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I'm shut tight.

Even if you break me to pieces,
we'll all still be closed.

You can grind us to sand,

we still won't let you in.

Wislawa Szymborska,
Conversation with a Stone
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Preface

Over the last years, the field of research on chemokines and their receptors has made
significant progresses. As the crystallography techniques improve, the number of
difficult-to-obtain three-dimensional chemokine receptor structures begins to increase.
In parallel many, sometimes groundbreaking, functional data have recently been
reported. As a consequence, the convictions within the chemokine-receptor community
evolve considerably as the previously widely accepted models fail now to withstand the
weight of both structural and functional evidences pointing out their oversimplification.
The two-site/two-step binding model for chemokine-receptor interactions is being
replaced with a more complex, multistep one, the concept of biased signalling is gaining
ground and the growing number of novel unsuspected non-chemokine ligands for
chemokine receptors regularly refine our understanding on how these receptors work
and how they are regulated, bringing about new paradigms. CXCR?, for which two new
ligands have recently been discovered and for which the signalling potential, 10 years
after its identification as a chemokine receptor, remains a debatable subject, integrates

really well in the current changing landscape of the chemokine-receptor field.

The present thesis gathers the fruit of my four years of work as a PhD student at the LIH
in the group of Molecular Signalling and Virus-Host Interactions. The aim of my project
was to provide new insights into the molecular and structural determinants that dictate
CXCRY7 ligand recognition and activation, with the final goal to better understand the
functions and biology of this atypical and fascinating receptor, how it may affect CXCR4
and CXCR3, with which it shares its ligands and, more generally, the role it may play in

the chemokine receptor network.

This thesis will be divided as follows: After a general introduction, the work done for
my project will be presented in eight chapters. A short introductory section will precede
each chapter, explaining the motivations or goals and the context of the related work.
Each chapter will be also followed by a brief concluding section. Chapters 1, 2, 4 and 7
correspond to work already published and a copy of each article is appended at the end
of this thesis. Some of the paragraphs have been adapted, taking into account the most
recent data. Chapters 5 and 8 correspond to submitted articles, whereas chapter 6 is
based on a manuscript currently in preparation. Chapter 3 briefly summarises the

preliminary results of an ongoing study that need to be further explored. The final
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section will be devoted to a short general conclusion allowing to situate the data
accumulated during the project in a larger context and suggesting possibilities for

follow-up studies.

Although a growing body of evidence indicate that the two-step/two-site binding
model is not sufficient to faithfully reflect how chemokines interact with their receptors,
it still provides a valuable conceptual framework to understand these interactions and
therefore reference to site 1 and site 2 will be regularly made in this thesis. Furthermore,
according to the ITUPHAR, CXCR7 has recently been officially classified among the
atypical chemokine receptors and renamed ACKRS3, throughout this work, however, its

previous name will be used.
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Abbreviations

ACKR: atypical chemokine receptor

ADCC: antibody-dependent cell-mediated cytotoxicity
AIDS: acquired immune deficiency disorder
cAMP: cyclic adenosine monophosphate
CCL: chemokine CC motif ligand

CRS: chemokine-recognition site

CXCL: chemokine CXC motif ligand
CX3CL: chemokine CX3C motif ligand
DARC: Duffy blood group antigen

EBV: Epstein-Barr virus

ECL: extracellular loop

ERK: extracellular signal-regulated kinase
GAG: glycosaminoglycan

GPCR: G protein-coupled receptor

GRK: G protein-coupled receptor kinase
HCMYV: human cytomegalovirus

HEK: human embryonic kidney

HHYV: human herpesvirus

HIV: human immunodeficiency virus
HTLV-1: human T-lymphotropic virus-1
ICL: intracellular loop

KS: Kaposi’'s sarcoma

KSHYV: Kaposi’s sarcoma-associated herpesvirus
mADb: monoclonal antibody

MAP: mitogen-activated protein

MCD: multicentric Castelman disease

NK: natural killer



NMR: nuclear magnetic resonance
OREF: open reading frame

PEL: primary effusion lymphoma
PET: positron emission tomography
PI3K: phosphoinositide-3 kinase
PTM: post-translational modification
PTX: pertussis toxin

TM: transmembrane segment
Th1/Th2: Type 1 or 2 T helper cells
vCCL2/vMIP-II: viral CC motif chemokine 2/viral macrophage inflammatory protein-II
XCL: chemokine C motif ligand
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Introduction

I. Chemokines and their receptors
1. Structure and classification of chemokines and their receptors

Chemokines are small (8-14 kDa) secreted proteins that play a central role in guiding
directional migration (chemotaxis) of leukocytes in immunosurveillance and immune
responses. Despite their low level of sequence identity, all chemokines display a
common structure consisting of a flexible N terminus, a cysteine motif followed by an
N-loop, three antiparallel B-strands and a C-terminal a-helix (Fig. 1). This structure is
stabilised by one or two disulphide bonds linking the cysteine motif with the f1-f2 turn
(30s loop) and the B3-strand. Based on the disposition of the cysteines within the
conserved motif, chemokines are divided into four families designated XC, CC, CXC
and CX3C. The CXC family can be further subdivided on the basis of the presence of an
N-terminal motif glutamate-leucine-arginine (ELR) adjacent to the cysteine motif, into

ELR-positive and ELR-negative chemokines.

Fig. 1. Chemokine three-dimensional
structure. Three-dimensional structure of
CXCL12 resolved by X-ray crystallography
(PDB ID: 1SDF) showing the structural
arrangement of  chemokine features,
including the highly disordered N terminus
(purple), the N-loop (green), the conserved
cysteine motif (red) and the core of the
chemokine with the three antiparallel f-
strands and the C-terminal a-helix (orange).
The secondary structure elements are
connected by turns known as 30s, 40s and
50s loops, reflecting the numbering of
residues in the protein.

— e

Chemokine exert their functions by interacting with chemokine receptors, which belong
to the superfamily of class A (or rhodopsin-like) heterotrimeric guanine nucleotide-
binding protein (G protein)-coupled receptors (GPCRs). Chemokine receptors show the
typical GPCR structure consisting of seven hydrophobic transmembrane (TM) a--helices

separated by alternating hydrophilic extracellular (ECL) and intracellular (ICL) loops,
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Introduction

with the N terminus situated on the outside of the cell and the C terminal tail on the

intracellular side (Fig. 2). Chemokine receptors are stabilised in a barrel-like structure by
two disulphide bridges linking ECL1 (or the top of TM3) to ECL2 and the N terminus of
the receptor to ECL3 (or the top TM7). Based on the chemokines that they bind,
chemokine receptors are classified into four families: XCR, CCR, CXCR and CX3CR.

N-term

ICL1

ICL

:itVCLZ

C-term

Fig.2. Chemokine receptor architecture. The three
extracellular loops (ECL1-3) and the N terminus are situated
in the extracellular region and the three intracellular loops
(ICL1-3) and the C terminus, in the intracellular region. The
transmembrane segments arranged in counter-clockwise
manner are numbered with Roman numerals. The two
disulphide bridges are represented as red dots.

To date, 47 chemokines and 19 receptors have been identified in humans. They form a

highly intricate and precisely regulated network, where a chemokine may bind to and

activate several receptors, while a chemokine receptor usually has multiple ligands. In

addition, other receptors referred to as atypical chemokine receptors (ACKR1-4) can

recognise chemokines and act as scavengers or signal through alternative pathways,

further contributing to the complexity of the chemokine network (Fig. 3).

Chemokine-receptor interactions may be further regulated on different levels including

by tissue-specific expression patterns of both partners, receptor and chemokine

proteolysis, oligomerisation and interactions with glycosaminoglycans (GAGs) that are

part of extracellular proteoglycans [1].
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Fig. 3. Chemokine and chemokine receptor families. Most chemokines can interact with
multiple receptors, and a single receptor can interact with multiple chemokines. This is the case
for most CC (red) and CXC (green) chemokines. Decoy receptors (black) can also bind multiple
chemokines. By contrast, a minority of receptors (blue) have only one ligand. Adapted from
Lazennec and Richmond 2010 [2].

2. G protein signalling

In their inactive state, chemokine receptors can associate with heterotrimeric GDP-
bound G proteins. Upon ligand binding the G protein trimers dissociate into an active
GTP-bound Ga. and a GPy dimer, each independently triggering downstream signalling
pathways that result in a variety of cellular responses. Chemokine receptors typically
signal through the pertussis toxin-sensitive Ga/, subtype, resulting in adenylate cyclase
inhibition, decrease of intracellular cAMP levels and activation of PKA. Other events
have been shown to occur in response to chemokine binding, e.g., phosphorylation of
ERK1/2 (part of the MAP kinase cascade), activation of phosphoinositide-3 kinase
(PI3K)/ Akt pathways [3] as well as increase in Ca?* flux, most likely through the Gy
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subunit, which activates PLC-f [3]. These various signalling responses lead to
modulation of transcription factors that mediate changes in the cytoskeletal apparatus,

regulate cell growth or production of other cytokines.

3. Arrestin recruitment

It is essential for cellular homeostasis to restore the receptor basal state following its
activation and signal transduction. This process is initiated by PKC or G protein-
coupled receptor kinases (GRK), which leads to the phosphorylation of multiple sites,
mainly threonine or serine residues, in the C terminus of the receptor. This
phosphorylation allows for to the recruitment of an adaptor molecule, -arrestin, which
sterically inhibits further binding of G proteins to the receptor. f-arrestin is then
ubiquitinilated, which leads to receptor endocytosis through clathrin-coated pits and
receptor degradation or recycling back to the membrane. Furthermore, over the last
decade, a new paradigm has emerged for chemokine receptors, and more generally for
GPCRs, according to which arrestin, besides its role in receptor desensitisation, is itself
an essential signal transducer molecule, leading to activation of cellular pathways and a

variety of physiological outcomes.

4. Function of chemokines and their receptors

Chemokines and their receptors regulate vital cellular mechanisms including migration,
adhesion as well as growth and survival [4, 5]. Functionally, chemokines are often
classified as either homeostatic or inflammatory. Homeostatic chemokines regulate
processes such as haematopoiesis, development of lymphoid organs,
immunosurveillence as well as embryonic development and angiogenesis.
Inflammatory chemokines are induced under stress and play crucial roles in adaptive
and innate immune response, wound healing and organ repair by attracting effector
cells to the site of infection or injury [6-8]. The inflammatory responses driven by
chemokines, when deregulated, are also source of pathological processes including

inflammatory and autoimmune diseases as well as cancer [2, 5, 9-12].
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5. Pathogens targeting chemokine receptor system

Various pathogens have evolved ways to subvert and exploit the immune processes

regulated by chemokines and their receptors to promote their survival and propagation.

Large DNA viruses (poxviruses, herpesviruses) have hijacked host chemokine or
chemokine receptor genes or have evolved their own chemokine-binding proteins to
interfere with the host immune response thereby increasing their chances of survival

and efficiency of dissemination [13, 14].

The human herpesvirus 8 encodes three chemokines vCCL1/vMIP-I, vCCL2/vMIP-II
and vCCL3/vMIP-III. vCCL2 is a case of viral molecular mimicry par excellence and
will be discussed more in detail in Chapter 4. HHV-8 and other hepersviruses have also
pirated genes encoding viral G protein-coupled receptors (VGPCRs) such as ORF74,
US28 or BILF, which are expressed on infected host cells and have acquired unique

properties such as constitutive signalling and the ability to bind a broad range of human

chemokines [13].

Similar immune evasion strategy is used by viruses like herpesviruses or poxviruses but
also the parasitic worm Schistosoma mansoni and ticks that encode diverse soluble
chemokine-binding proteins (CKBP) able to bind chemokines with high affinity, despite
no sequence similarity to cellular chemokine receptors [15-17]. The vast majority of
CKBPs bind directly to the receptor-binding region of the chemokine, often to the N
terminus, but others can also indirectly inhibit chemokine activity by interfering with

their GAG binding domain thereby preventing the formation of chemokine gradients.

Chemokine receptors can also be hijacked by pathogens to allow their entry into specific
cell types. One of the best-known examples is the human immunodeficiency virus (HIV-
1), the causative agent of AIDS, which uses CCR5 and CXCR4 as entry co-receptors
through interactions with its envelope protein, gp120 [18, 19].

Another striking example of chemokine receptor piracy are the malaria parasites
Plasmodium vivax and Plasmodium knowlesi that use the atypical chemokine receptor
ACKR1/DARC (Dufty blood group antigen) to invade human erythrocytes [20-22]. The
molecular details of chemokine receptor interactions with gp120 of HIV and the Duffy

binding protein of malaria parasites are elaborated on in Chapter 1.
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6. Chemokines and their receptors as drug targets

To date, only a small number of drugs developed to target the chemokine-receptor
network have made it through the clinical trials. It was at first all the more surprising
and disappointing for chemokine receptors, as they belong to the GPCR family, which is
currently the target of about 30 % of marketed drugs [16]. The still-limited
understanding of the biology and selectivity of the highly promiscuous chemokine-
receptor network is certainly one of the causes of the poor success rate in developing
efficacious treatment strategies. Another issue often raised in this context is that the
majority of therapeutic targets are validated in rodent disease models, which may be
misleading considering the substantial differences between rodents and humans in the

role played by particular chemokine-receptor pairs [16].

Several strategies have been used to target pathology-implicated chemokine-receptor
interactions, either by blocking the receptor, the chemokine or indirectly by inhibiting

their binding to GAGs [23].

To date, only two small molecules targeting chemokine receptors have reached the
market and are approved in Europe and the United States. The first is the antiretroviral
drug maraviroc, targeting CCR5 and used as HIV entry inhibitor blocking the
interaction between the virus envelope protein gp120 and the co-receptor. The second
molecule is the CXCR4 antagonist AMD3100 (plerixafor), a bicyclam derivative used for
mobilisation of hematopoietic stem cells from the bone marrow to the bloodstream and
post-chemotherapy autologous transplantation in patients with lymphoma and multiple

myeloma.

In addition, many attempts have been made at developing therapeutic antibodies either
directly blocking the target, be it the chemokine receptor, its cognate ligand or a
receptor-binding pathogen protein, or having an indirect effect by triggering host-
dependent responses like antibody-dependent cell-mediated cytotoxicity (ADCC) or
complement-dependent cytotoxicity (CDC). Alternatively, antibodies can be used as

carriers to deliver cytotoxic agents or radioisotopes [24].

The first and, at the moment, only marketed antibody targeting a chemokine receptor is

the humanised mouse monoclonal anti-CCR4 antibody. It recognises the N terminus of

CCR4 and does not inhibit the interaction of CCR4 with its ligands but rather induces

ADCC (see Chapter 1, section 4 for further discussion on the therapeutic potential of
10
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chemokine receptor N terminus). KW-0761 has been marketed in Japan in 2012 for the
treatment of relapsed and refractory adult T cell leukemia and its safety and efficacy is
currently being further evaluated, also in Europe and the United States, against various

types of leukemia and lymphoma [25].

Various other antibodies or small molecule inhibitors are also being investigated but a
better understanding of the molecular basis of the promiscuity of chemokine-receptor
interactions and their physiological and pathological implications could offer

possibilities to improve therapeutic strategies [26].

II. Chemokine receptor interactions
1. Two-site/two-step model and beyond

The two-step/two-site model was proposed almost 20 years ago through the work of
three concurrent functional and structural studies using chimeric chemokines and
receptors as well as peptides derived from the receptor N terminus [27-29]. This model
describes the chemokine-receptor interactions functionally (two-step) and spatially (two-
site). Spatially, site 1 refers to interactions between the receptor N terminus (chemokine
recognition site 1, CRS1) and the chemokine globular core, and site 2 refers to contacts
between residues in the receptor transmembrane (TM) domain (CRS2) and the
unstructured chemokine N terminus [30] (Fig. 4). Functionally, site 1 provides affinity

and specificity, whereas site 2 interactions lead to receptor activation.

Fig. 4. Putative two-step/two-site mechanism for the interaction between chemokines and
chemokine receptors. (A) First step: interactions between the N-loop of the chemokine and the
N-terminal domain of the receptor. (B) Step two: interactions between the flexible N terminus of
the chemokine and the extracellular loops as well as the transmembrane segments of the
receptor. The disulphide bridges between N-term/ECL3 and ECL1/ECL2 are depicted as red
dots.
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Although the two-step/two-side model has for years provided a useful conceptual
framework in which to understand the interactions between chemokines and their
receptor, it often overlooks other receptor regions that also play crucial structural and
functional roles. Notably, interactions between chemokines and the receptor
extracellular loops (ECLs) are variously ascribed to site 1, site 2, or not included in these

models at all [31-35] (see Chapters 2, 6 and 8).

Furthermore, the first two chemokine-receptor crystal structures showed that in contrast
to recognising spatially distinct receptor domains, the chemokines can form interactions
spanning from the receptor N terminus (site 1) to the receptor TM domain (site 2) [34].
This interaction region between the chemokine’s cysteine motif and the receptor N-
terminal base does not corresponds to either site 1 or site 2 of the two-step/two-site
model and was named chemokine recognition site 1.5 (CRS1.5) [34-36]. The existence of
multiple intermediate interfaces challenges thus the assumed spatial and functional

separation between sites 1 and 2.

Various reports on oligomerisation of both chemokines and receptor also calls into
question the current binding model, as they suggest that the stoichiometry of their
interactions may be different, at least in some instances, than the 1:1 relation (see chapter

8).

2. Chemokine and receptor oligomerisation

2.1 Chemokine dimerisation

Initially thought to be a crystallisation artefact, chemokine dimerisation has been re-
examined over the past years in numerous structural and biochemical studies. It appears
now that the vast majority of chemokines are able to form dimeric structures with the
monomer-dimer equilibrium being regulated by factors such as pH, anions and
interactions with glycosaminoglycans [37, 38]. Additionally, some chemokines can form
tetramers or higher-order oligomers [39-42]. Heterodimers of two different CC or CXC
chemokines as well as cross-family CC/CXC heterodimers have also been reported [37,

38].

The biological relevance of chemokine dimerisation is still a matter of debate and its

exact impact on receptor binding, stoichiometry and signalling remains to be unravelled

[38, 43-45]. It has however been demonstrated that monomeric and dimeric CXCL12
12
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induce different intracellular signalling and opposite effects on cell migration

suggesting yet another level of regulation of chemokine-receptor interaction [46].

2.2 Receptor dimerisation

It has been for long assumed that chemokine receptors exist as monomers, which behave
as fully competent signalling units. The first structural evidence of chemokine receptor
dimerisation was provided by the first inactive-state crystal structures of CXCR4 in
which the receptor was present as a dimer with the interface between the subunits
located at the top of TM5 and TM6 and stabilised by hydrogen bonds [47]. Chemokine
receptors from all four subfamilies (C, CC, CXC, CX3C) have now been described to
form homo- or heterodimers in vitro [48-51]. Receptor dimerisation has been shown to
modify their ligand binding properties [52, 53] and signalling [54-57] as well as
intracellular trafficking [58]. However, so far there is no in vivo data reporting the
existence of chemokine receptor dimers and therefore their biological relevance remains

a controversial question [59, 60].

3. Functional selectivity - biased signalling

Compared to the rather exclusive ligand-receptor paring characterising other GPCR
families, the interaction network of chemokines and their receptors is highly complex.
Usually, a chemokine is able to bind and activate several receptors, while a receptor can
have multiple chemokine agonists. This promiscuity of interactions has long been
regarded as simple redundancy but it has now become apparent that it allows to achieve
a great variety of crucial functions through distinct effects of chemokine-receptor pairs
depending on their spatio-temporal expression [61]. In addition, until recently
chemokine receptors were commonly accepted to signal exclusively through the
canonical G protein pathways and to be coupled to the G0 subtype. However, a
growing body of evidences show that, depending on the ligand and the cellular context,
some chemokine receptors can also signal through other G protein subtypes (Gs, Gq/11 or
Giz/13) or activate signalling independent of G proteins such as arrestin-mediated
signalling pathways [3, 62, 63]. This emerging paradigm is known as biased signalling
or functional selectivity and appears to be ubiquitous among chemokines and

chemokine receptors, complexifying their crosstalk and diversifying the possible
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signalling outcomes. Biased signalling can originate from three main phenomena: ligand
bias, receptor bias and tissue or cell bias [64-67] but in fact it may occur at all the steps of

chemokine-receptor interactions.

Biased signaling
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Fig. 5. Simplified overview of biased signalling at chemokine receptors. Biased signalling
describes a situation in which one signalling pathway is activated over another. (Left) Ligand
bias: different chemokines binding to the same receptor activate distinct cellular responses
(Centre) Receptor bias: the same chemokine activates different pathways depending on the
receptor it binds. (Right) Tissue bias: the same chemokine-receptor pair triggers distinct
signalling pathways depending on the cellular context. From Steen et al. 2014 [65].

Ligand bias can be best illustrated by the situation when different chemokines binding to
the same receptor activate distinct cellular responses. In addition, ligand bias may
depend on chemokine post-translational modifications, such as truncation, citrullination
or dimerisation [46, 68]. The poor sequence identity between chemokines, especially in
their N terminus, which bears important receptor binding and activation determinants,
in part explains the existence of ligand bias. Indeed, chemokines may engage the same
receptor through slightly different binding modes and thereby stabilise distinct active
forms of the receptor, defining to which cellular signalling effectors it will preferentially

couple. The recently uncovered molecular basis of ligand bias in other receptor families
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also suggests an important role of the interactions with specific structural determinants,
the so-called micro-switches, and of distinct helical movements of TM5 and TM6 or

TM?7, favouring G protein coupling or arrestin signalling, respectively [65, 69, 70].

Biased signalling may also rely on the functionality of the receptor and the presence of
motifs that ensure on one hand chemokine binding and on the other hand the coupling
of the receptor to various effectors. So far, receptor bias has mainly been observed
between conventional and atypical chemokine receptors or for viral chemokine
receptors [71]. For instance, CXCL12 binding to CXCR4 induces canonical G protein
signalling but also arrestin signalling [3, 72], whereas its binding to CXCR?7 is proposed

to trigger arrestin-mediated, G protein-independent signalling [73].

Bias can also occur at the cellular level as the same chemokine-receptor pair may trigger
distinct signalling pathways or cellular responses, depending on the cellular context [74,
75]. Such cellular bias is unsurprising considering the large variety of cells expressing
chemokine receptors and having different expression patterns of signalling partners (G
proteins subtypes and arrestin isoforms), receptor modifying enzymes (GRKs, TPSTs) or
effector molecules as well as of other chemokine receptors or receptors modulating

partners.

Altogether, these different aspects of bias signalling complexify tremendously the
responses of chemokine receptors to their cognate ligands and reveal how finely
regulated their interactions are. The various levels of bias are tightly linked and should
not be regarded as independent mechanisms when chemokine-receptor interactions are
considered. Although the binding of a particular chemokine to the receptor may dictate
the functional outcome by stabilising a particular active state of the receptor, it equally
depends on the intrinsic functionality of the receptor as well as the expression patterns

of second messenger and signalling effector molecules.

4. Non-chemokine ligands

Some chemokine receptors were also shown to bind to endogenous or virus-encoded
ligands other than chemokines. These unconventional ligands vary extremely in terms
of size, ranging from large proteins to peptides, and often have no sequence or
structural similarities with chemokines [76-79]. They trigger signalling pathways similar

to or different from those induced by the endogenous chemokines [76-82]. For some of
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these non-chemokine ligands, the binding and signalling rely on the chemokine receptor
alone [79], while for others, the chemokine receptor operates in tandem with another

membrane protein that usually serves as primary receptor [18, 80].

Intracellular signalling induced by the HIV envelope protein gp120 (120 kDa) following
interactions with CCR5 and CXCR4 is well documented. Another HIV protein, the
matrix protein pl7, was reported to bind to CXCR1 and CXCR2 inducing chemokine-

like activity on monocytes [83, 84].

More recently, the pseudo-chemokine MIF (macrophage migration inhibitory factor), a
pleiotropic and proinflammatory chemotactic cytokine of 12.3 kDa highly expressed by
tumour cells has been shown to induce signalling and chemotaxis through CXCR2 [77],

CXCRA4 [78] and CXCR7 [80].

CXCR4 has also been shown to bind extracellular ubiquitin (eUb, 8.6 kDa), leading to G
protein signalling similar to that induced by CXCL12 [79]. Other endogenous non-
chemokine ligands such as human B3-defensin (HDB-3) (5.1 kDa) [85] and EPI-X4 (1.8
kDa) a 16-amino acid peptide derived from human albumin [86] were also

demonstrated to interact with CXCR4 but failed to induce intracellular signalling.

The identification of non-cognate ligands for chemokine receptors, some exclusive of
one receptor, others interacting with several receptors not necessarily belonging to the
same family, further emphasises the complexity of the chemokine receptor network,
which seems now even more promiscuous and predisposed to bias than initially
thought. These new ligands will certainly help to uncover other important physiological
and pathological functions for this family of receptors, explain past observations and

provide new therapeutic opportunities to modulate chemokine/receptor activity.

We are only now starting to really appreciate the complexity of chemokine-receptor
interactions through the numerous recent paradigm-changing discoveries based on
chemokine-receptor three-dimensional structures, the existence of biased signalling or
the identification of several new non-chemokine ligands for chemokine receptors. The
last section of the introduction will present the atypical chemokine receptor, CXCR?7,
which was the focus of this thesis and whose biology and functions have also recently

been reassessed.
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III. CXCR7
1. Historical overview and ligand identification

CXCR7 was originally isolated from a dog thyroid cDNA library and named RDC1
(receptor dog cDNA) [87]. Mouse and a human orthologues were subsequently found
and later the observation that RDC-1 is found on the same chromosome and shares high
degree of similarity with CXCR2 and CXCR4 lead to presume that RDC-1 was an
orphan CXC chemokine receptor [88].

Ever since it was initially isolated, several ligands had been proposed for RDC-1,
including the vasoactive intestinal peptide (VIP) or calcitonin gene-related peptide
(CGRP) but these interactions could never be confirmed [89, 90]. In addition the peptide
hormone adrenomedullin was also suggested to recognise and activate RDC1 [91].

It was only a decade ago, when CXCL12 and CXCL11 were identified as its high-affinity
ligands that RDC-1 was deorpahinsed and classified among the chemokine receptors as
CXCR?7 [92]. Since then, an ever-increasing number of studies have been pointing to the
involvement of CXCR7 in many physiological and pathological processes and its
possible crosstalk with CXCR4 and CXCR3, which also bind to CXCL12 and CXCL11,

respectively.

Furthermore, more recently it also emerged that CXCR7 can interact with two other
non-chemokine proteins. The first one is the pseudo-chemokine MIF (macrophage
migration inhibitory factor), a pro-inflammatory chemotactic cytokine highly expressed
by tumour cells and proposed to bind and activate CXCR7, although the presence of
another membrane protein, CD74 is required [80]. The second recently identified ligand
is the peptide hormone belonging to the calcitonin gene-related peptide family,
adrenomedullin, which in fact has already been proposed to interact with CXCR7 in an
early, unnoticed study [91]. Similarly to MIF, adrenomedullin may need another

membrane protein to efficiently bind CXCR?7.

The exact molecular bases of CXCR7 interactions with both its chemokine and non-
chemokine ligands remain unexplored. Moreover, due to its unusual biology (see

further), CXCR7 has now been classified as an atypical chemokine receptor and

renamed ACKR3 [73, 93].
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2. Biological role

CXCR?7, is expressed in various cells such as B and T lymphocytes, neurons and
endothelial cells and plays a crucial role in many processes including cardiovascular
and neuronal development as well as in migration and homing of hematopoietic
stem/progenitor cells [92, 94-99]. Cxcr7 knockout mice die perinatally due to cardiac
defects. It has recently been proposed that the lethality of CXCR7 depletion may be
accounted for by the receptor’s involvement in the control of adrenomedullin levels,
required for normal cardiovascular development [91, 98]. CXCR?7 is also proposed to
play a role in immune responses and in tissue repair although the exact mechanisms are

not well understood.

An increasing number of studies point to the involvement of CXCR7 in many cancers as
it is expressed in various cancer cell types as well as on tumour-associated vasculature

and accumulating evidence demonstrates its involvement in metastasis development

[100-103].

CXCR?7 was also shown to be upregulated upon infection by several cancer-inducing
viruses including HHV-8, EBV, HTLV-1 and to play an important role in cell

transformation and proliferation [104, 105].

3. Signalling vs. scavenging

Divergent data exist in the literature regarding the signalling properties of CXCR7 [92,
106, 107]. The predominant view in the field is that CXCR?7 is unable to trigger G protein
signalling, as shown by the lack of the classical responses induced by chemokine
(intracellular calcium release, cAMP modulation and chemotaxis [92, 107]. Instead, it is

proposed that CXCR?7 can trigger arrestin-dependent signalling [3, 72, 108].
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Fig. 6. Cellular functions of CXCR7. CXCL12 binding induces arrestin recruitment to the
receptor leading to its internalisation and subsequent ligand degradation. On some cellular
contexts, this interaction may also trigger intracellular signalling. CXCR7 can also regulate the
trafficking and signal transduction of CXCR4, thereby modulating the biological responses that
are mediated by this conventional chemokine receptor. Adapted from Nibbs and Graham, 2013
[109].

CXCR? is also commonly proposed as a non-signalling receptor acting exclusively as a
chemokine scavenger. Through its continuous cycling between the plasma membrane
and endosomal compartments and its capacity to efficiently internalise and degrade
chemokines CXCR?7 can regulate the availability of CXCL12 and CXCL11 for CXCR4
and CXCR3 [110-114]. Endorsing the hypothesis of CXCR7 role as a scavenger receptor
is its 10-fold higher affinity for CXCL12 compared with CXCR4 and the observation that
after internalisation following chemokine binding, CXCR? rapidly recycles back to the
cell surface and is therefore continually available to clear chemokines [92, 115, 116]. In
addition, CXCR7 was shown to regulate other aspects of CXCR4 functions through
heterodimerisation [113, 117] (Fig.6).

CXCRY7 has recently been renamed ACKR3 and classified among the atypical chemokine
receptor family, which is currently composed of three other members, ACKR1 (formerly
DARC), ACKR2 (D6) and ACKR4 (CCRL1 or CCXCKR), all characterised by their
inability to signal through the classical G protein pathways [93, 118]. They are also
commonly referred to as the decoy receptors owing to their ability to internalise and

degrade chemokines. However, while the other ACKRs are highly promiscuous and
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bind a large number of mostly CC chemokines CXCR7 has a more limited ligand
repertoire (Fig. 3).

Currently, there is no clear explanation for the contradicting reports regarding CXCR7
activity and signalling properties however, cell type or cell context differences may be a

contributing factor.

Various sections presented in this introduction will be further elaborated in the
following chapters. First, an overview on the chemokine receptor N termini will be
given, emphasising the presence of the second cysteine bridge between the N terminus
and the top of TM7 and the formation of a fourth extracellular loop as well as molecular
signatures, which we identified in this project. The existence and the potential role of
several particularities of the N terminus of CXCR7 will be then discussed and supported
by preliminary experimental data. The properties and functions of a viral chemokine,
vCCL2, will be then outlined, followed by its characterisation as a new ligand for
CXCR?. A comparative study on the importance of various features of the N terminus of
chemokines, including vCCL2, for the interactions with CXCR7 but also CXCR3 and
CXCR4 will also be presented. Finally, from receptor’s viewpoint, our study on the
structural ligand-binding determinants of CXCR4 will be described. The closing chapter
will illustrate how the present models for chemokine-receptor interactions are being

challenged, leading to changes in paradigms.
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Chapter 1 N terminus of chemokine receptors

This first chapter originates in a thorough comparative analysis of the N terminus of
CXCR?7 and other chemokine receptors, performed at the very beginning of my project. The
aim was to understand the characteristics of this region of chemokine receptors in general
but also to determine distinctive features of CXCR7, which could help to explain its atypical
properties. Interestingly, we were also able to identify new molecular signatures within the

N-terminal domains of chemokine receptors.

Chemokine-receptor interactions are particularly intricate and require precise orchestration.
The seemingly redundant network of many chemokines binding to multiple receptors and
vice versa reflects in fact a high degree of regulation, resulting in myriad of functional
outcomes. Although a growing body of evidence suggests that the early two-step/two-site
model for chemokine-receptor interactions is highly oversimplified, the binding of the
receptor N terminus to the chemokine globular core remains an important component of
chemokine-receptor interactions and has regularly been demonstrated to hold a crucial role
in the initial recognition and selective binding of the receptor ligands. The length and the
amino acid sequences of the N termini vary considerably among different receptors but
they all show a high content of negatively charged residues and are subject to post-
translational modifications such as O-sulfation and N- or O-glycosylation. In addition, a
conserved cysteine that is most likely engaged in a receptor-stabilising disulphide bond
delimits two functionally distinct parts in the N terminus, characterised by specific
molecular signatures. Structural analyses have also shown that for many chemokine-
receptor pairs the N terminus of chemokine receptors recognises a groove on the
chemokine surface and that this interaction is stabilised by high-affinity binding to a

conserved sulfotyrosine-binding pocket.

The diversity of human chemokine receptor N-terminal domains will be discussed in this
chapter and illustrated in a comprehensive annotated inventory of their sequences, laying
special emphasis on the presence of post-translational modifications and functional
features. Various attempts to develop therapeutic strategies targeting the receptor N

terminus interactions will also be described.
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1. Introduction

Chemokine receptors are rhodopsin-like G protein-coupled receptors (GPCRs) displaying a
structure typical of this family that consists of seven hydrophobic membrane-spanning o-
helices separated by alternating hydrophilic extracellular (ECL) and intracellular (ICL)
loops. The N terminus of the receptor is situated on the outside of the cell and participates
in ligand binding whereas the C-terminal tail is located on the intracellular side. Upon
ligand binding, chemokine receptors activate intracellular heterotrimeric G proteins
triggering downstream signalling pathways that result in a variety of cellular responses.
Additionally, non-signalling receptors such as decoy receptors were shown to control the
cellular response to chemokines by sequestration and modulation of their local

concentration [1, 2].

Chemokines and their receptors regulate vital cellular mechanisms including migration,
adhesion as well as growth and survival [3, 4]. Chemokines control processes such as
embryonic development, angiogenesis and haematopoiesis but can be also released under
stress. These inducible chemokines play crucial roles in adaptive and innate immune
response, wound healing and organ repair by attracting effector cells to the site of infection
or injury [5-7]. Many chemokines are also involved in pathological processes including
inflammatory and autoimmune diseases as well as cancer [4, 8-10]. In addition, some
pathogens interfere with the host chemokine/chemokine receptor network to promote their
own survival by either encoding chemokines, chemokine receptors or other chemokine-

binding proteins or by co-opting chemokine receptors for host cell entry.

Chemokines interactions with their cognate receptors are often described with a simple
two-step/two-site model [11, 12]. According to this model, the initial step corresponds to
the anchoring of the chemokine to the N terminus of the receptor and is followed by the
binding of the flexible chemokine N terminus to the extracellular loops and the
transmembrane segments of the receptor. Numerous studies illustrate the great importance
of the extracellular parts, and in particular the receptor N terminus, in discriminating

between the various chemokine ligands.
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Despite their low level of sequence identity, all chemokines display a common monomeric
structure consisting of a flexible N terminus followed by an N-loop, three anti-parallel (3-
strands and a C-terminal a-helix [13, 14]. The N-terminal domain contains one or two
cysteines implicated in structure-stabilising disulphide bonds. Based on the positioning of
these cysteines, chemokines are divided into four subfamilies: XC, CC, CXC and CXsC [15].
Accordingly, chemokine receptors are named XCR, CCR, CXCR or CXs3CR. The
chemokine-receptor network is very complex and a given chemokine may bind to several
receptors, while a chemokine receptor usually has multiple ligands. To date, over fifty

chemokines and twenty receptors have been identified in humans.

The N-terminal domains vary considerably in length between different chemokine
receptors, also within subfamilies. They do however display a number of common features,
including high content of negatively charged residues, tyrosine sulfation motifs and N-
glycosylation sites. In addition, a highly conserved disulphide bond links the N terminus
and the third extracellular loop. Some of these characteristics of the chemokine receptor N-
terminal domain have been shown to strongly influence ligand binding as well as the

cellular responses.

Given the implication of the chemokine network in many pathologies, a better
understanding of the mechanisms driving ligand binding to chemokine receptors is
essential for the development of highly specific therapeutic molecules targeting either the
receptors or chemokines. To accurately comprehend these interactions, three-dimensional
structures of chemokine receptors are needed. Yet, their resolution has proven particularly
arduous mainly due to the difficulties in purifying and crystallising these proteins. During
the last five years, several three-dimensional structures of chemokine receptors have been
resolved. For the earlier co-complexes with small molecule ligands or short peptidic
derivatives, the spatial arrangement of the receptor N terminus could not be determined
due to the high flexibility of this region [16, 17]. The very recent first two crystal structures
of chemokine receptors bound to chemokine ligands (CXCR4 in complex with the viral
chemokine vCCL2 and the viral chemokine receptor US28 in complex with CX3CL1)

provided valuable molecular details on these interactions, yet the exact way the receptor N
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terminus engages the chemokine, especially its most proximal flexible part, remains

difficult to determine (see also chapter 8) [18, 19].

Multiple alternative approaches have also been used to investigate the interactions of the N
terminus of chemokine receptors with their ligands. Chimeric, mutated or truncated
receptors have long been widely exploited [20-26]. In parallel, soluble synthetic peptides
derived from the N termini of chemokine receptors have been used as models for the
binding of ligands to full-length receptors [27, 28]. In particular, the NMR studies of
interactions between the receptor N terminus-derived peptides and chemokines have
provided substantial functional and structural information in this regard [29-36].
Additionally, grafting of the N terminus together with another extracellular loop on the Bl
domain of protein G soluble scaffolds allowed examining ligand interactions in contexts
reminiscent of native receptors [37, 38]. Other approaches aimed to investigate the N
terminus of chemokine receptors in more membrane-like environments such as micelles or
phospholipid bilayers as well as in fusion with membrane proteins [27, 39, 40]. Thanks to
this constantly growing arsenal of methods and increasingly powerful tools, remarkable
progress has been made towards the elucidation of ligand interactions with chemokine

receptors.

The present review gives an outline of the information currently available on the diversity
and function of human chemokine receptor N-terminal domains. Additionally, it provides
a comprehensive annotated inventory of the chemokine receptor N-terminal sequences,
laying special emphasis on the presence of post-translational modifications, sequence

signatures and functional features.

2. Sequence diversity of chemokine receptor N-terminal domains
2.1 Length and molecular signatures

Chemokine receptors present relatively short N-terminal domains ranging from 26
(CX3CR1) to 65 (ACKR1) amino acids compared to the N-terminal domains of up to 600
amino acids in other GPCRs. Notably, in all chemokine receptors except for CXCR®6, the N-

terminal domains bear a conserved cysteine residue in their second moiety. This cysteine is
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likely to be engaged in a disulphide bridge with the third extracellular loop of the receptor
(ECL3 or top of TM7) and delimits two functional parts characterised by different sequence
features: the M-C part including residues from the N-terminal methionine (M) to the
cysteine (C) and the C-TM part including the residues from the cysteine to the first
transmembrane segment (TM). While the M-C parts are in general described as very
flexible, the C-TM parts link the TM1 and TM7 through a disulphide bridge forming a
pseudo-loop at the surface of the receptor (Fig. 1).

Fig. 1. Top-down view of chemokine receptor surface. X-ray

™ <) ECL3  structure of CXCR4 (PDB ID: 30EO). The seven

~ transmembrane (TM) segments are represented in green. The

two disulphide bridges connecting the N terminus to ECL3

( (top of TM7) and ECL1 (top of TM3) to ECL2 are coloured in

ECLL ™ ( ’(> red and indicated by SS. The N-terminal part of the N

EcL2 terminus (M-C part) is flexible and unstructured in the absence

N\ ) of chemokine. Clear electron density was only observed for C-
' ) TM part, starting at residue P28.

In all chemokine receptor families, the M-C parts show variable length, low sequence
identity, overall negative charges and contain multiple tyrosine and asparagine residues
that are post-translationally modified. The size of the M-C parts varies, also within the
receptor families, from 21 to 51 amino. Moreover, there seems to be no correlation between
their length and the selectivity of the receptor. Low identity observed in the M-C parts
supports their implication in ligand selectivity. Except for their overall negative charges,
the presence of sulfotyrosines (see section 2.2.2) and of potential N-glycosylation sites (see

section 2.2.3), no specific signatures seem to be present and conserved in the M-C parts.

The C-TM parts are shorter (5 to 20 residues), display variable net charges within the CC
and decoy receptor families and are neutral or negative in CXC receptors, contain no
sulfated tyrosines or glycosylation sites. The only exception is CXCR7, which bears a
putative N-glycosylation site two residues before the predicted TM1. Despite the low
identity and size variation, we identified new signatures conserved within the C-TM parts
of different chemokine receptor families (Tables 1-4). Receptors CCR1, CCR2, CCR3, CCR4,
CCRS5 and CCR9 present longer C-TM parts characterised by a length of 18 residues and the
conservation of a scattered motif K-X3.K/R-X7.PPLYS/W separated from the cysteine by

36



Chapter 1 N terminus of chemokine receptors

one residue. In contrast, CCR6, CCR7, CCR8, CCR10, all CXC receptors, ACKR2 and
ACKR4 display shorter C-TM parts (10 or 11 residues) characterised by the conservation of
a negative charge (E/D+s/+4) 3 or 4 residues after the cysteine and a positive charge
(K/R+9/+10) preceding the TM1. In other receptors such as XCR1, CX3CR1 and ACKR1, no
particularities or features allowing their classification in one of these two families were

found.

2.2 Post-translational modifications
2.2.1 Disulphide bridges

Chemokine receptors typically bear one cysteine residue in each extracellular domain.
While the two cysteines present in ECL1 and ECL2 are a characteristic of nearly all
rhodopsin-like GPCRs and form a structurally and functionally critical disulphide bridge
[41], the other two cysteines situated in the N terminus and ECL3 are a particularity of
chemokine receptors and their role is not as well established. Indeed, although the
conservation of these residues as a pair in all chemokine receptors except CXCR6 indicates
their importance for receptor biology, most likely through disulphide bridge formation,

somewhat diverging results have been reported in the literature.

In an early study, it was shown that CXCR1 treatment with diamide, a bifuctional
sulfhydryl reagent that oxidises thiol groups and leads to formation of disulphide bonds,
resulted in a functionally inactive receptor and reduced CXCL8 (IL-8) binding [42].
Approaches using alkylating agents also pointed to the existence of free thiols in the

extracellular domains of CXCR1 [42] and in the N terminus and ECL3 of CCR6 [43].

The results from numerous other studies, however, strongly put forward the role of the N
terminus-ECL3 cysteine pair in receptor functions. Indeed, the mutation of one or both
cysteines in the N terminus and ECL3 of CCR2, CCR5, CXCR4, CXCR1 and CXCR2 reduced
the binding and signalling by CCL2, CCL5, CXCL12 and CXCLS, respectively [40, 44-47] as
well as ACKR1 interactions with various chemokines [48]. However, it was shown for
CCR?2 that the cysteine present in the N terminus is not directly involved in the interactions

with CCL2 [40]. Similarly, a study with a constitutively active N119S-CXCR4 demonstrated
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that mutants carrying a salt bridge C28R/C274E or an aromatic pair C28F/C274F retained
some of the activity of the receptor. It was further proposed that the N terminus-ECL3
cysteine pair may stabilise the active state of CXCR4 [49]. Interestingly, the mutation of this
cysteine pair in the two major HIV-1 co-receptors, CXCR4 and CCR5, seems to have little
effect on the binding of the gp120 to the receptors [44, 50].

The first direct evidence of the existence of a disulphide bridge between the N terminus-
ECL3 cysteines arose from one of the CXCR4 X-ray structures (PDB ID: 30EO), in which
the N terminus cysteine at position 28 is linked to ECL3 cysteine at position 274 (Fig. 1).
Interestingly, the helix VII (TM7) of CXCR4 is two turns longer than in other GPCR
structures, allowing the optimal positioning of C274 for this interaction [16]. Moreover, the
proline residue directly preceding C28, also present in many other chemokine receptors,
may play a crucial role in orienting the N terminus regions in the vicinity of this cysteine to
facilitate the disulphide bridge formation. The presence of a N terminus-ECL3 bridge was
confirmed in all chemokine receptor structures available so far [17-19, 51]. Long-time
molecular dynamics simulation suggested that its formation may be favoured by the
interactions between other residues from the M-C part and ECL3 (unpublished results). The
constraint imposed by the disulphide bond may fashion the chemokine binding pocket
and/or be of importance in the correct positioning of the M-C part for chemokine binding
or for its further interactions with the receptor (site 2) (see section 3.1). Indeed, in the case of
CXCR4, the disulphide bond delocalises the M-C part from TM1 to the top of TM7 and
facing the second extracellular loop, which is proposed to participate in the second step of
the binding mechanism. Additionally, by linking the TM1 and TM7 the disulphide bridge
may stabilise the three-dimensional structure of chemokine receptors by locking the
transmembrane segments in a circular arrangement (Fig. 1). Moreover, since ECL3 connects
TM6 and TM7, which are proposed to participate in conformational changes that trigger
receptor activation, the N terminus-ECL3 disulphide bridge was suggested to have a role in

the coupling of ligand binding to receptor activation [52].
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2.2.2 Tyrosine sulfation

In addition to their high glutamate and aspartate content, all M-C parts of chemokine
receptor N termini display at least one tyrosine residue that may potentially be post-
translationally modified by the addition of a negatively charged sulfate to their hydroxyl
groups. The reaction of tyrosine O-sulfation is catalysed by the Golgi tyrosylprotein
sulfotransferases (TPST-1 and TPST-2) and has been shown to play important roles in the
regulation of protein-protein interactions of many secreted and transmembrane proteins
[53]. Studies with sulfated chemokine receptors however have proven to be difficult mainly
due to the lability of the sulfate group. To date, the presence of sulfated tyrosines has been
demonstrated for only six human chemokine receptors: CCR2b, CCR5, CXCR3, CXCR4,
CX5CR1 and ACKR1 (see Table 1) [25, 54-59]. By means of various approaches including
site-directed mutagenesis, treatment with sulfation inhibitors or sulfatases, using both
whole receptors and N terminus-derived peptides, it could be shown that O-sulfation of the
N terminus is critical for high-affinity binding to chemokines as well as for the recognition
of the HIV-1 gp120 protein [25, 54-59]. Notably, all these chemokine receptors bear a
sulfated tyrosine located approximately nine residues before the conserved cysteine.
Sequence analysis indicates that this potential sulfation site (,sY) is present in almost all the
receptors, arguing for the existence of a common sulfotyrosine-dependent ligand-binding
mode. Although the exact importance of sulfotyrosines within the chemokine receptor N
termini is not fully understood, the distribution of highly polarisable electrons on both the
sulfate and the phenyl group make sulfotyrosines perfectly suitable to be accommodated
by the positively charged pocket at the surface of the receptor ligands [35, 36, 60, 61].
Indeed, recent structural modelling and NMR measurements suggest that all chemokines
harbour a conserved sulfotyrosine-binding pocket, providing a molecular basis for
sulfotyrosine conservation observed among chemokine receptors (Fig. 4). The presence of
such sulfotyrosine-binding pocket was experimentally determined for four chemokines
representative of the different families (XCL1, CCL5, CXCL12 and CX3CL1) [62]. In
particular, for CXCL12, structural data demonstrated that the sulfotyrosine-binding pocket
is defined by the residues V18CXCL12, R47CXCLI2 apnd V49CXCLI2 [ocated near the hydrophobic
groove delimited by the N-loop and the third p-strand (see section 3.1, Fig. 4B).
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However, besides the presence of the conserved potential sulfation site, many chemokine
receptors bear multiple tyrosine residues whose post-translational modification is not
equally important for ligand recognition [57, 63, 64]. These sulfotyrosines however also
seem to contribute to the high-affinity chemokine binding as illustrated for the
CXCR4/CXCL12 interactions, in which sulfation of the receptor tyrosine 7 and 12 in
addition to the conserved sY21 increases the affinity for the chemokine over six fold.
(KpsY21~1.3 uM versus vs. KpsY7/12/21=0.2uM) [65]. However, while the interacting partner
of sY12, the K27<XCL12 js well identified on the monomeric form of the chemokine, the
interaction site of sY7 is not clearly defined and may involve a pocket formed upon
chemokine dimerisation or interaction with other receptor extracellular domains (Fig. 4C
and 4D). Interestingly, the involvement of K27¢XCL12 in heparin binding may also suggest
that the N terminus negatively-charged residues and in particular sulfotyrosines play a role
in heparin displacement prior to receptor binding [32]. Sulfation of tyrosines may
additionally favour an extended conformation of the M-C part of the N terminus. Indeed,
we performed long time molecular dynamics for CXCR4, with or without sulfate groups at
position 7, 12 and 21 and demonstrated that repulsive interactions caused by the negative
charges of the sulfate groups prevent the internal collapse of the N-terminal domain

thereby maintaining it in an open conformation accessible for ligand binding (Fig. 2).

The prediction of protein tyrosine sulfation sites remains problematic. Nevertheless,
although a specific signature could not be clearly identified among the proteins that are O-
sulfated, several consensus features seem to be required for TPSTs activity. (a) Acidic
residues are generally found in the vicinity of sulfated tyrosines, whereas basic amino acids
abolish the reaction [66, 67]. Another possible determinant for TPST activity is (b) a certain
degree of flexibility of the peptide chain, as small or turn-inducing residues are often
present close to sulfation sites [66, 67]. Moreover, (c) disulphide bridges and N-
glycosylation sites have been proposed to interfere with tyrosine sulfation [67, 68].
Similarly, in silico identification of modified tyrosines remains challenging, as sulfation
prediction algorithms are often very restrictive. The sulfation prediction tool Sulfinator [69]
for instance fails to identify the sulfation of tyrosines 7 and 12 of CXCR4, which has been

determined experimentally. Moreover, in vitro sulfation of N terminus peptides derived
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from receptors bearing multiple sulfotyrosines was shown to be sequential but also
incomplete, giving rise to products displaying a variety of sulfation patterns that
differentially affect the binding to chemokines. These observations point to the existence of
a mechanism for regulation of ligand affinity/specificity towards sulfated receptors [59].
Moreover, TPST-1 and TPST-2 show different tissue expression patterns and play distinct
but overlapping biological roles [68, 70-72]. The two isoenzymes also display different
kinetic properties and show differences in substrate specificities as well as pH optima,
which strengthens the hypothesis of their possible involvement in chemokine-receptor

network regulation [73, 74].

Fig. 2. Impact of tyrosine sulfation on CXCR4 N terminus conformation. CXCR4 N terminus with
non-sulfated tyrosines (A) and CXCR4 N terminus with sulfotyrosines (B) derived from the last
snapshot (20ns) of MD simulation carried out with the whole receptor (PDB ID:3OEO [16]).
Receptor helical structures are shown in green; ECLs, ICLs and N terminus are represented in grey;
tyrosine and sulfotyrosine residues are displayed as sticks and the disulphide bond between the N
terminus and ECL3 is coloured in red. Guided MD simulations suggest that in absence of sulfate
groups the N terminus tends to collapse forming a condensed structure, whereas tyrosine sulfation
creates repulsive interactions promoting the adoption of a an extended structure largely accessible
for chemokine binding.

2.2.3 Glycosylation

Like other transmembrane receptors, chemokine receptors may also be post-translationally

modified by the addition of sugar moieties either to the amide group of asparagine residues
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(N-glycosylation) or to hydroxyl groups of serine or threonine residues (O-glycosylation).
N-glycosylation occurs at the consensus sequence N-X-S/T, where X is any amino acid
except proline, while O-glycosylation sites are less well characterised and generally
comprise serine/threonine-rich regions. These post-translational modifications occur in the
Golgi and are catalysed by a series of glycosyltransferases and glycosidases that shape the
carbohydrate chains. Most chemokine receptors bear one or two putative N-glycosylation
sites as well as serine/threonine doublets or triplets within their M-C part. While no
specific position or molecular signature can be defined for N-glycosylation, clusters of
serine or/and threonine residues are generally found about two to four amino acids on
either side of the conserved sulfated tyrosine (see section 2.2.2). Experimental data on
human chemokine receptor glycosylation are however scarce and only five receptors have
been shown to carry N-linked (CCR2B, CXCR2, CXCR4 and ACKR1 [54, 59, 75-77] or O-
linked (CCRS5 [78]) carbohydrate moieties in their N terminus (see table 1). The exact role of
N-terminal domain glycosylation remains unclear. Similarly to other GPCRs, glycosylation
of the extracellular domains of chemokine receptors has been proposed to increase their
flexibility or to directly participate in ligand binding. Indeed, depending on the nature of
the carbohydrate chains, glycosylation may provide additional negatively charged moieties
for electrostatic interactions with the positively charged chemokines. While the presence of
sialyted O-glycans in CCR5 N terminus (S6 and S7) was shown to be important for high-
affinity binding to CCL3 and CCL4 [78], N-glycosylation of CXCR2 (N17), CXCR4 (N11)
and ACKR1 (N16) appears to have no influence on CXCL7 (NAP2), CXCL12 and CXCLS8
interactions, respectively [77, 79, 80]. CXCR2 glycosylation was, however, shown to be
crucial for receptor maintenance on the cell surface, chiefly by protecting it against protease
degradation. Furthermore, N-glycosylation patterns have been suggested to have an impact
on the subcellular distribution of CXCR2 [77]. Additionally, although in the case of CCR5 it
has been shown that O-glycosylation at S6 and S7 does not impair sulfation of Y10 [78], the
vicinity of carbohydrate chains was proposed to negatively influence tyrosine sulfation
[68]. It was also postulated that differential CXCR4 N-glycosylation may contribute to the
presence of structurally and functionally distinct receptor isoforms [81]. Therefore,

glycosylation of the receptor N terminus is likely to be of greater importance than initially
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appreciated and in particular cell-dependent glycosylation patterns may represent an
additional level in the finely tuned regulation of the chemokine-receptor network. In
addition, glycosylation of the CXCR4 N terminus was shown to influence HIV-1 co-

receptor usage (see section 3.2).

3. Ligand binding mode
3.1 Binding of chemokines to chemokine receptor N terminus

Numerous studies conducted with whole receptors [20-26, 39, 40] or receptor-derived
synthetic peptides [27-36, 82] have demonstrated that the N-terminal domain of chemokine
receptors holds an important role in ligand binding. Based on some of these results and the
observation that chemokine binding and receptor activation are partly separable events
driven by distinct molecular mechanisms and involving different structural determinants, a
general two-site model was proposed by different authors to describe the interaction of
chemokines with their cognate receptors [11, 12] (Fig. 3). According to this model, the
receptor N terminus plays a crucial role in the initial recognition of the chemokine through
the binding of its N-loop (site 1). This primary interaction is likely to contribute to correct
chemokine orientation, promoting the binding of its flexible N terminus to the extracellular

loops and the transmembrane segments of the receptor (site 2), triggering its activation.

N-term

Fig. 3. Putative two-step/two-site mechanism for the interaction between chemokines and
chemokine receptors. (A) First step: interactions between the N-loop (site 1) of the chemokine and
the N-terminal domain of the receptor. (B) Step two: interactions between the flexible N terminus
(site 2) of the chemokine and the extracellular loops as well as the transmembrane segments of the
receptor. The disulphide bridges between N-term/ECL3 and ECL1/ECL2 are depicted as red dots.
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To date, little information about the structure of chemokine receptor N termini is available.
The N-terminal domains of chemokine receptors, especially their M-C part, are generally
proposed to be highly flexible, showing an extended form when unbound and only
adopting a fixed structure upon chemokine binding [30, 52]. This hypothesis is in line with
the lack of clear electron density for the M-C part in the early small molecule bound crystal

structures of CXCR4 and CCRb5 [16, 17].

The N termini are the most variable extracellular domains of chemokine receptors in terms
of sequence and length and this diversity is most probably an important determinant
dictating the specificity of the receptor. The chemokine receptor N termini display net
negative charges and their binding to chemokines is typically driven by electrostatic but
also hydrophobic interactions. There exists a considerable amount of data on the
importance of many individual residues within the N terminus, obtained mainly from
binding studies with mutated receptors [20, 21, 45, 83, 84]. These residues are however
rarely conserved among the receptors with the exception of a tyrosine found approximately
nine residues before the C-TM part (see section 2.2.2). These observations suggest the
existence of a common mechanism for N terminus binding involving the conserved
sulfotyrosine but also relying on non-conserved residues that may determine the selectivity
of the receptors. In accordance with this hypothesis, NMR studies conducted with labelled
chemokines in the presence of receptor N terminus-derived peptides identified a groove
delimited by the N-loop and the B-sheet as the receptor N terminus binding site. Although
not identical, this binding site seems highly conserved among different chemokines [35, 36,

60].

In particular, for CXCLS, Skelton et al. demonstrated that a small modified peptide covering
residues 9 to 29 (MyWDFDDas-linker-M2oPPADEDYSP29) of the CXCR1 N terminus (Ki=13
uM) occupies a cleft between the N-loop and the third p-strand in an extended fashion and
with only a limited number of contact residues (in bold: PiPADEDYSP») (Fig. 4A) [30]. In
the complex, P21 and P22 formed hydrophobic interactions with [43<XCL8 and [49CXCL8
residues while P29 preceding the conserved cysteine wrapped around the chemokine f3-

sheet making hydrophobic contacts (IL0XCL8 and [40CXCL8). Y27, conserved in almost all
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chemokine receptors and most probably O-sulfated in the native CXCR1 receptor (see
section 2.2.2), interacts with a pocket delimited by I10XCL8, K11CXCL8, Y]3CXCL8 and [L49CXCLS,
The binding is stabilised by an additional electrostatic interaction between D26 and
chemokine K11X¢L8 The importance of these residues was confirmed by site-directed
mutagenesis of the complete CXCR1, indicating that the binding mode deduced from the
NMR study most likely reflects the interaction of the chemokine with the complete receptor
[46].

More recently, Veldkamp et al. reported the NMR structure of a strictly dimeric form of
CXCL12 in complex with a full-length CXCR4 N-terminal domain peptide (1-38) bearing
sulfotyrosines at positions 7, 12 and 21 [32]. This study provided the first structural
evidence of the existence of sulfotyrosine recognition sites and demonstrated that the
CXCR4 N-terminal peptides adopt an extended conformation with sulfotyrosines 12 (sY12)
and 21 (sY21) binding to one chemokine monomer and sulfotyrosine 7 (sY7) interacting
with the second monomer (Fig. 4B, 4C and 4D). Interestingly, in the complex, sY21 is
orientated in the opposite direction compared to the equivalent sY27 in CXCR1 and
interacts with a hydrophobic pocket defined by V18XCL12 and V49CXCL12 and with the
overhanging basic residue R47°X¢L12, which in CXCR1 is occupied by P21 (Fig. 3A and 3B).
It is noteworthy that a residue equivalent to R47“XCL12 js also present in CXCL8 (R47XCL8)
but is involved in stabilising electrostatic interactions with E25 of CXCRI. Similarly, a
positively charged residue equivalent to K11¢XCL8 is also present in CXCL12 (R20<XCL12) but
does not interact with any of the CXCR4 N terminus residues. Furthermore, this study also
provided structural data on the binding mode of the two other CXCR4 sulfotyrosines, sY7
and sY12, that are not strictly conserved in other receptor N termini. In particular, sY12 was
shown, just like sY21, to bind a hydrophobic pocket defined by P10“XCL12, [ 29CXCL12 and
K27¢XCL12, whereas sY7 had no interacting partners on the first chemokine monomer and
occupied a cleft delimited by the interface of the dimer forming an electrostatic interaction

with R20CXCL12 of the second monomer.
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Fig. 4. Structures of chemokine/N terminus derived peptide complexes. Chemokines are
represented as surface and coloured in gray. The hydrophobic N terminus-binding groove is
coloured in green and yellow. N terminus-derived peptides are represented as cartoon, coloured in
orange and annotated in italics. (A) NMR structure of the CXCL8-CXCR1 N terminus complex [30].
Tyrosine 27-binding site includes residues 110, Y13, L49 (yellow) and K11 (blue). D46 of CXCR1
forms electrostatic interactions with R47 of CXCL8. N terminus P21, P22 and P29 residues form
hydrophobic interactions with the groove of the chemokine. (B, C and D) NMR structures of
CXCL12 in complex with full-length CXCR4 N terminus bearing sulfotyrosines at positions 7, 12
and 21 [32]. (B) Recognition sites for sulfotyrosines sY12 and sY21. Conserved sY21 binds a pocket
defined by V18 and V49 (yellow) and overhung by residue R47 (blue) while sY12 interacts with a
similar pocket formed by residues 129, P10 (yellow) and K27 (blue). (C) Binding of sulfotyrosine
sY7 and sY12 to a CXCL12 monomer (60° rotation relative to B). sY12 occupies a defined binding
pocket while sY7 points in the opposite direction making no clear interaction with the chemokine
momoner (D) Binding of sulfotyrosine sY7 to a dimer of CXCL12. sY7 occupies the cleft at the
interface between two chemokine monomers and interacts with residues V24 and R20 of the second
monomer. The second N terminus peptide binding to the second monomer is represented as
cartoon and coloured in dark green.

Altogether these data demonstrated that sulfotyrosine recognition, critical for high affinity
interactions with chemokines, occurs at particular binding sites sharing a similar
architecture and that a given chemokine can display several sulfotyrosine-binding sites.
Moreover, other interactions supported by non-conserved residues scattered along the N-

terminal domains most probably also play essential roles in sulfotyrosine recognition and
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in further stabilisation of the chemokine-receptor complexes, possibly providing the
molecular basis for the differences in affinity and selectivity observed among the different

receptors.

However, while the N terminus plays the predominant role in the initial chemokine
binding, other extracellular parts have also been shown to participate in chemokine
binding, in which case the combination of multiple low-affinity interactions provides high-
affinity binding energy in chemokine-receptor interactions. Consistent with this assertion is
the observation that by simultaneously grafting peptides corresponding to the CCR2 N
terminus and ECL3 on a stabilised variant of the protein G B1 domain, the affinity for CCL2
is 100 times as high as when only the N terminus is present on the scaffold [38]. Similar
results were obtained for CCR3 [37]. Other extracellular parts such as ECL2, which is
involved in the formation of site 2, could be of importance for the overall affinity of the

receptor.

Moreover, accumulating data suggest that the mechanism underlying chemokine binding
to their receptors is likely to be more complex than a simple two-site model. It has been
proposed that site 1 and site 2 interactions may be far from independent. Indeed,
conformational changes in both the chemokine and the receptor that follow the initial
chemokine binding to the N terminus of the receptor may energetically influence the
subsequent interactions at site 2 [85]. This model may for instance explain why while
CXCL8 binds CXCR1 with a significantly higher affinity than CXCL1, both chemokines
bind the N terminus of the receptor with similar affinities [27]. Therefore, in contrast to
CXCLS, the changes resulting from the binding of CXCL1 to site 1 would negatively affect
further interactions of the chemokine at site 2. Such coupling between the two binding
steps may thus have a major role in the regulation of chemokine affinity and selectivity for
their receptors, providing yet another molecular basis for the complexity of chemokine-
chemokine receptor network [86]. It is also conceivable that upon binding of the chemokine
at site 1, the area for further interactions with site 2 increases, either as a result of
conformational changes in the chemokine/receptor [86] or by complementation of sites that

are partly present on the receptor N terminus and partly on the chemokine.
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Recently, the possible role held by the vicinity of the cell membrane in the regulation of
receptor N terminus interactions with the ligand has also been put forward. Indeed, it has
been demonstrated that the CXCR1 N-terminal peptides interact with membranes or
membrane-mimicking micelles in extended but constrained conformation that may
energetically facilitate the interactions with the chemokine [27, 87]. NMR studies using a
phospholipid bilayer-embedded CXCR1 receptor or an N terminus-TM1 construct
suggested that the CXCR1 N-terminal domain may be anchored to the membrane via a
tryptophan residue at position 10 (Fig. 5A). The release of the N terminus from the
membrane upon strong interactions with the chemokine may thus be considered, at least
for CXCR1, as the earliest step of the ligand binding mechanism [39]. Such hydrophobic
association of the N terminus with the cell membrane may have a great impact on its
binding properties. Indeed, the affinity of the CXCR1 N-terminal fragment for CXCL8 was
shown to be 20 fold higher in detergent micelles than in solution (Kp~1 uM versus 20 pM).
Moreover, membrane-like environment has been reported to influence the binding

selectivity of the receptor N-terminal domains [27].

C-term — T C-term

Fig. 5. Interaction models for chemokine receptors. (A) Anchoring of the N-terminal domain of
CXCR1 into the membrane through hydrophobic contacts mediated by an aromatic residue (W)
(blue dot). (B) Receptor trans-activation. Chemokine binds the N-terminal domain (site 1) of
receptor 1 (green) and trans-activates receptor 2 (blue) by binding at its site 2. (C and D) Possible
stoichiometries of CXCR4 interactions with CXCL12 dimer (C) Monomeric CXCR4 binds a dimer of
CXCL12. (D) Dimeric CXCR4 binds a dimer of CXCL12. The disulphide bridges between N-
term/ECL3 and ECL1/ECL2 are depicted as red dots.

Another poorly understood aspect is the stoichiometry of chemokine-receptor interactions
(Fig. 5A-C). Since many chemokine receptors are known to form homo- or heterodimers,
the possibility of a crosstalk, in which site 1 and 2 interactions would take place on separate

receptors, should not be excluded (Fig. 5B). In accordance with this hypothesis, Monteclaro
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et al. demonstrated that CCL2 binding to the CCR2 N terminus fused to CD8 can activate in
trans a chimeric CCR2 that carries an irrelevant N terminus [40]. Besides the receptors,
many chemokines as well have been shown to exist in different oligomeric states.
Furthermore, in the case of CXCL12, it has been demonstrated that binding to the N
terminus of CXCR4 induces its dimerisation in a symmetric 2:2 complex in which the
dimerisation interface is shared by both the residues from the N-terminal domain and the
chemokine [33] (Fig. 4D). While CXCL12 dimerisation has been suggested to be
physiologically irrelevant [36], recent data recorded with strictly dimeric chemokine
demonstrated distinct signalling pathways and differential chemotactic effect depending on
the oligomeric state of CXCL12 [88]. Moreover, structural data showed that the CXCR4 N
terminus binds differentially to CXCL12 monomers and dimers [88]. In particular, while
residues 4-9 of the CXCR4 N-terminal peptide make strong interactions with CXCL12
monomers, they are only weakly associated with the chemokine in its dimeric form. Similar
2:2 interactions were proposed for CXCL8 and CXCR1 N terminus but remain controversial
[29, 85]. One cannot rule out the possibility that such dimerisation may reflect the
experimental setup, where in the absence of other possibilities of interactions with the
receptor, chemokine dimerisation is energetically favoured. On the contrary, it has been
proposed for CXCLS8 that the binding of the N-terminal domain of CXCR1 to the chemokine

dimer could promote its dissociation [85].

Chemokine receptor response specificities may also underlie the differences in receptor
trafficking. Particularly, it has recently been proposed that the determinants of receptor
internalisation rates following ligand binding may be harboured by the N terminus of
chemokine receptors [26]. By swapping the N termini of CXCR1 and CXCR2, two
chemokine receptors that share 77% of sequence identity but show different binding and
signalling profiles towards CXCLS, it was demonstrated that the trafficking profiles of the
chimeric receptors were defined by the N terminus and translated in temporal differences
in activation of ERK1/2 signalling pathways, which are important for different signalling

specificities. However, these determinants remain hitherto unidentified.
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3.2 Binding of pathogen proteins to chemokine receptor N terminus

To subvert the host immune system and promote their pathogenesis, viruses such as
herpesviruses, poxviruses and retroviruses have evolved various strategies to interfere with

the host chemokine network, for instance by expressing chemokine analogues (reviewed in

[89] and [90]).

The Human herpesvirus 8 (HHV-8), also named Kaposi's sarcoma-associated herpesvirus
(KSHV), encodes three viral macrophage inflammatory proteins (vCCL1, vCCL2 and
vCCL3) that share homologies with the human CC chemokines [91]. The characterisation of
these proteins revealed that vCCL2 has the unique ability to cross-bind the four chemokine
receptor families [92, 93] (see Chapter 4). In particular, vCCL2 binds to CXCR4 and CCR5
and is capable of inhibiting the interaction with their cognate chemokine ligands as well as

infection of host cells by HIV-1 [92, 93].

Chemokine receptors can also be hijacked by pathogens to allow their entry into specific
cell types. Two striking examples of such piracy are the malaria parasites (Plasmodium vivax

and Plasmodium knowlesi) and the human immunodeficiency virus (HIV-1).

Plasmodium vivax and Plasmodium knowlesi belong to the five Plasmodium species
responsible for human malaria. P. vivax and P. Knowlesi infect human erythrocytes by using
the decoy chemokine receptor ACKR1 (previously known as DARC, Duffy blood group
antigen) [94-96] that binds various CC and CXC chemokines [97]. Plasmodium interaction
with ACKR1 was shown to be mainly mediated by a conserved cysteine-rich domain
present in the parasite Duffy binding proteins (PvDBP and PkDaBP) [98] and by a modified
35-amino acid fragment (residues 8-42) of the receptor N terminus [99]. The tyrosine
residues at position 30 and 41 of the N terminus of ACKR1 are sulfated although only the
second one was reported as critical for PvDBP and PkDaBP binding [59]. Interestingly,
erythrocytes interaction with PvDBP-expressing cells can be inhibited by a peptide derived
from ACKR1 N terminus (ICs0 = 1 uM) [99] while sulfation of tyrosine 30 and 41 in the
peptide results in a more efficient inhibition (ICsp = 5 nM) [59]. Recent data point to the
existence of a sulfotyrosine-binding pocket for ACKR1 N terminus on the interface of DBP

dimer of Plasmodium vivax [100].
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The human immunodeficiency virus (HIV-1), the causative agent of AIDS, uses CCR5 and
CXCR4 as co-receptors for specific entry into host cells [9, 101-104]. This multi-step process
is mainly mediated by envelope glycoproteins gp120 and gp41 organised in heterotrimer
spikes on the outer surface of the viral membrane [105, 106]. Gp120 is constituted of an
alternation of five constant domains (C1-C5) and five variable loops (V1-V5). The domains
Cl1, C2 and C4 form a four-stranded antiparallel $-sheet called the bridging sheet. Upon
binding to CD4, its primary receptor, HIV-1 envelope glycoprotein gpl120 undergoes
conformational changes resulting in the spatial reorientation of the bridging sheet and the
variable V1/V2 and V3 loops exposing specific binding sites for the co-receptors [107-110].
Binding of gp120 to CXCR4/CCRS5 leads to a rearrangement of gp41, bringing together the

cellular and the viral membranes and allowing their fusion [111].

Interactions between gpl20 and chemokine receptors CCR5 and CXCR4 have been
investigated using different approaches including chimeric receptors [112-118], site-
directed mutagenesis [44, 83, 119-123] and other biochemical and immunological methods
[9, 124-130]. All these studies point to the importance of the co-receptor extracellular
domains in gp120 binding, especially the receptor N terminus and ECL2, although their
relative contribution depends on the HIV-1 strain [131]. Discrimination between CCR5 and
CXCR4 has been shown to mainly depend on the determinants present in the V3 loop (+ 35
aa) of gp120 such as positively charged amino acids at positions 11, 24 and 25, the overall
charge and the distribution of the electrostatic potential [132, 133]. The co-receptor usage
has also been shown to be affected by amino acid composition and glycosylation of the

V1/V2 stem [134, 135].

In particular, the interaction between the V3 loop and the N terminus of CCR5 has been
shown to depend on a cluster of negatively charged and tyrosine residues (D2, Y3, Y10,
D11, Y14, Y15, E18) and suggested to be driven by electrostatic interactions [21, 116, 119,
120, 122]. Besides, the co-receptor function of CCR5 was also associated with other
determinants such as S6, S7, 19, N13, Q21 and K22 [21, 120, 122]. Like for chemokines,
sulfation of tyrosine residues, in particular Y10 and Y14, was shown to critically affect the

binding of gp120 while O-glycosylation of serine residues had little effect [55, 78, 122, 128].
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Together with structural analyses of the V3 loop [109, 110, 136, 137], these studies revealed
the role of spatially distinct domains of gpl20 in CCR5 interaction and led to the
development of a two-site binding model, similar to that proposed for chemokines [138]. In
this model, the conserved four-stranded bridging sheet (C4) and the base of the V3 loop
bind to the CCR5 N terminus (residues 2-15) (site 1) through electrostatic interactions,
while the crown of the V3 loop interacts with the co-receptor ECL2 (site 2) (Fig. 6).

Fig. 6. Putative two-site binding mode
describing the interactions between the gp120
, protein and CCR5 [138]. Site 1: the N-terminal
V3 Loop domain of the receptor binds to the bridging
sheet and the base of the V3 loop of the gp120

N-term V3 Loop

ECL2
o » N site protein trough electrostatic interactions. Site 2:
T the crown of the V3-loop interacts with the
S second extracellular loop of the receptor.

the N terminus with respect to two different
docking models based on NMR studies of
gp120 associated to synthetic peptides derived
C-term C-term from CCR5 N terminus [139, 140].

9 Representation of the putative orientation of

In the absence of high-resolution structures, new insight into the molecular details of
gp120-coreceptor interactions arose from NMR studies of gpl20 bound to synthetic
peptides derived from specific co-receptor domains [139, 140]. NMR study of a sulfated
CCR5 N terminus peptide (sY10-sY14 CCR5 2-15) in complex with gp120 revealed a well-
defined structure for residues 7 to 15. The docking of this peptide into the crystal structure
of gp120-CD4 suggested that CCR5 N terminus binds to gp120 at the intersection of the
bridging sheet and the V3 loop (Fig. 6 left panel) [139]. Residues S7 and P8 bind to the V3
stem while sY10, N11, Y15 interact with R3278r120, R4408pr120, 14398P120, respectively. The
pocket between the bridging sheet and V3 encircles sY14 and rigidifies the V3 stem into a -
hairpin structure. A more recent study performed with a longer sulfated peptide (sY10-
sY14 CCRS5 1-27) showed that residues 7-23 bind to gp120-CD4 with P8-S17 and A20-123
forming helical structures [140]. This study also provided a clearer picture of the main

CCR5 binding determinants, emphasising the importance of the previously identified
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residues D2, Y3, sY10, D11, sY14, Y15, E18 while contradicting the results regarding V5, 19,
I12 and T16. The integration of these data in a gpl20 structural model suggested the
interaction of residues 2-22 with the fourth constant domain as well as the stem of the V3
loop (site 1). In contrast to the previous docking model, here, the peptide is flipped by 180°
with sY14 fitting into a binding pocket and strongly interacting with R440 gp120 while sY10
binds to R323 8r120 (Fig. 6 right panel).

The binding of gp120 to CXCR4 probably occurs via a similar mechanism, although the N
terminus seems less important for infection by certain isolates [117, 141, 142]. In contrast to
CCRS5, no precise cluster of residues critically affected virus entry. Mutagenesis studies
however revealed the role of individual residues (Y7, N10, Y12, N20, Y21, N22, S23 and
E26) for the co-receptor function of CXCR4, although the extent of their contribution was
strain-dependent [50, 83, 143]. The sulfation of tyrosine residues, in particular Y21, only had
a minor effect on the entry of X4 viruses [56], while controversial data were obtained
regarding the impact of glycosylation. Mutation of the N-glycosylation site of CXCR4 N
terminus (N11) was initially shown to slightly facilitate R5 [144] or R5X4 [145] virus entry
while having no effect on X4 viruses [83, 121, 145]. In another study however, the
replacement of N11 with Q11 enhanced the binding and entry of X4 and R5 viruses [146].

4. Therapeutic discoveries targeting N terminus interactions

Since their discovery twenty years ago, chemokines and their receptors have emerged as
fundamental regulators of human physiology. The interest in chemokine biology also arises
from their key roles in such pathologies as cancer, inflammatory and autoimmune diseases
as well as HIV-1 infection (see tables 1 to 5). Therefore much effort has been put into
exploring ways to interfere with these processes, by either targeting the receptors or their

ligands.

Therapeutic strategies directed against chemokine receptors have already proven
efficacious in clinic. Two small molecules are currently on the market, namely the CXCR4
antagonist, AMD3100 (plerixafor, trade name Mozobil) used for hematopoietic stem cell
mobilisation prior to autologous transplantation in patients with non-Hodgkin’s lymphoma

and multiple myeloma and Maraviroc (trade name Selzentry) for the treatment of R5 HIV-1
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infection [147, 148]. These compounds, like the vast majority of chemokine receptor
inhibitors, bind pockets in the transmembrane regions and do not interact with the N-
terminal domain. However, because of their key roles in ligand recognition, the N termini
of chemokine receptors may also represent highly relevant targets for drug discovery. To
the best of our knowledge, small molecules specific to the N terminus have never been
reported and this is certainly due to the unstructured, highly flexible nature of this domain.
These characteristics however can also be regarded as advantageous for the generation of
therapeutic antibodies able to block the initial site 1 interaction of intact receptors.
Immunisation with synthetic N terminus derivatives allows for instance to circumvent the
need for receptor purification or avoid eliciting antibodies against irrelevant epitopes in
whole-cell antigens but may overlook the post-translational modifications often present in
the extracellular domains [149, 150]. Antibodies recognising linear or conformational
epitopes exclusively or partly present in the N terminus are commonly used in research
and may also be exploited for therapeutic applications. Indeed, given that receptors which
share ligands can at the same time have very distinct N termini (see tables 1 to 5) it is
conceivable that highly specific, clinically-relevant antibodies can be raised against these

fragments.

To date, there are no anti-chemokine receptor antibodies approved for clinical use.
However, clinical trials for at least two anti-N terminus mAbs are in progress. This includes
the anti-CCR5 mAb PRO140 currently evaluated against HIV infection as well as the CCR4-
specific mAb KW-0761 for the treatment of adult T-cell leukemia-lymphoma and peripheral
T-cell lymphoma [151, 152].

Other rather encouraging results from studies with antibodies recognising the chemokine
receptor N terminus have been published. Recently, a dromedary-derived VHH, CA52,
directed against the N terminus of ACKR1, efficiently inhibiting P. vivax invasion and able
to displace CXCL8 from the receptor was described [153]. Similarly, sera from rabbits
immunised with the first seven CCR5 N terminus amino acids fused to T-helper cell

epitope from tetanus toxoid were shown to inhibit HIV-1 infection of primary macrophages

[150].
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An attractive alternative to receptor inhibition consists of neutralising the ligand, in
particular by blocking the N terminus-recognition site [154]. The report on the human mAb
10F8 whose epitope overlaps with the binding pocket of CXCR1 N-terminal domain (see
section 3.1, [30]), illustrates well the feasibility of such a strategy [155]. This antibody was
shown to interact with CXCL8 with picomolar affinity and to inhibit its binding to
neutrophils (ICsop 0.3 nM) as well as chemokine-induced neutrophil activation and
chemotaxis. In addition, it proved relatively efficient in treating palmoplantar pustulosis,

an inflammatory disease in which CXCLS8 plays a predominant role.

Moreover, a considerable therapeutic potential can be expected from approaches targeting
specifically sulfotyrosine-binding pockets, as sulfotyrosine-mediated interactions seem
widely exploited not only in chemokine biology but also by pathogen proteins. In line with
this assumption is the report of a sulfated peptide corresponding to the first 60 residues of
ACKR1 N terminus and blocking at low nanomolar concentration the association of
plasmodium PvDBP and PkDaBP with the receptor [59]. Attempts to neutralise chemokines
or the HIV-1 envelope protein gp120 using N terminus-derived peptides have so far proven
unsuccessful mainly due to their low affinity and poor stability. It may however be possible
to improve the affinity and pharmacokinetic properties of these peptides for example by
incorporating in the sequence non-natural residues such as D-amino acids or chemical
derivatives like the acid-stable sulfotyrosine mimic, (p-sulfomethyl)-phenylalanine [156,
157]. Interestingly, recent high-throughput in silico screening of small molecules targeting
the sY21<XCR4 sulfotyrosine-binding pocket on CXCL12 identified several lead compounds
of which one (ZINC 310454) bound CXCL12 with an affinity of 64 pM [158]. Extending the
screening target to larger parts of the chemokine-N terminus interaction surface may

provide molecules of higher specificity and/or affinity.

5. Discussion

Chemokines are a family of small highly basic proteins that display a common fold but
share little sequence similarities. By binding to chemokine receptors, they participate in
many vital processes. The chemokine-receptor network is characterised by an apparent

redundancy and many chemokines can bind to several receptors, while a chemokine
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receptor usually has multiple ligands. This overlapping selectivity reflects however

sophisticated regulation mechanisms that are still not fully elucidated.

The N terminus of chemokine receptors has a critical role in the initial step of chemokine
binding as well as in determining the specificity and affinity of this interaction. At first
sight, the N termini vary remarkably between different receptors in terms of length and
amino acid sequence. However, on closer examination several common characteristics and

signatures can be discerned.

One such feature is the conserved cysteine residue involved in a disulphide bond that links
the N terminus and ECL3 and delimits two distinct regions within the N terminus, the M-C
and C-TM parts. While this disulphide bridge has been shown to be important for
chemokine receptor biology, the exact way of how it exerts its function remains unclear [40,
44-47]. It is likely that by linking the N terminus to ECL3, this disulphide bridge
participates in the positioning of the M-C part above TM7 in an arrangement favouring the
presentation of the chemokine to site 2. Moreover, as a large part of chemokine binding
relies on the receptor extracellular domains, the C-TM “pseudo-extracellular loop” is
perhaps an important additional feature shaping the ligand interaction interface in
receptors having a relatively short N terminus, compared to other protein-binding GPCRs.
This supposition may be substantiated by the observation that CXCR4 structure differs
from other GPCRs in the location and the form of the ligand-binding pocket, which is
situated closer to the extracellular surface [16]. In this context, the existence of different C-
TM sizes (11 or 18 residues) identified here that bear distinct signatures (K-X3K/R-X7.
PPLYS/W and E/D+3/+4-K/R+9/+10 respectively) is rather intriguing and the potential
impact of these elements on the receptor functionality should be addressed in the near
future. Furthermore, the conservation of these motifs may open new perspectives for
phylogenetic studies of chemokine receptors and allow their alternative classification that,

in contrast to the current system, would not be merely based on the recognised ligands.

More information is available on the flexible M-C part of the N terminus since it had been
early demonstrated to be directly involved in ligand binding. There has been growing
interest in the post-translational modifications present in this region and one of the current
central areas of concern in chemokine receptor interactions with ligands is sulfation of their
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N-terminal domains. For several receptors this post-translational modification has been
demonstrated to be important for high-affinity binding to chemokines. Most chemokine
receptors bear a potentially sulfated tyrosine about nine residues before the conserved
cysteine, which may therefore interact with the sulfotyrosine-binding pocket suggested to
be present on the surface of all chemokines [62]. Complementation between the negatively-
charged receptor N terminus and the positive charges within this conserved binding site as
well as hydrophobic interactions were proposed to facilitate the binding by proper
positioning of the sulfotyrosine-bearing N terminus and stabilisation of the interaction.
Although sulfotyrosine-driven binding mechanism seems to be shared by many
chemokine-receptor pairs, the auxiliary residues involved in this interaction are highly
variable and might have co-evolved in the binding partners determining, at least in part,
their specificity. In several chemokine receptors, many other potentially sulfated tyrosines
are present in the N termini and appear to participate in high-affinity interactions with
ligands. For CXCR4, their binding was shown to follow a mechanism similar to that
proposed for the conserved sulfotyrosine indicating that other sulfotyrosine binding sites
may exist at the surface of chemokines [32]. Sulfotyrosine-mediated recognition appears to
be exploited not only in chemokine interactions but also by pathogen proteins and

therefore sulfotyrosine-binding pockets represent valuable targets for drug development.

Furthermore, we propose that the presence of the multiple sulfate groups may provide
repulsion forces that energetically favour an extended conformation of the N terminus,

exposing the residues that are critical for ligand binding.

Other features commonly found in the M-C part are the putative N-glycosylation sites. The
presence of sugar chains has been experimentally determined in only a few receptors and
their exact role has yet to be further investigated. It is nevertheless highly plausible that
similarly to tyrosine sulfation, cell-dependent glycosylation patterns result in structurally
and functionally different receptor isoforms, like those observed for CXCR4 [81]. Such
differences in the post-translational modifications may thus represent an additional level in

the fine-tuning of the complex chemokine-receptor network.

Unfortunately, the recent resolution of the x-ray structure of CXCR4 failed to provide
details on the flexible M-C part [16]. Nevertheless, alternative approaches exploiting
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chimeric, mutated or truncated receptors produced a compelling set of information on the
critical roles of these N terminus parts in ligand binding and receptor function [20-26]. In
particular, NMR analyses of chemokines or viral proteins in complex with synthetic
peptides derived from the receptor N termini were a considerable steppingstone in the
understanding of the receptor N terminus biology and provided the first insights on the
structural basis for site 1 interactions [30, 32]. However, data from these studies should be
interpreted with some caution. Among the problems to be taken into consideration is the
fact that the peptides used do not always cover the full N terminus sequence and often bear
no post-translational modifications that are normally present in this receptor domain.
Although studies with sulfated N-terminal fragments have been reported (mainly for

CXCR4 and CCR5) the addition of this group is not a straightforward task [33, 65, 159, 160].

To date, many questions on chemokine receptors remain under debate. It has become clear
that post-translational modifications of the N terminus should not be underrated in the role
they play in receptor function but investigating it is somewhat challenging. The exact
stoichiometry of chemokine-receptor interactions, including such aspects as receptor-
receptor cross-talk, chemokine oligomerisation and the biological relevance of receptor N
terminus-induced chemokine dimerisation as observed for CXCR4-CXCL12 couple, also
need to be further examined. Although, the development of chemokine receptor antagonist
still remains a major challenge, the efforts made to unravel and characterise the structural
and functional properties of chemokine binding mode will probably, in the future, enable
the development of new specific chemokine-neutralising molecules or N terminus-targeting

antibodies with high therapeutic potential [154, 158, 161].
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Table 1. Sequence, length, charge and post-translational modifications of C chemokine receptor N terminus

Receptor  Chemokine® Pathologyb Sequence N-term M-C C-TM_ sY N-Glyco Ref
XCR1 XCL1 XCL2 RA MESSGNPESTTFFYYDLQSQPC-ENQAWVFAT 31 (4 22 (-3) 9(-1) 2 0

Table presents the length and (charge) of the complete N-terminal domain (N-term), M-C and C-TM parts. M-C encompasses residues starting from the
amino terminal methionine (M) to the cysteine (C) involved in a disulphide bridge with the third extracellular loop (ECL3). C-TM corresponds to the
sequence starting from the cysteine (C) to the first amino acid of the first transmembrane segment 1 (TM). - delimits the M-C part from the C-TM part.
Negatively charged residues are represented in bold. Tyrosine residues present in the M-C part that are potentially sulfated (,sY) are highlighted in gray.
Charge corresponds to the sum of negatively (D, E) and positively (K, R, H) charged residues. RA: Rheumatoid Arthritis. a: based on [162]. b: adapted from
[163]



Chapter 1

N terminus of chemokine receptors

Table 2. Sequences, lengths, charges and post-translational modifications of CC chemokine receptors N termini

Receptor Chemokine® PathologyIJ Sequence N-term M-C C-TM Y N-Glyco Ref
CCL3 CCL5
CCL7 CCL8 AR AS AT CA
CCRI CCL13 CCL14 COPD HIV METPQ%IEE}%F?XSEE%&??TPC_ 42(-6) 24(-7) 18(+1) 2 1
CCL15 CCL16 MS PS RA SRS =
CCL23
CCL2 CCL7 AS CA COPD . .
CCR2 CCL8 CCL11 HIV LP MS MLSTSRSRE IRNggKgslgigzgggg DEGAPC- 50(-0) 32(-2) 18(+2) 2 1 [54]
CCL13 CCL16 RA e S
CCL2 CCL5
CCL7 CCL8
AS CA COPD MTTSLDTVETFGTTSYYDDVGLLC- [63
CCR3 CCL11 CCL13 42 (-4)  24(-4)  18(0) 2 0 ’
CCL1S CCL24 HIV EKADTRALMAQFVPPLYS 64]
CCL26 CCL28
AD AS CA DI MNPTDIADTTLDESIYSNYYLYESIPKPC-
CCR4 CCL17 CCL22 T 56 TKEGIKAFGELFLPPLYS 47 (-4)  29(-4)  18(0) 4 0
CCL3 to CCL5 ARCI‘;SC‘égDCA [55,
CCR5 CCL8 CCL11 MDY 'QVS'S'PIY DINY Y TSEPC-QKINVKQIAARLLPPLYS 38(0)  20(3) 18(+3) 4 0 78,
HIV IBD MS
CCL14 CCL16 164]
PS RA
MSGESMNFSDVFDSSEDYFVSVNTSYYSVDSEMLLC- ) i
CCR6 CCL20 CA IBD PS SLOEVRQFSRL 47(-6)  36(-7) 11(+1) 3 2
CCR7Y CCL19 CCL21 CA IBD MS QDEVTDDYIGDNTTVDYTLFESLC-SKKDVRNFKA 34(-4)  24(-7) 10(+3) 2 1
CCR8 S8 e ok AD AS MDYTLDLSVTTVTDYYYPDIFSSPC-DAELIQTNGKL 36(-5)  25(4) 11(-1) 4 0
CCL16 CCL17
MTPTDFTSPIPNMADDYGSESTSSMEDY VNFNFTDEYC-
CCR9 CCL25 CA IBD EXNNVRQFASHFLPPLYW 56(-5) 38(-7) 18(+2) 3 1
MGTEATEQVSWGHYSGDEEDAYSAEPLPELC-
CCR10 CCL27 CCL28 AD CA PS YKADVOAFSRA 42¢-6) 31(7) 11(+1) 2 0

The table presents the length and (charge) for the complete N-terminal domain (N-term), M-C and C-TM parts. M-C encompasses residues starting from the amino terminal
methionine (M) to the cysteine (C) involved in a disulphide bridge with the third extracellular loop (ECL3). C-TM corresponds to the sequence starting from the cysteine (C)
to the first amino acid of the first transmembrane segment 1 (TM). - delimits the M-C part from the C-TM part. Negatively charged residues are represented in bold.
Tyrosine residues present in the M-C part that are potentially sulfated (psY) are highlighted in gray. Potential N-glycosylation sites (NxS/T) are underlined.* denotes post-
translational modifications that were experimentally demonstrated. Double underlined italic residues highlight (1) the conserved K-K/R-PPLYS/W motif located in the C-
TM parts at positions C+2, C+6 and C+13 respectively or (2) the negatively and positively charged residues conserved at positions +3/4 and +10/11. Charge corresponds to
the sum of negatively (D, E) and positively (K, R, H) charged residues. YCCR7 N-terminal sequence presents a signal peptide of 24 residues. Processing prediction indicates
GIn25 as the amino terminal residue of CCR7 N terminus. AD: Atopic Dermatitis, AR: Allograft Rejection, AS: Asthma, AT: Atherosclerosis, CA: Cancers, CH: Chronic
Hepatitis, COPD: Chronic Obstructive pulmonary disease, DI: Type I Diabetes, HIV: Human Immunodeficiency Virus Infection, IBD: Inflammatory Bowel Disease, LP:
Lupus, MS: Multiple Sclerosis, PL: Plasmodium infection, PS: Psoriasis, RA: Rheumatoid Arthritis. @ based on [162], the principal endogenous agonists are represented in
bold. b: adapted from [163].
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Table 3. Sequences, lengths, charges and post-translational modifications of CXC chemokine receptors N termini

Receptor  Chemokine® Pathologyb Sequence N-term M-C C-TM  ;sY N-Glyco Ref
CXCLI AS CA COPD MSNITDPQMWDFDDLNFTGMPPADEDYSPC-
CXCR1 CXCL6 IBD PPP RA = MLETETLNKY 40(-8)  30(-7) 10(-1) 1 2 [30]
CXCL8 = =
CXCL1 to
CXCL3 AS AT CA COPD MEDFNMESDSFEDFWKGEDLSNYSYSSTLPPFLLDAAPC-
CXCR2 CXCLS5 to IBD PS RA EPESLEINKY B0 3968 106 2 ! [54]
CXCL8
AR AS AT CA -
CXCL9 to MVLEVSDHQVLNDAEVAALLENFSSSY DY GENESDSCCT [25
CXCR3 CH COPD DI IBD = = 54(-9)  43(-8) 11(-1) 2 2 ’
CXCLI11 LP MS PS RA SPPC-PQDFSLNFDRA 58]
*, FH, * [32,
AS AT CA HIV MEGISIY TSDN 'Y TEEMGSGDY DSMKEPC-
CXCR4 CXCLI2 A FREENANFNKT 39(-6)  28(-6)  11(0) 3 1 22]
MNYPLTLEMDLENLEDLFWELDRLDNYNDTSLVENHLC-
CXCRS5 CXCL13 CALP PATEGPLMASFKA 51(-8)  38(-8)  13(0) 2 1
CXCR6" CXCL16 CA MS MAEHDYHEDYGFSSFNDSSQEEHQDFLQFSKV 32(-4)  32(4) = 2 1
CXCR7 CXCLI11 MDLHLFDYSEPGNFSDISWPC-
(ACKR3) CXCL12 cA NSSDCIVVDTVMCPNMPNKS 414 2063 206D ! 3

The table presents the length and (charge) for the complete N-terminal domain (N-term), M-C and C-TM parts. M-C encompasses residues starting from the amino
terminal methionine (M) to the cysteine (C) involved in a disulphide bridge with the third extracellular loop (ECL3). C-TM corresponds to the sequence starting from the
cysteine (C) to the first amino acid of the first transmembrane segment 1 (TM). - delimit the M-C part from the C-TM part. Negatively charged residues are represented
in bold. Tyrosine residues present in the M-C part that are potentially sulfated (,sY) are highlighted in gray. Potential N-glycosylation sites (NxS/T) are underlined.*
denotes post-translational modifications that were experimentally demonstrated. Double underlined italic residues highlight the negatively and positively charged
residues conserved at positions +3/4 and +10/11. Charge corresponds to the sum of negatively (D, E) and positively (K, R, H) charged residues. YCXCR6 does not
present a cysteine in its N-terminal domain. AD: Atopic Dermatitis, AR: Allograft Rejection, AS: Asthma, AT: Atherosclerosis, CA: Cancers, CH: Chronic Hepatitis,
COPD: Chronic Obstructive pulmonary disease, DI: Type I Diabetes, HIV: Human Immunodeficiency Virus Infection, IBD: Inflammatory Bowel Disease, LP: Lupus, MS:
Multiple Sclerosis, PL: Plasmodium infection, PPP: palmoplantar pustulosis, PS: Psoriasis, RA: Rheumatoid Arthritis. a: based on [162], the principal endogenous
agonists are represented in bold. b: adapted from [163].
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Table 4. Sequence, length, charge and post-translational modifications of CX3C chemokine receptors N terminus

Receptor  Chemokine® Pathologyb Sequence N-term M-C C-TM ,sY N-Glyco Ref

CX3CR1 CX3CL1 AT CA IBD PS MDQFPESVTENFEY DDLAEAC-YIGDI 26(-8)  21(7) 5(-1 1 0 [57]

The table presents the length and (charge) for the complete N-terminal domain (N-term), M-C and C-TM parts. M-C encompasses residues starting from the amino
terminal methionine (M) to the cysteine (C) involved in a disulphide bridge with the third extracellular loop (ECL3). C-TM corresponds to the sequence starting from
the cysteine (C) to the first amino acid of the first transmembrane segment 1 (TM). - delimit the M-C part from the C-TM part. Negatively charged residues are
represented in bold. Tyrosine residues present in the M-C part that are potentially sulfated (psY) are highlighted in gray. Potential N-glycosylation sites (NxS/T) are
underlined.* denotes post-translational modifications that were experimentally demonstrated. Charge corresponds to the sum of negatively (D, E) and positively (K, R,
H) charged residues. AT: Atherosclerosis, CA: Cancers, IBD: Inflammatory Bowel Disease, PS: Psoriasis. a: based on [162]. b: adapted from [163].
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Table 5. Sequences, lengths, charges and post-translational modifications of decoy receptors N termini

N-term M-C C-TM  ,sY N-Glyco Ref

Receptor Chemokine® Pathology” Sequence
CCL2 CCL5s
CCL7 CCL11 [48,
CCL13 CCL14 * . . 59
MGNCLHRAELSPSTEN SSQLDFEDVWN SSYGVN DSFP >
ACKRI1 CCL17 CXCL1 PL PS = - = 65 (-9) 51(-8) 14 (-1) 2 2 75,
CXCL3 CXCLS DGDYGANLEAAAPC-HSCNLLDDSALPFF 76,
CXCL6 CXCLS 79]
CXCL11
CCL2 to CCLS,
ACKR2 CCL11 to CCL14 CA MAATASPQPLATE&?E:&%SEE%‘{DYLDEVAFMLC_ 47 (-6) 36 (-7) 11 (+1) 4 1
CCL17 CCL22 = =
CCL19 CCL21 MALEQNQSTDYYYEENEMNGTYDYSQYELIC-
CA IKEDVREFAKV 42 (-7) 31(-7) 11 (0) 6 2

ACKR4 CCL25 CXCL13
The table presents the length and (charge) for the complete N-terminal domain (N-term), M-C and C-TM parts. M-C encompasses residues starting from the amino
terminal methionine (M) to the cysteine (C) involved in a disulphide bridge with the third extracellular loop (ECL3). C-TM corresponds to the sequence starting from
the cysteine (C) to the first amino acid of the first transmembrane segment 1 (TM). - delimit the M-C part from the C-TM part. Negatively charged residues are
represented in bold. Tyrosine residues present in the M-C part that are potentially sulfated (psY) are highlighted in gray. Potential N-glycosylation sites (NxS/T) are
underlined. * denotes post-translational modifications that were experimentally demonstrated. Charge corresponds to the sum of negatively (D, E) and positively (K, R,
H) charged residues. Double underlined italic residues highlight the negatively and positively charged residues conserved at positions +3/4 and +10/11. CA: Cancers,

PL: Plasmodium infection, PS: Psoriasis. a: based on [162]. b: adapted from [163].
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Highlights

- Chemokine receptor N termini strongly contribute to the binding of chemokines as well

as pathogen proteins.

- Despite their variability, chemokine receptor N termini harbour various conserved
features or post-translational modifications, which are proposed to play important roles

in receptor biology and ligand recognition.

o Tyrosine sulfation may increase the affinity of the receptor for its ligand. All

chemokine receptors bear at least one potentially sulfated tyrosine in their N
terminus, which may be involved in a common mechanism of chemokine

recognition through a conserved sulfotyrosine-binding pocket.

o Disulphide bridge between the receptor N terminus and ECL3 (top of TM7) leads

to formation of a pseudo-loop (ECL4) and may play a structure-stabilising role,
shape the ligand interaction interface, and participate in the positioning of the N

terminus for chemokine interactions.

o Glycosylation is proposed to increase N terminus flexibility or to directly
participate in ligand binding by providing additional negatively charged
moieties for electrostatic interactions with the positively charged chemokines. It

may also be important for protecting the receptor against protease degradation.

- We were also able to identify molecular signatures within the pseudo-loop regions of
chemokine receptors, which allow their classification based on their length and

conserved negatively or positively charged residues.
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By writing the review on which the above chapter is based, I was initiated at the very
beginning of the project into the complex field of chemokine receptors and their ligands.
Not only did it allow me to have a broader view on the various aspects of this area of
research, but also to appreciate the differences and similarities between CXCR7 and other
chemokine receptors. We could indeed pinpoint some unique characteristics that
distinguish the N terminus of CXCR? from that of other receptors. These included (1) the
single tyrosine residue at a non-conserved position, contrasting with the multiple tyrosines
commonly found in other receptors, (2) the N-glycosylation site in its ECL4, the region
which usually does not carry any post-translational modifications or (3) the two additional
cysteine residues, which we hypothesised could be linked through a disulphide bridge
forming an intra-N terminus loop. These uncommon features were to be further

investigated later on in the project (see Chapter 3).

In only four years since the publication of the review, much progress has been made in the
field. Some sections of this chapter, therefore, had to be rewritten or updated to include the
recent knowledge, for instance offered by the several newly resolved three-dimensional
structures of chemokine receptors. The growing body of data, both structural and
functional is also gradually leading to changes in paradigms around chemokines and their
receptors and this will be elaborated on in the last chapter of this thesis.

We had also identified conserved signatures within the N-terminal domains of chemokine
receptors, within the so-called pseudo-loop or ECL4, which we were later able to refine
based on the new chemokine receptor structures. These signatures and the pseudo-loops of

chemokine receptors will be further discussed in the following chapter.
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Closing the ring: a fourth extracellular loop in
chemokine receptors

Adapted from Szpakowska M, Perez Bercoff D and Chevigné A, Closing the ring: a
fourth extracellular loop in chemokine receptors, Science Signaling 2014 Sep
2;7(341):pe21.

79



80



Chapter 2 Closing the ring

Shortly after the publication of the review on the chemokine receptor N terminus, the
resolution of the three-dimensional structures of CXCR1 and the first CC receptor,
CCR5, confirmed the existence of a disulphide bridge linking the N terminus to the top
of TM7. Importantly, it also brought new details allowing a better prediction of the
boundary between the N terminus and TM1, especially in the CC receptors, and hence
of the size of the pseudo-loop ECL4. We felt that the presence and the impact of the
disulphide bridge and ECL4 on chemokine receptors had been understated by the
scientific community, while they probably play critical roles in chemokine recognition
and receptor activation. We therefore continued and refined our analysis of these

regions.

This short chapter further discusses the features of these pseudo-loops, the structural

requirements for their formation, and the effects they may have on receptor function.
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1. ECL4 and chemokine receptor topology

Chemokine receptors are rhodopsin-like, guanine nucleotide-binding protein (G
protein)-coupled receptors (GPCRs) and are present at the surface of various cell types.
By binding to their ligands, chemokine receptors regulate vital cellular mechanisms,
including migration, adhesion, as well as growth and survival, but they are also
involved in pathological processes, such as cancer and HIV-1 infection. Previously,
knowledge about the structure of chemokine receptors was built on predictions based
on other class A GPCRs and on functional studies. The resolution of the three-
dimensional structures of three chemokine receptors by x-ray crystallography (for
CXCR4 and CCR5) and nuclear magnetic resonance (NMR) analysis (for CXCR1) has
provided more precise information on the conformations adopted by members of this

receptor family (Fig. 1, A to D) [1-3].

Similar to other rhodopsin-like GPCRs, chemokine receptors consist of a flexible
extracellular N terminus that is followed by a bundle of seven hydrophobic plasma
membrane-spanning a-helices [known as transmembrane (ITM) domains] that are
connected by three hydrophilic extracellular loops (ECLs) and three intracellular loops
(ICLs). In addition to the canonical disulphide bond that links the top of third TM
domain (TM3, at the end of ECL1) to the middle of ECL2, all three of the currently
available three-dimensional structures of chemokine receptors demonstrate the presence
of a second disulphide bridge between the N terminus of the receptor and the top of
TM7 (at the end of ECL3). As a consequence, the C-terminal residues of the N terminus
of the receptor form an extracellular loop (which is termed “ECL4”), which connects
TM1 and TM7 and closes the receptor into a ring-like conformation (Fig. 1A). This fourth
loop consists of six (for CCR5) or eight amino acid residues (for CXCR1 and CXCR4) (see
table Fig. 1), and is thus comparable to ECL1 and ECL3, which contain between four and
eight residues each. With the exception of CXCR®, all of the chemokine receptors have a
cysteine in the last third of their N-terminal regions, which suggests that the additional
disulphide bridge is conserved. Although the formation of this disulphide bridge is
critical for the function of several chemokine receptors, the role of the additional loop in

ligand recognition and receptor activation mechanism has been given less attention.
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The formation of ECL4 at the surface of chemokine receptors requires structural
adaptations and possibly has consequences on receptor function. In CXCR1, CXCR4,
and CCRS5, the transmembrane helix that forms TM7 is two turns longer than that in
other GPCRs. Elongation of the chemokine receptor helix seems to be required to
position the conserved cysteine towards the inner face of TM7, which favours its
engagement in the disulphide bridge with the N terminus of the receptor (Fig. 1, A and
E). The ECL4 pseudo-loop may play an important role in chemokine recognition.
Chemokine receptors are thought to bind to their ligands through a two-step
mechanism that involves successive interactions between the chemokine and both the
flexible N terminus of the receptor [chemokine recognition site 1 (CRS1)] and a pocket
located in the vicinity of the transmembrane segments and the extracellular loops
(CRS2) [4, 5]. Noteworthy, ECL4 and the disulphide bond between the N terminus and
TMY7 reposition the remaining flexible part of the N-terminal region of the receptor from
the top of TM1 to the top of TM7 alongside ECL3 (Fig. 1E). Such a delocalisation is likely
necessary for chemokine binding, and would provide an optimal orientation of the
flexible N terminus of the receptor (CRS1) with respect to CRS2. This repositioning may
be further facilitated by the proline residue that often directly precedes the conserved
cysteine, which forms a kink in CRS1 and brings it in front of the pB-hairpin of ECL2, a
major determinant of CRS2 in CXCR4 (Fig. 1, A and E) [6]. ECL4 also influences the
shape, size, and charge of the entrance of the transmembrane binding pocket for
endogenous ligands (CRS2) and small pharmacological modulators (Fig. 1, B to D).
Similarly to the canonical disulphide bridge between TM3 and ECL2, the bond between
the N terminus and TM7 may also contribute to the overall stability and rigidity of the
receptor, as well as to the conformational changes that occur upon chemokine binding.
Finally, this loop may limit the diffusion of small molecules across the helix-bundle, and

it may participate in receptor-receptor interactions, type I dimerisation, or both.

2. ECL4 molecular signatures

Despite difficulties in predicting the starting residue of TM1, and although there is little
ECL4 sequence similarity among receptors, we identified three subfamilies of
chemokine receptors that are characterised by different molecular signatures within
their pseudo-loops (see table Fig. 1) [4, 7]. The receptors CCR1, CCR5, and CCR9 share
conserved, positively charged residues at positions C+2 and C+6 (family A), whereas
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CCR6, CCRS8, CCR10, all of the CXC receptors, CX3CR1, and the atypical chemokine
receptor ACKR2 (D6) have a negatively charged residue at position C+3 or C+4 (family
B). The side chains of the residues that define family A (Lys?¢, C+6) and family B (Glu®,
C+4) are well-aligned in the superposed x-ray structures of CXCR4 and CCRS5 (Fig. 1F),
and point towards the inner face of the receptors, suggesting that this position may be of
importance for receptor function. This observation is consistent with data demonstrating
that the Asp? of CX3CR1 (C+4) is critical for binding to its ligand CX3CL1 (fractalkine)
[8], and that Glu3? of CXCR4 (C+4) is predicted to interact with the N-terminal lysine of
CXCL12 (also known as SDF1-a), which accounts for its agonist activity [9]. Other
receptors, such as CCR2, CCR3, CCR4, CCR7, and ACKR4 (CCX-CKR) bear both types
of signatures (family A/B). The receptors XCR1, ACKR1 (DARC), and CXCR7 (ACKR3)
display no feature that enables their classification into one of the two families (family C).
In contrast to sequences preceding the conserved cysteine, no posttranslational
modifications are predicted among the different ECL4s, except for that of CXCR7, which
displays a putative N-glycosylation site (NKS) at position Cxs.

3. ECL4 in other rhodopsin family receptors

The presence of a fourth ECL and its molecular signatures may not be restricted to
chemokine receptors. Indeed, the additional cysteine residues in the N terminus and
TM7 (ECL3) are also found in about 30 % of receptors belonging to the rhodopsin
family, including receptors for lysophospholipid (LPA), bradykinin (B1-2), endothelin
(ETA-B), melanocortin (MC1-5), serotonin (5-HT), angiotensin (AT1-2) as well as
purinergic (P2Y) and orphan receptors (Fig. 2). The structure of the recently resolved
rhodopsin-like receptors, P2Y1, P2Y1 and AT revealed the presence of a pseudo-loop
equivalent to that found in the chemokine receptors [10-12]; however, the co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>