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Interaction of chemokine receptor CXCR4 in monomeric and dimeric state with its endogenous ligand CXCL12: Coarse-grained simulations identify differences

"Eppur si muove"

"And yet it moves" or "Albeit it does move", one of the most famous Galileo Galilei's citation for Earth movement, is the good sentence to introduce my thesis.

The Italian scientist spoke about the movement of our planet and its "migration" around the Sun, people are moving around the world during their life, but deeply inside this movement is also the base of our biology, from the embryogenesis to the adult life.

How can our cells "migrate" and decide where and when "be or not to be"?

The answer is in small molecules called chemokines and their fascinating and highly intricate networks with chemokine receptors. We can define the chemotaxis as the oriented cell migration through the concentration gradient of a chemical signal (called chemotactic or chemo-attractive signal, [START_REF] Mc | Chemotaxis in leukocytes[END_REF], Harris 1953, Harris 1953).

These proteins have historically been known under several other names including the SIS family of cytokines, SIG family of cytokines, SCY family of cytokines, Platelet factor-4 superfamily or intercrines. In 1977 the first one was described as a molecule capable to activate platelets during platelet aggregation and to promote blood coagulation (platelet factor 4, PF4 or now according to the new nomenclature CXCL4) and today 44 chemokines (CKs) are known in all vertebrates and are conserved for their different functions notably on immune responses (naïve and adaptive), inflammation, hematopoiesis and angiogenesis. They exert these functions by interacting with chemokine receptors (CKRs) that are 7-transmembrane (7-TM) -domains G-protein coupled receptors (GPCRs). To date 19 receptors have been identified, forming a highly intricate and precisely regulated network [START_REF] Bonecchi | Chemokines and chemokine receptors: an overview[END_REF][START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF].

Expression of the CKs can be induced by cytokines (for example interferons (IFNs), tumor necrosis factor (TNF)-α, in inflammatory conditions) in a variety of immune and non-immune cells. These various cell types non-exhaustively include fibroblasts, epithelial, endothelial and smooth muscle cells, as well as mononuclear leukocytes and granulocytes. [START_REF] Brown | Chemokine gene expression and secretion by cytokine-activated human microvascular endothelial cells. Differential regulation of monocyte chemoattractant protein-1 and interleukin-8 in response to interferon-gamma[END_REF] On the basis of their expression and thereafter their function, CKs were initially classified in two main categories. Some are considered as homeostatic being produced constitutively (ex. CCL19, CXCL13), and generally involved in lymphocyte trafficking, immune surveillance and localization of immune cells in the lymphatic system [START_REF] Fernandez | Structure, function, and inhibition of chemokines[END_REF], but also for the central nervous system cells disposition and angiogenesis [START_REF] Strieter | The role of CXC chemokines as regulators of angiogenesis[END_REF][START_REF] De Haas | Neuronal chemokines: versatile messengers in central nervous system cell interaction[END_REF].

Other CKs were considered as being only produced during infection or following a proinflammatory stimulus and involved in immune cells recruitment to damaged tissues (ex. CXCL8, CXCL10). For instance, in case of skin wound, such inflammatory CKs can also activate cells to raise an immune response and start the wound healing process [START_REF] Rollins | Chemokines[END_REF].

This functional classification was based on the idea that cells are producing CKs either constitutively or under different pathogenic conditions and in a soluble secreted form.

However, the knowledge built up over years indicates that CKs instead of being secreted as soluble proteins are rather interacting with extracellular matrix (ECM) glycosaminoglycans (GAGs) and the concept that adhesion events between cells not only provide a method of cellular interaction, but also may aid in the activation of the cells and induce the production of CKs in non-inflammatory conditions [START_REF] Rot | Neutrophil attractant/activation protein-1 (interleukin-8) induces in vitro neutrophil migration by haptotactic mechanism[END_REF].

Moreover, CKs are also involved in other functions than chemoattraction. A good example is CXCL12, a chemokine also involved in angiogenesis and considered as a growth factor. Moreover, this CK has been shown to be able to act as a chemo-repulsive agent. For instance, high concentrations of CXCL12 have been shown i) to repulse human thymocytes in vitro, a "run away" process that could be abolished using a neutralizing CXCL12 antibody [START_REF] Poznansky | Active movement of T cells away from a chemokine[END_REF] and ii) to permit the firm adhesion of CD4 and CD8 T cells to microvascular endothelium from pancreatic islet thus resulting in a decrease of T-cell integrin activation in a CXCR4-independent manner [START_REF] Sharp | Stromal cell-derived factor-1/CXCL12 stimulates chemorepulsion of NOD/LtJ T-cell adhesion to islet microvascular endothelium[END_REF]. Such a process might account for the decreased chemotaxis observed at high concentration of a CK evidenced by the typically bell shaped response upon CK concentration. However the exact molecular mechanisms of CK-induced chemorepulsion are still undefined. Zlatopolskiy and Laurence [START_REF] Zlatopolskiy | Natural amines inhibit activation of human plasmacytoid dendritic cells through CXCR4 engagement Nikaïa Smith 1,2[END_REF]) postulated that CK-mediated repulsion would be triggered by an excess of free ligand in the vicinity of the cell that would lead to a dimerization of the receptor, followed by an internalization of the ligand/receptor complexes.

Internalization, degradation of the ligand, and recycling of the receptors would be realized under the same way than during the chemoattraction process. The difference between these two processes would take place through the localization of the recycled receptors. Appearance of the internalized receptors may occur not on the apical side of the cell but on the basal side resulting in a reverse movement. Summarizing, the direction of a CK-triggered movement is gradient dependent and concentration dependent.

I.1 Primary structure and classification of CKs

As mentioned above, expression of CKs being both constitutive and inducible (ex. CXCL12, CCL20) rendered obsolete the use of a "functional nomenclature". Based on their structural features, namely the position of two cysteines located at the N-terminal part of the peptide chain, it is possible to distinguish four different families. CKs primary structure is composed of a single polypeptide chain of 70-100 aminoacid residues in length, with high variable sequence identity to each other (20-95%), including the conserved cysteine residues that have also been the basis for subfamily nomenclature.

Four subfamilies of CKs can be distinguished by the pattern of these four near-identical cysteine residues position. Two principals cysteines are located at the N-terminal part and are involved in the formation of two important disulfide bonds with two (or one) distal cysteines for the protein folding (Fig 1).

Based on this structural characteristic we can divide CKs in:

 CXC or alpha family, grouping CKs with one amino acid between the two first cysteines  CC or beta family, for CKs with none residues between the two cysteines  XC or gamma family, for CKs with only one cysteine and one disulfide bond  CX3C or delta family, which has only one known member (CX3CL1 or "fractalkine" or "neurotactin"), with three amino acids between the two cysteines.

Fig 1.

Schematic view of CKs subfamilies based on primary structure CK genes are clustered on specific chromosomal regions and there are two major gene clusters comprising exclusively either CXC or CC genes on chromosome 4q13. respectively (Tab 1). These major clusters can be subdivided into two regions. For the CXC gene cluster, the regions are named GRO and IP10 while the regions of the CC gene cluster are called MCP and MIP [START_REF] Nomiyama | The evolution of mammalian chemokine genes[END_REF]. The GRO region contains the CXCL1-CXCL8 genes and the IP10 region the CXCL9-CXCL13 genes, respectively (with the exception of CXCL12 that is located on chromosome 10).

In the CC major cluster, the MCP and MIP regions comprise 6 and 12 genes, respectively (CCL2, CCL7, CCL11, CCL8, CCL13, CCL1 versus CCL5, CCL16, CCL14, CCL15, CCL23, CCL18, CCL3, CCL4, CCL3L3, CCL4L1, CCL3L1, CCL4L2). In addition to the two major clusters, a CC "mini"-cluster is found on chromosome 7 (comprising the CCL26 and CCL24 genes), on chromosome 9 (CCL27, CCL19, CCL21), and on chromosome 16 (CCL22, CX3CL1, and CCL17), respectively. Both XCL1 and XCL2 are also found in a "mini"-cluster on chromosome 1 [START_REF] Maho | Physical mapping of the CC-chemokine gene cluster on the human 17q11. 2 region[END_REF][START_REF] Nomiyama | Organization of the chemokine gene cluster on human chromosome 17q11.2 containing the genes for CC chemokine MPIF-1, HCC-2, HCC-1, LEC, and RANTES[END_REF][START_REF] O'donovan | Physical mapping of the CXC chemokine locus on human chromosome 4[END_REF].

The CX3C CK is unusual because it is part of a cell surface receptor: the CK comprises a CK module (related in structure to the other families), as well as a stalk, a transmembrane region (TM), and a short cytoplasmic region (Cyt).

The relative proportions of these components are not drawn to scale in Fig 1, as the stalk comprises approximately 75% of the CX3C CK.

Tab 1. Liste of human CK and relative gene position [START_REF] Blanchet | Touch of chemokines[END_REF].

I.2 Topology and Folding of CKs

As mentioned above the primary sequence homology between CKs is highly variable, ranging from less than 20% to over 90%, but all share very similar structures. These proteins are produced in both membrane-bound and soluble forms and can act not only as chemoattractants, but also as adhesion molecules, at least in the case of CX3CL1.

The first CK structure to be determined was that of CXCL8 in 1990 [START_REF] Clore | Threedimensional structure of interleukin 8 in solution[END_REF]). Subsequent to the structures of CXCL8 and other CXC CKs, the structure of the CC CK, CCL4, was solved [START_REF] Lodi | High-resolution solution structure of the beta chemokine hMIP-1 beta by multidimensional NMR[END_REF], followed by CCL5 [START_REF] Skelton | Proton NMR assignments and solution conformation of RANTES, a chemokine of the C-C type[END_REF] and CCL2 [START_REF] Lubkowski | The structure of MCP-1 in two crystal forms provides a rare example of variable quaternary interactions[END_REF]) shortly thereafter. Today in the Protein Data Bank (PDB) we can find multiple structures of 24 CKs that have been solved by solution NMR (60 different structures) or X-ray crystallography (86 different structures, 7 with less than 1.5 A of resolution) and have revealed that despite low sequence homology, CKs adopt a remarkably conserved folding (Fig 2).

The CK topology consists of an elongated N-terminus that precedes the first cysteine, with no particular structural features and in most cases was unobservable by high-resolution structural studies.

A loop of approximately ten residues follows the first two cysteines, known as the N loop, which plays functional roles and is succeeded by one strand of a 310 helix [START_REF] Crump | Solution structure of eotaxin, a chemokine that selectively recruits eosinophils in allergic inflammation[END_REF][START_REF] Nomiyama | Organization of the chemokine genes in the human and mouse major clusters of CC and CXC chemokines: diversification between the two species[END_REF]. Three β-strands single-turn succeed the 310 helix and the C-terminus part forms an α-helix structure. Each secondary structural unit is connected by turns known as the 30s, 40s, and 50s loops [START_REF] Eigenbrot | Structural change and receptor binding in a chemokine mutant with a rearranged disulfide: X-ray structure of E38C/C50AIL-8 at 2 A resolution[END_REF][START_REF] Rajarathnam | Spectroscopic characterization of chemokines: relevance for quality control and standardization[END_REF], which reflects the numbering of residues in the mature protein. In addition of having important roles in connecting secondary structures, the 30s and 50s loops possess the latter two of the four cysteines characteristic of the family. The first two cysteines following the N-terminal region limit the flexibility of the N-terminus, owing to the disulfides bounds with the third cysteine on the 30s loop and the fourth cysteine in the 50s loop, respectively.

Despite the presence of the two cysteines following the N-terminus, NMR dynamics studies indicate that the flexibility of the N loop is greater than the flexibility of other regions of the protein (excluding the N-and C-termini). This flexibility may play a role in the mechanism of binding to and/or activation of CKRs [START_REF] Keizer | Human CC chemokine I-309, structural consequences of the additional disulfide bond[END_REF]. The CK fold consists of a flexible N-terminus, an N-loop, occasionally a 310 helix, an antiparallel three-stranded β-sheet, and a C-terminus α-helix. Within the antiparallel threestranded β-sheet, the β1-strand is connected to β2-strand by the 30s loop and β2-strand is linked to β3-strand by the 40s loop.

I.3 Oligomerization of CKs

One peculiarity of many CKs is their reported capacity to form dimers or higher-order oligomers in solution or upon binding to proteins and other components of the ECM, as GAGs (Johnson, Handel et al 2005[START_REF] Lau | Identification of the glycosaminoglycan binding site of the CC chemokine, MCP-1: implications for structure and function in vivo[END_REF]. CKs can interact with themselves (homo-oligomerization) or between them (hetero-oligomerization).

I.3a Homo-Oligomerization

These interactions are proposed to be different into the two main subfamilies of CKs (CC and CXC).

CC CKs (Fig 3) associate in an elongated structure with a considerable flexibility between the two subunits. The interaction is established through the formation of an antiparallel β-sheet structure involving residues near the N-terminus, including the first two cysteines (for example, residues 9-12 in CCL2). Although the structure of CCL2 was initially solved as a dimer (in solution by NMR), subsequent crystallographic studies revealed the potential formation of both dimers and tetramers from two different crystal forms [START_REF] Lubkowski | The structure of MCP-1 in two crystal forms provides a rare example of variable quaternary interactions[END_REF][START_REF] Sticht | Solution structure of the human CC chemokine 2: A monomeric representative of the CC chemokine subtype[END_REF][START_REF] Blaszczyk | Complete crystal structure of monocyte chemotactic protein-2, a CC chemokine that interacts with multiple receptors[END_REF].

Other CKs such as CCL5, CCL3, and CCL4 can aggregate into even higher-order oligomers.

Tetramers are likely to be the next level of organization, as point mutants of both CCL5 and CCL3 have been identified that form predominantly CC dimers or tetramers of as yet unknown structures. Thus, the higher-order structures are likely organized assemblies rather than random precipitates [START_REF] Shaw | The X-ray structure of RANTES: heparin-derived disaccharides allows the rational design of chemokine inhibitors[END_REF][START_REF] Dias | Structural basis of chemokine sequestration by a tick chemokine binding protein: the crystal structure of the complex between Evasin-1 and CCL3[END_REF]).

Fig 3.

A typical CK monomeric unit is shown at the top (CCL20; PDB ID 2JYO). The CCtype dimer is formed from contacts between the N-terminal fragments of each subunit to create an elongated shape (CCL2 homodimer; PDB ID 1DOM). The CXC-type dimer is created by the continuation of the β-sheets via their first strands and a small reorientation of the α-helices, running anti-parallel to each other (CXCL8; PDB ID 1IL8). Heterodimerization is also possible, modeled here from two subunits of CXCL8 and CXCL4 (PDB ID 1IL8 and 1RHP, respectively) (adapted from Nguyen et al 2012).

Regarding the propensity of CXC CKs to oligomerize, it was reported that residues in the first strand of the β-sheet form hydrogen bonds with the same strand from a second subunit, forming one extended six-stranded sheet (Fig 3) [START_REF] Wang | Chemokine oligomerization in cell signaling and migration[END_REF]). To stabilize these conformations, interactions between the ends of the C-terminus α-helices with the β-sheet of the opposing subunit are formed. When compare with CC dimers, the shapes of the CXC ones are much more globular and the overall topology is effectively a β-sheet platform topped by two α-helices with a slight cavity between the helices. As for CC CKs, studies of CXC structures (i.e. CXCL4 and CXCL10) suggest that the "tetrameric architecture" is the dominant form of the proteins in solution. In the case of CXCL10, two different tetramers were reported by crystallography, one similar to the CCL2 and CXCL4 tetramers and the other consisting of a novel 12-stranded β-sheet structure (Swaminathan GJ, 2003) [START_REF] Kuo | Alternative C-terminal helix orientation alters chemokine function: structure of the anti-angiogenic chemokine, CXCL4L1[END_REF].

Despite the propensity of CKs to oligomerize, the prevalent concept is that CKs interact with receptors as monomers, at least in the context of their directed-migration function. This finding was highly suggested by structure-based design of mutants that are obligate monomers.

Clark-Lewis'group made a synthetic variant of CXCL8 containing a methyl group on the amide of Leu25 in the central β-strands of opposing subunits in the dimer which is normally involved in H bonding across the dimer interface [START_REF] Crump | Solution structure of eotaxin, a chemokine that selectively recruits eosinophils in allergic inflammation[END_REF][START_REF] Rajarathnam | Spectroscopic characterization of chemokines: relevance for quality control and standardization[END_REF]). The mutant with Leu25 methylated does not dimerize, but its binding affinity and ability to induce cell migration and elastase release in vitro were found to be equivalent to those of the wild-type CK thus strongly suggesting that a monomeric form of CXCL8 is sufficient for receptor binding and full in vitro biological activity. Subsequently, a similar chemical modification of Thr8 in the N-terminus of CCL5 produced a monomeric variant with in vitro activity equivalent to the wild-type protein [START_REF] Proudfoot | Glycosaminoglycan binding and oligomerization are essential for the in vivo activity of certain chemokines[END_REF]. A different strategy was used with CCL2 and CCL4. In the recombinant forms of these CKs, mutation of Pro8 (N-terminus), an amino acid that flanks the dimer interface and is present in many CC CKs, results in variants that do not dimerize [START_REF] Paavola | Monomeric monocyte chemoattractant protein-1 (MCP-1) binds and activates the MCP-1 receptor CCR2B[END_REF][START_REF] Laurence | CC chemokine MIP-1 beta can function as a monomer and depends on Phe13 for receptor binding[END_REF]. Like for CXCL8 and CCL5, these mutants also displayed in vitro binding and chemotaxis equivalent to their wild-type counterparts. With data from these four CKs, it is tempting to generalize the monomer-bindsreceptor hypothesis to most if not all CKs, at least with respect to the induction of cell migration. However oligomerization seems to be required for the chemotactic function of some CKs and was correlated with the ability of the CKs to bind GAGs. Thus, the propensity of CKs to oligomerize can be beneficial for some CKs depending the cells, the tissues and the physiological contexts and can also add some diversity with regard to receptors activation and signaling, most notably in the case of CKs hetero-oligomerization.

I.3b Hetero-Oligomerization

The finding that CKs can form hetero-oligomers is not entirely surprising since all CKs have a similar folding and use a limited set of dimer interface motifs. Additionally, because structural studies have revealed tetrameric complexes in which both CC and CXC dimer-like interfaces and alternative interfaces occur (Swaminathan et al. 2003 [START_REF] Lau | Identification of the glycosaminoglycan binding site of the CC chemokine, MCP-1: implications for structure and function in vivo[END_REF]), formation of CC/CXC hetero-oligomers is not out of the question (Fig 3). Indeed, heterodimerization has been proposed for CCL3/CCL4, CXCL4/CXCL8, CCL21/CXCL13, CXCL4/CCL5, and CCR2 ligands, particularly CCL2 and CCL8 (Nesmelova IV, [START_REF] Paoletti | A rich chemokine environment strongly enhances leukocyte migration and activities[END_REF].

The formation of hetero-oligomers may be a common property of CKs and possibly important modulate their functions. Indeed, hetero-oligomers binding to receptors might have cooperative or, conversely, inhibitory consequences on receptors functions, or induce the emergence of new signaling pathways downstream activated receptors and potentially new physiological responses of CKstimulated cells.

We also have to consider that the effects of hetero-oligomerization can be indirect [START_REF] Paoletti | A rich chemokine environment strongly enhances leukocyte migration and activities[END_REF][START_REF] Allen | Chemokine: receptor structure, interactions, and antagonism[END_REF][START_REF] Koenen | Disrupting functional interactions between platelet chemokines inhibits atherosclerosis in hyperlipidemic mice[END_REF]. For example, heterodimers may regulate the pre-binding quantities and availability of the CKs, as well as changes in the affinity and/or selectivity of CKs for GAGs relative to homodimers.

CKs hetero-dimerization may also negatively regulate receptor activation by sequestering CKs into non-functional heterodimers, somewhat akin to the role of scavenger receptors in dampening the immune response. In the context of receptor signaling, two CKs may act independently at the cell surface, although their signals integrate downstream to modulate the response of the cell. On the other hand, in contrast to the monomer-binds-receptor paradigm, it remains entirely possible that some hetero-oligomers of CKs could bind directly to receptors via a different interaction surface than do the CKs monomers, or they may act through alternate receptors (than their cognate ones) to produce novel responses. For both homo-and hetero-oligomerization, much work needs to be done to determine the diversity of their functional effects, the supra structures involved (in relationship with their receptors) and most important, their in vivo existence.

I.4 Interaction with glycosaminoglycans (GAGs)

I.4a Early evidence

The importance of CKs binding to endothelium was suggested soon after the family was identified by the demonstration that neutrophils migrated toward immobilized CXCL8 by a mechanism called haptotaxis [START_REF] Rot | Neutrophil attractant/activation protein-1 (interleukin-8) induces in vitro neutrophil migration by haptotactic mechanism[END_REF]. Interestingly, this concept was strengthened with the identification of CXCL4 upon heparin-sepharose affinity chromatography [START_REF] Deuel | Amino acid sequence of human platelet factor 4[END_REF]. While from this earlier works, it was well accepted that CKs are immobilized on the endothelial surface through their interaction with GAGs in order to provide a directional signal, direct evidence of this binding process and its functional consequences were more recently provided by the use of CK mutants with abrogated GAGs-binding capacity and that consequently have lost their ability to recruit cells in vivo [START_REF] Proudfoot | Glycosaminoglycan binding and oligomerization are essential for the in vivo activity of certain chemokines[END_REF].

Formation of CK gradients on cell surfaces is considered to be critical for haptotactic cell migration (Middleton, Neil et al. 1997, Patel and[START_REF] Patel | Leukocyte homing to synovium[END_REF] and the absence of such gradients leads to impaired migration either because of the lack of directional signals [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF] or due to bulk receptor desensitization [START_REF] Ali | An apparent paradox: chemokine receptor agonists can be used for anti-inflammatory therapy[END_REF].

I.4b GAGs structure

GAGs or mucopolysaccharides are long unbranched chains composed of repeating disaccharide units. These carbohydrate structures found on the surfaces of virtually all cells, are classified into several families on the basis of the identity of their repeating disaccharide units and the variability in their lengths (Fig 4). GAGs have high degrees of heterogeneity with regards to molecular mass, disaccharide construction, and sulfation due to the fact that their synthesis, unlike that of proteins or nucleic acids, is not template driven, and dynamically modulated by processing enzymes. CKs binding to GAGs can be determined by several methods. These include affinity chromatography to heparin sepharose, binding assays, isothermal fluorescence titration, and surface plasmon resonance to name a few, which were described in detail elsewhere [START_REF] Hamel | Chapter 4. Interactions of chemokines with glycosaminoglycans[END_REF]). It should be noted that the majority of these assays use heparin as a GAGs prototypic model since it is readily available commercially and is less expensive than the other classes of GAGs. There are six major classes of GAGs, which include heparin, heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate (DS), keratin sulfate (KS), and hyaluronic acid (HA). Heparin and HA are soluble GAGs, whereas HS, DS, KS, and CS are usually covalently attached to a protein core, referred to as proteoglycans. It should be noted that heparin is more highly sulfated than HS, the most abundant GAGs, which is found on almost every cell in the body. CKs therefore exist both in the fluid phase in the circulation and as a bound form immobilized on proteoglycans-expressing GAGs. In some cases, the CKs/GAGs interaction may not just provide a mechanism for localization, but could also induce modification in the receptor activation that may differentially contribute to some steps of cell migration in vivo, such as leukocyte arrest that cannot be easily modeled in vitro.

I.4c Functions of GAGs

Recent methodological improvements including studies of transendothelial migration under shear flow [START_REF] Cinamon | Shear forces promote lymphocyte migration across vascular endothelium bearing apical chemokines[END_REF]) have notably improved our understanding of the critical role for GAGs in the presentation and functions of CKs for lymphocyte interactions with vasculature. It was shown that blood vessels create steep gradients of HS between their lumenal and basolateral surfaces and that further inflammation significantly increases HS deposition in the ECM, thereby providing a mechanism for patterning CKs gradients [START_REF] Stoler-Barak | Blood vessels pattern heparan sulfate gradients between their apical and basolateral aspects[END_REF]. Moreover, several studies have shown that the ability of some CKs to bind GAGs is important for their function using in vivo models of inflammation [START_REF] Proudfoot | Glycosaminoglycan binding and oligomerization are essential for the in vivo activity of certain chemokines[END_REF][START_REF] Ali | A nonglycosaminoglycan-binding variant of CC chemokine ligand 7 (monocyte chemoattractant protein-3) antagonizes chemokine-mediated inflammation[END_REF] where CKs-GAGs interactions are involved in the transport of CKs across endothelial cells from their site of production at inflammatory foci [START_REF] Wang | Endothelial heparan sulfate deficiency impairs L-selectin-and chemokine-mediated neutrophil trafficking during inflammatory responses[END_REF]. CKs-GAGs interactions were also involved in the storage and release of CKs from T cells [START_REF] Wagner | The role of CD8+ CD40L+ T cells in the formation of germinal centers in rheumatoid synovitis[END_REF] and in the secretion of CKs from tumor cells [START_REF] Soria | Mechanisms regulating the secretion of the promalignancy chemokine CCL5 by breast tumor cells: CCL5's 40s loop and intracellular glycosaminoglycans[END_REF].

I.4d Affinity and structural determinants for GAGs binding

While the importance of these interactions has motivated numerous studies to determine binding affinities of CKs with GAGs, there are few quantitative comparisons of the affinities of CKs for GAGs apart from some early studies [START_REF] Hoogewerf | Glycosaminoglycans mediate cell surface oligomerization of chemokines[END_REF][START_REF] Kuschert | Glycosaminoglycans interact selectively with chemokines and modulate receptor binding and cellular responses[END_REF]). Compiling comparisons based on studies of individual CKs is, however, challenging due to the use of a wide range of techniques, solution conditions and types/sources of GAGs in these studies [START_REF] Hamel | Chapter 4. Interactions of chemokines with glycosaminoglycans[END_REF]. Nevertheless, such comparisons are important as they may reveal differences in the specificity of CKs for GAGs and/or be relevant to the role of such interactions in CK function. The molecular details of how CKs bind to GAGs are also poorly understood and the characterization of GAGs binding sites remains a complex issue.

Among studies based on heparin binding protein sequence comparison, an early work led to the identification of two binding consensus sequences, XBBXBX or XBBBXXBX clusters, where B stands for a basic residue and X for any others [START_REF] Cardin | Molecular modeling of proteinglycosaminoglycan interactions[END_REF].

However, recent analyses have challenged the universality of this paradigm. Site directed mutagenesis, structural characterization of protein/heparin complexes and the development of a new approach, which relies on the proteolytic digestion of protein/heparin complexes and the subsequent identification of the heparin bound peptides by N-terminus sequencing [START_REF] Vives | A novel strategy for defining critical amino acid residues involved in protein/glycosaminoglycan interactions[END_REF], clearly indicate that binding sites are not exclusively composed of linear sequences, but can also include conformational epitopes comprising distant amino acids organized in a precise spatial orientation through the folding of the protein.

For CKs, amino acids involved in GAGs recognition are more or less scattered along the polypeptide chain, however, they systematically form well-defined clusters at the surface of the folded protein [START_REF] Lortat-Jacob | Structural diversity of heparan sulfate binding domains in chemokines[END_REF] Focusing on CXCL12, we observed that data on this CK have been obtained from two isoforms (CXCL12α and β), arising from the alternative splicing of a single gene. CXCL12α binding to HS critically involves amino acids K24 and K27, which together with R41 form the essential part of the HS-binding site and are distinct from those required for binding to CXCR4 (Fig. 6) [START_REF] Sadir | Characterization of the stromal cell-derived factor-1alpha-heparin complex[END_REF]. A novel isoform, CXCL12γ, has been identified more recently [START_REF] Laguri | Relationships between glycosaminoglycan and receptor binding sites in chemokines-the CXCL12 example[END_REF] and is characterized by a distinctive 30 amino acids long C-terminus peptide. This peptide contains as much as 18 basic residues, nine of which are clustered into three putative 'BBXB' HS-binding domains. As shown by NMR spectroscopy, this C-terminal peptide (residues 69-98) is characterized by an important flexibility, and was highly disordered in solution, while the first 68 residues of CXCL12γ have a structure very similar to that of CXCL12α with a typical CK fold [START_REF] Laguri | Relationships between glycosaminoglycan and receptor binding sites in chemokines-the CXCL12 example[END_REF]. Binding assays in which reducing end biotinylated HP, HS or DS were captured on top of a streptavidin coated sensor chip, showed that CXCL12γ interacts not only with HP and HS (as the α and ß isoforms) but also with DS.

On the CXCL12γ core region, the most perturbed residues form a continuous surface, from R20 to R41. On the C-terminal extension, most of the residues were perturbed by the interaction in particular residues 83-97, demonstrating that the C-terminal extension was strongly involved in GAGs recognition, and specific mutations within these domains were found to decrease the binding reaction. Specific mutations within both the core domain and the C-terminal sequence were found to inhibit the binding [START_REF] Laguri | Relationships between glycosaminoglycan and receptor binding sites in chemokines-the CXCL12 example[END_REF].

The biochemical characterization of the CXCL12-HS complex showed that, in that particular system, the GAGs binding domain and the receptor binding site are spatially distant, and any mutations that prevent binding to either one did not affect the recognition of the other. In addition, the observation that CXCL12α and γ mostly differ by their ability to bind GAGs provides a useful system of investigation. The comparison of the activity of these two naturally occurring variants, without the need of using mutant forms of the CK should give rise to a better understanding of the importance of GAGs in mediating CK localization in vivo [START_REF] Rueda | Homeostatic and tissue reparation defaults in mice carrying selective genetic invalidation of CXCL12/proteoglycan interactions[END_REF]. CKs that were biochemically characterized to identify the domain important for GAGs binding. Those residues are labeled and highlighted in cyan, magenta, green and blue.

I.5 Interaction of CKs with receptors

CKs act by binding specialized receptors on the target cell surface, named CKRs (ChemoKines Receptors). These receptors are also grouped into four families, CXCR, CCR, XCR, and CX3R, based on the CK family they bind [START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF].

Similar to the challenges associated with structurally characterizing CKs-GAGs interactions, determining structures of CKs in complexes with CKRs is also challenging, in this case because the receptors are conformationally flexible 7-TM proteins (see below in II.4b). Thus mutagenesis coupled with binding and functional assays have dominated efforts to determine molecular details of binding and activation. Moreover this question is further confounded by the established promiscuity found in the ligand-receptor interactions that may occur between the multiple members of the CK family. As shown in Table 2, CKs may bind to various receptors, but it may not be too surprising that sharing the same structural basis may give rise to some degree of CKR promiscuity [START_REF] Kunkel | Promiscuous chemokine receptors and their redundant ligands play an enigmatic role during HIV-1 infection[END_REF].

Early work on CXCL8 by Clark-Lewis revealed the critical role of the CK N-terminus in receptor activation and that receptor binding and activation could be uncoupled [START_REF] Clark-Lewis | Structure-activity relationships of interleukin-8 determined using chemically synthesized analogs. Critical role of NH2-terminal residues and evidence for uncoupling of neutrophil chemotaxis, exocytosis, and receptor binding activities[END_REF]. Specifically, N-terminal modifications (deletions or mutations) were identified that converted CXCL8 from an agonist into an antagonist [START_REF] Moser | Interleukin-8 antagonists generated by N-terminal modification[END_REF]. Subsequent studies of many other CKs also supported the generality of this phenomenon [START_REF] Clark-Lewis | Structure-activity relationships of chemokines[END_REF]. Moreover, naturally occurring proteolytic modification of CKs N-termini was discovered as a natural mechanism for regulating CKs functions [START_REF] Moelants | In vivo regulation of chemokine activity by post-translational modification[END_REF]. On the receptor side, mutagenesis studies revealed the general trend that the N-termini of GPCRs are also important for binding to the structured CK "core domain" [START_REF] Monteclaro | The amino-terminal domain of CCR2 is both necessary and sufficient for high affinity binding of monocyte chemoattractant protein 1. Receptor activation by a pseudo-tethered ligand[END_REF]Charo 1997, Pease, Wang et al. 1998). Together, these findings gave rise to a paradigm referred to as the two-site model of receptor binding/activation, in which the receptor N-terminus interacts with the CK core domain (CK recognition site 1, CRS1), while the N-terminus of the CK interacts with the receptor ligandbinding pocket (CK recognition site 2, CRS2) (Fig 6). This paradigm has guided the field for many years, even in the absence of high-resolution structural information. Consistent with this model, an NMR study of CXCL12 in the presence of detergent solubilized-CXCR4 demonstrated the ability of the small molecule antagonist compound, AMD3100, to specifically dislodge the CXCL12 N-terminus from its binding site on CXCR4 without displacing the bound CK core domain (Kofuku, Yoshiura et al. 2009). Since AMD3100 binds to the TM binding pocket [START_REF] Gerlach | Molecular interactions of cyclam and bicyclam non-peptide antagonists with the CXCR4 chemokine receptor[END_REF], the logical conclusion was that the CXCL12 N-terminus binds in the pocket as well, and that the CRS1 core domain and CRS2 N-terminal interactions can be at least partially decoupled.

I.5a Structural determinants of CK-CKR interaction

Since the earliest studies of CXCL8 by Clark-Lewis' group [START_REF] Clark-Lewis | Structure-activity relationships of interleukin-8 determined using chemically synthesized analogs. Critical role of NH2-terminal residues and evidence for uncoupling of neutrophil chemotaxis, exocytosis, and receptor binding activities[END_REF]) and then on CXCL12 (Crump, Gong et al. 1997), the general concept has emerged that the N-termini of CKs are key signaling domains. It was also proposed that the N-termini sequences can mark the CKs function with Glu-Leu-Arg (ELR) sequences for CXC angiogenic CKs (e.g. CXCL1-8) whereas most non-ELR CXC CKs are angiostatic (e.g., CXCL9-11, CXCL4, CXCL13) with the notable exception of CXCL12 which contradicts this assumption [START_REF] Strieter | The role of CXC chemokines as regulators of angiogenesis[END_REF].

Nevertheless, studies of CCL2, CCL5, CCL9, CCL19, CXCL10 and CXCL12 CK variants have confirmed the importance of the N-terminus of these CKs for inducing signaling but not binding to their respective receptors some signaling-death CK mutants retaining high-affinity interactions with their receptors.

For example, deletion of seven residues from the N-terminus of CCL2 results in a CCR2 antagonist [START_REF] Hemmerich | Identification of residues in the monocyte chemotactic protein-1 that contact the MCP-1 receptor, CCR2[END_REF]). The N-terminus of all CKs studied to date is believed to activate the receptor subsequent to the recognition and binding steps. Although cleavage of the N-terminal first lysine of CXCL12 results as expected in a loss of function that does not induce Ca2+ mobilization, ß-arrestin recruitment and arrestin-dependent MAP kinase phosphorylation, surprisingly, the mutant CK maintains the potency to induce CXCR4dependent G-alpha-i protein activation thus acting as a partial agonist (Levoye et al.

unpublished).

In CCL5, if the N-terminal serine is preceded by a methionine the resulting molecule is a potent antagonist [START_REF] Proudfoot | Extension of recombinant human RANTES by the retention of the initiating methionine produces a potent antagonist[END_REF]. Likewise, for the CCR2-binding CCL2, the whole 10-residues in the N-terminus preceding the first cysteine are involved in receptor binding and activation. Deletion of the N-terminal glutamate results in a marked reduction in activity and that of the first two residues results in the conversion from an agonist to an antagonist. Interestingly, deletion of the first N-terminal residue leads to a mutant CCL2 protein that acquires a novel activity toward eosinophils, which become responsive to the mutant CK but presumably through binding to CCR3 (i.e. Ca2+ mobilization and actin polymerization) [START_REF] Zhang | Structure/activity analysis of human monocyte chemoattractant protein-1 (MCP-1) by mutagenesis. Identification of a mutated protein that inhibits MCP-1-mediated monocyte chemotaxis[END_REF].

Certain motifs in the N-terminus of CKs were found to correlate with specific function: CXC CKs containing N-terminal ELR sequences are angiogenic (e.g., CXCL1-8), whereas most non-ELR CXC CKs are angiostatic (e.g., CXCL9-11, CXCL4, CXCL13), with one notable exception: CXCL12.

In the CK, the N-loop region that follows the first two cysteines and connects the N-terminus to the β-sheet region through the single turn of a 310 helix (Fig 2 ) is the major receptorbinding site, and the sequence therein confers receptor specificity. In CXCL8 residues YSKPF [START_REF] Levoye | CXCR7 heterodimerizes with CXCR4 and regulates CXCL12-mediated G-protein signaling[END_REF][START_REF] Naumann | CXCR7 functions as a scavenger for CXCL12 and CXCL11[END_REF][START_REF] Berahovich | Endothelial expression of CXCR7 and the regulation of systemic CXCL12 levels[END_REF][START_REF] Pawig | Diversity and Inter-Connections in the CXCR4 Chemokine Receptor/Ligand Family: Molecular Perspectives[END_REF][START_REF] Vela | Chemokine receptor-specific antibodies in cancer immunotherapy: achievements and challenges[END_REF] confer slightly greater specificity toward CXCR1 over CXCR2 [START_REF] Schraufstatter | Multiple sites on IL-8 responsible for binding to alpha and beta IL-8 receptors[END_REF][START_REF] Williams | Mutagenesis studies of interleukin-8. Identification of a second epitope involved in receptor binding[END_REF]. In CXCL1, the residues LQGI [START_REF] Berahovich | Endothelial expression of CXCR7 and the regulation of systemic CXCL12 levels[END_REF][START_REF] Pawig | Diversity and Inter-Connections in the CXCR4 Chemokine Receptor/Ligand Family: Molecular Perspectives[END_REF][START_REF] Vela | Chemokine receptor-specific antibodies in cancer immunotherapy: achievements and challenges[END_REF](18) confer specificity only to CXCR2. Switching these regions in CXCL8 and CXCL1 results in a reversal of receptor binding and activation by the chimeric proteins [START_REF] Lowman | Exchanging interleukin-8 and melanoma growth-stimulating activity receptor binding specificities[END_REF]. In CXCL12, the sequence RFFESH [START_REF] Balabanian | The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes[END_REF][START_REF] Levoye | CXCR7 heterodimerizes with CXCR4 and regulates CXCL12-mediated G-protein signaling[END_REF][START_REF] Naumann | CXCR7 functions as a scavenger for CXCL12 and CXCL11[END_REF][START_REF] Berahovich | Endothelial expression of CXCR7 and the regulation of systemic CXCL12 levels[END_REF][START_REF] Pawig | Diversity and Inter-Connections in the CXCR4 Chemokine Receptor/Ligand Family: Molecular Perspectives[END_REF][START_REF] Vela | Chemokine receptor-specific antibodies in cancer immunotherapy: achievements and challenges[END_REF] confers specificity to CXCR4. A chimeric molecule generated by replacing the N-terminus and N-loop region of CXCL1 with that of CXCL12 results in a CXCR4 agonist with only sevenfold less potency than wild-type CXCL12 (Crump, Gong et al. 1997).

The type I or type III turn connecting the first and second β-strands have also been implicated in receptor binding [START_REF] Beall | Site-directed mutagenesis of monocyte chemoattractant protein-1 identifies two regions of the polypeptide essential for biological activity[END_REF][START_REF] Hemmerich | Identification of residues in the monocyte chemotactic protein-1 that contact the MCP-1 receptor, CCR2[END_REF]. Following the 30s loop is the second β-strand, which has a significant number of cationic residues. In most CXC and CC CKs, the C-terminus of the second β-strand has a lysine or arginine. This region of the CKs is speculated to be the GAGs binding site (as mentioned in I.4) [START_REF] Sadir | Characterization of the stromal cell-derived factor-1alpha-heparin complex[END_REF].

Little is known about the involvement of the third β-strand in CK activity. Finally, the Cterminal α-helix of CKs has been shown to modulate the activity of at least three CKs, CCL2 [START_REF] Zhang | Structure/activity analysis of human monocyte chemoattractant protein-1 (MCP-1) by mutagenesis. Identification of a mutated protein that inhibits MCP-1-mediated monocyte chemotaxis[END_REF], CXCL1 [START_REF] Roby | Cell-binding and growth-stimulating activities of the Cterminal part of human MGSA/Gro alpha[END_REF] and CXCL12 [START_REF] Luo | Attachment of C-terminus of SDF-1 enhances the biological activity of its N-terminal peptide[END_REF], but in general it is not believed to be involved in receptor activation.

An alternative approach toward defining receptor-binding epitopes includes the characterization of the electrostatic surface potential of the CK, an approach that has been used to probe the growth hormone agonist-receptor system [START_REF] Clackson | A hot spot of binding energy in a hormone-receptor interface[END_REF].

Changes in the surface area of this region brought about by mutating residues that contribute to the bulge, result in lowered binding affinities of the CK agonist for its receptor, particularly for CCL5 andCXCL12 (Clark-Lewis, Kim et al. 1995, Pakianathan, Kuta et al. 1997).

Fig 6.

Two-steps mechanism for CK-CKR interaction (Crump, Gong et al. 1997).

I.5b CK recognition site CRS1 and CRS2 interactions with the receptor

As described above, the first interaction thought to occur between CK and receptor is binding of the receptor N-terminus to the CK core domain (CRS1). CRS1 docking of the CK is then thought to orient the CK N-terminal signaling domain in a manner that enables it to bind to the CRS2 TM pocket (Fig 6). Ideally, one would have structures of CKs in complex with intact receptors to understand this recognition process. However, the challenge of working with membrane receptors, has historically led to a divide and conquer approach, with focus on the more tractable CRS1 interactions that can be recapitulated as soluble complexes. These studies have provided important insights into the structural role of tyrosine sulfation (sTyr), a frequent post-translational modification observed in the N-termini of many CKRs. Specifically many groups have utilized NMR methods to investigate CRS1 interactions of CKs with peptides corresponding to CKR N-termini [START_REF] Skelton | Structure of a CXC chemokinereceptor fragment in complex with interleukin-8[END_REF], Veldkamp, Seibert et al. 2008[START_REF] Millard | Structural basis of receptor sulfotyrosine recognition by a CC chemokine: the N-terminal region of CCR3 bound to CCL11/eotaxin-1[END_REF].

In all studies, the CKR peptides bind on the same face of the CK, and show interactions with the N-loop as expected from mutagenesis studies. Skelton and coworkers were able to determine a structure of CXCL8 in complex with a peptide from the N-terminus of CXCR1, which was modified with hexanoic acid to increase its affinity [START_REF] Skelton | Structure of a CXC chemokinereceptor fragment in complex with interleukin-8[END_REF].

Two subsequent studies utilized sulfated receptor peptides; sulfation generally increases the affinity of CKs for their receptors and thereby permitted structure determination (Veldkamp, Seibert et al. 2008[START_REF] Millard | Structural basis of receptor sulfotyrosine recognition by a CC chemokine: the N-terminal region of CCR3 bound to CCL11/eotaxin-1[END_REF]). Veldkamp and coworkers reported the structure of an N-terminal sulfopeptide derived from CXCR4 bound to a "disulfide-locked" dimer of CXCL12 in a 2:2 complex, while Millard and coworkers revealed the structure of a peptide from CCR3 bound to a CK monomer, CCL11, in a 1:1 complex.

In all three complexes, some common interactions were observed; specifically, the receptor peptides were found at a CK interface formed by the N-loop and β2-β3 strands and where present, the sTyrs formed salt bridge interactions with homologous basic residues in the β2-β3 hairpin of the CK (e.g. R47/K47). However the receptor peptides differ quite dramatically in their orientation on the CK surface [START_REF] Stephens | Chemokine receptor oligomerization and allostery[END_REF]. The CXCR1:CXCL8 structure is closest to what one might expect in order to accommodate CRS2 interactions in intact CKR:CK complexes since the receptor C-terminus points in the direction of the CK Nterminus. CXCR1:CXCL8 is also most similar to the orientation of the CXCR4 N-terminus on the surface of CK vMIP-II in the structure of an intact CXCR4:vMIP-II complex (described in the I.5c section) (Qin, Kufareva et al. 2015). Quite the opposite, the CXCR4:CXCL12 complex cannot be reconciled with the expected CRS2 interaction as it suggests that the CK N-terminal signaling domain points away from the receptor binding pocket (Kufareva, Stephens et al. 2014). One possible explanation for these differences is that structural rearrangements occur after binding CRS1 in order to engage CRS2, and that these rearrangements differ from complex to complex. Another possibility for the incompatible orientation of the receptor peptide in the CXCR4:CXCL12 structure is that it is derived from a disulfide-locked dimer structure. As dimers of CXC CKs have been shown to bind their respective receptors with high affinity and to function as partial agonists (Veldkamp, Peterson et al. 2005[START_REF] Nasser | Differential activation and regulation of CXCR1 and CXCR2 by CXCL8 monomer and dimer[END_REF], the CXCR4:CXCL12 structure may therefore better reflect the CK dimer complex. In support of an alternative structure for the monomer bound form of CXCL12, a separate study using disulfide crosslinking to determine distance restraints between N-terminal residues in intact CXCR4 with monomeric CXCL12 led to a model in which the receptor peptide is oriented in the opposite direction from the dimeric CXCR4:CXCL12 NMR structure, and more compatible with the expected interaction of the CK N-terminus with the TM CRS2 domain of the intact receptor (Kufareva, Stephens et al. 2014).

High-resolution structures of complexes with intact receptors will obviously be needed to understand how CK monomers and dimers bind their receptors. Nevertheless, the described NMR studies provide insight into the structural role of sTyr. Furthermore, the disulfidelocked dimer of CXCL12 is under investigation as an antimetastatic biotherapeutic, due to its oligomerization-enhanced serum stability over wild-type CXCL12 [START_REF] Takekoshi | A locked, dimeric CXCL12 variant effectively inhibits pulmonary metastasis of CXCR4-expressing melanoma cells due to enhanced serum stability[END_REF]. Finally, the CXCR4:CXCL12 complex motivated investigations of the druggability of the CRS1 interaction, however it remains to be seen whether CRS1-targeted compounds can be identified that have sufficient potency for overcoming the CRS2 interaction and sufficient specificity, given the sequence and structural homology of CKs.

I.5c Receptors structural determinant

The importance in the CKRs of conserved extracellular disulfide bridges and aromatic residues in their extracellular loop 2 (ECL2) for ligand binding and activation was also shown.

For example in CCR8 receptor mutagenesis showed that the 7-TM receptor conserved disulfide bridge (7TM bridge) linking TM helix III and ECL2 is crucial for CK and small molecule action, whereas the conserved disulfide bridge between the N-terminus and TM-VII is needed only for CKs action. Furthermore, two distinct aromatic residues in ECL2, Y184 (Cys+1) and Y187 (Cys+4), are crucial for the binding of the CC CK CCL1 (agonist) and MC148 (antagonist), but not for that of the small molecule [START_REF] Barington | Role of Conserved Disulfide Bridges and Aromatic Residues in Extracellular Loop 2 of Chemokine Receptor CCR8 for Chemokine and Small Molecule Binding[END_REF]).

This aromatic cluster appears to be present in a large number of CC CKRs and thereby could play a more general role to be exploited in future drug development targeting these receptors.

The same critical involvement of the second ECL and N-terminal domain for CK binding was showed for CCR5, whereas the TM helix bundle is involved in receptor activation. CK domains and residues important for CCR5 binding and/or activation have also been identified, but the precise way by which CKs interact with and activate CCR5 is presently unknown. The binding and functional properties of CK variants onto wild-type CCR5 and CCR5 point mutants on the extracellular domains (E172A, R168A, K191A, and D276A) strongly affected the binding of CCL3 but had little effect on CCL5 binding. However, a CCL3/CCL5 chimera, containing the CCL3 N-terminus and the CCL5 core, bound to these mutants with an affinity similar to that of CCL5 [START_REF] Blanpain | The core domain of chemokines binds CCR5 extracellular domains while their amino terminus interacts with the transmembrane helix bundle[END_REF]. Several CCR5 mutants affecting TM helices 2 and 3 (L104F, L104F/F109H/F112Y, F85L/L104F) reduced the potency of CCL3 by 10-100 fold with little effect on its activation by CCL5. However, the CCL3/CCL5 chimera, containing the CCL3 N-terminus and the CCL5 core, which retains the CCL5 affinity [START_REF] Blanpain | The core domain of chemokines binds CCR5 extracellular domains while their amino terminus interacts with the transmembrane helix bundle[END_REF], activated these CKRs mutants with a potency similar to that of CCL3. These results suggest that the core domains of CCL3 and CCL5 bind distinct residues in CCR5 extracellular domains, whereas the N-terminus of CKs mediates receptor activation by interacting with the TM helix bundle (CRS2) [START_REF] Blanpain | The core domain of chemokines binds CCR5 extracellular domains while their amino terminus interacts with the transmembrane helix bundle[END_REF].

I.5d CXCL12 -CXCR4 interactions

Binding of CXCL12 to CXCR4 triggers typical activation of G-proteins and ß-arrestins dependent pathways of a GPCR (see below in Ch. II), that cannot solely account for the wide spectrum of physiological activities of this axis (Busillo and Benovic 2007). It is rather hypothesized that such functional complexity originates from various determinants, including the cell context, the available receptor interactome (receptorosome), together with the reported ability of both CXCL12 and CXCR4 to oligomerize [START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF]. This is also consistent with observations made in live cells, from the use of biophysical techniques, including bioluminescence and fluorescence resonance energy transfer, which indicate that monomers, dimers and higher-order oligomers of CXCR4 might coexist [START_REF] Ferre | G protein-coupled receptor oligomerization revisited: functional and pharmacological perspectives[END_REF]. Such as emerged for other GPCRs, CXCR4 dimers might display unique ligand-binding properties and functional selectivity.

Theoretically, CXCR4 in dimer is able to accommodate one ligand or a dimer of ligands, forming a 2:1 or a 2:2 CXCR4-CXCL12 complex, respectively. However, a forced-dimeric CXCL12 was shown to behave as a partial agonist capable of inducing intracellular calcium mobilization but not chemotaxis (Veldkamp, Peterson et al. 2005). Thus, when considering the full agonist signaling process, the question of whether the CXCR4-CXCL12 complex has a 1:1 or 2:1 preferential stoichiometry with regard to the stability of their respective tridimensional structures and signaling properties remains an open question (Kufareva, Stephens et al. 2014) (Fig 7).

The interaction of CXCR4 with its agonist CXCL12 implicates residues in the N-terminus and ECL2 of the receptor. The three N-terminal residues Glu-14, Glu-15, and Tyr-21 of CXCR4 are of particular importance for the binding to CXCL12 (Doranz, Orsini et al. 1999, Brelot, Heveker et al. 2000). Residues in ECL2, especially the acidic sequence of , are critical for activation of CXCR4 (Doranz, Orsini et al. 1999). CXCL12 has a high positive charges potential, and a significant amount of this positive charges, so it is possible that the interactions of the positive charges on CXCL12 with the negatively charged regions on CXCR4 contribute to the association of these two proteins.

Negatively charged residues of CXCR4 also appear to be involved in the interactions with the basic V3 loop of gp120, the envelope glycoprotein of X4 HIV-1 strains [START_REF] Kajumo | Entry of R5X4 and X4 human immunodeficiency virus type 1 strains is mediated by negatively charged and tyrosine residues in the amino-terminal domain and the second extracellular loop of CXCR4[END_REF]. Mutagenesis of specific residues on the CXCR4 N-terminus, ECL1, and ECL2 identified glutamate and aspartate residues, specifically Asp187,, as being important for interactions with X4 HIV-1 gp120 [START_REF] Chabot | Mutagenesis of CXCR4 identifies important domains for human immunodeficiency virus type 1 X4 isolate envelopemediated membrane fusion and virus entry and reveals cryptic coreceptor activity for R5 isolates[END_REF][START_REF] Kajumo | Entry of R5X4 and X4 human immunodeficiency virus type 1 strains is mediated by negatively charged and tyrosine residues in the amino-terminal domain and the second extracellular loop of CXCR4[END_REF]. Other residues such as Asn have also been identified as binding determinants for HIV-1 gp120. Based on chimeric mutants that involved replacing ECL2 of CXCR2 with the corresponding loop from CXCR4, the observation was made that the CXCR4 ECL2 was able to confer the chimeric CXCR2 with HIV-1 coreceptor function [START_REF] Lu | Evolution of HIV-1 coreceptor usage through interactions with distinct CCR5 and CXCR4 domains[END_REF]. Since both CXCL12 and the V3 loop domain of X4 HIV-1 gp120 that interact with CXCR4 have a high positive potential, and since the interacting domains of CXCR4 are mostly negatively charged, it is likely that the interactions between CXCR4 and these molecules are highly driven by charges complementarity.

In the TM cavity of the receptor, several negative residues were found by site-directed mutagenesis studies to be important for CXCR4 signaling, including the region from Glu179 to Asp182 in ECL2, the residues Asp97 in TM helix 2 (TMH2), Asp187 in ECL2, Glu288 in TMH7, Tyr190 in ECL2 and Glu268 in ECL3 (Doranz, Orsini et al. 1999, Brelot, Heveker et al. 2000[START_REF] Zhou | Structural and functional characterization of human CXCR4 as a chemokine receptor and HIV-1 co-receptor by mutagenesis and molecular modeling studies[END_REF], Tian, Choi et al. 2005).

It should be emphasized that the three residues Asp97, Asp187 and Glu288 of CXCR4 are also critical for the CK interaction with the CRS2 region (Brelot, Heveker et al. 2000). More specifically, they probably make contacts with the CXCL12 first two residues Lys1 and Pro2 (Heveker, Montes et al. 1998), from the disordered N-terminus (residues 1-8) critical for CXCR4 activation, as suggested by the recent crystal structure of CXCR4 with the viral CK vMIP-II (Qin, Kufareva et al. 2015).

These evidences are consistent with a two-site, two-step proposed model for the CXCR4-CXCL12 interactions, where the CXCL12 motif RFFESH first binds the receptor N-terminus, and then the CK N-terminus KPVSLSYR enters the buried cavity within the CXCR4 TM helices, triggering receptor activation, probably mediated by a change in the conformation of the receptor TM helices (Crump, Gong et al. 1997, Kofuku, Yoshiura et al. 2009).

Nevertheless, despite the important recent structural data, there is not yet a comprehensive characterization of the quaternary structures and dynamics of the CXCR4-CXCL12 associations, as the receptor like other GPCRs is difficult to express in sufficient quantities and to purify, because of its instability and ability to aggregate in detergent, and displays a reduce polar surface area for crystallization. With few exceptions, ligand-receptor structures require appropriate ligands that provide sufficient stability for purification and stabilization into well-defined crystallizable constructs, making the best targets those identified in drug discovery with high affinity. structure of CXCL12 (skin mesh) in complex with the N terminus of CXCR4 (residues M1-K38, ribbon). CK N-terminus (green) and N-loop (blue) correspond to the expected interactions with the receptor in CRS2 and CRS1, respectively. Receptor residues K25-R30 are shown as spheres, labeled, and colored in order from blue to red. (B) A 2:1 model of the receptor:CK interaction accommodates both NMR proximity restraints (black lines) and the mutagenesis data. (C) A hydrid 1:1 model that accommodates NMR proximity restraints (black lines) is inconsistent with mutagenesis and with the two-site interaction hypothesis, because the N terminus of the CK invariably points away from the receptor CRS2. (D) A 1:1 model consistent with the two-site interaction hypothesis contradicts NMR proximity restraints, as receptor residues K25-R30 are directed along the CK N-loop toward its Nterminus. (Kufareva, Stephens et al. 2014) Given the clear role of CXCR4 in pathogenesis (exp. HIV and cancer metastasis), much efforts have been deployed successfully permitting the first structure determination of a CKR in 2010. CXCR4 was crystallized with two different synthetic ligands, a small molecule antagonist, IT1t, and a 16-residue cyclic peptide antagonist, CVX15 (Wu, Chien et al. 2010).

While the overall geometry of the receptor resembled structures of other GPCRs with the typical seven-helix topology, CXCR4 revealed for the first time the large acidic binding pocket of the receptor relative to other solved GPCR structures, which is consistent with the fact that the natural ligands are basic proteins. IT1t occupies a small part of the cavity (430 Å 3 ) in the minor sub-pocket defined by TM helices I, II, III and VII and is stabilized by contacts with a number of polar side chains implicated in binding CXCL12. CVX15 fills a much larger fraction of the binding pocket (2200 Å 3 ), particularly the major subpocket (TM helices III-VII). It is stabilized by interactions with some similar but also many different receptor side chains as IT1t, including residues identified as important for binding CXCL12.

Along with pharmacological data, these structures suggest that IT1t and CVX15 act as orthosteric antagonists by interfering with the CXCR4-CXCL12 CRS2-driven interaction, while occupying very different parts and fractional volumes of the binding pocket. As described below, the CXCR4:CVX15 complex provided insight for the modeling of the interactions of CXCR4 with HIV-1 gp120 (Wu, Chien et al. 2010).

In total, five structures of IT1t and CVX15 complexes were solved, and all demonstrated that CXCR4 forms dimers with a roughly consistent dimer interface involving TM helices V and VI. These finding corroborated a wealth of cell-based studies suggesting that CXCR4 forms homo-and heterodimers [START_REF] Stephens | Chemokine receptor oligomerization and allostery[END_REF] as proposed for other class A GPCRs, although mostly by the way of overexpression systems [START_REF] Stephens | Chemokine receptor oligomerization and allostery[END_REF].

They also raised the question of whether the stoichiometry of CKR-CK complexes is 1:1 as historically envisioned, or 2:1, which also seemed feasible and consistent with the two-site model, but contradict by a study which favored the 1:1 CKR-CK stochiometry and by extension the binding of two CKs on one CXCR4 dimer (Kufareva, Stephens et al. 2014).

Thus the structure of CXCR4 and more generally CKRs dimers and their contribution to the receptors functions remain an open question awaiting proofs for their existence in physiological settings.

I.5e Structure of CXCR4 bound to the viral CK antagonist, vMIP-II

In 2015, the first structure of a CKR, CXCR4, in complex with a CK (vMIP-II) was solved, and provided detailed insight into the recognition of CKRs by their natural ligands (Qin, Kufareva et al. 2015). vMIP-II is a virally encoded high affinity antagonist for CXCR4 and was chosen over the main CK ligand, CXCL12, because the CK requires G-protein coupling for high affinity binding [START_REF] Nijmeijer | The Epstein-Barr virus-encoded G protein-coupled receptor BILF1 hetero-oligomerizes with human CXCR4, scavenges Galphai proteins, and constitutively impairs CXCR4 functioning[END_REF]), but antagonists generally do not.

Additionally, vMIP-II binds promiscuously to both CC and CXC receptors, and is a CC like-CK; thus along with the solved structure of CCR5, the CXCR4vMIP-II structure was expected to provide insight into the specificity of CKs for CC and CXC CKRs.

In the vMIP-II-bound state, CXCR4 formed dimers that were spatially similar to those in the IT1t-and CVX15-bound structures; however, the structure of the complex confirmed the 1:1 stoichiometry anticipated from prior studies (Kufareva, Stephens et al. 2014), with ligand occupancy of both receptor subunits (Qin, Kufareva et al. 2015). The structure generally conforms to the concept of the two-site model in that the CK core domain interacts with the receptor N-terminus (CRS1) while the CK N-terminus binds in the CRS2 TM binding pocket of the receptor. Surprisingly, however, in contrast to the two-site model, where the expectation was that these two sites would be decoupled, the interaction between CXCR4 and vMIP-II involves an extensive contiguous interface, necessitating the introduction of an intermediate region termed CRS1. 5 (Fig 8). In fact, every residue of the CK N terminal domain and N-loop (residue 1-16) as well as residues in the third β-strand, interact with the receptor (Qin, Kufareva et al. 2015).

Part of the CXCR4 N-terminus (residues 1-22 involving the key sulfated tyrosine, sTyr21), is missing from the electron density. Nevertheless, the visible CRS1 region (CXCR4 residues [START_REF] Pardon | A general protocol for the generation of Nanobodies for structural biology[END_REF][START_REF] Maussang | Llama-derived single variable domains (nanobodies) directed against chemokine receptor CXCR7 reduce head and neck cancer cell growth in vivo[END_REF][START_REF] Bradley | Potent and efficacious inhibition of CXCR2 signaling by biparatopic nanobodies combining two distinct modes of action[END_REF][START_REF] De Clercq | The bicyclam AMD3100 story[END_REF][START_REF] Ayoub | Real-time analysis of agonist-induced activation of proteaseactivated receptor 1/G-alpha-i1 protein complex measured by bioluminescence resonance energy transfer in living cells[END_REF] showed interactions with the CK N-loop, as expected from numerous mutagenesis studies, and with the β3-strand in the CK core domain. Moreover, as the electron density stops just before sTyr21, it was fairly straightforward to generate a model containing sTyr21, which suggested a compelling interaction with nearby R46 of the CK, similar to the basic residue interactions reported for sTyr in (CXCR4:CXCL12)2 and CCR3:CCL11 complexes.

In CRS1.5, CXCR4 forms an anti-parallel β-sheet with the di-cysteine motif of vMIP-II.

Finally, in CRS2 the CK makes numerous interactions within the binding pocket including many residues known as determinants of vMIP-II binding or CXCR4:CXCL12 binding and activation. The N-terminus of vMIP-II overlaps with the binding site of IT1t in the CXCR4:IT1t complex, while it only partially overlaps with CVX15, reflecting the structural plasticity of CXCR4 and its ability to accommodate diverse ligands via overlapping but distinct interfaces (macrophage migration inhibitory factor (MIF), extracellular ubiquitin (eUb), antimicrobial protein human β3-defensin (HBD-3), HIV (Human Immunodeficiency Virus) protein gp120 [START_REF] Pawig | Diversity and Inter-Connections in the CXCR4 Chemokine Receptor/Ligand Family: Molecular Perspectives[END_REF]).

Fig 8.

Interaction between CXCR4 and vMIP-II. The interaction is mediated by a contiguous interface containing CRS1 (green), CRS2 (red) and CRS1.5 (blue). The receptor is shown as a ribbon, receptor residues making substantial contacts with CK are shown as sticks, and vMIP-II is shown as a surface mesh (Qin, Kufareva et al. 2015). vMIP-II is also a high affinity antagonist of CCR5, and the availability of the CCR5:Maraviroc [START_REF] Lagane | Modeling the allosteric modulation of CCR5 function by Maraviroc[END_REF]) structure along with CXCR4:vMIP-II facilitated modeling of the complex (Qin, Kufareva et al. 2015). An important sequence difference relates to the presence of two adjacent sTyrs (sTyr14 and sTyr15) [START_REF] Farzan | Tyrosine sulfation of the amino terminus of CCR5 facilitates HIV-1 entry[END_REF] proximal to the conserved N-terminal Cys residue in the two receptors. These CCR5 sTyrs along with E18 are predicted to interact with the basic residues in the vMIP-II N-loop (K17 and R18) and β2-β3 loop (R46 and R48). By comparison, CXCR4 has only thr single proximal sTyr21, but in concert with two acidic groups (D22 and E26), makes similar interactions with the basic residues on the vMIP-II surface. These CRS1 models thus provide a plausible explanation for the unusual ability of vMIP-II to interact with both a CC and CXC CKR. By contrast, the CRS1 interaction between CXCR4 and the CXCL12 monomer is predicted to be quite different due to absence of basic residues in the CXCL12 N-and β2-β3 loops. Instead, the backbone of CXCR4 N-terminal residues S23 and M24 lie in a groove formed by the N-and β2-β3loops, and position sTyr21 at the top of the core domain where it interacts with backbone amides of the CXCL12 residues R20 and A21.

Notably, these interactions mimic the placement of a small molecule CXCR4:CXCL12 inhibitor [START_REF] Smith | HIV cell fusion assay: phenotypic screening tool for the identification of HIV entry inhibitors via CXCR4[END_REF] as well as sulfate groups and ions observed in several CXCL12 X-ray structures [START_REF] Murphy | Heterologous quaternary structure of CXCL12 and its relationship to the CC chemokine family[END_REF], which adds support for the CRS1 predictions.

However, additional structures will be required to confirm the above-mentioned models and also to better understand the structural basis for the generally strict recognition of CC CKs for CC receptors and CXC CKs for CXC receptors.

Chapter II

Preamble on GPCRs

All CKRs are G-protein-coupled receptors (GPCRs) (Fig 9), a superfamily of 7-TM helixes proteins, which encompases approximately 791 genes encoding for the six different receptor subtypes. Currently, all 19 known CKRs belong to the class A (rhodopsin-like) family of GPCRs and are classified into four main subfamilies based upon which CKs they bind: CC, CXC, XC, and CX3C receptors. Many of the CKRs are promiscuous and bind to several CKs within their family and allow for tailored CK response and redundancy [START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF].

In this section it will be discussed the structure and oligomerization of GPCRs, focusing on CXCR4 and CXCR7/ACKR3 receptors of the CXCL12 CK and the drug design on these receptors using structural information. To simplify we will talk about the hypothesis of dimer forms, but higher form of oligomers organization can be formed. [START_REF] Rasmussen | Crystal structure of the human beta2 adrenergic G-protein-coupled receptor[END_REF].

Tab 2 CKRs and their corresponding CKs [START_REF] Blanchet | Touch of chemokines[END_REF].

II.1 Current CK Receptors Crystal Structures

In 2010, the first CKRs (CXCR4) was crystallized at the Scripps Research Institute (Wu, Chien et al. 2010). The CXCR4 crystal structure was the first peptide GPCR to be solved and represented a major breakthrough in this field. It is important to note that several structural changes were used in order to stabilize the receptor for crystallography [START_REF] Rasmussen | Crystal structure of the human beta2 adrenergic G-protein-coupled receptor[END_REF][START_REF] Jaakola | The 2.6 angstrom crystal structure of a human A2A adenosine receptor bound to an antagonist[END_REF][START_REF] Warne | Structure of a beta1adrenergic G-protein-coupled receptor[END_REF], Wu, Chien et al. 2010). Using the T4 Lysozyme (T4L) strategy, intracellular loop 3 (ICL3) of CXCR4 was replaced with T4L along with truncating its C-terminus and using point mutations for stabilizing the receptor structure (Wu, Chien et al. 2010). While these techniques have been used successfully to crystallize GPCRs, they may introduce or induce unnatural receptor conformations [START_REF] Fanelli | Update 1 of: computational modeling approaches to structure-function analysis of G protein-coupled receptors[END_REF]De Benedetti 2011, Arnatt andZhang 2013). However, GPCR crystal structures have provided a wealth of knowledge concerning ligand binding that have confirmed or disproved modeling and mutagenesis data. More importantly, CXCR4 was crystallized in two dimeric forms with resolutions of 2.5 and 3.2 Å and these two dimers had either a TM5 and TM6 interface or a TM3 and TM4 interface respectively (Wu, Chien et al. 2010).

The antagonist ligands used in the CXCR4 crystallization process were the small molecule antagonist IT1t and a cyclic peptide antagonist CVX15. In the presence of either ligand the binding pocket was shown to be much larger than expected and comparable to that of class A aminergic receptors, which accommodates large endogenous peptide agonists. The increase in the size of the binding pocket presumably led to both antagonists binding shallowly near ECL2, which is important in ligand recognition and receptor activation [START_REF] Clark-Lewis | Structure-activity relationships of chemokines[END_REF]. While the large binding pocket may make computational modeling and docking difficult, the CXCR4 crystal structure has permitted subsequently numerous studies using structural-based drug design in order to make new CXCR4 ligands [START_REF] Xu | CXCR4 in breast cancer: oncogenic role and therapeutic targeting[END_REF].

In 2013 the CKR CCR5 (CCR5) was crystallized by Tan et al. and revealed both similarities and differences within the CKRs family [START_REF] Tan | Structure of the CCR5 chemokine receptor-HIV entry inhibitor maraviroc complex[END_REF]. Like for CXCR4, the binding pocket of CCR5 was large due to its endogenous peptide agonists, but the co-crystallized antagonist, maraviroc, occupied a deeper domain into the pocket as compared to CXCR4 in complex with IT1t or CVX15. Due to the depth of the maraviroc binding-pocket, ECL2 did not play a role in binding, which contrasts with the CXCR4 structure [START_REF] Tan | Structure of the CCR5 chemokine receptor-HIV entry inhibitor maraviroc complex[END_REF].

Such variation could reflect differences in the mechanisms of binding of the used antagonists or general structural differences between the receptors. Nevertheless, both CKRs crystal structures constitute strong bases for the rational design of new ligands, for modeling ligand binding and for the homology modeling of other CKRs.

In addition the CXCR4 crystal structure allows for a unique approach to model CKRs dimers.

Previously, the only methods to model GPCRs dimers were either sequence-based or docking-based, which are largely pragmatic and easily biased [START_REF] Fanelli | Update 1 of: computational modeling approaches to structure-function analysis of G protein-coupled receptors[END_REF].

However, crystallized GPCRs homodimers offer a new method for modeling other GPCRs dimers. For example, using the crystal structure of the bovine rhodopsin homodimer, Gorinski et al. were able to model the serotonin receptor 1A homodimer by superimposing monomer units over the dimer, based upon sequence similarities [START_REF] Gorinski | Computational and experimental analysis of the transmembrane domain 4/5 dimerization interface of the serotonin 5-HT(1A) receptor[END_REF]).

When combined with site directed mutagenesis, the work supported a TM4/TM5 interface for serotonin receptor 1A homodimers [START_REF] Gorinski | Computational and experimental analysis of the transmembrane domain 4/5 dimerization interface of the serotonin 5-HT(1A) receptor[END_REF].

Presumably different receptor types may lead to different dimer interfaces; therefore, it is critical to choose a dimer template that is similar to the target dimer being modeled. The CXCR4 homodimer crystal structure thus allows for other CKRs dimers to be more confidently modeled. For example, the CCR5-mu opioid receptor (MOR) heterodimer was recently modeled utilizing the CXCR4 homodimer crystal structure as a template [START_REF] El-Hage | A novel bivalent HIV-1 entry inhibitor reveals fundamental differences in CCR5-mu-opioid receptor interactions between human astroglia and microglia[END_REF]. The heterodimer was based on the TM5-TM6 dimer interface that was seen in the IT1t-bound CXCR4 crystal structure (Wu, Chien et al. 2010). Using this method the heterodimer of CCR5 with the MOR model showed favorable electrostatic and hydrophobic interactions between receptors and could represent a possible conformation of the heterodimer. Furthermore, such models can be used to map the interactions between ligands and their respective receptors dimers [START_REF] Lagane | Modeling the allosteric modulation of CCR5 function by Maraviroc[END_REF].

II.2 Oligomerization of GPCRs

Originally, it was postulated that GPCRs function in a monomeric fashion and that there was a general stoichiometry of 1:1 for the receptor ligand interaction. However, increasing evidence has begun to support the possibility that GPCRs may act in dimeric, or even oligomeric assemblies [START_REF] George | G-protein-coupled receptor oligomerization and its potential for drug discovery[END_REF].

One of the first observations of dimerization in rhodopsin-like GPCRs was reported for βadrenergic receptors; it was seen that binding of one ligand decreased the binding of a second one [START_REF] Hebert | A peptide derived from a beta2-adrenergic receptor transmembrane domain inhibits both receptor dimerization and activation[END_REF]. This type of "cross-talk," or better known as negative cooperativity, occurs when a dimer bound ligand either inhibits the binding or signaling of a second ligand to the dimer pair.

One of the earliest methods for investigating potential dimers were co-immunoprecipitation (co-IP) techniques, subsequently used as preliminary techniques to study the potential homoand hetero-dimerization of numerous GPCRs [START_REF] Bai | Dimerization of G-protein-coupled receptors: roles in signal transduction[END_REF]. For FRET detection, the two receptors suspected of dimerizing are tagged with two different fluorescent proteins: i.e., a cyan and a yellow fluorescent protein (CFP and YFP, respectively).

It is essential for the FRET that the excited state of one fluorescent protein (donor chromophore) can transfer energy at a very specific distance to an acceptor chromophore thus permitting it to emit its unique excitation wavelength. In order for FRET to take place, the two chromophores (and associated proteins) must be in close proximity (< 100 Å) [START_REF] Pfleger | Monitoring the formation of dynamic G-proteincoupled receptor-protein complexes in living cells[END_REF].

This technique can also be coupled with bioluminescence emitted from the reaction of the luciferase enzyme and its substrate, such as firefly luciferase and luciferin through BRET [START_REF] Angers | Detection of beta 2-adrenergic receptor dimerization in living cells using bioluminescence resonance energy transfer (BRET)[END_REF]. The combination of co-immuno-precipitation and FRET/BRET methods has led to a network of potential GPCRs homodimers and heterodimers being discovered [START_REF] Bai | Dimerization of G-protein-coupled receptors: roles in signal transduction[END_REF]. Recent improved variant of this technique is the Homogeneous Time-Resolved FRET (HTRF or TR-FRET) allowing analyzing oligomers in native conditions [START_REF] Albizu | Time-resolved FRET between GPCR ligands reveals oligomers in native tissues[END_REF][START_REF] Cottet | BRET and Time-resolved FRET strategy to study GPCR oligomerization: from cell lines toward native tissues[END_REF][START_REF] Faklaris | Multicolor time-resolved Forster resonance energy transfer microscopy reveals the impact of GPCR oligomerization on internalization processes[END_REF] for vasopressin, oxytocin and dopamine receptors [START_REF] Cottet | Past, present and future of vasopressin and oxytocin receptor oligomers, prototypical GPCR models to study dimerization processes[END_REF], Hounsou, Margathe et al. 2015) (Fig 10).

HTRF methods are currently used to study GPCRs oligomerization. This method is based on receptors labeled with rare elements, called lanthanides and more specifically with terbium and europium. Lanthanides exhibit long-lasting light emission and although this photoluminescence is, strictly speaking, neither fluorescence nor phosphorescence, HTRF has been assimilated to FRET. Lanthanides are inserted in a cage, which plays the role of lanthanide carrier in order to increase brightness of fluorophores and protects lanthanides from quenching by water molecules [START_REF] Selvin | Principles and biophysical applications of lanthanide-based probes[END_REF]. HTRF improves the FRET technology according to three principal paramaters:

 The temporal selectivity: upon excitation, lanthanide fluorescence half time is in the range of 1 ms while it is in the range of few nanoseconds for classic fluorophores. The introduction of a time delay (typically around 50 μs) between the excitation and the fluorescence signal detection allows discriminating between short-lived and longerlasting fluorescence. Therefore all shortlived fluorescence provided by the medium the biological preparation or the direct excitation of the acceptor will be eliminated by the time delay. Only the long-lived fluorescence resulting from the donor or the acceptor engaged in a FRET process will be measured after the time delay.

 The spectral compatibility: both europium and terbium cryptates are excited at 300-350 nm. They both exhibit an important Stoke shift and complex emission spectra with multiple fluorescent peaks. This makes europium and terbium cryptates compatible with deep red Cy5-or dy647-like fluorophores to perform FRET.

Moreover because of the emission peak around 490nm, terbium-cryptate is also compatible with fluorescein-like fluorophore as acceptor.

 The orientation independence: by contrast to BRET or FRET performed with classic fluorophores the dependence of HTRF to the relative orientation of the fluorophore is very weak because the lanthanide emission is not polarized. The relative orientation of the acceptor cannot impact the R0 more than 12% due to the random orientation of the lanthanide cryptate donor [START_REF] Selvin | Principles and biophysical applications of lanthanide-based probes[END_REF].

Various approaches have been developped using cryptates of lanthanides for receptor labeling.

First experiments were performed with antibodies against small tags fused to the N-terminus of the receptor and randomly labelled with lanthanides cryptates or compatible acceptors.

Because of the reversibility of the GPCRs labeling and the steric hindrance generated by fluorescent antibodies, alternative approaches based on fusion of self-labeling proteins (also called suicide enzyme) have been developed. Their size (23 kDa for the Snap-tag; 33 kDa for the Halotag for example), the covalent labeling of GPCRs and the efficiency of the labeling makes this strategy interesting to label receptors. Expression of two receptors fused to different self-labeling proteins allows orthogonal labeling of receptors to study GPCR heterodimerization.

In addition to these biochemical techniques, evidence for the existence of GPCRs dimers has been obtained using both GPCRs crystallization and atomic-force microscopy techniques [START_REF] Fotiadis | Atomic-force microscopy: Rhodopsin dimers in native disc membranes[END_REF], Wu, Chien et al. 2010[START_REF] Manglik | Crystal structure of the microopioid receptor bound to a morphinan antagonist[END_REF]. Using atomic-force microscopy, oligomer formations of rhodopsin were observed, providing the first visualization of GPCRs oligomerization [START_REF] Fotiadis | Atomic-force microscopy: Rhodopsin dimers in native disc membranes[END_REF]. Additionally, both CXCR4 and MOR were observed to form dimers within their crystals. While these observed dimers might partially be due to an artifact of the crystallization process, it did lend credence to GPCR dimerization (Wu, Chien et al. 2010[START_REF] Manglik | Crystal structure of the microopioid receptor bound to a morphinan antagonist[END_REF]). Several types of interactions between dimerized GPCRs have been proposed, and two main dimerization models have subsequently been described: a contact dimer model, and a domainswapped dimer, which proposes that TM6 and TM7 are exchanged between monomers to form a dimer [START_REF] Gouldson | Dimerization and domain swapping in G-protein-coupled receptors: a computational study[END_REF]. The contact dimer model proposes that dimerization occurs through direct contact between the different interfaces of GPCRs helixes:

TM5/TM6, TM3/TM4, and TM1/TM2 interfaces have been observed (Wu, Chien et al. 2010[START_REF] Manglik | Crystal structure of the microopioid receptor bound to a morphinan antagonist[END_REF]. Both dimerization models have been supported by mutation and computational studies, but given the observations of GPCRs crystal structures, the contact dimer may represent a more realistic model.

An important potential consequence of GPCRs dimerization is its effect on receptors signaling and function with notably the possible outcome of positive and negative cooperativity (Fig 11). Positive cooperativity occurs when binding of a ligand to one receptor leads to partial, full, or enhanced activation of the second receptor. It may also occur when two ligands bind both receptors promoting an enhanced activity. Negative cooperativity can occur when one bound ligand leads to either inhibition of the binding of a second ligand to the dimer, or inhibition of signaling from a second bound ligand [START_REF] Bai | Dimerization of G-protein-coupled receptors: roles in signal transduction[END_REF]).

Functionally, heterodimers may increase the diversity of signaling pathways downstream GPCRs. For example, it was proposed that within the CCR2-CCR5 heterodimer, the receptors are able to couple with Gαq/11, which is not the case for the individual receptors [START_REF] Mellado | Receptor dimerization: a key step in chemokine signaling[END_REF]. A similar effect was reported for the MOR-delta opioid receptor heterodimer; the signaling of which is not sensitive to pertussis toxin whereas the receptors are sensitive, thus coupled Gαi proteins, when expressed alone [START_REF] George | Oligomerization of mu-and delta-opioid receptors. Generation of novel functional properties[END_REF].

These results suggested that the heterodimer could couple to different G-proteins than the original monomers. Dimerization of GPCRs may also affect receptor desensitization and internalization. Similarly, CKRs dimers led to unique pharmacological profiles, which can add upon the already intricate receptor-ligand interactions. Targeting these CK dimer interactions may lead to unique therapies with marked potential. Nevertheless, only class C-GPCRs are in obligatory dimer forms and all findings on the potential of class A receptors to form dimers need to be demonstrated in native conditions. 

II.3 Atypical Chemokine Receptors

Historically, some receptors defined as non-signaling receptors were named decoy based on their capacity to act as molecular trap for cytokines or CKs thus regulating their availability for signaling receptors [START_REF] Mantovani | Decoy receptors: a strategy to regulate inflammatory cytokines and chemokines[END_REF]). Decoy receptors have been described

as a general strategy conserved in evolution from Drosophila to man to tune inflammation by regulating cytokine, CKs and growth factor availability (Mantovani, Locati et al. 2001, Klein and[START_REF] Klein | A conserved signaling cassette regulates hair patterning from Drosophila to man[END_REF].

Structural, functional, and genetic evidence supported the idea that a group of "silent" CKRs act as decoy and scavenger receptors for CKs, and this new class of receptors is emerging as a mechanism to control CKs both in homeostasis and in pathology. Four CKRs structurally related to signaling receptors but unable to activate G-proteins have been identified so far, each of them interacts with a specific set of CKs: Duffy Antigen Receptor for CKs (DARC) [START_REF] Lee | A gammaherpesvirus G protein-coupled receptor homologue is required for increased viral replication in response to chemokines and efficient reactivation from latency[END_REF], D6 (Fra, Locati et al. 2003, Comerford and[START_REF] Comerford | Post-translational control of chemokines: a role for decoy receptors?[END_REF], CXCR7 (Balabanian, Lagane et al. 2005), and CCX-CKR [START_REF] Gosling | Cutting edge: identification of a novel chemokine receptor that binds dendritic cell-and T cell-active chemokines including ELC, SLC, and TECK[END_REF], recently renamed as Atypical Chemokine Receptors (ACKRs) ACKR1, ACKR2, ACKR3 and ACKR4 respectively (Tab 3) [START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF]. Detailed structure-function analysis of these so-called 'silent' receptors is not available yet, but it is interesting to note that structural determinants required for receptor signaling, including key residues in the second ICL involved in the activation of G-proteins, are not conserved in these receptors.

. Tab 3. The new nomenclature for ACKRs [START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF].

II.3a Atypical ChemoKine Receptor 3: CXCR7

CXCR7, recently renamed ACKR3 [START_REF] Bachelerie | LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF], is the most recently identified CKR, binding with high affinity to both CXCL11 and CXCL12 CKs.

CXCR7/ACKR3 was originally identified from a dog thyroid cDNA [START_REF] Libert | Selective amplification and cloning of four new members of the G protein-coupled receptor family[END_REF]) and known for many years as an orphan GPCRs named RDC1. I will keep the CXCR7 nomenclature in this introduction.

CXCR7 was suggested to be a CKR based on sequence homology and its genomic localization [START_REF] Heesen | Cloning and chromosomal mapping of an orphan chemokine receptor: mouse RDC1[END_REF]) and de-orphanized 10 years ago as a receptor for CXCL12 and CXCL11 (Balabanian, Lagane et al. 2005, Burns, Summers et al. 2006). The discovery of CXCR7 as a second receptor for CXCL12 refuted previous conclusions that CXCL12 and CXCR4 constitute a unique ligand-receptor pair while CXCR3 was known to bind CXCL9 and CXCL10 in addition to CXCL11 [START_REF] Ma | CXCR3 expression is associated with poor survival in breast cancer and promotes metastasis in a murine model[END_REF].

Despite its original inclusion in the systematic CKRs nomenclature, CXCR7 is not coupled to G-protein activation and was shown to function more as an ACKR than a GPCR. Indeed, the initial findings showing CXCR7 signaling and involvement in mediating cell migration (Balabanian, Lagane et al. 2005) have not been consistently reported across the different cell types and model systems (Burns, Summers et al. 2006[START_REF] Sierro | Disrupted cardiac development but normal hematopoiesis in mice deficient in the second CXCL12/SDF-1 receptor, CXCR7[END_REF][START_REF] Boldajipour | Control of chemokine-guided cell migration by ligand sequestration[END_REF], Levoye, Balabanian et al. 2009). CXCR7-mediated downstream cellular responses and its role in cell survival and adhesion [START_REF] Miao | CXCR7 (RDC1) promotes breast and lung tumor growth in vivo and is expressed on tumorassociated vasculature[END_REF][START_REF] Wang | The role of CXCR7/RDC1 as a chemokine receptor for CXCL12/SDF-1 in prostate cancer[END_REF] were linked to its ability to recruit β-arrestin resulting in MAP-kinase activation (Luker, Gupta et al. 2009[START_REF] Rajagopal | Beta-arrestin-but not G protein-mediated signaling by the "decoy" receptor CXCR7[END_REF].

CXCR7 seems to have critical functions in normal development, as evidenced by embryonic lethality of mice lacking this gene, and the receptor is also upregulated in disease processes including cancer and stroke [START_REF] Sierro | Disrupted cardiac development but normal hematopoiesis in mice deficient in the second CXCL12/SDF-1 receptor, CXCR7[END_REF][START_REF] Schonemeier | Enhanced expression of the CXCl12/SDF-1 chemokine receptor CXCR7 after cerebral ischemia in the rat brain[END_REF]). The main function of CXCR7 is likely to be, in line with its ACKR nature, the sequestration of CXCL12 and possibly CXCL11. This function of CXCR7 is essential in controlling the formation of CXCL12 gradients required for instance for the optimal migration of primordial germ cells in the zebrafish development [START_REF] Dambly-Chaudiere | Control of cell migration in the development of the posterior lateral line: antagonistic interactions between the chemokine receptors CXCR4 and CXCR7/RDC1[END_REF][START_REF] Valentin | The chemokine SDF1a coordinates tissue migration through the spatially restricted activation of Cxcr7 and Cxcr4b[END_REF][START_REF] Boldajipour | Control of chemokine-guided cell migration by ligand sequestration[END_REF]. Internalization, sequestration and scavenging of CXCL12 and CXCL11 by CXCR7 was later shown in mammalian models such as mouse heart valves and human umbilical vein endothelial cells (Naumann, Cameroni et al. 2010). The latter may explain a feature observed in CXCR7 deficient mice involving heart valve malformation, which causes perinatal or early postnatal lethality [START_REF] Sierro | Disrupted cardiac development but normal hematopoiesis in mice deficient in the second CXCL12/SDF-1 receptor, CXCR7[END_REF][START_REF] Gerrits | Early postnatal lethality and cardiovascular defects in CXCR7-deficient mice[END_REF]. Scavenging function of CXCR7 was also reported in breast cancer cells [START_REF] Luker | Constitutive and chemokine-dependent internalization and recycling of CXCR7 in breast cancer cells to degrade chemokine ligands[END_REF]. It is not clear how this activity in cancer cells translates into tumor growth and metastasis-promoting effects exerted via CXCR7 in several experimental tumors, including breast and lung cancers. In addition to tumor parenchyma, CXCR7 is also overexpressed in the tumor vasculature [START_REF] Miao | CXCR7 (RDC1) promotes breast and lung tumor growth in vivo and is expressed on tumorassociated vasculature[END_REF]). CXCR7 expression in vascular endothelium may have a function distinct from CK scavenging. It is possible that CXCR7, by analogy to DARC, may also be involved in CKs transcytosis. CXCR7 promotes growth and metastasis of breast and lung cancer cells in animal models, and similar results have been obtained in a mouse model of prostate cancer [START_REF] Miao | CXCR7 (RDC1) promotes breast and lung tumor growth in vivo and is expressed on tumorassociated vasculature[END_REF][START_REF] Wang | The role of CXCR7/RDC1 as a chemokine receptor for CXCL12/SDF-1 in prostate cancer[END_REF]. Expression of CXCR7 in tumor cells may contribute to excessive signaling through CXCR4, a landmark of the pathophysiology of WHIM syndrome, the CXCR4-gain of function of which is also associated with tumor developement (Balabanian, Lagane et al. 2005). Whereas these studies strongly link CXCR7

to cancer biology, functions of CXCR7 and its transduction pathways and activities promoted in cells after ligand binding remain poorly defined and still controversial.

II.3b Signaling of CXCR7

Some studies suggest that CXCR7 functions as a signaling receptor, promoting cell adhesion, chemotaxis, and activation of downstream signaling molecules such as AKT (i.e. a serine/threonine-specific protein kinase also known as Protein kinase B) (Balabanian, Lagane et al. 2005, Burns, Summers et al. 2006[START_REF] Valentin | The chemokine SDF1a coordinates tissue migration through the spatially restricted activation of Cxcr7 and Cxcr4b[END_REF][START_REF] Chow | A pivotal role for CXCL12 signaling in HPV-mediated transformation of keratinocytes: clues to understanding HPVpathogenesis in WHIM syndrome[END_REF]).

However, these effects of CXCR7 have not been identified consistently in different model systems (Infantino, Moepps et al. 2006). CXCR7 shares high structural homology with related CXCRs such as CXCR4 [START_REF] Fredriksson | The G-proteincoupled receptors in the human genome form five main families. Phylogenetic analysis, paralogon groups, and fingerprints[END_REF], but lacks the conserved DRYLAIV-motif in ICL2 that is critical for G-proteins binding and has a DRYLSIT motif instead. While CXCR7 has been shown to interact constitutively with G-proteins, the receptor does not initiate calcium fluxes characteristic of most CKRs signaling (Levoye, Balabanian et al. 2009[START_REF] Decaillot | CXCR7/CXCR4 heterodimer constitutively recruits beta-arrestin to enhance cell migration[END_REF].

It is able however to promote intracellular signaling through recruitment of ß-arrestin in a ligand-dependent manner (Balabanian, Lagane et al. 2005[START_REF] Rajagopal | Beta-arrestin-but not G protein-mediated signaling by the "decoy" receptor CXCR7[END_REF]), eliciting both ERK (i.e. extracellular signal-regulated kinases ERK1/2 or MAP kinases) and AKT activation [START_REF] Kumar | CXCR7 mediated Gialpha independent activation of ERK and Akt promotes cell survival and chemotaxis in T cells[END_REF]).

Sierro et al. showed that ERK phosphorylation is triggered by CXCR4/CXCR7 heterodimers, whereas other studies have shown that homomeric CXCR7 complexes induce ERK activation [START_REF] Decaillot | CXCR7/CXCR4 heterodimer constitutively recruits beta-arrestin to enhance cell migration[END_REF]). One study showed that CXCL12 signals through CXCR7 to promote T-cell migration, an effect that was reduced by a CXCR7-blocking antibody (Balabanian, Lagane et al. 2005), whereas in another study, blockade of CXCR7 with a neutralizing antibody or the small-molecule compound CCX733 showed no impact on CXCL12-promoted T-cell chemotaxis [START_REF] Hartmann | A crosstalk between intracellular CXCR7 and CXCR4 involved in rapid CXCL12-triggered integrin activation but not in chemokinetriggered motility of human T lymphocytes and CD34+ cells[END_REF]. In B-lymphocytes, Humpert et al. showed that blocking CXCR7 in in vitro-differentiated cells enhances CXCR4dependent migration of B cells toward CXCL12, implicating CXCR7 in the migration of B cells during maturation [START_REF] Humpert | Complementary methods provide evidence for the expression of CXCR7 on human B cells[END_REF]. Both CXCR4 and -7 were found to form homo-and hetero-dimers [START_REF] Sierro | Disrupted cardiac development but normal hematopoiesis in mice deficient in the second CXCL12/SDF-1 receptor, CXCR7[END_REF], Lagane, Chow et al. 2008, Luker, Gupta et al. 2009) in which, depending the context, CXCR7 has been reported to enhance CXCR4-mediated chemotaxis in response to CXCL12 [START_REF] Decaillot | CXCR7/CXCR4 heterodimer constitutively recruits beta-arrestin to enhance cell migration[END_REF] or to inhibit it (Levoye, Balabanian et al. 2009). See below.

II.3c The C-terminus domain of CXCR7

CXCR7 constitutively internalizes and recycles from the cell membrane, a property that relates to the function of CXCR7 in scavenging CXCL12 and CXCL11. Deletion of the intracellular tail of CXCR7 dramatically changes localization of the receptor. Though the receptor predominantly localizes into intracellular compartments, including early and late endosomes, lysosomes, and potentially the endoplasmic reticulum [START_REF] Shimizu | A putative G protein-coupled receptor, RDC1, is a novel coreceptor for human and simian immunodeficiency viruses[END_REF][START_REF] Boldajipour | Control of chemokine-guided cell migration by ligand sequestration[END_REF][START_REF] Luker | Constitutive and chemokine-dependent internalization and recycling of CXCR7 in breast cancer cells to degrade chemokine ligands[END_REF], progressive truncation of the C-terminus of CXCR7 (up to 16 amino acids, CXCR7-346) redistributed mutant receptors from endosomes to the cell membrane. This shift in the localization of CXCR7 most likely increases the numbers of receptors available at the cell surface to bind CXCL12 (truncated mutants are not affected in their affinity for CXCL12), as shown by flow cytometry, Gaussia luciferase complementation assay, and binding of radiolabeled CXCL12 [START_REF] Zabel | Elucidation of CXCR7-mediated signaling events and inhibition of CXCR4mediated tumor cell transendothelial migration by CXCR7 ligands[END_REF][START_REF] Ray | Carboxy-terminus of CXCR7 regulates receptor localization and function[END_REF].

Changes in subcellular localization and internalization of CXCR7 are due to disrupting interactions with ß-arrestin-2, which is interacting with CXCR7 constitutively and in a ligand-dependent manner, and is known to promote receptor internalization and intracellular accumulation of CK ligands [START_REF] Kalatskaya | AMD3100 is a CXCR7 ligand with allosteric agonist properties[END_REF], Luker, Gupta et al. 2009).

Loss of functional β-arrestin-2 reduced CXCR7-dependent uptake of CXCL12 from the extracellular space, establishing that β-arrestin 2 is necessary for the decoy function of the receptor. Beside, ß-arrestin-2 interactions with CXCR7 are required for CXCL12-induced CXCR7-dependent activation of ERK1/2. Of note, the kinetics of this signaling are consistent with prior reports for ß-arrestin-2-dependent signalling by other 7-TM receptors [START_REF] Drake | beta-arrestin-biased agonism at the beta2-adrenergic receptor[END_REF]. Using the Protein fragment Complementation Assay (PCA), Luker et al.

have show that the receptor preferentially interacts with β-arrestin-2 relative to β-arrestin-1 (Luker, Gupta et al. 2009). Unlike its brief interaction with CXCR4, CXCL12-induced βarrestin-2 association with CXCR7 increased over time. Thus CXCR7 C-terminus interaction with ß-arrestin-2 may be a critical determinant of CXCR7 signaling and decoy functions.

II.3d Interaction between CXCR7 and its ligands

It is currently accepted that CXCR7 has two CK ligands, CXCL12 and CXCL11, which may also bind to CXCR4 and CXCR3, respectively. CXCL12 binds to CXCR7 with greater affinity than to CXCR4 (Kd = 0.4 nM versus 3.6 nM (Crump, Gong et al. 1997, Balabanian, Lagane et al. 2005)), and CXCR7 binds CXCL12 with 10-to 20-fold greater affinity than CXCL11 (Burns, Summers et al. 2006). Of note, the binding affinity of CXCL12 for CXCR7 was suggested to be reduced by the expression of CXCR4 at the membrane implicating that within CXCR4/CXCR7 heterodimers the affinity of CXCR7 for CXCL12 could be reduced thus favoring the binding of CXCL12 to CXCR4 (Burns et al. 2006).

Previous studies have defined the N-terminus of CXCL12 as critical for binding and signaling through CXCR4 as truncation of the N-terminus by 2-6 amino acids abrogates receptor signaling and switches CXCL12 from an agonist to an antagonist [START_REF] Loetscher | N-terminal peptides of stromal cell-derived factor-1 with CXC chemokine receptor 4 agonist and antagonist activities[END_REF]. Amino acids 1-17 of CXCL12 are sufficient to activate CXCR4 signaling but with greatly reduced potency as compared to wild-type CK (Heveker, Montes et al. 1998[START_REF] Loetscher | N-terminal peptides of stromal cell-derived factor-1 with CXC chemokine receptor 4 agonist and antagonist activities[END_REF]. Conversion of the three arginine residues in the first 20 amino acids of CXCL12 to citrulline, which reduces total positive charges of the CK, eliminates binding to CXCR7 (Struyf, Noppen et al. 2009). However, the role of specific N-terminal amino acids of CXCL12 on CXCR7 binding and activation remain to be defined.

Combined CXCR7 receptor mutagenesis and use of TC14012 (a known antagonist of CXCR4) derivatives such as CVX15, have shown i) that TC14012 is an agonist of CXCR7 that can activate the ß-arrestin pathway downstream CXCR7 and ii) similarities between the mode of binding of TC14012 to CXCR7 and that of CXCR4 to CVX15. In both cases, receptors Asp residues on ECL2 and TM6 play key roles to form salt bridges with the Arg residue of the compound (TC14012 or CVX15). In addition, Hbond (hydrogen bond electrostatic interactions) between TC14012 and CXCR7 ECL2 (instead of salt bridges in CVX15/CXCR4 interactions) are observed, so that, like in CXCR4, TC14012 roughly covers the major binding pocket (Wu, Chien et al. 2010). Of note, the identified key residues for TC14012/CXCR4 interactions are similar to those reported for other CXCR4 antagonists;

namely D171 and D187 for AMD3100 with CXCR4 ECL2 [START_REF] Gerlach | Molecular interactions of cyclam and bicyclam non-peptide antagonists with the CXCR4 chemokine receptor[END_REF]).

The role played by CXCR7 ECL2 in binding was difficult to assess. Indeed, CXCR7 ECL2 is very different from CXCR4 ECL2 in both amino acid sequence and length. Nevertheless, Hbond networks resembling those seen between CVX15 and CXCR4 were observed and it became clear that residues in CXCR7 ECL2 (R197 and S198, respectively) are important for TC14012 binding. While substitution of R197D in CXCR7 stabilized the orientation of TC14012 by creating a salt bridge with Arg1, removal of the charge with the R197A substitution failed to do so but nevertheless resulted in a much higher potency of activation by TC14012, which equaled that of CXCL12. This suggests that the repulsive force of CXCR7 R197 is the major reason for the relatively weak potency of the compound on CXCR7.

Additionaly, Yoshikawa et al. have also developed an interaction model between CXCR7 and TC14012 that this time highlights positions D179 (ECL2) and D275 (TM6) as other key residues of the receptor pharmacophore (Yoshikawa, Oishi et al. 2013). Moreover modeling the interactions with T140, a TC14012 derivative, which is almost devoid of CXCR7 agonist activity identified that T140 binding to CXCR7 implicates only alternate but not simultaneous engagement of CXCR7 D179 and D275 residues. This shortcoming was adjusted by the introduction into the receptor of the above-mentioned R197D mutation in CXCR7, which led to the interaction of T140 Arg1 with D197, analogous to what was observed in the CVX15-CXCR4 crystal. These data point toward a necessity for CXCR7 agonists to concurrently interact with the upper parts of TM4 and TM6 to draw them together or, alternatively push them apart, possibly involving TM3. In CXCR4, T140 and AMD3100 are believed to exert their antagonistic effect by denying access of the N-terminus of CXCL12 to the interaction with the CRS2, thought to lie deeper in the binding crevice. CXCR7 apparently does not require this second step to recruit arrestin because ligand/receptor interactions closest to the receptor surface seem to be sufficient to trigger CXCR7 activation, without the need for interactions deeper into the binding pocket. Indeed, these are only speculations and comparisons of the ligand binding pockets for CXCR7 and CXCR4 are still needed.

II.4 CXCR4 receptor signaling pathways

CXCR4 is a 352 aminoacids rhodopsin-like GPCR that is expressed constitutively in a wide variety of tissues, including lymphatic tissues, thymus, brain, spleen, stomach, and small intestine [START_REF] Nagasawa | Molecular cloning and structure of a pre-B-cell growth-stimulating factor[END_REF].

Binding of CXCL12 to CXCR4 activates a variety of intracellular signal transduction pathways and effector molecules that notably regulate cell survival, proliferation, chemotaxis, migration and adhesion (Fig 12).

As CXCR4 couples to the Gi family of proteins, Gαi pathway is able to inhibit adenylyl cyclase as well as to activate the Src family of tyrosine kinases while liberated-Gβγ activate phospholipase C-β (PLC-β) and phosphoinositide-3 kinase (PI3K) ultimately leading to the regulation of processes such as gene transcription, cell migration, and cell adhesion.

After exposure to CXCL12, G-protein coupled receptors kinases (GRKs) phosphorylate the C-terminus of the receptor allowing the recruitment of ß-arrestin-2 that promotes internalization of the receptor into endosomes. This process of internalization of CXCR4 is part of a process known as desensitization and attenuates activation of G-proteins.

Unlike the negative effects of ß-arrestins on activation of G-proteins by CXCR4, Cheng et al.

showed that ß-arrestin-2 significantly enhanced signaling through p42/44 MAP kinases (greater activation of ß-arrestin-2 compared to the ß-arrestin-1). ß-arrestin-2 also control chemotaxis of cells in response to CXCL12, likely through activation of p38 MAPK. These two effects of ß-arrestin-2 appear to be mediated through distinct interactions with the ICL3 and C-terminus of CXCR4, respectively (Lagane et al 2008).

The mitogen-activated protein kinase pathway (MAP kinase pathway) is another signal transduction pathway regulated by CXCR4. In response to CXCL12, CXCR4 activates the kinase MEK, the upstream activator of the p42/44 MAP kinases (an acronym for MAPK/ERK Kinase). Because p42/44 activate the same downstream signal transduction pathway, these two related kinases generally are referred to as a single effector. Activated expression of genes that promote proliferation and survival of cancer cells.

CXCL12 and CXCR4 stimulate the PI3K pathway that subsequently activates the protein kinase AKT. Activated AKT phosphorylates a wide variety of intracellular targets, that can inhibit apoptosis and prolong survival of many different types of cancer cells.

Beyond functions in promoting cell survival, AKT has also been implicated in the activity of CXCR4 on cells proliferation and migration toward a chemotactic gradient of CXCL12. Of note, CXCR4 has also been shown to form constitutive homodimers, but also heterodimers with distant CKRs such as CCR5 or CCR2 in heterologous systems (Issafras, Angers et al. 2002, Isik, Hereld et al. 2008). Thus although numerous evidence point to the importance of CKRs oligomerization in the fine-adjustment of various biologic responses such a process is awaiting its demonstration in native systems as for class A GPCRs. 

II.4b CXCR4 conformational heterogeneity

GPCRs, such as CXCR4, can exhibit conformational heterogeneity. The pharmacology of these receptors has long been based on two-states receptor models. In these models, ligands modulate the equilibrium between two distinct conformations (active and inactive) of the receptor. However, evidence from both cell-based and biophysical studies suggests that structurally different agonists (and partial agonists) of a given GPCR can induce distinct conformational states, rather than simply altering the equilibrium between two states (inactive and active). Furthermore, many GPCRs show a considerable amount of basal, agonist independent activity (agonist-independent conversion from an inactive (R) state to an active (R*) state); in other words, GPCRs can activate its G-proteins in the absence of an agonist [START_REF] Kobilka | G protein coupled receptor structure and activation[END_REF].

Accordingly, the conformational heterogeneity of CXCR4 might explain the cell-typedependent ability of CXCR4-directed antibodies to block chemotaxis in response to CXCL12.

Thus, the monoclonal antibody (mAb) most commonly used to study CXCR4 expression, the 12G5, appear to recognize only a subpopulation of CXCR4 molecules among analyzed primary cell types [START_REF] Baribaud | Antigenically distinct conformations of CXCR4[END_REF]. As a result, CXCR4 expression levels on these important cell types have been approximate to date. The factors responsible for altering CXCR4 conformation are not fully known (to cite few examples: other membrane proteins, lipid raft domains, intracellular interactions with effector molecules or post-translational modifications). For instance, CXCR4 can be post-translationally modified by sulfation of its aminoterminal tyrosines, and by a chondroitin sulfate chain at serine 18. This phenomenon may explain in part the difference in conformation, antibody specificity and function of CXCR4 [START_REF] Farzan | The role of post-translational modifications of the CXCR4 amino terminus in stromal-derived factor 1 alpha association and HIV-1 entry[END_REF].

II.4c Development of CXCR4-directed therapeutics

CXCR4 antagonists were initially developed as new potential drugs for treatment of HIVinduced disease, considering the role of CXCR4 as a co-receptor for HIV entry. Four major classes of CXCR4 antagonists can be distinguished:

 small modified peptide;

 small-molecule, such as the bicyclam AMD3100;

 antibodies directed to CXCR4;

 modified agonists and antagonists targeting CXCL12, such as Chalcone (Ziarek et al 2012).

ALX40-4C, a polypeptide of nine Arg residues, is the first CXCR4 antagonist clinically used in Phase I and Phase I/II trials in HIV-infected patients [START_REF] Doranz | Safe use of the CXCR4 inhibitor ALX40-4C in humans[END_REF]). This peptide is no longer under development, because of no oral availability and lack of efficacy.

The second CXCR4 antagonist that entered clinical trial for HIV-infected patients was The majority of CXCR4 antagonists in development induce the mobilization of hematopoietic cells, such as neutrophils, monocytes, T cells and NK cells from the bone marrow into the circulation; although this property is actually used for autologous transplantation, this may also be a severe safety issue when trying to treat chronic diseases associated to CXCR4 such as HIV infection, or immune diseases such as the WHIM syndrome due to CXCR4-gain of function mutation. The development of CXCR4 antagonists that will not induce a significant mobilization of hematopoietic cells is one potential path to overcome this difficulty.

Promisingly, novel CXCR4 antibodies (i-body) were found to inhibit CXCL12/CXCR4dependent T cell migration and recruitement but not mobilization of hematopoietic stem cells In spite of their small size, NBs bind to their antigens with high affinity (i.e. in the nanomolar range) and specificity [START_REF] Dumoulin | Single-domain antibody fragments with high conformational stability[END_REF].

The tridimensional structure of VHHs corresponds to a typical immunoglobulin fold (Fig. 15).

It is composed of nine ß-strands organized into two ß-sheets, stabilized by a conserved disulphide bridge between Cys23 and Cys94 (IMGT numbering [START_REF] Conrath | Emergence and evolution of functional heavy-chain antibodies in Camelidae[END_REF]). The amino acid sequence of VHHs presents a high degree of identity (~80%) with the human VH3 (variable domain of the heavy chain of conventional antibodies) gene family [START_REF] Conrath | Emergence and evolution of functional heavy-chain antibodies in Camelidae[END_REF], it has however evolved to compensate for the absence of the VL domain as follows:

 Four hydrophobic amino acids conserved among all VHs are substituted by more hydrophilic residues in the VHH sequences (V42F or V42Y, G49E, L50R and W52G, IMGT numbering) [START_REF] Vu | Comparison of llama VH sequences from conventional and heavy chain antibodies[END_REF]). These amino acids are located in the framework 2, corresponding to the region of the VH domain that interacts with the variable domain of the light chain in conventional antibodies.

 The complementarity determining regions (CDRs, i.e. regions of the antibody that interact with the antigen) of VHHs are longer than those of VHs, and particularly the CDR1 and CDR3 ( Fig 15). The average length of the CDR3 from human VHs is 12 residues while that from dromedary VHHs contains most frequently ~16 to 18 amino acids. Several VHHs with CDR3 longer than 25 residues have been reported [START_REF] Desmyter | Crystal structure of a camel single-domain VH antibody fragment in complex with lysozyme[END_REF]. The larger size of the CDRs is believed to compensate for the absence of the three CDRs from the VLs (the antigen is recognized by only three CDRs instead of six in conventional antibodies) and therefore provide a sufficiently large antigen interacting surfaces. Moreover, the long CDR3 can form a protruding loop, allowing VHHs to bind unique conformational epitopes, such as cryptic epitopes, clefts or cavities that are generally inaccessible to conventional VH and VL pairs [START_REF] Marquardt | A synthetic camel anti-lysozyme peptide antibody (peptibody) with flexible loop structure identified by high-resolution affinity mass spectrometry[END_REF].

 An additional disulphide bond is present in many VHH sequences, especially those originating from dromedaries; it is generally located between CDR1 and CDR3 (64%) but can also be located between CDR3 and FR2 [START_REF] Conrath | Emergence and evolution of functional heavy-chain antibodies in Camelidae[END_REF]. This disulphide bond probably restricts the flexibility of long CDRs, which is expected to be entropically counterproductive for binding, and therefore allows a strong interaction [START_REF] Govaert | Dual beneficial effect of interloop disulfide bond for single domain antibody fragments[END_REF]. NBs can be obtained from immune, naive or synthetic libraries. In the first case, an animal is immunized with the antigen of interest and, after 5 or 6 weekly injection, lymphocytes are isolated from the peripheral blood. cDNAs are prepared from total extracted RNA, and those encoding VHH genes are selected by PCR [START_REF] Muyldermans | Single domain camel antibodies: current status[END_REF]. Since the entire antigenbinding fragment of HCAb consists of one domain, encoded by a gene fragment of only ~360

bp that is easily amplified by PCR, small libraries are already representative of the immune repertoire. Naive libraries are generated in the same manner from the blood of a nonimmunized animal, while synthetic libraries are created, for example, by randomly mutating the amino acids belonging to CDR3 of a VHH exhibiting a robust scaffold [START_REF] Nguyen | Camel heavy-chain antibodies: diverse germline V(H)H and specific mechanisms enlarge the antigen-binding repertoire[END_REF]. Antigen-specific NBs are retrieved from these libraries by phage display or other selection protocols such as bacterial display, yeast display or ribosome display. Due to its robustness, the phage display method is the most often used one. The VHH genes, amplified by PCR, are generally cloned into an appropriate vector (phagemid) at the 30-end of a gene coding for a coat protein of a filamentous phage (generally M13) [START_REF] Muyldermans | Single domain camel antibodies: current status[END_REF]. VHHs are then expressed at the tip surface of the phages and the most specific binders are panned on antigens, which are most of the time immobilized in wells of a microtiter plate by passive adsorption or biotinylated on streptavidin-coated solid supports.

NBs repertoires present a great advantage over those of conventional antibodies: they do not need the random combination of VH and VL chains which lead to the generation of many nonproductive combinations due to the loss of the original pairing. Moreover, the whole procedure is also much less time and money consuming.

Finally, the selected NBs can be expressed as recombinant protein with a high yield in bacteria (~40 to 70 mg per liter of culture) [START_REF] Rahbarizadeh | Over expression of anti-MUC1 single-domain antibody fragments in the yeast Pichia pastoris[END_REF], in yeast (>100 mg per liter of culture) [START_REF] Frenken | Isolation of antigen specific llama VHH antibody fragments and their high level secretion by Saccharomyces cerevisiae[END_REF] or in plants (up to 30% total leaf proteins) [START_REF] De Buck | Production of camel-like antibodies in plants[END_REF]). Their purification is usually achieved by immobilized metal ion affinity chromatography (IMAC) via an engineered C-terminus His6 tag, or by other affinity chromatography as NB gene is easily cloned in another vector to change the tag.

III.1 Antibodies for biomedical applications

Monoclonal antibodies are indispensable molecules for therapeutic, diagnostic as well as for biotechnological applications [START_REF] Aggarwal | What's fueling the biotech engine-2011 to 2012[END_REF]. Their remarkable clinical efficacy in conjunction with several dozen marketed antibodies and hundreds of mAbs in clinical development is corroborating their great therapeutic potential [START_REF] Dubel | Recombinant therapeutic antibodies[END_REF]. However, for specific applications, such as in vivo imaging, the efficacy of classical antibody molecules might be impaired by reason of their large hetero-tetrameric structure and slow blood clearance, as well as their restricted tumor penetration together with non-specific uptake by healthy tissues might pose problems for distinct applications [START_REF] Mordenti | Comparisons of the intraocular tissue distribution, pharmacokinetics, and safety of 125I-labeled full-length and Fab antibodies in rhesus monkeys following intravitreal administration[END_REF][START_REF] Huang | SPECT imaging with 99mTc-labeled EGFRspecific nanobody for in vivo monitoring of EGFR expression[END_REF][START_REF] Vaneycken | Immuno-imaging using nanobodies[END_REF]).

To address these issues, next generation antibodies, such as antibody-drug conjugates [START_REF] Casi | Antibody-drug conjugates: basic concepts, examples and future perspectives[END_REF]Neri 2012, Bouchard, Viskov et al. 2014) With respect to the biomedical use of VHHs, a low immunogenicity can be expected due to the high sequence similarity to the human heavy chain variable domain, which differs of about 10 amino acids. Further attempts to reduce the risk of immunogenicity led to a general humanization strategy. Therefore, a stable humanized VHH scaffold was generated that allows grafting of antigen binding loops from other VHHs while retaining antigen affinities and specificities [START_REF] Vincke | General strategy to humanize a camelid single-domain antibody and identification of a universal humanized nanobody scaffold[END_REF]). A variety of potential biomedical applications for VHHs are described in the literature, although no therapeutics based on VHHs have found their way to the market yet, six have entered clinical trials phase I or II. The popular term ''NB'' serves as trade name for VHHs belonging to the commercial biopharmaceutical company Ablynx (www.ablynx.com), which was originally the main driver of development of VHHs for biomedical applications.

In addition, VHHs are attractive for addressing difficult targets, for instance GPCRs. In this respect, the cryptic epitopes of GPCRs are located within TM regions and are poorly accessible with mAbs and therefore small molecules are mostly used for GPCRs targeting [START_REF] Overington | How many drug targets are there?[END_REF]). Studies highlighting this targeting approach using NBs were recently described for CXCR4 [START_REF] Jahnichen | CXCR4 nanobodies (VHHbased single variable domains) potently inhibit chemotaxis and HIV-1 replication and mobilize stem cells[END_REF]) and CXCR7 [START_REF] Maussang | Llama-derived single variable domains (nanobodies) directed against chemokine receptor CXCR7 reduce head and neck cancer cell growth in vivo[END_REF].

Beside their use as potential therapeutics, VHHs are also promising tools for probing in diagnostic applications. For the diagnosis of HIV-infection, a VHH directed against human glycophorin A (a protein on red blood cells) was developed as a fusion protein with p24 (the HIV capsid protein). When the fusion protein is added to the serum of HIV-positive donors, rapid agglutination is induced due to cross-linkage of red blood cells in the presence of anti-p24 antibodies [START_REF] Habib | V(H)H (nanobody) directed against human glycophorin A: a tool for autologous red cell agglutination assays[END_REF]). Furthermore, radiolabeled VHHs have been used for tumors imaging. In a preclinical validation, labeled NBs directed against the macrophage mannose receptor, which is consistently upregulated in tumor associated macrophages (TAM), led to an efficient in vivo targeting and imaging, and could be a novel approach for the diagnosis of cancer [START_REF] Movahedi | Nanobody-based targeting of the macrophage mannose receptor for effective in vivo imaging of tumor-associated macrophages[END_REF].

NBs can also be linked to any module of interest for biotechnological, pharmaceutical or structural purposes. For example in traditional indirect immunofluorescence, epitopes are initially decorated with a primary antibody and detected with a fluorophore-labeled secondary one, each around 12-15 nm in size [START_REF] Harris | Crystallographic structure of an intact IgG1 monoclonal antibody[END_REF]. The effective displacement between label and epitope can reach up to 24-30 nm and thus significantly deteriorate the achievable precision and accuracy of protein localization by super-resolution fluorescence microscopy [START_REF] Huang | SPECT imaging with 99mTc-labeled EGFRspecific nanobody for in vivo monitoring of EGFR expression[END_REF]. NBs (diameter: 4nm) are an ideal solution to this problem [START_REF] Ries | A simple, versatile method for GFP-based super-resolution microscopy via nanobodies[END_REF][START_REF] Szymborska | Nuclear pore scaffold structure analyzed by super-resolution microscopy and particle averaging[END_REF]). This, however, requires a direct NB labeling. Ideally, labeling should be site-specific, so that the remaining small displacement between epitope and fluorescent dye can be predicted and corrected for in the measurements.

III.2 NBs in structural biology

NBs exhibit interesting properties that may help difficult proteins to crystallize, they can:

 Prevent domain mobility and hide mobile protein-bound polysaccharides;

 Insert in clefts or between interfaces, thus stabilizing loops or large complexes;

 Assist in the solubilization of proteins with low solubility or provide useful crystal contacts for membrane proteins.

Moreover, due to the protruding nature of NBs and their binding to crevices, they are excellent inhibitors or modulators of enzymes, receptors or virus; these features are also favorable for crystallization. Many examples of the usefulness of NBs in coupled functional and structural studies have been reported in the literature in the past two years [START_REF] Acharya | Heavy chain-only IgG2b llama antibody effects near-pan HIV-1 neutralization by recognizing a CD4-induced epitope that includes elements of coreceptorand CD4-binding sites[END_REF][START_REF] Desmyter | Viral infection modulation and neutralization by camelid nanobodies[END_REF], Kruse, Ring et al. 2013, Ring, Manglik et al. 2013[START_REF] Schmitz | Structural evaluation of EGFR inhibition mechanisms for nanobodies/VHH domains[END_REF][START_REF] Ward | Structures of P-glycoprotein reveal its conformational flexibility and an epitope on the nucleotide-binding domain[END_REF][START_REF] Abskharon | Probing the N-terminal beta-sheet conversion in the crystal structure of the human prion protein bound to a nanobody[END_REF][START_REF] Hassaine | Xray structure of the mouse serotonin 5-HT3 receptor[END_REF][START_REF] Pathare | Crystal structure of the proteasomal deubiquitylation module Rpn8-Rpn11[END_REF].

III.2a NBs as mobility blockers or inserting modules

NBs have been revealed to be very useful in crystallizing conformationally mobile proteins because they can freeze a unique conformation [START_REF] Ward | Structures of P-glycoprotein reveal its conformational flexibility and an epitope on the nucleotide-binding domain[END_REF]. The crystal structure of human IL23 in its glycosylated form was made possible when complexed simultaneously with three NBs (PDB: 4GRW). The property of NBs to bind concave epitopes has also proven to be very useful. Two NBs were shown to inhibit the epidermal growth factor receptor (EGFR) by blocking a new epitope not reached by classical Ig. They could bind an epitope close to the EGFR domain II/III junction, thus hindering the mandatory conformational changes of the receptor, preventing high-affinity ligand binding and dimerization. This epitope is accessible to the protruding NB paratope but inaccessible to the flat monoclonal antibody binding surface [START_REF] Schmitz | Structural evaluation of EGFR inhibition mechanisms for nanobodies/VHH domains[END_REF].

III.2b NBs and membrane proteins

The most striking example of NBs utilization in the field of membrane protein structure is the complex of the beta2 adrenoreceptor (b2Ar), GPCR, with a NB (nb80) [START_REF] Rasmussen | Structure of a nanobody-stabilized active state of the beta(2) adrenoceptor[END_REF]Kobilka 2011). The most important effect was the stabilization of the agonist-bound form of the ß-arrestine 2 (ß2Ar), because the active-state GPCR structure has been difficult to stabilize in the absence of G-proteins.

Nb80 inserts its CDR3 into the core of the receptor between TM helices 3, 5 and 6. As a result, these helices move by several Å, reaching an agonist bound-like conformation, the same as the one observed in the presence of the G-proteins [START_REF] Rasmussen | Structure of a nanobody-stabilized active state of the beta(2) adrenoceptor[END_REF].

This new stabilizing NB variant made it possible to obtain structures of ß2Ar/NB in complex with new agonists with a wide range of affinities [START_REF] Ring | Adrenaline-activated structure of beta2-adrenoceptor stabilized by an engineered nanobody[END_REF]. The same strategy of employing a stabilizing NB was used with another GPCR, the human M2 muscarinic acetylcholine receptor (4MQS) [START_REF] Kruse | Activation and allosteric modulation of a muscarinic acetylcholine receptor[END_REF]). Here again, the NB CDR inserts within TM helices 3, 5 and 6, inducing them to adopt the agonist-bound conformation and making it possible to bind agonist molecules with sufficient affinity and stability.

Another important asset of GPCR-targeting NBs in GPCRs research is their use as conformation-specific biosensors. Fluorescently tagged NBs provide a means of tracking proteins in live cells with unprecedented resolution [START_REF] Ries | A simple, versatile method for GFP-based super-resolution microscopy via nanobodies[END_REF].

Recent efforts to study the spatial localization of ß2AR signaling using NBs that recognized activated ß2AR [START_REF] Rasmussen | Structure of a nanobody-stabilized active state of the beta(2) adrenoceptor[END_REF]) and nucleotide-free (active) Gas [START_REF] Westfield | Structural flexibility of the G alpha s alpha-helical domain in the beta2-adrenoceptor Gs complex[END_REF], respectively. By genetically fusing these NBs to green fluorescence protein (GFP) and expressing them in ß2AR-expressing cells, followed by microscopic examination of GFP localization following bßAR activation, direct evidence for G-proteins activation from internalized GPCRs was provided [START_REF] Irannejad | Conformational biosensors reveal GPCR signalling from endosomes[END_REF]), a phenomenon that has been suggested to occur for multiple GPCRs but was never directly ascertained [START_REF] Calebiro | Imaging of persistent cAMP signaling by internalized G protein-coupled receptors[END_REF]).

In addition, these intracellularly expressed NBs, also termed intrabodies, can also be utilized to modulate receptor-dependent signaling. A recent study showed that conformationalspecific ß2AR intrabodies inhibit downstream signal transduction [START_REF] Staus | Regulation of beta2-adrenergic receptor function by conformationally selective single-domain intrabodies[END_REF], illustrating the potential of NBs as research tools to study receptor-specific GPCRs signaling.

III.2c NBs and viruses

NBs have been reported to bind viruses and phages (or parts of them) with the potential capacity to neutralize them. A very interesting study made use of a chimeric construct between a NB and a viral protein: a complex formed between the HIV Nef protein and a stabilizing SH3 domain bound to a NB (SdAb19) was crystallized exhibiting 1:1 stoichiometry [START_REF] Lulf | Structural basis for the inhibition of HIV-1 Nef by a high-affinity binding single-domain antibody[END_REF]. Interestingly, the NB-SH3 entity, termed Neffin, binds the Nef protein with increased affinity compared to each partner alone and inhibits all functions of Nef as well as HIV infectivity and replication. The NB was found to inhibit Nef by directly interacting with the C-terminal Lys192 and Phe195 residues of the Nef protein involved in the targeting of the Pak2 serine/threonine kinase [START_REF] Lulf | Structural basis for the inhibition of HIV-1 Nef by a high-affinity binding single-domain antibody[END_REF].

III.3 CXCR4 and CXCR7 targeting NBs

Using a time-efficient whole cell immunization of llamas with CXCR4-expressing HEK293T cells, followed by phage display and counter selection, NBs against CXCR4 were identified and characterized as neutral antagonists in heir monovalent forms [START_REF] Jahnichen | CXCR4 nanobodies (VHHbased single variable domains) potently inhibit chemotaxis and HIV-1 replication and mobilize stem cells[END_REF]). The reported CXCR4-NBs bind with high affinity and specificity to the ECL2 and potently inhibit CXCL12-induced signaling and chemotaxis. They are highly selective for human CXCR4 and do not recognize the murine receptor, indicating that minor changes (five additional amino acids in the mouse receptor) in ECL2 are sufficient to affect Nb affinity for CXCR4. This underlines the exquisite selectivity that can be achieved by NBs.

Specific NBs binding to CXCR7 were also recently developed and characterized [START_REF] Maussang | Llama-derived single variable domains (nanobodies) directed against chemokine receptor CXCR7 reduce head and neck cancer cell growth in vivo[END_REF]. They display high affinity and antagonistic properties, as they are able to inhibit CXCL12-induced recruitment of ß-arrestin2 to CXCR7. Moreover, CXCR7-NBs were shown to inhibit head and neck cancer tumor growth in a mouse xenograft model.

Finally, generation of NBs targeting CKs have also been recently reported [START_REF] Blanchetot | Neutralizing nanobodies targeting diverse chemokines effectively inhibit chemokine function[END_REF]. Inflammatory CKs CCL2 (binding to CCR2), CCL5 (binding to CCR1, CCR3, and CCR5), and CXCL11 (binding to CXCR3 and CXCR7), as well as CXCL12, were successfully targeted by CK-specific NBs. All these NBs inhibit CK binding to their cognate CKR. Furthermore, the CXCL11-and CXCL12-specific NBs inhibit Gi signaling and chemotaxis through CXCR3 and CXCR4, respectively [START_REF] Blanchetot | Neutralizing nanobodies targeting diverse chemokines effectively inhibit chemokine function[END_REF]. Collectively, NBs against CXCR4 and CXCR7, as well as against a panel of CKs, show great promise as therapeutics and research tools to further characterize the CKR system.

Objectives

The CXCR4 crystal structure solved in 2010 was a tremendous breakthrough for the CKR field although it has left many questions unanswered such as the determinants, the stoichiometry and the mechanisms of the interaction between the receptor and its chemokine The first objective of my project was to model the stoichiometry of CXCR4/CXCL12 interaction starting from the crystal structure, in monomeric and dimeric forms, to generate a complete model of CXCR4 structure and then to simulate the interaction with the chemokine CXCL12 using molecular modeling tools: peptide-peptide docking and molecular dynamics.

Our purpose was to investigate differences in stability, interactions and conformations comparing the model structure of 1:1 stoichiometry versus the 2:1 one. Therefore, we focused our attention on CXCR4 residues shown to be important for binding and G proteins activation, analyzing the distances and positions between the N-terminus of the chemokine and receptor key residues.

The second objective of my thesis work was to characterize new tools to investigate CXCR4 biology on native systems and tissues. We choose to study three different clones of nanobodies (NBs) targeting the extracellular domains of CXCR4, since they are new useful and innovative molecules. We performed in vitro and in silico experiments in order to describe their pharmacological activity on the CXCR4 activation pathways and their mechanism of interaction with the receptor.

The third part of my project was focused in the structure modeling and analysis of CXCR7

and the comparative study with CXCR4-CXCL12 interaction. First we proposed a model of the three-dimensional structure of CXCR7 using homology modeling and then analyzed the possible interaction mechanisms with CXCL12, by peptide-peptide docking and molecular dynamics simulations, to investigate the molecular determinants of this interaction. We were able to identify two possible CXCR7 residues involved in the interaction with CXCL12 and conversely the residues in the N-terminus of CXCL12 important for binding to and activating CXCR7. With this knowledge together with that of CXCR4 residues important for CXCL12induced G proteins activation, we performed mutagenesis studies on the hypothetical CXCR7

CRS1 and CRS2 domains to compare the interaction and the signaling properties of CXCL12 engagement to its two receptors.

Results
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Paper n°1

Interaction of chemokine receptor CXCR4 in monomeric and dimeric state with its endogenous ligand CXCL12:

Coarse-grained simulations identify differences

Introduction

The chemokine receptor CXCR4, which was originally described as a coreceptor for human immunodeficiency virus [START_REF] Feng | HIV-1 entry co-factor: Functional cDNA cloning of a seven-transmembrane, g protein-coupled receptor[END_REF], is a class A G-protein-coupled receptor (GPCR)

with a unique chemokine ligand, CXCL12, previously called stromal cell-derived factor 1 (SDF-1) [START_REF] Bleul | The lymphocyte chemoattractant SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry[END_REF][START_REF] Oberlin | The CXC chemokine SDF-1 is the ligand for LESTR/fusin and prevents infection by t-cell-line-adapted HIV-1[END_REF]. Both CXCR4 and CXCL12 are expressed by a vast array of cell types in many tissues. Targeted disruptions of either genes are embryo lethal in mice, promoting defects in cardiac, hematopoietic and cerebellar development, evidencing a broad spectrum of activities [START_REF] Nagasawa | Defects of b-cell lymphopoiesis and bone-marrow myelopoiesis in mice lacking the CXC chemokine PBSF/SDF-1[END_REF][START_REF] Ma | Impaired b-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration in CXCR4-and SDF-1-deficient mice[END_REF]. The CXCR4-CXCL12 pair, which is essential for the proper migration of leukocytes, hematopoietic stem cells and progenitors, also controls many physiological functions, such as survival, repair, growth, and neovascularization (Puchert and Engele, 2014). Besides, this axis is endowed with pathogenic roles notably in immune diseases and in the progression of various cancers [START_REF] Kryczek | Stroma-derived factor (SDF-1/CXCL12) and human tumor pathogenesis[END_REF][START_REF] Sun | CXCL12 / CXCR4 / CXCR7 chemokine axis and cancer progression[END_REF], including virus-related ones [START_REF] Freitas | The relevance of the chemokine receptor ACKR3/CXCR7 on CXCL12-mediated effects in cancers with a focus on virus-related cancers[END_REF]. It is therefore considered as a very attractive therapeutic target [START_REF] Peled | Development of novel CXCR4-based therapeutics[END_REF].

Binding of CXCL12 to CXCR4 triggers typical activation of G-protein and arrestin dependent pathways of a GPCR that cannot solely account for the wide spectrum of physiological activities of this axis (Busillo and Benovic, 2007). It is rather hypothesized that such functional complexity originates from various determinants, including the cell context, the available receptor interactome (receptorosome), together with the reported ability of both CXCL12 and CXCR4 to oligomerize [START_REF] Bachelerie | International union of pharmacology. LXXXIX. update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors[END_REF]. This is also consistent with observations made in live cells, from the use of biophysical techniques, including bioluminescence and fluorescence resonance energy transfer, which indicate that monomers, dimers and higher-order oligomers of CXCR4 might coexist [START_REF] Hamatake | Ligand-independent higher-order multimerization of CXCR4, a G-protein-coupled chemokine receptor involved in targeted metastasis[END_REF]Ferr et al., 2014). Such as emerged for other GPCR, CXCR4 dimers might display unique ligand-binding properties and functional selectivity. In line with this, dimerization is the most likely mechanism to explain the functional dominance of a gain of function of the CXCR4 mutant over its wild type congener (Lagane et al., 2008;[START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF] in the context of the rare WHIM disorder associated with heterozygous CXCR4 mutations [START_REF] Hernandez | Mutations in the chemokine receptor gene CXCR4 are associated with WHIM syndrome, a combined immunodeficiency disease[END_REF].

The possibility that CXCR4 forms dimers is also supported by the recent crystal structures of CXCR4 in complex with small antagonists (Wu et al., 2010) or with the viral chemokine encoded by Kaposi's sarcoma-associated herpesvirus (vMIP-II) (Qin et al., 2015). These CXCR4 structures (PDB codes 3ODU, 3OE0 and 4RWS) revealed a dimeric arrangement of the receptor which is able to accomodate one ligand or a dimer of ligands, forming a 2:1 or a 2:2 CXCR4-CXCL12 complex, respectively. Indeed, chemokines are proposed to exist in an equilibrium of monomeric and dimeric species (Veldkamp et al., 2005), with the dimeric CXCL12 being a partial agonist capable of inducing intracellular calcium mobilization but not chemotaxis (Veldkamp et al., 2008;[START_REF] Drury | Monomeric and dimeric CXCL12 inhibit metastasis through distinct CXCR4 interactions and signaling pathways[END_REF].

Thus, when considering the full agonist signaling process, the question of whether the CXCR4-CXCL12 complex has a 1:1 or 2:1 preferential stoichiometry with regard to the stability of their respective tridimensional structures remains to be investigated.

The GPCR typical seven transmembrane helices are well observed in the 3ODU, 3OE0 and 4RWS crystal structures of CXCR4. However, the receptor N-terminus (up to residue Asp22)

is not visible in the electron density maps, witnessing its flexible and disordered character, even in the presence of the viral chemokine vMIP-II (Wu et al., 2010;Qin et al., 2015). In the transmembrane cavity of the receptor, several residues were found by site-directed mutagenesis studies to be important for CXCR4 signaling, including the region from Glu179

to Asp182 in extracellular loop 2 (ECL2) (Doranz et al., 1999), the residues Asp97 in transmembrane helix 2 (TMH2), Asp187 in ECL2, Glu288 in TMH7 (Brelot et al., 2000;Tian et al., 2005), Tyr190 in ECL2 and Glu268 in ECL3 [START_REF] Zhou | Structural and functional characterization of human CXCR4 as a chemokine receptor and HIV-1 co-receptor by mutagenesis and molecular modeling studies[END_REF]. On the other hand, NMR experiments revealed that CXCL12 has a disordered N-terminus (residues 1-8), which includes residues critical for CXCR4 activation, notably Lys1 and Pro2 (Crump et al., 1997;Heveker et al., 1998;Veldkamp et al., 2008;Kofuku et al., 2009). Besides, it should be emphasized that the three receptor residues Asp97, Asp187 and Glu288 are also critical for the chemokine binding (Brelot et al., 2000). More specifically, they probably make contacts with the CXCL12 first two residues Lys1 and Pro2, as suggested by the crystal structure of CXCR4 with the viral chemokine vMIP-II (Qin et al., 2015).

Based on these evidences, a two-site, two-step model for the CXCR4-CXCL12 interactions was proposed, where the CXCL12 motif 12RFFESH17 first binds the receptor N-terminus, and then the chemokine N-terminus 1KPVSLSYR8 enters the buried cavity within the CXCR4 transmembrane helices (Crump et al., 1997;Doranz et al., 1999;Veldkamp et al., 2008;Kofuku et al., 2009), triggering receptor activation, probably mediated by a change in the conformation of its transmembrane helices. Nevertheless, despite the important recent structural data, there is not yet a comprehensive characterization of the quaternary structures and dynamics of the CXCR4-CXCL12 associations, which could confirm this model and provide information on the stoichiometry of the functional receptor-ligand complexes.

We investigated this issue using coarse-grained molecular modeling tools, by following a two-step strategy similar to the one employed by Xu et al. and by Tamamis and Floudas in their recent theoretical studies [START_REF] Xu | Structural basis of the interactions between CXCR4 and CXCL12/SDF-1 revealed by theoretical approaches[END_REF][START_REF] Tamamis | Elucidating a key component of cancer metastasis: CXCL12 (SDF-1) binding to CXCR4[END_REF], and extending it to investigate the CXCR4-CXCL12 1:1 or 2:1 stoichiometry.

The first step consists in generating plausible initial conformations of the complex by coarsegrained rigid-body docking the chemokine onto the receptor. Then, from docked conformations having the chemokine N-terminus located in the receptor transmembrane cavity, we explored the conformational ensemble of the complexes, using coarse-grained MD simulations, to search for the most populated structures. This approach enabled us to identified models of the CXCR4-CXCL12 association in which the chemokine residues Lys1 and Pro2 are in close contact with the three receptor residues Asp97, Asp187 and Glu288, known to be critical for both binding and activation (Brelot et al., 2000). In the modeled 1:1 stoichiometry, we noticed that the chemokine core domain would be more stable when positioned above the transmembrane helices of a putative other protomer if CXCR4 was considered as a dimer. We thus hypothesized that such position of CXCL12 could better fit to a dimeric receptor. Using the same procedure consisting in docking CXCL12 on the dimeric receptor and relaxing the complex with MD simulations, we propose here a model of CXCR4-CXCL12 association that better accomodates to the 2:1 combination.

Results and Discussion

Structure of wild type 1:1 CXCR4-CXCL12 complexes Each docking of the twenty CXCL12 NMR structures on the monomeric CXCR4 generated approximatively 28 000 complexes. For each of the twenty docking calculations, we visually inspected the five lowest energy structures, and found all together seventeen CXCR4-CXCL12 complexes for which the chemokine N-terminus is located within the receptor transmembrane pocket. In these latter, the chemokine core domain is rather positioned outside the receptor transmembrane helix bundle, as shown in Fig. 1. In all other low energy conformations of the complex, the CXCL12 core domain is positioned and centered above the CXCR4 helix bundle, but its N-terminus points towards the solvent (data not shown). It could be noted that the protein-protein rigid-body docking was able to identify several complexes with the CXCL12 N-terminus in the CXCR4 activation site probably because the receptor conformation used for these calculations comes from a co-crystal structure of CXCR4 in complex with a ligand in its transmembrane pocket (PDB ID: 3ODU). This "bound" structure would allow the receptor to accommodate the chemokine N-terminus without large conformational change of its activation site. The seventeen complexes, that were found with the CXCL12 N-terminus inside the CXCR4 transmembrane cavity, were clustered by visual inspection of the chemokine core domain position with respect to the receptor helix bundle (Fig. 1). We identified four clusters, two of which having only one representative conformation (clusters 3 and 4). We observed that the vector joining the CXCL12 pivotal residue Ser6 to the antipodal Asn45 points towards the receptor transmembrane helices II and III in the first cluster (7 structures), towards helices III and IV in cluster 2 (8 structures), towards helix V in cluster 3 (1 structure) and towards helix VI in cluster 4 (1 structure).

Then, using coarse-grained MD simulations, we considered exploring the conformational dynamics of the two most populated complexes having the chemokine N-terminus within the receptor transmembrane cavity (clusters 1 and 2, with simulations 11-WTA and 11-WTB, respectively). Nevertheless, the question of whether the complex CXCR4-CXCL12 has a 1:1 or a 2:1 stoichiometry prompted us to also consider the cluster 3 structure (simulation 11-WTC), since it interestingly has the CXCL12 core domain located above an other putative protomer if CXCR4 was dimeric (Fig. 1). In contrast, we did not performed MD simulation of cluster 4, since this single conformation has a chemokine core domain position that would not be influenced by a putative other protomer. RMSD relative to the initial conformation of the receptor and the chemokine as well as position of the CXCL12 core domain are shown as a function of time in Fig. 2.

Due to the elastic network model used here, both receptor and chemokine of the simulated complexes rapidly reached equilibrated tertiary structures which did not much during the 5 µs trajectories. In contrast, it can be observed that CXCL12 has larger amplitude global motion relative to CXCR4, especially in the case of complex 11-WTC whose chemokine exhibited broad translational and rotational movements. It could be noted that a conformational change of the receptor occurred around 1 µs of the 11-WTC simulation. It is analyzed as a local transition from a compact to an extended form of its C-terminus region 302-328 (data not shown). However, since the CXCR4 helix bundle is maintained by an elastic network, which biases its conformational changes, the receptor C-terminus structural transition, located in the intracellular side, can hardly be related to the dynamics of the chemokine / receptor interface, which occurs in the extracellular side.

Among the previous 1:1 complexes, the most plausible quaternary structure was identified by examining contacts between the CXCR4 and CXCL12 residues involved in the receptor activation as previously identified by site-directed mutagenesis studies (Crump et al., 1997;Heveker et al., 1998;Doranz et al., 1999;Brelot et al., 2000;[START_REF] Zhou | Structural and functional characterization of human CXCR4 as a chemokine receptor and HIV-1 co-receptor by mutagenesis and molecular modeling studies[END_REF]Tian et al., 2005;[START_REF] Murphy | Structural and functional basis of CXCL12 (stromal cell-derived factor-1) binding to heparin[END_REF]Veldkamp et al., 2008;Kofuku et al., 2009;Qin et al., 2015). Fig. 3 indicates the percentages of simulation time for which the chemokine first eight residues are in contact with the receptor key residues. Among the latter, Glu179, Asp187, Tyr190 and Asp193 are located on the ECL2, and Glu268 on the ECL3. According to the subdivision of the receptor transmembrane cavity into a major sub-pocket surrounded by helices III to VII and a minor one by helices I to III and VII [START_REF] Qin | C(x)CR in silico: Computer-aided prediction of chemokine receptorligand interactions[END_REF], the receptor residues Asp171, Tyr255 and Asp262 belong to the major sub-pocket, the residues Trp94 and Asp97

to the minor one, and residues Tyr116 and Glu288 are at the edge of the two sub-pockets. Fig. 3 shows that the chemokine N-terminus mainly lies in the major sub-pocket in the complex 11-WTA, its residue Lys1 predominantly contacting the receptor residue Asp262. In the complex 11-WTB, the chemokine N-terminus is partially buried in the transmembrane cavity, with its residue Lys1 pointing towards the ECL2 β-turn, but establishing no steady contact with any of the minor sub-pocket residues. In contrast, the complex 11-WTC exhibits a chemokine N-terminus that partially occupies the CXCR4 major sub-pocket but interacts mostly with the minor one (Fig. 4). Indeed, the CXCL12 first two residues Lys1 and Pro2 make durable contacts with residues Trp94 and Asp97, as well as with residues Tyr116 and Glu288 at the edge of the two sub-pockets, and to a lesser extent with residues Asp171 and Tyr255 in the major one (Fig. 3). Noticeably, not only CXCL12 residue Lys1 makes steady contacts with the receptor residues critical for binding and activation (i.e. Asp97, Asp187 and Glu288), but the remaining seven N-terminal residues also interact with the CXCR4 important residues Glu179, Asp187 and Tyr190. These interactions were not recovered in the two conformations 11-WTA and 11-WTB, highly suggesting that 11-WTC would be the most representative structure of a functional 1:1 receptor-ligand complex.

In the latter model, the position and orientation of the chemokine N-terminus within the CXCR4 minor sub-pocket are very similar to those observed in the crystallographic structure of CXCR4 in complex with the viral chemokine vMIP-II, as well as in the CXCR4-CXCL12 model built using the CXCR4-vMIP-II structure as a template (Qin et al., 2015). However, in our model, the global position of the chemokine core domain is located outside the receptor transmembrane helix bundle, whereas it is more centered above it in the crystallographic structure. This apparent discrepancy could be explained by the packing of the proteins in the crystal unit cell of the CXCR4-vMIP-II complex. Indeed, analysis of the latter reveals close contacts between two vMIP-II of two adjacent head to tail subunits, as well as between the T4 lysozyme and the chemokine of two neighboring complexes (Fig. S3). These steric interactions could constrain the ligand vMIP-II to adopt a difierent position and orientation from those in our liquid phase model. Another explanation could be the disulfide bond between the receptor residue D187C and the chemokine W5C that was introduced to trap the complex in a crystallizing conformation and which could artificially constrains packing of the ligand N-terminal region from residue 5, leading to a difierent position and orientation of its core domain.

Structure of 1:1 CXCR4-CXCL12 complexes with mutated chemokine

The position of the CXCL12 N-terminal residues among those of the CXCR4 transmembrane cavity and their contacts observed in the 11-WTC complex were further assessed using simulations of CXCR4 in complex with the K1R and P2G chemokine mutants. Starting from the final conformation of the 11-WTC simulation, the time evolution of the receptor and the mutated chemokine RMSD as well as the position of CXCL12 core domain are displayed in Fig. S4. It is observed that, with respect to the wild type CXCL12, the P2G mutation induces a global rotation of the chemokine core domain towards the receptor helices III and IV. In contrast, the K1R mutation does not much affect the global position of the chemokine relative to the receptor. However, we found that the K1R mutation influences the accomodation of the CXCL12 N-terminus in the receptor minor sub-pocket (Fig. 4) and the contacts with the residues critical for CXCR4 activation (Fig. S5). For instance, the contacts of the chemokine's first four residues with the CXCR4 residue Aps187 are partially disrupted by the K1R substitution. We also observed a loss of contacts of the chemokine second residue (Gly2 when mutated or Pro2 in the context of the K1R mutant) with the CXCR4 residues Tyr255 and Glu288 (Fig. S5 compared to Fig. 3). In the context of the K1R mutant, these observations are probably due to a weakening of the hydrophobic cluster, involving, in the wild type complex, the aliphatic moiety of the Lys1 side chain and the side chains of residues Trp94 and Tyr116.

Consequently, the mutated chemokine residue Arg1 is hardly hold in place, resulting in turn in the destabilization of the hydrophobic interaction between Pro2 and Tyr255.

In both mutated K1R or P2G complexes, the chemokine's first residue (Lys1 or Arg1) is flipped over with respect to its orientation in wild type, so that its side chain amine group makes a salt-bridge with the receptor residues Glu288, instead of Asp97 as observed in 11-WTC (Fig. 4). These structural effects of the chemokine mutations are reflected in the interaction energies of the chemokine first eight residues with the receptor. These non-bonded energies (Lennard-Jones + Coulomb), calculated with the MARTINI force field and averaged over each MD trajetory, are equal to -748.4 ± 65.0, -669.8 ± 48.2 and -690.0 ± 39.1 kJ/mol for the 1:1 CXCR4-CXCL12 chemokine wild type (11-WTC), K1R and P2G mutants, respectively. Although these energy estimations are rather crude due to the simplified protein model used here, they tend to confirm that the chemokine mutations K1R and P2G induce a destabilization of the chemokine N-terminus interaction with the receptor transmembrane cavity when compared with the wild type.

From a dynamics point of view, the first residue K1R substitution also influences the duration of the chemokine N-terminus contacts with the three residues critical for the receptor activation. Indeed, as shown in Fig. 5, the period during which the chemokine first residue is simultaneously in contact with the receptor residues Asp97, Asp187 and Glu288 is significantly shorter in the 11-K1R mutant than in the wild type complex (these periods represent 48.8 % and 17.3 % of the 11-WTC and 11-K1R simulation times, respectively).

These differences in the packing and dynamics of the chemokine N-terminus within the receptor cavity could account for the antagonist behavior of the K1R and P2G CXCL12 mutants on calcium mobilization used as a readout for CXCR4 activation (Crump et al., 1997).

All together, our results indicate that the 11-WTC quaternary structure is the most probable conformation of the 1:1 CXCR4-CXCL12 functional complex. Consistently with most of the site-directed mutagenesis studies of CXCR4, our model exhibits a chemokine N-terminus lying at the bottom of the receptor minor sub-pocket and making persistent contacts with receptor residues critical for activation, including Asp97, Asp187 and Glu288.

Structure of 2:1 CXCR4-CXCL12 complexes

Since, in the 11-WTC model, the chemokine core domain is located beyond the receptor helix V, it could interact with a putative adjacent protomer if CXCR4 was a dimer. Indeed, when docking the twenty NMR structures of CXCL12 on the crystallographic receptor dimer, we found among the 20 x 5 lowest energy conformations three 2:1 CXCR4-CXCL12 complexes, in which the chemokine N-terminus is located within the transmembrane pocket of one CXCR4 protomer whereas its core domain is partially covering the cavity of the other protomer (Fig. S6). Again, we explored the conformational ensemble of one of these 2:1 complexes by coarse-grained MD simulation (hereafter referred to as 21-WT). This revealed that the chemokine global movements relative to the receptor dimer are more restrained than in the case of the 1:1 association (Fig. 6 compared to Fig. 2). Moreover, during the 5 µs simulation, the two N-terminal residues Lys1 and Pro2 of the chemokine mostly occupy the receptor minor sub-pocket and make very steady contacts with the CXCR4 critical residues Asp97, Asp187 and Glu288 (Fig. 7 and8), demonstrating that the 21-WT complex enables the chemokine N-terminus to trigger the receptor signaling activity, by contacting the key transmembrane pocket residues.

These contacts, which were established for significantly longer duration than those in the 1:1 complex (Fig. 5), suggest that the 2:1 stoichiometry would favor the receptor activation as compared to the 1:1 association. Interestingly, the K1R mutation of the chemokine Nterminus had not the same impact on the 2:1 CXCR4-CXCL12 complex as compared to the 1:1 association. Indeed, in the simulation time course of the chemokine mutant K1R of the 2:1 complex (simulation 21-K1R), the chemokine N-terminus maintained the contacts with the receptor residues critical for activation established by the wild type CXCL12 (Fig. 7), whereas the same mutation partially disrupted the interactions of the CXCL12 residues Lys1 and Pro2 with the CXCR4 important residues Asp187, Tyr255 and Glu288 in the 11-K1R simulation (Fig. S5). In contrast, the chemokine mutant P2G in complex with the CXCR4 dimer did not maintain its global position and orientation relative to the receptor (Fig. 6). The consequence is dramatic for the residue Lys1, which cannot make any contacts with the CXCR4 residues critical for activation (Fig. 7). More broadly, the first residues of the chemokine N-terminus left the receptor minor sub-pocket to the benefit of the major one, close to the residue Asp262, and even can transiently exit the transmembrane cavity, supporting the observation that the P2G mutant does not promote CXCR4 activation. As for the 1:1 CXCR4-CXCL12 complexes, we calculated, using the MARTINI force field, the averaged non-bonded energy between the chemokine first eight residues and the receptor in the 2:1 associations. These interaction energies are equal to -742.9 ± 36.5, -782.7 ± 37.9 and -403.0 ± 60.2 kJ/mol for the chemokine wild type, K1R and P2G mutants of the 2:1 complex, respectively. In contrast to the 1:1 stoichiometry, and unlike the P2G mutant, the K1R mutation of the 2:1 CXCR4-CXCL12 complex does not destabilize the interaction between the chemokine N-terminal residues and the receptor transmembrane cavity when compared to the wild type. These energy data corroborate the observed lifetimes of the contacts between the chemokine N-terminus and the CXCR4 key residues for binding and activation (Fig. 7).

Overall, these results suggest that the K1R chemokine mutant would maintain the capacity of CXCL12 to activate CXCR4 when engaged into a 2:1 CXCR4-CXCL12 association, but not in the 1:1 complex. These observations are in good agreement with comparative analysis of CXCR4-dependant G-protein activation promoted by the wild type and derived-chemokine mutants, which suggest a partial agonism of some latter ones (Levoye et al., unpublished results).

Structure of 1:1 and 2:1 CXCR4-CXCL12 complexes with mutated receptor

In the 11-WTC structure, the chemokine N-terminus makes contacts with the receptor residues Asp97, Asp187 and Glu288 critical for its activation. Nevertheless, it is curiously observed in this model that the receptor residue Asp193 makes a steady salt-bridge with the chemokine residue Arg8, whereas it was shown that mutations D193K and D193A have little effect upon CXCR4 activation (Doranz et al., 1999;Brelot et al., 2000).

This apparent contradiction was investigated using a coarse-grained MD simulation of residues Lys1 and Pro2 with the important residues of the receptor transmembrane pocket are conserved (Fig. S8). In detail, the Lys193 ammonium group makes a salt-bridge with the Glu268 side chain, but the Lys193 backbone group still remains in contact with the chemokine Arg8 backbone, while its side chain tends to come closer to the residue Asp262.

Notwithstanding these slight adaptations at the chemokine interface with the receptor ECL2, the CXCL12 N-terminus still occupies the D193K receptor minor sub-pocket, supporting the fact that the D193K mutation has little effect on the CXCR4 activation. This result is also consistent with the experimental observation that the CXCL12 residue Arg8 is not absolutely required for triggering the receptor signaling, as shown by studies on the chemokine R8K mutant activities (Crump et al., 1997;[START_REF] Murphy | Structural and functional basis of CXCL12 (stromal cell-derived factor-1) binding to heparin[END_REF].

Another intriguing result in our study concerns the receptor residue Glu268 which was never observed being in contact with the chemokine N-terminus (Fig. 3 and7), whereas the receptor E268A mutant was reported to be impaired in its capacity to bind and to be activated by CXCL12 [START_REF] Zhou | Structural and functional characterization of human CXCR4 as a chemokine receptor and HIV-1 co-receptor by mutagenesis and molecular modeling studies[END_REF]. In the 11-WTC complex, the distance from the receptor residue Glu268 to every chemokine residues was measured (data not shown) and a minimum distance of 8.9 Å was found, indicating that Glu268 was not involved in the receptor-ligand interactions. However, in the 21-WT complex, Glu268 was observed close to the CXCL12 residue Arg41, at a distance of 4.5 Å, meaning that it participates in the 2:1 CXCR4-CXCL12 interface. To further investigate the role of CXCR4 residue Glu268, we performed an additional MD simulation of the E268A mutant of the CXCR4 dimer in complex with CXCL12 (simulation 21-E268A). The simulation analysis shows that the chemokine core domain keeps its position above one of the two protomers, whereas its orientation, which was stabilized by a salt-bridge between the receptor Glu268 and the chemokine Arg41 in the wild type 2:1 complex, is no more maintained in the E268A mutant (Fig. 8). Accordingly, the E268A mutation influences the accommodation of the chemokine N-terminus within the receptor cavity, which is characterized by the Lys1 side chain amine group in contact with residues Glu288 and Asp187, similarly to what is observed for the mutants 11-K1R and 11-P2G complexes (Fig. 8 compared to Fig. 4).

This difference in the packing of the chemokine N-terminus within the receptor minor subpocket could again account for the experimentally observed loss of signaling activity of the E268A mutant [START_REF] Zhou | Structural and functional characterization of human CXCR4 as a chemokine receptor and HIV-1 co-receptor by mutagenesis and molecular modeling studies[END_REF]. Interestingly, this mutation influences the 2:1 CXCR4-CXCL12

complex, but has probably no impact on the 1:1 association, in which the receptor residue Glu268 does not interact with any of the chemokine residues, providing further support for the existence of the 2:1 stoichiometry.

These results do not accord with the conclusions made by Kufareva et al., who proposed that CXCR4 interacts with CXCL12 in a 1:1 stoichiometry, despite its dimeric nature and subsequently to the exclusion of the 2:1 hypothesis on the basis of functional complementation and dilution assays (Kufareva et al., 2014). Nevertheless, the functional rescue that can be observed upon co-expression of complementary mutants of CXCR4

(between 60 and 100 % as seen in Fig. 4 of Ref. (Kufareva et al., 2014)), while supporting the existence of receptor dimers, does not exclude the 2:1 stoichiometry hypothesis. We herein propose a dynamic model which could fit with the coexistence of both 1:1 and 2:1 complexes.

We hypothesize that during the second step of the two-site two-step mechanism of the CXCR4-CXCL12 recognition (Crump et al., 1997;Kofuku et al., 2009), the chemokine Nterminal tail 1 KPVSLSYR 8 enters the CXCR4 transmembrane cavity, while the receptor Nterminus partially detaches from the chemokine core domain recognition site 12 RFFESH 17 .

Indeed, intrinsically disordered regions such as the CXCR4 N-terminus are known to bind their protein partners with high specificity but low affinity [START_REF] Huang | Kinetic Advantage of Intrinsically Disordered Proteins in Coupled Folding Binding Process: A Critical Assessment of the Fly-Casting Mechanism[END_REF][START_REF] Uversky | Understanding protein non-folding[END_REF]. For the CXCR4-CXCL12 complex, it was reported that the receptor Nterminal peptide 1-38 binds to the chemokine core domain with a dissociation constant of 4.5 µM [START_REF] Veldkamp | Recognition of a CXCR4 Sulfotyrosine by the Chemokine Stromal Cell-derived Factor-1 (SDF-1/CXCL12)[END_REF].

This micromolar low affinity, compared to the affinity of the chemokine for the whole receptor (Kd = 3:6 nM (Crump et al., 1997)), suggests that the CXCR4 N-terminus could easily unbind from its chemokine recognition site after or during the correct positioning of the CXCL12 N-terminus into the receptor transmembrane cavity. In our study, the MD simulations 11-WTC and 21-WT show that the CXCR4 N-terminus, which was initially in contact with the chemokine recognition site 12 RFFESHV 8 , partially unbinds from this region (Fig. S9). This unbinding process would comply with the engagement of one CXCR4 protomer with both chemokine recognition site and N-terminus, in the 1:1 or 2:1 complex, consistently with both NMR data and mutagenesis experiments.

Conclusion

The main advantage of coarse-grained models over all-atom descriptions is that they smooth the energy landscapes of the studied protein complexes, allowing a more efficient exploration of their conformational ensemble. In particular, coarse-grained MD simulations enable studied complexes to visit structures far from the initial guess and to reach more rapidly the most stable conformations. This advantage was used here to model the most probable conformations of the 1:1 and 2:1 CXCR4-CXCL12 complexes, with regard to the receptor activation, taking into consideration evidences from NMR, X-ray and mutagenesis studies. In this way, the quasi-exhaustive coarse-grained docking calculations of monomeric CXCL12 on either a monomeric or a dimeric receptor generated several complexes in which the chemokine N-terminus lies in the CXCR4 transmembrane cavity, satisfying the overall geometrical criteria required to trigger its activation, as envisioned by Crump et al. and later on confirmed by Kokufu et al. (Crump et al., 1997;Kofuku et al., 2009).

The coarse-grained MD simulation of one of the 1:1 complexes (11-WTC) converged towards a conformation in which the chemokine N-terminus mainly occupies the transmembrane minor sub-pocket of the receptor, with chemokine residues Lys1 and Pro2 making steady contacts with CXCR4 key residues Asp97, Asp187 and Glu288. The packing of the chemokine N-terminus within the receptor cavity are stabilized by hydrophobic interactions between the apolar groups of the Lys1 and Pro2 side chains with the CXCR4 residues Trp94, Tyr116 and Tyr255, which are disrupted upon K1R or P2G mutations. These findings are consistent with most of the site-directed mutagenesis studies of CXCR4, as well as with the crystallographic structure of CXCR4 in complex with the viral chemokine vMIP-II, with the notable difference that in our model, the CXCL12 core domain is located outside the receptor transmembrane helix bundle and above a putative adjacent protomer if the receptor was in a dimeric form.

By means of a second coarse-grained study, motivated by the hypothesis raised by the 11-WTC model, we subsequently generated a very stable 2:1 CXCR4-CXCL12 complex , in which the chemokine core domain partially covers the cavity of one of the two CXCR4 protomers. In this model, the chemokine N-terminus is found to be located within the transmembrane minor sub-pocket of the other protomer, with very steady contacts between the receptor key residues Asp97, Asp187 and Glu288 and the CXCL12 first residues Lys1 and Pro2. More broadly, our results demonstrated that both monomeric and dimeric CXCR4 can bind a monomeric chemokine CXCL12 in a way (i.e. with its N-terminus buried in the transmembrane cavity) that would be functional regarding the triggering of CXCR4 signaling activities.

Experimental procedures

Building CXCR4-CXCL12 complexes using docking calculations Quaternary structures of the CXCR4-CXCL12 complex were first generated by rigid body protein-protein docking, using the molecular modeling toolbox PTools which manipulates biomolecules at a coarse-grained level [START_REF] Saladin | PTools: an opensource molecular docking library[END_REF]. We used, for these calculations, the SCORPION coarse-grained force field which was shown to correctly predict several protein-protein interfaces [START_REF] Basdevant | A coarse-grained protein-protein potential derived from an all-atom force field[END_REF][START_REF] Basdevant | Modeling protein-protein recognition in solution using the coarse-grained force field SCORPION[END_REF]. PTools performs systematic docking as follows: First, the ligand is placed at regular positions around the receptor surface, at a distance slightly larger than its largest dimension. Depending on the receptor size, the number of initial positions typically varies from about 100 to 300. For each position, about 250 regular orientations of the ligand were generated by systematically changing its three Euler angles. Then, each of these several tens of thousands of initial conformations was submitted to six consecutive minimizations (with decreasing cutoff distances) of the protein-protein interaction energy, using the ligand six transitional and rotational degrees of freedom. The minimized complex conformations were finally clustered by similarity and ranked according to their interaction energy.

The receptor conformation was extracted from the crystal structure 3ODU (Wu et al., 2010) taken from the PDB, by excising the lysozyme fragment (residues 1002-1161) and all the cocrystallized ligands. It should be noted that the N-terminal first 26 residues of the receptor are missing in the crystal structure. We did not include these missing residues in the docking calculations, since this first step mostly aims to generate plausible initial conformations of the CXCR4-CXCL12 complex, prior to molecular dynamics simulations. These residues will be added to the selected protein-protein models before running the simulations (see below). The dynamics behavior of the CXCR4 N-terminus is briefly discussed at the end of the Results and Discussion section. The chemokine structures were taken from the PDB file 2K04 (Veldkamp et al., 2008), which contains twenty NMR-resolved conformations of a dimeric form of CXCL12 complexed with the first 38 residues of the CXCR4 N-terminus. It is noted that the N-terminal segment1-21 of the human CXCL12 sequence (UniProt entry P48061) is annotated as a signal peptide. These residues are therefore removed in the mature protein and do not appear in the chemokine NMR structure. The twenty chains A were isolated and docked into the CXCR4 receptor, starting from positions exclusively located in the extracellular side of the receptor. Each docking calculation yielded about 28 000 quaternary structures of the CXCR4-CXCL12 complex, which were subsequently clustered by similarity.

The five lowest energy clusters generated by each of the twenty docking were then visually analyzed to identify those having the chemokine N-terminus inside the receptor transmembrane cavity.

Molecular dynamics simulations of CXCR4-CXCL12 complexes

In a second step, representative conformations of the CXCR4-CXCL12 complex were submitted to extensive molecular dynamics (MD) simulations in order to explore its conformational space and to examine its most populated structures. Before that, the missing N-terminal region 1-26 in the CXCR4 crystal structure was reconstructed on the basis of the complex conformations generated by docking: the NMR structure of CXCL12 complexed with the N-terminal residues 1-38 of CXCR4 (PDB file 2K04) were first superimposed onto the chemokine structure obtained by docking. Then, the segment 27-38 of CXCR4 in the NMR structure was deleted, and the receptor residue 26 of the NMR complex was linked to the residue 27 of the receptor crystal structure (PDB file 3ODU). Finally, the reconstructed structure was minimized in order to optimize the length of the newly created peptidic bond. In this procedure, it could be noted that we had the choice to remove the redundant segment 27-38 of the receptor either from the NMR file or from the crystal structure. We chose to delete the NMR segment 27-38 in order to preserve the disulfide bridge present in the receptor crystal structure between Cys28 and Cys274.

MD simulations were performed with the GROMACS software package [START_REF] Hess | GROMACS 4: Algorithms for highly eficient, load-balanced, and scalable molecular simulation[END_REF], using the MARTINI coarse-grained models of proteins and lipids [START_REF] Marrink | The MARTINI force field: Coarse grained model for biomolecular simulations[END_REF][START_REF] Monticelli | The MARTINI coarse-grained force field: Extension to proteins[END_REF]. This change in coarse-grained model is explained by the fact that the SCORPION force field was designed for protein-protein docking calculations and is not suitable for membrane protein MD simulations. Conversely, the MARTINI model was not optimized for protein-protein docking, but was extensively tested on membrane proteins and is now very reliable for simulating these systems. It could be noted that a similar strategy, using one force field for docking calculations and another one for MD simulations, was used by Xu et al. and by Tamamis and Floudas, but at the atomic level, to predict the CXCR4-CXCL12 quaternary structure. Specifically, they used the ZDOCK force field to perform the docking of the chemokine on the receptor and then the AMBER or CHARMM models for the complex MD simulations [START_REF] Xu | Structural basis of the interactions between CXCR4 and CXCL12/SDF-1 revealed by theoretical approaches[END_REF][START_REF] Tamamis | Elucidating a key component of cancer metastasis: CXCL12 (SDF-1) binding to CXCR4[END_REF]. We adopted the same approach but at the coarse-grained level which allows to explore the membrane protein conformational space more widely than with all-atom simulations.

We employed the improved version of MARTINI for proteins [START_REF] De | Improved parameters for the martini coarse-grained protein force field[END_REF] in combination with the elastic network model ELNEDIN [START_REF] Periole | Combining an elastic network with a coarse-grained molecular force field: Structure, dynamics, and intermolecular recognition[END_REF] to maintain the overall shape of proteins. In this approach, all pairs of backbone grains, separated by at least three covalent bonds and distant by less than the cutofi distance R c = 0.9 nm, are linked by a spring with the force constant F c = 500 kJ/mol/nm 2 . These parameter values allow to accurately reproduce the structural deformations and dynamics fluctuations of protein backbone [START_REF] Periole | Combining an elastic network with a coarse-grained molecular force field: Structure, dynamics, and intermolecular recognition[END_REF]. It should be remarked that, although the elastic network maintains the secondary structures and their close interactions, it does not restrain much the solvated disordered regions, especially the N-terminal and C-terminus tails, which keep most of their intrinsic exibility (Fig. S1 of the Supplementary Information). Most importantly, elastic networks are defined for each protein (no intermolecular springs) and the six global degrees of freedom between two proteins are completely unrestrained. In the coarse-grained simulations, the chemokine core domain and N-terminus are thus still able to explore various positions and orientations relative to the receptor activation site.

Each CXCR4-CXCL12 complex previously identified was embedded in a rectangular box containing about 300 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) with initial random position and orientation, along with between 8500 and 12500 coarse-grained non-polarizable water particles and the appropriate number of counterions required to neutralize the system [START_REF] Marrink | The MARTINI force field: Coarse grained model for biomolecular simulations[END_REF]. A relative dielectric constant ε r = 15 was used to screen coulombic interactions as recommended by Marrink et al. in their original paper [START_REF] Marrink | The MARTINI force field: Coarse grained model for biomolecular simulations[END_REF]. This solvent model was used although the more recent polarizable coarse-grained water model describes more accurately the solvent dielectric

property, but at a greater computational cost [START_REF] Yesylevskyy | Polarizable Water Model for the Coarse-Grained MARTINI Force Field[END_REF]. Nevertheless, the non-polarizable solvent model was extensively tested and successfully used in many membrane protein simulations, as recently reviewed in [START_REF] Marrink | Perspective on the Martini model[END_REF]. This incited us to adopt this solvent model with confidence. Keeping the proteins rigid, the coarsegrained POPC and water molecules were first submitted to a 200 ns MD run, using a 20 fs timestep, in order to build the lipid bilayer around the CXCR4 receptor. Removing the proteins position restrains, an additional 200 ns MD simulation was then performed to equilibrate the system around the temperature T = 310 K and the pressure P = 1 bar. The system was finally allowed to evolve without any constraint for a 5000 ns production run in the NPT ensemble, using a Nose-Hoover coupling method to keep the temperature constant and a Parrinello-Rahman algorithm for the semi-isotropic pressure. The trajectory coordinates were saved every 500 ps for structural analysis, using GROMACS tools. For characterization of the chemokine position with respect to the receptor, we chose the angle made between the vector joining the CXCL12 pivotal residue Ser6 to the antipodal Asn45 and the vector joining the CXCR4 residues Tyr45 to Gln200 (Fig. S2).

Fig 1.

Top view of the CXCL12 poses on the extracellular side of the CXCR4 monomeric receptor (cyan ribbon). The chemokine is displayed with graduated orange (cluster 1), green (cluster 2), magenta (cluster 3) and purple (cluster 4). The second protomer in the dimeric crystal structure is represented as a white ribbon to provide a visual reference for the chemokine positions. The CXCL12 residue Lys1 is indicated by black spheres and its residue Asn45 by colored ones. Same as Fig. 3 but for the wild type 2:1 CXCR4-CXCL12 complex (top) and its K1R

(middle) and P2G (bottom) chemokine mutants. 
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Conformationally selective Nanobodies for regulation of CXCR4 functions Introduction CXCR4 is a member of the chemokine subfamily of GPCRs with a unique chemokine ligand, CXCL12 (SDF-1) 1,2 . CXCR4 and CXCL12 are expressed by a vast array of cell types in many tissues and are both essential for embryonic development where disruptions of either gene is embryo lethal in mice, promoting defects in cardiac, hematopoietic, and cerebellar development, evidencing a broad spectrum of activities 3,4 . In adult life, the CXCR4-CXCL12

axis is endowed with a wide spectrum of physiological functions such as cell migration in the context of immune surveillance and inflammatory responses as well as cell survival and growth, and tissue repair and neovascularization 5 . Therefore, this axis is involved in numerous pathological settings notably in immune and infectious diseases and in various cancers progression and dissemination 6,7 , including virus-related ones 8 . Like for most GPCRs, such a diversity of biological activities is accounted by ligand-mediated stabilization of receptor conformations that activate or inhibit downstream signaling pathways including G-protein and arrestin-dependent ones triggered by CXCR4-CXCL12 interaction 9 . Moreover, CXCR4 shares with most GPCRs the capacity to form oligomers 10,11 , including with the atypical chemokine receptor ACKR3 (CXCR7), which also binds to CXCL12 12 and modulates CXCR4-CXCL12 signaling 13-15 . Such higher order GPCR-associated protein complexes might contribute to the stabilization of further distinct receptor conformations differentially recognized and modulated by ligands. In the case of CXCR4, CXCL12 and other orthosteric ligands including small-molecules antagonists, mutant chemokines and antibody-derived molecules were primarily described 16-18 . Allosteric ligands, which bind sites distinct from the orthosteric binding pocket, can be useful in binding to specific receptor conformations and were recently described for single-domain Camelid heavy-chain-only antibody (nanobody) 19,20 shown to act as strong antagonists of CXCR4-CXCL12 mediated signaling 21 . Compared to normal antibodies, nanobodies (NBs) are smaller [START_REF] Balabanian | The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes[END_REF][START_REF] Levoye | CXCR7 heterodimerizes with CXCR4 and regulates CXCL12-mediated G-protein signaling[END_REF][START_REF] Naumann | CXCR7 functions as a scavenger for CXCL12 and CXCL11[END_REF][START_REF] Berahovich | Endothelial expression of CXCR7 and the regulation of systemic CXCL12 levels[END_REF], able to bind to cryptic antigenic and were described as crystallization chaperones for GPCRs 22,23 and inhibitory molecules directed against chemokine subfamily of GPCRs 21,24,25 . In addition, NBs are modular and can be linked to molecules or tags commonly added to proteins or fused between forming multivalent molecules with potentially different mode of action than the monovalent form 21 . Herein, we characterized three NBs directed against CXCR4 and explored their ability to allosterically target and stabilize distinct CXCR4 conformations. Our studies uncovered that two of the NBs are blocking CXCR4-CXCL12 mediated G-protein and arrestin activation in a selective fashion but with differing abilities. While the third though inhibiting CXCR4 internalization appears to act as a biased agonist for the Extracellular Signal-regulated Kinase (ERK) signaling thus enhancing CXCL12-induced chemotaxis suggesting that the scaffold function of ß-arrestin in signaling can be dissociated from its recruitment to activated receptor for desensitization. Collectively our data are supporting the utility of NBs as novel tools to study GPCR biology.

Results

We selected three NBs upon phage display selections of libraries derived from Llamas immunized with CXCR4-expressing cells. Homogeneous time-resolved Forster resonance energy transfer (HTR-FRET) experiments based on the detection of the NBs with an antibody directed against the Histidine Tag fused to the N-terminus of the NBs confirmed that all NBs bind to CXCR4 (data not shown). Further characterization of these NBs in binding experiments with the Tag-lite assay was performed to examine the potential capacity of the NBs to compete with CXCL12 binding to CXCR4 and then to determine their affinities for CXCR4 (Fig. 1). Cells expressing a chimeric CXCR4 receptor fused on its N-terminus to the HaloTag were incubated for 2 hours in the presence of tracer, CXCL12-red, and increasing concentrations of NBs. Known orthosteric selective CXCR4 inhibitors (i.e. IT1t 10) inhibit CXCL12 binding (Fig. 1). One of NBs (NB1) potently displaced CXCL12-red binding, thus consistent with a simple competitive behavior of this ligand with an inhibition constant of 48nM. A second one (NB2) slightly inhibited CXCL12 binding though the last one (NB3) did not indicate, at least in this setting, a competitive mode of action (Fig. 1). It is noteworthy that further studies performed in the presence of a reduced amount of tracer, CXCL12-red (3nM), allowed to confirmed some inhibitory behavior of NB2 (data not shown).

As a result of these observations, further studies were performed to assess the mechanisms of action of these NBs. The CXCR4 receptor couples to Gi protein, thereby inhibiting adenylate cyclase and decreasing intracellular cAMP. Therefore, we tested the ability of the NBs to modulate cAMP levels downstream endogenous CXCR4 using an HTRF-FRET based assay.

Treatment of HEK293T cells, endogenously expressing CXCR4 (Fig. S1), with CXCL12 caused a robust dose-dependent decrease in cAMP (Fig. S2A), which was antagonized by the addition of AMD3100 (Fig. S2B), a selective CXCR4 antagonist 26 and by NB1 but also by NB2, though being a weak competitor, in a dose-dependent manner (Fig. 2A). In contrast, adding NB3 didn't modify cAMP levels indicating that this NB doesn't affect CXCL12/CXCR4-dependent Gi activation. Of note, NB3 didn't modify by its own cAMP production (Fig. S2C).

We next turned to Bioluminescence resonance energy transfer (BRET) assay to examine in living cells whether NB1 and NB2 could alter G-alpha-i1 conformational changes proposed to be set in motion during the G-protein activation process in response to CXCL12 13 . We used the G-alpha-i1-Rluc fusion protein previously described, 27 . We performed real-time kinetics after CXCL12 addition in presence or not of NBs (375nM) pre-incubated 30 minutes at room temperature before adding CXCL12. CXCL12 promoted a rapid BRET increase in the first seconds of stimulation, which was stable for ~2 minutes before its decline over time reaching basal levels at ~5 minutes post-stimulation (Fig. 2B). This BRET kinetic profile is reflecting a rapid activation of CXCR4-YFP/G-alpha-i1-Rluc complexes, which is then likely followed by desensitization of the complexes as previously proposed 28 . Adding NB1 neither modified the shape nor the intensity of the BRET kinetic profile. Though NB2 did not alter the increase of the BRET signal it almost stabilized it over the 10 minutes of observation (Fig. 2B) and up to 30 minutes (data not shown). Interestingly, adding NB3 did not modify the shape of the kinetic but significantly increased its intensity (Fig. 2B). Taken together, these data indicate that NB1 and NB2 significantly inhibit G-alpha-i protein activation although to varying levels and by different mechanisms likely implicating a competitive mode for NB1 and the stabilization of inactive CXCR4-YFP/G-alpha-i1-Rluc complexes for NB2. By contrast, NB3, which doesn't not alter CXCL12-induced Gi proteins activation, rather seems to modulate CXCR4-YFP/G-alpha-i1-Rluc complexes conformational rearrangements. Thus, we investigated whether such NB3-associated conformational rearrangements can be abolished by inactivation of G-alpha-i proteins by pertussis toxin (Ptx). The increased BRET signal from CXCR4-YFP/G-alpha-i1-Rluc complexes observed upon stimulation with CXCL12 (2 minutes) was abolished upon Ptx treatment (Fig. 2C). Interestingly, though NB3 doesn't activate G-alpha-i (Fig. S2C), it displayed with the capacity to induce conformational rearrangements within preassembled CXCR4-YFP/G-alpha-i1-Rluc complexes that were decreased by a Ptx pre-treatment (Fig. 2C). Collectively, these observations suggest that NB1 and NB2 can stabilize inactive CXCR4 conformations whereas NB3 stabilize active CXCR4 conformations. They also further confirm that CXCR4 is basally associated with G-alpha-i 13 as other GPCRs 29 and that agonist-induced conformational reorganization of CXCR4-Galpha-i1 protein complexes are linked to G-protein activation.

Next, NBs were tested for their potential to modulate ß-arrestin-dependent signaling, which is activated downstream CXCL12/CXCR4, targeting desensitized CXCR4 to clathrin-coated pits for endocytosis but also linking CXCR4 to the stimulation of additional signaling pathways, including extracellular signal-regulated kinase (ERK) MAPKs, which contribute to CXCL12-induced chemotaxis 30-32 . ß-arrestin recruitment to CXCR4 was measured in HEK293T cells transiently expressing Rluc-ß-arrestin2 and CXCR4-YFP using BRET assays.

As expected, adding CXCL12 (100nM) nicely promoted an increase in BRET signals over time (Fig. 3A) that was markedly inhibited by the addition of NB2, slightly by that of NB1 (Fig. 3A, upper and middle panels) but not by NB3 (Fig. 3A, bottom panel). When tested in the same assay, none of the NBs did significantly affect CXCL12-induced ß-arrestin recruitment to activated CXCR7 (Fig. S3). Given these patterns, we analyzed the propensity of the NBs to potentially interfere with CXCL12-induced CXCR4 internalization, which relies on the recruitment to and association of ß-arrestin with the CXCR4 C-tail targeting the desensitized receptor to clathrin-coated pits 33 . We used an assay allowing following and quantifying ligand-induced and constitutive-induced GPCR internalization in living cells. In this assay GPCR internalization results in a quantifiable reduction of diffusion-enhanced resonance energy transfer (DERET) due to the disappearance of cell surface labelled-GPCR 34 .

We found that when added in CHO cells expressing chimeric receptors bearing HaloTag-CXCR4 (HaloTag-CXCR4), NB2 had strong effects on the CXCL12-induced internalization of CXCR4 whereas NB1 only a partial effect (Fig. 3B). Surprisingly, NB3, which didn't affect ß-arrestin recruitment to the activated CXCR4 receptor (Fig. 3), was found to partly inhibit CXCL12-induced internalization of CXCR4 to the same extent that NB1.

We thus investigated whether NBs elicited differential effects when tested for their capacity to modulate ß-arrestin signaling such as the ERK1/2 MAPK pathway 35 , which is rapidly and transiently induced downstream CXCL12/CXCR4 32. Using a HTRF-FRET based assay, we observed the typical transient ERK1/2 phosphorylation kinetic upon CXCL12 treatment showing an early response (2 and 5 minutes) and a late response (20 minutes) that declined over time (Fig. 4 and Fig. S4A). Early and late responses are reported to be primarily dependent upon coupling to G-proteins and to involve ß-arrestin, respectively, 32 . We found that both NB2 (Fig. 4A) and NB1 (Fig. S4B) have significant yet variable inhibitory effects over time, significantly inhibiting the early response but more slightly the late response in support of their marked inhibitory effects on G-protein activation (Fig. 2). In contrast, NB3

dramatically increased CXCL12-induced early and late responses but also promoted by its own a signal of the same magnitude that the one reached upon CXCL12 stimulation (Fig. 4B).

This suggests that the agonist effect of this NB on receptor signaling may therefore implicate the stabilization of specific CXCR4/G-alpha-i1 active complexes, or receptor conformations more prone to CXCL12-induced ß-arrestin recruitment or a combination of both. Given these effects we set up to assess the ability of the NBs to modulate CXCL12-induced CXCR4dependent chemotaxis that depends on the release of G-proteins subunits from activated Galpha-i proteins together with ß-arrestin2-dependent signaling 9,13,31,32,36 . Primary human CD4

and CD8 blood-derived lymphocytes, which expressed CXCR4 (Fig. S5A), were found to migrate in response to CXCL12 in a dose-dependent manner in a characteristic bell-shaped chemotactic curve (Fig. 5A). We found that the addition of NB3 increased T cells migration at low CXCL12 concentrations (ie, 10nM) but had no effect at higher concentrations of the chemokine (ie, 50nM) (Fig. 5B) thus shifting the chemotactic curve to the left. This higher efficiency of CXCL12 toward CXCR4-expressing cells in presence of NB3 is consistent with our earlier findings regarding ERK1/2 activation (Fig. 4B) and G-alpha-i CXCL12-induced activation (Fig. 2). Nevertheless, though NB3 activated by its own ERK1/2 activation with a similar magnitude to that of CXCL12 it was not promoting T lymphocytes chemotaxis (Fig. 5B). In contrast, NB1 and NB2 inhibited in a dose-dependent manner CXCL12-induced human T cells chemotaxis (Fig. S6), along with their capacities to block G-alpha-i activation and ß-arrestin recruitment (Fig. 2 and Fig. 3). Importantly, we observed that the three NBs were effective at modulating CXCL12-induced murine T cells chemotaxis (Fig. S7) according to their differential activities on himan T lymphocytes (inhibitors for NB1 and NB2 and enhancer for NB3), and in support of the structural and functional conservation of the CXCL12-CXCR4 axis from mice to humans 6 .

To define the binding sites of the three NBs to CXCR4 extracellular domains we first predicted the most likely three-dimensional structures of the NBs by homology modeling, then we applied molecular dynamic simulation for NBs and CXCR4 to cluster all the possible conformations and finally, we used the Frodock peptide-peptide software 37 to perform the cross docking of all conformations of NBs with the extracellular domain of CXCR4 and finally model the best NBs/CXCR4 complexes. The NB1 complementarity-determining region (CDR) was found to interact with the CXCR4 pocket defined by side chains from helices I, II, III, and VII, (Fig. 6) known as the chemokine recognition site 2 (CRS2) occupied by the CXCL12 N-terminus for activation 10,38 . The NB2 and NB3 CDRs interact both with the extracellular loop 2 (ECL2) of CXCR4, known to be targeted by most GPCRs allosteric modulators 39,40 , but with different quaternary conformations. Though NB3'CDR establishes interactions throughout the CXCR4 ECL2, NB2 displays an external docking (Fig. 6). These results can be conciliated with earlier findings regarding the activities of the NBs: the competitive antagonism of the orthosteric inhibitor NB1 is consistent with its suggested docking on the CRS2; NB2 and NB3 suggested docking is in keeping with an allosteric behavior of the NBs which is associated with a full antagonism for NB2 and a biased ligand behavior for NB3.

Discussion

In this work, we analyzed three closely related single-domain Camelid heavy-chain antibodies (nanobodies, NBs) for their capacity in modulating CXCR4 signaling and functions. Our studies uncovered that the NBs display differing abilities to associate with CXCR4 and to modulate CXCL12-induced CXCR4 signaling, which translate into differential antagonist and agonist effects on CXCR4 internalization and dependent cell migration thus emphasizing their utility as novel tools to study CXCR4 biology.

Targeting the activity of the CXCR4 receptor has tremendous potential in research and for therapeutic given the important roles of the signaling pathways mobilized by CXCL12-CXCR4 engagement in regulating a vast array of physiological and pathological processes.

This diversity, however, complicates drug development and raises concerns for side effects of long-term use of antagonists. For the only approved CXCR4 antagonist in clinic, AMD3100, for mobilization of hematopoietic stem cells 41,42 , its use in chronic diseases (ie. HIV infection, WHIM syndrome) is hampered by the possible occurrence of adverse effects 43 ,44 ,45 . Recently solved crystal structures of CXCR4 provided support for the two-sites model of CXCL12 binding to CXCR4 that separates the binding and signaling functions of CXCL12 46 . These works identified that small CXCR4 ligand molecules (ie. It1t) act as orthosteric competitors of the CXCL12 N-terminus induced-signaling by binding to the so-called chemokine recognition site 2 (CRS2) within the receptor TM pocket 10,38 . Similarly, AMD3100 acts by displacing the CXCL12 N-terminus from the receptor TM without affecting the chemokine core domain, which interacts with the receptor N-terminus (CRS1) 47 . There is increasing interest in developing allosteric modulators, which have topographically distinct binding to the conserved orthosteric site, are capable of acting independently or cooperatively with the endogenous ligand to stabilize or potentially induce conformational changes in receptors that are capable of modulating one GPCR signaling pathway over another 48 . Such molecules have been identified for CXCR4 49-51 .

Our observations suggest that NB1 and NB2 inhibit G-alpha-i protein activation and ßarrestin recruitment likely by different mechanisms. Though NB1 displays a competitive behavior for CXCL12 in binding experiments, NB2 did not compete with CXCL12 opening the possibility that it binds to other regions of the receptor thus acting as an allosteric antagonist. In support of this possibility, experiments aimed at modeling the NBs/CXCR4 complexes indicated that NB1'CDR could interact within the CRS2 of the receptor whereas NB2'CDR most favorably would interact with the extracellular loop 2 (ECL2) of CXCR4.

Therefore, given the reported ability of GPCRs to reside in an array of conformations 49,52,53 , NB2 could stabilized specific receptor conformations that are not conductive to effector coupling and would result in inhibition of CXCR4 signaling. Such possibility is supported by our findings that NB2' ability to inhibit ß-arrestin recruitment and CXCL12-induced CXCR4 internalization is associated with interference in the CXCL12-induced activation kinetic of the CXCR4/G-alpha-i complexes leading to the stabilization of conformational states that could fail in permitting desensitization.

The fact that the non-competitive NB3 didn't interfered with CXCL12-induced ß-arrestin recruitment but nonetheless, inhibited CXCL12-induced CXCR4 internalization with the same magnitude than NB2 can be accounted for by its agonist effect on ERK1/2 activation that may therefore implicate the stabilization of specific CXCR4/G-alpha-i1 active complexes conformations. This behavior is reminiscent with the discovery that ß-arrestin signaling can occur independently of G-protein activation leading to the concept that specific GPCR signaling pathway can be pharmacologically isolated, referred to as functional selectivity or biased agonism or antagonism 54 . Supporting this phenomenon for CXCR4 53 , some pepducin molecules which are lipid-modified peptides can act as a biased agonist on CXCR4 selectively inducing ß-arrestin signaling 55 and most recently, fully human single-domain antibody-like scaffold termed (or i-body) were found to display selective antagonist activity for CXCR4 signaling pathways 56 . Here, NB3 can inhibit CXCL12-induced CXCR4 internalization while enhancing the activity of CXCL12 in promoting T lymphocytes chemotaxis suggesting that the observed bias can be related to selective interactions between ß-arrestin and CXCR4. Indeed, NB3 activity further supports the findings that the requirement for ß-arrestin in CXCR4-dependent chemotaxis 31,36 is not related to the role of ß-arrestin in receptor internalization but rather to ß-arrestin-dependent signaling pathways, which have been associated to the activation of ERK1/2 pathway, the recruitment of molecules involved in cytoskeleton reorganization and the binding of ß-arrestin to the receptor ICL3 32,57 . Here, conformational changes within CXCR4/G-alpha-i protein complexes that occurred in the presence of NB3 may underlie the stabilization of active conformations of the complex consistent with the fact that CXCR4-dependent chemotaxis also requires G-proteins activation 13,32 . Though further work, including with mutant receptors for expression and/or activation, will be required to delineate the molecular mechanisms governing this bias, NB3 represents an original tool for dissecting the relative importance of specific signaling pathways downstream CXCR4 and deepen our understanding of CXCR4 physiopathology.

NBs targeting the ECL2 of CXCR4 were reported as potent antagonists of CXCR4-dependent signaling pathways and function and display potential therapeutic application in CXCR4related diseases 21 . Along with the capacity of all three NBs to modulate positively or negatively CXCL12/CXCR4-promoted chemotaxis of primary murine T lymphocytes, these

NBs provide novel tools to analyze the contribution of CXCR4-dependent pathways to physiological processes but also represent potential therapeutic tools in murine models of human diseases caused by CXCR4 dysfunction (eg. the WHIM syndrome 58 ).

Experimental Procedures

Cell culture and transfection HEK293T and CHO cells were grown in culture medium (Dulbecco modified Eagle medium (DMEM) supplemented with 10 % (v/v) fetal bovine serum (FBS), 1% peni-streptomycin) (all reagents are from Invitrogen SARL, Cergy Pontoise, France). Human peripheral blood lymphocytes (PBMCs) were isolated from heparin-treated blood samples of healthy blood donors, cultured, and activated in RPMI medium supplemented with human serum AB. Cells stably expressing the SNAP-tag-fused CXCR4 receptor (ST-CXCR4 cells) were provided by Cisbio Bioassay and were grown in culture medium supplemented with 0,6 μg/ml geneticin.

Transient expression was achieved using the calcium phosphate precipitation method for HEK293 cells as described 59 . The JetPEI transfection reagent (Plyplus, Illkirch, France) was used was used for CHO cells according to the manufacturer's protocol. Briefly, transfections were performed in black 96-well plates. Prior to cell plating, wells were pre-coated with 50 µl of poly-L-ornithine for 30 min at 37°C. Then, cells were added at a density of 100,000 cells/well and incubated at 37 °C under 5% CO2 for 24 hours.

Reagents and plasmids constructs

Recombinant CXCL12 was from R&D Systems (Lilles, France). The CXCR4 and CXCR7 receptors tagged at the C-tail with Yellow Fluorescent Protein (CXCR4-YFP; CXCR7-YFP)

were obtained by inserting in-frame the human CXCR4 or CXCR7 cDNA into the pcDNA3/CMV-Rluc vector as described 13 . Plasmids encoding Gaplhai-1-Rluc (Renilla luciferase) and ß-arrestin-2-Rluc were previously described 13 . Pertussis toxin (Ptx) were from Sigma-Aldrich (St Louis, MO). The HALO-CXCR4 encoding plasmid was designed with the HaloTag enzyme inserted at the extracellular N-terminus extremity of the receptor (Cisbio Bioassays, Codolet, France). The endogenous signal peptide was removed to avoid cleavage of HaloTag and was replaced by a generic signal peptide (T8) inserted upstream of HaloTag sequence.

Flow cytometric analyses

Cell-surface expression of receptors in human and murine cells was determined as described 58,59 . For human cells, staining was performed using the phycoerythrin-conjugated anti-human CXCR4 monoclonal antibodies (mAbs) 12G5, allophycocyanin (clone HIT3a)-, phycoerythrin (clone RPA-T8)-and, Fluorescein isothiocyanate (clone RPA-T4)-conjugated anti-human CD3, CD8 and CD4 mAbs (BD Biosciences, San Jose, CA, USA). For murine cells, the antibodies were Pacific blue (clone 145-2C11, hamster IgG1)-, amy-cyan (clone RM4-5, rat IgG2a) and allophycocyanin (clone 53-6.7, rat IgG2a)-conjugated anti-murine CD3, CD4 and CD8 mAbs (R&D Systems, Lille, France). Analysis was carried out on a BD Biosciences FACS Fortessa.

Chemotaxis assays

Chemotaxis of human T lymphocytes were carried out as previously described 59 . Briefly, experiments were conducted using Transwell® chambers with 5-µm pore size polycarbonate filter (Coring Inc.) at 37°C for 2 hours and migrating cells were stained with CD3, CD4 and CD8 antibodies (BD Science, San Jose, CA). Chemotaxis of murine splenic lymphocytes was carried out as previously described 58 . Briefly, 1×10 6 cells were suspended in 150 μL RPMI medium supplemented with 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2ethanesulfonic acid) and 0.5% bovine serum albumin (BSA) and placed into the upper chamber of a 6.5-mm diameter, 5-μm pore polycarbonate Transwell® culture insert. The same media, containing or not a CXCL12, was placed in the lower chamber and chemotaxis proceeded for 2 hours at 37°C in humidified air with 5% CO2. CXCL12 was used at the indicated concentrations and AMD3100 (10μM) was added in both chambers. Analyses were carried out on a BD Biosciences FACS Fortessa. The fraction of cells migrating across the polycarbonate membrane was calculated as follows: [(number of cells migrating to the lower chamber in response to chemokine) -(number of cells migrating spontaneously)] / number of cells added to the upper chamber at the start of the assay} × 100. Results are expressed as a percentage of input cells that migrated to the lower chamber.

Binding and competition assays CHO cells were plated in black-walled, dark-bottom, 96-well plates (Greiner CELLSTAR plate; Sigma-Aldrich, St. Louis, MO, USA) at 30 000 cells per well in culture medium and transfected 24 hours later with HaloTag-CXCR4 as described above. Cells were labeled as described 60 . Briefly, the day after the transfection, cells were rinsed once with Tag-lite medium (Cisbio Bioassays, Codolet, France) and incubated in the presence of Tag-lite medium containing 100nM Halo-Lumi4-Tb for at 1 hour at 37°C. Cells were then washed four times and incubated in the presence of an increasing concentration range of fluorescent CXCL12 (CXCL12-red) 61 (Cisbio Bioassays, Codolet, France) at room temperature for 2 hours before analysis. Specific signal was obtained by subtracting the nonspecific signal from the total binding signal. For competition assays, a fixed concentration of CXCL12-red (5 to Measurement of Phospho-ERK was performed in HEK293T cells using the Advance Phospho-ERK1/2 immunoassay kit (Cisbio Bioassays, Codolet, France), which uses a cryptate-labelled anti-ERK monoclonal antibody and a d2-labeled anti-phospho-ERK monoclonal antibody. Cells were cultured overnight in a 96-well black plate half volume (5x10 4 cells/well) using 50µl of medium/well without serum. Then medium was discarded and 20µl of free-serum medium, containing or not AMD3100 or NBs at the different concentrations as indicated, was added to the cells. After 45 minutes of incubation, cells were stimulated with 50nM of CXCL12 for 2, 5 and 20 minutes. After stimulation, cells were put on ice and supplemented lysis buffer was added (32µl/well) for 20 min at room temperature with shaking. Then anti-ERK1/2-Europium/Terbium Cryptate and anti-Phospho-ERK1/2-d2 antibody solutions were added (4µl of each). The plate was then incubated for at least 4 hours at room temperature before reading the fluorescence emission at 620 and 665 nm using a

Mithras LB 940 plate reader (Berthold Biotechnologies, Bad Wildbad, Germany).

Bioluminescence resonance energy transfer (BRET) assay, luminescence, and fluorescence measurements HEK293T cells were transiently transfected with the indicated constructs. Fourty-eight hours after transfection, cells were washed in PBS, detached in PBS-EDTA and resuspended in PBS.

Cells were then distributed in a white 96-well plate (Optiplate, PerkinElmer) and incubated with CXCL12 (100nM) and NBs at the indicated concentrations for the indicated times (2, 5 and 10 minutes) at 37°C before adding coelenterazine h (5µM) (Interchim, Montluçon, France) as reported previously 13 . BRET values were immediately collected and at 5 and 10 minutes using the Mithras LB-940 reader (Berthold Biotechnologies, Bad Wildbad, Germany), which allows the sequential integration of luminescence signals detected with 2 filters settings (Rluc filter, 485nm and YFP filter, 530nm). Data were collected using the MicroWin2000 software and BRET signals were expressed in milliBRET units (mBU), 1 mBU corresponding to the BRET ratio multiplied by 1000 as previously described 13 . NetBRET is calculated subtracting the signal of basal BRET in untreated cells.

DERET internalization assays

Internalization assays for CXCR4 were performed in 96-well culture cell plates using CHO cells transiently transfected with HaloTag-CXCR4 as previously described 34 . Briefly, upon SNAP Lumi4-Tb labeling, internalization experiments were performed by incubating cells with Tag-lite labeling medium, either alone or containing CXCL12 (100nM) without or with NBs (at 6 different concentrations ranging from 10 -5 -10 -11 M) pre-incubated at 16°C for 30 minutes, in the presence of fluorescein. Typically, in plates containing SNAP-Lumi4-Tblabeled cells, 10 μl of medium containing CXCL12 (100nM) was added, immediately followed by the addition of 80μl of 25μM fluorescein. DERET was recorded every 15 minutes for 2 hours in a Tecan Infinite® F500 (Switzerland).

NBs/CXCR4 docking

The prediction of NBs structures was made by the way of CASP (Critical Assessment of protein Structure Prediction) experiments as previously reported 63 allowing the selection of five structures for each NBs according to the best energetic scores. Then, dynamic molecular simulation of each 15 predicted structures were performed in order to cluster the conformations of the complementarity-determining regions (CDRs) ending to the definition of six clusters that were used for NBs/CXCR4 docking experiments. Molecular dynamics simulation of the crystal structure of CXCR4 (3ODU) 10 , in complex with POPC (1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) in a hydrated context, permitted to identify twenty clusters. In order to define the binding sites of the three NBs, we applied the Frodock method 37 following the procedure described in 64 . Briefly, this procedure is following three steps; i) generation of pre-calculated grid maps: Three grid potentials were computed from CXCR4 coordinates (van der Waals, electrostatic and desolvation), whereas only one was needed from NBs coordinates (desolvation). Atomic properties were taken from CHARMM (Chaconlab.org). The rotational and translational sampling resolutions were fixed to 5.6• (6×10 4 rotations) and 2 Å, respectively. These values were chosen in order to have a good balance between efficiency and accuracy. Since the translational search can eventually explore 105 points, we only considered the best four docking predictions for each translation point in order to avoid a large redundant set of solutions and, iii) clustering was made for each docking run using an explicit comprehensive algorithm 65 . Briefly, once the solution set was ranked according to their docking correlation, we formed clusters with all ligand-docking predictions within 5 Å RMSD distance from the first ranked solution (i.e. the lowest energy).

The final three models were chosen among the first 100 best structures according to the docking score.

Statistical analysis

Results were analyzed by PRISM (GraphPad Software). Data are expressed as mean plus or minus SEM. Student t test was applied for statistical analysis

Immunization and Selection of NBs

Immunization and production was done as previously described 21 . Briefly, Llamas were immunized with cell (10 7 ) transfected with a vector encoding for CXCR4. After immunization, a nanobody phage library was generated by RT-PCR from blood-derived leukocytes RNA where the phage particles express individual NBs. Phage display selections were performed by using peptide screening (Cisbio Bioassays, Codolet, France) and then production of monoclonal NBs was induced. 

Paper n°3

Differential activities of CXCL12 analogs at the CXCR4 and CXCR7/ACKR3 receptors:

Study of interaction determinants aspartic acid residues on position 179 and 275 with two alanines resulted in the loss for CXCR7/ACKR3 to activate the MAPK pathway upon CXCL12 stimulation. However, this mutation was found to confer CXCR7/ACKR3 with the capability to activate G-proteins (i.e.

cAMP inhibition) indicating that the chemokine was still binding to the receptor. Comparing the primary structure of CXCR4 and CXCR7/ACKR3, we substituted the DRYLSITYF motif in the ICL2 by the DRYLAIVHA motif of CXCR4 known as being crucial GPCRs/G proteins interaction, together with that of the two Aspartate (97 and 187) and Glutamate (288) residues involved in CXCR4-dependent G-protein activation (Brelot 2000). This mutant behaved as a "CXCR4 like" receptor, with acquired ability to activate G-proteins while maintaining In order to study the determinants critical for the interaction between the N-terminal residues of CXCL12 and its receptor CXCR7/ACKR3, we used four different analogs of CXCL12 (Fig 1A), two N-terminal deletions (4-67 and 5-67) and two N-terminal mutations (K1R and P2G).

N-terminal truncated forms of CXCL12, deleted of the first three to four residues, were described in physiological contexts as result of leukocyte elastase and matrix metalloproteinase (MMP)-2 cleavage (Val 3 -Ser 4 and Ser 4 -Leu 5 bonds, respectively) and they fail to activate CXCR4 receptor (Valenzuela-Fernandez et al. 2002[START_REF] Sadir | Heparan sulfate/heparin oligosaccharides protect stromal cell-derived factor-1 (SDF-1)/CXCL12 against proteolysis induced by CD26/dipeptidyl peptidase IV[END_REF]and Vergote et al. 2006). Mutations on first two N-terminal residues of CXCL12 (Lys 1 and Pro 2 ) were also described to bind CXCR4 and unable to activate downstream signaling pathways (Crump et al. 1997). We investigated the capability of these CXCL12 analogs to bind CXCR7/ACKR3 as compared to CXCR4, using a HTRF competition assay (Fig 1B). This assay is using the red-CXCL12 as an acceptor of the energy transferred from excited Snap-tag CXCR4 or CXCR7/ACKR3 receptors stably expressed in HEK293T cells. Snap-tag receptors were shown to display normal expression (Fig S1) and function (data not shown). Cells were incubated in presence of red-CXCL12 and increasing concentrations of unlabeled CXCL12 or analogs. We found, accordingly to an abundant literature, that the binding affinities of CXCL12 and competitive antagonists (AMD3100 and T134) for CXCR4 were in the same range. N-terminus CXCL12 mutants showed altered potential to displace the red-CXCL12 (Fig 1C), as previously shown (Crump et al. 1997). We also confirmed the higher affinity of CXCL12 for CXCR7/ACKR3 (Burns et al. 2006, Struyf et al. 2009), the binding of CXCL11 to CXCR7/ACKR3 and the inability of CXCR7/ACKR3 to bind AMD3100 and T134 (Fig It was shown that the binding of N-terminus deleted CXCL12 forms to CXCR4 might be dissociate from the activation potency of the ligand given the two steps model suggested for CXCL12/CXCR4 interaction (Crump et al. 1997, Wu et al., 2010). In light of these results we investigated the potential of these mutants to activate CXCR7/ACKR3-dowstream pathways.

We then performed internalization assays based on HTRF technology (Levoye et al. 2015), which allowed to compare CXCL12-induced internalization of both receptors in the same HEK293T cells used for the binding assays (ie. expressing snap-tag receptors). Both deleted and mutated CXCL12 analogs were not able to induce CXCR4 internalization acting similarly to the two CXCR4 antagonist ligands AMD3100 and T134 (Fig 2A). In contrast, mutations of the first two N-terminal residues did not modify, or slightly, CXCL12 propensity to induce CXCR7/ACKR3 internalization despite their reduced binding affinity for the receptor. Since the CXCL12-induced internalization of CXCR4 and CXCR7/ACKR3 was shown as a ß-arrestin-2 dependent mechanism (Naumann et al., 2010), we decided to investigate whether mutations on the first two CXCL12 N-terminal residues can promote ß-arrestin 2 -activation (followed by intramolecular conformational changes) and -recruitment on CXCR7/ACKR3. This was accessed using BRET assays performed in HEK293T cells transiently transfected with CXCR4 or CXCR7/ACKR3 receptors and ß-arrestin-expressing vectors (Fig 3A and 3B).

We also performed dose responses in order to compare the half maximal effective concentrations (EC50) for CXCL12 and derivatives able to promote the interaction of ßarrestin 2 with CXCR4 or with CXCR7/ACKR3 (Fig S3 andTable 2). Results indicated that ß-arrestin 2 recruitment on CXCR4 receptor was promoted only by wild type CXCL12 (Fig 3A and S3A). In contrast, the two N-terminal mutants of CXCL12 (K1R and P2G), remained able to promote the ß-arrestin 2 recruitment to the CXCR7/ACKR3 receptor to the same extend than the wild type CXCL12 chemokine (Fig 3B). Along this line, intramolecular BRET experiences aimed at investigating ß-arrestin 2 activation through ß-arrestin 2 conformational changes (Fig 3C and3D) indicated that the two CXCL12 N-terminal mutants were able to promote responses on CXCR7/ACKR3 in contrast to CXCL12 truncated forms (4-67 and 5-67). These results lead us to hypothesize that the third and fourth CXCL12 Nterminal residues (Ser 3 and Val 4 ) were important determinants for the chemokine binding to and activation of CXCR7/ACKR3.

CXCR7/ACKR3 homology modeling.

In order to investigate this hypothesis we decided to perform firstly the homology modeling of CXCR7/ACKR3 three-dimensional structure and secondly protein-protein docking experiments to model the CXCL12-CXCR7/ACKR3 interaction. Since the crystal structure is not available for the CXCR7/ACKR3 receptor, we performed homology modeling experiments starting from the primary sequence of the receptor (UniProt accession number P25106). We used the HH-Pred online platform (https://toolkit.tuebingen.mpg.de/hhpred) to find known crystal and NMR structures of human GPCRs predicted as the most representative for modeling CXCR7/ACKR3 structure and choose the CXCR4 (P61073, isoform 1), CCR5 (P51681) and CXCR1 (P25024) sequences as templates, corresponding to the crystal structures of CXCR4 and CCR5 (3ODU and 4MBS,respectively), and the NMR structure of CXCR1 (2LNL). We performed a multiple alignment (PSI-Blast on MSA-Probs) between the primary sequence of CXCR7/ACKR3 and those of CXCR4, CCR5 and CXCR1 (Fig S4). It is important to note that, in a pairwise alignment, templates share less than a third of their primary sequence with CXCR7/ACKR3 (identity of 28% for CXCR4, 25% for CCR5 and 29% for CXCR1), nevertheless the probability to share the same conformation of secondary and tertiary structures is 100% for all templates. 

Comparative analysis between CXCR4 and CXCR7/ACKR3.

It is unanimously accepted that CXCR7/ACKR3 is not able to activate G-proteins upon agonists stimulation (CXCL11 and CXCL12) most likely as a consequence of a polymorphism in the DRYLAIV motif on the ICL2 domain, which is conserved in most GPCRs, and found to be DRYLSIT in the CXCR7/ACKR3 sequence. Focusing on the MSA-Probs alignment (Fig S4 ), we found that two more residues (one Histidine and one Alanine) were conserved among the three selected templates, but not in CXCR7/ACKR3, precisely the DRAILAIVHA became DRAYLSITYF in the CXCR7/ACKR3 sequence. Mutagenesis together with structural studies identified residues potentially involved in G proteins activation downstream CXCR4 (Aspartic acid 97 and 187 and Glutamic acid 288), which were not conserved in the CXCR7/ACKR3 sequence. Then we decided to generate a first mutant of CXCR7/ACKR3 in which we modified the DRYLAIVHA motif and the three residues not conserved according to CXCR4 sequence (called LAIDDE). Finally, two more CXCR4 residues (Aspartic acid 171 and 262), reported to be important for the binding of T140 and AMD3100 ligands and activation of the receptor, were found to be conserved in the CXCR7/ACKR3 sequence. Thus we substituted these residues in CXCR7/ACKR3 by alanine (D179A-D275A and D275A CXCR7/ACKR3 mutants) in order to investigate whether this might modify the binding and activation properties of CXCL12 with regard to CXCR7/ACKR3. Such substitutions in CXCR7/ACKR3 were also analyzed by our peptidepeptide docking experiments to have a model of the interaction between CXCR7/ACKR3 and CXCL12 (Fig 4). After a 1 µsec of molecular dynamics simulation with our CXCR7/ACKR3 model, we were able to cluster the eight different conformations of the receptor significantly reported in the MD trajectory. We used these conformations to perform a cross docking with the twenty CXCL12 conformations available from the RMN structure (PDB: 2K01). To select the best model of the interaction we used two different scripts: one to perform the cross docking between CXCL12 and the receptor extracellular domain and one to rank all docking results by score and according to the CXCL12 N-terminal orientation on the receptor. robust inhibition of cAMP), which was antagonized by the addition of the selective CXCR4 antagonist AMD3100. In cells transfected with CXCR7/ACKR3, the observed G proteins activation resulted from the activation of the endogenously expressed CXCR4. This was confirmed by the blockade of this effect upon addition of AMD3100 together with the inefficiency of adding the CXCR7/ACKR3 selective antibody clone 9C4, which competes for the binding of CXCL12 to CXCR7/ACKR3 (Balabanian et al., 2005). In contrast for two of the CXCR7/ACKR3 mutants (Fig 5B ; LAIDDE and D179A-D275A mutants), CXCL12 apparently promoted G proteins activation independently of CXCR4 since AMD3100 antagonist effect was less effective and no antagonist effect of the 9C4 antibody was observed.

The activation pattern downstream the third CXCR7/ACKR3 mutant (D275A) was similar to that of the wild type receptor.

To confirm these results and to unambiguously avoid activation of the endogenous CXCR4, we take advantage of our findings that CXCL12 analogs (such as the P2G CXCL12 mutant) devoid of activity with regard to CXCR4 can still activate CXCR7/ACKR3 (Fig 2 andFig [START_REF] Ma | Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration in CXCR4-and SDF-1-deficient mice[END_REF].

We found than neither the P2G nor the 5-67 CXCL12 analog, choosen as a negative control for CXCR7/ACKR3 activation, were able to activate G proteins downstream CXCR4 whether expressed exogenously or endogenously (Fig 6A). In this context, the CXCR7/ACKR3 mutants LAIDDE and D179A-D275A remained able to activate G proteins after P2G stimulation similarly to the CXCL12-promoted activation. Moreover, this activation was completely blocked by the 9C4 antibody (Fig 6B) confirming that it results from the interaction between CXCL12 and CXCR7/ACKR3. D179A-D275A is an activating mutation for G proteins while inactive for the ERK1/2

MAPK pathway

We performed HTRF-FRET assay for analyzing the ERK1/2 MAPK pathway. After G protein activation that occurs during the first minutes after agonist stimulation, the typical ERK1/2 phosphorylation upon CXCL12 treatment is detectable at 2 minutes after stimulation (Lagane et al. 2008), with an activation kinetics that reaches the maximum signal at 5 minutes and completely disappears after 20 minutes.

We observed the CXCR4 and CXCR7/ACKR3 responses at 5 minutes after CXCL12 stimulation, that are antagonized by AMD3100 and 9C4, respectively (Fig 7A ). 

Conclusion and Perspectives

Our results confirmed the importance of the N-terminus of CXCL12 for the interaction and activation of its receptors and gave new knowledge on residues implicated in the interaction between CXCL12 and CXCR7/ACKR3, showing not only the potential determinants for the interaction but also the capability of receptor residues to bias the consequent activation pathways. In our case, the modification of residues D179 and D275 of CXCR7/ACKR3, modelized as in interaction with CXCL12 N-terminus, is capable to completely reverse the signaling downstream CXCR7/ACKR3 when mutated to alanine. Therefore, the possibility to activate G protein can be consequence of trans-membrane helixes reorganization due to a different conformation of the CXCL12-CXCR7/ACKR3 complex. Moreover, DRYLAIV motif seems to be not essential for the in G protein activation, explaining the incapability of previous DRYLAIV mutations on CXCR7/ACKR3 to activate the G protein pathway.

To confirm our results we need to study our models of interaction through molecular dynamics simulations and improve our results on the G protein and Arrestin activation. Firstly, molecular dynamics simulations will be performed using the native complex between CXCL12 and CXCR7/ACKR3, then it will be compared to complexes between K1R and P2G CXCL12 analogs and native CXCR7/ACKR3 and complexes between native CXCL12 and CXCR7 mutants LAIDDE and D179A-D275A. Secondly, BRET experiments between D179A-D275A mutant and G alpha-i subunit or β arrestin may allow us to show differences in conformation and recruitment. On the other hand, we need more results in CXCL12 binding on D275A mutant to confirm its involvement in the interaction with the CXCL12 Nterminal Val 4 .

Together these results will permit to understand the structural determinants for the CXCL12-CXCR7/ACKR3 interaction and to compare the different mechanisms of the interaction between CXCL12 and its two receptors. cells) were provided by Cisbio Bioassay and were grown in culture medium supplemented with 0.6μg/ml geneticin. Transient expressions were achieved using the transfection reagent FuGene 6 (Roche, Basel, Switzerland) or Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer's protocol.

Flow cytometric analyses

Cell-surface expression of CXCR4, ACKR3 or ACKR3 mutants receptors in HEK293T cells stably expressing WT receptors (ST-CXCR4 or ST-ACKR3 cells) or 48 hours following transient transfection with ACKR3-expressing vectors. Staining was performed using the anti-human CXCR4 mAb 12G5 (BD Biosciences, San Jose, CA, USA) or ACKR3 mAb 9C4, with prevents CXCL12 binding to ACKR3 (Balabanian et al. 2005, Infantino et al. 2006) (a gift from M. Thelen, Institute for Research in Biomedicine, Bellinzona, Switzerland).

Analysis was carried out on a BD Biosciences FACS Fortessa.

HTRF-based Binding assay

The protocol has been adapted from Zwier et al. Briefly, Lumi4-Tb-labelled-frozen ST-CXCR4 or ST-ACKR3 cells were thawed quickly at 37 °C, suspended in the Tag-lite labeling medium and dispatched into a black 384-well plate at a density of 10.000 cells per well. Cells were incubated with the indicated increasing concentrations of red-CXCL12. For each concentration, nonspecific binding was determined using excess of the CXCR4 antagonist AMD3100 (1µM) or unlabeled CXCL12 (500nM). Competition experiments were performed by incubating ST-CXCR4-or ST-ACKR3-cells with a fixed concentration of red-CXCL12 (12.5nM or 6.25nM, respectively according to the respective Kd) in presence of increasing concentrations of the indicated ligands for 1 hour at room temperature. Signal was detected using fluorescence microplate reader Rubystar (BMG Labtech, Offenburg, Germany) equipped with a HTRF optic module allowing a donor (terbium) excitation at 337 nm and a signal collection both at 620 nm and 665 nm, wavelengths corresponding to the total donor emission and to the FRET signal, respectively. The signal was collected using the following time-resolved settings: delay 50 μs and integration time 400 μs. HTRF ratios correspond to the ratio between acceptor (665 nm) and donor signal (620 nm) and multiplied by 10.000. Kd values of the fluorescent chemokine were determined from saturation curves of the specific binding using GraphPad Prism software (GraphPad Software, Inc., San Diego, CA). The Ki values for ligands were calculated from binding competition experiments according to the Cheng and Prusoff equation: Ki = IC50 × (Kd/Kd + [L]), where IC50 is the concentration of ligands leading to half-maximal inhibition of specific binding, Kd is the affinity of fluorescent chemokine for the receptor studied, and [L] is the concentration of the red-CXCL12 present in the assay.

DERET internalization assays

Internalization assays for CXCR4 and ACKR3 were performed in 96-well culture cell plates using ST-CXCR4 or ST-ACKR3 cells as previously described (Levoye, 2015). Briefly, upon SNAP Lumi4-Tb labeling, internalization experiments were performed by incubating cells with Tag-lite labeling medium, either alone or containing ligands (CXCL12, CXCL11, CXCL12-derivatives and small molecules AMD3100 and T134) in the presence of fluorescein. Typically, in plates containing SNAP-Lumi4-Tb-labeled cells, 10 μl of medium containing ligands (100nM) was added, immediately followed by the addition of 80μl of 25μM fluorescein. Plates were incubated for 1 hour at 4°C and signals were detected using fluorescence microplate reader (Envision, Perkin Elmer) thermostated at 37°C. HTRF ratios were obtained by dividing the acceptor signal (520 nm) by the donor signal (620 nm) and multiplying this value by 10 000.

BRET experiments

HEK293T cells were transiently transfected with the indicated constructs. Fourty-eight hours after transfection, cells were washed in PBS, detached in PBS-EDTA and resuspended in PBS.

Cells were then distributed in a white 96-well plate (Optiplate, PerkinElmer, MA, USA) and incubated with 1µM ligands before adding coelenterazine h (Interchim, Montluçon, France).

For dose-response experiments, cells were incubated with ligands at the indicated concentrations for 10 or 20 minutes at 37°C before adding coelenterazine h (5µM), as previously reported (Levoye et al. 2009). BRET values were collected using the MicroWin2000 software on Mithras LB940 reader (Berthold Biotechnologies, Bad Wildbad, Germany). BRET signals were expressed in milliBRET units (mBU) of BRET ratio, 1 mBU corresponding to the BRET ratio multiplied by 1000 as previously described, (Levoye et al. 2009). NetBRET is calculated subtracting the signal of basal BRET in untreated cells. The curves were fitted with a nonlinear regression and sigmoid dose-response model with variable slope using Prism GraphPad software (GraphPad Software, Inc., San Diego, CA). cAMP accumulation and ERK1/2 by HTRF-FRET assays Measurement of intracellular cAMP accumulation in HEK293T cells transiently transfected with CXCR4 WT, ACKR3 WT and ACKR3 mutants was performed using the cAMP Dynamics 2 competitive immunoassay kit (Cisbio Bioassays, Codolet, France). The cAMP assay uses a cryptate-conjugated anti-cAMP monoclonal antibody and d2-labeled cAMP.

HEK293T cells were detached and seeded into white 96-well microplates with 1x104 cells/well in 20µl DMEM without serum. Prior to lysis, cells were treated or not with CXCL12 at a concentration of 10nM (to stimulate G-alpha-i coupling to endogenous CXCR4) in 10µl/well of DMEM and incubated 30 minutes at 37°C. Antagonists (AMD3100 or mAb 9C4) were pre-incubated 30 minutes at room temperature before stimulation with CXCL12.

Then, cells were incubated for 45 minutes with forskolin at final concentration of 5µM at 37°C and then lysed by addition of 40µl/well of the supplied conjugate-lysis buffer containing d2-labeled cAMP and Europium cryptate-labeled anti-cAMP antibody, both reconstituted according to the manufacturer's instructions. Plates were incubated for 1 hour in the dark at room temperature and time-resolved fluorescence signals were measured at 620 and 665 nm, respectively, 50 ms after excitation at 320 nm using a Mithras LB 940 plate reader (Berthold Biotechnologies, Bad Wildbad, Germany). Results are expressed as HTRF ratio between 665 nm measure and 620 measure (665/620).

Measurement of Phospho-ERK was performed in HEK293T cells transiently transfected with CXCR4 WT, ACKR3 WT and ACKR3 mutants using the Advance Phospho-ERK1/2 immunoassay kit (Cisbio Bioassays, Codolet, France), which uses a cryptate-labelled anti-ERK monoclonal antibody and a d2-labeled anti-phospho-ERK monoclonal antibody. Cells were cultured overnight in a 96-well black plate half volume (5x10 4 cells/well) using 50µl of medium/well without serum. Then medium was discarded and 20µl of free-serum medium, containing or not AMD3100 or mAb 9C4, was added to the cells. After 45 minutes of incubation, cells were stimulated with 50nM of CXCL12 for 2, 5 and 20 minutes. After stimulation, cells were put on ice and supplemented lysis buffer was added (32µl/well) for 20 minutes at room temperature with shaking. Then anti-ERK1/2-Europium/Terbium Cryptate and anti-Phospho-ERK1/2-d2 antibody solutions were added (4µl of each). The plate was then incubated for at least 4 hours at room temperature before reading the fluorescence emission at 620 and 665 nm using a Mithras LB 940 plate reader (Berthold Biotechnologies, Bad Wildbad, Germany). 

Homology modeling on HHpred toolkit

CXCL12/ACKR3 docking

Model structure of ACKR3 generated using Homology modeling was analyzed after dynamic molecular simulation (1µsec) in complex with POPC (1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine) in a hydrated context with charges. AMBER99SB-ILDN was used as force field in GROMACS software for MD simulation, then the trajectory was analyzed to permit the clustering of the 8 most representative conformations (RMSD parameter 0.30). We used the NMR structure of CXCL12 (2K05, containing 20 conformations) to model the chemokine interaction with the 8 different conformations of ACKR3. We made a cross docking for all 20 conformaions of CXCL12 with the 8 conformations of ACKR3 using Frodock software (Ritchie, 2000) following the procedure described in Garzon, 2007. Briefly, this procedure is following three steps: i) generation of pre-calculated grid maps, three grid potentials were computed from each ACKR3 coordinates (van der Waals, electrostatic and desolvation), whereas 20 were needed from CXCL12 coordinates (desolvation). Atomic properties were taken from CHARMM 19 force field; ii) docking was then performed with a single tool called FRODOCK (Chaconlab.org). The rotational and translational sampling resolutions were fixed to 5.6 Å (6×104 rotations) and 2 Å, respectively. These values were chosen in order to have a good balance between efficiency and accuracy. Since the translational search can eventually explore all the receptor surface, we only considered the extracellular part of the receptor ant taken the best 10 docking predictions for each translation point in order to avoid a large redundant set of solutions and, iii) clustering was made for each docking run using an explicit comprehensive algorithm (Kozakov, 2005). Briefly, once the solution set was ranked according to their docking correlation, we formed clusters with all ligand-docking predictions within 5 Å RMSD distance from the first ranked solution (i.e. the lowest energy). The final models were chosen among the first 100 best structures according to the docking score, chemokine orientation and distance between CXCL12 N-terminus and the intra helix domains of ACKR3.

Statistical analysis

Results were analyzed by PRISM (GraphPad Software Inc.,San Diego, CA). Data are expressed as mean ± SEM. Student t-test was applied for statistical analysis. engages the binding with the CK core domain, to allow the activation of the nearby CXCR4 protomer, may explain the negative dominance of a gain of function mutant form of CXCR4, known to be responsible of the rare immunodeficient WHIM syndrome, but also the potential of CXCR7/ACKR3 to influence the CXCR4 signaling pathway into heterodimers.

A recent paper discuss the asymmetry of oligomers [START_REF] Maurice | Asymmetry of GPCR oligomers supports their functional relevance[END_REF] and how this oligomeric receptor organization can account for the diversity and biased behavior of GPCRs.

It will be interesting to explore residues in the dimerization domain, showed in the CXCR4 crystal structure in 2010, and study their conformational changes generated after interaction with CXCL12 using MD in a long simulation.

In our project it was important to first establish a structural model for CXCR7/ACKR3, to investigate its interaction with CXCL12 and compare it with that of CXCL12/CXCR4. GPCRs structures share the helical bundles conformations, but other domains are characterized by a much higher degree of sequence variability, in terms of amino acid composition and length. Consequently, while homology modeling is generally suited for the construction of the helical bundle, this is not always the case for the remainder part of the receptor: unless the target receptor is particularly close to the template. De novo modeling, that is, first-principles modeling based exclusively on molecular mechanics considerations, is typically more suited for the modeling of domains other than the helical bundle [START_REF] Goldfeld | Successful prediction of the intra-and extracellular loops of four G-protein-coupled receptors[END_REF].

Using the online software HHpred, we found three structures as templates for the homology modeling of CXCR7/ACKR3. We made our choice with regard to the highest percentage of the prediction of shared secondary structure (we took only those with 100% of probability) selecting only those that are human GPCRs.

Interestingly and as can be expected, we found CXCR4 and CCR5 crystal structures and CXCR1 NMR structure as being best templates. We then analyzed the CXCR7/ACKR3 structure generated with homology modeling during a 1µs MD simulation to find conformational clusters that might be representative of receptor states and we use these for CXCL12 docking. Now, the next step will be to reproduce the study we did for CXCR4 and analyze results from the MD simulation of CXCR7/ACKR3-CXCL12 interaction model to complete the comparative analysis.

I.2 Modeling the binding of ligands to GPCRs

Experimentally solved as well as modeled GPCR structures can be utilized as the basis to infer the threedimensional details of receptor-ligand complexes through a variety of molecular docking techniques. This possibility is very appealing, since hundreds of natural and synthetic ligands, endowed with different signaling properties, are known for many receptors. Thus, molecular modeling provides a framework to expand the knowledge derived from X-ray crystallography. In particular, various modeling techniques have been applied to generate experimentally testable hypotheses on the mode of binding of diverse ligands as well as the conformational nature associated with different signaling states of a receptor. Specifically, while single crystal structures of GPCRs provide a static representation of a given receptor-ligand in a given signaling state, the comparison of multiple structures and models obtained with different ligands and under different conditions provides a means to speculate on the nature and the magnitudes of the conformational changes that trigger signaling [START_REF] Rasmussen | Structure of a nanobody-stabilized active state of the beta(2) adrenoceptor[END_REF]. Moreover, molecular dynamics simulations applied to crystal structures provide the basis to shed light onto the dynamic nature of these complex systems. For instance, as a result of the recent implementation of rapid and accurate theoretical algorithms and the construction of dedicated hardware, novel hypotheses have been formulated on the process of ligand binding and receptor activation [START_REF] Dror | Identification of two distinct inactive conformations of the beta2-adrenergic receptor reconciles structural and biochemical observations[END_REF][START_REF] Dror | Activation mechanism of the beta2-adrenergic receptor[END_REF].

As suggested by the abovementioned controlled assessments on the structural accuracy of GPCR models, the determination of the correct binding mode of CXCL12 into CXCR7 is by far the most difficult aspect of GPCR modeling [START_REF] Costanzi | Homology modeling of class a G protein-coupled receptors[END_REF]. Moreover, when the docking exercise is based on homology models, the accuracy of the determination of the ligand binding mode decreases substantially as the distance between target and template receptors increases [START_REF] Beuming | Current assessment of docking into GPCR crystal structures and homology models: successes, challenges, and guidelines[END_REF]. The use of the most advanced computational tools for the production of a number of possible docking solutions is fundamental for the construction of meaningful models. Importantly, some of these tools take into account the flexibility of both ligands and binding sites to generate hypotheses on the predominant conformations of receptor-ligand complexes. However, a thorough support from experimental mutagenesis data is, without any doubt, the most crucial element for the selection of the most probable binding mode [START_REF] Costanzi | Homology modeling of class a G protein-coupled receptors[END_REF]. The compatibility between models and mutagenesis data is typically assessed with a thorough analysis of the interactions that the ligand establishes with the mutated residues. However, the fact that a residue significantly contributes to ligand binding does not necessarily imply a direct interaction with the ligand, as indirect effects due to the induction of conformational changes to the receptor are also possible. To avoid these pitfalls, we have to apply more complex approaches based on the complementary alteration of receptors and ligands regarding the MD trajectory [START_REF] Jacobson | Neoceptors: reengineering GPCRs to recognize tailored ligands[END_REF]). If the contribution of experimental data is always important, it becomes paramount when dealing with homology models rather than crystal structures. Our study on the mutant we generated provides a first idea on the importance of a conserved aspartic acid (D179). This residue when mutated in Ala conferred the mutant CXCR7/ACKR3 with a completely inversed signalization pathway upon stimulation with CXCL12 (G-protein activation and loss in MAPK cascade). Our hypothesis is that residues charged on the ECLs might establish interaction with the N-terminus of the CK to avoid the inception in the intra-helix pocket. We cannot focus on the model just after docking, because we need to study the MD simulation to understand how the residue may interact with CXCL12 N-terminus. BRET and HTRF studies with tagged CXCR7/ACKR3 mutants will also permit to characterize more details on the altered G-protein and MAP-kinase signaling pathways. We showed that the subtle local changes that occur within the binding pocket of the CXCR4 receptor in the course of its transitions from the inactive to the activated states can be successfully modeled. Our approach based on induced-fit docking methods that consider the flexibility of both the ligand and the receptor applied in tandem with statistical linear discriminant analysis can be reproduced on CXCR7/ACKR3-CXCL12 model.

Beyond virtual screenings, modeled structures can also be directly applied to the design of novel ligands endowed with enhanced binding affinities for specific domains. In addition to the advances in GPCR crystallography and modeling, these drug design efforts are also supported by recent theoretical developments that enabled a detailed estimation of the physicochemical aspects underlying ligand binding, including the thermodynamic consequences of the displacement of specific water molecules.

I.3 Conclusions

The recent boom of GPCR crystallography is profoundly revolutionizing the pharmaceutical research concerned with these highly druggable targets. Importantly, besides providing direct drug discovery platforms, crystal structures provide also templates for the construction of homology models.

Currently, crystal structures are available only for receptors belonging to class A, which is the largest family of GPCRs, thus making the modeling of the members of the other families still very challenging. The disclosure of the structure of receptors outside class A will substantially increase our structural understanding of this variegated superfamily and, consequently, expand the horizon of homology modeling. The determination of the binding mode of GPCR modulators, through docking experiments that target crystal structures or homology models, is a very challenging aspect of GPCR modeling.

Importantly, a skilled use of state-of-the-art modeling tools in tandem with the application of constraints derived from experimental site-directed mutagenesis data are crucial aspects for the success of these modeling exercises and for the determination of accurate receptor-ligand complexes applicable to drug discovery. As crystal structures and accurate models of GPCRs in complex with their modulators are proving to be effective tools for rational structure-based drug discovery campaigns, we expect to see a growing number of GPCR modulators discovered through computer-aided techniques in the coming year, with substantial beneficial consequences for the pharmaceutical sector and human health.

Based on observations as to the role of CXCR7/ACKR3 in progression and metastasis of several tumor types, therapies to block the receptor have been developed. Some small molecular inhibitors, siRNA, and blocking antibodies are already employed in experimental models in vitro and in vivo [START_REF] Hartmann | A crosstalk between intracellular CXCR7 and CXCR4 involved in rapid CXCL12-triggered integrin activation but not in chemokinetriggered motility of human T lymphocytes and CD34+ cells[END_REF]). Yet the ability of CXCL12 to activate CXCR7 as well as CXCR4, raises some doubts as to whether the "selective blockage" of CXCR4 by T140 or AMD3100 without simultaneous blocking of CXCR7 will be effective.

In fact, blockage of CXCR4 only partially inhibited responsiveness of tumor cells to CXCL12 gradients in several animal models.

The development of a number of potent inhibitors of the CXCL12-CXCR4-CXCR7/ACKR3 axis, which have low toxicity, has opened the possibilities that investigations aimed at disrupting this axis will have therapeutic benefit. While most studies are still in their infancy, there is great hope that agents that modulate the CXCL12/CXCR4 or CXCL12/CXCR7/ACKR3 axis will be useful in clinics. Importantly, the use of CXCR4/CXCL12 inhibitors in the treatment of cancer has produced some encouraging preclinical data. However, to be truly effective, a greater understanding of the role of CXCL12 and CXCR4 or CXCR7/ACKR3 in tumorigenesis and their other functions is required, as well as a greater knowledge of molecular determinant for this axis.

II -Nanobodies

II.1 Characterization of NB against CXCR4

We described three NBs for their different modulation of CXCR4 signaling and functions.

Our studies showed differential antagonist and agonist effects of these nanobodies on CXCR4 G-protein and ß-arrestin signaling cascades thus qualifying them as novel tools to study CXCR4 biology.

We identified the NB1 as being a competitive CXCR4 antagonists, like other NBs already described in literature, binding to the same "binding" site as CXCL12 (the activating intra helix one), as shown in docking analysis of receptor:NB interaction models. The competitive blocking of CXCR4 by this VHH-based immunoglobulin single variable domains, to our knowledge, has not been described for conventional antibodies like 12G5, possibly as a result of allosteric and/or receptor state-dependent binding of conventional surface-binding antibodies to CXCR4 [START_REF] Baribaud | Antigenically distinct conformations of CXCR4[END_REF]. The small-molecule CXCR4 ligand AMD3100 also fully inhibiting CXCL12 binding, interacts to well characterized sites within this cavernous binding pocket of CXCR4 within the TM helices and the ECL2 (Wong et al

2008).

Protein-protein docking showed that the identified nanobodies in this study bind to the activation domain (NB1) or to distinct but not overlapping sites in CXCR4 ECL2 (NB2 and NB3). In contrast to the nanobodies targeting CXCR4 reported so far that are highly selective for the human receptor, we found that the three clones nanobodies cross reacted with the murine form, a property which makes them important biological tool, indicating the conservation of important ECL residues between the human and murine CXCR4 receptors.

II.2 NBs applications

Studying the three NBs clones against CXCR4 identified three different mechanisms of modulating CXCL12/CXCR4 signaling pathways providing these new tools with differential potential applications for future uses.

We can consider NB1 like most of other nanobodies reported so far against most GPCRs. This behavior as a competitive antagonist, like other therapeutic molecules used against GPCRs, can be used as a new testing neutral antagonist targeting this pathway.

Since NB2 affects CXCR4 conformation, blocking the receptor in a structural complex that lost the capability to activate pathways downstream the interaction with CXCL12, this effect fits with the structural nanobodies characteristics.

We can prospect for this tool the application in the CXCR4 crystalisation, for example, because not only we have a stable conformation with the receptor, but the receptor can still interact with the CK in its inactive state.

NB3 is the most unusual nanobody because of its biased pharmacological activity in MAPkinase pathway and even more for its capability to synergize with the CK to improve migration. If we suppose that the active state of CXCR4 is improved upon interaction with NB3 and with CXCL12, we can still imagine a structural application (as the opposite of NB2), in this case the crystal derived might elucidate the active state conformation and, moreover, with or without the CK we might separate a conformation biased on ß-arrestin2 activation.

The other peculiar characteristic of these three NBs is the possibility to interact with the murine receptor. NBs antagonists for CXCR4 known in literature and interacting with the ECL2 are no more active on the murine receptor, so their applications are limited.

In microscope and imaging approaches the NBs we described that recognize the murine receptor can find applications as optical tools. We already generated tagged forms of allosteric NBs with HTRF-compatible marker molecules (ie. Tb-cryptate and D2 acceptor) and our short-term perspectives are to study the CXCR4 live-internalization and the oligomerization in native conditions. This application can be imagined also on murine tissues.

II.3 Conclusions

In view of their high affinity and selectivity, GPCR-targeting NBs may serve as excellent tools as diagnostics and, potentially, as therapeutics. With advances in microscope and imaging technologies, GPCR-targeting NBs may be ideal to monitor GPCR expression at high resolution and in vivo, respectively. As diagnostics and as modulators of GPCR function, GPCR-targeting NBs will serve as important tools to validate the role of GPCRs in pathology.

They combine the advantages of both small molecules (e.g., cavity binding, low production costs) and mAb(e.g., high affinity and specificity). Through engineering methods, NBs can be formatted to increase their potencies, target multiple GPCRs (distinct or homo/heterodimers), or tailor their half-life, broadening their applicability as therapeutics for both acute and chronic treatments. Hence, the emergence of this novel class of antibodies as high-quality research tools, diagnostics, and therapeutics is likely to herald exciting advancements in GPCR research. di sempre. Anche in questo caso evito l'elenco perché dimenticherei sicuramente qualcuno.
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Introduction

  Chapter I: Chemokines structure and interactions  Chapter II: G-Protein Coupled Receptors structural basis  Chapter III: Nanobodies as new innovative tools Proteins called "chemokines" are cytokines, usually of a molecular weight between 8 and 14 kDa with a high structural homology, and the peculiar chemo-attractive function (CHEMOtactic cytoKINES).

Fig 2 .

 2 Fig 2. The CK fold consists of a flexible N-terminus, an N-loop, occasionally a 310 helix, an

  . Four of these clusters have been characterized, one for each of the CC and CX3C type of CKs and two within the CXC family (Fig 5). Cluster 1, characteristic of CXCL8 and most CXC CKs is created by the residues of the C-terminal α-helix together with the loop connecting the extended N-terminal strand region with the first β-strand. Cluster 2, which has only been observed in CXCL12, forms a crevasse at the interface between the β-strands, where three basic amino acids in both b(1) and b(2) characterize the binding site. Cluster 3 is observed in most CC CKs and mainly consists of the loop between b(2) and b(3) strands with a typical BBXB conserved motif. Basic amino acids located at the beginning and the end of the loop connecting b(N) and b(1) also participate in the establishment of such a cluster. Finally, cluster 4 (CX3C CK) comprises a flat area made up of loops between b(1) and b(2) and loop connecting b(3) and a(c). Except for a single Lys, shared by cluster 2 and cluster 3, these GAGs binding sites are not overlapping and thus represent specific binding signature of each group of CKs.

Fig 4 .

 4 Fig 4. Example of chemical differences between GAGs (Bertoni, 2015).

Fig 5 .

 5 Fig 5. Binding epitopes on GAGs. The figure shows surface topology and ribbon diagrams for

Fig 7 .

 7 Fig 7. Molecular models and experimental designs of CXCR4:CXCL12 interaction. (A) NMR

Fig 9 .

 9 Fig 9. The GPCRs 7-TM helixes class A subfamily illustrated by the ß-adrenergic receptor structure coupled to heterotrimeric G-proteins[START_REF] Rasmussen | Crystal structure of the human beta2 adrenergic G-protein-coupled receptor[END_REF]).

  is Förster Resonance Energy Transfer (FRET) based on bioluminescence or fluorescence (BRET and FRET respectively) detection.

Fig 10 .

 10 Fig 10. Resonance energy transfer methods. (A) Basic properties of donor/acceptor compatible couple in order to gain resonance energy transfer. Principles of (B): the FRET, (C): The BRET, and (D): the HTRF methods (Couturier and Deprez 2012).

Fig 11 .

 11 Fig 11. Positive and negative cooperativity in GPCRs dimerization. a) Agonist A binding to one GPCR (in green) results in partial activation of another GPCR (in blue). b) When twoagonists, A and B, bind to the GPCRs there will be enhanced activation, synergism. c) In negative cooperativity binding of A to one GPCR (in green) leads to inhibition of the binding of B to another GPCR (in blue) and thus ligand B-related signaling. d) Binding of A leads to inhibition of signaling from the GPCR (in blue) even with B bound to it(Zhang et al, 2014).

Fig 12 .

 12 Fig 12. CXCR4 downstream signaling pathways via G-proteins and ß-arrestin activation.

Fig 13 .

 13 Fig 13. Heterodimerization of CXCR7 and CXCR4 can impact on CXCR4-signaling upon interaction with CXCL12. Signaling pathways described (blue lines) are shown for CXCR7. This receptor signals through β-arrestin and modulate CXCL12/CXCR4 G-protein-mediated signaling (red lines).

(

  Katherine Griffithsa et al., 2106) and others (nanobodies) were found to behave as neutral antagonists and inverse agonists in monovalent and bivalent states, respectively (Sven Jähnichena 2010). Thus a better understanding of CXCR4 pharmacology is welcome for the development of biased antagonists with extended pharmacokinetics and pharmacodynamics. Chapter III Preamble on Nanobodies: the smallest natural antigen-binding fragment Nanobodies (NBs) correspond to the variable domains of camelid heavy-chain antibodies (HCAbs). HCAbs were discovered in 1989 by the group of Hamers (Hamers-Casterman, Atarhouch et al. 1993), as immunoglobulin G (IgG) antibodies lacking the light chains and the first constant domain of the heavy chains (i.e., the CH1 domains) present in their conventional counterparts.HCAbs are composed therefore of only two heavy chains(Fig 14). They are synthesized by Camelidae (including camels, llamas and dromedaries) in addition to conventional antibodies and their proportion depends on the species: HCAbs represent 50% of the IgG in dromedaries and camels and 25 to 45% in llamas (van der Linden,de Geus et al. 2000). The antigenbinding domain of HCAbs is naturally reduced to a single domain of ~130 amino acids (~14 kDa) and therefore corresponds to the smallest available natural antigen-binding fragment: a NB, VHH or single-domain antibody.

Fig 14 .Fig 15 .

 1415 Fig 14. Representation of conventional antibody and comparison with HCAb and VHH REF?

  , immunocytokines[START_REF] Pasche | Immunocytokines: a novel class of potent armed antibodies[END_REF], antibody fragments[START_REF] Huehls | Bispecific T-cell engagers for cancer immunotherapy[END_REF], scaffold proteins[START_REF] Kolmar | Natural and engineered cystine knot miniproteins for diagnostic and therapeutic applications[END_REF]) and VHH camelids antibody-derivatives[START_REF] Hamers-Casterman | Naturally occurring antibodies devoid of light chains[END_REF][START_REF] Greenberg | A new antigen receptor gene family that undergoes rearrangement and extensive somatic diversification in sharks[END_REF] were engineered. Recombinant production of VHHs emerged as a seemingly inexpensive alternative to the production of mAbs (see above,[START_REF] Zarschler | High-yield production of functional soluble single-domain antibodies in the cytoplasm of Escherichia coli[END_REF] (Arbabi Ghahroudi,[START_REF] Arbabi Ghahroudi | Selection and identification of single domain antibody fragments from camel heavy-chain antibodies[END_REF]).

  the large interest on CXCR4 three-dimensional structure, very few structural information are known on CXCR7, the recently discovered second receptor of CXCL12. This receptor is another key player in the CXCL12/CXCR4-dependent signaling and contributes to the formation of a functional gradient of CXCL12 through its scavenging activity. Though, in agreement with this function, CXCR7 behaves as an atypical CKR that fails to activate G proteins upon agonist (CXCL11 or CXCL12) binding, it does activate MAPK through the recruitment of ß-arrestins and can thus per se contribute to CXCL12dependant functions.Apart from shaping CXCL12 gradients, CXCR7 has also the propensity to modify CXCR4dependent signaling (G-proteins and ß-arrestins) by the way of heterodimers with CXCR4, the formation of which in endogenous setting remains nevertheless open. The role of CXCR7 in CXCL12-dependent functions and, behind, its importance in physiological and pathological processes, have boosted research devoted to this atypical receptor. However, the knowledge stays limited notably with regard to molecular aspects related to CXCL12 binding and signaling.

  CXCL12 bound to the monomeric mutated D193K receptor (simulation 11-D193K). As shown in Fig S7, the mutation does not affect the global position and orientation of the chemokine with respect to the receptor. Moreover, most of the contacts between the CXCL12

Fig 2 .

 2 Fig 2. Time evolution of the RMSD (top row) of the receptor (cyan line), the chemokine (magenta line), the chemokine with respect to the receptor (green line), and the chemokine position relative to the receptor (bottom row), for the three wild type complexes 11-WTA, 11-WTB and 11-WTC. The position of the chemokine with respect to the receptor is indicated by the angle between the vector joining the CXCL12 pivotal residue Ser6 to the antipodal Asn45and the vector joining the CXCR4 residues Tyr45 to Gln200. In the inset pictures, the second protomer of the dimeric CXCR4 is represented in white ribbon as a visual reference for the chemokine positions. The CXCL12 residue Lys1 is indicated by black spheres and its residues Ser6 and Asn45 by colored ones.

FigFig 3

 3 Fig 3 (top)

Fig 4 .

 4 Fig 4. Position and orientation of the wild type (left) and K1R mutant (right) CXCL12 Nterminus within the monomeric CXCR4 transmembrane cavity. The chemokine is displayed with magenta ribbon and pink sticks; the receptor with blue ribbon and green sticks.

Fig 5 .

 5 Fig 5. Time evolution of the distance between the chemokine first residue and the receptor Asp97 (purple line), Asp187 (orange line) and Glu288 (green line), for the 11-WTC, 11-K1R, 21-WT and 21-E268 simulations. The inset picture displays in colored spheres the chemokine residues Lys1 (black) and Asn45 (magenta), as well as the receptor key residues Asp97 (purple), Asp187 (orange) and Glu288 (green).

Fig 6 .

 6 Fig 6. Same as Fig. 2 but for the wild type 2:1 CXCR4-CXCL12 complex (left) and the K1R (middle) and P2G (right) chemokine mutants. The inset picture displays the two protomers of the dimeric CXCR4 with cyan and tan ribbons. The CXCL12 residue Lys1 is indicated by black spheres and its residues Ser6 and Asn45 by magenta ones.
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 7 Fig 7 (top)

Fig 8 .

 8 Fig 8. Top: Quaternary structures of the wild type (left) and E268A mutant (right) of the dimeric receptor in complex with CXCL12. Bottom: Position and orientation of the chemokine N-terminus within the wild type (left) and E268A (right) dimeric receptor transmembrane cavity. The chemokine is colored in magenta and the receptor protomers in cyan and tan.

Fig S3 .

 S3 Fig S3. Unit cell of the crystal CXCR4-vMIP-II structure (PDB code 4RWS). CXCR4, vMIP-II and T4 lysozyme are respectively colored in grey, magenta/orange and cyan.

Fig S5 .

 S5 Fig S5. Percentages (right bicolor scale) of the 11-K1R (top) and 11-P2G (bottom) simulation time for which the chemokine N-terminal first eight residues are distant by less than 6 Å to the receptor residues important for activation. Critical residues for CXCR4 activation are emphasized in bold print.

Fig S6 .

 S6 Fig S6. Top and front views of one representative pose of the chemokine CXCL12 (magenta) on the extracellular side of the CXCR4 dimer (cyan and tan).

Fig S7 .

 S7 Fig S7. Same as Fig. S4 but for the D193K receptor mutant 1:1 complex (left) and the E268A receptor mutant 2:1 association (right).

Fig S8 .

 S8 Fig S8. Same as Fig. S5 but for the D193K receptor mutant 1:1 complex (top) and the E268A receptor mutant 2:1 association (bottom).

Fig S9 .

 S9 Fig S9. Percentages (right bicolor scale) of the 11-WTC (top) and 21-WT (bottom) simulation time for which the chemokine recognition site residues are distant by less than 6 Å to the receptor N-terminal important residues for binding.

  10nM) was mixed to increasing concentration of competitors at 4°C to prevent receptor internalization. Fluorescent signal was measured at 620nm (fluorescence of the donor) and at 665nM (FRET signal) over 1 hour on a Pherastar (BMG LABTECH, Champigny s/Marne, France). Results were expressed as the 665/620 ratio. Specific variation of the 665/620 ratio was plotted as a function of competitor concentration. All binding data were analyzed with Prism 6 (GraphPad Software, Inc., San Diego, CA) using the one site-specific binding equation. All results are expressed as the mean ± SEM of at least three independent experiments performed in triplicate. Kis were calculated from IC50 values with the Cheng Prusoff equation62 . The affinity of CXCL12-red is equal to 48nM61 . cAMP accumulation and ERK1/2 by HTRF-FRET assays Measurement of intracellular cAMP accumulation in HEK293T cells (endogenously expressing CXCR4) was performed using the cAMP Dynamics 2 competitive immunoassay kit (Cisbio Bioassays, Codolet, France). The cAMP assay uses a cryptate-conjugated anti-cAMP monoclonal antibody and d2-labeled cAMP. HEK293T cells were detached and seeded into white 96-well microplates with 1x10 4 cells/well in 20µl DMEM without serum. Prior to lysis, cells were treated or not with CXCL12 at a concentration of 10nM (to stimulate Galpha-i coupling to endogenous CXCR4) or with NBs as indicated in 10µl/well of DMEM and incubated 30 minutes at 37°C. Antagonists (AMD3100 or NBs) were pre-incubated 30 minutes at room temperature before stimulation with CXCL12. Then, cells were incubated for 45 min with forskolin at final concentration of 5µM at 37°C and then lysed by addition of 40µl/well of the supplied conjugate-lysis buffer containing d2-labeled cAMP and Europium cryptate-labeled anti-cAMP antibody, both reconstituted according to the manufacturer's instructions. Plates were incubated for 1 hour in the dark at room temperature and timeresolved fluorescence signals were measured at 620 and 665 nm, respectively, 50 ms after excitation at 320 nm using a Mithras LB 940 plate reader (Berthold Biotechnologies, Bad Wildbad, Germany).

Fig. 1 .

 1 Fig. 1. HTRF-based competition assays. To evaluate the affinity of NBs for CXCR4, competition assays were performed with the Tag-lite assay on HaloTag-CXCR4 receptors. CHO cells expressing HaloTag-CXCR4 were incubated in the presence of CXCL12-red tracer (10nM) and increasing concentrations of NBs or the orthosteric CXCR4 antagonist IT1t. FRET signal were measured after overnight incubation at 4°C. Fluorescence ratios (665nm/620nm) were plotted as a function of competitor concentrations. All binding data were analyzed using the one site-specific binding equation. Ki values were calculated from IC50 values with the Cheng Prusoff equation and indicated that NB1 competed with CXCL12 but not NB2 and NB3. Results are from one experiment representative of three performed in triplicate. Error bars represent s.e.m.; n = 3.

Fig. 2 .

 2 Fig. 2. Effect of NBs on CXCL12/CXCR4-induced G-alpha-i pathway. (A) HTRF-based cAMP assay on HEK293T cells left untreated or treated with CXCL12 (10nM) in the presence or not of the NBs at the indicated concentrations for 30 min. (B) Time course analysis of BRET signals in HEK293T cells transiently transfected with G-alpha-i1-Rluc and CXCR4-YFP upon stimulation with CXCL12 (100nM). NBs (375nM) were pre-incubated 30 minutes at room temperature before adding CXCL12. Signal were immediately collected and at 5 and 10 minutes. (C) BRET signals in HEK293T cells transiently transfected with Galpha-i1-Rluc and CXCR4-YFP were determined in the absence (untreated) or presence of 100nM CXCL12, NBs at the indicated concentrations and, when indicated, following overnight pretreatment with Pertussis toxin (Ptx 100ng/ml). Signals were recorded 2 minutes after CXCL12 addition. Data represent 3 independent experiments. Data points are mean ± S.E.M. of triplicate values from a single experiment, and are representative of three individual experiments. T-student analysis for statistics: *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 3 .

 3 Fig. 3. NBs modulate ß-arrestin recruitment to the activated CXCR4 and internalization of the receptor. (A) BRET measure of ß-arrestin2 recruitment on CXCR4 in HEK293T cells transiently transfected with ß-arrestin-2-Rluc and CXCR4-YFP after 30 minutes of incubation with NBs at the concentration of 375nM, followed by CXCL12 stimulation at 100nM. Data points are mean ± S.E.M. of triplicate values from a single experiment, and are representative of three independent experiments. (B) DERET assay for the detection of CXCL12-induced internalization of CXCR4. Kinetic analysis of CXCR4 internalization in CHO cells transiently expressing HALO-CXCR4 and labeled with SNAP-Lumi4®-Tb. Internalization was monitored in the presence or absence of 100nM CXCL12 and NBs (1µM). Results (mean ± SEM) were from three independent experiments performed in duplicate.

Fig. 4 .

 4 Fig. 4. NBs interfere with ERK/MAPK activation downstream CXCR4. Effect of NB2 (A) and NB3 (B) on CXCR4-dependent ERK phosphorylation using a HTRF-based assay in HEK293T cells expressing endogenous levels of CXCR4. Cells were either pre-incubated with NBs at 1.5µM during 30 minutes on ice before being stimulated with CXCL12 (50nM) or directly stimulated with CXCL12 (50nM) or NBs (1.5µM) for 2, 5 and 20 minutes at 37°C before harvesting. Data points are mean ± S.E.M. of triplicate values from a single experiment, and they are representative of two separate experiments. T-student analysis for statistics: *p < 0.05, **p < 0.01.

Fig. 5 .

 5 Fig. 5. NB3 positively regulates CXCL12-promoted chemotaxis of T lymphocytes. (A) Chemotaxis assay in transwell chamber of PBMC of independent healthy individuals (n = 3) in response to the indicated concentration of CXCL12. Transmigrated cells recovered in the lower chamber were stained with mAbs specific for CD3, CD4 and CD8 antigens and counted by flow cytometry. (B) Migration with NB3 or with CXCL12 at the indicated concentrations in presence or not of NB3 added in both chambers. Results (mean ± SEM) are from 3 independent experiments and expressed as the percentage of input total (gated CD3+ CD4+ or CD3+ CD8+) T cells that migrated to the lower chamber. *P < .05, **P < .005 and ***P < .0005.

Fig. 6 .

 6 Fig. 6. Predicted binding of NBs on the extracellular region of CXCR4 by Peptide-peptide docking experiments. Overview of the interaction between the NBs' CDR and the receptor extracellular domains from the three selected NBs/CXCR4 complexes. NBs form favorable contacts with the ECL2 (NB2 in red and NB3 in cyan) or the activation domain (NB1 in green) of CXCR4 (in gray) as shown in the two 180°-rotated orientations.

Fig. S1 .

 S1 Fig. S1. Surface expression of endogenous CXCR4 in HEK293T cells. Cells, shown in a forward scatter/side scatter dot plot were analyzed for their CXCR4 expression using the 12G5 mAb. The lower panel shows typical cell-surface expression levels of CXCR4 as assessed by flow cytometric analysis using the 12G5 mAb (grey bar) compare with isotype control mAb (light grey bar).

Fig. S2 .

 S2 Fig. S2. Measurement of cAMP production using an HTRF-based assay. (A) dynamic range of the standard curve plotting HTRF ratio versus cAMP concentrations. (B) CXCL12 dosedependent inhibition of cAMP production in endogenous CXCR4 expressed by HEK293T cells. Adding the CXCR4 antagonist AMD3100, inhibited CXCL12-induced responses. (C) NB2 and NB3 at the indicated concentrations did not modulate cAMP production as compared to untreated HEK293T cells and similarly to AMD3100-treated cells. (B, C) Results (mean ± SEM) are from 3 independent experiments.

Fig S6 .

 S6 Fig S6. NB1 and NB2 inhibit CXCL12/CXCR4-promoted chemotaxis of human T lymphocytes. Chemotaxis assay in Transwell® chamber of PBMC in response to CXCL12 (50nM) in presence or not of NB1 or NB2 added in both chambers at the indicated concentrations. Results (mean ± SEM) are from 3 independent experiments and expressed as the percentage of input total (gated CD3+ CD4+ or CD3+ CD8+) T cells that migrated to the lower chamber.

Fig. S7 .

 S7 Fig. S7. CXCL12/CXCR4-promoted chemotaxis of murine T lymphocytes is inhibited by NB1 and NB2 but not by NB3. Chemotaxis assay in Transwell® chamber of mouse splenic cells tested for their ability to migrate in response to the indicated concentration of CXCL12 (upper panel). Inhibition of cell migration by AMD3100, NB1 and NB2 added in both chambers is shown. Results (mean ± SEM) are from 3 independent experiments and expressed as the percentage of input total (gated CD3+ CD4+ or CD3+ CD8+) T cells that migrated to the lower chamber.
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  1D). Altough the substitution of the two first residues resulted in a decrease affinity of the chemokine to the same extend for both receptors, deletion of the first four and five N-terminal residues more dramatically jeopardize the binding of the chemokine to CXCR7/ACKR3 than to CXCR4 (Fig 1D and Tab 1). Saturation experiments allowed us to determine the dissociation constant Kd of CXCL12 for CXCR4 and CXCR7/ACKR3 (Fig S2) and the half maximal inhibitory concentration (IC50) and inhibitory constant (K i ) (Tab 1).

  Deleting the first four and five N-terminal residues dramatically affects the capacity of CXCL12 to induce CXCR7/ACKR3 internalization (Fig 2B) in accordance with their dramatically altered binding capacities (Fig 1D).

  Therefore, we used the result of MSA-Probs global alignment as query for Modeller software to perform the homology modeling of CXCR7/ACKR3 structure (comparition with CXCR4 structure in Fig S6). After minimization, we put the modeled CXCR7/ACKR3 structure in a lipidic double layer (POPC) membrane in hydrated context with charges in order to relax the structure in an all-atoms molecular dynamics simulation. RMSD index was calculated on C-alpha between the CXCR7/ACKR3 model and templates structures, before (3ODU: 0,839 Å, 4MBS: 0,871 Å, 2LNL: 1,201 Å) and after molecular dynamic simulation (3ODU: 1.348 Å, 4MBS: 1.270 Å, 2LNL: 1.276 Å). Time evolution of the RMSD of CXCR7/ACKR3 model during the molecular dynamics simulation was analyzed to verify the stability of the structure (Fig S7).

  These scripts allowed us to select the best docking conformation (Fig 4) and we focused on the possible interactions between the CXCL12 N-terminus and the CXCR7/ACKR3 residues we decided to modify for mutagenesis studies. Interestingly both aspartic acid residues were in proximity of the CXCL12 N-terminal residues: aspartic acid 179 with the Lys1 of CXCL12 and aspartic acid 275 with the Val4 of CXCL12 (Fig 4A). In contrast, the CXCR7/ACKR3 residues Serine 103, Arginine 197 and Glutamine 301, corresponding in the CXCR4 sequence to the key residues for G proteins activation (Aspartic acid 97 and 187 and Glutamic acid 288), didn't show any interaction with the CXCL12 N-terminus (Fig 4B). D179A-D275A and LAIDDE mutations conferred CXCR7/ACKR3 with the capacity to activate G-proteins.We thus investigated the potency of CXCR7/ACKR3 mutants upon CXCL12 stimulation, to activate ß-arrestin-dependent signaling such as the ERK1/2 MAPK pathway as does wild type CXCR7/ACKR3 and eventually to modulate cAMP levels. We used HTRF-FRET based assays in HEK293T cells transiently transfected with wild type CXCR4 or CXCR7/ACKR3 receptor or the CXCR7/ACKR3 mutants (expression level in Fig S5). Treatment of HEK293T cells, expressing wild type CXCR4 (Fig.5A), with CXCL12 caused G proteins activation (ie.

  LAIDDE and D275A CXCR7/ACKR3 mutants responded to CXCL12 similarly to the wild type receptor while the double mutant D179A-D275A displayed a pattern related to CXCR4 response (Fig 7B). We proceeded with P2G stimulations, which allowed us to confirm on the one hand MAPK activation (Fig 8A), inhibited by the 9C4 antibody, downstream LAIDDE and D275A mutants (Fig 8B). On the other hand, the D179A-D275A mutant did not show any activation upon P2G stimulation, indicating that this mutation is responsible for the loss of resulting receptor to activate the MAPK pathway.

  Prediction of ACKR3 structure was performed starting from the amino acid sequence UniProt P25106, selecting the closest related UniProt amino acid sequence using the PSI-BLAST alignment algorithm and aligning the selected templates (CXCR4 P61073, CCR5 P51681 and CXCR1 P25024) using MSAprob algorithm. Results from MSAprob were forwarded in HHpred software with HHblits options (hidden Markov model predictions (Soding et al. 2005), and models were created using Modeller software matching the three-dimensional PDB-structures of CXCR4 (3ODU), CCR5 (4MBS) and CXCR1 (2LNL).

Fig 1 .

 1 Fig 1. CXCL12 N-terminal mutated analogs differentially bind to CXCR4 and ACKR3. (A) 15 first N-terminal residues of CXCL12 and mutated analogs sequences. Analogs encompass either deleted residues or substituted residues (in red). (B) Principle of the HTRFbased competition experiments indicating the tagged receptor (blue dot), the red-CXCL12 (red dot) and the potential competitors (in green). (C-D) HTRF-based competition experiments performed in CXCR4-expressing HEK293T cells (C) and ACKR3-expressing HEK293T cells (D) incubated in presence of red-CXCL12 and the increasing indicated concentrations of CXCL12 (red), CXCL12-K1R (green), CXCL12-P2G (blue), CXCL12 4-67 (orange), CXCL12 5-67 (black), AMD3100 (gray), T134 (ochre) or CXCL11 (purple) for 2 hours at room temperature. Values are expressed as percent of the maximal binding obtained without competitor. IC50 and Ki values are presented inTable 1. Values are mean ± SEM of four experiments, each performed in triplicate.

Fig 2 .

 2 Fig 2. Requirement of CXCL12 two first residues for inducing CXCR4 but not ACKR3 internalization. (A) HEK293T cells stably expressing ST-CXCR4 (A) or ST-ACKR3 (B) were labeled with SNAP-Lumi4Tb fluorescent substrate and incubated in the presence of a large excess of acceptor with medium or saturating concentrations of the indicated ligands (1µM). Receptor internalization was then evaluated by the DERET assay. Results are expressed as 620/520 ratio and represent the mean +/-SEM of two independent experiments performed in duplicates.

Fig 3 .

 3 Fig 3. CXCL12 analogs differentially induce β-arrestin2 recruitment to receptors and β-arrestin2 intramolecular conformational changes. (A-B) BRET signal between Rluc-β-arrestin2 and CXCR4-YFP (A) or ACKR3-YFP (B) was measured 48 hours post-transfection in HEK293T cells stimulated or not by the indicated ligands (1µM). (C-D) Ligand-promoted conformational change of β-arrestin2 monitored by intramolecular BRET. HEK293T cells were transfected with Rluc8-β-arrestin2-Ypet and either CXCR4 (C) or ACKR3 (D). Cells were stimulated by the indicated ligands (1µM). Data represent the mean +/-SEM of three independent experiments performed in duplicates.

Fig 4 .

 4 Fig 4. Predicted interactions between CXCL12 and ACKR3 by Peptide-peptide docking experiments. A model of the interactions between CXCL12 (orange ribbon) and ACKR3 (cyan ribbon) showing the likelihood positions of CXCL12 N-terminus residues toward ACKR3 residues (A) conserved in CXCR4 and considered as critical for interaction with CXCL12 (ACKR3 D179 vs CXCR4 D171; ACKR3 D275 vs CXCR4 D262) and (B) considered as critical for CXCR4-induced Gi protein activation but not conserved (identity and charges) in ACKR3 (ACKR3 S103 vs CXCR4 D97; ACKR3 R197 vs CXCR4 D187; ACKR3 Q301 vs CXCR4 E288). CXCL12/ACKR3 interactions are shown in the two 180°rotated orientations. Three different mutants were generated modifying the two conserved residues (D179A and D275A) or all residues critical for G-protein activation (LAIDDE).

Fig 5 .

 5 Fig 5. Inhibition of cAMP production indicates G-protein activation downstream ACKR3 mutants. HTRF-based cAMP assay in HEK293T cells transiently transfected with CXCR4, WT ACKR3 (A) or the indicated ACKR3 mutants (LAIDDE, D179A-D275A and D275A) (B) and left untreated or treated with CXCL12 (10nM), AMD (10µM) in presence or not of the anti-human ACKR3 9C4 mAb for 30 minutes. Results are expressed as 665/620 ratio. Data points are mean ± S.E.M. of duplicate values from a single experiment, and are representative of three individual experiments. T-student analysis for statistics: *p < 0.05, **p < 0.01, ***p < 0.001. ns (non significant).

Fig 6 .

 6 Fig 6. ACKR3 LAIDDE and D179A-D275A mutants activate G-proteins. HTRF-based cAMP assay in HEK293T cells transiently transfected with CXCR4, WT ACKR3 (A) or the indicated ACKR3 mutants (LAIDDE, D179A-D275A and D275A) (B) and left untreated or treated with CXCL12 (10nM), CXCL12-P2G mutant (50nM) and CXCL12 5-67 truncation (100nM), in presence or not of the anti-human ACKR3 9C4 mAb for 30 minutes. Results are expressed as 665/620 ratio. Data points are mean ± S.E.M. of duplicate values from a single experiment.

Fig 7 .

 7 Fig 7. D179A-D275A double mutation abolishes the capacity of ACKR3 to activate the ERK1/2 pathway upon CXCL12 stimulation. HTRF-based assay in HEK293T cells transiently transfected with CXCR4, WT ACKR3 (A) or the indicated ACKR3 (LAIDDE, D179A-D275A and D275A) mutants (B) and left untreated or treated 5 minutes with CXCL12 (50nM), in presence or not of AMD (10µM) or the anti-human ACKR3 9C4 mAb for 30 minutes. Results are expressed as 665/620 ratio. Data points are mean ± S.E.M. of duplicate values from a single experiment, and are representative of three individual experiments. T-student analysis for statistics: *p < 0.05, **p < 0.01, ns (non significant).

Fig 8 .

 8 Fig 8. CXCL12 mutant P2G confirms that the ACKR3 mutant LAIDDE activates the ERK1/2 pathway while the D179A-D275A double mutation abolishes it. HTRF-based assay in HEK293T cells transiently transfected with CXCR4, WT ACKR3 (A) or the indicated ACKR3 (LAIDDE, D179A-D275A and D275A) mutants (B) and left untreated or treated with CXCL12 (50nM), CXCL12-P2G (100nM) and CXCL12 5-67 (200nM) in presence or not of the anti-human ACKR3 9C4 mAb for 30 minutes. Results are expressed as 665/620 ratio. Data points are mean ± S.E.M. of duplicate values from a single experiment.

Table 1 .Table 2 .

 12 Fig.S3are presented as mean ± SEM EC50 values (nM) were calculated as described under Experimental procedures. nd: not determined.

Fig

  Fig S3. Dose-response curves for ligands-induced interactions between β-arrestin2 and receptors. HEK293T cells transiently expressing Rluc-β-arrestin2 and ACKR3-YFP (A) or CXCR4-YFP (B) were stimulated with increasing indicated concentrations of CXCL12 (red), CXCL12-K1R (green), CXCL12-P2G (blue), CXCL12 4-67 (orange), CXCL12 5-67 (black), AMD3100 (gray), T134 (ochre) or CXCL11 (purple). Results are expressed as percentage of maximal ligand-induced BRET signal. EC50 values were determined by nonlinear regression using a sigmoidal dose response model with variable slope (GraphPad Software Inc.). Data represent the mean ± SEM of two to three independent experiments each performed in duplicate.

Fig S5 .

 S5 Fig S5. Cell surface expression of WT ACKR3 and the indicated ACKR3 mutant receptors in HEK293T cells. Cell surface expression levels of ACKR3 in non-transfected HEK293T cells (i.e. endogene ACKR3 expression (endoACKR3), upper dot plots) and in HEK293T cells transfected with ACKR3-WT and the indicated ACKR3 mutants (LAIDDE, D179A-D275A and D275A) (lower dot plots). Cells were analyzed by flow cytometry using the 9C4 mAb directed against ACKR3. Negative controls were cells unstained or stained with the control isotype (ISO). Percent of positive cells delinated by the gate (right rectangle) are indicated in the right corner of the dot plots. Receptors expression presented as mean fluorescence intensity (MFI) is shown in lower histogrammes. A representative experiment is shown.

Fig

  Fig S6. Fitting CXCR4 X ray-derived structure and ACKR3 structure derived from molecular dynamic simulations. Matching the secondary structures between CXCR4 (orange ribbon) and ACKR3 (blue ribbon) revealed that the overall structure of the ACKR3 receptor is conserved including the helical TM domains with the exception of the three indicated domains; the N-and C-terminus (N-term and C-term, blue rectangles) and the ECL2 (orange rectangle). CXCL12/ACKR3 interactions are shown in the two 180°-rotated orientations.

  Etude de l'interaction structurelle et fonctionnelle entre la chimiokine CXCL12 et ses récepteurs : CXCR4 et ACKR3/CXCR7 Mots clés : GPCRs, protein-protein interaction, Molecular modeling, Nanobodies Résumé : L'axe formé par la chimiokine CXCL12 et son récepteur CXCR4 est conservé chez les vertébrés où il joue un rôle important dans l'embryogenèse et la vie adulte, et régule de nombreux processus des réponses immunitaires grâce à ses fonctions dans la migration cellulaire, la survie et la prolifération. En outre, cet axe est impliqué dans les processus pathologiques tels que les cancers (croissance et métastase) et immunodéficiences, ainsi que des dysfonctionnements (par exemple l'expression dérégulée, polymorphismes ou mutations) et il est également détourné par certains agents pathogènes (par exemple le virus de l'immunodéficience humaine, virus du papillome humain).Un grand groupe de travail est consacré à cette paire comme cible thérapeutique, mais seulement un composé (Plérixafor) a atteint l'approbation pour une utilisation clinique, faisant du potentiel de cet axe une cible des médicaments encore inexploré. Bien que cet axe est l'objet d'un grand intérêt, des questions demeurent quant aux déterminants structurels impliqués dans l'interaction CXCL12/CXCR4. Cependant, la structure récemment résolue par diffraction de CXCR4 a donné quelque indice au sujet de ces questions, et en particulier, de la possible stoichiométrie entre CXCL12 et CXCR4. Plusieurs éléments de preuve appuient le concept que CXCR4 forme des homo-et hétéro-oligomères (qui peuvent contribuer à la diversité des fonctions du récepteur), telles que la structure de diffraction, le gain de fonction d'un récepteur CXCR4 mutant responsable du syndrome WHIM et la modulation allostérique des fonctions de CXCR4 par CXCR7 (ACKR3), le second récepteur de CXCL12.La possibilité de former des oligomères ouvre des nombreuses questions en matière de CXCL12 et ses interactions avec CXCR4 et CXCR7/ACKR3. La stoichiométrie de cette interaction reste une question ouverte, comme le récepteur est capable de former des oligomères avec le même récepteur ou autre récepteurs, en particulier CXCR7/ACKR3. Ce récepteur, connu comme scavenger, n'a pas de structure résolue et son mécanisme d'interaction avec CXCL12 reste inconnu. Afin d'étudier les interactions CXCL12/CXCR4/CXCR7, nous avons appliqué plusieurs techniques de modélisation moléculaire tels que le peptid-peptide docking et les simulations de dynamique moléculaire. Objets du projet ont étés : la résolution des possibles formes et dynamique); la modélisation de la structure du récepteur CXCR7/ACKR3 et son interaction avec CXCL12 (homology modeling et docking), avec caractérisation des domaines et des résidus clef de l'activation des pathways de signalisation en aval du récepteur (mutants CXCR7/ACKR3); l'étude et la caractérisation de nouveaux outils innovants pour la détection de l'oligomerisation de ces récepteurs en conditions endogènes. (Nanobodies, HTRF) Les résultats du premier objectif ont étés publiés en janvier 2016 : PMID 26813575. La modélisation de CXCR7/ACKR3 nous a permit de générer plusieurs mutants du récepteur pour tester nos hypothèses sur l'activation. Les nanobodies caractérisés pour CXCR4 seront utilisé dans une deuxième étude pour l'identification des formes oligomériques du récepteur sur tissus et cellules.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  AMD3100, which is no longer in clinical development for this use because of no oral availability and some severe side effects. However, tacking advantage of the mobilization of hematopoietic cells from the bone marrow to the blood upon blockade of the CXCL12/CXCR4 axis by AMD3100, this small molecule was recently approved by the FDA

(Food and Drug Administration) for its acute administration together with granulocytecolony-stimulating factor (G-CSF) for the mobilization of stem cells for autologous transplant in non-Hodgkin's lymphoma and multiple myeloma (Stiff et al 2009). Development of therapeutic mAb(mAb) to CXCR4 is challenging due to the fact that CXCR4 can exhibit conformational heterogeneity. However, two different antibodies, MDX-1338/BMS93656 (http://clinicaltrials.gov) and ALX-0651 (http://clinicaltrials.gov), a llamaderived immunoglobulin single variable domain nanobody, are in Phase I/II and Phase I respectively.
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Despite the recent resolutions of the crystal structure of the chemokine receptor CXCR4 in complex with small antagonists or viral chemokine, a description at the molecular level of the interactions between the full-length CXCR4 and its endogenous ligand, the chemokine CXCL12, in relationship with the receptor recognition and activation, is not yet completely elucidated. Moreover, since CXCR4 is able to form dimers, the question of whether the CXCR4-CXCL12 complex has a 1:1 or 2:1 preferential stoichiometry is still an open question.

We present here results of coarse-grained protein-protein docking and molecular dynamics simulations of CXCL12 in association with CXCR4 in monomeric and dimeric states. Our proposed models for the 1:1 and 2:1 CXCR4-CXCL12 quaternary structures are consistent with recognition and activation motifs of both partners provided by the available site-directed mutagenesis data. Notably, we observed that in the 2:1 complex, the chemokine N-terminus makes more steady contacts with the receptor residues critical for binding and activation than in the 1:1 structure, suggesting that the 2:1 stoichiometry would favor the receptor signaling activity with respect to the 1:1 association.

Full title:

Conformationally selective Nanobodies for regulation of

CXCR4 functions

Short title:

Nanobodies as tools

Pasquale Cutolo 1 , Agnieszka Jaracz-Ros 

Abstract

The pair formed by the CXCL12 chemokine and its G-protein-coupled receptor (GPCR)

CXCR4 is highly conserved among vertebrates being essential for development, and critical for numerous homeostatic functions such as cell survival and proliferation, adhesion and chemotaxis. This axis is hijacked by various pathogens and deregulated in pathological conditions generating a large body of work devoted to this pair as a therapeutic target. Small molecules and human single-domain antibodies-like scaffold interacting within the CXCL12 binding pocket act as potent inhibitors including VHH-based immunoglobulin single-variable domain or nanobodies from the Camelid family. Here, we set out to study the functional interaction of three nanobodies with CXCR4 to investigate their roles as novel tools for studying the biology of the CXCL12/CXCR4 signaling pathways. We found that two of them inhibited to varying extents CXCL12-induced G-protein activation (cyclic AMP accumulation), ß-arrestin-dependent activation (extracellular signal regulated kinase ERK1/2 activation), receptor internalization (diffusion-enhanced resonance energy transfer or DERET) and chemotaxis of both human and murine primary lymphocytes. Binding assays indicate that these functional effects were due to steric blockade of the chemokine for one, but most likely for the other to stabilization of specific receptor conformations, which do not support effector coupling. Whereas the third nanobody, also binds to extracellular loop of CXCR4, it behaves as a biased ligand inhibiting CXC12-induced CXCR4 internalization but acting as a positive modulator of CXCL12/CXCR4-induced chemotaxis of human lymphocytes, likely as a consequence of stabilization of specific active CXCR4 conformations in complex with G-alpha-i proteins.

Abstract

The involvement of CXCR4 and CXCR7/ACKR3 chemokine receptors in cancer pathogenesis, metastatic development, inflammatory and cardiovascular diseases or viral infection (eg. HIV) has fuelled new research into the development of small inhibitory molecules of these receptors. It has been suggested that CXCR4 inhibitors TC14012 and AMD3100 known to inhibit HIV infection, for example, turn out to be potential allosteric agonists of CXCR7/ACKR3 able to modulate the arrestin-dependent pathway mediated by this receptor. In a similar manner, synthetic orthosteric ligand of CXCR7/ACKR3, such as CCX771, able to reduce tumour growth and endothelial transmigration, turn out to be also a potent activator of arrestin recruitment onto the receptor. These findings and the scarce knowledge of CXCR7/ACKR3 structure and interactions with its chemokine ligand CXCL12 prompted us to compare CXCL12 analogs for their binding and signalling properties with regard to CXCR7/ACKR3 and CXCR4. These analogs, which derived from single substitution or gradual deletion of the first five CXCL12 N-terminal residues were reported to behave as CXCR4 antagonists. Here, using HTRF-based binding and competition assays, we determined the affinities of these derivatives for CXCR7/ACKR3 and found that the four Nterminal residues of CXCL12 are more critical for the binding of CXCL12 to CXCR7/ACKR3 than to CXCR4. We found that substitution and or deletion of the first two CXCL12 residues (i.e. CXCL12 K1R and P2G mutants) did not affect the binding of the chemokine neither to CXCR4 nor to CXCR7/ACKR3. Unexpectedly however, these mutants maintain the wild type chemokine ability to induce arrestin recruitment and activation acting thus as potent agonists of CXCR7/ACKR3 internalization. These results indicate that the two first amino acid residues of CXCL12 (Lys1-Pro2), critically involved in CXCR4 activation, are not required for that of CXCR7/ACKR3, suggesting differing structural determinants requirements for both receptors. To better investigate them, we first generated the threedimensional structure of CXCR7/ACKR3 using homology-modeling experiments and then investigated the possible interaction domains between CXCL12 and CXCR7/ACKR3 by peptide-peptide docking. Given that CXCL12 N-terminus mutants still display agonist activity on CXCR7/ACKR3, we mutated in the receptor the two residues equivalent as those reported to be important for CXCR4 binding with the ligands T140 and AMD3100 (i.e. D179

and D275 for ACKR3 and D171 and D262 for CXCR4). We found that substituting the The Tag-lite labeling medium was from Cisbio Bioassays. The 96-well plates and 384-well small volume plates were purchased from Greiner Bio-One (Monroe, NC, USA). The Lumi4-Tb derivative of O6-benzylguanine was synthesized by Cisbio Bioassays and is commercialized as SNAP-Lumi4-Tb (Codolet, France). Poly-L-ornithine (MW of 30,000-70,000 Da) and forskolin were from Sigma-Aldrich (Saint Louis, MO, USA).

Plasmid constructions

The Rluc-β-arrestin2 and Rluc8-β-arrestin2-YPet plasmids previously reported (Scott 2002, Kamal 2009) Experimental structures exist only for a limited number of GPCRs, however the insights provided by these structures go beyond the specific receptors to which they refer. In fact, they significantly contribute to shedding light onto the topology of a much wider array of receptors by serving as templates for the construction of homology models [START_REF] Costanzi | Homology modeling of class a G protein-coupled receptors[END_REF]. Homology modeling lays its foundations on the observation that the three-dimensional structure of proteins has been evolutionarily conserved to a very high degree. Thus, orthologous and paralogous proteins that derive from a common ancestors share highly similar structures. For GPCRs, the sharing of a common three-dimensional topology was first proposed in the 1980s by Robert Lefkowitz and coworkers, through observations based on the comparison of the amino acid sequences of rhodopsin and the b2 adrenergic receptors. This intuition was strikingly confirmed by the recent disclosure of the X-ray structure of several members of the superfamily and the structural comparisons that said structures allowed [START_REF] Jacobson | New insights for drug design from the X-ray crystallographic structures of G-protein-coupled receptors[END_REF]. As a number of controlled assessments have demonstrated, the accuracy of the models is strongly dependent on the closeness of template and target receptor, in terms of sequence similarity. Thus, it is natural to expect that, in the next several years, the scope and the accuracy of GPCR modeling will increase in tandem with the anticipated continued advances in X-ray crystallography.

In our recent article published, we outlined procedures and technical aspects behind the construction of coarse-grained models. Specifically, the article illustrates the principles at the basis of the stoichiometry of the CXCL12/CXCR4 interaction as well as the extracellular and intra-helix involved domains. Among them, the second ECL deserves a particular attention, since it is involved in ligand recognition for most receptors, and residues impaired in the Gprotein activation as showed in previous mutagenesis studies.

Our results fit with the hypothesis of the dimer existence for CXCR4 and support the two-step model for the binding/activation mechanism. The possibility that one protomer of CXCR4 and its potential activation by genetic alterations in the course of the carcinogenic process can be considered as an important host factor for HPV carcinogenesis.

Annexes

Abstract

Plasmacytoid dendritic cells (pDC) are specialized in secretion of type I interferon (IFN I) in response to pathogens. We show here that natural monoamines, polyamines and synthetic amines strongly inhibit pDC activation by RNA viruses. Furthermore, a synthetic analogue of histamine drastically reduces IFN I production in an Influenza A infected mouse model. We further identify CXC chemokine receptor 4 (CXCR4) as the receptor used by amines to inhibit pDC. Using in silico docking experiments, we localize a binding pocket for amino molecules in the extracellular region of CXCR4. Our study establishes a functional link between natural amines and innate immune system and identifies CXCR4 as a potential "on off" switch of pDC activity with promising therapeutic perspectives.