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Structure of the chemokine receptors 

The chemokines exert their influence on target cells via specific G-protein-coupled 
receptors with seven membrane spanning domains, as predicted by hydropathy plot
ting. With an estimated 40 to 50 different chemokines, with several of the receptors 
binding multiple ligands, and with variations in target cell specificity between dif
ferent species, the individual roles of these receptors are far from clear. More than 
a dozen putative chemokine receptors have been cloned including several orphan 
receptors that share sequence homology with the chemokine receptors (reviewed in 
[1]), but whose ligands are not yet known. These receptors share certain motives 
such as a DRYLAIV sequence in the second intracellular loop which appears to be 
involved in G-protein coupling. 

Table 1 lists the human chemokine receptors for which specific ligands are 
known. 

Further complicating an understanding of the function of the various receptors 
comes from an appreciation that receptor expression and usage varies in different 
species: human neutrophils have similar levels of the two IL-8 receptors (CXCR1 
and CXCR2), whereas the rabbit almost exclusively expresses CXCR1 receptors on 
its neutrophils, and the mouse lacks the CXCR1 as well as IL-8 itself. It seems that 
different species have developed alternative ways of directing inflammatory cells to 
their respective destinations. 

Studies investigating the importance of specific residues and regions within both 
the chemokines and their receptors have demonstrated that complex interactions are 
involved in ligand-receptor binding. This has been most thoroughly explored for IL-
8 receptors and their ligands, which may serve as a paradigm for studies of other 
chemokine-receptor interactions. The two human IL-8 receptors, designated eXCR1 
(or IL-8 receptor A in the older literature), and CXCR 2 (IL-8 receptor B), have pri
mary sequences that are 77% identical [2, 3], differing most notably in their extra
cellular N-terminal domains and in the intracellular C-terminus, and to a lesser 
degree in the second extracellular loop and adjacent transmembrane domains. The 
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Table 1 - Human chemokine receptors and their ligands 

Receptor Ligands 

CCR1 MIP-1a, RANTES, MCP-3 
CCR2 MCP-1, MCP-3, MCP-5 
CCR3 Eotaxin, RANTES, MCP-2, MCP-3 
CCR4 MIP-1a, RANTES, MCP-1, TARC 
CCR5 MIP-1a, MIP-1J3, RANTES 
CCR6 LARC 
CCR7 ELC 
CCR8 1-309 

CXCR1 IL-8 
CXCR2 IL-8, GRO-a, GRO-J3, GRO-y, NAP-2, ENA-78 
CXCR3 IP10, MIG 
CXCR4 SDF-1 

CXCR1 possesses great ligand specificity, binding to IL-8 with high affinity (Kd - 1 
to 2 nM), but binding with low affinity (>100 nM) to the IL-8 related chemoattrac
tant proteins melanoma growth stimulating activity (MGSNGRO-a) and neutrophil 
activating peptide 2 (NAP-2), whereas CXCR2 exhibits less specifity in ligand inter
action, binding not only to IL-8 (Kd - 1 to 2 nM), but also to MGSA (Kd - 1 to 2 
nM), NAP-2 (Kd - 2 to 5 nM) and ENA78 (Kd - 1 to 2 nM) with high affinity [4, 5]. 

It has been shown that the Glu4-Leu5-Arg6 sequence in the N-terminal region of 
IL-8 is necessary for high-affinity binding to the neutrophil [6, 19]. This sequence is 
conserved in the neutrophil-stimulating members of the chemokine family and is a 
prerequisite for the binding of MGSA and NAP-2 to CXCR2. Peptides containing 
the Glu-Leu-Arg sequence were, however, not capable of binding to or activating the 
IL-8 receptors, and a mutant of IL-8 in which the Glu-Leu-Arg sequence was 
replaced with alanines could still activate both the CXCR1 and CXCR2, when 
added in high concentrations. In lower concentrations these mutant CXC 
chemokines, especially those in which the Glu-Leu-Arg sequence was replaced with 
Ala-Ala-Arg, became antagonists [7, 8]. 

Additional binding regions of IL-8 seem to differ for the CXCR1 and CXCR2, 
and possibly also vary for the different CXC chemokines that bind to the CXCR2. 
In the case of the CXCR1, a zone between Cys? and Cys50 was identified as a sec
ond binding region [9]. Subsequently, it was demonstrated that Tyr13-Ser14-Lys15 

within this region are important for high affinity binding to this receptor [10]. Phe21 

and Leu49 also contribute to high affinity binding to the CXCR1, forming a surface 
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accessible hydrophobic cluster with Tyr13 and Serl4 [11]. Interestingly, the loop 
region around Tyr13-Serl4-Lys15 in IL-S is the area of the greatest structural differ
ence between IL-S and MGSA. Replacing the MGSA sequence with the corre
sponding amino acids of IL-S (IlelO to Phel7) increases its affinity for the CXCRI by 
an order of magnitude with little effect on CXCR2 binding [12]. If, in addition to 
this sequence replacement Phe2l and Leu49 - the two amino acids in IL-S that form 
a binding pocket with Tyr13-Serl4 - are expressed on an MGSA background, the 
chimeric construct reaches an affinity of 1-2 nM with both receptors [12]. Taken 
together these results define a second binding region of IL-S for CXCRl, which 
comprises Tyr13, Serl4, Phe2l and Leu49. 

A region of IL-S, in addition to ELR, required for high-affinity binding to 
CXCR2 was found to lie in the carboxy-terminal a-helix [9]. This a-helix also 
seems to playa role in binding of NAP-2 and the mouse equivalent of IL-S, N51 
[13]. Within this region no specific amino acids that are important for binding have 
been defined. 

The three-dimensional structure of IL-S [14] shows a distance of 20 to 25 A 
between the N-terminal ELR and either the Tyr13-Ser14 region or the carboxy-ter
minal a-helix, which implies multiple binding sites on the IL-S receptors. 

Initial experiments indicated that the N-terminus of the receptor determines 
whether it behaves like the CXCRl, which specifically recognizes IL-S, or like the 
CXCR2, which also binds MGSA and NAP-2 with high affinity [15, 16]. Further
more this area appears to recognize the Tyr13-Serl4-Lysl5 region on IL-S, which 
together with ELR has been found to be essential for high-affinity binding to the 
CXCRI [10]. These results, all obtained by binding of ligand to chimeric receptors 
expressed in mammalian cell lines, were further supported by NMR analysis of 
complexes formed between IL-S and the first 40 amino acids of the CXCRl, which 
indicated binding of this receptor stretch to the clustered second binding site includ
ing Tyr13 and LysI5 [17]. In addition, a synthetic peptide representing amino acids 9 
to 29 of the receptor blocks IL-S binding to the CXCRI with a Ki of 13 j.iM [IS]. 
This ligand/receptor interaction is, however, not sufficient for ligand binding and/or 
receptor activation: Chimeric receptor constructs that switch from either of the two 
IL-S receptors to the formyl peptide receptor in the first transmembrane domain are 
dysfunctional. Thus it is not surprising that amino acids in the second and third 
extracellular loops of the IL-S receptors were found to be crucial for high affinity 
ligand binding. Using point mutated CXCRI constructs, ArgI99 and Arg203 of the 
second extracellular loop, and Asp265, Glu275 and Arg280 of the third extracellular 
loop were found to be essential for high affinity ligand binding [19, 20]. The corre
sponding third extracellular loop amino acids on the CXCR2 (Glu279 and Arg284) 
were similarly important for IL-S and MGSA high affinity binding. The Arg284 to 
Ala CXCR2 mutant responded equally well to an IL-S mutant in which the Glu4-
Leu5-Arg6 sequence was replaced with alanines as to wild type IL-S, implying that 
this part of the third extracellular loop of the IL-S receptors binds to the Glu-Leu-
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Figure 1 

Model of the proposed structure of the ligand binding domains of the CXCR2. Proposed 

binding sites are shaded. The transmembrane domains (1-7) have been arranged according 

to the distribution using the low resolution x-ray diffraction results for rhodopsin and a com

puter based arrangement of their distribution in G-protein coupled receptors generally. 

Disulfide bridges and the location of the ELR binding site of the receptor correspond to the 

model proposed for the CXCR1. The second proposed binding site on the second extracel

lular loop is unique to the CXCR2. 
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Arg sequence of IL-S (Schraufstatter et ai., unpublished results). Replacement of the 
second extracellular loop of the CXCR2 with CXCRI sequence led to a 60-fold 
lower affinity for IL-S. This loss in affinity could be ascribed to a single amino acid: 
If Asp194 was replaced with the corresponding amino acid in the CXCRl, a valine, 
the affinity was similarly 50 to 60-fold decreased. Figure 1 shows a model for the 
binding of IL-S to the CXCR2. 

The complexity of the binding behavior may explain why screening for small 
molecular weight antagonists for IL-S has been difficult. It may be necessary to com
bine inhibitors that react at different sites of interaction. As mentioned above sev
eral peptide inhibitors have been described [IS, 7, 21] which block IL-S activation 
in the 10 IlM range. It may also be possible to dissociate receptor binding from 
receptor activation as described recently for an antibody to the CXCRI [22]. 

Less is known about the binding domains of the CC receptors, which have only 
been cloned during the last few years, but there is little doubt that their ligand/recep
tor interactions are similarly complicated. Chimeric constructs between the CCRI 
and CCR2 indicated that the receptor amino terminus is important for binding of 
MCP-l to the CCR2, but not for binding of MIP-l<x to the CCRI [23]. The same 
amino terminal CCR2 receptor domain followed by CCR5 receptor sequence allows 
binding of both MCP-l and MIP-l<x, but in contrast to the full length CCR5 does 
not function as a coreceptor for the entry of macrophage tropic strains of HIV [24]. 

A number of chemokine receptors allow the entry of viruses into cells: In addi
tion to the just mentioned CCR5, HIV infection is also supported by the CXCR4 
[25,26] and the newly cloned orphan receptors BOB and Bonzo [27, 2S]. 

Other viruses encode chemokine receptor-like molecules themselves: Herpesvirus 
saimiri's ECRF resembles the CXCRs and like the CXCR2 binds IL-S, MGSA and 
NAP-2 [29]. The herpes virus isolated from Kaposi's sarcoma lesions also encodes an 
IL-S binding chemokine receptor [30]. Interestingly, this receptor is constitutively 
active and may be involved in transforming the infected cell in Kaposi's sarcoma [31]. 
A human cytomegalovirus encoded sequence binds several CC chemokines [32]. 

The only receptor that binds both CC and CXC chemokines is the Duffy antigen 
receptor for chemokines (DARC) [33], originally identified as a red blood cell anti
gen, important for the entry of Plasmodium vivax, but also present on postcapillary 
endothelial cells [34]. It is questionable to call this molecule a receptor, since it has 
not been shown to transduct any signal when it binds ligand. It is not known 
whether this receptor functions as a sink for chemokines or as a docking receptor 
which presents chemokines to circulating leukocytes. 

Function of the chemokine receptors 

As do other neutrophilic stimuli, IL-S induces numerous functional responses in 
PMNs including Ca2+ mobilization, cytoskeletal rearrangement, chemotaxis, and 
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phagocytosis (all reviewed in [35-37]), but only limited granule secretion and min
imal release of superoxide anion. Thus IL-8 appears to be a powerful chemoattrac
tant without initiating much oxidative damage on its own. 

Similarly, the CC chemokines cause Ca2+ mobilization and attraction of lym
phocytes or monocytes, but cause little tissue damage by themselves. For instance, 
mice that express the murine MCP-1 under control of an insulin promotor show 
pronounced monocytic insulinitis, but no signs of pancreatic tissue damage or dia
betes [38]. 

The role of chemokines in vivo is certainly more complex than mere leukocyte 
attraction, however. High concentrations of IL-8 have been found in many acute 
and chronic inflammatory diseases from ARDS [39] to rheumatoid arthritis and 
psoriasis [40]. In addition, antibodies to IL-8 have proved beneficial in several ani
mal models of acute inflammation [41-43]. 

While IL-8 itself causes massive neutrophil attraction without immediately caus
ing tissue injury, small concentration of formylated peptides and C5a - both of 
which present at sites of bacterial infection - are capable of activating the respira
tory burst, and even a neutrophil which is not activated will release its enzymes into 
the surrounding tissue as it dies over the next 24 h. 

In cells that express the correct G-protein, binding to either of the two IL-8 
receptors induces calcium translocation and actin polymerization, as evidenced by 
experiments evaluating these receptors individually in transfected cell lines [44,45]. 
In the neutrophil IL-8 receptor activation is inhibited by pertussis toxin [46] which 
inactivates the Gias. More recently, it has been shown that the IL-8 receptors in the 
neutrophil couple to Gia2 [47], a response that depends on the second intracellular 
loop as well as the membrane adjacent area of the COOH-terminus. The receptors 
are, however, capable of transferring their signal through Ga16 in cells in which this 
G-protein is abundant [48]. 

CC receptors are also inhibited by pertussis toxin, which is indicative of Gia 
coupling, but depending on the cell type in which they are expressed, CC receptors 
can also couple to Gaq, a response that depends on the third intracellular loop 
[49]. 

The exact mechanism of the receptor/G protein interaction is not understood for 
any of the G-proteins, but seems to involve receptor sequences of only a few amino 
acids. 

Phosphorylation of G-protein coupled receptors leads to their desensitization 
and internalization. For the chemokine receptors this phosphorylation process 
appears to occur primarily on the COOH terminus. In the case of the CXCR2, 
phosphorylation occurs within 10 to 20 s following the addition of IL-8 and is lim
ited to phosphorylation of serines 348 and possibly 346 (see Fig. 2). These rapid 
kinetics of receptor inactivation may help to explain the transiency of the cellular 
response to IL-8, which seems to shut down within the amount of time that is nec
essary to assemble the molecules for the respiratory burst. 
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Figure 2 

Phosphorylation of CXCR2 mutants in RBL2H3 cells: RBL2H3 cells expressing wild type 
CXCR2 or receptor mutants were [32Pl-phosphate labelled, stimulated with 1o-7M IL-8 for 
1 to 10 min and immunoprecipitated with polye/onal rabbit anti-CXCR2 antibody61. The 

autorad exposure for P35 and CXCR2 was 24 h, and for T3 36 h to verify the absence of spe

cific label in these cells. T2 and T1 similarly showed no phosphorylation. The bottom panel 
shows a 60-h exposure of single amino acid substitution mutants. P38 was poorly and belat
edly phosphorylated, P37 behaved like wild type receptor, while no phosphorylation could 
be deteded on P36. 
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Although either the CXCR1 or the CXCR2 may mediate neutrophil activation, 
these receptors may not be equally important in affecting neutrophil chemotaxis. 
Neutralizing antibodies to the CXCR1 largely prevent (70% to 80%) neutrophil 
chemotaxis in vitro in response to IL-8 [50, 51], whereas neutralizing antibodies 
to the CXCR2 inhibit IL-8 induced chemotaxis only by 20% to 30%, suggesting 
that CXCR1 may be relatively more important than CXCR2 in mediating IL-8 
induced neutrophil chemotaxis, even though both receptors were found to be 
expressed in roughly equal numbers on the surface of the human neutrophils, as 
assessed by fluorescence-activated cell sorting technique. One may speculate that 
the faster phosphorylation and desensitization observed for the CXCR2 may ren
der the CXCR1 more effective in processes that involve prolonged activation such 
as chemotaxis. 

IL-8 receptors are not only found on leukocytes, but also on melanoma cells [52, 
53], some lung cancer cell lines and transformed keratinocytes. All of these cells pro
duce both IL-8 and MGSA themselves, which function as autocrine growth factors 
for these cells. Furthermore, the Glu-Leu-Arg containing CXC chemokines are 
angiogenic factors that promote tumor metastasis [54, 55], while the CXC 
chemokines lacking this sequence appear angiostatic [56]. Considering the ligand 
affinity of the CXCR2 for all of the Glu-Leu-Arg containing chemokines, one may 
speculate that their angiogenic effect depends on the presence of the CXCR2 on the 
endothelium, but it has been impossible so far to detect this receptor on cultured 
endothelial cells. This finding may be due to the absence of receptor expression on 
cultures endothelium and/or down-regulation of surface expression of CXCR by 
endogenously produced ligands. Nevertheless, immunohistochemistry has identified 
CXCR2 presence on endothelium at the margins of debrided burn wounds in areas 
of rapid tissue proliferation [57]. Specific gene induction and/or the presence of the 
physiological milieu of surrounding cells and cell matrix may be important for this 
phenomenon, which so far eludes explanation. 

It is intriguing to speculate that lymphocyte trafficking to specific sites may be 
mediated by specific chemokine receptors on these cells. BLR-1, for instance, a B
cell receptor with homology to the CCRs is necessary for the development of ger
minal centers in secondary follicles in the spleen [58]. Expression of chemokine 
receptors also appears to be important for hematopoeisis and release of leukocytes 
from the bone marrow [59, 60]. 

No doubt, many questions have not been answered yet, but the importance of 
chemokine receptors for leukocyte attraction with its inflammatory sequelae and for 
increased cell growth in cancers as well as during chronic inflammatory disease seem 
to be well documented. 
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