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Article
Interaction of Monomeric Interleukin-8 with CXCR1
Mapped by Proton-Detected Fast MAS
Solid-State NMR
Sang Ho Park,1 Sabrina Berkamp,1 Jasmina Radoicic,1 Anna A. De Angelis,1 and Stanley J. Opella1,*
1Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California
ABSTRACT The human chemokine interleukin-8 (IL-8; CXCL8) is a key mediator of innate immune and inflammatory
responses. This small, soluble protein triggers a host of biological effects upon binding and activating CXCR1, a G protein-
coupled receptor, located in the cell membrane of neutrophils. Here, we describe 1H-detected magic angle spinning solid-state
NMR studies of monomeric IL-8 (1-66) bound to full-length and truncated constructs of CXCR1 in phospholipid bilayers under
physiological conditions. Cross-polarization experiments demonstrate that most backbone amide sites of IL-8 (1-66) are immo-
bilized and that their chemical shifts are perturbed upon binding to CXCR1, demonstrating that the dynamics and environments
of chemokine residues are affected by interactions with the chemokine receptor. Comparisons of spectra of IL-8 (1-66) bound to
full-length CXCR1 (1-350) and to N-terminal truncated construct NT-CXCR1 (39-350) identify specific chemokine residues
involved in interactions with binding sites associated with N-terminal residues (binding site-I) and extracellular loop and helical
residues (binding site-II) of the receptor. Intermolecular paramagnetic relaxation enhancement broadening of IL-8 (1-66) signals
results from interactions of the chemokine with CXCR1 (1-350) containing Mn2þ chelated to an unnatural amino acid assists in
the characterization of the receptor-bound form of the chemokine.
INTRODUCTION
More than 800 G protein-coupled receptors (GPCRs) are
encoded in the human genome. These membrane proteins
have seven transmembrane helices and each binds to one
or multiple extracellular molecular signals, typically small
molecules, but in some cases proteins. Their activation
triggers many physiological processes through interactions
with intracellular proteins. The structures, dynamics, and
functions of GPCRs are of keen interest to both physiology
and medicine, especially because they are receptors for a
large fraction of the drugs in current use and provide fertile
ground for the targeted development of new drugs (1).
Although there has been significant progress in recent years
in the characterization of static structures of crystalline
GPCRs at low temperatures (2–4), relatively little is known
about their binding to, and activation by, naturally occurring
agonists, especially proteins, under physiological conditions
where both agonist and receptor dynamics are likely to play
important roles. Here we examine the interactions between
a chemokine agonist and its receptor in the near-native
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environment of hydrated phospholipid bilayers by NMR
spectroscopy.

About 50 chemokines and 20 chemokine receptors
constitute an important part of the innate immune system
(5). Not only do these proteins play key roles in the defense
against microbial infections, but they are also associated with
responses to inflammatory diseases such as arthritis, asthma,
and cancer (6). The chemokine interleukin-8 (IL-8; CXCL8)
binds to and activates the GPCR CXCR1 in the cell mem-
branes of neutrophils, which then interact with G-proteins, ar-
restins, and other intracellular proteins to initiate biochemical
responses of the cell. IL-8 and CXCR1 serve as a prototypical
chemokine system because they are the first of their types to
be discovered and are among the best characterized (7).

IL-8 is a small soluble protein with 72 residues. Its
structure, determined by solution NMR spectroscopy (8)
and x-ray crystallography (9), is characterized by having a
flexible N-terminal segment containing a conserved
Glu-Leu-Arg (ELR) motif just before the characteristic
CXC arrangement of cysteine residues (X represents
another type of amino acid) that participate in the two
disulfide bonds that stabilize the tertiary fold of the three
b-strands and single a-helical segment. Most CXC chemo-
kines have between 70 and 130 residues with substantial
Biophysical Journal 113, 2695–2705, December 19, 2017 2695
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variation of sequences. However, they share the character-
istic three-dimensional chemokine fold first described for
IL-8, which suggests that there may be commonality in
how they interact with their receptors.

At the high concentrations used in NMR spectroscopy and
x-ray crystallography, most chemokines form noncovalent
dimers or larger oligomers. IL-8 has been shown to exist and
function both as amonomer and dimer (10–12). Themonomer
binds to theN-terminal domain ofCXCR1with higher affinity
than the dimer (13–15), and is believed to be the biologically
active form of the protein. Modification, mutation, or trunca-
tion of residues at the dimer interface stabilize the monomeric
form of IL-8 (12,16). The structure ofmonomeric IL-8 (1-66),
obtained by truncation of the last six C-terminal residues,
using solution NMR is shown in Fig. 1 A (17). Overall, the
structure of monomeric IL-8 is very similar to that of each
subunit in the wild-type IL-8 (1-72) dimer (18).

CXCR1 and CXCR2 were the first chemokine receptors to
be identified and cloned (19), andwereoriginally referred to as
IL-8RA (20) and IL-8RB (21), respectively. They share�80%
sequence identity. Most of the differences are in the N- and
C-terminals, which bind chemokines and G-proteins, respec-
tively. Both receptors have high affinity for IL-8, with a low
nanomolar dissociation constant (22,23). Finding that two
similar but distinct receptors bind the same chemokine, and
that CXCR1 almost exclusively binds to IL-8 whereas
CXCR2 also binds to several other chemokines, provided an
early indication of the complexity of the chemokine defense
system. At present, the structures of six chemokine receptors
have been reported: the crystal structures of CXCR4 (24,25),
CCR2 (26), CCR5 (27), CCR9 (28), and viral US28 (29), and
our NMR structure of CXCR1 in lipid bilayers (23), which is
shown in Fig. 1 B. Although none of the structures represent
FIGURE 1 Structures of the chemokine IL-8 and its receptor CXCR1.

(A) Structure of the monomeric chemokine IL-8 (1-66) in aqueous solution

(PDB: 5WDZ). (B) Structure of the chemokine receptor CXCR1 (1-350)

in phospholipid bilayers (PDB: 2LNL). Extracellular N-terminal and

intracellular C-terminal residues of CXCR1 involved in ligand and G-protein

interactions, respectively, are not included in the Figure because they are

mobile on the timescales of the NMR experiments used to determine the

structure of the receptor. To see this figure in color, go online.
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complexes of a receptor with one of its native chemokine
agonists, the structures of receptors bound toviral chemokines
provide information that is complementary to the manymuta-
genesis and binding studies of their interactions. There have
been many solution NMR and other biophysical studies of
IL-8 interacting with polypeptides whose sequences corre-
spond to N-terminal residues of CXCR1 (13–16,30–33).
The current model for chemokine-receptor interactions
involves two binding sites on the receptor. Residues in both
the N-terminal domain (binding site-I) and in one or more
extracellular loops (binding site-II) of CXCR1 have been
shown to interact with IL-8 (15,33–36).

Solid-state NMR spectroscopy enables studies of the
structure and dynamics of membrane proteins in near-native
phospholipid bilayer environments (37–40). There are
several examples where solid-state NMR methods have
been used to characterize the structures of ligands bound
to GPCRs (41–44) as well as GPCRs themselves. Most prior
studies of membrane proteins or their ligands have involved
the direct detection of signals from labeled 13C or 15N sites;
this continues to be a fruitful approach and we applied it in
our earlier studies of CXCR1 (23,33,45). However, dramatic
improvements in sensitivity have been obtained by the
implementation of 1H-detected magic angle spinning
(MAS) solid-state NMR methods (46,47), especially when
fast MAS is combined with perdeuteration of the samples
(46,48–51). This approach is being applied to an increasing
number of membrane proteins (52–55).

Here, we describe the effects on IL-8 when it binds to
CXCR1 in phospholipid bilayers using 1H-detected MAS
solid-state NMR.We prepared uniformly 2H and 15N labeled
monomeric IL-8 (1-66) (17), and examined its interactions
with unlabeled full-length CXCR1 (1-350), which contains
both binding site-I and binding site-II, and an N-terminal
truncated construct of CXCR1, NT-CXCR1 (39-350), which
lacks binding site-I associated with the N-terminal region but
retains binding site-II associated with the extracellular loops.
Changes observed in spectra of IL-8 (1-66) upon binding
CXCR1 (1-350) and NT-CXCR1 (39-350) identify chemo-
kine residues involved in the interactions with CXCR1. In
addition, we incorporated the metal-chelating unnatural
amino acid 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic
acid dihydrochloride (HQA) into full-length CXCR1,
expanding upon earlier work (56), to observe intermolecular
paramagnetic relaxation enhancement (PRE) between IL-8
(1-66) and CXCR1 (1-350). This provides additional
information about the structures and spatial arrangement of
the complexed proteins.
MATERIALS AND METHODS

Incorporation of HQA

The unnatural amino acid HQAwas purchased from BOC Sciences (http://

www.bocsci.com). The replacement of tryptophan by HQA at position 10 in

http://www.bocsci.com
http://www.bocsci.com


Interaction of Monomeric IL-8 with CXCR1
the sequence of full-length CXCR1 (1-350) was performed as previously

described for a different construct of CXCR1 (56). The complete

replacement of tryptophan by HQA was confirmed by NMR and

fluorescence spectroscopies. Purification and refolding procedures of

HQA-containing CXCR1 (W10HQA CXCR1) were identical to those

applied to the wild-type protein (23).
Sample preparation

Monomeric IL-8 (1-66) containing residues of 1-66 of the wild-type human

protein was expressed and purified using the protocol described previously

(57). Uniformly 2H- and 15N-labeled samples were obtained by growing

bacteria in BioExpress cell growth media (U-2H, 98%; U-15N, 98%) and

deuterium oxide (2H, 99.9%) (Cambridge Isotope Laboratories, Tewksbury,

MA; http://www.isotope.com). High deuteration levels (>90%) were

verified by comparing the 1H solution NMR spectrum of perdeuterated

IL-8 (1-66) to that of an unlabeled sample. The proteoliposome samples

of 1,2-dimyristoyl-sn-glycero-3-phosphocholine lipid bilayers containing

full-length CXCR1 (1-350) or N-terminal truncated construct NT-CXCR1

(39-350) were prepared as described previously (23,58). The lipid/protein

molar ratio was �300:1.
FIGURE 2 (A) SDS-PAGE analysis of IL-8 (1-66), CXCR1 (1-350), and

their 1:1 complex. Lane M: Protein molecular weight marker. Lane 1:

CXCR1 (1-350) in phospholipid bilayers. Lane 2: IL-8 (1-66) in aqueous

buffer. Lane 3: pellet and Lane 4: supernatant, of a 1:1 molar ratio mixture

of IL-8 (1-66) and CXCR1 (1-350) in phospholipid bilayers after 20 h of

ultracentrifugation at 645,000 � g. Lane 3 demonstrates that IL-8 (1-66)

and CXCR1 (1-350) are in the resulting pellet and that neither protein is in

the supernatant, indicating that they form a complex in the bilayers. (B and

C) One-dimensional 15N-edited 1H solution NMR spectra of uniformly
15N-labeled IL-8 (1-66) obtained at 600MHz and 40�C. (B) IL-8 (1-66) alone
in aqueous solution. (C) 1:1 IL-8 (1-66):CXCR1 (1-350) complex in phospho-

lipid bilayers. The 1H solution NMR signals of IL-8 (1-66) are broadened

beyond detection by the slow reorientation of the chemokine bound to

CXCR1 in phospholipid bilayers. To see this figure in color, go online.
NMR experiments

The solution NMR experiments were performed at 40�C on a Bruker 600

MHz spectrometer equipped with 5 mm triple-resonance cryoprobe with

z-axis gradient. The concentration of monomeric IL-8 (1-66) was 50 mM

in 20 mM HEPES buffer (pH 7.3). One-dimensional 15N-edited 1H NMR

spectra of uniformly 15N-labeled monomeric IL-8 (1-66) were obtained

by signal-averaging 128 transients in the absence and presence of

CXCR1-containing proteoliposomes at a molar ratio of 1:1.

The samples for solid-state NMR experiments contained 30–50 mg of

uniformly 2H- and 15N-labeled IL-8 (1-66) in �3 mL of 20 mM HEPES

buffer in 100% 1H2O. Spectra were obtained in the absence and presence

of various unlabeled CXCR1 constructs in liposomes at a receptor to

IL-8 (1-66) molar ratio of 1:1. Samples were prepared by adding an

appropriate amount of isotopically labeled IL-8 (1-66) in solution to proteo-

liposomes containing unlabeled CXCR1 constructs in 5 mL of 20 mM

HEPES buffer (pH 7.3). The mixtures were incubated for 30 min at room

temperature before ultracentrifugation for 20–40 h at 645,000 � g at

15�C. Approximately 3 mL of fully hydrated proteoliposomes containing

IL-8 (1-66) bound to the receptor was transferred into a 1.3 mmMAS rotor.

For the PRE experiments, a 200-fold molar excess of MnCl2 was added to

the proteoliposome samples before ultracentrifugation.

Solid-state NMR experiments were performed at 900 MHz (21.2 Tesla)

on a Bruker Avance III HD spectrometer equipped with a triple-resonance

1.3 mm MAS probe. The sample-spinning rate was controlled to 60 kHz

(52 Hz). The probe temperature was maintained at 8�C using nitrogen

cooling gas at �30�C and a flow rate of 1500 L/h; the actual sample

temperature, as monitored by the resonance frequency of the water signal,

was estimated to be 30�C due to frictional heating.

Two-dimensional 1H-detected 1H-15N chemical shift correlation spectra

were acquired using either a 1H-15N heteronuclear single quantum correla-

tion (HSQC) pulse sequence via double insensitive nuclei enhanced by

polarization transfers (INEPT) (59) with presaturation for water signal

suppression, or via double cross-polarization (CP) transfers (46,56) with

multiple intense solvent suppression intended for sensitive spectroscopic

investigation of protonated proteins instantly (47). 15N globally optimized

alternating phase rectangular pulse (60) decoupling with irradiation of 22.6

kHz was applied during 1H signal acquisition. In these pulse sequences,

the hard p/2 pulses had nutation frequencies of 100 and 55.6 kHz for 1H

and 15N, respectively. The delay t was set to 1/4 J (2.5 ms) for INEPT trans-

fers. The contact time was 1 ms for the first CP transfer from 1H to 15N, and

0.4 ms for the second CP transfer from 15N to 1H. Two-dimensional INEPT
correlation spectra were acquired using 64 complex time-domain points with

a total acquisition time of 10 ms in the indirect 15N chemical shift dimension,

and 2048 complex time-domain points with a total acquisition time of

56.8 ms in the directly detected 1H chemical shift dimension. Two-dimen-

sional CP correlation spectra were acquired using 64 complex time-domain

points with a total acquisition time of 10 ms in the indirect 15N chemical shift

dimension, and 1024 complex time-domain points with a total acquisition

time of 11.3 ms in the directly detected 1H chemical shift dimension. The

relaxation delay for all experiments was 1.2 s. The NMR data were processed

using TopSpin 3.5 (http://www.bruker.com) and the structures were visual-

ized using PyMol (http://www.pymol.org).
RESULTS

Immobilization of IL-8 bound to CXCR1 in
phospholipid bilayers

Although IL-8 exists as a homodimer in solution (8), mono-
meric IL-8 has been shown to bind to CXCR1 with similar
or higher affinity than the dimer (13,14). Truncation of the
last six C-terminal residues results in a stable monomeric
form of IL-8 (1-66) (34). Studies of IL-8 (1-66) avoid poten-
tial complications due to dimer-to-monomer interconver-
sion of either the free or bound forms of IL-8.

Binding of IL-8 (1-66) to full-length CXCR1 (1-350) is
tight enough that IL-8 (1-66) can be found in the insoluble
proteoliposome pellet along with CXCR1 (1-350) after
ultracentrifugation (Fig. 2 A, lane 3). Similar results were
obtained for IL-8 (1-66) binding to NT-CXCR1 (39-350),
where the residues responsible for the receptor’s N-terminal
binding site are missing (data not shown). However, no IL-8
(1-66) was detected in the pellet obtained by ultracentrifu-
gation of a sample of the protein suspended in the presence
of empty liposomes. This indicates that IL-8 does not
Biophysical Journal 113, 2695–2705, December 19, 2017 2697
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FIGURE 3 Two-dimensional 1H-detected 1H-15N

correlation NMR spectra of uniformly [2H, 15N-HN]

labeled IL-8 (1-66). The cartoons at the top represent

the samples: IL-8 (1-66) alone (left), the IL-8

(1-66):CXCR1(1-350) complex (center), and the

IL-8 (1-66):NT-CXCR1(39-350) complex (right).

(A) HSQC solution NMR spectrum of IL-8 (1-66)

alone in aqueous solution obtained at 600 MHz and

40�C. (B–F) 1H-detected 60 kHz MAS solid-state

NMR spectra of IL-8 (1-66) in the absence (B) and

presence (C–F) of CXCR1 constructs in phospho-

lipid bilayers obtained at 900 MHz and 30�C. (B)
IL-8 (1-66) alone in aqueous solution. (C and D)

1:1 IL-8 (1-66):CXCR1 (1-350) complex in

phospholipid bilayers. (E and F) 1:1 IL-8

(1-66):NT-CXCR1 (39-350) in phospholipid bila-

yers. (A–C and E) were obtained with INEPT and

(D and F) with CPmagnetization transfers, enabling

theseparateobservation of signals frommobile (A–C

and E) and immobile (D and F) sites. To see this

figure in color, go online.
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interact with or partition to phospholipids. Purified uni-
formly 15N-labeled IL-8 (1-66) (Fig. 2 A, lane 2) in aqueous
(1H2O) buffer yields a well-resolved

15N-edited 1H solution
NMR spectrum of the amide region (Fig. 2 B), which is
similar to that obtained from the wild-type dimeric IL-8
(1-72) (17,33). The binding of IL-8 (1-66) to CXCR1
(1-350) in phospholipid bilayers at a molar ratio of 1:1
(Fig. 2 A, lane 3) results in the broadening of all IL-8
(1-66) 1H amide signals beyond detection by solution
NMR (Fig. 2 C). This demonstrates that the global reorien-
tation of IL-8 (1-66) is highly restricted by binding to
CXCR1 embedded in phospholipid bilayers. Similar results
were observed for the interaction of wild-type dimeric IL-8
(1-72) with the receptor under the same sample and spectro-
scopic conditions (data not shown). Notably, signals from
those residues of wild-type dimeric IL-8 (1-72) not directly
involved in the interaction with CXCR1 (1-350) could be
observed in solution NMR spectra when the protein com-
plexes are in rapidly reorienting isotropic bicelles, but not
when they are in slowly and anisotropically reorienting lipid
environments, such as magnetically aligned bicelles or pro-
teoliposomes (33). The slow global reorientation of IL-8
complexed with CXCR1 in phospholipid bilayers severely
compromises the application of solution NMR methods to
these samples. However, it is possible to use solid-state
NMR methods to investigate IL-8 bound to CXCR1 in
2698 Biophysical Journal 113, 2695–2705, December 19, 2017
phospholipid bilayers. Fig. 3 compares two-dimensional
1H-15N chemical shift correlation spectra of IL-8 (1-66)
obtained under various experimental conditions. The use
of uniformly 2H- and 15N-labeled IL-8 (1-66), where the
perdeuteration facilitates the suppression of 1H-1H dipolar
couplings, is essential to obtain these high-resolution
MAS spectra.
Fast-exchanging amide hydrogens of IL-8

A two-dimensional 1H-15N HSQC NMR spectrum of uni-
formly 15N labeled IL-8 (1-66) in aqueous solution is shown
with black contours in Figs. 3 A and 4 A. This spectrum was
obtained with the sample in a standard 5 mm OD solution
NMR sample tube that was not spun. All the amide reso-
nances have been assigned to specific residues, with the
exception of the mobile C-terminal residue, 66, whose
amide hydrogen exchanges rapidly with water at pH 7.3
(17). A spectrum of the same solution sample obtained in
a 1.3 mm rotor spinning at 60 kHz using the same pulse
sequence, with minor modifications of the t delay for
INEPT transfers and the use of continuous wave irradiation
(presaturation) for water signal suppression, is shown with
black contours in Fig. 3 B and with red contours in Fig. 4
A. The observed line widths of amide 1H resonances of
IL-8 (1-66) in aqueous solution obtained by conventional



FIGURE 4 (A) Comparison of one-dimen-

sional 15N-edited 1H NMR and two-dimensional
1H-detected 1H-15N correlation NMR spectra of

uniformly 15N-labeled IL-8 (1-66) in aqueous

solution obtained by solution NMR (black

contours) and solid-state 60 kHz MAS NMR

(red contours), respectively. The amide

resonances absent in the solid-state MAS NMR

spectrum due to fast exchange with water are

marked. (B) The fast-exchanging sites in the

N-terminal and three loop regions of IL-8

(1-66) are colored in green in the protein struc-

ture. To see this figure in color, go online.
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solution NMR and obtained by 60 kHz MAS solid-state
NMR are �30 and 50 Hz, respectively.

The solution NMR and solid-state NMR spectra in
Fig. 4 are very similar with extensive overlap of chemical
shifts. Importantly, no signals could be observed using CP
transfer, indicating that IL-8 (1-66) is not sedimented but
remains soluble undergoing isotropic reorientation in solu-
tion at 60 kHz MAS, which produces >106 g centrifugal
force toward the rotor wall. Presaturation for water
suppression in the solid-state MAS spectrum results in
missing or very weak intensity signals from solvent-acces-
sible residues (1–5, 11–15, 18, 20, 33, 35, 37, 44, 45, and
57) compared to the solution NMR spectrum obtained
with the WATERGATE pulse sequence (61) for water
suppression. This result was verified by amide hydrogen-
deuterium exchange measurements on IL-8 (1-66) in
solution (17).

The residues with fast-exchanging amide hydrogens are
represented in green in the IL-8 (1-66) structure (Fig. 4
B); they are mainly located in the N-terminal and three
loop regions (N-loop, 30s loop, and 40s loop) This result
FIGURE 5 (A and B) 1H-detected 1H-15N correlation solid-state 60 kHz MA

CXCR1 (1-350) in phospholipid bilayers obtained with (A) CP (red contours)

MAS NMR spectra are overlaid on the solution NMR HSQC spectrum (Figs. 3 A

(C) Structure of IL-8 (1-66) with the dynamics of residues in IL-8 (1-66) boun

(red contours, A) and green represents mobile sites (green contours, B). Signal

the solid-state NMR spectra. To see this figure in color, go online.
is in agreement with the previously measured amide nitro-
gen relaxation rates of a monomeric IL-8 mutant in aqueous
solution, in which a high degree of mobility was observed
for the unstructured N-terminal region, and reduced
mobility for several residues in the loop regions (residues
11, 12, 33, 35, 45, and 57) (30).
IL-8 interaction with CXCR1 in phospholipid
bilayers

Comparison of MAS solid-state NMR spectra obtained with
CP and INEPT magnetization transfers enables the qualita-
tive characterization of residue-specific local dynamics of
IL-8 (1-66) bound to CXCR1 in phospholipid bilayers
(Figs. 3, 5, and 7). Signals from immobilized residues are
observed in the spectra obtained with CP transfers whereas
signals from mobile residues are observed in the spectra
obtained with INEPT transfers. 1H-detected 1H-15N correla-
tion solid-state MAS NMR spectra of 2H and 15N labeled
IL-8 (1-66) bound to unlabeled full-length CXCR1 (1-350)
show that signals from most of the IL-8 (1-66) amide
S NMR spectra of [2H, 15N-HN] labeled IL-8 (1-66) bound to unlabeled

and (B) INEPT (green contours) magnetization transfers. The solid-state

and 4 A) of free IL-8 (1-66) (gray contours). Assigned signals are marked.

d to CXCR1 (1-350) designated by colors. Red represents immobile sites

s from residues in the gray regions are either unassigned or undetected in

Biophysical Journal 113, 2695–2705, December 19, 2017 2699
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backbone sites could be observed in the CP spectrum (Fig. 3
D (black contours), and Fig. 5 A (red contours). In contrast,
only five backbone and a pair of side-chain signals were
observed in the INEPT spectrum (Fig. 3 C (black contours),
and Fig. 5 B (green contours). Motionally averaged signals
of IL-8 (1-66) bound to CXCR1 in phospholipid bilayers
were observed in the MAS solid-state NMR spectrum
(Figs. 3 C and 5 B), but not in the solution NMR spectrum
(Fig. 2 C) because the severe broadening from the dipole-
dipole interactions is suppressed by the combination of
fast MAS and perdeuteration. Several residues, including
those from the C-terminal helical region, which are not
observed in either CP or INEPT solid-state NMR experi-
ments, are marked in gray in Fig. 5 C. The C-terminal helical
region of IL-8 (1-66) does not show evidence of interaction
with the receptor. It is known to be responsible for associa-
tion with the sulfate groups of glycosaminoglycans (62), and
local motions might occur on an intermediate timescale,
such that neither CP nor INEPT transfers yield signals (63).

The mobile and fast-exchanging IL-8 (1-66) sites in
the loops (green sites in Fig. 4 B) were immobilized
along with the three b-strands upon interaction with
CXCR1 (red sites in Fig. 5 C). Several fast-exchanging
residues (12,18,20,44,45) in the N-loop and the 40s
loop of IL-8 (1-66) contribute to its primary binding site
(13–16,30–33,64). Significant chemical shift perturbations
of resonances of IL-8 (1-66) upon interaction with
CXCR1 (1-350) indicate the locations of the IL-8 (1-66) res-
idues involved in binding. Chemical shift perturbations of
five well-resolved resonances of IL-8 (1-66), Gln8, and
Lys20 in the downfield (11–12 ppm) region and Phe17,
Cys34, and Val58 in the upfield (5.5–6.5 ppm) region are
compared in Fig. 6. Phe17 and Val58 resonances were
significantly perturbed by both CXCR1 (1-350) in phospho-
lipid bilayers and the soluble peptide ND-CXCR1 (1-38) in
aqueous buffer, whereas Cys34 was not affected. This result
is consistent with solution NMR data on interactions of both
monomers and dimers of IL-8 with various N-terminal
CXCR1 peptides containing only binding site-I of the recep-
tor (15). The Gln8 resonance was slightly perturbed by both
receptor constructs, but the Lys20 resonance was only per-
turbed by ND-CXCR1 (1-38) and not by CXCR1 (1-350),
2700 Biophysical Journal 113, 2695–2705, December 19, 2017
suggesting that the IL-8 (1-66) interaction with CXCR1
(1-350) is different from that with ND-CXCR1 (1-38).
IL-8 interaction with NT-CXCR1 in phospholipid
bilayers

IL-8 (1-66) binds to NT-CXCR1 (39-350), which lacks the
N-terminal 38 residues of the receptor that contribute to
binding site-I, but retains binding site-II associated with
extracellular loops of the receptor. Significant differences
were observed between the 1H-15N correlation spectra of
IL-8 (1-66) bound to NT-CXCR1 (39-350) (Figs. 3, E
and F and 7, A and B) and to full-length CXCR1 (1-350)
(Figs. 3, C and D and 5, A and B). From the IL-8 (1-66)
and NT-CXCR1 (39-350) complex, �11 backbone amide
signals can be observed in the CP spectrum (Fig. 3 F, black
contours, and Fig. 7 A, red contours) compared with �18
signals in the INEPT spectrum (Fig. 3 E, black contours,
and Fig. 7 B, green contours). Out of the 60 expected
backbone amide signals, 31 are not detected in either the
CP or the INEPT spectra. The corresponding residues are
shown in gray on the structure in Fig. 7 C. The observed
CP signals are located primarily in the 30s loop, 40s loop,
and b3 strand (Fig. 7 C, red). The chemical shift perturba-
tions of IL-8 (1-66) resonances by interactions with NT-
CXCR1 (39-350) in the CP spectrum are generally smaller
than those observed for interactions with full-length
CXCR1 (1-350), possibly indicating differences in the
nature of the interactions with the extracellular loops of
the receptor (65,66).
Long-range distance restraints from
intermolecular PRE of HQA-incorporated CXCR1

The genetic incorporation of the metal-chelating unnatural
amino acid HQA (67) into membrane proteins enables the
measurement of intra- and intermolecular distance
restraints by enabling PRE NMR experiments (56). The
signal intensities in the one-dimensional MAS solid-state
15N-edited 1H NMR spectrum of IL-8 (1-66) bound to
W10HQA CXCR1 (1-350) (Fig. 8 A) were reduced by
the broadening effects of the bound paramagnetic Mn2þ
FIGURE 6 Downfield (A) and upfield (B)

regions of 1H-15N correlation spectra of IL-8

(1-66). Signals in black contours are from a solu-

tion NMR HSQC spectrum of free IL-8 (1-66);

blue contours are from a solution NMR HSQC

spectrum of IL-8 (1-66) bound to ND-CXCR1

(1-38) (17); and red contours are from a solid-state

MAS NMR spectrum of IL-8 (1-66) bound to

CXCR1 (1-350). Assigned residues are marked.

To see this figure in color, go online.



FIGURE 7 (A and B) 1H-detected 1H-15N correlation solid-state 60 kHz MAS NMR spectra of [2H, 15N-HN] labeled IL-8 (1-66) bound to unlabeled

NT-CXCR1 (39-350) in phospholipid bilayers obtained with (A) CP (red contours) and (B) INEPT (green contours) magnetization transfers. The solid-state

MAS NMR spectra are overlaid on the solution NMR HSQC spectrum (Figs. 3 A and 4 A) of free IL-8 (1-66) (gray contours). Assigned signals are marked.

(C) Structure of IL-8 (1-66) with the dynamics of residues in IL-8 (1-66) bound to NT-CXCR1 (39-350) designated by colors. Red represents immobile sites

(red signals, A) and green represents mobile sites (green signals, B). Signals from residues in the gray regions are either unassigned or undetected in the solid-

state NMR spectra. To see this figure in color, go online.
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ion on nearby 1H nuclei (Fig. 8 B). Control experiments
show that the presence of free manganese ions in solution
has negligible effect on the spectrum of IL-8 (1-66) bound
to wild-type CXCR1 (1-350) (Fig. 8, C and D). Most likely
this is because the CP transferred 1H signals of IL-8 (1-66),
which result from the immobilization of its residues due to
interactions with CXCR1 (1-350), are shielded from the
free manganese ions.

The spectrum of labeled IL-8 (1-66) bound to unlabeled
NT-CXCR1(39-350) (Fig. 8 E), in which the observed
signals are primarily from the immobilized IL-8 (1-66)
residues interacting with the extracellular loops of the recep-
tor, is similar to that of IL-8 (1-66) bound to W10HQA
CXCR1 in the presence of manganese ions (Fig. 8 B).
This suggests that the intermolecular PREs resulting from
the Mn2þ bound to residue 10 of CXCR1 selectively
broaden the IL-8 (1-66) signals from residues near binding
site-I of CXCR1.
DISCUSSION

Residues in the N-terminal domain (binding site-I) and in
extracellular loops (binding site-II) of CXCR1 interact
with IL-8 (13,14,16,30–33,35,66,68,69). Specific residues
in the N-terminal domain of CXCR1 contribute to both
the selectivity and the affinity of the receptor for IL-8.
FIGURE 8 One-dimensional 15N-edited 1H-de-

tected 60 kHz MAS solid-state NMR spectra of

[2H, 15N-HN] labeled IL-8 (1-66) bound to unlabeled

CXCR1 obtained with CP magnetization transfer.

The cartoons at the top represent the samples: 1:1

IL-8 (1-66): W10HQA CXCR1 (1-350) complex

(left), 1:1 IL-8 (1–66):CXCR1 (1-350) complex

(center), and IL-8 (1-66):NT-CXCR1 (39–350)

complex (right). The star indicates the location of

the metal-chelating unnatural amino acid HQA at

residue 10 in the N-terminal domain of CXCR1. (A

and B) 1:1 IL-8 (1-66): W10HQA CXCR1 (1-350)

complex. (C and D) 1:1 IL-8 (1-66):CXCR1

(1-350) complex. (E) 1:1 IL-8 (1-66):NT-CXCR1

(39-350) complex. (A), (C), and (E) were obtained

in the absence of MnCl2. (B) and (D) were obtained

in the presence of MnCl2. To see this figure in color,

go online.
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However, much less is known about how IL-8 interacts with
the extracellular loops of CXCR1, or how the binding of IL-
8 activates the receptor and triggers its biological functions.
1H-detected fast MAS solid-state NMR experiments on
isotopically labeled IL-8 (1-66) bound to unlabeled con-
structs of CXCR1 provide new information about the nature
of the interactions of IL-8 with CXCR1 in phospholipid
bilayers.

IL-8 binds to synthesized and expressed polypeptides
with sequences corresponding to the N-terminal region
of CXCR1 that contains binding site-I. The KD values
for IL-8 interacting with only binding site-I are in the sub-
micromolar to submillimolar range (15), which is signifi-
cantly weaker than for binding to full-length CXCR1,
which includes both binding site-I and binding site-II
(KD ¼ 1–5 nM) (45). In particular, the binding affinity
of IL-8 (1-66) for 1TM-CXCR1 (1-72), which includes
N-terminal residues (binding site-I) and the first trans-
membrane helix of CXCR1, is 12.5 mM in nanodiscs,
which is similar to that for the soluble N-terminal domain
alone [ND-CXCR1 (1-38)] in aqueous buffer (17).
Notably, not only IL-8 (1-66) bound to full-length
CXCR1 (1-350), which includes binding site-I and binding
site-II, but also IL-8 (1-66) bound to the shorter constructs
1TM-CXCR1 (1-72), which includes only binding site-I,
and NT-CXCR1 (39-350), which includes only binding
site-II, are copelleted by ultracentrifugation. Thus,
ligand-receptor complexes in phospholipid bilayers with
as low as micromolar binding affinities are copelleted by
ultracentrifugation, demonstrating that the complexes are
stable and well-suited for NMR experiments. All of the
results are consistent with ‘‘slow exchange’’ of the ligand
(IL-8) and the receptor (CXCR1) on the relevant NMR
timescales.

GPCRs undergo conformational changes as a result of
ligand binding and their dynamics are hypothesized to
play an important role in the transmission of signals across
membranes (70). The N- and C-terminal residues of the apo-
2702 Biophysical Journal 113, 2695–2705, December 19, 2017
receptor display evidence of mobility in several different
sample preparations and NMR experiments. However, it
has also been established that they play roles in the interac-
tions with the extracellular ligand IL-8 and intracellular
G-proteins, respectively (23,58), and these residues become
ordered upon interaction with the ligands.

The data summarized in Fig. 9 provide an opportunity to
focus on the changes in the structure and dynamics of the
chemokine IL-8 that result from interactions with its recep-
tor CXCR1. The data in Fig. 9, rows C–F, are derived from
the spectra in Fig. 3; they show that IL-8 (1-66) undergoes
significant changes in dynamics upon interaction with full-
length CXCR1 (1-350) and the shorter N-terminal truncated
construct NT-CXCR1 (39-350). Previously, the dynamics of
monomeric and dimeric IL-8 have been described in the
absence and presence of N-terminal CXCR1 peptides by
solution NMR (30); the N-terminus of IL-8, including the
conserved ELR motif, is disordered and dynamic, whereas
the three loops connecting three b�strands and one C-termi-
nal a-helix are well-structured, even though their amide
hydrogens undergo facile exchange with water (the data in
row B of Fig. 9 are derived from Fig. 4). The IL-8 residues
that directly interact with various N-terminal CXCR1 con-
structs, including ND-CXCR1 (1-38) and 1TM-CXCR1
(1-72), are well defined (15,30). The residues in the
N-loop and 40s loop of IL-8 contribute to its major binding
sites and display some evidence of local motions
(14,15,31,33). In combination with the solid-state NMR
data obtained on IL-8 (1-66) bound to CXCR1 (1-350)
and NT-CXCR1 (39-350) in phospholipid bilayers, this
suggests that the dynamics of free and bound IL-8 may
play important roles in receptor binding selectivity as well
as activation.

Significant changes in IL-8 (1-66) dynamics occur upon
binding to wild-type CXCR1 (1-350). A majority of the
residues in IL-8 (1-66), including those in the flexible
loop regions, are immobilized upon interaction with
CXCR1 (1-350). In addition, residue-specific chemical shift
FIGURE 9 Summary of IL-8 (1-66) interactions

with CXCR1 (1-350), NT-CXCR1 (39-350), and

ND-CXCR1 (1-38). Row A: Nonexchanging

amide sites in D2O (17). Row B: Fast-exchanging

amide sites in H2O from Fig. 4. (Rows C and D:

Immobile and mobile sites by interaction with

CXCR1 (1-350), respectively, from Fig. 5. Rows

E and F: Immobile and mobile sites by interaction

with NT-CXCR1 (39-350), respectively, from

Fig. 7. Row G: Most perturbed sites of chemical

shifts by interaction with ND-CXCR1 (1-38)

(17). To see this figure in color, go online.
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perturbations are observed (Fig. 5 A). Although many of the
resonance assignments of bound IL-8 (1-66) could be
obtained by direct comparison to the spectra of unbound
IL-8 (1-66), several signals were significantly perturbed by
the interaction and independent assignment experiments on
the bound form of IL-8 (1-66) will be needed to map out
all of the site-specific chemical shift perturbations. This
should be feasible using recently developed 1H-detected
fast MAS triple resonance solid-state NMR experiments (52).

The solid-state NMR INEPT spectrum in Fig. 3 C demon-
strates that five backbone amide sites are mobile in IL-8
(1-66) bound to CXCR1 (1-350); the signals from these sites
are superimposable on those from the ELR residues of IL-8
(1-66) free in solution as shown in Fig. 5 B. The signals of
Glu4 and Leu5 are absent in the solution NMR INEPT spec-
trum of unbound IL-8 (1-66) due to their rapid exchange
with water (Fig. 4 A). As a result, their presence in the
solid-state NMR INEPT spectrum of bound IL-8 (1-66)
demonstrates that these residues are protected from solvent
exchange by the interactions of IL-8 with CXCR1. The
N-terminal ELR motif of IL-8 has been proposed to interact
with the extracellular regions of CXCR1 and trigger recep-
tor activation (36). However, no chemical shift perturbations
are observed, and the mobile ELR signals in bound IL-8
(1-66) suggest that the ELR motif does not interact directly
with extracellular or transmembrane helical regions of
CXCR1, which is consistent with our previous data on the
interactions between wild-type IL-8 dimer and full-length
CXCR1 in oriented lipid bilayers (33).

Since the N-terminal truncated form of the receptor is
missing binding site-I, NMR spectra of the complex of
IL-8 (1-66) and NT-CXCR1 (39-350) are informative about
the interactions of IL-8 with binding site-II. The relatively
small number of IL-8 (1-66) residues that are immobilized
by binding are located mainly within the 30s and 40s loops
of IL-8 (1-66). They are likely to be involved in direct inter-
actions with residues in extracellular loops of CXCR1.
However, most IL-8 residues undergo sufficient motional
averaging to yield signals from INEPT experiments in the
absence of binding site-I (Fig. 7). Thus, IL-8 interacts
with both binding site-I and binding site-II of CXCR1.
Other efforts to characterize the two-site model of IL-8
binding to CXCR1 have revealed that the N-loop of IL-8
is the major determinant for CXCR1 activation (71). In
contrast, the N-terminus of IL-8 (ELR and CXC) is essential
for CXCR2 activation (72), which suggests that this
approach has the potential to address the selectivity of
chemokines for different receptors.

1H-detected fast MAS solid-state NMR enabled the
characterization of IL-8 (1-66)-CXCR1 complexes in phos-
pholipid bilayers, providing insight into the molecular events
associated with the first step of the CXCR1-mediated
signaling cascade. These studies also served to demonstrate
that site-specific incorporation of metal-chelating unnatural
amino acid HQA into CXCR1 in combination with high-res-
olution 1H-detected fast MAS solid-state NMR provide site-
specific PRE-derived intermolecular distance restraints in
ligand-receptor complex. Thus, solid-state NMR can provide
measurements of both intra- and intermolecular distances
along with the identification of residues directly involved in
binding to specific sites on both the ligand and receptor.
Demonstrated here on ligand binding to a GPCR, the
approach has the potential to be applicable to a broad range
of protein complexes in membranes and other biological
supramolecular assemblies.
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