couple to and activate the G protein subtypes G, Giz, Gis, and G, in response
to CXCL12 stimulation using BRET. In particular, CXCR4 was observed to couple more efficiently to Gi
and Gi; subtypes than to Gizand Gj, (Kleemann et al., 2008; Quoyer et al., 2013). No activation of G, has
been observed (Armando et al., 2014). In some contexts, CXCR4 has also been reported to signal via
Gizand Gq proteins. On one hand, CXCL12/CXCR4-induced migration in Jurkat T cells was regulated by
the dual activation of Rho via Gi3 and Rac via G; (Tan et al., 2006), and this axis was crucial for the
metastatic spread of basal-like breast cancer cells (Yagi et al., 2011). In addition, the CXCL12-induced
trafficking of CXCR4 into Rab11+ endosomes was also controlled through the Rho/Gis axis (Kumar et
al., 2011). On the other hand, CXCL12-driven dissemination and invasion of T cell hybridomas in mice
required Gq proteins (Soede et al., 2001), and CXCL12/CXCR4-driven chemotaxis was dependent on G4
in dendritic cells and granulocytes (Shi et al., 2007).

Following activation by CXCL12, phosphorylation of CXCR4 results in the recruitment of B-arrestin-1
and -2, leading to internalization of the receptor, more markedly via B-arrestin-2 (Cheng et al., 2000).
In accordance, attenuated desensitization and enhanced G protein coupling of CXCR4 was observed in
lymphocytes isolated from B-arrestin-2 knock-out mice (Fong et al., 2002). In line with the ability of B-
arrestins to promote signaling, both B-arrestins have been reported to significantly enhance CXCR4-
mediated p42/44 MAPK activation in response to CXCL12, promoting proliferation and survival.
B-arrestin-2 also regulates the chemotactic response of cells via the activation of p38 MAPK. These
two effects of B-arrestin on the CXCR4 function appear to be mediated through distinct interaction
sites on CXCR4, including the C-terminus and ICL-3 (Cheng et al., 2000; Lagane et al., 2008). CXCR4 can
also associate transiently with the Janus kinases (JAK) 2/3, leading to activation and nuclear
translocation of several signal transducer and activator of transcription (STAT) proteins (Vila-Coro et

al., 1999). Figure 8 shows a schematic summary of the CXCR4-mediated signaling upon CXCL12 binding.
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Figure 8. CXCR4-mediated signaling in response to CXCL12. Activation and inhibition of the

primary pathways is depicted in green and red, respectively. Modified from Janssens et al. (2018).
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1.3.2. Structure of CXCRA4.

Three crystal structures have been reported for CXCR4, which is composed of 352 amino acids, in
complex with different ligands: the small molecule IT1t, the cyclic peptide CVX15, and the viral CC
chemokine vMIP-II (Wu et al., 2010; Qin et al., 2015).

These studies showed that the overall structure of CXCR4 resembles the common architecture of
GPCRs with a seven transmembrane topology. In accordance with increasing biochemical and
biophysical evidence that suggest that CXCR4 can form homo- and heterodimers (section 1.3.3), these
crystal structures support the concept of CXCR4 dimerization. Importantly, several differences in
comparison to other class A receptor structures could be observed. For instance, CXCR4 presents a
larger ligand-binding pocket that is found closer to the extracellular surface. It is more solvent
accessible and less protected by ECL-2, which might be due to the fact that it generally binds bigger
ligands than other class A receptors. In addition, the N-terminus and the binding pocket are more
acidic, which is consistent with the fact that the natural ligands are basic proteins. Many class A GPCRs
contain a short 3-4 turn a-helix at the C-terminus, named helix 8, with the characteristic motif
F(R/K)xx(F/L)xxx(L/F). In contrast, CXCR4 only contains a partially conserved motif FKxxAxxxL that
might be able to form a less stable helix (Figure 9). Also, it lacks a palmitoylation site right after this
helix, which anchors other GPCRs to the lipid membrane, and the helix 7 is one turn shorter at the

intracellular side (Arimont et al., 2017).

Highly conserved microswitches within GPCRs are known to control the G protein interface during
inactive-to-active state transition. A thorough mutagenesis work by Wescott et al. (2016) identified
several amino acids that are critical microswitch residues in CXCR4, including the tyrosine residue of
the Y(x)sKL motif and the tyrosine residue of the NPxxY motif. Both structural motifs are critical
determinants of GPCR activation, and homologous residues have been identified in other receptors.
The DRY motif at the intracellular end of TM3 is highly conserved in many class A GPCRs. In most
chemokine receptors, including CXCR4, this motif is “DRYLAIV”, in which the arginine residue is an

important microswitch for the binding to G proteins.

Figure 9. CXCR4 structure. Comparison of the CXCR4
structure (blue) with other GPCR structures: ,-AR (yellow),
A,a-AR (green) and rhodopsin (pink). Adapted from Wu et al.,
(2010) with permission via RightsLink.
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1.3.3. Oligomerization of CXCR4.

Increasing number of studies suggest that oligomerization of GPCRs represents an important event in
the activation process of the receptors and could open new avenues for drug targeting (Guidolin et al.,
2019). Crystallization of CXCR4 in complex with various ligands revealed that CXCR4 forms homodimers
(Wuetal., 2010; Qin et al., 2015). This is supported by biochemical and functional studies that showed
that CXCR4 can form dimers even in the absence of ligand using a variety of techniques (Babcock,
Farzan and Sodroski, 2003; Percherancier et al., 2005; Wang et al., 2006; Armando et al., 2014; Ge et
al., 2017). Percherancier et al. (2005) demonstrated that CXCR4 forms homodimers and that addition
of different ligands led to different changes in BRET without leading to dissociation, suggesting that
they induce different conformational changes within the pre-formed complex. This is in line with the
different crystal structures of CXCR4, in which slightly different dimer interfaces have been observed
depending on the bound ligand: the dimer interface involved TM5/6 in the presence of IT1t, but also
the intracellular tips of TM3/4 in the presence of CVX15 (Wu et al., 2010). In contrast, Lao et al., (2017)
observed CXCR4 predominantly as a monomer at near-physiological expression levels in mammalian

cells using single-cell microscopy.

CXCR4 has also been observed to oligomerize with several other chemokine receptors, including CCR2
(Sohy, Parmentier and Springael, 2007; Armando et al., 2014), CCR7 (Hayasaka et al., 2015), CCR5
(Hammad et al., 2010), CXCR3 (Watts et al., 2013), and ACKR3 (Hartmann et al., 2008; Levoye et al.,
2009; Décaillot et al., 2011), as well as with other non-chemokine receptors, including a;-adrenergic
(Tripathi et al., 2015; Gao et al., 2018) and §-opioid receptors (Pello et al., 2008). Although the fact
that CXCR4 is able to form dimers or even higher-oligomeric structures has been well established,
further studies are required to provide evidence of their functional importance in the activation

transduction pathways and their relevance in the physiological context.

1.3.4. Stoichiometry of the CXCL12:CXCR4 complex.

As described previously (section 1.3.3), evidence from numerous studies showed that CXCR4 can form
homodimers. Additionally, CXCL12 also exists in equilibrium as monomer and dimer (Ray et al., 2012a).
This opens several possibilities regarding the stoichiometry for the chemokine:receptor complex,
including the following: (i) 1:1 stoichiometry, with each receptor accommodating one monomeric
ligand; (ii) 1:2 stoichiometry, with a single monomeric ligand binding simultaneously to each protomer
of a dimer; (iii) a 2:1 stoichiometry, with a dimeric chemokine binding to one protomer; (iv) a 2:2

stoichiometry, with a dimeric chemokine binding to the receptor dimer.

By means of using functional complementation experiments, dimer dilution and cysteine trapping

studies, Kufareva et al. (2014) showed that, despite the observed dimeric nature of CXCR4, this
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receptor interacts with CXCL12 in a 1:1 stoichiometry. These results add to increasing evidence of
monomers as fully competent signaling units (Whorton et al., 2007) yet does not dismiss the existence
or potential role of dimers. This was further supported by the latest CXCR4 crystal structure in which
CXCR4 interacted as a dimer with the chemokine vMIP-Il in a 1:1 stoichiometry, with both subunits of
the dimer occupied with one molecule of ligand (Qin et al., 2015). In contrast, a later study using
protein-protein docking and molecular dynamics simulations proposed that in the 1:2 complex, the
N-terminus of CXCL12 bound to one protomer established more steady contacts with critical residues
in the TM domain of the other protomer, more efficiently favoring signaling than the 1:1 stoichiometry
(Cutolo et al.,, 2017). Overall, the stoichiometry of chemokine:receptor interaction in functional
signaling complexes is still under evaluation, and gathering more information on the relevance of

receptor and chemokine dimerization seems to be crucial to elucidate this facet.

1.3.5. Other CXCR4 ligands.

For a long time, CXCL12 was thought to be the sole ligand for CXCR4. However, over the years, other
endogenous non-chemokine molecules have been described to be able to bind and signal through
CXCR4, including extracellular ubiquitin, the viral glycoprotein gp120, R3-defensin, macrophage
migration inhibitory factor (MIF), and lactoferrin (Lf) (Pawig et al., 2015). The last two ligands have

been investigated in this work.

1.3.5.1. Macrophage migration inhibitory factor.

Macrophage migration inhibitory factor, abbreviated MIF, is a 12.3 kDa inflammatory cytokine that
plays a major role in acute and chronic inflammatory diseases, such as rheumatoid arthritis, septic
shock, and atherogenesis (Morand, 2005; Schober, Bernhagen and Weber, 2008), as well as
neurological diseases (Leyton-Jaimes, Kahn and Israelson, 2018) and numerous cancers (O'Reilly et al.,
2016), therefore representing a potential therapeutic target. MIF belongs to the emerging group of
proteins termed “chemokine-like function chemokines”. These are mediators with intracellular
functions that, once secreted to the extracellular space, bind to and activate chemokine receptors.
However, they cannot be classified into one of the well-established chemokine subfamilies due to the
lack of canonical structural elements (Figure 6). In this case, MIF does not present an N-terminal
cysteine motif but presents potent chemotactic properties and is known to interact with the
chemokine receptors CXCR2, CXCR4, and ACKR3 (Bernhagen et al., 2007; Alampour-Rajabi et al., 2015).
In addition, it also signals through CD74 and CD44 (Leng et al., 2003; Shi et al., 2006).
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The crystal structure of MIF showed a homotrimer, with each monomer consisting of two antiparallel
a-helices and one four-stranded -sheet (Figure 10; Sun et al., 1996). Several studies have revealed
that it can exist in different conformations, including monomer, dimer, trimer or even higher-

oligomeric structures, and that this is mainly concentration-dependent (Mischke et al., 1998; Philo,

Yang and LaBarre, 2004). However, which conformation is

a-helices

physiologically relevant under which conditions is still unclear. In
contrast to CXCL12, MIF lacks the structural motif RFFESH at the N-

terminus.

dostranded Figure 10. MIF monomer crystal structure. Modified from Pawig et al. (2015).

Pseudo-(E)LR
B-sheet

(https://www.frontiersin.org/articles/10.3389/fimmu.2015.00429/full).

Using a broad spectrum of techniques, Rajasekaran et al. (2016) showed that MIF and CXCL12 present
different mechanisms of CXCR4 binding and activation. They observed that MIF does not establish
direct interactions with the TM cavity of the receptor, but rather induces a conformational change
when binding to the N-terminus. In accordance with this idea, CXCL12 could only be displaced up to
50% by MIF in Jurkat T-cells (Bernhagen et al., 2007). Moreover, using a peptide array approach,
binding assays and circular dichroism spectroscopy, the authors demonstrated that the N-terminus,
ECL-1 and ECL-2 of CXCR4 are involved in the interaction with MIF, while ECL-3 is not. This same study
also identified the MIF catalytic cavity as well as some residues in the second a-helix and a loop close
to the catalytic cavity as critical determinants for the binding to CXCR4 (Rajasekaran et al., 2016).
Recently, the three-dimensional space formed by the continuous amino acids Arg-Leu-Arg from the
second a-helix was identified as a pseudo-(E)LR motif (as of typical of CXC chemokines) and to be
crucial for the binding to the N-terminus of the receptor (CRS1). Alanine mutations of these residues
completely abolished binding to CXCR4 and significantly reduced CXCR4-mediated signaling and

chemotaxis (Lacy et al., 2018).

In contrast to CXCL12, it has been reported that MIF binding to CXCR4 does not result in B-arrestin
activation in breast cancer cells or inhibition of HIV entry into T cells. However, it leads to G protein
signaling in Chinese hamster ovary cells expressing CXCR3/CXCR4 receptors as well as in CXCR4-
expressing Saccharomyces cerevisiae cells (Rajasekaran et al., 2016). Also, in monocytes and T cells,
MIF triggered Gi- and integrin-dependent arrest and chemotaxis, as well as rapid integrin activation
and Ca?* fluxes. Importantly, using in vitro two- and three-dimensional assays, MIF was discovered to
be the key director of mesenchymal stem cells (MSCs) recruitment to tumors, mainly through its
functional interaction with CXCR4. Accordingly, knocking-down either CXCR4 or MIF totally abolished

MSC homing to tumor cells in an in vivo metastasis model (Lourenco et al., 2015).
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1.3.5.2. Lactoferrin.

Lactoferrin, a member of the transferrin family of approximately 80 kDa, is a natural iron-binding
glycoprotein that is present in several human external secretions, such as saliva, tears, and milk. It
plays an important role in host defense due its immune modulatory and anti-bacterial activities

(Valenti and Antonini, 2005; Siqueiros-Cendon et al., 2014).

The structural organization of all transferrins is highly conserved in mammals. The amino acid chain of
lactoferrin is folded into two globes, named N- and C-lobes, which are joint by a short a-helix. They
represent the N- and C-terminal halves of the protein, respectively. Each lobe is further divided into
two domains, named N1 and N2 for the N-lobe and C1 and C2 for the C-lobe. In between each of these
two domains, there is one iron-binding site. Lactoferrin can adopt two conformationally different
states, depending on the presence or absence of iron molecules in the structure (Figure 11). On the
iron-free state (apo-lactoferrin; apo-Lf), the conformation of lactoferrin is wide open. Upon binding of
two atoms of iron, lactoferrin adopts its iron-bound state (holo-lactoferrin; Fe,-Lf), which causes the
two domains of each globe to adopt a highly closed conformation around each of these atoms. This

closed conformation is highly stable and rigid since the metal ions lock the domains together (Baker

and Baker, 2005; Baker and Baker, 2012).

Figure 11. Conformational states
of lactoferrin. (A) Iron-bound
state. (B) Iron-free state. Iron is
represented as red balls. Adapted

from Baker and Baker (2012) with

permission via RightsLink.

The antiviral activity of lactoferrin was first suggested due to the observed fluctuations in the
concentration of this protein: it can be increased by 50 times under pathological conditions, such as
autoimmune diseases or microbial infections (Lash et al., 1983; Nuijens et al., 1992). The first study
reporting its antiviral activity showed that it was capable of blocking HIV-1 infection by variants of this
virus that use CXCR4 as co-receptor for entry into host cells but had no effect on HIV-2 (Harmsen et
al., 1995). A recent report provided some evidence of CXCR4 as a lactoferrin receptor (Takayama et al.,
2016). The authors showed that bovine lactoferrin (bLf) specifically bound to CXCR4-expressing
lipoparticles, and that this interaction was not inhibited by the presence of CXCL12, suggesting that
these two ligands present different binding sites on the receptor. In this same study, they showed that
stimulation of HaCaT keratinocytes and Caco-2 intestinal cells with bLf led to Akt phosphorylation,

which was inhibited by pre-treatment of cells with AMD3100 or a CXCR4-neutralizing antibody.
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In contrast, bLf-induced Akt activation in human dermal fibroblasts was not mediated by CXCR4,
suggesting that a different receptor might be involved in this activation, and that therefore the role of
CXCR4 in mediating the lactoferrin response might be cell-type specific. They also indicated that bLf
triggered dimerization, tyrosine phosphorylation, ubiquitination, and internalization of CXCR4 in a
similar way to CXCL12 in HaCaT keratinocytes. No information on the binding mechanism of lactoferrin

to the receptor is available yet.

1.4. ACKR3/CXCR7.

In contrast to conventional chemokine receptors, atypical chemokine receptors are generally unable
to activate G proteins and induce the typical downstream cellular responses such as migration. As a
consequence, they were initially excluded from the standard nomenclature system approved for
chemokine receptors (Murphy et al., 2000) and it was not until recently that a consensus was reached
to designate them as 'ACKR', an abbreviation of 'atypical chemokine receptor' (Bachelerie et al., 2014).
To date, the family of ACKRs comprises four members and two others are under evaluation (Leick et
al., 2010; Chen et al., 2011). They are evolved from canonical chemokine receptors but differ in the
amino acid composition of intracellular motifs relevant for signal transduction (Daiyasu, Nemoto and
Toh, 2012). Historically, these receptors were initially defined as ‘silent’ and ‘non-signaling’ and
thought to act exclusively as decoy or scavenging receptors, binding and internalizing their ligands,
leading to the creation of ligand gradients that are crucial for cell migration. Nevertheless, it is clear

now that at least some ACKRs can signal via G protein-independent signaling cascades of GPCRs.

Originally identified as an orphan receptor and named RDC1 (Libert et al., 1990), this 7TM protein was
first suggested to be a chemokine receptor related to CXC receptors based on sequence homology and
genomic location, and therefore named CXCR7 (Heesen et al., 1998). It was then de-orphanized as a
receptor for CXCL11 and CXCL12 (Balabanian et al., 2005; Burns et al., 2006) and renamed ACKR3 due

to the lack of signaling via G proteins. In this work, the ACKR3 designation is used.

In humans, ACKR3 is found in embryonic neuronal and heart tissue, in some leukocyte subsets,
including B cells, and endothelial cells (Infantino, Moepps and Thelen, 2006; Wang et al., 2012). The
importance of this receptor is well reflected by the fact that ACKR3 knock-out mice die peri- or
postnatally due to abnormalities in the CNS and the cardiovascular system (Sierro et al., 2007; Gerrits
et al., 2008). In addition, elevated levels of this receptor are found in many cancer types, including
prostate, breast, and lung cancer, in which it plays an important role in tumor growth and metastasis

(Miao et al., 2007; Wang et al., 2008).
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1.4.1. Ligand binding to ACKR3.

It is currently accepted that ACKR3 has two chemokine ligands: CXCL11, which also binds to CXCR3,
and CXCL12, which also binds to CXCR4. Binding of CXCL12 to ACKR3 occurs with an affinity that is ten
times higher than that for CXCR4 (Balabanian et al., 2005), and ACKR3 binds CXCL12 with 10- to 20-
fold greater affinity than CXCL11 (Burns et al., 2006). In addition, it also binds vMIPII (Szpakowska et
al., 2016), MIF (Alampour-Rajabi et al., 2015), adrenomedullin (Klein et al., 2014), and bovine adrenal
medulla 22 (Ikeda et al., 2013; Szpakowska et al., 2018). Interestingly, two structurally unrelated CXCR4
antagonists, TC14012 and AMD3100, present agonistic properties on ACKR3, inducing the recruitment
of B-arrestin to the receptor (Kalatskaya et al., 2009; Gravel et al., 2010). These findings suggest that

CXCR4 drug candidates should also be routinely tested on ACKR3 to avoid unexpected outcomes.

Gustavsson et al. (2017) combined different approaches to map the interaction interfaces between
ACKR3 and CXCL12 and the changes that the receptor undergoes upon activation. Their data are
consistent with expectations from the CRS1/2 model but reveal a more extensive binding interface
that covers virtually the entire surface of the chemokine, as described in section 1.2.3. Their data
suggest a structural mechanism for agonist-induced activation of ACKR3 that is similar to canonical
GPCRs, such as rhodopsin and p-opioid receptor. By means of using radiolytic footprinting, the authors
observed that ACKR3 opens up in its active (CXCL12-bound) state to expose a binding site for
intracellular partners, which is in line with the outward movement of TM6 observed in many other
receptors upon activation. Considering its atypical nature, this indicates that the mechanistic details

or conformational control of bias towards B-arrestin might be subtle.

1.4.2. ACKR3 function and signaling.

1.4.2.1. Scavenging function.

One of the most established roles of ACKR3 is its decoy/scavenging function. This receptor
continuously shuttles between the plasma membrane and intracellular compartments, removing
chemokine ligands from the extracellular space and transporting them to lysosomes for degradation
(Naumann et al., 2010). This constitutive endocytosis and recycling accounts for observations that the
receptor predominantly localizes to intracellular vesicles. The scavenger activity of ACKR3 modulates
CXCL12 levels, controlling the growth- and migration-promoting activities of CXCR4, and establishes
chemokine gradients necessary for cell migration (Luker et al., 2012). This scavenging function is
required, for instance, for the optimal migration of primordial germ cells during zebrafish development
(Dambly-Chaudiere, Cubedo and Ghysen, 2007; Valentin, Haas and Gilmour, 2007; Boldajipour et al.,
2008; Dona et al., 2013) and has been further demonstrated in mammalian models (Naumann et al.,

2010) and several cancer cell lines (Luker et al., 2012).
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Some reports have shown that the internalization of ACKR3 occurs via clathrin-mediated endocytosis
and interaction with B-arrestins, more markedly B-arrestin-2 (Zabel et al., 2009; Luker et al., 2010;
Saaber et al., 2019). The C-terminal tail of the receptor is critical for ACKR3 location and function. Its
progressive truncation increases the location of the receptor in the plasma membrane and reduces
internalization. Also, a similar phenotype is observed upon treatment with inhibitors of clathrin-
mediated endocytosis (Ray et al., 2012b). In accordance, loss of functional B-arrestin-2 also reduced

ACKR3-dependent uptake of CXCL12 from the extracellular space (Luker et al., 2009).

The migration of rat vascular smooth muscle cells (VSMCs) in response to CXCL11 and CXCL12 was
shown to be mediated by ACKR3 in a B-arrestin-2-dependent manner (Rajagopal et al., 2010). In
contrast, arecent report investigating interneurons migration showed that the main function of ACKR3
was the adjustment of CXCL12 levels by phosphorylation-dependent, B-arrestin-independent
endocytosis, demonstrating that phosphorylation regulates this receptor independently of B-arrestin

(Saaber et al., 2019).

1.4.2.2. G protein-mediated signaling.

Several studies have shown that ligand binding to ACKR3 does not induce activation of G proteins nor
triggers the activation of their classical downstream signaling pathways (Sierro et al., 2007; Levoye et
al., 2009; Rajagopal et al., 2010). In fact, although ACKR3 shares high structural homology with other
chemokine receptors, it lacks the conserved DRYLAIV consensus sequence of these receptors and
instead presents a DRYLSIT sequence (Ulvmar, Hub and Rot, 2011). Interestingly, replacing such a
region of ACKR3 with that of CXCR4 did not result in a G protein-coupled ACKR3 chimera, suggesting
that the altered DRYLAIV motif is not the only determinant for the lack of G protein-dependent
signaling (F. Hoffmann et al., 2012). Despite these findings, its ability to interact with G proteins has
been reported in two specific studies. In one study, the authors observed that ACKR3 constitutively
interacted with G proteins although failed to activate them (Levoye et al., 2009). In another study, the
authors reported Gj,-mediated signaling through ACKR3 in human glioma cells and rodent astrocytes.

In the latter, CXCL12 exposure led to G protein-mediated ERK and Akt activation (Odemis et al., 2012).

1.4.2.3. B-arrestin-mediated signaling.

Several studies have shown that ACKR3 functions as an atypical chemokine signaling receptor by
activating ERK and Akt via B-arrestin-2 (Wang et al., 2008; Hattermann et al., 2010; Rajagopal et al.,
2010), which makes ACKR3 the first identified GPCR biased for arrestin-dependent signaling. A

schematic summary of the signaling mediated by ACKR3 upon CXCL12 binding is shown in figure 12.
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Overall, although the functions of ACKR3 remain controversial and most of the activities related to this
receptor have not been identified consistently across model systems, there is increasing evidence for
a B-arrestin biased receptor in most cell types. Crystal structure of atypical chemokine receptors,
including ACKR3, remains unresolved to date. This could help to further understand the structural
determinants for the lack or impairment of G protein coupling and at the same time shed light on the

determinants for receptor biased activity.
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Figure 12. ACKR3-mediated signaling in response to CXCL12.

1.4.3. ACKR3 oligomerization.

Two studies have shown that ACKR3 is able to form homodimers. In transfected cells, a specific BRET
signal was observed between ACKR3-RLuc and ACKR3-YFP, and addition of CXCL12 or AMD3100 further

increased the observed BRET signal (Levoye et al., 2009; Kalatskaya et al., 2009).

Several studies have shown that ACKR3 can also modulate other cellular signaling pathways,
potentially by forming higher-oligomeric complexes with other receptors. There is evidence for the
existence of a;-AR:ACKR3:CXCR4 oligomers in VSMCs, in which activation of ACKR3 has a trans-
inhibitory effect on the adrenergic receptor (Albee et al., 2017). Also, oligomers between ACKR3 and
the epithelial growth factor receptor (EGFR) are known to form in a B-arrestin-2-dependent manner,
and to be important for EGFR phosphorylation (Salazar et al., 2014). Last, the interaction of ACKR3 with
CXCR4, often found co-expressed in many cell types, is one of the most studied. Several lines of
evidence indicate that these two receptors form hetero-oligomers and that the presence of ACKR3
modifies the CXCR4 signaling properties, including its ability to mobilize intracellular Ca* (Sierro et al.,
2007; Hartmann et al., 2008; Levoye et al., 2009; Décaillot et al., 2011). Depending on the context,
ACKR3 has been reported to enhance CXCR4-mediated chemotaxis towards CXCL12 (Décaillot et al.,

2011) or inhibit it (Levoye et al., 2009).
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1.5. FLUORESCENCE-BASED IMAGING METHODS TO STUDY GPCRS.

Imaging methods based on the phenomenon of fluorescence are very commonly used to study
different aspects of GPCRs, such as interactions between molecules, trafficking, location,
conformational changes, or kinetics. Some of the most employed methods include protein fragment
complementation (Waadt et al., 2014), FRET (Kauk and Hoffmann, 2018), fluorescence recovery after
photobleaching (Veerapathiran and Wohland, 2018), fluorescence correlation spectroscopy (Briddon,
Kilpatrick and Hill, 2018), as well as single molecule-based approaches (Sungkaworn et al., 2014). These
methods require the proteins of interest to be tagged with fluorescent probes and, as a consequence,

increasing number of strategies to label proteins with fluorescent tags have emerged.

1.5.1. Fluorescence.

y The phenomenon of fluorescence can be explained with the

Excited = Vibrational . . . .
State, S, mem m———relaxation  Jablonski energy diagram (Figure 13). Upon absorption of a

photon by a fluorophore, an electron transitions to an excited

energy state. Within this state, the electron drops to the

Energy Fluorescence

lowest energetic level via non-radiatively vibrational
relaxation. Since the excited state is very unstable, the
electron returns to ground state. Fluorescence occurs when

Ground —y—
S5 — the energy quantum of this difference is emitted via a photon.

Figure 13. Jablonski Diagram.

1.5.2. Fluorescent labeling strategies.

Labeling molecules of interest in biological systems has become essential for intracellular molecular
imaging. The most conventional method to label proteins is by genetically introducing intrinsically
fluorescent proteins as fusion tags. The discovery of the green fluorescent protein (GFP), which was
first isolated from the jellyfish Aequorea victoria, represented a technical revolution due to its
autofluorescence and served as a basis for the development of more fluorescent proteins with
different properties. GFP is a protein of 27 kDa that is made of an eleven-stranded B-barrel, threaded
by a a-helix, running up along the axis of the cylinder. On the a-helix, there is the tri-peptide motif
S65-Y66-G67 that spontaneously forms the fluorescent chromophore (Cody et al., 1993; Yang, Moss
and Phillips, 1996; Figure 14A). Since its discovery, several modifications were introduced into the
native GFP protein to facilitate its use in biological research, leading to improved folding, increased
temperature and pH stability, monomeric configuration, and increased photostability. In addition, GFP

has been further engineered to produce numerous variants with different properties varying in
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brightness, chromophores, or spectral profiles (absorption and emission spectra), which has resulted
in a large number of fluorescent probes that range in color from blue to yellow, covering all the visible
spectrum (Aliye et al.,, 2015). For instance, additive mutations introduced into GFP yielded the
fluorophores cyan fluorescent protein (CFP), enhanced CFP and mTurquoise, as well as yellow
fluorescent protein (YFP), enhanced YFP and Venus. Some of them are used in this work. In addition,
fluorescent proteins from other species have been identified and isolated, resulting in further

expansion of the color palette to the red and far-red spectra.

Another method to label proteins of interest is by using self-labeling enzymes, such as Halo-tag, SNAP-
tag, or CLIP-tag (Juillerat et al., 2003; Gautier et al., 2008; Los et al., 2008). These can covalently attach
to themselves cell-permeable substrates that are modified to contain a fluorescent label or dye. By
using this technology, fluorescence is only initiated upon addition of the substrate and a single
construct can be labelled with different dye substrates at a time. Alternatively, a protein can also be
targeted with specific reagents, such as fluorescently labeled antibodies and nanobodies, or synthetic

ligands (Tian, Furstenberg and Huber, 2017).

The main disadvantage of most labeling methods is the relatively big size of the tags, which is likely to
affect the overall structure or function of the target protein. One of the smallest expression tags used
on GPCRs is based on the biarsenical dye Fluorescein Arsenical Hairpin binder (FIAsH) and the red-
shifted variant ReAsH (Resorufin Arsenical Hairpin binder). They are small (0.7 kDa), cell-permeable
dyes that can covalently react with tetracysteine (TC) sequences that are genetically introduced into
the protein of interest. The amino acid sequences of the TC motifs range from a short 6-amino acid
version (CCPGCC) to longer and more specific versions. FIAsH is provided as non-fluorescent complex
with ethanedithiol (EDT). Upon binding to the TC motif, it becomes fluorescent (Figure 14B), exhibiting
comparable optical properties to YFP. Using this technology involves the introduction of a labelling
protocol, which has been optimized over the years and provides reduced fluorescent background from
non-specific binding (Hoffmann et al., 2010). In comparison to other labeling strategies, such as
autofluorescent proteins, this technology is advantageous due to the very small TC sequence that is
engineered into the receptor and the considerably smaller size of the probe (Figure 14A), which overall
is likely to have a lower impact on the structure or function of the protein of interest. Also, labeling of
the proteins is fast, stable for hours, and reversible by adding dithiols. There are other peptide-based
tags that are conceptually similar to FIAsH/ReAsH, such as the rhodamine-based bisboronic acid probe
that specifically binds to a tetraserine motif (Halo et al., 2009) and the tetranuclear Zinc(ll) probe that

specifically binds to a cysteine-containing oligoaspartate motif (Nonaka et al., 2007).
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Figure 14. GFP and FlAsH. (A) GFP and FIAsH-EDT, structures and size comparison. Adapted from
Hoffmann et al. (2005) (https://www.nature.com/nmeth/) with permission via RightsLink.
(B) Binding of FIAsH to the TC motif CCPGCC. Modified from ThermoFisher Scientific.

1.5.3. Forster Resonance Energy Transfer.

The theory of FRET was described by Theodor Forster in 1948, and therefore the principle was named
after him (Forster, 1948). FRET is the process by which energy is transferred non-radiatively from an
excited donor fluorophore to an acceptor fluorophore through intermolecular long-range dipole-
dipole coupling. In the Jablonski diagram (Figure 13), the energy that is released from the relaxation
of one molecule (donor) is taken up by another molecule (acceptor), leading to the excitation of one
of its electrons, and to the emission of a photon by the acceptor rather than the donor. Three factors
are important to successfully implement FRET: (i) the donor emission spectrum must partially overlap
with the excitation spectrum of the acceptor; (ii) the donor and acceptor fluorophores must be in close
proximity, typically between 1-10 nm; (iii) the dipole moments of the donor and the acceptor must
have a certain spatial orientation, with the highest energy transfer efficiency when the dipole moment

orientation is parallel (Figure 15; Jares-Erijman and Jovin, 2003).

The existence of energy transfer in the system can be studied by quenching the acceptor molecule,
which would lead to an increase in the donor’s fluorescence. This concept is known as FRET efficiency
or basal FRET (Eerer) and can be determined using the following formula: Eerer = Ro®/(Ro® + r®). Ro or
Forster radius is the distance at which the efficiency of energy transfer is 50% and depends on the
spectral overlap of the fluorophore pair used, normally ranging from 4 to 7 nm. The r is the distance
between the two fluorophores. As a consequence, exploring different positions or distances between
the fluorescent probes is important for optimal results, and determining the FRET efficiency is one of
the first steps in characterizing FRET-based systems. Nowadays, there are numerous combinations of
fluorophores that can be used in FRET-based techniques. Some of the most frequently used

combinations include CFP/YFP, mTurquoise/Venus, and CFP/FIAsH.
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Figure 15. Main requirements for FRET to occur between two fluorophores.

Modified from Kochuveedu and Kim (2014).

The FRET detection methods used in this work are sensitized emission and acceptor bleaching. The
donor and acceptor emissions as well as the FRET ratio are simultaneously collected over time by using
specific filters. Sensitized emission measurements are useful for rapid dynamic experiments, while in
acceptor bleaching, the emission of the donor is investigated prior to and following bleaching of the
acceptor. There are two sources of non-FRET signal that need to be controlled and corrected in FRET
measurements. One is the slight direct excitation of the acceptor upon external excitation of the donor
fluorophore (known as cross-talk). The other is the fluorescence from the donor that leaks into the
detection channel for the acceptor fluorescence (known as bleed-through) and is caused by the partial

overlap of the emission spectral profiles of the fluorophores (Jares-Erijman and Jovin, 2003; Lohse et

al., 2012).

1.5.4. FRET to study kinetics of the early steps of the GPCR signaling cascade.

FRET presents high spatial and temporal resolution and can be used to directly investigate the
spatiotemporal dynamics of GPCR-related processes in real time in intact cells (section 1.1.3.4;
Vilardaga et al., 2010). Since the efficiency of FRET is dependent on the distance between the two
fluorophores, this technique is widely used to study both intra- and intermolecular changes within a
single protein or between proteins (Figure 16A-B; Kauk and Hoffmann, 2018). Several FRET-based
approaches have been developed to individually record the initial steps of GPCR signaling, including

ligand binding, receptor activation, coupling to and activation of G proteins and [-arrestins,

oligomerization, etc.
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For monitoring receptor conformational changes, intramolecular FRET-based receptor sensors can be
developed by attaching two fluorophores to domains of the receptor known to be sensitive to
conformational changes, most commonly the C-terminus and ICL-3, due to the fact that TM5-6
undergo the biggest conformational changes upon activation of the receptor (section 1.1.3.1). For
instance, many GPCR sensors have been created by using CFP/YFP as FRET pairs. Alternatively, FIAsH
can substitute the YFP as the acceptor fluorophore. Previous studies have shown that the insertion of
CFP or YFP into the ICL-3 perturbed the function of some receptors, especially disturbing G protein
coupling, whereas the insertion of the TC sequence did not due to its smaller size (Hoffmann et al.,
2005). The first FRET-based sensor for a GPCR was developed for the PTHR over 15 years ago (Vilardaga
et al., 2003) and since then sensors for more than 20 different receptors have been described (Stumpf
and Hoffmann, 2016). In the field of chemokine receptors, no intramolecular receptor sensors have

been described to date.

Measurements are performed under a fluorescence microscope and in single cells. lllumination
(excitation) of the donor results in efficient transfer of energy to the acceptor, and both emission
intensities emitted by the fluorophores as well as the FRET ratio (Facceptor/ Fdonor) are recorded over time.
Binding of a ligand to the receptor would induce a conformational change that alters the distance
and/or orientation between the fluorescent proteins, resulting in a change in FRET. This change can be

used to determine the kinetics of the process, as described in Figure 16C.
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Figure 16. FRET-based approach. (A, B) Inter- (A) and intramolecular (B) FRET. Modified from Lohse et al.
(2012). (C) FRET measurement via sensitized emission. Donor (cyan) and acceptor (yellow) emissions and
the FRET ratio (red) are collected over time. A stimulus (black line) leads to a structural rearrangement,
which is observed as a FRET change. An antiparallel movement in the donor and acceptor emissions is

observed. Kinetics of the conformational change are determined by fitting a curve into the FRET signal.

41



Introduction

The same principle is used to study conformational changes in other proteins, such as G proteins and
B-arrestins, in which fluorophores are attached in different positions or subunits (Adjobo-Hermans et
al., 2011; Nuber et al., 2016; Van Unen et al., 2016). For instance, for G; and Gq proteins, one
fluorophore is normally inserted into the Ga subunit while the other is fused to the C- or N-termini of
the GPB or Gy subunits (Blinemann et al., 2003; Adjobo-Hermans et al., 2011; van Unen et al., 2016).
Intermolecular interactions in the GPCR signaling cascade have also been widely studied, including the
interaction of receptors with ligands (Castro et al., 2005), G proteins (Hein et al., 2005; Ferrandon et
al., 2009) and B-arrestins (Nuber et al., 2016), as well as receptor oligomerization (Vilardaga et al.,
2008). In these cases, a fluorophore is attached to each of the interacting partners. By combining all
these approaches, the activation of every step of the GPCR signaling cascade can be temporally

resolved (Figure 17; Lohse et al., 2008; Vilardaga et al., 2009).

In this thesis, some of these approaches have been employed to elucidate different aspects of CXCR4

and ACKR3 activation and signaling.
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Figure 17. FRET-based approaches to study the early steps of GPCR signaling. Insertion of fluorescent proteins
or tags into different positions within a protein or in different proteins allows to measure structural

rearrangements or interactions. Arrows indicate structural rearrangements.
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2. MOTIVATION AND OBJECTIVES

The chemokine receptors CXCR4 and ACKR3 are implicated in many pathological processes and are the
targets of numerous drug discovery efforts. On one hand, several CXCR4 crystal structures have been
resolved in combination with several antagonistic ligands, but the dynamic and kinetic properties of
the ligand-induced activation of this receptor remain poorly understood. On the other hand, structural
information of ACKR3 is still limited and due to its scavenging nature, a small number of read-outs are

available to study its ligand-induced activation. Therefore, the main aims of this thesis work were:

(i) Investigate the signaling pattern of CXCR4 in response to different ligands. For that purpose, several
FRET-based approaches will be established to individually study the early steps of the signaling

cascade.
e Develop FRET-based CXCR4 sensors in order to study the ligand-induced activation of the
receptor.

e Establish FRET-based strategies to investigate the interaction of CXCR4 with G proteins,
structural rearrangements between CXCR4 protomers, and the activation of G proteins via this

receptor.

e Analyze the dynamics and kinetics of each step of the transduction pathway of CXCR4 using the

aforementioned settings in response to several ligands, including CXCL12, MIF, and lactoferrin.

(ii) Develop a tool that allows measuring the activation of ACKR3 in response to various ligands and

investigate the ability of this receptor to activate G proteins.
e Develop a FRET-based ACKR3 sensor in order to study the ligand-induced activation of the
receptor.

e Investigate the activation of ACKR3 in response to CXCL12 and other agonistic molecules using

the rece ptor sensor.

¢ Investigate G protein activation via ACKR3 in response to CXCL12.
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3.1. MATERIALS.

3.1.1. DNA.

3. MATERIALS AND METHODS

The following table presents all the DNA constructs used in this work.

All proteins are human-derived unless specified.

Materials and Methods

ANTIOBIOTIC
NAME VECTOR DESCRIPTION SOURCE RESISTANCE
M -
pcDEF3 pcDEF3 | Empty pcDEF3 plasmid (WU, Arjri’:;lrtdam) Ampicillin
pcDNA3 pcDNA3 | Empty pcDNA3 plasmid Invitrogen Ampicillin
. MJ Smit .
CXCR4 pcDEF3 | CXCR4 protein (VU, Amsterdam) Ampicillin
CXCR4 protein with three HA tags fused to the MJ Smit -
3HA-CXCR4 pcDEF3 N-terminus (VU, Amsterdam) Ampicillin
CXCR4 protein with three HA tags fused to the . -~
SHA-CXCR4-CFP PCDNA3 | \_terminus and CEP fused to the C-terminus This work Ampicillin
CXCR4-YFP pRK5 CXCR4 protein with YFP fused to the C-terminus (Il[\:lsl?)s;:/lflsgfis) Ampicillin
CXCR4 protein with three HA tags fused to the
3HA-CXCR4-FIAsH226 pcDNA3 | N-terminus and the FIAsH-binding sequence This work Ampicillin
inserted in ICL-3, between L226 and S227
CXCR4 protein with three HA tags fused to the
3HA-CXCR4-FIAsH228 pcDNA3 | N-terminus and the FlAsH-binding sequence This work Ampicillin
inserted in ICL-3, between H228 and S229
CXCR4 protein with three HA tags fused to the
3HA-CXCR4-FIAsH229 pcDNA3 | N-terminus and the FlAsH-binding sequence This work Ampicillin
inserted in ICL-3, between $229 and K230
CXCR4 protein with three HA tags fused to the
N-terminus, CFP fused to the C-terminus and the . _—
3HA-CXCR4-FIAsH226-CFP pcDNA3 FIAsH-binding sequence inserted in ICL-3, This work Ampicillin
between L226 and S227
CXCR4 protein with three HA tags fused to the
N-terminus, CFP fused to the C-terminus and the . _—
3HA-CXCR4-FIAsH228-CFP pcDNA3 FIAsH-binding sequence inserted in ICL-3, This work Ampicillin
between H228 and S229
CXCR4 protein with three HA tags fused to the
N-terminus, CFP fused to the C-terminus and the . -
3HA-CXCR4-FIAsH229-CFP pcDNA3 FIAsH-binding sequence inserted in ICL-3, This work Ampicillin
between $229 and K230
CXCR4 protein containing the two mutations
3HA-WSHRDSTGCYCRA-CFP pcDNA3 | W94R and DI7G, and with three HA tags fused | o0 Ampicillin

to the N-terminus and CFP fused to the C-
terminus
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(continued)
ANTIOBIOTIC
NAME VECTOR DESCRIPTION SOURCE RESISTANCE
CXCR4 protein containing the two mutations
3HAWHRDITGCY CRA- W94R and D97G, with three HA tags fused to the
pcDNA3 | N-terminus, CFP fused to the C-terminus and the This work Ampicillin
FIAsH228-CFP S . .
FIAsH-binding sequence inserted in ICL-3,
between H228 and S229
MJ Smit
ACKR3 DEF3 | ACKR3 protei Ampicilli
pc protein (VU, Amsterdam) mpicillin
HA-ACKR3 bcDEF3 ACKR} protein with one HA tag fused to the N- MJ Smit Ampicillin
terminus (VU, Amsterdam)
HA-ACKR3-CFP pcDNA3 | ACKR3 protein with one HA tag fused to the N- | 0 Ampicillin
terminus and CFP fused to the C-terminus
ACKR3 protein with one HA tag fused to the N-
HA-ACKR3-FIAsH pcDNA3 | terminus and the FIAsH-binding sequence This work Ampicillin
inserted in ICL-3, between S242 and S243
ACKR3 protein with one HA tag fused to the N-
terminus, CFP fused to the C-terminus and the . _—
HA-ACKR3-FIAsH-CFP pcDNA3 FIAsH-binding sequence inserted in ICL-3, This work Ampicillin
between S242 and S243
ACKR3 protein with one HA tag fused to the N-
terminus, CFP fused to the C-terminus at N321
I(-:|I,:-\I;ACKR3(1-321)-FIASH- pcDNA3 | and the FIAsH-binding sequence inserted in ICL- This work Ampicillin
3, between S242 and S243. The last 41 aa of the
C-terminus have been deleted
ACKR3 protein with one HA tag fused to the N-
terminus, CFP fused to the C-terminus at A346
E'?I;ACKR3(1_346)_F|ASH_ pcDNA3 | and the FIAsH-binding sequence inserted in ICL- This work Ampicillin
3, between S242 and S243. The last 16 aa of the
C-terminus have been deleted
K44A dynamin (rat) pCMV5 | Dynamin la containing the mutation K44A Sontlagggit al, Ampicillin
Bl I
aza-AR (murine) pcDNA3 | aa-AR protein unen;a(a)r(;r; etal, Ampicillin
oa-AR-YFP (murine) pcDNA3 | aya-AR protein with YFP fused to the C-terminus | Hein et al., 2005 Ampicillin
Goayz subunit (rat) PcDNA3 | Gaizsubunit (G protein) Hein et al., 2005 | Ampicillin
GB1subunit pCMV GB1subunit (G protein) Hein et al., 2005 Ampicillin
Gy; subunit - Gy, subunit (G protein) Hein et al., 2005 Kanamycin
. Gai;  subunit with CFP inserted between . -
Gai-CFP subunit (rat) pcDNA3 positions 91 and 92 of the protein Hein et al., 2005 Ampicillin
Gy>-CFP subunit pcDNA3 | Gy;subunit with CFP fused to the N-terminus Hein et al., 2005 Ampicillin
Gi(Gi1, Giz, Gi3) trimer Clontech | pGBi-2A-cp173Venus-Gy,-IRES-Gay- Van Unen et al,, Kanamvein
sensors -style N1 | mTurquoise-A9 2016 y
G, trimer sensor - Ga,-mTg-A6 + GB; + cpVenus-G Adjobo-Hermans Kanamycin
4 amiq 1rep v2 etal,, 2011 y
Firefly luciferase gene under the control of the MJ Smit
CRE-Luc PCDEF3 cAMP response element CRE (VU, Amsterdam) i
Ms-AChR pcDNA3 | M3-AChR protein - Ampicillin
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CHEMICALS AND REAGENTS SUPPLIER IDENTIFIER
25k linear polyethylenimine (PEI) Polysciences 23966-2
Agar Applichem A0949
Agarose Applichem A0949
Ampicillin Sigma-Aldrich A9518

ATP Sigma-Aldrich A3377

BAL (2,3-dimercapto-1-propanol) Fluka / Sigma-Aldrich 38520/ 54046
Bromophenol blue Applichem A23310025
Bovine serum albumin (BSA) fraction V Applichem A1391
CaCly Merck 102382
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D8418

DNA ladders (100 bp / 1 kbp)

New England Biolabs

N3231S/N3231L

Dithiothreitol (DTT)

D-luciferin Duchefa L9504
EDT (1,2-Ethanedithiol) Sigma-Aldrich 02390
Ethanol 100% Sigma-Aldrich 32205
Ethanol 70% T.H. Geyer 2202
Ethylenediaminetetraacetic acid (EDTA) Roth X986.2
FIAsH Dr. E. Heller -
Forskolin Cayman chemical 11018

LC Laboratories F-9929
Gel loading dye This lab -
Geneticin G-418 Sulphate Gibco 11811-031
Glucose PanReac AppliChem A0883
Glycerol Melford G22020/G1345
Glycine Roth 3790.2
HDGreen Plus DNA stain Intas ISII-HDGreen Plus
HEPES Sigma-Aldrich H3375
Immersion oil for microscopy Applichem A0699
Isopropanol Sigma-Aldrich 33539 2.5L-M
Kanamycin Roth T832.3
KCl Applichem A2939
Liquid nitrogen - -
MgCl, Applichem 1036
NacCl Applichem 131659
NaOH Applichem A1551
Peptone Applichem A1553
Poly-D-Lysine MP Biomedicals 150175
Scintillation fluid (MicroScint-0) PerkinElmer -
Sucrose - -
Terralin Schulke 23184-A
Tris H3PO4 Melford B2005/G25803
TritonX Fluka 93426
Trypsin - -
Yeast extract Applichem A1552
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BUFFER/SOLUTION, GEL

COMPOSITION

Binding buffer

50mM HEPES, 1mM CaCl,, 5mM MgCl,, 100mM NaCl, 1% BSA (pH
7.4)

Gel loading dye

0.1M EDTA, 50% glycerin, 0.1% bromophenol

Imaging Buffer

10mM HEPES, 140mM NacCl, 5.4mM KCI, 1mM MgCl,, 2mM CaCl,
(pH 7.3)

KCM buffer 5X

500mM KCI, 150mM CacCly, 250mM MgCl,

Labeling Buffer

10mM HEPES, 150mM NaCl, 25mM KCI, 2mM MgCl,, 4mM CaCls,
10mM glucose (pH 7.3)

Luciferase Assay Reagent

45mM Tris H3PO4 pH 7.8, 45% glycerol, 3% Triton X-100, 1mM DTT,
20mM MgCl,, 800uM D-luciferin, 80uM ATP

Membrane Buffer

15mM Tris pH 7.5, 0.3mM EDTA, 2mM MgCl; (pH 7.5)

NaCl transfection solution

150mM Nadl, filter sterilized

Tris-Sucrose Buffer

20mM Tris pH 7.4, 250mM sucrose (pH 7.4)

Wash buffer

Binding buffer supplemented with 0.5M NaCl

EXPENDABLE MATERIALS SUPPLIER IDENTIFIER

100 mm plates Sarstedt 83.3902

150 mm plates Sarstedt 83.3903

6-well plates Sarstedt 83.3920

12-well plates Sarstedt 83.3921

24-well plates Sarstedt 83.3922

96-well plates, black, F-bottom Brand 781968

96-well plates, clear, F-bottom Sarstedt 83.3924

96-well plates, clear, U-bottom Greiner Bio One -

96-well plates, white, F-bottom Greiner Bio One -

Attofluor Cell chamber Molecular Probes -

Cryo-Tubes Nunc/ThermoScientific 375418 / 368632

Falcon tubes 15 ml / 50 ml Corning 352096 / 352070

Gloves - SensiCare Ice / Peha-soft nitrile Medline / Hartmann 486802 / 942207

Hemocytometer (cell counting) Hecht-assistent -

Needle 23G - -

Parafilm M Bemis PM-996

PCR tubes (0.5 ml) Eppendorf -

Pipette Research Plus, 8-channel, variable, Eppendorf :1;?8888;2;

1-10pl / 10-100ul / 30-300ul 3125000052

Pipettes (P2.5, P10, P100, P1000) Eppendorf -

5;?,:?;?:: ;Iiggslnlc, Xplorer plus, 8-channel, Eppendorf 4861 000.783

Pipettes tips SurPhob biozym VT0270/0230/0200/
0240

Protein LoBind Tubes 1.5 ml Eppendorf 022431081

Round glass coverslips 24mm Hartenstein 0111640

Safe-Lock Tubes 1.5 ml Eppendorf 0030120.086

Syringe filtration unit Filtropur S0.2 Sarstedt 83.1826.001

Teflon glass homogenizer - -

UniFilter 96-well plate GF/C plates PerkinElmer -

WillCo-dish® 40mm glass bottom dishes WillCo Wells GWST-5040/1.5-0.5
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REAGENTS FOR EUKARYOTIC CELL CULTURE SUPPLIER IDENTIFIER
Dulbecco’s Modified Eagle Medium (DMEM) Gibco 21969035
Dulbecco’s Phosphate Buffered Saline (DPBS) Gibco 14190094
Fetal Calf Serum (FCS) Biochrom S0115
L-Glutamine PanBiotech P04-80100
NucleoBond Xtra Midi Kit Macherey-Nagel 740410.50
Penicillin-Streptomycin Gibco 15140-122
Trypsin/EDTA PanBiotech P10-023100
COMMERCIAL KITS SUPPLIER IDENTIFIER
BCA Protein Assay Kit Thermo Scientific -
DNA Gel Extraction Kit Millipore LSKGELO50
Effectene Transfection Reagent Qiagen 301427
Modified TAE Buffer (50x) Millipore CS201628
ENZYMES AND RELATED REAGENTS SUPPLIER
Nucleotides New England Biolabs
Pfu buffer Promega
Pfu polymerase Promega
Restriction enzymes New England Biolabs
Restriction enzyme buffers New England Biolabs
Taq polymerase New England Biolabs
Taq polymerase buffer New England Biolabs
T4 DNA Ligase New England Biolabs
T4 DNA Ligase buffer New England Biolabs

3.1.3. Ligands.
NAME SOURCE IDENTIFIER
125).cxcL12 PerkinElmer NEX346005UC
Acetylcholine - -
CXCL12 Peprotech 300-28A
GD301 VU, Griffin Discoveries -
IT1t Tocris 4596
Lactoferrin (low iron content) Sigma L0520
Lactoferrin (high iron content) Sigma 3770
MIF Peprotech 300-69
Norepinephrine Sigma A9512
VUF11072 VU, Griffin Discoveries -
VUF11074 VU, Griffin Discoveries -

All vials were shortly centrifuged prior to opening. CXCL12 was reconstituted in imaging buffer

containing 0.1% BSA (1 mg in 1 ml; final concentration: 125 uM) and stored at -20°C. MIF was

reconstituted in imaging buffer containing 0.1% BSA (1 mg in 400 pl; final concentration: 167 uM) and

stored at -20°C. IT1t was reconstituted in water (10 mg in 205 ul; final concentration: 100 mM) and

stored at 4°C. Lactoferrin (low iron content) was reconstituted in water (5 mg in 500 pl; final
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concentration: 120 uM) and stored at 4°C. Lactoferrin (high iron content) was reconstituted in DPBS (5
mg in 500 pl; final concentration: 120 uM) and stored at 4°C. Norepinephrine was reconstituted in
imaging buffer and stored at -20°C. GD301, VUF11072, and VUF11074 were reconstituted in DMSO
and stored at -20°C. Acetylcholine was freshly prepared in imaging buffer right before the
measurements due to its instability in solution. After reconstitution, working aliquots containing small
amounts of ligand were prepared and stored at the indicated temperature. Low-binding peptide vials
were used for peptidic ligands in order to reduce their binding to the surface. All ligands were further

diluted in imaging buffer containing 0.1% BSA for the measurements.

3.1.4. Cell lines.

3.1.4.1. Eukaryotic cell lines.

Name Source
Human Embryonic Kidney cells 293 (HEK293) C Hoffmann (U. Wiirzburg, Wiirzburg)
HEK293 T MJ Smit (VU, Amsterdam)

3.1.4.2. Prokaryotic cell lines.

Name Source
Escherichia coli (E. coli) DH5a Invitrogen

3.1.5. Media for cell culture.

3.1.5.1. Eukaryotic cell culture.

DMEM+++: Dulbecco’s Modified Eagle Medium supplemented with 4.5 g/l glucose containing 10%
(v/v) FCS, 100 U/ml penicillin and 100 pg/ml streptomycin, and 2 mM L-glutamine. It was used to
culture HEK293 and HEK293T cells.

Freezing DMEM+++: DMEM+++ containing 5% DMSO and extra 5% FCS. It was used to freeze cells.

3.1.5.2. Prokaryotic cell culture.
Lysogeny Broth (LB) medium: 1.6% peptone, 1% yeast extract, and 0.5% NaCl.
LB medium supplemented with ampicillin (final concentration 0.1 mg/ml).
LB medium supplemented with kanamycin (final concentration was 0.04 mg/ml).

LB medium supplemented with 1% agar. It was used to prepare LB agar plates for bacteria growth. The

antibiotic, either ampicillin or kanamycin, was added before the preparation of the plates.

49



Materials and Methods

3.1.6. Primers for cloning.

All oligonucleotides were synthesized by Eurofins (Eurofins Genomics).

Alist of primers used in this work for construct cloning is shown below. ‘Rev’ and ‘fwd’ stand for reverse

and forward primers, respectively.

Number Sequence (5’ to 3’)

#1 (fwd) CTTAAGCTTGGTACCACC

#2 (rev) AAAATCTAGAGCTGGAGTGAAAACTTGA

#3 (rev) ACAGCAGCCCGGGCAACACAGCTTGGAGATGATAAT

#4 (fwd) TGTTGCCCGGGCTGCTGTTCACACTCCAAGGGCCAC

#5 (rev) ACAGCAGCCCGGGCAACAGTGTGACAGCTTGGAGAT

#6 (fwd) TGTTGCCCGGGCTGCTGTTCCAAGGGCCACCAGAAG

#7 (fwd) CTGGTCATGGGTTACCAGAAG

#8 (rev) ACAGCAGCCCGGGCAACAGGAGTGTGACAGCTTGGAGAT
#9 (rev) GCGCTTCTGGTGGCCCTTACAGCAGCCCGGGCAACAGGA
#10 (rev) ATGACTGTGGGAGGGCCTTGCGCTTCTGGTGGCCCTT
#11 (rev) TTTTGCGGCCGCTTAGCTGGAGTGAAAACTTGA

#12 (fwd) AAAAAAGCTTATGGGCTACCCGTACGAC

#13 (rev) AAAATCTAGATTTGGTGCTCTGCTCCAA

#14 (fwd) TGTTGCCCGGGCTGCTGTAGTGACCAGGAGAAGCAC

#15 (rev) ACAGCAGCCCGGGCAACAGGACGCCGAGATGGCTCT
#16 (rev) TTTGCGGCCGCTTATTTGGTGCTCTGCTCCAA

#17 (rev) AAAATCTAGAGTTGCGATTGATGAAGCTG

#18 (rev) AAAATCTAGAGGCATCGATGAGCTTGGT

#19 (rev) AAAATCTAGAGTTGCGATTGATGAAGCTG

#20 (rev) TGCCACGGCACCAACTGCACGGAAGGGAAGCGTGATGAC
#21 (rev) TGCCTTGCATAGGAAGTTCCCAAAGTACCAGTTTGCCACGGCACCAACTGCAC

3.1.7. Software.

SOFTWARE SUPPLIER VERSION
OriginPro OriginLab 2016
GraphPad GraphPad Prism 7
ClustalX2 ClustalX 2
Clampex / Clampfit Molecular Devices 9/10.7
Gen5 Data Analysis BioTek -

Serial cloner Serial Basics 2.6.1
Image J Image J v1.51 k
Leica AF Leica Microsystems -
Adobe Reader / Acrobat Adobe 2015
Microsoft Office Microsoft 2013
Inkscape Inkscape 0.92.3
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3.2. METHODS.

3.2.1. Development of the CXCR4 constructs.

In order to create the 3HA-CXCR4-CFP construct, CFP (BD Bioscience Clontech) was fused to the C-
terminal end of CXCR4. For that, the entire coding sequence of the receptor was amplified with the
forward primer #1 and the reverse primer #2 on the 3HA-CXCR4 construct. This introduced the Hindlll
and Xbal restriction sites on the 5’ and 3’ ends of the coding sequence of the 3HA-CXCR4, respectively.
Then, this PCR product and a pcDNA3 vector containing the CFP protein were cut with the Hindlll and
Xbal restriction enzymes and subsequently ligated. This resulted in 3HA-CXCR4 tagged with CFP after
the position S352 in pcDNA3. The C-terminal stop codon of the receptor and the start codon for

methionine of the fluorescent protein were deleted.

To create the three different receptor sensors, additional modifications were made to the ICL-3 of the
receptor in the 3HA-CXCR4-CFP construct. The nucleotide sequence TGTTGCCCGGGCTGCTGT, coding
for the amino acid motif CCPGCC (one letter amino acid code) that specifically binds FIAsH, was

introduced in three different positions within this loop.

(i) To create the 3HA-CXCR4-FIAsH226-CFP construct, the FIAsH-binding sequence was introduced
between amino acids L226 and S227 of the receptor coding sequence using site-directed mutagenesis
by PCR overlap extension. For that, the forward primer #1 and the reverse primer #2, containing the
restriction sites, were used as flanking primers; the reverse primer #3 and the forward primer #4, which
contain an extra tail with the FIAsH-binding sequence, were used as internal primers. Two initial PCRs
were performed using the primers #1+#3 and #2+#4. The two resulting products were mixed and used
for PCR using the primers #1+#2. The final PCR product and the 3HA-CXCR4-CFP vector were digested
with Hindlll and Xbal and ligated, which resulted in the creation of the 3HA-CXCR4-FIAsH226-CFP

construct in pcDNA3.

(ii) To create the 3HA-CXCR4-FIAsH228-CFP construct, the FIAsH-binding sequence was introduced
between amino acids H228 and S229 of the receptor coding sequence. The same protocol as above

was used but using the reverse primer #5 and the forward primer #6 as internal primers.

(iii) To create the 3HA-CXCR4-FIAsH229-CFP construct, the FIAsH-binding sequence was introduced
between amino acids $229 and K230 of the receptor coding sequence. Three consecutive PCRs were
performed using the forward primer #7 (which includes the BstEll restriction site) and three reverse
primers #8, #9 and #10 (the latter contains the PshAl restriction site). In brief, a first PCR was performed
using #7+#8. The product was used to perform a second PCR using #7+#9. This product was used to

perform a final PCR using #7+#10. The final product and the 3HA-CXCR4-CFP vector were digested with
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BstEll and PshAl and subsequently ligated. This resulted in the successful creation of the 3HA-CXCR4-
FIAsH229-CFP construct in pcDNA3.

The constructs 3HA-CXCR4-FIAsH226, 3HA-CXCR4-FIAsH228 and 3HA-CXCR4-FIAsH229 were created
by performing PCR on each of the sensors using the forward primer #1 and the reverse primer #11,
which contains the restriction site for Notl. The final product of each of the PCRs and the respective
sensor constructs were digested with Hindlll and Notl and subsequently ligated. This resulted in the
creation of the three different constructs which contain the FIAsH-binding motif at the indicated

different positions in the ICL-3 but lack the CFP at the C-terminus.

The two mutations W94R (TGG changed to CGT) and D97G (GAT changed to GGT) were introduced
into the CXCR4 sequence in the constructs 3HA-CXCR4-CFP and 3HA-CXCR4-FIAsH228-CFP. For that, a
PCR was performed on the 3HA-CXCR4-CFP plasmid using the forward primer #1 and the reverse
primer #20, which contains the point mutations. The resulting product was used to perform a
subsequent PCR using the forward primer #1 and the reverse primer #21, which contains the restriction
site for EcoNl. This PCR product and the 3HA-CXCR4-CFP or the 3HA-CXCR4-FIAsH228-CFP vector were
digested with Hindlll and EcoNI and ligated, which resulted in the creation of the constructs 3HA-
W94R,DS7GCYX CR4-CFP and 3HA-W94RDI7GCXCRA-FIAsH228-CFP, respectively.

3.2.2. Development of the ACKR3 constructs.

In order to create the HA-ACKR3-CFP construct, CFP was fused to the C-terminal end of ACKR3. First,
the entire coding sequence of the receptor was amplified with the forward primer #12 and the reverse
primer #13 on the HA-ACKR3 construct. This introduced the Hindlll and Xbal restriction sites on the 5’
and 3’ ends of the coding sequence of the HA-ACKR3, respectively. Then, this PCR product and a
pcDNA3 vector containing the CFP protein were cut with the Hindlll and Xbal restriction enzymes and
subsequently ligated. This resulted in HA-ACKR3 tagged with CFP after the position K362 in pcDNA3.
The C-terminal stop codon of the receptor and the start codon for methionine of the fluorescent

protein were deleted.

To create the HA-ACKR3-FIAsH-CFP construct, an additional modification was made to the predicted
ICL-3 of the receptor. The nucleotide sequence TGTTGCCCGGGCTGCTGT, coding for the amino acid
motif CCPGCC, was introduced between S242 and $243 using site-directed mutagenesis by PCR overlap
extension. For that, the forward primer #12 and the reverse primer #13, containing the restriction
sites, were used as flanking primers; the forward primer #14 and the reverse primer #15, which contain
an extra tail with the FIAsH-binding sequence, were used as internal primers. Two initial PCRs were
performed using the primers #12+#15 and #13+#14. The two resulting products were mixed and used

for PCR using the primers #12+#13. The final PCR product and the HA-ACKR3-CFP vector were digested
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with Hindlll and Xbal and ligated, which resulted in the creation of the HA-ACKR3-FIAsH-CFP construct
in pcDNA3.

The construct HA-ACKR3-FIAsH was created by performing PCR on the HA-ACKR3-FIAsH-CFP construct
using the forward primer #12 and the reverse primer #16. The latter contains the restriction site for
Notl. The final product and the HA-ACKR3-FIAsH-CFP construct were digested with Hindlll and Notl and
subsequently ligated. This resulted in the creation of the HA-ACKR3 containing the FIAsH-binding motif

in the ICL-3 but lacking the CFP at the C-terminus.

In order to create the HA-ACKR3(1-321)-FIAsH-CFP construct, the C-terminus of the ACKR3 protein was
truncated after position N321. For that, the entire coding sequence of the receptor was amplified with
the forward primer #12 and the reverse primer #17 on the HA-ACKR3-FIAsH-CFP construct. This
introduced the Hindlll and Xbal restriction sites on the 5’ and the truncated 3’ end of the coding
sequence, respectively. Then, this PCR product and the HA-ACKR3-FIAsH-CFP were cut with the Hindlll
and Xbal restriction enzymes and subsequently ligated. This resulted in the creation of the HA-
ACKR3(1-321)-FIAsH-CFP construct, in which the last 41 amino acids of the C-terminus of the receptor
have been deleted. To create the HA-ACKR3(1-346)-FIAsH-CFP construct, the C-terminus of the ACKR3
protein was truncated after position A346 (the last 16 amino acids of the C-terminus of the receptor

are deleted) following the same protocol as before but using the reverse primer #18.

The construct HA-ACKR3(1-321)-CFP was created by performing PCR on the HA-ACKR3-CFP construct
using the forward primer #12 and the reverse primer #19. The latter contains the restriction site for
Xbal. The final product and the HA-ACKR3-CFP construct were digested with Hindlll and Xbal and
subsequently ligated. This resulted in the creation of the HA-ACKR3(1-321) containing CFP after N321
but lacking the FIAsH-binding motif.
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3.2.3. PCR protocol.

PCR technique was used to amplify DNA fragments of interest.

Reaction mixture: Thermocycling conditions:

Component (concentration) Quantity (pl) Step Temperature Time
DNA template (10 ng/ul) 10 Initial denaturation 94°C 3 min
dNTPs (10 mM) 2 . 94°C 30s

Annealing . .

Forward primer (20 pM/pul) 2.5 (30 cycles) 55°C 1 m!n
Reverse primer (20 pM/ul) 2.5 72°C 2 min
Pfu polymerase buffer (10x) 10 Final extension 72°C 5 min
Pfu polymerase 1 Hold 4° Hold
H.O 72

After PCR of the samples, 5 pul of loading dye were added to each PCR tube and the DNA separated
using 1% agarose gel electrophoresis containing 0.01% HDGreen Plus DNA stain at 100V. DNA bands

were observed using a UV trans-illuminator.

3.2.4. Restriction enzyme digestion.

Digestion of PCR products was performed by incubating the DNA with the enzymes of choice, according

to the following general reaction.

Reaction mixture:

Component (concentration) Quantity (pl)
DNA (1 pg/ul) 1-4
Restriction enzyme 1
Restriction enzyme buffer 5

H,0 Up to 50 ul

In case of a double digestion, the protocol was adjusted following the manufacturer’s instructions. The

temperature was chosen depending on the enzyme of choice.

After digestion, 5 ul of loading dye were added to the samples and the DNA separated using 1%
agarose gel electrophoresis containing 0.01% HDGreen Plus DNA stain at 100V. The desired DNA bands

were extracted from the gel, purified and used for ligation.
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3.2.5. Ligations.

Ligations were performed by incubating the following reaction mixture at 16°C ON. Generally, the

insert:vector ratio was 3:1 or 5:1.

Components

Vector (20 ng)

Insert (3x or 5x)

2 ul 10x T4 DNA ligase buffer
1 pl T4 DNA ligase buffer
H,0 up to 20 pl

A control reaction without the DNA insert was prepared in parallel to account for religation of the

vector.

3.2.6. DNA plasmid amplification and purification.

3.2.6.1. Transformation of chemically competent E. coli cells.

Chemically competent E. coli cells were used to amplify the DNA of interest. The bacterial cells were
slowly thawed on ice. For amplification of plasmids, 0.5 ug of DNA were used. For amplification of
ligation products, all the volume of the ligation reaction was used. DNA were mixed with 100 ul of
1x KCM buffer in a 1.5 ml eppendorf tube and incubated on ice for 10 min. Then, 100 ul of competent
cells were added to each tube and the cell/DNA mixture incubated on ice for 20 min, followed by
incubation at room temperature (RT) for additional 10 min. 1 ml of LB medium was added per tube
and cells grown in a shaking incubator (400 rpm) for 1h at 37°C. Later, generally, 100 pl were plated
onto LB agar plates containing the appropriate antibiotic. Plates were incubated at 37°C overnight
(ON), for approximately 16h, until isolated colonies were visible. Then, an individual colony was picked
and used to inoculate culture for further plasmid extraction. In brief, the colony was picked with the
help of a tip, put into a flask with 200 ml LB containing the appropriate antibiotic and grown ON in a
shaking incubator at 180 rpm and 37°C. After, bacterial cells were harvested by centrifugation at 5000
rpm for 20 min at 4°C. The supernatant was eliminated and the pellet was used for further plasmid

extraction.
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3.2.6.2. Extraction and purification of DNA plasmids.

In order to extract plasmid DNA from E. coli, NucleoBond® Xtra Midi from Macherey-Nagel was used
following the manufacturer’s instructions. In brief, the cell pellet was homogeneously resuspended in
8 ml of buffer RES+RNase A and lysed by adding 8 ml of buffer LYS and incubating for 5 min at RT. After
lysis, 8 ml of buffer NEU were added to the mix and the tube inverted three times. This led to
precipitation and formation of a fluffy white material containing the genomic DNA. The lysate was then
loaded on column filters that had been previously equilibrated by washing with 12 ml of buffer EQU.
After loading of the lysate, the column filter was washed a second time with 5 ml of buffer EQU and
then the filter was discarded. Another washing step was performed by carefully adding 8 ml of buffer
WASH directly onto the column. Finally, the DNA was eluted by adding 5 ml of buffer ELU. For
precipitation, the DNA was mixed with 3.5 ml of isopropanol, shortly vortexed, and centrifuged at 5000
rom for 30 min at 4°C. The supernatant was discarded, and the pellet was washed by adding
2 ml of 70% ethanol and centrifuging at 5000 rpm for 10 min. The supernatant was discarded, and the

dried pellet resuspended in the proper amount of H,0. Plasmids were generally stored at -20°C.

3.2.6.3. Determination of the DNA plasmid concentration.

The concentration of the DNA samples was determined using a UV-Vis spectrophotometer NanoDrop
One (Thermo Scientific), following the manufacturer’s guidelines. This machine provides the DNA
concentration of the samples based on absorbance at 260 nm. In short, after performing the
appropriate blank, 1 ul of sample was pipetted directly onto the bottom lens and measured. The DNA

concentration was then adjusted with H,O to reach a final concentration of 1 pg/ul.

3.2.7. Eukaryotic cell culture.

3.2.7.1. Maintenance routine.

HEK293 and HEK293T cells were cultured using DMEM+++ and kept in a humidified 7% CO, atmosphere
at 37°C. Cells were split every two or three days when they reached ~80% confluency and discarded
after 25 passages. For routine maintenance, cells in a 100 mm dish were rinsed with
2 ml DPBS and, after, detached by rinsing with 1 ml trypsin-EDTA. Then, cells were resuspended in
5 ml of media and the appropriate volume was then transferred to a new plate containing fresh media.
Cells were handled in a laminar air flow hood under sterile conditions. Cell lines were tested for
mycoplasma contamination every two weeks, approximately, following the protocol described in

section 3.2.7.2.
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3.2.7.2. Mycoplasma contamination test.

Cells were routinely tested for mycoplasma contamination by PCR using a primer set specific for the
highly conserved 16S rRNA coding region in the mycoplasma genome. To do this, 100 ul of supernatant
of cell media were collected and heated at 95°C during 5 min, and later centrifuged during 1 min at
13000 rpm. Then, 2 pl of the supernatant were used as template for the PCR. A positive and a negative
control for mycoplasma contamination of supernatant cell media were tested in parallel. The PCR

reaction mixture and conditions are shown below.

Reaction mixture: Thermocycling conditions:

Component (concentration) Quantity (ul) Step Temperature Time
DNA template (10 ng/ul) 10 Initial denaturation 95°C 5 min
dNTPs (2 mM) 2.5 Annealing 95°C 20s
MgCl, (50 mM) 1 (30 cycles) sg:g 13:1;1
GPO primer (50 pM/pl) 0.25 : :

MGSO primer (50 pM/u) 0.25 Final extension 72°C 5 min
Taq polymerase buffer (10x) 25 Hold 4° Hold
Taq polymerase 0.2

H20 25

Primer sequences:

Name Sequence (5’ to 3’)
GPO primer ACTCCTACGGGAGGCAGCAGT
MGSO primer TGCACCATCTGTCACTCTGTTAACCTC

After PCR of the samples, 5 ul of loading dye were added to each PCR tube and the DNA separated
using 1% agarose gel electrophoresis containing 0.01% HDGreen Plus DNA stain at 100V. A
mycoplasma-positive sample would show a distinct band at 720 base pairs, which should be absent in

the mycoplasma-free sample.

3.2.7.3. Freezing cells.

Cells of interest were grown in a 150 mm dish using DMEM+++. When cells reached 80% confluency,
the media was aspirated, and cells were washed with 4 ml DPBS. Next, cells were detached by rinsing
with 2 ml trypsin and resuspended in 10 ml of cold freezing DMEM+++ freshly prepared. Then, 1 ml of
the cell suspension was dispensed into cryogenic storage vials that were immediately placed at
-20°C for approximately 4h until frozen. Finally, the vials were transferred to -80°C for extended

storage.
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3.2.7.4. Thawing frozen cells.

Cells were removed from -80°C and immediately placed into a 37°C water bath to quickly thaw them.
Then, the vial was wiped with 70% ethanol and transferred into the laminar flow hood. The cell
suspension was transferred into a 100 mm dish containing 15 ml of DMEM+++. After approximately
4h, when cells were attached to the bottom of the dish, the freezing media was replaced by fresh

media to avoid the toxic effects of DMSO on the cells.

3.2.8. FIAsH labeling of living cells.

FIAsH labeling was performed using the procedure previously described (Hoffmann et al., 2010). In
short, cells transfected with the proper constructs and grown on 24 mm glass coverslips or 40 mm
WillCo dishes were washed twice with 2 ml of labeling buffer (freshly supplemented with glucose) to
remove all trace of media. After, cells were incubated with 1 ml of labeling buffer containing 1 uM
FIAsH and 12.5 uM EDT for 1h at 37°C. Cells were rinsed twice with 2 ml of labeling buffer and
incubated for 10 min at 37°C in labeling buffer containing 250 uM EDT to reduce non-specific FIAsH
labeling. Finally, cells were washed twice again with 2 ml of labeling buffer and kept in media at 37°C

until measurement.

3.2.9. Confocal microscopy.

Confocal microscopy was used to investigate the expression and localization of the different constructs
developed. HEK293 cells were seeded on individual 24 mm glass coverslips, which had been pre-
incubated with ploy-D-lysine (1 mg/ml) for 30 min and washed once with DPBS, placed in wells of a
6-well plate. For CXCR4-related work, cells were transfected 6h after seeding the cells with 0.5 ug of
3HA-CXCR4-CFP, 3HA-CXCR4-FIAsH226-CFP, 3HA-CXCR4-FIAsH228-CFP or 3HA-CXCR4-FIAsH229-CFP,
per well. For ACKR3-related work, cells were transfected 24h after seeding the cells with 0.5 pg of
HA-ACKR3(1-346)-FIAsH-CFP, HA-ACKR3(1-321)-FIAsH-CFP or HA-ACKR3-FIAsH-CFP, or 0.5 pg of
HA-ACKR3-FIAsH-CFP and 1 pg K44A dynamin, per well. Effectene transfection reagent was used
following the manufacturer’s instructions. Prior to transfection, the media was replaced with fresh

media.

Measurements were performed 48h after seeding the cells using a Leica TCS SP8 system with a 63x
water objective (numerical aperture, 1.4). The day of the measurement, the coverslips with the cells
were mounted on an Attofluor holder and kept in 600 pul of imaging buffer. CFP was excited with a
diode laser line at 442 nm and the emission fluorescence intensity was generally detected from 450 to

600 nm. Images were generally acquired at 1024 x1024 pixel format, line average 3, and 400 Hz.
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When required, line profile analyses on cells expressing the construct of interest were performed using
the Leica AF software (Leica Microsystems). For that, a line was drawn across the cell, from side to
side, avoiding the nucleus. The CFP fluorescence detected along the line drawn across the cell was

represented.

3.2.10. FRET measurements in single cells.

3.2.10.1. Microscopic set-up for FRET experiments.

For FRET measurements, an inverted microscope (Zeiss Axiovert 200) equipped with an oil immersion
63x objective lens and a dual-emission photometric system from Till Photonics was used. Cells of
interest were excited at a frequency of 10 Hz with 40 ms illumination out of a total time of 100 ms with
light from a polychrome IV (Till Photonics). Upon excitation at 436 nm (436 £ 10 nm with a dichroic
long-pass beam splitter DCLP 460 nm), the emission of the donor (CFP or mTurquoise2; 480 + 20 nm),
the emission of the acceptor (YFP, Venus or FIAsH; 535 * 15 nm) and the FRET ratio (Facceptor/Fdonor) Were
monitored simultaneously over time using a dual emission photometric system from TILL photonics
(beam splitter DCLP 505 nm). Fluorescence signals were digitized using an analogue-digital converter

(Axon Digidata 1440A, Axon Instruments) and stored with the Clampex 9.0 software.

3.2.10.2. Determination of the FRET efficiency.

Determination of FRET efficiency was performed as previously described (Jost et al., 2008). HEK293
cells were seeded on individual 24 mm glass coverslips as described for confocal microscopy in section
3.2.9. To study intramolecular FRET in the CXCR4 sensors, cells were transfected 6h later with 0.5 pg
of 3HA-CXCR4-FIAsH226-CFP, 3HA-CXCR4-FIAsH228-CFP or 3HA-CXCR4-FIAsH229-CFP, per well. For
the ACKR3 sensors, cells were transfected 24h later with 0.5 pug of HA-ACKR3(1-321)-FIAsH-CFP, or 0.5
pg HA-ACKR3-FIAsH-CFP and 1 pg K44A dynamin, per well. To study intermolecular FRET, the
appropriate control constructs were employed. On one hand, cells were transfected with 0.3 pg of
3HA-CXCR4-CFP and 0.3 pg of 3HA-CXCR4-FIAsH226, 3HA-CXCR4-FIAsH228 or 3HA-CXCR4-FIAsH229,
per well. On the other hand, 0.3 ug of HA-ACKR3(1-321)-CFP and 0.3 pg of HA-ACKR3-FIAsH, or 0.3 ug
of HA-ACKR3-CFP and 0.3 pg of HA-ACKR3-FIAsH and 1.2 ug of K44A dynamin were transfected, per
well. Prior to transfection with Effectene transfection reagent, the media of the cells was replaced with

fresh media.

The measurements were performed 48h after seeding the cells using the microscopic FRET set-up
described in section 3.2.10.1. Prior to the measurement, cells were FlAsH-labeled as described in
section 3.2.8. Then, the coverslips were mounted on the Attofluor holder and kept in 999 ul of imaging

buffer. After approximately 30s of recording, 1 pl of British Anti-Lewisite (BAL; 2-3-dimercapto-1-
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propanol) was added to the cells to yield a final concentration of 5 mM. High concentrations of BAL
displace FIAsH from its binding site in the ICL-3 of the receptor. The FRET efficiency was calculated by

analyzing the increase in the CFP emission due to dequenching using the formula shown below.

FCFPmax — FCFPmin

FRET efficiency = FCFPmax

Data was processed and analyzed using Clampfit and GraphPad Prism. Data is shown as a dot plot with
mean + SEM, in which each dot represents an individual cell/measurement. When required, statistical
significance was assessed using unpaired t-test or one-way ANOVA followed by Tukey’s test. Details
on the statistical analysis and the number of independent measurements performed is indicated in the

figure legends.

3.2.10.3. Biopen® microchannel pipette.

The Biopen® microchannel pipette (Fluicell, Gothenburg, Sweden) was used to deliver the different
solutions onto cells (Ainla et al., 2010; Ainla et al., 2012). This device allows drug delivery onto single
cells with sub-second exchange time in a precise and localized manner, leaving the surrounding cells
and environment intact. An internal recirculation system constantly collects the solutions applied into
the external environment back into the pipette, and thus, makes it possible to measure many cells in

a single plate. Additionally, this system only requires =30 ul of the solution of interest.

3.2.10.4. Kinetic measurements.

For kinetic experiments using FRET, HEK293 cells were seeded on 40 mm WillCo dishes which had been
previously coated with poly-D-lysine for 30 minutes and washed once with DPBS. Regarding CXCR4-
related work, cells were transfected 6h later with the appropriate construct(s). For measuring receptor
activation, 0.7 pg of receptor sensor (3HA-CXCR4-FIAsH226-CFP, 3HA-CXCR4-FIAsH228-CFP,
3HA-CXCR4-FIAsH229-CFP, or 3HA-W4RDY76CXCR4-FIAsH228-CFP) were transfected per dish, and cells
were FIAsH-labeled before the measurement (section 3.2.8). For receptor/G protein interaction
studies, 0.6 pug of CXCR4-YFP, 0.7 ug of Gais subunit, 0.3 ug of GB1subunit, and 0.2 ug of Gy,-CFP subunit
were transfected per dish. When indicated, 0.7 ug of Gai;-CFP subunit and 0.2 pg of Gy, subunit were
transfected instead. For measuring G protein activation, 0.4 ug of untagged CXCR4 or aza-AR and 0.75
pg of G protein sensor (Gi;, Gi; or Gis) were transfected per dish. For dimerization studies, 0.5 pg of
CXCR4-YFP and 0.5 pg of 3HA-CXCR4-CFP or 3HA-W94RDY6CXCR4-CFP were transfected per dish.
Regarding ACKR3-related work, cells were transfected 24h after seeding them. For measuring receptor

activation, 0.5 pg of HA-ACKR3(1-321)-FIAsH-CFP sensor or 0.5 pg of HA-ACKR3-FIAsH-CFP sensor with
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or without 1 pug K44A dynamin were transfected per dish. Prior to transfection with Effectene reagent,

the media of the cells was replaced with fresh media.

FRET measurements were performed 48h after seeding the cells using the microscopic FRET set-up
described in section 3.2.10.1. When required, cells were FIAsH-labeled as described in section 3.2.8.
During the experiment, cells were kept in 5 ml of imaging buffer and superfused with the buffer or
buffer supplemented with the appropriate ligand using the Biopen® microfluidic pipette described in

section 3.2.10.3. All the solutions contained 0.1% BSA.

The emission of the acceptor upon excitation at 490 nm was determined for each individual
experiment to correct for its excitation upon external excitation of the donor (cross-talk). Additionally,
the emission of the acceptor was corrected for bleed-through (spillover of the donor emission into the
acceptor channel). The corrected FRET signal was then normalized and corrected for photo-bleaching.

The data was processed using Clampfit and OriginPro.

For determining the activation kinetics (on-rate) of each process, the FRET change of individual
experiments was fitted to a one component exponential decay function using the Clampfit software.
For determining the deactivation kinetics (off-rate), the return of the FRET signal to baseline was also
fitted to a one component exponential decay function. This fitting provides a time constant called tau
(1), which equals to t;/; values divided by In2. For each case, T values of pooled data are shown as a dot
plot with median and the interquartile range (IQR), in which each dot represents an individual
cell/measurement. When required, statistical significance was tested using Mann-Whitney or Kruskal-
Wallis test using GraphPad Prism. Details on the statistical analysis and the number of independent

measurements performed is indicated in the figure legends.

3.2.10.5. Acceptor photobleaching in receptor/G protein interaction studies.

Acceptor photobleaching experiments were performed on HEK293 cells seeded on individual 24 mm
glass coverslips as described for confocal microscopy in section 3.2.9. After 6h of seeding, cells were
transfected with 0.6 pug of CXCR4-YFP or aza-AR-YFP, 0.7 ug of Gaiz subunit, 0.3 pg of GB1 subunit, and
0.2 ug of Gy,-CFP subunit, per dish, using Effectene reagent. Cells were kept in 600 pl of imaging buffer
during the experiment. When indicated, cells expressing CXCR4-YFP, Gai;, GB1 and Gy,-CFP were
incubated with media containing 10 uM IT1t for 4h prior to the measurement and kept in imaging

buffer containing 10 uM IT1t during the experiments.

For the measurements, the FRET microscopic set-up described in section 3.2.10.1 was used. The CFP
and YFP emission intensities were recorded for 30-40s with 20 ms illumination out of a total time of

100 ms. Next, the YFP was photobleached by illuminating at 490 nm with 90 ms illumination out of a
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total time of 100 ms during 9 min. Then, the CFP and YFP emission intensities were recorded again for
an additional 30-40s with 20 ms illumination out of a total time of 100 ms. The change in the CFP
fluorescence (AFCFP) was calculated using the formula shown below, which takes into account

fluorescence values before (FCFPpefore) and after (FCFPaser) the photobleaching process.

FCFPafter — FCFPbefore
FCFPafter

AFCFP =

Data was processed and analyzed using Clampfit and GraphPad Prism. Data is shown as a box plot, in
which the whiskers represent maximum and minimum values. The differences between the different
groups/conditions were assessed using the unpaired t-test. Details on the statistical analysis and the

number of independent measurements performed is indicated in the figure legends.

3.2.11. Concentration-response curves in 96-well plates.

3.2.11.1. Microplate reader.

The microplate reader Synergy™ Neo2 Multi-Mode from BioTEK was employed. During the
measurements, cells were excited at 420/50 nm (Biotek CFP-YFP Filter; 1035013) and emission was

monitored at 485/20 nm and 540/25 nm (Biotek CFP-YFP Filter; 1035043).

3.2.11.2. Experimental procedure.

HEK293T cells were placed in 100 mm plates and grown until they reached 60% confluency,
approximately. To measure G protein activation, 3 pg of G protein sensor (Gi, Giz, Giz or Gg) and 1.5 ug
of receptor construct (CXCR4, 3HA-CXCR4-FIAsH226, 3HA-CXCR4-FIAsH228, 3HA-CXCR4-FIAsH229,
ACKR3 or M3-AChR) were transfected per dish. When needed, a control with cells transfected with
empty plasmid instead of receptor was performed. 24h after transfection, the media of the cells was
aspirated, cells were washed with 2 ml of DPBS and rinsed with 1 ml of trypsin to facilitate detachment.
After, cells were resuspended in 10 ml of media and pipetted up and down several times to ensure
homogenization of the cell suspension, and cell density was determined by using the Neubauer
chamber. Cells were seeded at a density of 30000 cells/well in 96-well plates (black, F-bottom). The
wells of the plates had been previously coated with 90 pl poly-D-lysine for 30 minutes, the poly-D-
lysine aspirated, and the wells washed once with 200 ul of DPBS. Cells were incubated ON. 48h after
transfection, the media was replaced with 90 ul/well of imaging buffer containing 0.1% BSA, and cells
incubated for 30 min at 37°C. Then, the fluorescence was read to determine the basal FRET ratio (pre-
read signal). Following the pre-read measurement, 10 pul of either imaging buffer or appropriate

concentration of ligand was added to the wells for a total assay volume of 100 ul using an electronic
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multichannel pipette. The ligand concentrations are indicated in the corresponding figures. All the

solutions contained 0.1% BSA. The plate was shaken shortly to ensure mix, and fluorescence was read

again for additional 20 min to determine the post-read signal. The data point acquisition time was 39s.

A scheme reporting the work flow for generating concentration-response curves in 96-well plates using

a FRET microplate reader is shown below (Figure 18).

WORK FLOW

Expand HEK293T cells in a 100 mm dish

Transfect cells (50-60% confluency) with the
proper construct(s)

Incubate with 90 ul/well poly-D-lysine for 30min
Wash with 200 pl/well DPBS once
Dry for 30 min

Protocol

1. Preheat system at 37°C
2. Start kinetic:

Runtime: 5 min; Interval: 39 s (8 reads)
3. End kinetic
4, Plate out. Add ligands. Plate in
5.Shake 1s
6. Start kinetic:

Runtime: 20 min; Interval: 39 s (31 reads)

7. End kinetic

Incubate ON at 37°C
Day
3 Plate 30000 cells/well in a black, flat 96-well plate
ﬂ Incubate ON at 37°C
Ray ﬂ Carefully aspirate media and add 90 ul/well of
4

imaging buffer 0.1% BSA
Incubate for 30 min at 37°C

Read fluorescence: Pre-read signal {basal FRET)

VA

Add 10 ul/well of buffer/ligand serial
dilution (in imaging buffer 0.1% BSA)

Read fluorescence: Post-read signal

Figure 18. Procedure to perform concentration-response curves in 96-well plate assay format.
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3.2.11.3. Data analysis.

The software Gen5™ Data Analysis was employed to design and perform the experiments. The
protocol employed for the measurements is described in figure 18. Once a measurement was finished,
the data was exported from the software as an excel file, which provides three tables: basal 420/50,

485/20; basal 420/50, 540/25; and the FRET ratio. The latter was used for further analysis.

First, in order to determine the FRET change produced by each concentration of ligand, the averages
of the FRET values determined before (Fpefore) and after (Fatter) ligand addition were calculated. The
FRET change was then calculated as the ratio Fafter/Foefore, Which is referred to as Fiigand. Following, each
FRET change was corrected for the signal obtained in vehicle-treated cells (Fpuffer, N0 ligand). For that,
the FRET change produced by each concentration of ligand tested was divided by the one obtained in

vehicle-treated cells: Fiigand/Fouffer-

To determine the ECsp values of the concentration-response curves, the data were fitted to a three-
parameter sigmoidal model using GraphPad. Data show an individual experiment with mean + SEM.
For each condition tested, at least three independent experiments were performed in quadruplicate.
The mean of the ECso values and the asymmetric 95% confidence interval (Cl) are reported in the text.
Statistical tests applied to assess differences between ECsp values as well as the number of

independent experiments performed are indicated in the figure legends.

3.2.12. G protein activity in 96-well plates.

To investigate agonist-independent G protein activity via CXCR4, HEK293T cells were transfected with
CXCR4 and the FRET-based Gi; sensor and placed in a 96-well plate at a density of 15000 cells/well
(black, F-bottom) following the same procedure as described in section 3.2.11.2. 48h after transfection,
the media was carefully aspirated. Cells were then treated with (i) 100 ul of buffer for 4h; (ii) 100 pl of
buffer supplemented with 100 uM IT1t for 4h; or (iii) 90 ul of buffer during 4h followed by addition of
10 pl of 1uM CXCL12 2min before the measurement (final agonist concentration: 100 nM). All solutions
were prepared with imaging buffer containing 0.1% BSA. Then, the fluorescence was read for 10

minutes with data point acquisition time of 39s (Figure 19).

The microplate reader Synergy™ Neo2 Multi-Mode with the software Gen5™ were employed for the
measurements (section 3.2.11.1). In order to determine the FRET under each condition, the averages
of the FRET values recorded over time were calculated. Then, data were normalized to “(i) buffer
treatment”, which was set to 100. Data is shown as a bar graph with SEM. Three independent repeats

were performed in quadruplicate. Statistical significance was tested using unpaired t-test.
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WORK FLOW
Day ) .
1 Expand HEK293T cells in a 100 mm dish
Day L = =y Transfect cells (50-60% confluency) with
2 CXCR4 and G,, sensor
Incubate ON at 37°C

Incubate with 90 ul/well poly-D-lysine for 30 min Day
Wash with 200 ul/well DPBS once

e E

Plate 15000 cells/well in a black, flat 96-well plate
Incubate ON at 37°C

Solutions prepared using
Day imaging buffer 0.1% BSA

4 Carefully aspirate media and incubate at 37°C with:
100 pl/well 100 uM IT1t for 4h
Protocol 100 ul/well of buffer for 4h
1. Preheat system at 37°C 90 pl/well of buffer for 4h + 10/well pl of 1 uM CXCL12 for 2min

2, Start kinetic:

Runtime: 10 min; Interval: 39 s (16 reads)
3. End kinetic

Read fluorescence

Figure 19. Procedure to measure G protein activity in 96-well plate assay format.

3.2.13. Membrane preparation.

HEK293T cell membranes were prepared at the Vrije University. 1.5 million HEK293T cells were seeded
in a 100 mm dish. After 24h, the culture media was replaced with 8 ml of fresh media and cells
transfected. For transfection, 5 ug of DNA (250 ng of plasmid of interest (ACKR3, HA-ACKR3, HA-ACKR3-
CFP or HA-ACKR3-FIAsH-CFP) and 4.75 pg of empty pcDEF3 plasmid) were combined with 30 pl of PEI
(25 kDa linear) in a total volume of 500 pl 150 mM NaCl solution. The mix was vortexed and incubated
for 20 minutes at RT. Subsequently, the DNA/PElI mix was added to the cells. Two days after
transfection, cells were washed with 5 ml ice-cold PBS, then resuspended in 5 ml ice-cold DPBS and
centrifuged at 1500g for 10 min at 4°C. The supernatant was discarded. The pellet was resuspended in
2.5 ml cold PBS, centrifuged again under the same conditions and the pellet resuspended in 0.5 ml of
membrane buffer. Cells were homogenized by 10 strokes at 1100-1200 rpm using a teflon-glass
homogenizer and rotor. Then, the membranes were subjected to two freeze-thaw cycles using liquid
nitrogen and centrifuged at 40000g for 25 min at 4°C. The supernatant was discarded, and the pellet
was washed with cold Tris-sucrose buffer. Finally, the pellet was resuspended in cold Tris-sucrose
buffer, frozen in liquid nitrogen and stored at -80°C until further use in binding assays. Protein

concentration was determined using a BCA protein assay kit.
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3.2.14. Radioligand competition binding assays.

The binding assays were performed at the Vrije University. Membranes prepared as in section 3.2.13
were thawed, homogenized using a syringe and a 23G needle (10x), and diluted in binding buffer to
the desired concentration. Then, 50 pl (1 pg/well) of membranes were added per well in a 96-well
plate (clear, U-bottom) and incubated with 25 pl of increasing concentrations of unlabeled CXCL12
(concentrations are indicated in the corresponding figures). Next, 25 pl/well of 50 pM ?°-CXCL12 were
added and the plate was incubated for 2 h at 25°C with gentle agitation. The incubations were
terminated by rapid filtration through UniFilter 96-well GF/C plates presoaked with 0.5% PEI using ice-
cold wash buffer to separate free from bound radioligand. The filter plates were then dried at 52°C,
and 25 pl/well scintillation fluid were added. Bound radioactivity was quantified using a MicroBeta

scintillation counter (PerkinElmer).

To determine the ECsp values of the concentration-response curves, the data were fitted to a three-
parameter sigmoidal model using GraphPad. Data show an individual experiment with mean + SEM.
The mean of the ECso values obtained and the asymmetric 95% confidence interval (Cl) are reported in

the text. Statistical significance was tested using one-way ANOVA followed by Tukey’s test.

3.2.15. Luciferase reporter assay.

The luciferase reporter assays to characterize the activity of the cAMP/PKA signaling pathway triggered
by different CXCR4 constructs were performed at the Vrije University. For transfection, 2 ug of DNA
were combined with 12 pug of PEI (25 kDa linear) in a total volume of 250 ul 150 mM NacCl and incubated
at RT for 20 minutes. The construct of interest (CXCR4, 3HA-CXCR4, 3HA-CXCR4-CFP or 3HA-CXCR4-
FIAsH228-CFP) and the pcDEF3-CRE-Luc construct (Watts et al., 2013) were transfected in a 1:6 ratio
(DNA/PEI). Next, 1 million resuspended HEK293T cells were added to the DNA/PEI mix, and 80 ul/well
were seeded on a 96-well plate (white, F-bottom) at a density of 32000 cells/well. Analysis was done
24h after seeding the cells using Mithras LB940 (Berthold Technologies). The day of the measurement,
cells were incubated in media alone or media supplemented with 1 uM forskolin and increasing
concentrations of CXCL12 (indicated in the figure), and incubated for 6 hours at 37°C. Following, media
was aspirated, and 25 pl/well of luciferase assay reagent added and incubated for 20 minutes in the

dark. Then, the plate luminescence was measured and quantified.

The data from concentration-response curves were fitted to a three-parameter sigmoidal model using
GraphPad. Data shows an individual experiment with mean + SEM. For each construct tested, four
independent experiments were conducted in quadruplicate. The mean of the ECso values obtained and

the asymmetric 95% Cl are reported in the text.
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4. RESULTS

4.1. CXCRA4.

In the past few years, the crystal structure of CXCR4 has been solved in combination with different
molecules, which provided more detailed information on how the interaction of chemokine receptors
with chemokines occur. Nevertheless, the kinetic and dynamic details of the activation mechanism of
this receptor upon ligand binding remain unknown. This section is focused on the study of the early
signaling steps of CXCR4 activation in response to CXCL12 binding, an important axis in many
physiological and pathological processes. For this purpose, FRET-based methods were employed to
study the following events: receptor activation, interaction of the receptor with the G protein, G
protein activation, and rearrangements between receptor protomers. In addition, the activation of
CXCR4 in response to MIF and lactoferrin, two ligands recently described to bind this receptor, was

investigated.

4.1.1. Design of FRET-based CXCR4 sensors.

FRET-based sensors for CXCR4 were generated to study the conformational changes that this receptor
undergoes during ligand-induced activation. It is well known that the TM region of GPCRs as well as
the intracellular loops undergo significant movements when the receptor is activated. Specifically,
there is a conserved shift of TM6 away from the TM bundle (section 1.1.3.1). This information has been
used in several occasions to develop FRET-based sensors for several receptors (Stumpf and Hoffmann,
2016), in which FRET-compatible fluorescent probes are attached into domains of the receptor known

to be conformationally sensitive, such as the intracellular loops or the C-terminus (section 1.5.4).

The structural information published in recent years on CXCR4 was used as a basis for the development
of FRET-based sensors for this receptor. CFP was fused to the end of the C-terminus and the short
FIAsH-binding sequence CCPGCC (one letter amino acid code) was introduced at three different
positions within the ICL-3 of the receptor. Therefore, a total of three different sensors were generated,
which were named according to the position of the FIAsH-binding sequence in the loop: 3HA-CXCR4-
FIAsH226-CFP (between L226 and S227), 3HA-CXCR4-FIAsH228-CFP (between H228 and S229), and
3HA-CXCR4-FIAsH229-CFP (between S229 and K230). In addition, all the constructs contained three
consecutive HA tags fused to the N-terminal end of the receptor. Figure 20 schematically shows the

insertion sites.
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COR SCREVETLRABEE®
- CFP

226: inserted between L226 and $227
_ < 228:inserted between H228 and $229
fl

229: inserted between $229 and K230

CFP cyan fluorescent protein

ZxHA  three consecutive hemagglutinin tags

Figure 20. Protein sequence of the human CXCR4 depicting the insertion positions of the tags and

fluorophores used. Source: GPCR database (GPCRdb).
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4.1.2. Characterization of the FRET-based CXCR4 sensors.

The first step after the development of the sensors was the characterization of the constructs
properties to confirm the existence of FRET in the system and to verify that the functions of the
receptor remain unaltered. For that purpose, the expression and cellular localization of the sensors,

the FRET efficiency, as well as downstream signaling properties were investigated.

4.1.2.1. Expression and localization.

The expression and localization of the CXCR4 constructs was assessed by fluorescence confocal
microscopy in HEK293 cells transiently expressing each of the sensors. The images obtained after
excitation of CFP at 442 nm show that the construct 3HA-CXCR4-CFP, which contains the CFP at the C-
terminus, as well as all the receptor sensors, which additionally contain the FIAsH-binding motif at
different positions within the ICL-3 (3HA-CXCR4-FIAsH226-CFP, 3HA-CXCR4-FIAsH228-CFP and 3HA-
CXCR4-FIAsH229-CFP), localize to the plasma membrane (Figure 21A-D). This indicates that neither the
fusion of CFP nor the insertion of the FIAsH-binding sequence affect the overall structure of the

receptor or trafficking to the plasma membrane.

A 3HA-CXCR4-CFP B 3HA-CXCRA4-FIASH226-CFP

C 3HA-CXCR4-FIAsH228-CFP D 3HA-CXCR4-FIAsH229-CFP

Figure 21. The CXCR4 constructs are expressed in the plasma membrane of HEK293
cells. Confocal images of cells transiently overexpressing 3HA-CXCR4-CFP (A), 3HA-
CXCR4-FIAsH226-CFP (B), 3HA-CXCR4-FIAsH228-CFP (C), or 3HA-CXCR4-FIAsH229-CFP

(D). Panels show CFP emission upon excitation at 442 nm. Scale bars represent 10 um.
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4.1.2.2. FRET efficiency.

The existence of basal intramolecular FRET was investigated by means of acceptor bleaching
experiments using BAL in HEK293 cells expressing each of the sensors (3HA-CXCR4-FIAsH226-CFP, 3HA-
CXCR4-FIAsH228-CFP or 3HA-CXCR4-FIAsH229-CFP) and FIAsH-labeled prior to the measurement. This
compound presents high affinity for arsenicals and, at high concentrations, displaces FIAsH from its
binding site inserted into the receptor’s ICL-3. Addition of 5 mM BAL produced a loss in the FIAsH
fluorescence and an increase in the CFP fluorescence, indicating the existence of basal FRET in all three
sensors (Figure 22A, C and E). The FRET efficiency was calculated based on the increase in the CFP
emission, and was determined to be 5.0 + 0.8 %, 12.0 + 0.7 %, and 16.5 + 1.0 % (mean + SEM) for 3HA-
CXCR4-FIAsH226-CFP, 3HA-CXCR4-FIAsH228-CFP, and 3HA-CXCR4-FIAsH229-CFP, respectively (Figure
22G; Table 4).

The same procedure was followed to investigate the existence of intermolecular FRET, which is FRET
between fluorophores found in different receptors. In this case, cells co-expressing individually CFP-
and FlAsH-labeled receptors were analyzed. No basal FRET was detected when the constructs 3HA-
CXCR4-FIAsH226 or 3HA-CXCR4-FIAsH228 were co-expressed with 3HA-CXCR4-CFP (Figure 22B, D and
H; Table 4). Considering that CXCR4 has been described to form homodimers (section 1.3.3), the lack
of basal intermolecular FRET excludes the possibility that the observed FRET signal is influenced by
neighboring receptors or protomers within dimers. A small signal of 3.8 + 0.6 % was observed when

3HA-CXCR4-FIAsH229 was co-expressed with 3HA-CXCR4-CFP (Figure 22F and H; Table 4).

Table 4. Intra- and intermolecular FRET efficiency values of the CXCR4 constructs.

Values are given in percentage as mean + SEM.

Sensor Intramolecular FRET (%) Intermolecular FRET (%)
3HA-CXCR4-FIAsH226-CFP 5.0+0.8 0
3HA-CXCR4-FIAsH228-CFP 12.0+0.7 0
3HA-CXCR4-FIAsH229-CFP 16.5+1.0 3.8+0.6
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Figure 22. The CXCR4 sensors exhibit basal intramolecular FRET. Basal FRET was determined based on the
changes detected in the CFP fluorescence after addition of BAL. (A-F) Representative traces of FRET efficiency
measurements. Intramolecular FRET of the 3HA-CXCR4-FIAsH226-CFP (A), 3HA-CXCR4-FIAsH228-CFP (C), and
3HA-CXCR4-FIAsH229-CFP (E) sensors. Intermolecular FRET when 3HA-CXCR4-CFP was co-expressed with 3HA-
CXCR4-FIAsH226 (B), 3HA-CXCR4-FIAsH228 (D), or 3HA-CXCR4-FIAsH229 (F). (G) Intramolecular FRET efficiency
values. Data show mean + SEM of n=13-20 cells measured on at least three independent experimental days.
Statistical significance was tested using one-way ANOVA followed by Tukey’s test. ***p <0.001. ****p <0.0001.
(H) Intermolecular FRET efficiency values. Data show mean + SEM of n=11-18 cells measured on two independent

experimental days.
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4.1.2.3. Downstream signaling properties.

The CXCR4 sensors contain the FIAsH-binding motif CCPGCC inserted in different positions within
ICL-3, a loop generally known to be important for G protein coupling (Oldham and Hamm, 2008).
Therefore, their ability to induce G protein activation upon CXCL12 stimulation was tested by means
of using a FRET-based sensor for the Gi; protein (van Unen et al., 2016). This sensor, composed of the
Gay; subunit fused to mTurquoise2, the GB; subunit, and the Gy, subunit fused to Venus, monitors the
activation of Gj; proteins as a decrease in FRET between the fluorophores. For the measurements,
HEK293 cells co-transfected with the Gi; sensor and CXCR4 or CXCR4 containing the FIAsH-binding
motif in ICL-3 (3HA-CXCR4-FIAsH226, 3HA-CXCR4-FIAsH228, or 3HA-CXCR4-FIAsH229) were stimulated
with increasing concentrations of CXCL12 to obtain a concentration-response curve. The data show
that the constructs containing the FIAsH-binding sequence preserve the ability to activate Gjj, although
with slight lower potency than the wt receptor. Importantly, the maximal activity elicited by these

constructs is comparable to the wt receptor (Figure 23A; Table 5).

Table 5. ECso values for G protein activation mediated by different CXCR4
constructs in response to increasing concentrations of CXCL12. Mean and

95% confidence interval are shown.

Construct ECso [95% CI], nM
CXCR4 3.4[2.3-4.9]
3HA-CXCR4-FIAsH226 18.1 [5.3-62.2]
3HA-CXCR4-FIAsH228 15.5[9.3-25.9]
3HA-CXCR4-FIAsH229 17.1[4.9-59.3]

The 3HA-CXCR4-FIAsH228-CFP construct was employed to test the functionality of the sensor, i.e. in
the presence of both the FIAsH-binding sequence and the CFP. The ability of CXCL12 to inhibit FSK-
induced cAMP accumulation in HEK293T cells expressing the sensor, in comparison to cells expressing
3HA-CXCR4-CFP, 3HA-CXCR4 or the wt receptor, was tested. All the constructs mediate the inhibition
of cAMP production in response to CXCL12 stimulation, although the construct 3HA-CXCR4-FIAsH228-
CFP exhibits slight lower potency than the wt receptor. Moreover, the introduction of the HA tags at
the N-terminus does not have a significant effect on the receptor’s ability to signal, and the fusion of
CFP at the C-terminus contributes to a lower potency of these constructs in downstream signaling.
Most importantly, the maximal activity elicited by the sensor is comparable to the wt receptor (Figure

23B; Table 6).
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Table 6. ECso values for FSK-induced cAMP inhibition mediated by different

CXCR4 constructs in response to increasing concentrations of CXCL12. Mean and

95% confidence interval are shown.

Construct ECso [95% Cl], nM
CXCR4 2.2 [0.6-8.0]
3HA-CXCR4 4.7 [1.2-18.1]

3HA-CXCR4-CFP

10.6 [1.9-57.9]
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Figure 23. The CXCR4 constructs preserve the ability to signal via G; proteins. (A) G protein activation by CXCR4,
3HA-CXCR4-FIAsH226, 3HA-CXCR4-FIAsH228, or 3HA-CXCR4-FIAsH229 in response to increasing concentrations
of CXCL12 was assessed by using the FRET-based Gi; sensor. Three independent experiments were conducted in
qguadruplicate. An individual experiment is shown with mean £ SEM. In this particular case, the ECs values for
each of the constructs, in order, were 3.3, 14.7, 19.3, and 21.4 nM. (B) Ga; activity in response to CXCL12 was
measured as inhibition of FSK-induced cAMP production in cells expressing CXCR4, 3HA-CXCR4, 3HA-CXCR4-CFP,
or 3HA-CXCR4-FIAsH228-CFP. Four independent experiments were conducted in triplicate. An individual
experiment is shown with mean + SEM. In this particular case, the ECsovalues for each of the constructs, in order,

were 4.0, 7.3, 11.3, and 39.0 nM. All data were fitted using a three-parameter sigmoidal model.
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4.1.3. Activation of CXCR4 in response to CXCL12.

The CXCR4 sensors were used to investigate the conformational changes that the receptor undergoes
upon CXCL12 binding (Figure 24A). HEK293 cells transiently expressing each of the constructs were
FIAsH-labeled prior to the measurement. Then, single HEK293 cells were superfused with buffer,
followed by a saturating concentration of CXCL12 and buffer again. The concentration of ligand must
be saturating in order to determine the maximal (fastest) kinetics as well as to ensure that diffusion of
the molecules to the receptors is not time-limiting. The BioPen® microfluidic system, which permits to
deliver the solutions to one or few cells without affecting the surrounding cells, was employed for the

measurements (Ainla et al., 2010; Ainla et al., 2012; Wright et al., 2018).

All three CXCR4 sensors reported conformational changes in response to ligand binding. Upon
stimulation with 30 uM CXCL12, a fast increase in the FIAsH emission and a simultaneous decrease in
the CFP emission were detected, leading to an increase in the FRET signal (Figure 24B-D). The
amplitude of the FRET change detected upon activation was different in each of the sensors:
2.1+0.2 % (mean = SEM) for 3HA-CXCR4-FIAsH226-CFP, 2.9 + 0.2 % for 3HA-CXCR4-FIAsH228-CFP, and
1.7 £ 0.2 % for 3HA-CXCR4-FIAsH229-CFP (Figure 24F; Table 7). Therefore, 3HA-CXCR4-FIAsH228-CFP
produced the highest FRET change. Since the CFP is found in the same position in every sensor, the
differences in the amplitude are probably due to the different positions in which the FIAsH-binding

motif has been introduced in ICL-3.

In a similar manner as it has been previously done for other GPCRs, these rapid FRET measurements
were used to determine the activation and deactivation kinetics of the receptor (Hoffmann et al.,
2005). For this purpose, a one component exponential decay function was fitted into the FRET signal,
which provides the time constant t (Figure 24E). Activation of the receptor (on-rate) upon CXCL12
binding occurred with t = 600 (360-820) ms (median and interquartile range, IQR) using the
3HA-CXCR4-FIAsH226-CFP sensor, T = 590 (440-710) ms using the 3HA-CXCR4-FIAsH228-CFP sensor,
and t =530 (400-660) ms using the 3HA-CXCR4-FIAsH229-CFP sensor (Figure 24G). After activation of
the receptor, rapid superfusion of the cells with buffer produced ligand withdrawal and returned the
FRET signal to baseline, allowing to determine the off-kinetics of the receptor (off-rate). Deactivation
of CXCR4 after wash-out of cells with buffer occurred with 1=20.7 (11.6-27.1) s using the 3HA-CXCR4-
FIAsH228-CFP sensor (Figure 24H). Data have been summarized in table 7.

Table 7. Summary of the parameters determined using the FRET-based CXCR4 sensors.

Construct Signal amplitude (%) On-rate (t, ms) Off-rate (t, s)
Mean + SEM Median (IQR) Median (IQR)
3HA-CXCR4-FIAsH226-CFP 2.1+0.2 600 (360-820) -
3HA-CXCR4-FIAsH228-CFP 29+0.2 590 (440-710) 20.7 (11.6-27.1)
3HA-CXCR4-FIAsH229-CFP 1.7+£0.2 530 (400-660) -
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Figure 24. The FRET-based CXCR4 sensors report the dynamics and kinetics of receptor activation and
deactivation. (A) FRET-based receptor sensor. Ligand-induced structural rearrangements are monitored as
changes in FRET. (B-D) Representative traces of the FRET response from a single HEK293 cell transiently
overexpressing the 3HA-CXCR4-FIAsH228-CFP (B), 3HA-CXCR4-FIAsH226-CFP (C), or 3HA-CXCR4-FIAsH229-CFP
(D) sensor and stimulated with 30 uM CXCL12. Corrected and normalized FRET ratios are shown in the lower
panels. Corrected FIAsH (yellow) and CFP (cyan) emission intensities are shown in the upper panels. (E) Kinetic
analysis of receptor activation using the 3HA-CXCR4-FIAsH228-CFP sensor. The FRET change was fitted to a one
component exponential decay function to obtain the time constant t. (F) FRET amplitude detected in each of the
sensors upon CXCL12 stimulation. Mean + SEM is shown. (G) On-kinetics of CXCR4 upon CXCL12 binding as
determined using the three sensors. Data show median and IQR. Statistical significance was tested using Kruskal-
Wallis test (n.s.=non-significant). (H) Off-kinetics of CXCR4 as determined using the 3HA-CXCR4-FIAsH228-CFP
sensor upon wash-out of the ligand with buffer. Data show median and IQR. In F-H, n=7 cells for 3HA-CXCR4-
FIAsH226-CFP, n=17 cells for 3HA-CXCR4-FIAsH228-CFP, and n=14 cells for 3HA-CXCR4-FIAsH229-CFP, measured
at least on three independent experimental days. 226, 228, and 229 refer to 3HA-CXCR4-FIAsH226-CFP,

3HA-CXCR4-FIAsH228-CFP, and 3HA-CXCR4-FIAsH229-CFP, respectively.
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4.1.4. Interaction of CXCR4 with G; proteins.

Generally, the next step in the signaling cascade after receptor activation is the interaction of the
receptor with G proteins. In particular, CXCR4 couples primarily to G proteins of the G;family, thus the
speed of coupling of the receptor with Gi; was investigated. For that, HEK293 cells were transfected
with CXCR4-YFP and the individual G protein subunits Gai;/GB1/Gy.-CFP. Single cells were then
stimulated with a saturating concentration of CXCL12 (30 uM) using the BioPen®. In parallel, the
interaction of aza-AR-YFP with the G protein in response to norepinephrine (100 uM) was also analyzed
under the same conditions. Figure 25A schematically shows the setting of the experiment.
Regarding oza-AR, a rapid increase in the FRET ratio was observed upon stimulation with
norepinephrine (Figure 25C), as previously described for this and other GPCRs in response to agonist
stimulation (Hein et al., 2005; Hein et al., 2006; Ferrandon et al., 2009; C. Hoffmann et al., 2012).
In contrast, stimulation of CXCR4 with CXCL12 (30 uM) resulted in a decrease in the FRET signal with
an amplitude of 3.3 £ 0.3 % (Figure 25D and G), and this interaction occurred with a time constant
T =960 (870-980) ms (Figure 25F). To further investigate this effect, the interaction of CXCFR4-YFP with
the G protein CFP-labeled at the Gai; subunit was investigated (Figure 25B). Again, stimulation of the
cells with CXCL12 led to a decrease in FRET, although the amplitude of the FRET signal was smaller than
when the G protein was labeled at the Gy, subunit (2.6 + 0.2 %; Figure 25E and G). In this setting, the
receptor/G protein interaction occurred at a speed of t = 1030 (750-1320) ms (Figure 25F), which is

similar to the kinetics determined when the G protein was CFP-labeled at the Gy, subunit.

As described in section 1.1.3.2, whether receptors are pre-associated with G proteins or only associate
upon agonist exposure is still a matter of debate, and so far, it seems to be dependent on the
receptor/G protein pair. To further investigate the coupling of CXCR4 with the Gi; protein in the
absence of agonist, acceptor photobleaching experiments were performed on HEK293 cells expressing
CXCR4-YFP and the G protein subunits Gai1/GB1/Gy2-CFP (Figure 26A). The a24a-AR-YFP construct was
tested in parallel under the same conditions. Theoretically, an increase in the CFP fluorescence (Fcep)
after YFP bleaching would indicate the existence of basal FRET and suggest close proximity between
the receptor and the G protein. After YFP photobleaching, no considerable change in Fcep was detected
with the aza-AR (AFcer = 0.1 £ 0.4 % (mean = SEM; Figure 26B-C), in agreement with published data
(Hein et al.,, 2005). In contrast, a significant increase in Fcp was detected with CXCR4
(AFcrp = 2.1 £ 0.3 %; Figure 26B and D), indicating the existence of basal energy transfer prior to the
photobleaching process. To further investigate this effect, cells were treated with 10 uM IT1t prior to
and during the measurement. In this case, no increase in Fcee upon YFP bleaching was observed (AFcep
=0.3 £ 0.3 %; Figure 26B and E). Altogether, these findings indicate that, in contrast to aa-AR, CXCR4
and G; proteins remain within FRET distance, which might reflect a potential interaction between these

two partners in the absence of agonist.
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Figure 25. CXCL12 binding to CXCR4 induces rearrangements between the receptor and the G;; protein. (A, B)
Schematic depicting the setting employed to investigate the kinetics of receptor/G protein interaction. HEK293
cells transiently expressing CXCR4-YFP or aa-AR-YFP and the G protein subunits Gaii/GB1/Gy,-CFP (A) or
Ga;1-CFP/GB1/Gy: (B) were stimulated with their respective agonists. Upon activation, rearrangements between
the receptor and the G protein lead to a change in FRET. (C-E) Representative traces of the FRET response from
a single cell expressing 02a-AR-YFP + Gati1/GB1/Gy,-CFP (C), CXCR4-YFP + Gai1/GB1/Gy,-CFP (D), or CXCR4-YFP +
Ga;1-CFP/GB1/Gy, (E), and stimulated with 100 uM norepinephrine or 30 uM CXCL12. Upper panels show
corrected YFP (yellow) and CFP (cyan) emission intensities. Lower panels show corrected and normalized FRET
ratio. (F) On-kinetics of CXCR4/G protein interaction in response to CXCL12. The scatter plots show median and
IQR. Statistical significance was tested using Mann-Whitney test (n.s.=non-significant). (G) FRET amplitude
detected in each of the settings with CXCR4 upon CXCL12 stimulation. In F-G, n=12 cells for each setting from at

least three independent experiments.
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Figure 26. CXCR4 and Gj; proteins remain within FRET distance in the absence of agonist. (A) Schematic
depicting the setting employed to investigate the interaction of CXCR4 or a,a-AR with the Gi; protein by means
of acceptor photobleaching. The CFP and YFP emission intensities were analyzed prior to and after YFP
photobleaching in cells expressing Gaii/GB1/Gy2-CFP and either a;a-AR-YFP or CXCR4-YFP. The latter receptor
was also measured when cells were treated with 10 uM IT1t. If there is basal FRET between the fluorophores,
CFP is dequenched upon YFP photobleaching. (B) The change in the CFP fluorescence (AFcrp) was determined by
considering the data points right before and after bleaching the YFP. The whiskers of the box plots represent
minimum and maximum values. N=19, 13, and 12 cells for CXCR4, CXCR4 (IT1t), and aa-AR, respectively.
Measurements were performed on three independent experimental days. Statistical significance was tested
using an unpaired t-test. ***p < 0.001. ****p < 0.0001. (C-E) Representative CFP (cyan) and YFP (yellow) traces

from individual cells under the different conditions tested. The photobleaching period is indicated in grey.
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4.1.5. G protein activation mediated by CXCR4 in response to CXCL12.

In order to investigate G protein activation, previously published FRET-based sensors for Gi1, Giz, Gis,
and Gq proteins were employed (Adjobo-Hermans et al., 2011; van Unen et al., 2016). These sensors
are composed of the Ga subunit labeled with mTurquoise, the GB; subunit, and the Gy, subunit labeled
with Venus, all three encoded in a single plasmid. The receptor-mediated activation of G proteins in
response to agonist binding is monitored as a decrease in FRET between the fluorophores due to

conformational changes within the protein upon activation (Figure 27A).

To analyze the kinetics of G protein activation, HEK293 cells transfected with CXCR4 or aza-AR and the
Gi1, Giz, or Gj3 sensor were stimulated with a saturating concentration of agonist (30 uM CXCL12 or 100
UM norepinephrine) using the BioPen®. For the axa-AR, a pronounced decrease in the FRET ratio with
all three G; sensors was observed upon stimulation with norepinephrine (Figure 27B-D). The activation
kinetics for all the G;subtypes were very similar and in the range of 650 ms (Figure 27H; Table 8).
Interestingly, for CXCR4, a pronounced decrease in the FRET ratio with all three G; sensors was also
observed upon stimulation with CXCL12 (Figure 27E-G), but the kinetics of G protein activation were
significantly slower and in the range of ~4 s (Figure 27H; Table 8). Also, no significant difference in the
kinetics between the G;subtypes was detected. After ligand exposure, cells were continuously washed
with buffer in order to remove the ligands. In the case of the a;a-AR, washing resulted in the FRET
signal returning rapidly to baseline, which suggests that the G proteins rapidly adopt once again the
inactive conformation (Figure 27B-D). However, activation of CXCR4 by CXCL12 induced a prolonged
G activation, reflected by slower G protein off-kinetics that could not be resolved in the time frame of
the experiments (Figure 27E-G). These observations illustrate how different the underlying activation

mechanisms of these two receptors are, even though they both belong to class A GPCRs.

In order to test the effect of different concentrations of CXCL12 on G protein activation, further
experiments were performed in a 96-well plate assay format. A concentration-dependent activation
of Gii, Giz, and Giz mediated by CXCR4 was observed (Figure 271). The ECso values for G protein
activation are displayed in table 8 and are in good agreement with the potency of CXCL12 on CXCR4
described in other systems (Gupta et al., 2001; Rosenkilde et al., 2004; Kleemann et al., 2008; Levoye
et al., 2009). The data showed that CXCL12 activates the isoforms Gi; and Gi; with higher potency than
Gi3, which is in agreement with published data (Kleemann et al., 2008). No activation of G proteins was
observed in cells expressing the G protein sensors but not CXCR4, indicating that under this condition
the CXCL12-induced changes are below the detection threshold. Although Gq signaling by this axis has
been reported previously (Soede et al., 2001; Shi et al., 2007), no G4 activation by CXCR4 in response
to CXCL12 could be detected using the Gqsensor. As a positive control, the activation of G4 by the

Ms-AChR in response to ACh was tested in parallel (Figure 27)).
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Figure 27. CXCR4 activates Gi: Giz, and Gz, but not G, in response to CXCL12. (A) Schematic depicting the setting
employed to investigate G protein activation. Cells were transfected with the receptor and one of the FRET-based
G protein sensors, which provide a read-out for G protein activation by the loss of FRET between the Gy- and Ga-
labeled subunits. (B-G) Representative traces of the FRET response from a single HEK293 cell expressing a,a-AR
+ Gi1 (B), a2a-AR + Gi2 (C), a2a-AR + Gi3 (D), CXCR4 + Gj; (E), CXCR4 + G (F) or CXCR4 + Gj3(G), and stimulated with
30 uM CXCL12 or 100 uM norepinephrine. Upper panels show corrected Venus (yellow) and mTurquoise2 (cyan)
emission intensities. Lower panels show normalized and corrected FRET ratios. (H) Kinetics of the activation of
the different G; protein subtypes by CXCR4 or a,a-ARin response to 30 uM CXCL12 and 100 uM norepinephrine,
respectively. Median and IQR are shown. Statistical significance was tested using Kruskal-Wallis test (n.s.=non-
significant). For CXCR4, n=11, 22, and 11 cells for Gi;, G, and Gis, respectively, measured on at least three
independent experimental days. For axa-AR, n=17, 16, and 7 cells for Gj;, Gi» and Gjs, respectively, measured on
at least two independent experimental days. (I) Concentration-response curves for Gj;, Gi;, and Gjsz activation
mediated by CXCR4 in response to increasing concentrations of CXCL12. Negative control was performed by co-
transfecting empty plasmid instead of receptor. An individual experiment is shown with mean + SEM.
N=5 independent experiments conducted in quadruplicate. In this particular case, the ECso values for G protein
activation were 9.8, 10.8, and 17.1 nM for Gi;, Gi;, and Gj3, respectively. (J) Concentration-response curves for Gq
activation by Ms3-AChR or CXCR4 in response to increasing concentrations of ACh or CXCL12, respectively.
Negative control was performed by co-transfecting empty plasmid instead of receptor. An individual experiment
is shown with mean = SEM. In this particular case, the ECso for Gq activation by ACh/Ms-AChR was 0.1 pM.
N=3 independent experiments conducted in quadruplicate. All data were fitted using a three-parameter

sigmoidal model.

Table 8. Summary of the parameters determined for G protein activation mediated by the axis
CXCL12/CXCR4, norepinephrine/aza-AR, and ACh/Ms-AChR. Statistical significance between the

ECsovalues was tested using one-way ANOVA followed by Tukey’s test.

. G protein On-rate (t, ms) o
Axis subtype Median (IQR) ECso [95% CI]
G 4380 (3850-5070) 6.7 [2.9-15.4] nM Ins
Giz 3850 (3070-4660) 9.9 [4.8-20.2] nM *
XCL12/CXCR4
CxcLiz/exc Gis 4220 (3310-4650) 18.6 [8.4-40.9] nM]*
Gq - Not detected
Gn 650 (500-910) -
Norepinephrine/aza-AR Gi2 690 (550-820) -
Gis 620 (540-700) -
ACh/M;-AChR Gq - 0.2 [0.1-1.5] uM

n.s.=non-significant; *p < 0.05
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Previous data in section 4.1.4 suggest a potential interaction between the receptor and G; proteins in
the absence of agonist. Therefore, the effects of CXCL12 and IT1t on the Gi; sensor were investigated
in HEK293T cells expressing CXCR4. For that purpose, the FRET signal in cells treated with buffer, 100
UM IT1t, or 100 nM CXCL12 was analyzed. The data showed that, in comparison to buffer treatment,
cells treated with CXCL12 presented a significant lower FRET signal, whereas cells treated with IT1t
presented a significant higher FRET signal (Figure 28). This suggests that the receptor activates G
proteins in the absence of agonist exposure, i.e. exhibits some degree of agonist-independent
constitutive activity, and that this can be blocked by treating the cells with IT1t, hence suggesting that

this ligand acts as inverse agonist on this receptor.

Figure 28. CXCR4 activates Gi, proteins in the absence of

1061
. agonist. The FRET signal of cells expressing CXCR4 and the Gj;
X 1044
": sensor was measured under different conditions: buffer
[T
E 102+ treatment, 100 uM IT1t treatment, or 100 nM CXCL12 treatment.
§ 100- Three independent experiments were performed. An individual
g 98- experiment, in which the data sets have been normalized to the
=
‘23 + buffer, is shown with mean + SEM. In this particular experiment,
4g:|- n = 30, 30, and 15 wells (15000 cells/well) of a 96-well plate for
the treatment with buffer, IT1t, and CXCL12, respectively.
IT1t
Statistical significance was tested using an unpaired t-test.
CXCL12

**p < 0.01. ****p < 0.0001.

4.1.6. Structural rearrangements between CXCR4 protomers in response to CXCL12.

Using a range of techniques, it has been previously shown that CXCR4 forms homodimers even in the
absence of ligand binding (section 1.3.3; Vila-Coro et al., 1999; Babcock et al., 2003; Percherancier et
al., 2005; Wang et al., 2006; Levoye et al., 2009). In addition, the crystal structure of CXCR4 is also
consistent with the existence of CXCR4 dimers (Wu et al., 2010). Nevertheless, the relevance that these
have during the activation course of the signaling cascade and the kinetics of this process are still
unknown. Moreover, given the characteristic behavior of CXCR4 observed at the level of G protein
activation, a close look at the structural rearrangements that occur between CXCR4 protomers might

provide an interesting insight into the activation mechanism of this receptor in response to CXCL12.

For that purpose, HEK293 cells expressing 3HA-CXCR4-CFP and CXCR4-YFP were stimulated with
CXCL12 (30 uM) using the BioPen® (Figure 29A). Ligand binding produced a large increase in the FRET
signal with an amplitude of 7.5 £ 0.5 % and a time constant T = 1660 (1370-2010) ms (Figure 29B-C).
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This indicates that this rearrangement occurs faster than the activation of G proteins and suggests that
homodimers might play a role in the activation mechanism of CXCR4. Wash-out of the cells with buffer
returned the FRET signal to baseline and allowed to determine the off-kinetics of this process to be

T=34.1(21.3-36.1) s (Figure 29D).
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Figure 29. CXCL12 induces rearrangements between CXCR4 protomers. (A) Cells expressing 3HA-CXCR4-CFP and
CXCR4-YFP were stimulated with CXCL12. Upon activation, rearrangements between labeled CXCR4 protomers
leads to a change in FRET. (B) Representative traces of the FRET response from a single HEK293 cell stimulated
with 30 uM CXCL12. Corrected YFP (yellow) and CFP (cyan) emission intensities are shown in the upper panel.
Corrected and normalized FRET ratio is shown in the lower panel. (C, D) On-kinetics upon CXCL12 binding (C) and
off-kinetics upon ligand wash-out with buffer. Median and IQR are shown. N=28 cells for the on-rate and 10 cells

for the off-rate, measured at least in three independent experimental days.
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4.1.7. Investigating the stoichiometry of CXCR4 in complex with CXCL12.

Although the structural basis of CXCR4:CXCL12 interaction has been examined before, discrepancies
still exist regarding this topic. The dimeric behavior of CXCR4 observed in a large number of studies
leads to several possibilities for chemokine:receptor complex stoichiometry (section 1.3.4). Here,
whether the two CXCR4 protomers from a dimer or only one are required for efficiently activating the
receptor in response to CXCL12 was investigated. For this purpose, two mutations were introduced
into one of the protomers to attempt to abolish its ability to bind the ligand and to activate the
receptor. Among all the candidates, the two mutations W94R and D97G have been described to fully
impair signaling in response to CXCL12 (the ligand-induced Ca** flux is reduced by more than 75% by
each individual mutation), while each mutant receptor is still correctly folded and trafficked to the
plasma membrane (Wescott et al., 2016). Therefore, the combination of these two mutations, both

residues found at the top of TM2, represent potential good candidates (Figure 30A).

The two mutations were introduced into the 3HA-CXCR4-CFP construct, referred to as 3HA-
W94R,DS7GCX CR4-CFP. The rearrangement between protomers was then analyzed in cells expressing
CXCR4-YFP and 3HA-W9RDYGCXCRA-CFP, and compared to the rearrangements observed in the
absence of mutations. Upon 30 pM CXCL12 stimulation, rearrangements occurred with
T=1650 (1510-1910) ms, which is not significantly different to the kinetics observed in the absence of
the mutations (Figure 30B). To directly asses if the introduction of these two mutations abolishes the
activation of the receptor, they were introduced into the 3HA-CXCR4-FIAsH228-CFP sensor
(3HA-W94RDI7GCX CR4-FIAsSH228-CFP). Stimulation with 30 uM CXCL12 led to activation of the receptor
with T = 590 (400-1020) ms, which is comparable to the on-kinetics established with the
3HA-CXCR4-FIAsH228-CFP sensor (Figure 30C). This suggests that these two mutations alone are not
sufficient to impair the binding of the ligand and the activation of the receptor. Therefore, no
information on the stoichiometry of CXCR4 in complex to CXCL12 could be deduced from these

measurements.

B Dimer rearrangent C Receptor activation
n.s. n.s.
28004 14001
— 24004 — 1200 o
M 0
£ 2000+ %o £ 1000
S 16001 —J__L D%— S 800
/N g 1200 A $ 600 —:E—
3 3
S 8001 S 4004 5
400+ 2004
0 T 0
i @*((Q % | g il
N (@ U U
a‘c'*o Q il ?\‘”& Q\""&
’cﬁq S,Q OQ Oq"b‘
w o ot ech
(ﬁ“ *0 > 5\
oF 400 o @\9&
N .
o R\

85



Results

Figure 30. The two mutations W94 and D97 do not impair the activation of CXCR4 or the rearrangement
between protomers upon CXCL12 binding. (A) The mutated residues W94 and D97 are found on the top of TM2.
The receptor is shown as a dimer (PDB code 30DU; Wu et al., 2010). (B) On-kinetics upon stimulation with 30
UM CXCL12 measured on cells expressing CXCR4-YFP and 3HA-CXCR4-CFP (data from figure 29C) or 3HA-
W94RDI7T6CXCR4-CFP (n=10 cells). (C) On-kinetics of receptor activation upon stimulation with 30 uM CXCL12
measured on cells expressing the 3HA-CXCR4-FIAsH228-CFP sensor (data from figure 24G) or the 3HA-
WS4R.DI7GCXCR4-FIAsH228-CFP sensor (n=6 cells). Statistical significance was tested using Mann-Whitney test

(n.s.=non-significant). Data show median and IQR.

4.1.8. Characterization of other CXCR4 ligands.

For along time, CXCL12 was thought to be the sole ligand for CXCR4. However, over the past few years,
other endogenous molecules have been also proposed to bind, activate and signal through this
receptor, including MIF (section 1.3.5.1) and lactoferrin (section 1.3.5.2). Therefore, the tools and
settings that have been earlier established in this thesis to study the CXCL12/CXCR4 axis were

employed to investigate the activation of CXCR4 in response to these ligands.

4.1.8.1. Macrophage migration inhibitory factor.

In order to characterize the MIF/CXCR4 axis in single-cell experiments, cells were stimulated with 100
UM MIF, followed by a short wash-out with buffer and subsequent stimulation with 30 uM CXCL12.
Firstly, in order to investigate receptor activation, HEK293 cells transiently expressing the
3HA-CXCR4-FIAsH228-CFP sensor and FlIAsH-labeled prior to the measurement were employed. In
contrast to CXCL12, which produced an increase in the FRET signal, MIF stimulation led to a fast
decrease in the FRET signal with 1= 270 (250-440) ms (Figure 31A-B). Opposite signals suggest different
conformational changes in CXCR4 upon binding of these two ligands and likely reflects the different
pharmacological properties of these two proteins on CXCR4. The MIF-induced FRET signal rapidly
returned to baseline upon washing of the cells with buffer, indicating that MIF can be easily removed
from the receptor and thus suggesting a low binding affinity. Subsequent stimulation with CXCL12
produced responses that were undistinguishable from those observed when cells were directly
stimulated with this ligand, indicating that prior stimulation with MIF does not affect the response of
the cells to CXCL12 (Figure 32A). Secondly, the interaction between CXCR4 and the G; protein was
studied in cells expressing CXCR4-YFP and the G protein CFP-labeled at Gy,. Stimulation with MIF led
to an increase in the FRET signal that occurred with T = 380 (300-560) ms (Figure 31C-D). Therefore,

MIF stimulation again produced a FRET signal that is opposite to that of CXCL12, suggesting that these
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two ligands lead to different coupling or rearrangements between the G; protein and the receptor. This
further supports the notion that CXCR4 adopts distinct conformations when bound to CXCL12 and MIF.
Again, washing of the cells with buffer rapidly returned the FRET signal to baseline and cells could be
subsequently stimulated with CXCL12, exhibiting a response that was very similar to the one observed
when stimulating the cells with this ligand for the first time (Figure 32B). Thirdly, the rearrangement
between CXCR4 protomers was investigated in cells expressing 3HA-CXCR4-CFP and CXCR4-YFP. In this
case, addition of MIF produced a decrease in the FRET signal with T = 870 (580-930) ms (Figure 31E-F).
The MIF-induced signal is opposite to CXCL12, indicating once again different conformational changes
in the receptor induced by these two ligands. Upon wash-out with buffer, the response induced by MIF
rapidly returned to baseline and did not affect the response observed upon subsequent stimulation of
the cells with CXCL12 (Figure 32C). Fourthly, G protein activation was examined in cells expressing
CXCR4 and the Gj; sensor. Addition of MIF did not produce any change in FRET, indicating that there is
no G protein activation by CXCR4 in response to this ligand (Figure 31G). Therefore, in contrast to what
is described in the literature, no G; protein signaling could be detected under these conditions. As a
positive control, subsequent stimulation of the same cell with CXCL12 led to the activation of the G
proteins. A summary of the on-kinetics of the processes analyzed can be found in table 9. Figure 31K

shows the on-kinetics determined for CXCR4 in response to MIF in comparison to CXCL12.

The activation of G proteins was then tested in response to increasing concentrations of MIF in a 96-
well plate assay format using the FRET-based G; sensors. A concentration-dependent activation of Gj,
Giz, and Gj3 was observed, suggesting that stimulation of the cells with MIF leads to the activation of G
proteins. However, this response was similarly observed in cells that had not been transfected with
the receptor (Figure 31H-J), thus suggesting that it is not mediated by CXCR4. Instead, a different
receptor endogenously present in HEK293T cells might be responsible for the MIF-mediated G protein
activation. Thus, these data are in agreement with the single-cell experiments, in which CXCR4-

mediated G protein activation could not be detected in response to MIF.

Table 9. Summary of the on-kinetics determined for each of the

processes studied for the axis MIF/CXCR4.

PROCESS On-rate (t, ms)
Setting/constructs employed Median (IQR)
Receptor activation
3HA-CXCR4-FIAsH228-CFP sensor
Receptor/G; protein interaction
CXCR4-YFP + Gai1/GB1/Gy,-CFP
Protomers rearrangement
3HA-CXCR4-CFP + CXCR4-YFP
G; protein activation
CXCR4 + Gj; sensor

270 (250-440)

380 (300-560)

870 (580-930)

Not detected
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Figure 31. MIF binding induces structural rearrangements in CXCR4 but does not lead to G; protein activation
via this receptor. (A, C, E, G) Representative traces of the FRET response from a single HEK293 cell expressing
the indicated construct(s) and stimulated with 100 uM MIF, followed by a short wash-out with buffer and
stimulation with 30 uM CXCL12. (A) 3HA-CXCR4-FIAsH228-CFP sensor; (C) CXCR4-YFP, Gai;, GB1, and Gy,-CFP; (E)
3HA-CXCR4-CFP and CXCR4-YFP; (G) CXCR4 and Gj, sensor. The normalized and corrected FRET ratios are shown
in the left panels. The corrected emission intensities of the acceptor and donor fluorophores are shown in the
right panels. (B, D, F) Kinetics of CXCR4 activation, n=9 cells (B), CXCR4/G; protein interaction, n=13 cells (D), and
dimer rearrangement, n=17 cells (F) in response to 100 uM MIF stimulation. Measurements were performed in
at least two independent experimental days. Data show median and IQR. (H-J) Concentration-response curves
for Gi;, Giz, and Giz in response to increasing concentrations of MIF, in the presence or absence of CXCR4.
Individual experiments are shown with mean + SEM. (K) Comparison of CXCR4 on-kinetics in response to CXCL12
and MIF. Data from receptor activation belongs to figure 24G and 31B. Data from receptor/G protein interaction
belongs to figure 25F (Gy-labeled) and 31D. Data from protomers rearrangement belongs to figure 29C and 31F.

Data from G protein activation belongs to figure 27H (Gi, sensor).
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Figure 32. The kinetics of CXCR4 activation, CXCR4/G; interaction, and CXCR4 dimer rearrangement in response
to CXCL12 are not affected by prior stimulation of the cells with MIF. Kinetics of receptor activation (A),
receptor/G protein interaction (B), and dimer rearrangement (C) in response to 30 uM CXCL12 with or without
prior stimulation with 100 uM MIF. Median and IQR are shown. Data for single CXCL12 stimulation have been
taken from figures 24G (3HA-CXCR4-FIAsH228-CFP), 25F (Gy,-CFP), and 29C. For CXCL12 response after MIF
stimulation, n=8 cells for receptor activation measured on two independent experimental days, 13 cells for
receptor/G protein interaction measured on four independent experimental days, and 14 cells for dimer
rearrangement measured on three independent experimental days. Statistical significance was tested using

Mann-Whitney test (n.s.=non-significant).
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4.1.8.2. Lactoferrin.

Lactoferrin is an iron-binding protein that has been recently described to bind and signal through
CXCR4 (Takayama et al., 2016). Its saturation state can significantly change under specific
circumstances and alter its properties (Gibbons, Kanwar and Kanwar, 2015). Therefore, it was tested

in two different states: iron-free (apo-Lf) and iron-bound lactoferrin (Fe,-Lf).

Cells transiently expressing the 3HA-CXCR4-FIAsH228-CFP sensor were employed to study receptor
activation in single cells. During the measurement, cells were stimulated with 60 UM apo-Lf or Fe,-Lf,
followed by a short wash-out with buffer and subsequent stimulation with 30 uM CXCL12. Upon
stimulation with either form of lactoferrin, no structural rearrangements in the receptor were
detected. However, receptor activation upon subsequent stimulation of the cell with CXCL12 was
observed, proving that the cell is able to respond (Figure 33A-B). These results suggest that either
these molecules do not bind to the receptor under these experimental conditions, or that the

conformational change induced is not detected using this sensor.

Following, the FRET-based G sensors were used to investigate the activation of G proteins in response
to both forms of lactoferrin in a 96-well plate assay format. For the measurements, HEK293T cells
expressing CXCR4 and the Gi;, Gz, or Gi3 sensor were stimulated with increasing concentrations of apo-
Lf or Fe,-Lf. While no activation of G proteins could be detected in response to apo-Lf, Fe,-Lf led to the
activation of the Gi and Gis protein subtypes, but not Gi; (Figure 33C-E). Due to experimental
limitations, it was not possible to test higher concentrations of the ligands, and therefore the ECso can
only be estimated to be in the low micro molar range. As control, G protein activation in response to
CXCL12 was tested in parallel. To facilitate examination, the average of the FRET change detected for
each G protein subtype at the highest concentration of lactoferrin tested (10 uM) is shown in
figure 33l. It can be observed that CXCR4 mediates the activation of Gi; and Gz in response to Fe,-Lf,
while the FRET change detected for Gi; in response to Fe,-Lf is comparable to the one detected in the

absence of receptor or when cells were stimulated with apo-Lf.

Interestingly, in comparison to CXCL12, the activation of G, and Gizinduced by Fe,-Lf is more transient:
whereas the signal observed upon CXCL12 stimulation is notably constant for at least 20 min, the
Fe,-Lf-mediated signal shows a maximum right after the addition of the ligand and slowly decreases
over time (Figure 33G-H, pink lines). This is in line with observations in section 4.1.5, in which CXCL12
induced a prolonged G protein activation even after removal of the ligand with buffer. The signal
detected for Gj; activation by Fe,-Lf was very similar to the one produced by the addition of buffer or

apo-Lf (Figure 33F).
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Figure 33. Fe,-Lf induces Gj; and Gi; but not Gj; activation via CXCR4, while apo-Lf does not lead to activation
of any G; protein subtype. (A) Representative FRET traces from a single HEK293 cell expressing the
3HA-CXCR4-FIAsH228-CFP sensor and stimulated with 60 uM apo-Lf (A) or Fe,-Lf (B), followed by a short wash-
out with buffer and stimulation with 30 uM CXCL12. Normalized and corrected FRET ratios are shown.
(C-E) Gi1, Gip, and Gi3 activation by CXCR4 in response to increasing concentrations of apo-Lf, Fe,-Lf, or CXCL12.
An individual experiment is shown with mean + SEM. For Fe,-Lf, n (independent experiments conducted in
triplicate) =2 for Gi; and Gjs, and 4 for Gj,. For apo-Lf, n=2. In this particular case, the ECs values for G protein
activation in response to CXCL12 were 9.5 nM for Gj;, 23.0 nM for Gj;, and 30.8 nM for Gj;. Data were fitted using
a three-parameter sigmoidal model. (F-H) G; activation over time. FRET signals before and after buffer/ligand
addition, which is indicated with an arrow, are shown. (I) Average of the amplitude of the FRET change detected

for G protein activation in the presence or absence of CXCR4 upon stimulation with 10 uM apo-Lf or Fe;,-Lf.
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4.2. ACKR3.

In contrast to conventional chemokine receptors, atypical chemokine receptors are generally unable
to signal through G proteins or lead to the more typical downstream responses, such as Ca?*
mobilization or downregulation of cAMP production. Instead, chemokine binding generally leads to B-
arrestin recruitment and internalization of the chemokine:receptor complex, which results in the
formation of chemokine gradients in the extracellular side. As a consequence, fewer number of read-
outs are available to study the direct activation of these receptors in response to newly developed
ligands, which might have therapeutic potential. This section describes the development and
characterization of a FRET-based ACKR3 sensor that has been used to study the activation of the

receptor in response to different ligands, including CXCL12.

CopaC (FlasH-bhinding motif]  inserted between $242 and $243
CFP  cyan fluorescent protein

HA  one hemagglutinin tag

Figure 34. Protein sequence of the human ACKR3 depicting the insertion positions of the tags

and fluorophores used. Source: GPCRdb.
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4.2.1. Design of FRET-based ACKR3 sensors.

Similar to the strategy followed with CXCR4 in section 4.1.1, a FRET-based sensor for ACKR3 was
developed in order to be able to study the ligand-induced activation of the receptor. Despite the
increasing number of released GPCR crystal structures, limited structural data for ACKR3 is available.
Therefore, the FRET-based sensor was created based on the predicted structure and protein sequence
of the receptor. The CFP was fused to the end of the C-terminus and the FIAsH-binding sequence
CCPGCC was inserted in the predicted ICL-3, between S242 and S243 (Figure 34). In addition, one HA
tag was fused to the N-terminus. The ACKR3 sensor is referred to as HA-ACKR3-FIAsH-CFP.

4.2.2. Characterization of the FRET-based ACKR3 sensor.

4.2.2.1. Expression and localization.

ACKR3 predominantly localizes in intracellular compartments in basal conditions in most cell types, as
previously reported in numerous occasions (section 1.4.2; Boldajipour et al., 2008; Luker et al., 2010;
Shimizu et al., 2011; Ray et al., 2012b). As expected, confocal images of HEK293 cells transfected with
the HA-ACKR3-FIAsH-CFP sensor showed that it is mostly found in intracellular compartments
(Figure 35A). When developing receptor sensors, it is important that they are expressed in the plasma
membrane and thus accessible from the extracellular side. Therefore, two different strategies were
followed to limit the expression of the receptor to the plasma membrane, as already described in the
literature (Ray et al., 2012b). On one hand, the sensor was co-transfected with K44A dynamin, which
blocks receptor endocytosis in cells. This strategy significantly increased the localization of the sensor
to the plasma membrane (Figure 35B). On the other hand, the C-terminus of the receptor was
truncated at two positions: after A346 (deleting 16 amino acids) or after N321 (deleting 41 amino
acids). These constructs were named HA-ACKR3(1-346)-FIAsH-CFP and HA-ACKR3(1-321)-FIAsH-CFP,
respectively. HEK293 cells transfected with these sensors showed that progressive truncation of the C-
terminus led to a redistribution of the truncated constructs to the plasma membrane, although to a
lesser extent than what is described in Ray et al. (2012b). The HA-ACKR3(1-346)-FIAsH-CFP sensor was
still mostly localized in intracellular compartments while the HA-ACKR3(1-321)-FIAsH-CFP sensor was
partially redistributed and could be observed in both intracellular compartments and the cell

membrane (Figure 35C-D).

In order to confirm these qualitative observations, line profile analyses of fluorescence intensity across
cells were performed. In accordance, HA-ACKR3-FIAsH-CFP and HA-ACKR3(1-346)-FIAsH-CFP showed

several peaks of fluorescence all across the line section, especially in the middle, which corresponds to
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the fluorescent receptor found mostly in intracellular compartments (Figure 35E and G). In contrast,
HA-ACKR3(1-321)-FIAsH-CFP and HA-ACKR3-FIAsH-CFP co-expressed with K44A dynamin displayed
lesser fluorescent peaks in the region corresponding to the intracellular space and more pronounced

peaks at the plasma membrane (Figure 35F and H).

4.2.2.2. FRET efficiency.

As concluded in section 4.2.2.1, the best strategy to increase the presence of the sensor in the plasma
membrane is by co-expressing HA-ACKR3-FIAsH-CFP with K44A dynamin or by truncating the
C-terminal tail of the sensor by 41 amino acids (HA-ACKR3(1-321)-FIAsH-CFP). Therefore, these two
constructs were characterized based on their FRET efficiency by means of bleaching experiments using
BAL. HEK293 cells were transfected with the HA-ACKR3-FIAsH-CFP sensor and K44A dynamin, or with
the HA-ACKR3(1-321)-FIAsH-CFP sensor, and labeled with FIAsH prior to the measurements. Addition
of BAL led to an increase in the CFP fluorescence in both cases, proving the existence of basal
intramolecular FRET (Figure 36A and C). The FRET efficiency was determined to be 4.3 + 0.5 % for
HA-ACKR3-FIAsH-CFP and 7.2 + 1.0 % for HA-ACKR3(1-321)-FIAsH-CFP (Figure 36E; Table 10). No basal
intermolecular FRET was detected when HA-ACKR3-FIAsH was co-expressed with HA-ACKR3-CFP or
HA-ACKR3(1-321)-CFP, indicating that the FRET signals detected come from individual receptors rather

than adjacent receptors or from protomers within dimers (Figure 36B and D).

Table 10. Intra- and intermolecular FRET efficiency values of the ACKR3 constructs.

Values are given in percentage as mean + SEM.

Sensor Intramolecular FRET (%) Intermolecular FRET (%)
HA-ACKR3-FIAsH-CFP 43+0.5 0
HA-ACKR3(1-321)-FIAsH-CFP 7.2+1.0 0
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Figure 35. Expression and localization of the different ACKR3 constructs analyzed by confocal microscopy.
(A-D) Representative confocal images of HEK293 cells transiently expressing the HA-ACKR3-FIAsH-CFP sensor (A),
the HA-ACKR3-FIAsH-CFP sensor and K44A dynamin (B), the HA-ACKR3(1-346)-FIAsH-CFP sensor (C) or
the HA-ACKR3(1-321)-FIAsH-CFP sensor (D). Images show CFP emission upon excitation at 442 nm. Scale bars
denote 10 um. (E-H) Line profile analyses of fluorescence intensity and distribution profiles across individual cells

(excluding the nucleus) expressing the indicated constructs. The graphics show the fluorescence corresponding
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4.2.2.3. Ligand binding.

Competition binding experiments were performed in order to assess the ligand binding properties of
the different ACKR3 constructs in comparison to the wt receptor. For this purpose, increasing
concentrations of unlabeled CXCL12 were used to displace 1%°I-CXCL12 in total membranes of HEK293T
cells transfected with ACKR3, HA-ACKR3, HA-ACKR3-CFP or HA-ACKR3-FIAsH-CFP. The results showed
that the constructs containing the different tags display binding affinities for CXCL12 that are very
similar to the wt receptor (Figure 37 and Table 11). Therefore, the fusion of the HA tag, the
introduction of the FIAsH-binding motif, and/or the fusion of the CFP do not alter the ability of the
receptor to bind CXCL12.

-~ ACKR3

-o- HA-ACKR3
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Figure 37. Addition of the HA tag, the FIAsH-binding motif, and/or CFP into ACKR3 do not affect its ability to
bind CXCL12. Experiments were performed in total membranes of HEK293T cells transfected with ACKR3,
HA-ACKR3, HA-ACKR3-CFP, or HA-ACKR3-FIAsH-CFP. !2°|-CXCL12 radioligand was displaced with increasing
concentrations of unlabeled CXCL12. Three independent experiments were conducted in triplicate. An individual
experiment is shown with mean + SEM. Data was fitted to a three-parameter sigmoidal model. In this particular
case, ICsp values were 1.0, 0.9, 0.5, and 0.8 nM for ACKR3, HA-ACKR3, HA-ACKR3-CFP, and HA-ACKR3-FIAsH-CFP,

respectively.

Table 11. ICso values resulting from the competitive binding assays performed with the

different ACKR3 constructs. Statistical significance was tested using one-way ANOVA.

Construct 1Cs0 [95% Cl], nM
ACKR3 0.7 [0.3-1.4]
HA-ACKR3 0.6 [0.3-1.3]
HA-ACKR3-CFP 0.5[0.1-4.3] n-s.
HA-ACKR3-FIAsH-CFP 0.4 [0.1-1.5]

n.s.=non-significant.
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4.2.3. Activation of ACKR3 in response to CXCL12.

The activation of ACKR3 in response to CXCL12 was investigated using the two following sensors:
HA-ACKR3(1-321)-FIAsH-CFP and HA-ACKR3-FIAsH-CFP, the latter in the presence and absence of K44A
dynamin. To do that, single HEK293 cells transiently expressing the construct(s) of interest were
stimulated with a saturating concentration of CXCL12 using the BioPen®. Stimulation of cells expressing
the HA-ACKR3-FIAsH-CFP sensor and K44A dynamin with 30 uM CXCL12 led to a fast decrease in the
FRET signal with a time constant T = 1170 (810-1390) ms. This signal is derived from the antiparallel
movement in the FIAsH and CFP fluorescence intensities and presented an amplitude of 2.6 + 0.1 %
(Figure 38B and D). In contrast, no CXCL12-induced conformational changes in the receptor were
detected with the HA-ACKR3(1-321)-FIAsH-CFP sensor or when the HA-ACKR3-FIAsH-CFP sensor was

transfected alone (Figure 38A and C).

4.2.4. Activation of ACKR3 in response to other ligands.

The HA-ACKR3-FIAsH-CFP sensor in combination with K44A dynamin was used to characterize the
activation of the receptor in response to several ligands, following the same protocol as in section
4.2.3. These ligands were provided by the group of Dr. R. Leurs (Vrije University, Amsterdam), which
developed a set of proteins with agonistic properties that target ACKR3. A total of three different
ligands, named GD301, VUF11072, and VUF11074, were tested.

For all the ligands, a decrease in the FRET signal from the sensor was detected upon 50 uM ligand
stimulation. The FRET changes detected were similar in regard to the signal amplitude, which was
determined to be 2.4 + 1.1% for GD301, 2.6 + 0.3 % for VUF11072, and 2.4 + 0.2 % for VUF11074
(Figure 39A-C). ACKR3 activation occurred with T = 1970 (1830-2100) ms in response to GD301, while
slower kinetics were determined for VUF11072 and VUF11074 (t = 3010 (2750-3100) ms and
T = 3080 (2710-3650) ms, respectively (Figure 39D). Overall, in comparison to CXCL12, these three
ligands induced activation of ACKR3 with slower kinetics, but led to FRET changes with similar
amplitudes, suggesting that they induce similar conformational rearrangements in the receptor upon

binding.

On the basis of these results, the HA-ACKR3-FIAsH-CFP sensor, which displays comparable functional
properties to the wt receptor, used together with K44A dynamin, represents a valuable tool to study

the ligand-induced activation of the receptor.
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Figure 38. The FRET-based ACKR3 sensor combined with K44A dynamin reports the CXCL12-induced

conformational changes in the receptor. (A-C) Representative traces of the FRET response from a single HEK293

cell expressing the construct(s) HA-ACKR3-FIAsH-CFP (A), HA-ACKR3-FIAsH-CFP and K44A dynamin (B), or

HA-ACKR3(1-321)-FIAsH-CFP (C), and stimulated with 30 uM CXCL12 for the indicated period of time. Upper

panels show the corrected FIAsH (yellow) and CFP (cyan) emission intensities. Lower panels show corrected and

normalized FRET ratio. (D) On-kinetics of ACKR3 upon stimulation with CXCL12 as determined using the

HA-ACKR3-FIAsH-CFP sensor and K44A dynamin. Data show median and IQR of 11 cells measured in four

independent experimental days.
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Figure 39. The FRET-based ACKR3 sensor combined with K44A dynamin is a valid tool to investigate the

dynamics and kinetics of receptor activation in response to different ligands. (A-C) Representative traces of the

FRET response from a single HEK293 cell expressing the HA-ACKR3-FIAsH-CFP sensor and K44A dynamin and

stimulated with 50 uM of GD301 (A), VUF11072 (B) or VUF11074 (C). Upper panels show normalized FIAsH

(yellow) and CFP (cyan) emission intensities. Lower panels show corrected and normalized FRET ratio.

(D) On-kinetics of ACKR3 upon stimulation with the different ligands. Data of CXCL12 is from figure 38D. Data

show median and IQR of 11, 8, and 5 cells for GD301, VUF11072, and VUF11074, respectively, measured in at

least three independent experimental days.
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4.2.5. G protein activation mediated by ACKR3 in response to CXCL12.

A large number of studies have shown that ACKR3 does not generally activate G proteins in response
to CXCL12, but rather behaves as a scavenger or B-arrestin-biased receptor (section 1.4.2). This,
combined with the fact that ACKR3 is largely found in intracellular compartments in most cell types,
opens the possibility that the preferential localization of ACKR3 within the cell might contribute to its
inability to activate G proteins. In order to test this possibility, HEK293T cells were transfected with
ACKR3 and one of the G protein sensors (Gi1, Giz, or Gi3) in the presence or absence of K44A dynamin.
Then, cells were stimulated with increasing concentrations of CXCL12 in a 96-well plate assay format.
As expected, no activation of G proteins by ACKR3 in response to CXCL12 could be detected in the
absence of K44A dynamin (Figure 40A). In addition, further expression of the mutant dynamin did not
lead to CXCL12-induced G protein activation by ACKR3 either (Figure 40B), suggesting that other

factors might be responsible for the lack of G protein activation via this receptor.
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Figure 40. Re-localization of ACKR3 to the plasma membrane by using K44A dynamin is not sufficient to
activate G; proteins. Gi;, G, and G;j3 protein activation mediated by ACKR3 in response to CXCL12 was
measured in a 96-well plate assay format. Experiments were performed in HEK293T cells transfected with the
constructs: (A) ACKR3 and G protein sensor (Gi1, Giz, or Gis); (B) ACKR3, K44A dynamin, and G protein sensor

(Gi1, Gi, or Giz). An individual experiment is shown with mean + SEM. N=2 independent experiments.
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5. DISCUSSION

Since their discovery, GPCRs are the most studied family of proteins in terms of their implication in
physiological and pathological processes. Among the family of GPCRs, chemokine receptors represent
important therapeutic targets due to their involvement in important physiological processes and thus
are the center of exhaustive research. On one hand, the biomedical importance of CXCR4 and its
ligands has been well established, and understanding how signaling proceeds via this receptor and the
underlying mechanism of its signaling pathway might open new avenues to therapeutically target it.
On the other hand, the non-classical ACKR3 is involved in several pathologies and its function as
signaling receptor is still under debate. Due to the lack of signaling in most cellular systems,

investigating the direct activation of this receptor has been challenging.

The aim of this work was to temporally elucidate the activation mechanisms of the two chemokine
receptors CXCR4 and ACKR3 in response to various ligands, especially CXCL12, and to understand the

dynamic movements involved in these processes with the help of FRET-based approaches.

5.1. The FRET-based CXCR4 sensors report ligand-induced conformational changes in the receptor

and reveal slower kinetics of CXCR4 activation in comparison to other well-known class A GPCRs.

The crystal structure of CXCR4 in complex with different ligands has provided great insights into the
binding mode of these molecules to the chemokine receptor. However, the dynamics and kinetics of
receptor activation cannot be resolved in these studies, especially since these structures have been
resolved solely in complex with antagonists (Wu et al., 2010; Qin et al., 2015). Therefore, in this project,
FRET-based CXCR4 sensors were created in order to monitor the conformational changes that the
receptor undergoes upon activation. For that purpose, CFP was fused to the end of the C-terminus,
and the FIAsH-binding motif was inserted in three different positions within the ICL-3 in order to
optimize the positions of the fluorophores (Figure 20). Characterization of the sensors revealed that
all three constructs were expressed on the plasma membrane of HEK293 cells, preserved the ability to
signal via G; proteins, and exhibited basal intramolecular FRET (Figures 21-23), thus representing good

candidates for studying receptor activation.

Based on this validation, the sensors were further employed to investigate the conformational changes
that CXCR4 undergoes upon CXCL12 engagement in single-cell experiments. Binding of CXCL12 to the
receptor resulted in a simultaneous anti-parallel movement in the CFP and FIAsH emissions, which

translated into an increase in the FRET signal. This presumably results from a movement of the ICL-3
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domain relative to the C-terminus. The three CXCR4 FRET sensors exhibited activation kinetics in the

range of t=600 ms upon binding to the peptide ligand CXCL12 (Figure 24).

Using these type of sensors, the activation of other GPCRs, such as aza-AR, B1-AR, B2-AR, Aza-R, mGIluR
and some muscarinic receptors, has been investigated and ranges between =30-100 ms in response to
small agonist molecules (Vilardaga et al., 2003; Hoffmann et al., 2005; Rochais et al., 2007; Reiner et
al., 2010; Ziegler et al., 2011; Grushevskyi et al., 2019). This speed of receptor activation is considerably
faster than that recorded for CXCR4 in this work or that determined for the PTHR, a class B GPCR, in
response to the peptide hormone PTH(1-34) (t=1s; Vilardaga et al., 2003; Figure 41). These differences
in the activation kinetics might be due to the distinct nature of the receptors or depend on the type of
ligand (e.g. small molecules versus peptides) and their binding mode to the receptor. In this case, the
001110,binding of CXCL12 to CXCR4 proceeds via a two-step mechanism and involves extensive
interactions between the two proteins, as described in section 1.2.3 (Kleist et al., 2016). This might be
reflected into slower activation kinetics in comparison to small molecules. Likewise, the association of
PTH(1-34) and PTHR also proceeds via a two-step binding process (Castro et al., 2005). It can be
hypothesized that those ligands and receptors which association involves a “multi-step” binding

mechanism would exhibit slower on-rates.

The kinetics of CXCR4 deactivation upon ligand wash-out are significantly slower (1=20 s) than those
reported for other class A GPCRs binding small agonist molecules. For instance, deactivation time
constants for the aza-AR and B;-AR upon wash-out of norepinephrine is in the range of 1=2-3 s
(Vilardaga, 2011a). These kinetic differences might be due to the different structure and size of the
ligands, their binding affinity to the receptor and/or the ability of the receptor to switch back to an
inactive state. In this case, CXCL12 is a peptide, significantly bigger than norepinephrine and presents

a high binding affinity for CXCR4.

RECEPTOR ACTIVATION RECEPTOR/G PROTEIN INTERACTION DIMER REARRANGEMENT G PROTEIN ACTIVATION
NE/a,,-AR =50 ms =50ms =600 ms
PTH(1-34)/PTHR =15 =1s =15s
CXCL12/CXCR4 =600 ms =1s =17s =4s

Figure 41. Kinetics of the early reactions in the signaling cascade of GPCRs. The time constants of receptor
activation, receptor/G protein interaction, dimer rearrangement and G protein activation are shown for three

different axes: NE/aa-AR/G;, PTH/PTHR/Gs, and CXCL12/CXCR4/G:. NE stands for norepinephrine.
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5.2. CXCR4 exhibits a complex activation mechanism in response to CXCL12 as revealed by analysis

of its early signaling steps.

By combining several FRET-based approaches, the early steps of the transduction pathway of CXCR4
in response to CXCL12 were temporally resolved. Upon binding to CXCL12, structural rearrangements
within the TM domain associated to receptor activation (t1=600ms) are followed by rearrangements
between CXCR4 and the G; protein in the intracellular side (t=1s). During the activation time course,
structural rearrangements between CXCR4 protomers within dimers occur with t=1.7s while G; protein
activation finally occurs in t=4s (Figure 41). These data indicate that rearrangements between receptor
protomers precede G protein activation and suggest that CXCR4 homodimers might play a role in the
activation mechanism of this receptor. In contrast to this sequence of events, several reports have
demonstrated that rearrangements between mGLuUR1 protomers are faster than intramolecular
rearrangements within the TM domain of single protomers (Hlavackova et al., 2012; Grushevskyi et al.,
2019). This distinct behavior might be related to the different nature of the receptors and might be a
characteristic feature of class C GPCRs, for which dimerization is obligatory for function (Kniazeff et al.,

2011; Zhang, Liu and Jiang, 2014).

Using FRET, the mode of coupling or interaction between labeled-GPCRs and labeled-G proteins can
be analyzed. Generally, an increase in the FRET signal upon agonist binding to the receptor is
interpreted as recruitment of the G protein to the activated receptor, while a decrease in the FRET
signal is interpreted as dissociation. In this project, a decrease in FRET between CXCR4-YFP and the
CFP-labeled G protein was observed upon stimulation of the cells with CXCL12 (Figure 25). This data is
in contrast to other studies that have also investigated the mode of coupling of several GPCRs with
different G proteins. For instance, Andressen et al. (2018) investigated the coupling mode of two
serotonin receptors with G, proteins. They showed that 5-HT; pre-associates with Gs, and that agonist-
stimulation leads to a fast increase in the FRET signal between 5-HT;-YFP and Go,-CFP, whereas to a
slow decrease in the FRET signal between 5-HT;-YFP and Gy,-CFP. This indicated that agonist
stimulation of the receptor leads to a conformational change within the pre-assembled complex that
involves a rapid movement of Ga relative to the receptor, followed by slower dissociation of GBy from
both 5-HT7 and Ga.. This model for the interaction between 5-HT; and the G; protein is in contrast to
the collision coupling model observed for 5-HT, and the 3:-AR in this same study (Andressen et al.,
2018). In another study, Hein et al. (2005) showed that o;a-ARs and G; proteins interact by collision
coupling. They observed an agonist-induced increase in the FRET signal between aa-AR-YFP and CFP-
labeled G;, regardless of the position of the fluorescent tag in the G protein (at Gaix or Gy, subunit).
The rearrangements measured in both settings occurred with comparable kinetics, suggesting that the

heterotrimeric G protein is recruited to the receptor altogether. In this thesis, a fast decrease in the
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FRET signal between CXCR4-YFP and labeled-G; proteins was observed, regardless of the position of
the tag in the G protein (at Gai: or Gy, subunit) and these rearrangements occurred with very similar
kinetics. The CXCL12-induced decrease in the FRET signal might indicate that CXCR4 is pre-associated
with G proteins before agonist binding. Another possibility is that the constitutive activity of CXCR4,
which is discussed in more detail in section 5.5, is responsible for the agonist-induced reduction in
FRET. Altogether, these diverse data indicate that receptor/G protein coupling is complex and differs
among GPCRs. Nevertheless, it is important to keep in mind that the fluorescent proteins have been

tagged at different positions in the different studies mentioned.

Another interesting observation are the high off-kinetics observed for G protein activation, which
reflect a prolonged G; protein activation induced by the CXCL12/CXCR4 axis. The CXCL12-induced FRET
signals measured with the receptor sensors return to baseline upon washing with buffer, indicating
that the agonist is removed from the receptor (Figure 24). Likewise, FRET signals measured between
protomers of dimers also return to baseline upon washing with buffer (Figure 29). However, the
CXCL12-induced FRET signals measured for receptor/G protein interaction and G protein activation
only partially return to baseline and the off-kinetics cannot be determined within the time frame of
the experiments (Figures 25 and 27), in contrast to the norepinephrine-induced FRET signals using
aza-AR. An explanation might be that the labeled-G protein subunits associate with unlabeled (wt) G
protein subunits endogenously present in HEK293 cells, therefore preventing the return of the FRET
signal to baseline. Nonetheless, these observations reveal a different activation mechanism for CXCR4

in comparison to other classical GPCRs.

5.3. MIF induces distinct structural rearrangements than CXCL12 in CXCR4 and does not activate G;

proteins via this receptor.

By employing different FRET-based approaches in single cells, the early steps of the transduction
pathway of CXCR4 in response to MIF have been temporally resolved. Upon MIF binding, structural
rearrangements within the TM domain (t=300 ms) are followed by rearrangements between CXCR4
and the G; protein in the intracellular side (t=400 ms) and by rearrangements between CXCR4
protomers within dimers (t=700 ms) (Table 9; Figure 31). Similar to the activation of CXCR4 by CXCL12,
these kinetic data also indicate that structural rearrangements within the TM domain of the receptor
precede rearrangements between CXCR4 protomers, in contrast to the temporal events described for
MGIuR1 (Grushevskyi et al., 2019). This suggests that the sequence of events that occur via CXCR4
upon ligand binding might be conserved and further suggests that rearrangements within homodimers

play a role in signal transduction via this receptor.
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The data in this thesis show that binding of CXCL12 and MIF induce distinct structural rearrangements
at each step of the signaling cascade of CXCR4. Each of these can be distinguished dynamically and
kinetically, with MIF triggering opposite signals to CXCL12 and inducing faster rearrangements (Figure
31). These observations support the notion of different binding modes and/or mechanisms of action
of these two ligands on CXCR4. It is known that binding of CXCL12 to CXCR4 proceeds via a two-step
mechanism, which involves interactions between the CXCR4 N-terminus and the globular core of the
chemokine, and the N-terminus of the chemokine with the TM binding pocket of the receptor (section
1.2.3; Wu et al., 2010; Qin et al., 2015; Kufareva, Salanga and Handel, 2015). In contrast, different
residues from the N-terminus of the receptor are involved in the interaction with MIF, which also does
not establish direct interactions with the TM binding pocket (section 1.3.5.1; Rajasekaran et al., 2016).
In fact, the structure of MIF shows that its N-terminus is buried into its catalytic pocket and thus

unavailable for interactions with the TM cavity of the receptor.

In contrast to the literature, CXCR4 did not mediate the activation of G; proteins in response to MIF
binding in single-cell experiments (Figure 31G; Rajasekaran et al., 2016). However, MIF-induced
activation of Gi;, Gi; and Gi3 was detected in 96-well plate assays. This response was also observed in
cells that had not been transfected with the receptor and thus is likely not mediated by CXCR4 (Figure
31H-J). According to the literature, there are two other MIF-binding receptors: ACKR3 and CXCR2
(Bernhagen et al., 2007; Alampour-Rajabi et al., 2015). ACKR3 is generally described to not bind to or
signal via G proteins. Hence, the activation of G proteins that is detected in these experimental

conditions could be mediated by CXCR2.

Overall, the data in this thesis indicate that MIF regulates the activity of CXCR4 distinctly to CXCL12
and that these two ligands present important different pharmacological properties. The fact that MIF
induces opposite signals to CXCL12 at each step of the signaling cascade could suggest that it acts as

an inverse agonist on CXCR4. However, further studies will be needed to test this possibility.

5.4. Iron-bound lactoferrin, but not iron-free lactoferrin, leads to the activation of G;; and Gis

proteins but not Gj; via CXCR4.

Lactoferrin is an iron-binding glycoprotein of the immune system that is therapeutically relevant due
to its antibacterial, antifungal and antiviral activities (Van der Strate et al., 2001; Jenssen and Hancock,
2009; Fernandes and Carter, 2017), but also because it has been recently described to be a CXCR4
ligand (Takayama et al., 2016). Considering that the arrangement of this protein differs depending on
whether it is bound to iron (Fe,-Lf) or not (apo-Lf) (Figure 11; section 1.3.5.2), the effects of both

configurations were characterized on CXCR4 activation and CXCR4-mediated G protein activation.
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CXCR4-mediated G protein signaling in response to lactoferrin was investigated using the FRET-based
sensors for Gy, Giz, and Giz in 96-well plate assays. The data revealed that stimulation of CXCR4-
expressing cells with Fe,-Lf leads to the activation of Gi; and Gi3 but not Gi;. In contrast, no activation
of G; proteins by CXCR4 was observed in response to apo-Lf (Figure 33C-l). It is known that the
conformation of lactoferrin is remarkably different depending on the presence or absence of iron
atoms in its structure (section 1.3.5.2). The data in this thesis suggest that iron-bound lactoferrin might
be the most relevant form in the axis lactoferrin:CXCR4. Considering these data, one should take into
account which state applies when performing or interpreting functional studies, since the data suggest
that the properties of the molecule will be drastically different. Interestingly, in contrast to CXCL12,
Fe,-Lf produced a FRET signal that slowly returned to baseline within the time frame of the experiment,
indicating that the induction of G protein activation by this ligand is transient. This might be an intrinsic
characteristic of the signaling induced by this ligand or might as well be due to conversion of Fe,-Lf to

apo-Lf over the time course of the measurement.

Another interesting observation is that CXCR4 activates the G protein subtypes Gi; and Giz but not Gi;
upon binding to Fe,-Lf, while it is able to activate the three G;subtypes in response to CXCL12 binding.
These observations support the idea that, within a given GPCR, ligands can discriminate between G;
family members, as described previously for other GPCRs (Busnelli et al., 2012). A detailed analysis of
the differences and similarities in the binding modes and interactions of CXCL12 versus Fe,-Lf with
CXCR4 could help to understand the basis of selectivity and contribute to the development of drugs

with selectivity towards specific pathways.

Using the FRET-based CXCR4 sensor, no structural changes in the receptor were detected in response
to any form of lactoferrin (Figure 33A-B). Considering that CXCR4-mediated G protein signaling in
response to Fe,-Lf was observed, one can hypothesize that Fe,-Lf binds to CXCR4 but induces different
rearrangements in the receptor to those induced by CXCL12, probably small rearrangements, which
are not detected using this sensor. Overall, and in agreement with Takayama et al. (2016), the data in

this thesis supports the idea of CXCR4 as a lactoferrin receptor.

5.5. CXCR4 exhibits some degree of ligand-independent constitutive activity.

Increasing number of reports show that many GPCRs display constitutive activity, which means that
they spontaneously transition between inactive and active-like conformations, leading to the
activation of G proteins or other alternative signaling pathways independent of ligand activation. In
this work, the interaction of CXCR4 with G; proteins as well as G; protein activation via this receptor in
the absence of agonist were analyzed. On one hand, photobleaching experiments showed that there

was basal energy transfer between labeled-CXCR4 and labeled-G; proteins in the absence of ligand
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(Figure 26). This indicates close proximity between these two partners and suggests a potential
interaction previous to agonist stimulation. This observation would be in agreement with a previous
study by Levoye et al. (2009) in which a constitutive interaction between CXCR4 and Gi; proteins was
observed using BRET. On the other hand, by means of using a FRET-based G; sensor, activation of G;
proteins by CXCR4 was observed in the absence of agonist (Figure 28). These findings suggest that
CXCR4 exhibits some degree of constitutive activity, which not only involves a potential basal
interaction with G; proteins, but also their activation. Interestingly, in both experimental conditions,
the FRET signals observed could be prevented by incubation of the cells with IT1t, suggesting that this

ligand acts as an inverse agonist on CXCR4.

The existence of constitutive activity on CXCR4 has been suggested in previous studies. Mishra et al.
(2016) observed a ligand-independent internalization of the receptor, which could be blocked by
treating the cells with AMD3100 or NUCC-390 (CXCR4 antagonists). In line, a recent study has
correlated the level of constitutive internalization of GPCRs with constitutive activity (Hendrik Schmidt
et al., 2019). Also, Mona et al. (2016) described that IT1t and a series of CXCR4 ligands had inverse
agonism activity on the receptor, observing a slight reduction of the basal activity of CXCR4 in Gi- and
B-arrestin-based assays upon treatment with these molecules. It is not surprising that AMD3100 and
IT1t, two well recognized CXCR4 neutral antagonists until now, act as inverse agonists in these studies
as well as the latter in this work. In fact, it has been described that 85% of compounds initially classified
as neutral antagonists turn out to be inverse agonists when tested on constitutively active mutant

receptors or on wt receptors with constitutive activity (Kenakin, 2004).

On the basis of observations in this thesis, the existence or the degree of constitutive activity of CXCR4
needs to be further validated in more physiological systems and in vivo. It is an important feature to
take into account for drug development since it can be reduced with inverse agonists but not neutral
antagonists. Consequently, there can be significant differences in the outcome between these two
types of ligands depending on whether the receptor exhibits constitutive activity or not. For instance,
a large number of studies have reported that CXCR4 is overexpressed or upregulated in many different
types of cancer, such as prostate, breast, ovarian, lung, kidney and brain (Miller et al., 2001; Balkwill,
2004; Darash-Yahana et al., 2004; Chatterjee et al., 2014), and elevated CXCR4 expression is associated
with poor prognosis in some cancers (Zhao et al., 2015). Under normal (healthy) physiological
conditions, the degree of constitutive activity might be difficult to detect because the fraction of
receptors in active-like conformations is probably below the detection threshold. However, when the
receptor is overexpressed in in vitro systems or, importantly, under certain pathological contexts, the
degree of spontaneous activity might be detectable and therapeutically relevant. Therefore, a more
detailed understanding of the biology of CXCR4 in this respect could provide new opportunities for

improved design of targeting drugs.
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5.6. The HA-ACKR3-FIAsH-CFP sensor in combination with K44A dynamin is a powerful tool to

investigate the ligand-induced activation of the receptor.

Due to the lack of activation of classical pathways via ACKR3, only a small number of read-outs are
available to study its activation. Therefore, one of the aims in this project was to develop a functional
FRET-based ACKR3 sensor to be able to monitor ligand-induced structural rearrangements in this
receptor. For this purpose, CFP was fused to the end of the C-terminus and the FIAsH-binding motif
was inserted into the ICL-3 (Figure 34). The sensor HA-ACKR3-FIAsH-CFP exhibited basal intramolecular
FRET and unaltered ligand binding properties (Figures 36 and 37) but was mainly expressed in
intracellular compartments of HEK293 cells (Figure 35A), which is consistent with its atypical nature
and scavenging function (section 1.4.2; Boldajipour et al., 2008; Luker et al., 2010; Shimizu et al., 2011;
Ray et al., 2012b; Torossian et al., 2014). Stimulation of cells expressing the HA-ACKR3-FIAsH-CFP
sensor with CXCL12 did not result in a change in FRET in the system (Figure 38A). This is probably due
to the fact that the sensor is predominantly found in intracellular compartments and thus it has limited
access to the ligand that is applied on the extracellular side. In fact, most molecules that bind to GPCRs,
such as drugs or endogenous ligands, do not have the ability to cross the cell membrane. Therefore, in
order to develop a functional ACKR3 sensor, different strategies had to be implemented to increase

the presence of the ACKR3 sensor in the plasma membrane.

On one hand, the C-terminus of the receptor sensor was truncated at two different positions, deleting
the last 16 (HA-ACKR3(1-346)-FIAsH-CFP) or 41 amino acids (HA-ACKR3(1-321)-FIAsH-CFP). These
truncations have been previously demonstrated to redistribute ACKR3 to the cell membrane due to
the role of the C-terminus in receptor trafficking and stability (Ray et al., 2012b). These truncations
eliminate residues that are important for phosphorylation by GRKs and subsequent B-arrestin binding
and internalization. Nevertheless, in this study, the HA-ACKR3(1-346)-FIAsH-CFP construct still
localized mostly to intracellular compartments and the HA-ACKR3(1-321)-FIAsH-CFP construct only
partially redistributed to the plasma membrane (Figure 35C-D). Although the HA-ACKR3(1-321)-FIAsH-
CFP construct was found in the cell membrane in sufficient amounts to perform single-cell FRET
experiments, no conformational changes were detected upon exposure to CXCL12 (Figure 38C).
According to the literature, the truncation of the C-terminal tail of the receptor does not impair CXCL12
binding (Ray et al., 2012b). However, it is possible that the C-terminal truncation affects the activation
of the receptor. An alternative explanation is that shortening the C-terminal tail of the receptor alters
the distance and orientation of the fluorophores in a way that may not be optimal for detecting FRET

changes upon activation (as reflected by the increase in FRET efficiency; Table 10).

On the other hand, the functions of dynamin, a molecule essential for endocytosis of receptors, was

blocked by transfecting the cells with K44A dynamin. This is a dominant negative mutant of dynamin
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that is defective in GTP binding and hydrolysis and therefore blocks receptor endocytosis in cells
(Sontag et al., 1994). Co-transfection of the HA-ACKR3-FIAsH-CFP construct with K44A dynamin
significantly increased the presence of the sensor in the plasma membrane (Figure 35B). In this case,
stimulation of cells with several agonists, including CXCL12, led to changes in FRET in the sensor,
reporting conformational changes in the receptor upon activation within seconds (Figure 38B and D;
Figure 39). While all the ligands tested produced FRET changes with similar amplitudes in the sensor,
the activation kinetics were different for each ligand: CXCL12 produced the fastest activation, followed

by GD301, VUF11072 and VUF11074.

Previous studies have shown that ligands with different pharmacological properties can be
distinguished using FRET-based receptor sensors. Generally, partial agonists are found to induce
smaller and slower FRET changes than full agonists (Nikolaev et al., 2006; Ziirn et al., 2009; Vilardaga,
2011b). CXCL12 induced changes in the sensor that were two- to three-fold faster than the changes
induced by the other ligands, but all of them produced responses with very similar amplitudes,
suggesting that they all induce very similar conformational rearrangements in the receptor.
Considering CXCL12 as the full agonist reference compound, an explanation for these observations
might be that the other ligands are also full agonists (stabilizing the same or similar receptor
conformation) but present different ways of getting into the binding pocket of the receptor than

CXCL12.

5.7. Re-localization of ACKR3 to the plasma membrane by using K44A dynamin is not sufficient to

activate G proteins.

Whether the preferential localization of ACKR3 within the cell contributes to the inability of this
receptor to activate G proteins was investigated in section 4.2.5. The data showed that re-locating
ACKR3 to the plasma membrane is not sufficient to gain the ability to signal via G; proteins upon CXCL12
exposure. This was demonstrated in HEK293 cells expressing the ACKR3 receptor, a FRET-based G
protein sensor, and K44A dynamin (Figure 40). The latter blocks internalization in the cell and
significantly increased the presence of ACKR3 in the cell surface. However, this did not result in CXCL12-
induced G protein activation. In addition to the preferential location within the cell, other
determinants might contribute to the inability of ACKR3, and in general of ACKRs, to promote G
protein-dependent signaling. For instance, structural determinants or the presence/absence of other

interacting partners that modulate the activity of this receptor might play a role.

110



Discussion

5.8. The Biopen® microfluidic system is suitable for kinetic studies.

In this work, the BioPen® microfluidic device has been used to deliver the solutions onto one or few
cells. In contrast to the more traditional multi-syringe perfusion system, the Biopen® permits to
maintain a localized solution delivery with high precision and avoids contamination of the environment
immediately surrounding the targeted cells. Besides, this system was chosen for this work due to the
small volume of solutions needed for operation, which significantly reduces the use of expensive
reagents, such as the ligands CXCL12 and MIF. Since it is the first time that this system has been used
for analyzing the kinetics of GPCR processes, the kinetics of G; activation by the aa-AR in response to
norepinephrine were tested in parallel using the Biopen® (Figure 27). This process has been previously
investigated using the multi-syringe perfusion system in our lab (Hein et al., 2005; van Unen et al.,
2016). The results from this thesis using the Biopen® are in good agreement with the earlier published
observations using the multi-syringe perfusion system and thus prove that the BioPen® is suitable for

kinetic analyses with sub-second resolution.

5.9. Conclusions and future directions.

The CXCR4 and ACKR3 sensors developed in this work have allowed to monitor and analyze the
conformational changes that these two receptors undergo upon binding of various ligands. Chemokine
receptors are well recognized therapeutic targets and drugs targeting these proteins are in continuous
development. Hence, these sensors represent valuable tools to further investigate the activation of
these receptors in response to newly developed drugs, facilitating their primary pharmacological
characterization. Furthermore, they set the basis for the development of sensors for other chemokine
receptors. Specially, the strategies employed with the ACKR3 sensor could be extended to other
atypical chemokine receptors, which are challenging to study due to their constant shuttle between
the cell membrane and intracellular compartments. In this respect, the use of phosphorylation-
deficient mutants or a B-arrestin knock-out cell line could also be a valuable tool, potentially facilitating
the expression of these type of receptors on the plasma membrane of cells (Saaber et al., 2019).
Furthermore, it would be very useful to use these sensors as a basis for developing analogue CXCR4

and ACKR3 BRET sensors, more suitable for high-throughput screening.

The combination of several FRET-based approaches has allowed the temporal resolution of the
signaling pattern of CXCR4. The data in this project show a complex activation mechanism of CXCR4
and provide a more detailed understanding on how signaling proceeds via this receptor and how
different ligands distinctly modulate its activation. It would be interesting to further investigate the

dynamic and kinetic interaction of CXCR4 with different GRKs and [B-arrestins as well as B-arrestin
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activation via this receptor upon binding to CXCL12 and MIF. This would provide a more detailed insight
into the signaling cascades triggered by this receptor and further identify similarities and differences
between these two axes, hence opening new opportunities to distinctly and specifically target each of
them. An additional interesting point would be to further confirm the level of CXCR4 constitutive
activity in relevant biological systems, such as cancer cell lines. This would help in the development of

specific targeting drugs for CXCR4 (antagonists versus inverse agonists).
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6.1. ABBREVIATIONS.

Abbreviation

6. ANNEXES

Full name

AC
ACh
ACKR
AIDS
ATP
Asa-R
bLf
BRET
BSA
Ca2+
cAMP
cCKR
CCL
CCR
CD
CFP
CNS
CRS
CXCL
CXCR
CX3CL
DAG
PBS
ECL
EDT
EGFR
ERK
FCS
FDA
FIAsH
FRET
GAG
GDP
GFP
GIRK
G protein
GPCR
gpl20
GRK
GTP

Adenylyl cyclase

Acetylcholine

Atypical chemokine receptor
Acquired immune deficiency syndrome
Adenosine triphosphate

Adenosine A2A receptor

Bovine lactoferrin

Bioluminescence resonance energy transfer
Bovine serum albumin

Calcium

Cyclic adenosine monophosphate
Conventional chemokine receptor
CCligand

CC receptor

Cluster of differentiation

Cyan fluorescent protein

Central nervous system

Chemokine recognition site

C X Cligand

C X Creceptor

C X3 Cligand

Diacylglycerol
Phosphate-buffered saline
Extracellular loop

1,2-Ethanedithiol
Epithelial growth factor receptor
Extracellular signal-regulated kinases
Fetal calf serum

Food and drugs administration
Fluorescein arsenical hairpin

Forster resonance energy transfer
Glycosaminoglycan

Guanosine diphosphate

Green fluorescence protein

G protein-coupled, inwardly-rectifying potassium channels
Guanine nucleotide binding protein
G protein-coupled receptor
Glycoprotein 120

G protein-coupled receptor kinases
Guanosine triphosphate

Annexes
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Abbreviation

Full name

(continued)

HA
HEK293
HIV
HMGB1
ICL

IP3

JAK

JNK

Lf

LB
mGluR1
MIF
mRNA
MAPK
MSC
Mi-AchR
Ms-AchR
Ms-AchR
ON

PCR

Pi

PIP,
PI3K
PKA
PKC

PLC

PTH
PTHR
PTX
ReAsH
RLuc
RT
STAT
TC

™
vMIP-I|
VSMC
WT

YFP
a1-AR
a2a-AR
B1-AR
B.-AR
5-HT

Hemagglutinin

Human embryonic kidney cells 293
Human immunodeficiency virus
High mobility group box 1
Intracellular loop

Inositol triphosphate

Janus kinase

C-Jun N-terminal kinase

Lactoferrin

Lysogeny broth

Metabotropic glutamate receptor 1
Macrophage migration inhibitory factor
Messenger ribonucleic acid
Mitogen activated protein kinases
Mesenchymal stem cell

Muscarinic acetylcholine receptor 1
Muscarinic acetylcholine receptor 3
Muscarinic acetylcholine receptor 5
Overnight

Polymerase chain reaction
Inorganic phosphate
Phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol 3-kinase
Protein kinase A

Protein kinase C

Phospholipase C

Parathyroid hormone

Parathyroid hormone receptor type 1
Pertussis toxin

Resorufin arsenical hairpin

Renilla luciferase

Room temperature

Signal transducer and activator of transcription

Tetracysteine
Transmembrane

Viral macrophage inflammatory protein II

Vascular smooth muscle cell
Wild-type

Yellow fluorescent protein
as-adrenergic receptor
aza-adrenergic receptor
Bi-adrenergic receptor
B,-adrenergic receptor

5-hydroxytryptamine receptor (serotonin receptors)

Annexes
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6.2. DNA SEQUENCES.

The nucleotide sequences of the constructs produced in this work are presented below.

o Genesequence isin grey.
o Restriction enzymes sequences are underlined.
aagctt Hindlll site

tctaga Xbal site

geggeege  Notl site

o Hemagglutinin tags are in green.

o CFPsequence is in blue.

o FIAsH sequence is in yellow.

o Start and stop codons are highlighted in yellow.

o Mutations are underlined in pink.

pcDNA3-3HA-CXCR4-CFP

2agcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG
TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG
TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT
ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACACTCCAAGGGCCACCAGAAGCGCAAGGCCCTCAAGA
CCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCATCGACTCCTTCATCCTCCTG
GAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGAGGCCCTAGCTTTCTTCCAC
TGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACGCACTCACCTCTGTGAGCA
GAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTGAGTCTGAGTCTTCAAGTT
TTCACTCCAGCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACG
TAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGCTACCCC
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGtACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCG
ACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCCGAC
AAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCA
AAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGA
GCTGTACAAGTAAgcggecege
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pPcDNA3-3HA-CXCR4-

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG

TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG

TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT

ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTG TCACACTCCAAGGGCCACCAGA

AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA

GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG

CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCTAAgcggecgct

pcDNA3-3HA-CXCR4-

2agcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG

TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG

TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT

ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACAC TCCAAGGGCCACCAGA

AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA

GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG

CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCTAAgcggccgct

pcDNA3-3HA-CXCR4-

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG

TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG

TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT

ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACACTCC AAGGGCCACCAGA

AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA

GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG
CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCTAAgcggcecgct
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pPcDNA3-3HA-CXCR4- -CFP

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG
TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG
TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT
ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTG TCACACTCCAAGGGCCACCAGA
AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA
GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG
CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAG
TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGt
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT
CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAAC
GTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCcACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGT
GCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
ACTCTCGGCATGGACGAGCTGTACAAGTAAgcggcege

pPcDNA3-3HA-CXCR4- -CFP

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG
TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG
TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT
ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACAC TCCAAGGGCCACCAGA
AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA
GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG
CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAG
TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGt
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT
CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAAC
GTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGT
GCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
ACTCTCGGCATGGACGAGCTGTACAAGTAAgcggcege
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pPcDNA3-3HA-CXCR4- -CFP

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCTGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG
TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG
TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT
ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACACTCC AAGGGCCACCAGA
AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA
GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG
CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAG
TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGt
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT
CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAAC
GTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCcACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGT
GCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
ACTCTCGGCATGGACGAGCTGTACAAGTAAgcggcege

pcDNA3-3HA-V4RD76CX CRA-CFP

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCIGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG
TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG
TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT
ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACACTCCAAGGGCCACCAGAAGCGCAAGGCCCTCAAGA
CCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCATCGACTCCTTCATCCTCCTG
GAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGAGGCCCTAGCTTTCTTCCAC
TGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACGCACTCACCTCTGTGAGCA
GAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTGAGTCTGAGTCTTCAAGTT
TTCACTCCAGCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACG
TAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGCTACCCC
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGtACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCG
ACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCCGAC
AAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCA
AAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGA
GCTGTACAAGTAAgcggccge
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PEDNA3-3HA-WHRDIGCY CRA- -CFP

aagcttGGTACCACCATGTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGAT
GTTCCAGATTACGCTGATGAGGGGATCAGTATATACACTTCAGATAACTACACCGAGGAAATGGGCTCAGGGGACTATGA
CTCCATGAAGGAACCCTGTTTCCGTGAAGAAAATGCTAATTTCAATAAAATCTTCCTGCCCACCATCTACTCCATCATCTTCT
TAACTGGCATTGTGGGCAATGGATTGGTCATCCTGGTCATGGGTTACCAGAAGAAACTGAGAAGCATGACGGACAAGTAC
AGGCTGCACCTGTCAGTGGCCGACCTCCTCTTTGTCATCACGCTTCCCTTCIGGGCAGTTGATGCCGTGGCAAACTGGTACT
TTGGGAACTTCCTATGCAAGGCAGTCCATGTCATCTACACAGTCAACCTCTACAGCAGTGTCCTCATCCTGGCCTTCATCAG
TCTGGACCGCTACCTGGCCATCGTCCACGCCACCAACAGTCAGAGGCCAAGGAAGCTGTTGGCTGAAAAGGTGGTCTATG
TTGGCGTCTGGATCCCTGCCCTCCTGCTGACTATTCCCGACTTCATCTTTGCCAACGTCAGTGAGGCAGATGACAGATATAT
CTGTGACCGCTTCTACCCCAATGACTTGTGGGTGGTTGTGTTCCAGTTTCAGCACATCATGGTTGGCCTTATCCTGCCTGGT
ATTGTCATCCTGTCCTGCTATTGCATTATCATCTCCAAGCTGTCACAC TCCAAGGGCCACCAGA
AGCGCAAGGCCCTCAAGACCACAGTCATCCTCATCCTGGCTTTCTTCGCCTGTTGGCTGCCTTACTACATTGGGATCAGCAT
CGACTCCTTCATCCTCCTGGAAATCATCAAGCAAGGGTGTGAGTTTGAGAACACTGTGCACAAGTGGATTTCCATCACCGA
GGCCCTAGCTTTCTTCCACTGTTGTCTGAACCCCATCCTCTATGCTTTCCTTGGAGCCAAATTTAAAACCTCTGCCCAGCACG
CACTCACCTCTGTGAGCAGAGGGTCCAGCCTCAAGATCCTCTCCAAAGGAAAGCGAGGTGGACATTCATCTGTTTCCACTG
AGTCTGAGTCTTCAAGTTTTCACTCCAGCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAG
TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGt
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT
CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAAC
GTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCcACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGT
GCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
ACTCTCGGCATGGACGAGCTGTACAAGTAAgcggcege

pcDNA3-HA-ACKR3-CFP

aagcttATGGGCTACCCGTACGACGTCCCAGACTACGCCGATCTGCATCTCTTCGACTACTCAGAGCCAGGGAACTTCTCGG
ACATCAGCTGGCCATGCAACAGCAGCGACTGCATCGTGGTGGACACGGTGATGTGTCCCAACATGCCCAACAAAAGCGTC
CTGCTCTACACGCTCTCCTTCATTTACATTTTCATTTTCGTCATCGGCATGATTGCCAACTCCGTGGTGGTCTGGGTGAATAT
CCAGGCCAAGACCACAGGCTATGACACGCACTGCTACATCTTGAACCTGGCCATTGCCGACCTGTGGGTTGTCCTCACCAT
CCCAGTCTGGGTGGTCAGTCTCGTGCAGCACAACCAGTGGCCCATGGGCGAGCTCACGTGCAAAGTCACACACCTCATCTT
CTCCATCAACCTCTTCGGCAGCATTTTCTTCCTCACGTGCATGAGCGTGGACCGCTACCTCTCCATCACCTACTTCACCAACA
CCCCCAGCAGCAGGAAGAAGATGGTACGCCGTGTCGTCTGCATCCTGGTGTGGCTGCTGGCCTTCTGCGTGTCTCTGCCTG
ACACCTACTACCTGAAGACCGTCACGTCTGCGTCCAACAATGAGACCTACTGCCGGTCCTTCTACCCCGAGCACAGCATCA
AGGAGTGGCTGATCGGCATGGAGCTGGTCTCCGTTGTCTTGGGCTTTGCCGTTCCCTTCTCCATTATCGCTGTCTTCTACTT
CCTGCTGGCCAGAGCCATCTCGGCGTCCAGTGACCAGGAGAAGCACAGCAGCCGGAAGATCATCTTCTCCTACGTGGTGG
TCTTCCTTGTCTGCTGGCTGCCCTACCACGTGGCGGTGCTGCTGGACATCTTCTCCATCCTGCACTACATCCCTTTCACCTGC
CGGCTGGAGCACGCCCTCTTCACGGCCCTGCATGTCACACAGTGCCTGTCGCTGGTGCACTGCTGCGTCAACCCTGTCCTCT
ACAGCTTCATCAATCGCAACTACAGGTACGAGCTGATGAAGGCCTTCATCTTCAAGTACTCGGCCAAAACAGGGCTCACCA
AGCTCATCGATGCCTCCAGAGTCTCAGAGACGGAGTACTCTGCCTTGGAGCAGAGCACCAAALctagaGTGAGCAAGGGCG
AGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAGGTTCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCLCTGGC
CCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCA
AGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGtACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAG
GTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGG
GGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCAC
TTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGG
CCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACA
TGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAgCggecgc
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pcDNA3-HA-ACKR3-

aagcttATGGGCTACCCGTACGACGTCCCAGACTACGCCGATCTGCATCTCTTCGACTACTCAGAGCCAGGGAACTTCTCGG
ACATCAGCTGGCCATGCAACAGCAGCGACTGCATCGTGGTGGACACGGTGATGTGTCCCAACATGCCCAACAAAAGCGTC
CTGCTCTACACGCTCTCCTTCATTTACATTTTCATTTTCGTCATCGGCATGATTGCCAACTCCGTGGTGGTCTGGGTGAATAT
CCAGGCCAAGACCACAGGCTATGACACGCACTGCTACATCTTGAACCTGGCCATTGCCGACCTGTGGGTTGTCCTCACCAT
CCCAGTCTGGGTGGTCAGTCTCGTGCAGCACAACCAGTGGCCCATGGGCGAGCTCACGTGCAAAGTCACACACCTCATCTT
CTCCATCAACCTCTTCGGCAGCATTTTCTTCCTCACGTGCATGAGCGTGGACCGCTACCTCTCCATCACCTACTTCACCAACA
CCCCCAGCAGCAGGAAGAAGATGGTACGCCGTGTCGTCTGCATCCTGGTGTGGCTGCTGGCCTTCTGCGTGTCTCTGCCTG
ACACCTACTACCTGAAGACCGTCACGTCTGCGTCCAACAATGAGACCTACTGCCGGTCCTTCTACCCCGAGCACAGCATCA
AGGAGTGGCTGATCGGCATGGAGCTGGTCTCCGTTGTCTTGGGCTTTGCCGTTCCCTTCTCCATTATCGCTGTCTTCTACTT
CCTGCTGGCCAGAGCCATCTCGGCGTCC AGTGACCAGGAGAAGCACAGCAGCCGGAAGATCA
TCTTCTCCTACGTGGTGGTCTTCCTTGTCTGCTGGCTGCCCTACCACGTGGCGGTGCTGCTGGACATCTTCTCCATCCTGCAC
TACATCCCTTTCACCTGCCGGCTGGAGCACGCCCTCTTCACGGCCCTGCATGTCACACAGTGCCTGTCGCTGGTGCACTGCT
GCGTCAACCCTGTCCTCTACAGCTTCATCAATCGCAACTACAGGTACGAGCTGATGAAGGCCTTCATCTTCAAGTACTCGGC
CAAAACAGGGCTCACCAAGCTCATCGATGCCTCCAGAGTCTCAGAGACGGAGTACTCTGCCTTGGAGCAGAGCACCAAAT

AAgcggecge

pcDNA3-HA-ACKR3- -CFP

aagcttATGGGCTACCCGTACGACGTCCCAGACTACGCCGATCTGCATCTCTTCGACTACTCAGAGCCAGGGAACTTCTCGG
ACATCAGCTGGCCATGCAACAGCAGCGACTGCATCGTGGTGGACACGGTGATGTGTCCCAACATGCCCAACAAAAGCGTC
CTGCTCTACACGCTCTCCTTCATTTACATTTTCATTTTCGTCATCGGCATGATTGCCAACTCCGTGGTGGTCTGGGTGAATAT
CCAGGCCAAGACCACAGGCTATGACACGCACTGCTACATCTTGAACCTGGCCATTGCCGACCTGTGGGTTGTCCTCACCAT
CCCAGTCTGGGTGGTCAGTCTCGTGCAGCACAACCAGTGGCCCATGGGCGAGCTCACGTGCAAAGTCACACACCTCATCTT
CTCCATCAACCTCTTCGGCAGCATTTTCTTCCTCACGTGCATGAGCGTGGACCGCTACCTCTCCATCACCTACTTCACCAACA
CCCCCAGCAGCAGGAAGAAGATGGTACGCCGTGTCGTCTGCATCCTGGTGTGGCTGCTGGCCTTCTGCGTGTCTCTGCCTG
ACACCTACTACCTGAAGACCGTCACGTCTGCGTCCAACAATGAGACCTACTGCCGGTCCTTCTACCCCGAGCACAGCATCA
AGGAGTGGCTGATCGGCATGGAGCTGGTCTCCGTTGTCTTGGGCTTTGCCGTTCCCTTCTCCATTATCGCTGTCTTCTACTT
CCTGCTGGCCAGAGCCATCTCGGCGTCC AGTGACCAGGAGAAGCACAGCAGCCGGAAGATCA
TCTTCTCCTACGTGGTGGTCTTCCTTGTCTGCTGGCTGCCCTACCACGTGGCGGTGCTGCTGGACATCTTCTCCATCCTGCAC
TACATCCCTTTCACCTGCCGGCTGGAGCACGCCCTCTTCACGGCCCTGCATGTCACACAGTGCCTGTCGCTGGTGCACTGCT
GCGTCAACCCTGTCCTCTACAGCTTCATCAATCGCAACTACAGGTACGAGCTGATGAAGGCCTTCATCTTCAAGTACTCGGC
CAAAACAGGGCTCACCAAGCTCATCGATGCCTCCAGAGTCTCAGAGACGGAGTACTCTGCCTTGGAGCAGAGCACCAAALC
tagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCAC
AGGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGTACCATCTTCTTCAAGGACGACGGCAACT
ACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGA
GGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCCGACAAGCAGAAGA
ACGGCATCAAGGCCcACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAAC
ACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAAC
GAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTA

Agcggeege
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PcDNA3-HA-ACKR3(1-321)- -CFP

aagcttATGGGCTACCCGTACGACGTCCCAGACTACGCCGATCTGCATCTCTTCGACTACTCAGAGCCAGGGAACTTCTCGG
ACATCAGCTGGCCATGCAACAGCAGCGACTGCATCGTGGTGGACACGGTGATGTGTCCCAACATGCCCAACAAAAGCGTC
CTGCTCTACACGCTCTCCTTCATTTACATTTTCATTTTCGTCATCGGCATGATTGCCAACTCCGTGGTGGTCTGGGTGAATAT
CCAGGCCAAGACCACAGGCTATGACACGCACTGCTACATCTTGAACCTGGCCATTGCCGACCTGTGGGTTGTCCTCACCAT
CCCAGTCTGGGTGGTCAGTCTCGTGCAGCACAACCAGTGGCCCATGGGCGAGCTCACGTGCAAAGTCACACACCTCATCTT
CTCCATCAACCTCTTCGGCAGCATTTTCTTCCTCACGTGCATGAGCGTGGACCGCTACCTCTCCATCACCTACTTCACCAACA
CCCCCAGCAGCAGGAAGAAGATGGTACGCCGTGTCGTCTGCATCCTGGTGTGGCTGCTGGCCTTCTGCGTGTCTCTGCCTG
ACACCTACTACCTGAAGACCGTCACGTCTGCGTCCAACAATGAGACCTACTGCCGGTCCTTCTACCCCGAGCACAGCATCA
AGGAGTGGCTGATCGGCATGGAGCTGGTCTCCGTTGTCTTGGGCTTTGCCGTTCCCTTCTCCATTATCGCTGTCTTCTACTT
CCTGCTGGCCAGAGCCATCTCGGCGTCC AGTGACCAGGAGAAGCACAGCAGCCGGAAGATCA
TCTTCTCCTACGTGGTGGTCTTCCTTGTCTGCTGGCTGCCCTACCACGTGGCGGTGCTGCTGGACATCTTCTCCATCCTGCAC
TACATCCCTTTCACCTGCCGGCTGGAGCACGCCCTCTTCACGGCCCTGCATGTCACACAGTGCCTGTCGCTGGTGCACTGCT
GCGTCAACCCTGTCCTCTACAGCTTCATCAATCGCAACtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC
CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAGGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAC
GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGG
GGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTC
CAGGAGCGtACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGT
GAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATC
AGCCACAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGA
CGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACT
ACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCC
GCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAgcggecgc

PcDNA3-HA-ACKR3(1-346)- -CFP

aagcttATGGGCTACCCGTACGACGTCCCAGACTACGCCGATCTGCATCTCTTCGACTACTCAGAGCCAGGGAACTTCTCGG
ACATCAGCTGGCCATGCAACAGCAGCGACTGCATCGTGGTGGACACGGTGATGTGTCCCAACATGCCCAACAAAAGCGTC
CTGCTCTACACGCTCTCCTTCATTTACATTTTCATTTTCGTCATCGGCATGATTGCCAACTCCGTGGTGGTCTGGGTGAATAT
CCAGGCCAAGACCACAGGCTATGACACGCACTGCTACATCTTGAACCTGGCCATTGCCGACCTGTGGGTTGTCCTCACCAT
CCCAGTCTGGGTGGTCAGTCTCGTGCAGCACAACCAGTGGCCCATGGGCGAGCTCACGTGCAAAGTCACACACCTCATCTT
CTCCATCAACCTCTTCGGCAGCATTTTCTTCCTCACGTGCATGAGCGTGGACCGCTACCTCTCCATCACCTACTTCACCAACA
CCCCCAGCAGCAGGAAGAAGATGGTACGCCGTGTCGTCTGCATCCTGGTGTGGCTGCTGGCCTTCTGCGTGTCTCTGCCTG
ACACCTACTACCTGAAGACCGTCACGTCTGCGTCCAACAATGAGACCTACTGCCGGTCCTTCTACCCCGAGCACAGCATCA
AGGAGTGGCTGATCGGCATGGAGCTGGTCTCCGTTGTCTTGGGCTTTGCCGTTCCCTTCTCCATTATCGCTGTCTTCTACTT
CCTGCTGGCCAGAGCCATCTCGGCGTCC AGTGACCAGGAGAAGCACAGCAGCCGGAAGATCA
TCTTCTCCTACGTGGTGGTCTTCCTTGTCTGCTGGCTGCCCTACCACGTGGCGGTGCTGCTGGACATCTTCTCCATCCTGCAC
TACATCCCTTTCACCTGCCGGCTGGAGCACGCCCTCTTCACGGCCCTGCATGTCACACAGTGCCTGTCGCTGGTGCACTGCT
GCGTCAACCCTGTCCTCTACAGCTTCATCAATCGCAACTACAGGTACGAGCTGATGAAGGCCTTCATCTTCAAGTACTCGGC
CAAAACAGGGCTCACCAAGCTCATCGATGCCtctagaGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCT
GGTCGAGCTGGACGGCGACGTAAACGGCCACAEGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAA
GCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGLGT
GCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGA
GCGtACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACC
GCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCA
CAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCCACTTCAAGATCCGCCACAACATCGAGGACGGCA
GCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTG
AGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGTAAgcggecge
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