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Abstract

The structure of monomeric human chemokine IL-8 (residues 1–66) was determined in aqueous 

solution by NMR spectroscopy. The structure of the monomer is similar to that of each subunit in 

the dimeric full-length protein (residues 1–72), with the main differences being the location of the 

N-loop (residues 10–22) relative to the C-terminal α-helix and the position of the side chain of 

phenylalanine 65 near the truncated dimerization interface (residues 67–72). NMR was used to 

analyze the interactions of monomeric IL-8 (1–66) with ND-CXCR1 (residues 1–38), a soluble 

polypeptide corresponding to the N-terminal portion of the ligand binding site (Binding Site-I) of 

the chemokine receptor CXCR1 in aqueous solution, and with 1TM-CXCR1 (residues 1–72), a 

membrane-associated polypeptide that includes the same N-terminal portion of the binding site, 

the first trans-membrane helix, and the first intracellular loop of the receptor in nanodiscs. The 

presence of neither the first transmembrane helix of the receptor nor the lipid bilayer significantly 

affected the interactions of IL-8 with Binding Site-I of CXCR1.
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Introduction

Chemokines are signaling proteins secreted by cells in response to infection or injury. They 

direct leukocytes, which contain chemokine receptors in their membranes, to the affected 

cells by providing a concentration gradient for chemotaxis, and activate them for killing the 

infectious agent through phagocytosis and other mechanisms (Rosenkilde and Schwartz 

2004). Chemokines play roles in many diseases, including cancer, and various immune 
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disorders (Bendall 2005). Humans have about fifty chemokines that interact with twenty-

three different G protein-coupled receptors (GPCRs) (Alexander et al. 2015); the complexity 

of the system is witnessed by the ability of individual chemokines to interact with multiple 

receptors, and for individual receptors to interact with multiple chemokines.

Chemokines are small globular proteins typically containing less than one hundred residues. 

They are divided into four classes (Murphy et al. 2000), although members in different 

classes have limited sequence homology, the polypeptides share common features of 

secondary and tertiary structure. In particular, they have one or two disulfide linkages that 

stabilize the protein fold, and whose disposition in the sequence provides a classification 

system. The N-terminal residues are flexible; starting with the first cysteine residue, the 

protein is structured, with the long N-loop terminated by one turn of a 310-helix, which is 

followed by three β-strands connected by short loops, and a C-terminal α-helix (Grasberger 

et al. 1993). Interleukin-8 is a member of the CXC class of chemokines, some of which have 

a highly conserved glutamate-leucine-arginine (ELR) sequence motif that is crucial for 

biological activity (Bizzarri et al. 2006). The commonality of structural features suggests 

that findings about the structure, dynamics, and interactions of an individual chemokine are 

likely to apply to a broad array of chemokine—receptor structures and functions.

Interleukin-8 (IL-8, CXCL8) was the first chemokine to be discovered (Baggiolini 2015). It 

has 72 residues in its most common form and is a homodimer at high concentrations, 

although it is a monomer at low concentrations and interacts with its receptor in this form 

(Fernando et al. 2004; Rajarathnam et al. 2006; Ravindran et al. 2009). The structure of the 

wild-type IL-8 dimer was first determined by solution NMR and X-ray crystallography 

(Clore et al. 1990; Baldwin et al. 1991). Subsequently, its structure has been characterized 

under a range of conditions and with a number of mutations (Rajarathnam et al. 1995; 

Eigenbrot et al. 1997; Gerber et al. 2000).

Relatively minor amino acid sequence changes enable the preparation of IL-8 samples that 

exist as stable monomers or dimers in solution. Non-dissociating IL-8 dimers result from the 

introduction of a disulfide bond across the dimerization interface (Rajarathnam et al. 2006). 

IL-8 monomers have been produced in several ways; by replacing Leu25 at the dimerization 

interface with the unnatural amino acid N-methyl leucine, by mutating residues Leu25, 

Val27 and Glu29 to disrupt the hydrogen bonding network that stabilizes the dimeric form 

(Lowman et al. 1997; Joseph et al. 2013), and by removing the last six residues of the 

protein to disrupt the dimerization interface (Clark-Lewis et al. 1991; Rajarathnam et al. 

1997), which is the monomeric form used here. The structures of each subunit of dimeric 

wild type IL-8 and of the monomeric IL-8 containing N-methyl leucine are similar, with 

some differences in the position of the first β-strand and the helical structure of residues 67–

72 (Clore et al. 1990; Rajarathnam et al. 1995).

CXCR1 and CXCR2 were the first chemokine receptors to be discovered and have high 

sequence homology (Holmes et al. 1991; Murphy and Tiffany 1991). Of the forty GPCR 

structures that have been determined, six are chemokine receptors, including CXCR1 (Park 

et al. 2012), CXCR4 (Wu et al. 2010; Qin et al. 2015), CCR2 (Zheng et al. 2016), CCR9 

(Oswald et al. 2016), CCR5 (Tan et al. 2013) and the viral receptor US28 (Burg et al. 2015). 
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CXCR4 and US28 were co-crystallized with viral chemokines to obtain structural 

information about the complex (Qin et al. 2015), however, there are currently no structures 

available of IL-8 bound to a chemokine receptor. The available experimental data suggest 

that IL-8 interacts with two main binding sites that may be spatially contiguous on CXCR1. 

Binding Site-I is located within the extracellular 38-residue N-terminal region of the 

receptor. Binding Site-II includes Arg119, Arg203 in extracellular loop 2, and Asp265 in 

extracellular loop 3, among other residues (Leong et al. 1994; Barter and Stone 2012; Hébert 

et al. 1993; Suetomi et al. 2002); a synthetic peptide derived from these two extracellular 

loops connected by a linker was shown to bind IL-8 with a KD of 0.5 μM (Helmer et al. 

2015).

There is evidence that wild-type IL-8(1–72) interacts with CXCR1 as a monomer under 

physiological conditions (Burrows et al. 1994). Monomeric IL-8(1–66) has been shown to 

have the same potency in neutrophil chemotaxis and Ca2+ mobilization assays (Clark-Lewis 

et al. 1991; Rajarathnam et al. 1997; Fernando et al. 2007).

The residues in Binding Site-I of chemokine receptors display high sequence diversity, and 

are likely responsible for the binding specificity of chemokines. Indeed, the sequences of 

CXCR1 and CXCR2 vary the most in this region, and swapping N-terminal residues 

between the two receptors alters their binding specificity (Barter and Stone 2012; Prado et 

al. 2007). The flexible N-terminal region appears to be a defining characteristic of 

chemokine receptors, and this has motivated the study of these residues in soluble peptides 

separate from the rest of the receptor. The affinity of IL-8 for various N-terminal peptides 

derived from CXCR1 is in the low micromolar range. The first atomic resolution insights 

came from NMR studies of IL-8 bound to a 21-residue peptide whose sequence corresponds 

to residues 9–29 of CXCR1 (Skelton et al. 1999). By itself, the peptide does not have a well-

defined structure, but it becomes more ordered upon binding IL-8. Several specific residues 

clustered in the center of the peptide, including Pro21, Pro22, Asp24, Glu25, Asp26 and 

Pro29, were found to be involved in binding IL-8. More recently, we have shown (Park et al. 

2011a, b) that additional residues near the N-terminus of CXCR1, including Asn16, Thr18 

and Gly19, undergo large chemical shift perturbations upon interaction with IL-8. Moreover, 

(Rajagopalan and Rajarathnam 2004) have shown that IL-8 can bind CXCR1 N-terminal 

peptides of different lengths, with affinities that are increased by the presence of micelles, 

suggesting that lipids may influence the interactions of IL-8 with CXCR1. There is evidence 

that a Trp residue in a 34-mer peptide derived from the CXCR1 N-terminus interacts with 

DOPC lipid bilayers (Haldar et al. 2010). Additionally, we have shown that the N-terminus 

of CXCR1 interacts with the membrane surface in the absence of IL-8, but dissociates from 

the membrane in the presence of IL-8 (Park et al. 2011a, b).

IL-8 residues responsible for functions of CXCR1 have been identified. Although the 

characteristic ELR residues (Glu4, Leu5 and Arg6) have been shown to be essential for 

CXCR1 activation they are not involved in IL-8 binding to N-terminal peptides (Clark-Lewis 

et al. 1991; Hebert et al. 1991; Park et al. 2017). The main binding sites on IL-8 have been 

mapped to the N-loop (residues 12–18) and the 40 s loop and third β-strand (residues 44–51) 

and include both charged and hydrophobic residues (Fernando et al. 2004, 2007; Ravindran 

et al. 2009; Skelton et al. 1999; Park et al. 2011a, b; Clubb et al. 1994; Williams et al. 1996; 
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Kendrick et al. 2014). Residues Tyr13, Lys15 and Phe21 of the N-loop appear to confer 

specificity for individual receptors (Hammond et al. 1996). Furthermore, it has been shown 

that IL-8 does not undergo a major conformational change upon interaction with the peptide 

corresponding to the N-terminus of CXCR1 (Skelton et al. 1999). There is also evidence that 

IL-8 dimers dissociate upon binding the N-terminal residues of CXCR1, and that there are 

some minor differences between a covalent IL-8 dimer binding and that of an obligatory 

IL-8 monomer (Fernando et al. 2004; Ravindran et al. 2009; Kendrick et al. 2014; Joseph et 

al. 2015).

Despite extensive studies (Kufareva et al. 2017) much remains to be learned about the 

molecular basis of chemokine-receptor interactions. Here we present the structure of 

monomeric IL-8(1–66) obtained by deleting the C-terminal residues 67–72, which 

contribute to the dimerization interface. We also describe binding studies of monomeric 

IL-8(1–66) with polypeptides corresponding to the N-terminal residues of CXCR1, ND-

CXCR1(1–38) and 1TM-CXCR1(1–72), which includes the first transmembrane helix of 

CXCR1 in addition to the flexible N-terminal domain.

Materials and methods

Protein expression and purification

The gene for human IL-8(1–66) was cloned and expressed as described previously 

(Rajagopalan and Rajarathnam 2004). Cell lysis was achieved by sonication in lysis buffer 

(20 mM Tris, 500 mM NaCl, 20 mM imidazole, pH 7.4) in the presence of phenylmethane 

sulfonyl fluoride (MP Biomedicals) and lysozyme. Cell debris was removed by 

centrifugation, and the supernatant was incubated for 1 h on a Nickel-NTA column (Qiagen, 

Ni-NTA Superflow). The beads were washed with wash buffer 1 (20 mM Tris, 300 mM 

NaCl, 30 mM imidazole, pH 7.4) and wash buffer 2 (20 mM Tris, 150 mM NaCl, 30 mM 

imidazole, pH 7.4) before being eluted in 20 mM Tris, 150 mM NaCl with a gradient of 

150–300 mM imidazole. The eluate was cleaved using factor Xa (New England BioLabs 

Inc) and purified by reverse-phase high-performance liquid chromatography on a C18 

column (Waters DeltaPak 15 μm, 300 Å) using an acetonitrile gradient. The purified protein 

was stored as a lyophilized powder at −20°C. The polypeptide ND-CXCR1(1–38) 

containing the C30S mutation to enhance its stability was expressed and purified as 

described previously (Park et al. 2011; Casagrande et al. 2011). The gene for the polypeptide 

1TM-CXCR1(1–72) including the C30S mutation and a C-terminal 5× His tag was also 

expressed and purified as described previously (Casagrande et al. 2011; Park et al. 2014). 

1TM-CXCR1(1–72) from the final HPLC purification was lyophilized and stored at −20°C.

Nanodisc preparation

Nanodiscs were made with MSP1D1AH5 protein and 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) (Hagn et al. 2013). MSP1D1AH5 was expressed and purified as 

described previously (Ritchie et al. 2009). The optimal molar ratio of 1TM-CXCR1: 

MSP1D1AH5: DMPC was found to be 0.1:1:43.3 by gel filtration chromatography 

screening. This ratio ensures that one nanodisc containing 1TM-CXCR1(1–72) is formed for 

every four nanodiscs that do not contain this polypeptide, which minimizes protein 
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aggregation and oligomerization. Purified 1TM-CXCR1(1–72) and DMPC (Avanti Lipids) 

were solubilized in solutions of 0.5 and 1% SDS, respectively, and mixed. MSP1D1AH5 in 

20 mM Hepes buffer was then added, and all three components incubated for 1 h with 

agitation. The detergent was slowly removed overnight by incubation with BioBeads SM-2 

(Biorad). The absence of SDS was confirmed by testing with a colorimetric SDS-detection 

kit (G-Biosciences). Nanodiscs containing 1TM-CXCR1(1–72) were separated from empty 

nanodiscs by Ni-NTA chromatography exploiting the His-tag on the C-terminus of 1TM-

CXCR1; the mixture was allowed to bind and the empty nanodiscs removed using a wash 

buffer (40 mM Tris 300 mM NaCl, pH 8). Nanodiscs containing 1TM-CXCR1(1–72) were 

eluted using elution buffer (20 mM Tris, 150 mM NaCl, 150 mM Imidazole pH 8). Finally, 

the remaining impurities were removed by size-exclusion chromatography (20 mM Tris, 50 

mM NaCl, pH 7.4, Amersham Biosciences, HiLoad 16/60 Superdex 200).

NMR spectroscopy

Uniformly 13C, 15N-labeled IL-8(1–66) was dissolved in 20 mM Hepes pH 7.3 containing 

10% D2O. The NMR experiments were performed on a 600 MHz Bruker AVANCE 

spectrometer equipped with a 5-mm triple-resonance cryoprobe (1H, 13C, and 15N) and z-

axis pulsed gradient and on a Varian VS 800 MHz spectrometer equipped with a XYZ-

gradient triple resonance cryoprobe (1H, 13C, and 15N). Triple-resonance HNCA, HNCO 

and HNCACB assignment experiments were performed on uniformly 13C, 15N labeled IL-8 

(1–66) at 40°C. The side-chain assignments were made with HCC(CO) NH, CC(CO)NH, 

CβHδ and CβHε experiments. Distance restraints were obtained using 15N-edited NOESY-

HSQC (mixing time, 200 ms) and 13C-edited NOESY-HSQC (mixing time, 120 and 80 ms) 

experiments. Heteronuclear 1H-15N NOEs were measured by comparing signal intensities 

obtained with and without 1H saturation during a relaxation delay of 6 s at 40 and 15°C. 

Hydrogen bond restraints were obtained from a two-dimensional 1H-15N HSQC spectrum of 

uniformly 15N labeled IL-8(1–66) in 90% D2O. The experiment was started following a 1-h 

incubation period. Residual dipolar couplings (RDCs) were measured with HSQC in-phase 

and anti-phase (IPAP) experiments on IL-8(1–66) in a solution of empty nanodiscs in the 

presence and absence of 13.5 mg/ml Y21M fd phage and 70 mM NaCl. The Y21M fd phage 

was produced using a previously described protocol. All NMR experiments were processed 

using NMRPipe and analyzed using SPARKY. The Chemical Shift Index was determined 

using TALOS. Chemical Shift Perturbations (CSP) were calculated using the following 

equation: .

Structure calculations

All calculations were performed with Xplor-NIH (Schwieters and Kuszewski 2006), using 

the EEFx energy function with the topology and parameter files protein_eefx2.top and 

protein_eefx2.par, and the statistical potential torsionDBPot to restrain dihedral angles. 

Experimental NMR restraints were implemented with the potentials: NOEPot, for distances 

derived from NOEs and hydrogen bonds; CDIH for dihedral angles; and RDCPot for RDCs. 

RDCs were used for cross-validation and not imposed as restraints. Each calculation was 

initiated from a fully extended polypeptide strand. Simulated annealing calculations were 

performed as described previously (Tian et al. 2015), using two protocols, the first to fold a 
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total of 100 initial structures, and the second to refine the ten folded structures with lowest 

energy. A total of 100 structures were refined, and the ten structures with lowest energy were 

selected for the final ensemble. The coordinates were deposited in the protein data bank 

(PDB: 5WDZ) and the BMRB (ID: 30316).

Isothermal titration calorimetry (ITC)

The ITC experiments were performed at 23°C using a MicroCal iTC200 instrument (GE 

healthcare Life Sciences) in 20 mM Tris, 50 mM NaCl, pH 7.4 buffers. The concentrations 

of ND-CXCR1(1–38) in the cell were 65 and 50 μM, and that of 1TM-CXCR1(1–72) 

reconstituted in nanodiscs was 100 μm. IL-8 containing solutions present in the syringe had 

concentrations of 760, 600 and 985 μm. Experiments consisted of 19 injections of 2 μL 

aliquots separated by 150 s.

Results

Solution NMR structure of monomeric IL-8

As shown in Fig. 1a, both dimeric (Clore et al. 1990) and monomeric (Rajarathnam et al. 

1995) forms of IL-8 yield well-resolved solution NMR spectra. Although many resonances 

have similar chemical shifts in both spectra, large differences are observed for selected 

signals, as marked in the Figure. The largest shifts are from residues Ile10, Lys15, Lys20, 

Lys23, Val27, Ser30, Asp52, Val61, Glu63, Lys64 and Phe65. These residues are located in 

the N-loop, the first β-strand, and the C-terminal α-helix, and the differences can be readily 

accounted for by the effects of truncation of six residues (67–72) at the C-terminus. For 

example, in the structure of the IL-8(1–72) dimer (PDB id: 1IL8), the side chains of Val27 

and Ser30 in one of the monomers contact residues in the first β-strand and the α-helix of 

the other monomer, respectively.

Samples of uniformly 13C, 15N labeled monomeric IL-8(1–66) enabled a variety of triple-

resonance NMR experiments to be used to assign backbone and side chain resonances, to 

measure chemical shift index (CSI), residual dipolar coupling (RDC), and amide hydrogen 

exchange parameters as structural restraints, and to measure heteronuclear 1H/15N nuclear 

Overhauser enhancements (NOEs) as indicators of local dynamics. These data are 

summarized in Fig. 2 and Table 1.

The four types of NMR data displayed in Fig. 2 are aligned according to residue number. 

The major regions of secondary structure are delimited at the top of the Figure. Analysis of 

the CSI plot in Fig. 2a is consistent with the locations of the secondary structure elements 

established in previous studies of IL-8 (Clore et al. 1990; Baldwin et al. 1991; Rajarathnam 

et al. 1995; Eigenbrot et al. 1997; Gerber et al. 2000). Notably, monomeric IL-8(1–66) has 

three β-strands in the middle of the sequence and an α-helix located at the C-terminus. 

Although the C-terminus of the 72-residue full-length protein is shortened by six residues, 

the remaining helical residues (57–66) maintain a stable secondary structure as evidenced by 

the heteronuclear NOE values for these residues (Fig. 2b) and the ability to fit a Dipolar 

Wave to the RDCs for these residues (Fig. 2c) (Mesleh and Opella 2003).
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Signals could not be observed for either residue 66, the C-terminal residue, or residue 1, the 

N-terminal residue, most likely due to local dynamics interfering with the NMR 

experiments. Signals from all of the other residues could be observed, even though the N-

terminal residues of IL-8(1–66) show evidence of minimal structure and substantial local 

dynamics. Signals from residues 2–6 have negative 1H/15N heteronuclear NOEs (Fig. 2b) 

indicative of local motions, and the residues closest to the N-terminus have near-zero values 

for their 1H/15N RDCs (Fig. 2C) and only six observable long-range 1H–1H homonuclear 

NOEs, all of which connect this region to residues 32 and 33 in the 30 s loop (residues 29–

37). Notably, the three conserved residues (4–6) of the ELR motif essential for activity show 

evidence of local motions. These results are consistent with those of previous solution NMR 

and X-ray crystallography studies of IL-8 where the positions of residues 1–6 could not be 

well defined (Clore et al. 1990; Baldwin et al. 1991; Rajarathnam et al. 1995).

The data in Fig. 2b show that residues 7–65 have 1H/15N heteronuclear NOE values of about 

0.8, which indicates that, except for the N-terminal region, IL-8(1–66) has a stable backbone 

structure consistent with a well-folded protein. Using fd bacteriophage as the alignment 

medium, the measured 1H/15N RDCs plotted in Fig. 2c have values between 6.6 Hz and −6.2 

Hz. As mentioned above, the RDCs for residues 58–65 were well fit to a Dipolar Wave with 

a periodicity of 3.6, which provide strong additional evidence that the C-terminal residues 

form a stable α-helix until the last residue of monomeric IL-8(1–66), despite the removal of 

the final six residues from the full-length wild-type protein. Hydrogen bonding restraints for 

structural analysis were obtained by measuring the loss of amide H–N resonance intensities 

in 1H/15N HSQC spectra of IL-8(1–66) following its transfer from H2O to D2O solution 

(Supplemental Fig. 1). These results are summarized in the plot of relative signal intensities 

as a function of residue number in Fig. 2d. Five particularly intense resonances are observed 

in spectra obtained after several hours of incubation in D2O, indicating the presence of 

stable hydrogen bonds in a number of residues located near the middles of the second and 

third β-strands.

We determined the structure of monomeric IL-8(1–66) in solution using NMR restraints 

summarized in Table 1 and methods described in the Experimental Section. As anticipated 

from the data in Fig. 2, the structure of IL-8(1–66) is well defined for residues 6–65, which 

contains three anti-parallel β-strands and the C-terminal α-helix, with a pair-wise RMSD of 

0.97 A. Including the flexible N-terminal residues, the structure of residues 1–6 has an 

overall pairwise RMSD of 1.6 Å. This is illustrated graphically by the superimposed 10 

lowest energy structures in Fig. 3a.

The overall structure of monomeric IL-8(1–66) (PDB: 5WDZ) shown in red in Fig. 3 is 

similar to that of each of the monomeric subunits of dimeric full-length IL-8(1–72) (PDB id: 

1IL8) shown in blue. The principal differences in the structures are associated with the N-

loop (residues 10–19) and the side chain of Phe65. In the previously determined structures 

of wild-type IL-8(1–72) and monomeric Leu25-NMe IL-8(1–72) (PDB id: 1IKL) the N-loop 

runs roughly parallel to the α-helix at a slight angle that places its N-terminal end further 

away from the α-helix than the C-terminal end (blue in Fig. 3d). By contrast, in the structure 

of monomeric IL-8(1–66) the N-loop and the α-helix are almost parallel (red in Fig. 3d). 

The C-terminal part of the N-loop in IL-8(1–66) shifts away from the α-helix by about 3 A 
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compared to full-length IL-8, regardless of whether the protein is a monomer or a dimer. In 

the NMR structure of dimeric wild-type IL-8(1–72), the amide nitrogen atoms of Ser14 and 

Trp57, which are located in the N-terminal parts of the N-loop and the α-helix, respectively, 

are separated by 10.9 Å, and residues Lys20 and Phe65, which are in the C-terminal parts of 

the N-loop and α-helix, respectively, are separated by 7.5 Å. The same residues, Lys20 and 

Phe65, are separated by 10.52 and 10.46 A, respectively, in the structure of monomeric 

IL-8(1–66). This is shown in Fig. 3d. The difference in the relative position of the N-loop 

may be related to the change in position of the side chain of Phe65. In the structure of wild-

type IL-8(1–72) the aromatic ring of Phe65 points away from the N-loop towards the 

dimerization interface; by contrast, in the structure of monomeric IL-8(1–66) the same side 

chain points towards the N-loop, in the space occupied by the N-loop in the other structures. 

This corresponds to a movement of 4.3 Å for the C82 atom, as illustrated in Fig. 1e.

Interaction of monomeric IL-8(1–66) with ND-CXCR1 and 1TM-CXCR1

To gain insight into how the chemokine IL-8 interacts with its receptor CXCR1 we 

expressed and purified polypeptides with sequences corresponding to residues 1–38 and 1–

72 of CXCR1. There have been many studies of soluble peptides similar to ND-CXCR1(1–

38) because the N-terminal domain (ND) contains the part of the agonist binding site 

referred to as Binding Site-I (Leong et al. 1994; Prado et al. 2007; Gayle et al. 1993; LaRosa 

et al. 1992; Lowman et al. 1997). The longer polypeptide 1TM-CXCR1(1–72) includes the 

complete N-terminal domain, the first transmembrane helix (1TM), and the first intracellular 

loop of CXCR1. This polypeptide is not soluble in aqueous solution and requires the 

presence of detergents or lipids for solubilization. The transmembrane helix ensures the 

proximity of Binding Site-I to the surface of the lipid bilayer when the polypeptide 1TM-

CXCR1(1–72) is in nanodiscs.

The effects on residues of IL-8(1–66) by interaction with Binding Site-I of CXCR1 were 

determined using NMR titration experiments. Two-dimensional 1H/15N HSQC spectra were 

obtained from samples containing a fixed amount of uniformly 15N labeled IL-8(1–66) and 

varying amounts of unlabeled ND-CXCR1(1–38) or 1TM-CXCR1(1–72). Signals from IL-8 

residues that occupy a different chemical environment upon addition of a receptor–derived 

polypeptide, either due to direct interaction or a local change in conformation, undergo 

changes in their 1H and/or 15N chemical shift frequencies. The expanded spectral regions in 

Fig. 4 compare the effects of IL-8(1–66) binding to ND-CXCR1(1–38) (panel A) and to 

1TM-CXCR1(1–72) (panel D). The three main interaction regions of IL-8(1–66) can be 

discerned from the bar graphs of the chemical shift differences as a function of residue 

number in panels B and E. Signals from the N-loop (residues 10–19), the third β-strand 

(residues 47–51), and part of the C-terminal α-helix (residues 56–65) are affected by 

binding to the polypeptides containing Binding Site-I; in particular, the resonances from 

Thr12, Tyr13, Phe17, and His18 have the most strongly perturbed chemical shifts. No signal 

from Ser14 could be observed in any of the experiments, and the signal from Lys15 was 

broadened beyond detection upon interaction with both ND-CXCR1 and 1TM-CXCR1. No 

signal from residue 16 could be observed because proline lacks an amide N–H.
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It has been proposed that residues in the N-loop confer receptor binding specificity 

(Ravindran et al. 2009). Evidence of interactions with the N-terminal part of the receptor by 

residues in the third β-sheet and part of the α-helix has been detected in studies of using 

similar constructs (Fernando et al. 2007; Skelton et al. 1999; Park et al. 2011a, b; Clubb et 

al. 1994; Kendrick et al. 2014; Hammond et al. 1996; Jiang et al. 2015). Both non-polar 

(Leu49, Val58, Val61) and charged (Glu48, Asp52, Arg60) residues of IL-8(1–66) are 

affected by binding to the polypeptides containing sequences from the N-terminal region of 

CXCR1. Chemical shift perturbations for Asp52 and Val58 could only be observed upon 

binding to ND-CXCR1, since the signals were broadened beyond detection upon interaction 

with 1TM-CXCR1 in nanodiscs.

The residues whose chemical shifts are affected by binding to the polypeptides containing 

the N-terminal domain of the receptor are marked by their residue numbers in Fig. 4b, e. 

They are located in three distinct regions of the sequence and are colored red in the structure 

of IL-8(1–66) shown in Fig. 4c where they are shown to be in close spatial proximity. 

Notably, signals from residues in the conserved ELR motif near the N-terminus and from the 

extreme C-terminus of the α-helix undergo only minor chemical shift perturbations upon 

binding.

Significantly, the chemical shift perturbation patterns for IL-8(1–66) binding to the 

polypeptides ND-CXCR1(1–38) and 1TM-CXCR1(1–72) are similar. The chemical shift 

perturbations resulting from binding to ND-CXCR1(1–38) are compared to those from 

binding to 1TM-CXCR1(1–72) in the scatter plot shown in Fig. 4f. The linear correlation 

has an R2 value of 0.95, and indicates that IL-8(1–66) binds similarly to the N-terminal 

domain of CXCR1 in the absence and presence of the first trans-membrane helix. Further, it 

suggests that the interactions between IL-8(1–66) and Binding Site-I of the receptor are not 

influenced by the presence of a lipid bilayer.

To ensure that the absence of spectroscopic differences in IL-8(1–66) binding to ND-

CXCR1(1–38) and 1TM-CXCR1(1–72) are not due to different binding affinities or to the 

nanodiscs themselves, isothermal titration calorimetry experiments were performed 

(Supplemental Fig. 2). ND-CXCR1(1–38) and 1TM-CXCR1(1–72) reconstituted into 

nanodiscs were placed in the chamber and aliquots from a concentrated solution of IL-8(1–

66) were added. The KD for IL-8(1–66) binding to ND-CXCR1(1–38) was determined to be 

3.5 μM, and that for IL-8 binding to 1TM-CXCR1(1–72) was 12.5 μM. These results 

suggest that IL-8(1–66) has a slightly weaker interaction with 1TM-CXCR1(1–72) than it 

does with ND-CXCR1(1–38). The enthalpy and entropy changes associated with binding 

were also comparable; ΔH = −3.2 kcal/mol and ΔS = 14.1 cal/mol/deg for the interaction 

between IL-8(1–66) and ND-CXCR1 and ΔH = −3.1 kcal/mol and ΔS = 11.7 cal/mol/deg for 

the interaction between IL-8(1–66) and 1TM-CXCR1(1–72) in nanodiscs. No interactions 

were observed in control experiments performed with IL-8(1–66) titrated into blank buffer 

solution and into empty nanodiscs. An additional control experiment was performed by 

titrating IL-8 into a solution containing both ND-CXCR1(1–38) and empty nanodiscs. The 

KD for IL-8(1–66) binding to ND-CXCR1(1–38) in the presence of empty nanodiscs was 

determined to be 3.2 μM, very similar to the value found in the absence of nanodiscs, further 

Berkamp et al. Page 9

J Biomol NMR. Author manuscript; available in PMC 2018 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrating that the presence of a membrane does not affect the binding of IL-8(1–66) to 

Binding Site-I of CXCR1 (data not shown).

Discussion and conclusions

The chemokine IL-8 interacts with the chemokine receptor CXCR1. The structure of 

monomeric IL-8(1–66) is similar to that of full-length IL-8(1–72) in both monomeric and 

dimeric forms, which demonstrates that the truncation of six residues at the C-terminus, 

necessary to form a stable monomeric species, does not have a significant effect on the 

overall fold of the chemokine. IL-8(1–66) binds to two polypeptides with sequences 

corresponding to the N-terminal region of the CXCR1 receptor. ND-CXCR1(1–38) includes 

Binding Site-I and is water soluble, while 1TM-CXCR1(1–72) includes Binding Site-I and 

the first hydrophobic trans-membrane helix of CXCR1 and requires the presence of lipids.

Docking and molecular dynamics studies between IL-8 and CXCR1 have been performed 

using the solid-state NMR structure of CXCR1 in lipid bilayers (PDB id: 2LNL) 

supplemented with NMR data on N-terminal domain derived peptides and homology studies 

to other GPCRs (Park et al. 2012; Liou et al. 2014; Joseph and Rajarathnam 2015). In the 

resulting model, charged residues in the N-loop of IL-8 interact with residues in the N-

terminal domain of CXCR1 (Binding Site-I), and hydrophobic residues in IL-8 contact 

hydrophobic residues in the N-terminus of CXCR1, which results in a rotation of IL-8. 

Finally, electrostatic interactions attract the ELR motif in IL-8 to the extracellular loops of 

CXCR1, which constitute Binding Site-II, triggering a conformational change that activates 

the receptor. A very similar series of events is expected to take place in other chemokine 

receptors (Kufareva et al. 2017).

The residues of IL-8(1–66) involved in the interactions with Site I of CXCR1 were identified 

by chemical shift perturbations. Three main regions of IL-8(1–66) were shown to interact 

with ND-CXCR1(1–38), the N-loop, the third β-sheet, and the N-terminal part of the α-

helix. This result agrees with previous studies performed on wild-type IL-8 and similar 

soluble peptides with sequences derived from CXCR1 (Fernando et al. 2007; Skelton et al. 

1999; Park et al. 2011a, b; Hebert et al. 1991; Clubb et al. 1994; Williams et al. 1996; 

Kendrick et al. 2014; Hammond et al. 1996; Joseph et al. 2015, 2010; Jiang et al. 2015; 

Monteclaro and Charo 1997). The studies of the interaction of IL-8 with soluble 

polypeptides containing Binding Site-I were extended by the preparation of a longer 

polypeptide that contains the N-terminal domain and the first trans-membrane helix of 

CXCR1. This insoluble polypeptide was reconstituted into nanodiscs, which provide a 

bilayer environment proximal to Binding Site-I. No significant differences were found in 

how IL-8(1–66) binds to the shorter construct ND-CXCR1(1–38) or the longer membrane— 

associated construct 1TM-CXCR1(1–72).

These results indicate that the presence of the first trans-membrane helix does not affect the 

interaction of IL-8 with Binding Site-I in the N-terminal domain of CXCR1. Similar 

conclusions have been reached based on experiments where the N-terminal domain of the 

chemokine receptor CCR2 was fused to the trans-membrane segment of an unrelated 

receptor; chemokine binding was not affected, showing that the N-terminal portion of a 

Berkamp et al. Page 10

J Biomol NMR. Author manuscript; available in PMC 2018 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chemokine receptor is both necessary and sufficient for chemokine-receptor interactions 

(Chaudhuri et al. 2013).

It has been hypothesized that another possible difference between studies on the peptide and 

ligand binding in vivo could be the presence of the lipid bilayer (Rajagopalan and 

Rajarathnam 2004; Nasser et al. 2009). However, we do not observe significantly different 

chemical shift perturbations between IL-8(1–66) binding to ND-CXCR1(1–38) in an 

aqueous environment and to 1TM-CXCR1(1–72) in nanodiscs. This suggests that it is 

unlikely that the membrane influences the final conformation of ND-CXCR1 upon 

interaction with IL-8. However, the presence of the lipid bilayer may affect the conformation 

of the unbound N-terminal domain. Previously, we observed that ND-CXCR1 is 

immobilized in the presence of DMPC/DHPC bicelles, but appears to lose this interaction 

upon binding IL-8 (Park et al. 2011a, b; Haldar et al. 2010).

Activity and mutational studies have shown that residues Glu4, Leu5 and Arg6 are essential 

for receptor activation, but not for receptor interactions. The ELR motif is therefore thought 

to be important for the interaction with the second binding site associated with extracellular 

loops of CXCR1 and not involved in binding the N-terminal domain (Clark-Lewis et al. 

1991; Hebert et al. 1991; Park et al. 2017; Williams et al. 1996). This is supported by the 

lack of chemical shift perturbations for these residues upon interaction with both ND-

CXCR1(1–38) and 1TM-CXCR1(1–72). Only small chemical shift perturbations are 

observed at the C-terminus. This is the location of the α-helix and the site of the truncation 

to make this construct of IL-8(1–66) monomeric, confirming experimental data obtained by 

others that the truncation of the most C-terminal six amino acids has no effect on CXCR1 

binding or activation (Clark-Lewis et al. 1991; Joseph et al. 2010; Krieger et al. 2004). 

However, these residues are thought to be important for interaction with glycosaminoglycans 

(Möbius et al. 2013).

IL-8(1–66) is a stable monomer because of the truncation of the last six residues, which 

participate in the dimer interface. This structure is very similar to those of dimeric and 

monomeric full-length IL-8(1–72), with the exception of the location of the N-loop relative 

to the α-helix and the side chain of phenylalanine 65. IL-8 binds to the residues in the N-

terminal domain of CXCR1 that constitute Binding Site-I regardless of the presence of the 

first trans-membrane helix or a lipid membrane. This suggests that the presence of IL-8 the 

N-terminal domain of CXCR1 does not interact with the membrane. Thus, investigations of 

the interactions of IL-8 with Binding Site-II, located among the extracellular loops of 

CXCR1, are essential for understanding the how the agonist triggers the conformational 

changes and receptor activation in the membrane environment.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a Two-dimensional 1H/15N HSQC spectra of uniformly 15N labeled dimeric and monomeric 

IL-8 obtained under identical conditions in 20 mM HEPES buffer at pH 7.3 and temperature 

of 313 K. The spectra of dimeric full-length IL-8 (1–72) (in black) and of monomeric IL-8 

(1–66) (in red) are superimposed with selected amide backbone resonances marked by their 

sequential assignments. b Bar graph of the weighted chemical shift differences observed 

between the resonances of dimeric IL-8 (1–72) and monomeric IL-8 (1–66) as a function of 

residue number; the resonances with the largest differences are marked by their sequential 

assignments
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Fig. 2. 
Plots of experimental data measured on monomeric IL-8(1–66) in solution as a function of 

residue number. a Chemical Shift Index. b 1H/15N heteronuclear NOE. c Residual Dipolar 

Couplings used to cross-validate the solution NMR structure of monomeric IL-8 (1–66). The 

helical region of the protein displays a characteristic Dipolar Wave pattern. d Resonance 

intensities after incubation of IL-8(1–66) in D2O for 1 h. Peak height was measured for all 

peaks in a 1H/15N HSQC spectrum and normalized to the peak height of residue Leu49. The 

locations of proline residues are indicated with a ‘P’
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Fig. 3. 
Solution NMR structure of monomeric IL-8 (1–66). a Overlay of the ten lowest energy 

structures of monomeric IL-8(1–66). b Structure of monomeric IL-8(1–66) in red overlayed 

with the solution NMR structure of full-length IL-8(1–72) in blue (PDB ID: 1IL8). c Same 

as in b only rotated 90°. d Expanded structural region of monomeric IL-8(1–66) in red and 

wild type IL-8 in blue. The change in position of the N-loop relative to the C-terminal helix 

between monomeric IL-8 and wild type IL-8 is shown. Differences in distances as measured 

between the amide nitrogen atoms of residues K20 and F65 e Expanded structural region of 

monomeric IL-8(1–66) in red and wild-type IL-8 in blue. The difference in position of the 

C5 atom of Phe65 between monomeric IL-8(1–66) and wild type IL-8(1–72) is shown
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Fig. 4. 
a. Selected region of solution 1H/15N HSQC spectra of uniformly 15N labeled monomeric 

IL-8(1–66) with increasing amounts of unlabeled ND-CXCR1(1–38) added. The colors 
represent the molar ratio ND-CXCR1:IL-8. Black is 0, green is 0.25, blue is 0.5, and red is 

1. b Chemical Shift Perturbation plot of the data in (a). The locations of proline residues are 

indicated with a ‘P’ c Structure of monomeric IL-8(1–66) with red marking the residues 

with the largest chemical shift perturbation upon interaction with ND-CXCR1. d Selected 

region of a solution 1H/15N HSQC spectrum of uniformly 15N labeled monomeric IL-8(1–

66) with increasing amounts of unlabeled 1TM-CXCR1 reconstituted in nanodiscs. The 

same color representation of molar ratios as used in Panel A. e Chemical shift perturbation 

plot of the data in (d). f Scatter plot showing the correlation between the chemical shift 
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perturbations of monomeric IL-8(1–66) bound to ND-CXCR1(1–38) and to 1TM-

CXCR1(1–72). R2 is 0.95
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Table 1

Restraint table to calculate the structure of monomeric IL-8 (1–66)

NMR distance and dihedral constraints

 Number of unambiguous NOEs 417

  Short-range 204

  Medium-range 159

  Long-range 54

 Hydrogen bond restraints 22

 Dihedral angle restraints (TALOS) 107

Structure statistics

 Molprobity analysis

  Molprobity score 1.76

  Clashscore 8.39

  Poor rotamer (%) 2.90

  Ramachandran favored (%) 99.68

  Ramachandran outliers (%) 0.00

 Pairwise backbone RMSD (residues 7–65) 0.97 Å

 Heavy—atom RMSD (residues 7–65) 1.83 Å
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