
The dynamics of interleukin-8 and its
interaction with human CXC receptor I
peptide

Agnieszka A. Kendrick,1 Michael J. Holliday,1 Nancy G. Isern,2 Fengli Zhang,3

Carlo Camilloni,4 Chi Huynh,1 Michele Vendruscolo,4 Geoffrey Armstrong,5 and
Elan Z. Eisenmesser1*

1Department of Biochemistry and Molecular Genetics, School of Medicine, University of Colorado Denver, Aurora, Colorado
80224
2WR Wiley Environmental Molecular Sciences Laboratory, High Filed NMR Facility, Richland, Washington 99532
3National High Magnetics Field Laboratory, Tallahassee, Florida 32310
4Department of Chemistry, University of Cambridge, Cambridge CB2 1EW, United Kingdom
5Department of Chemistry and Biochemistry, University of Colorado at Boulder, Boulder, Colorado 80309

Received 16 October 2013; Revised 13 January 2014; Accepted 16 January 2014

DOI: 10.1002/pro.2430
Published online 20 January 2014 proteinscience.org

Abstract: Interleukin-8 (CXCL8, IL-8) is a proinflammatory chemokine important for the regulation

of inflammatory and immune responses via its interaction with G-protein coupled receptors, includ-
ing CXC receptor 1 (CXCR1). CXCL8 exists as both a monomer and as a dimer at physiological

concentrations, yet the molecular basis of CXCL8 interaction with its receptor as well as the impor-

tance of CXCL8 dimer formation remain poorly characterized. Although several biological studies
have indicated that both the CXCL8 monomer and dimer are active, biophysical studies have

reported conflicting results regarding the binding of CXCL8 to CXCR1. To clarify this problem, we

expressed and purified a peptide (hCXCR1pep) corresponding to the N-terminal region of human
CXCR1 (hCXCR1) and utilized nuclear magnetic resonance (NMR) spectroscopy to interrogate the

binding of wild-type CXCL8 and a previously reported mutant (CXCL8M) that stabilizes the mono-

meric form. Our data reveal that the CXCL8 monomer engages hCXCR1pep with a slightly higher
affinity than the CXCL8 dimer, but that the CXCL8 dimer does not dissociate upon binding

hCXCR1pep. These investigations also showed that CXCL8 is dynamic on multiple timescales,

which may help explain the versatility in this interleukin for engaging its target receptors.
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Introduction

Interleukin-8 (IL-8, CXCL8) is a member of the pro-

inflammatory CXC cytokine family implicated in

mediation of inflammatory responses, including

angiogenesis, leukocyte degranulation and cell

migration.1,2 CXC chemokines are small proteins

(8–12 kDa) that contain a conserved CXC residue

motif (C-cysteine, X-any other residue) proximal to

the N-terminal region of the protein.3 Solution and

solid-state structures of several human CXC chemo-

kines have been solved, revealing a common tertiary
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nuclear magnetic resonance; R1, longitudinal relaxation rate;
R2, transverse relaxation rate.

Additional Supporting Information may be found in the online
version of this article.

Grant sponsor: Department of Energy’s Office of Biological and
Environmental Research. Grant sponsor: The Rocky Mountain
900 Facility; Grant number: NIHGM68928.

*Correspondence to: Elan Zohar Eisenmesser, Department of
Biochemistry and Molecular Genetics, School of Medicine, Uni-
versity of Colorado Denver, Aurora, CO 80045. E-mail:
Elan.Eisenmesser@UCDenver.edu

464 PROTEIN SCIENCE 2014 VOL 23:464—480 Published by Wiley-Blackwell. VC 2014 The Protein Society



fold for all members of the family consisting of an

unstructured N-terminal loop, antiparellel b-strands

and a C-terminal a-helix.4 CXC chemokines typically

dimerize, and residues within the first b-strand and

a-helix are important for the stabilization of the

dimeric form.3 In CXCL8, dimerization occurs via an

interaction between side chains in its first b-strand

and is further stabilized by its C-terminal a-helix

and two disulphide bridges (Cys7-Cy34 and Cy9-

Cys50). Several different mutations or truncations

that disrupt the structural order in these regions

can lead to formation of dimerization-incapable

CXCL8 mutants, which include deletion of C-

terminal residues involved in a-helix formation and

mutation of the residues within one of the b-

strands.5–8

Although several studies have characterized the

importance of dimerization on the activity of CXCL8

in vitro and in vivo, the molecular and functional

consequences of such dimerization are not known in

full detail. The dissociation constant (Kd) for CXCL8

dimerization has been reported to be 10 to 20 lM.7,9

As CXCL8 is secreted at high concentrations from

injured or cancerous tissues, its local concentration

can vary significantly, leading to the existence of

both the monomeric and dimeric forms at different

locations and over time.10,11 This differential distri-

bution of the CXCL8 dimeric and monomeric forms

may suggest an important role for each of them in

the functional activity of this chemokine. For exam-

ple, one may hypothesise that the formation of

CXCL8 dimers at high concentrations may diminish

the binding affinity of CXCL8 to its receptors, and

thereby serve as a control mechanism to downregu-

late signaling.

The predominant naturally-occuring form of

wild-type CXCL8 comprises 72 residues (1–72,

herein termed as wild-type CXCL8) and is obtained

after cleavage of the precursor form, leading to the

removal of five N-terminal residues. Biological stud-

ies have shown that the precursor form of CXCL8 is

less active, supporting the biological importance of

studying the mature, wild-type CXCL8.12 CXCL8

interacts with two G-protein coupled receptors,

CXCR1 and CXCR2, resulting in a diverse array of

signaling events linked to the regulation of tumor

microenvironment in breast, pancreatic, and pros-

tate cancers.1,13 CXCR1 is targeted by CXCL8 and

granulocyte chemotactic protein-2 (GCP-2) only,

while CXCR2 is targeted by CXCL8 and several

other ligands. These two receptors are highly

homologous, with the only major differences being

in the extracellular N-terminal region implicated in

ligand binding, thus explaining their specificity for

their particular ligands.14 Several studies have

characterised the CXCL8 interaction with CXCR1

as a two-site process. Site I comprises the initial

interaction between the CXCL8 N-loop residues and

the CXCR1 receptor N-terminal residues, while site

II involves the CXCL8 N-terminal (ELR motif) and

the receptor distant extracellular region.5–7,10,14–16

However, a recent biophysical study performed in

lipid bilayers using human full-length CXCR1 and

CXCL8 did not fully support such findings, suggest-

ing that the binding process between CXCL8 and

human CXCR1 appears to be mainly associated

with the N-terminal region of the receptor.17 Fur-

thermore, using biophysical studies, Ravindran

et al.7 proposed that upon receptor engagement,

wild-type CXCL8 dissociates to form a CXCL8 mono-

mer/receptor complex. In contrast with these results,

CXCL8 dimerization has been shown to be critical for

neutrophil recruitment, one of the major CXCL8 roles

in regulating inflammatory responses.18 These dis-

crepancies may arise from the fact that most biophysi-

cal studies to date have been conducted with a

peptide corresponding to the residues within the N-

terminal region of a rabbit CXCR1 homolog, as

opposed to its human counterpart, while biological

studies reflect the interaction with the human CXCR1

(hCXCR1) sequence.

For the present study, we expressed and puri-

fied both CXCL8 and a peptide corresponding to res-

idues 9 to 29 of hCXCR1 (herein referred to as

hCXCR1pep). Using these constructs, we character-

ized the interaction of hCXCL8 and the hCXCR1

N-terminal region by solution NMR titration and

relaxation studies. We also generated a previously

described8 double-mutant to disrupt the dimeriza-

tion interface in order to obtain a monomeric form of

CXCL8 (herein referred to as CXCL8M), and

thereby perform comparative biophysical studies

with the CXCL8 dimeric and monomeric forms. Our

data support the conclusion that the interaction of

CXCL8 with the hCXCR1 peptide is specific, but,

importantly, also reveal that wild-type CXCL8 per-

sists in a dimeric form upon engagement of the

receptor peptide without the prerequisite of dimer

dissociation. Additionally, our backbone amide NMR

relaxation data demonstrate evidence that CXCL8

exhibits an inherent mobility, suggesting that the

dynamic nature of CXCL8 might contribute to its

ability to target multiple receptors.

Results

CXCL8 monomers bind hCXCR1pep weakly but

specifically, and with higher affinity than CXCL8
dimers

To test the binding of human CXCL8 to its human

target receptor we expressed and purified a peptide

corresponding to the N-terminal region of human

CXCR1 [hCXCR1pep, Fig. 1(A)]. Previous studies

attempting to characterize the interaction of CXCL8

with hCXCR1 used peptides spanning residues 1 to

40 of hCXCR1 N-terminal region or a shorter
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construct.9,19 Comparable binding characteristics

were reported with either a truncated shorter pep-

tide (residues 9–29) or a truncated peptidomimetic

(residues 15–19 replaced by a chemical linker).

Therefore, we chose the peptide corresponding to

residues 9–29 of hCXCR1. We performed initial

experiments using a CXCL8 construct generated

with a 6xHis tag and a thrombin cleavage site that

contained an N-terminal overhang after thrombin

cleavage [Fig. 1(B)]. Additionally, to test the contribu-

tion of dimerization to the binding process, we gener-

ated a dimerization-incapable mutant form of CXCL8

by performing site-directed mutagenesis within the

dimerization domain as previously described [Fig.

1(B,C)].8 While both wild-type and monomeric con-

structs were initially generated with an N-terminal

overhang resulting from thrombin cleavage (herein

called CXCL8Synthetic and CXCL8MSynthetic, respec-

tively), these constructs were also generated using a

Factor Xa cleavage site that allowed us to also test

the biologically mature forms that do not comprise

any overhang (herein called CXCL8 and CXCL8M).

Each construct was well folded and behaved as a

dimer and a monomer, respectively, based on NMR

data (Supporting Information Fig. S1) and size-

exclusion chromatography (data not shown). Compar-

ative studies between the synthetic and the biological

form have allowed us to account for the importance of

the CXCL8 N-terminus in the binding interaction

[Fig. 2]. 1H/15N heteronuclear single-quantum coher-

ence (HSQC) solution NMR experiments were used to

assess the binding interface and affinity through

chemical shift perturbations. Unlabeled hCXCR1pep

was titrated into 15N-labeled CXCL8 constructs, and

binding induced chemical shift perturbations were

monitored upon peptide engagement.

Figure 1. Sequence of the CXCR1 N-terminal region, and sequence and structure of interleukin-8 (CXCL8). (A) Alignment of the

amino acid sequence of the human CXCR1 (hCXCR1) N-terminal region with that of the rabbit CXCR1 (rCXCR1) Nterminal

region. The peptide used in the study (hCXCR1pep) and the binding mutant (hCXCR1D13Apep) are also shown, with the post-

purification overhang highlighted in green. (B) Amino acid sequences of human CXCL8 constructs utilized in the study. The

postpurification overhang residues are highlighted in green and constructs containing such overhangs are described as syn-

thetic. The double mutation that blocks CXCL8 dimerization and is thus a CXCL8 monomer (L25Y and V27R) is highlighted in

red box. (C) Ribbon diagram of the CXCL8 dimer crystal structure. N- and C-termini of each monomer are labeled and the resi-

dues (L25 and V27) mutated to form monomer are mapped onto one of the monomers. PDB code 3IL8, Human CXCL8 Gen-

Bank accession code 3576, hCXCR1 GenBank accession code L19591, rCXCR1 GenBank accession code M58021.
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Previously reported binding affinities vary

significantly and such discrepancies may have

arisen from the various conditions and/or specific

constructs used as shown below.7,9,12,19,20 There-

fore, we sought to specifically test the sensitivity

of CXCL8/hCXCR1pep binding to such variations

in a more comprehensive manner by performing

our experiments using some of the previously

reported buffers and CXCL8 constructs. Specifi-

cally, initial titrations were completed in the pres-

ence of phosphate buffer at pH 6.5 for synthetic

CXCL8 constructs [Fig. 2(A)]. Although both syn-

thetic CXCL8 constructs engaged hCXCR1pep, the

monomer exhibited slightly tighter binding as deter-

mined by chemical shift perturbations and the asso-

ciated binding isotherms with dissociation constants

of 544 6 25 lM for CXCL8Synthetic and 440 6 30 lM

for CXCL8MSynthetic [Fig. 2(A)]. Since these interac-

tions were relatively weak, we next sought to deter-

mine whether they were specific. The contribution of

the single Asp13 residue within the hCXCR1pep to

binding was surmised based on reverse titrations

where we added unlabeled CXCL8Synthetic into 15N-

labeled hCXCR1pep that we had previously assigned

(Supporting Information Fig. S2A). The largest

chemical shift changes in carbon Ca and Cb were

observed for Asp13 of hCXCR1pep upon binding

CXCL8 (Supporting Information Fig. S2B), providing

initial evidence as to the electrostatic nature of this

interaction. Consistent with this conclusion, an

Asp13!Ala mutant hCXCR1pep showed marked

reduction in binding affinity to CXCL8Synthetic with a

dissociation constant of 1.3 6 0.05 mM (Supporting

Information Fig. S2C). Interestingly, while there

have been mutagenesis studies of the hCXCR1 N-

terminal region, Asp13 has not been previously char-

acterised as important for binding21 and thus, in

addition to revealing specificity, our studies have

identified a primary contribution to the CXCL8/

CXCR1 interaction. Similar affinities to the

CXCL8Synthetic were obtained upon using the wild-

type CXCL8 constructs [Fig. 2(B)], with 550 6 26 lM

and 460 6 27 lM for CXCL8 and CXCL8M, respec-

tively. Consistent with the conclusion that electro-

statics play an important role in the CXCL8/

hCXCR1pep interaction, a significant increase in

binding affinities was detected when titrations were

performed in the presence of HEPES buffer instead

of phosphate buffer [Fig. 2(C)]. Unfortunately, we

were not able to confidently determine the binding

affinity for wild-type constructs in the HEPES buffer

due to slight sample precipitation that was especially

evident for CXCL8M. However, a comparison of the

chemical shift perturbations at the first few titration

points, prior to precipitation, reveals significantly

larger shifts in HEPES buffer, relative to the ones

collected in phosphate buffer, consistent with a

higher binding affinity. This observation is consistent

with other studies in HEPES buffer that reported a

dissociation constant of 10 lM using Isothermal

Titration Calorimetry.15 Although both HEPES and

phosphate buffers are routinely utilized to mimic

physiological conditions, the actual biological environ-

ment is more complicated because of the presence of

a variety of other molecular species. Hence, the bind-

ing affinities measured in those buffers are likely to

be influenced by other factors (e.g. other ions or pro-

teins). Based on our NMR titrations data we can con-

clude that the interaction between CXCL8 and

CXCR1pep involves a number of charged residues,

which are described below, suggesting that the

nature of this interaction is primarily electrostatically

driven. This electrostatic interaction would likely be

masked by high ionic strength buffers (i.e. phosphate

buffer), consistent with our aforementioned results.

In summary, our studies indicate that: (i) the CXCL8

monomer binds hCXCR1pep with a slightly higher

affinity than the CXCL8 dimer, (ii) modifications to

the N-terminal region of CXCL8 bear little conse-

quence to binding, and (iii) the CXCL8/hCXCR1pep

interaction is primarily electrostatic.

The peak widths observed in the 1H/15N NMR

spectra during titrations suggest that the

exchange process is in a fast NMR time regime,

which is consistent with the relatively weak bind-

ing constants determined above. Based on the

previously published crystal structure of

CXCL8,22 we can deduce that residues exhibiting

the largest chemical shift perturbations are

located in the N-terminal loop (Thr12, Phe17,

His18, Phe21), the turn preceding b3-strand

(Ser44, Asp45), b3-strand (Glu48, Leu49, Cys50),

and the C-terminal a-helix (Val61 and Val62). A

mapping of these residues onto the crystal struc-

ture reveals that they are highly localized [Fig.

2(D) and Supporting Information Fig. S3A]. With the

exception of residues Asp45 and Val62, the chemical

shift interface determined from chemical shifts is in

agreement with previously published studies describ-

ing similar regions within CXCL8 for the interaction

with the longer or modified hCXCR1 peptide.9,19 The

binding interface changed only marginally for the

monomeric form of CXCL8 (Supporting Information

Fig. S3B), with the involvement of additional resi-

dues exhibiting perturbations within the first b-

strand (Tyr25 and Arg26) and the a-helical region

(Lys67 and Arg68). For all CXCL8 constructs we did

not observe any significant chemical shift perturba-

tions for the N-terminal region (ELR motif), suggest-

ing that these residues are not critical for the N-

terminal hCXCR1 peptide interaction. This lack of

the CXCL8 ELR motif involvement in binding is con-

sistent both with our results that detected similar

affinities for the synthetic and wild-type N-termini of

CXCL8 above, as well as with several previous

studies.17,23
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Figure 2. CXCL8 engages human CXCR1 peptide weakly with increased affinity in the monomeric CXCL8 form. (A–C)

Expanded regions of 1H/15N HSQC NMR titration experiments for the uniformly 15N labeled CXCL8 (left panels) and the mono-

meric CXCL8 mutant (right panels). Increased concentrations of unlabeled hCXCR1pep were titrated into 15N labeled protein

(black—free protein). (A) CXCL8Synthetic or CXCL8MSynthetic in 50 mM phosphate, 150 mM NaCl, pH 6.5; (B) CXCL8 or

CXCL8M in 50 mM phosphate, 150 mM NaCl, pH 6.5; (C) CXCL8 or CXCL8M in 50 mM HEPES, 50 mM NaCl, pH 7.0. The

molar ratios of the unlabeled hCXCR1pep to 15N labeled protein were 0.2 (pink), 0.4 (green), 1.5 (blue), 4 (purple), 8 (red) in (A)

and (B) and 0.25 (yellow), 0.5 (brown), 1 (light green), 2 (dark green) in (C). (D) Residues exhibiting normalized chemical change

of 0.6 ppm or above (defined by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð5Dv 1H Þ21ðDv 15N Þ2

q
) upon hCXCR1pep peptide engagement are painted red on the CXCL8

dimer and monomer structures. PDB code 3IL8). All data were collected at 25�C at 900 MHz.
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CXCL8 dimers do not dissociate upon

hCXCR1pep engagement
CXCL8 dimer dissociation has been proposed to be a

prerequisite for binding peptides derived from

CXCR1.11,16 The nature of the CXCL8 interaction

with the hCXCR1 N-terminal region has been exten-

sively characterized for the rabbit homolog,5,16 but

there are limited data available describing the inter-

action of human CXCL8 with its associated hCXCR1.

Thus, to establish whether CXCL8 dimers dissociate

upon binding to hCXCR1pep as previously proposed,

we determined the correlation times (sc) of CXCL8 in

its free and bound states, as this parameter is sensi-

tive to molecular weight.24 We collected R1 (longitudi-

nal) and R2 (transverse) relaxation rates for

backbone amides at 600 MHz, for both wild-type

dimeric and mutated monomeric constructs in both

free and hCXCR1pep bound states. Based on the dis-

sociation constants described above, complete satura-

tion was not possible in phosphate buffer but only in

HEPES buffer. Thus, data are presented here in

HEPES buffer (Fig. 3). However, comparable results

were found in phosphate buffer as well [see Fig. 6(B)

for the free state]. Under the sample conditions

reported here, the average R1 relaxation rates for the

free wild-type CXCL8 and CXCL8M constructs were

approximately 1.4 s21 and 2 s21, respectively [Fig.

3(A)], while in the bound states these averages

change to 1 s21 and 1.6 s21, respectively [Fig. 3(B)].

The average R2 relaxation rates were approximately

12 s21, and 8 s21 for the free wild-type CXCL8 and

CXCL8M constructs, respectively [Fig. 3(A)], while

the bound states averages increased to 21 s21 and 13

s21, respectively [Fig. 3(B)]. Based on the measured

R2/R1 ratios, we calculated correlation times for the

free and bound proteins using the equations

described by Larsson et al.24

For free CXCL8 and CXCL8M, the calculated

correlation times were 8.7 and 5.7 ns, respectively,

and 14.9 and 8.9 ns for the bound counterparts,

respectively. In folded proteins the effective correla-

tion time relates well to the molecular weight of the

protein up to 25 to 30 kDa.25,26 The evaluation of

correlation times allows for relatively accurate esti-

mation of protein molecular weights.24,27 Therefore,

this method can readily be used to monitor protein

dimerization and protein interactions in general,

based on changes that alter molecular weight.28,29

Using this established dependence of correlation

time to molecular weight, we compared our experi-

mental correlation times to a standard curve

obtained from published correlation rates for known

proteins [Fig. 3(C), black dots], which were acquired

at the same temperature.25,26 From these measure-

ments, we estimated the molecular weight of free

CXCL8 and CXCL8M to be 14.7 kDa and 9.4 kDa,

respectively [Fig. 3(C), blue dots]. These values esti-

mated from our experimental data correspond well

to the molecular weights, calculated from the struc-

ture of the wild-type CXCL8 dimer (17 kDa) and

CXCL8M monomeric form (8.6 kDa). We then

extended our estimations to the relaxation data

measured in the bound species providing molecular

weights of 25.1 kDa and 15.2 kDa for the CXCL8

and CXCL8M complexes with hCXCR1pep, respec-

tively [Fig. 3(C), green dots]. Considering that the

wild-type CXCL8 dimer and hCXCR1pep are 17 kDa

and 2.9 kDa, respectively, the molecular weight of

CXCL8 dimer bound to two molecules of hCXCR1pep

is 22.8 kDa (i.e., 17 kDa 1 2 3 (2.9 kDa)). This value

agrees very well with the molecular weight esti-

mated from our experimental data (25.1 kDa), which

indicates that the dimer does not dissociate upon

binding to the hCXCR1pep. Experimentally esti-

mated molecular weight values for both CXCL8 and

CXCL8M complexes were slightly higher than their

actual molecular weights, which was likely due to

the extended hCXCR1pep bound unstructured

regions. However, the experimentally estimated

molecular weight of wild-type CXCL8 dimer complex

lies well within the bounds of a molecular weight of

an intact dimer complex, and is much larger than

that of the CXCL8 monomer complex [Fig. 3(C),

green dots]. Similar values were obtained for the

CXCL8 and CXCL8M constructs in phosphate buffer

(Supporting Information Table S2). Collectively,

these data indicate that CXCL8 does not dissociate

upon receptor peptide engagement and, furthermore,

the CXCL8 dimer stays intact with two molecules of

hCXCR1pep bound per CXCL8 dimer. These findings

are consistent with previous studies performed with

another hCXCR1 peptide, but not with some of the

conclusions utilizing a rabbit CXCR1 peptide that

indicated dimer dissociation upon rabbit peptide

binding.7,15,23

CXCL8 dynamics

Protein flexibility has been shown to play a critical

role in enzyme-substrate and protein-ligand interac-

tions, with binding sites and active sites often exhib-

iting inherent flexibility over multiple time

regimes.30–32 In order to determine whether a ligand

such as CXCL8 may also be inherently dynamic

within regions important for function, i.e., receptor

engagement, we probed the dynamics on multiple

time scales for CXCL8. R1 and R2 relaxation rates

described above that allowed us to probe the molecu-

lar weight of CXCL8, both free and bound, can also

be used to evaluate local mobility. These relaxation

rates primarily report on the picosecond-nanosecond

(ps-ns) time scale, with microsecond-millisecond (ls-

ms) time scale motions (i.e., chemical exchange) con-

tributing to large increases in the R2 relaxation rate

that may also be probed by other methods (see

below). For proteins that are in general outside of

the “extreme narrowing limit” (i.e., sc>2.65 ns from
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1/(2px), with x 5 60.8 MHz for 15N on a 600 MHz

spectrometer), relatively high R1 relaxation rates,

together with low R2 relaxation rates, identify

regions that exhibit a high degree of mobility, which

indicates locally unstructured regions. This mobility

is observed for several regions that include the N-

and C-termini of the intact CXCL8 dimer [Figs. 3(A)

and 6(B)]. Additional residues that exhibit small

increase in R1 relaxation rates (within two standard

deviations above the mean) are Ile11, Thr12, His33,

Ala35, Asp45, and Trp57 [Figs. 3(A) and 4(C)]. His33

and Ala35 surround Cys34, which is located in a

loop region and forms a disulfide bond with Cys7.

The increase in mobility, as indicated by increase in

Figure 3. CXCL8 engagement of hCXCR1pep does not lead to dimer dissociation. NMR amide nitrogen R2 relaxation rates

(black lines) and R1 relaxation rates (green lines) were collected for the free CXCL8 (A)—left panel, free CXCL8M (A)—right

panel, bound CXCL8 (B)—left panel and bound CXCL8M (B) —right panel. (C) The extracted correlation times (sc) are plotted

versus molecular weight (MW). The remaining values (black squares) are from previous studies that are also listed in Supporting

Information Table 1. The MW values calculated from structures are listed in the table insert next to the MW values estimated

from the experimental sc values. The MW, estimated from the experimental data was fitted into a first-order linear regression

equation (sc 5 0.59 3 MW). All data within this figure were collected in HEPES buffer at 25�C and 600 MHz.
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Figure 4. Multiple time scale dynamics of CXCL8. (A) Microsecond-millisecond (ls-ms) movements shown by the absolute

value of H(S/M)QC exchange induced shifts. (B) Slow dynamics in wild type CXCL8 are primarily within the ls regime, as indi-

cated by no R2-CPMG relaxation dispersion for representative residues (C50, E63, R26, and S30). (C) Structural summary of

the detected motions within CXCL8, which include residues exhibiting elevated R1 relaxation rates that indicate local disorder

on a fast timescale [green, see values in Fig. 3(A)] and H(S/M)QC exchange induced shifts that indicate exchange on the slow

timescale (red). (D) Residues exhibiting elevated R1 relaxation rates and H(S/M)QC exchange induced shifts (gray) are mapped

along residues directly involved in binding (blue). The three residues (purple and highlighted with arrows): Thr12, Asp45, and

Cys50 exhibiting elevated R1 relaxation rates or H(S/M)QC exchange induced shifts and directly involved in binding. All residues

mapped exhibited R1 rates and H(S/M)QC exchange induced shifts greater than one standard deviation above the average.

PDB code 3IL8. All NMR experiments within this figure were collected in HEPES buffer at 25�C and 600 MHz.
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R1 relaxation rates for these residues is likely due

to their position in the flexible loop. Interestingly,

Thr12 and Asp45 are both directly involved in bind-

ing hCXCR1pep [Fig. 4(D)]. Thus, one could propose

that the increased flexibility of those amino acids

may support the notion that residues may be flexible

for function, which in this case is receptor binding.

Finally, it should be noted that both the N- and C-

termini of the monomeric CXCL8 mutant exhibit

both low R1 and low R2 relaxation rates [Fig. 3(A),

right panel] because these regions are so flexible

that they actually lie within the extreme narrowing

limit with calculated local correlation times lower

than 2.65 ns.

In order to identify ms-ms motions, we also col-

lected backbone exchange induced shifts using a

combination of heteronuclear single-quantum coher-

ence (HSQC) and homonuclear multiple-quantum

coherence (HMQC), herein termed as H(S/M)QC

shifts. This combination of two standard NMR

experiments takes advantage of the fact that the

residues undergoing chemical exchange on the ms-

ms timescale give rise to small chemical shift

changes between these two spectra.33,34 The residues

exhibiting elevated H(S/M)QC exchange induced

shifts (greater than two standard deviations above

the average) in the wild-type CXCL8 are Ala15,

Arg26, and Cys50, [Fig. 4(A,C)]. Ala15 is located in

the proximity of the binding site as shown in Figure

4(D) and Cys50 is directly involved in binding [Fig.

4(D) and Supporting Information Fig. S3A]. These

elevated H(S/M)QC exchange induced shifts may

further suggest that flexibility could play an impor-

tant functional role in the binding interface of

CXCL8. 15N-R2 Carr-Purcell-Meiboom-Gill (CPMG)

relaxation dispersion measurements were also col-

lected to identify motions within the millisecond

timescale.35 However, we did not detect any measur-

able 15N-R2-CPMG relaxation dispersion [Fig. 4(B)],

suggesting that slow dynamics within wild-type

CXCL8 are primarily confined to the ms timescale.

CXCL8M self-associates at high concentrations

Although the engineered CXCL8M mutant form has

previously been described as a strictly monomeric

species,8 based on our NMR data we propose that

this construct is able to dimerize with much weaker

association constant than the wild-type. Although, it

is possible that CXCL8M forms a higher order struc-

ture (i.e., oligomer) our NMR relaxation data sup-

ports the formation of a dimer along with previous

studies conducted using different CXCL8 dimeriza-

tion impaired constructs.36 Specifically, as opposed

to wild-type CXCL8, we observed detectable

exchange in the ms regime for 14 out of 72 residues

within CXCL8M as shown by 15N-R2-CPMG disper-

sions that was concentration dependent [Fig. 5(A)

dark green versus blue lines]. Both this concentra-

tion dependence and the fact that the regions under-

going exchange primarily localized to the

dimerization interface suggest that CXCL8M is

capable of dimerizing [Fig. 5(B)]. Moreover, all resi-

dues within CXCL8M exhibited similar dispersion

profiles at the same concentration, which points to a

global cooperative process (i.e., oligomerization). Uti-

lizing dispersion data from two static magnetic fields

[600 MHz and 900 MHz in Fig. 5(C), solid vs. dashed

lines] allowed for the determination of the exchange

rate between dimer/monomer (130 6 30 s21) as well

as the population of the dimer (7% dimer) at the 1

mM concentration used for the CXCL8M. Residues

exhibiting exchange include the first b-strand, resi-

dues within the a-helix most proximal to the C-

terminus and residues adjacent to the a-helix but

positioned at the end of second and third b-strands

[Fig. 5(B)]. Thus, in agreement with the previous

biological study that provided evidence for mono-

meric mutants to partially dimerize,36 our biophysi-

cal studies here provide further support for such an

interaction. Caution should be taken in interpreting

the R2 relaxation rates for CXCL8M, since several res-

idues have contributions from exchange to the dimer.

Nonetheless, despite the mutations to the dimer inter-

face that induce dimer dissociation, our results suggest

that CXCL8M does dimerize weakly within the milli-

molar concentrations utilized for NMR, highly sugges-

tive of a self-association affinity within this millimolar

range.

Chemical shift-based calculations identify fast
time scale dynamics

Chemical shifts have long been used to predict pro-

tein structural propensities.37 More recently, it has

been shown that it is possible to increase the

amount of information that can be extracted from

them by introducing methods to translate chemical

shifts directly into protein structures38,39 and pro-

tein structural fluctuations.40 This latter approach

provides a complementary route to the use of relaxa-

tion data to study protein dynamics. In this context,

the use of unrestrained molecular dynamics simula-

tions provides a powerful tool for interpreting relax-

ation data, as shown recently by Skrynnikov et al.40

However, since this type of analysis requires milli-

second long trajectories, we analyzed here the equi-

librium fluctuations of CXCL8 and CXCL8M using

molecular dynamics simulations with chemical shift

restraints.

The differential binding between CXCL8 and

CXCL8M suggests that there may be an underlying

difference in the structure and/or dynamics between

the two forms. Thus, we analyzed our assigned car-

bon chemical shifts using the d2D method,41,42

which translates the chemical shifts into the second-

ary structure populations. The comparison of the

results for free CXCL8 [Fig. 6(A)—left panel] and
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Figure 5. CXCL8M weakly dimerizes. (A) R2-CPMG dispersion data for representative residues (C50, E63, R26, and S30) at

two different protein concentrations (1 mM—blue, 0.5 mM—green) (B) The residues exhibiting elevated R2-CPMG dispersion

values are mapped onto the structure. (C) R2-CPMG dispersion data for representative residues (C50, E63, R26, and S30) at

two different fields (900 MHz—dashed green, 600 MHz—solid green). PDB code 3IL8. All NMR experiments within this figure

were collected in HEPES buffer at 25�C and at 600 MHz or 900 MHz.
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Figure 6. Chemical shift-based calculations correspond to fast time scale dynamics and reveal that the C-terminal helix of the

CXCL8 monomer partially unfolds. (A) Secondary structure populations (SS%) calculated from the chemical shifts using the d2D

method (Berjanskii and Wishart)37 for free CXCL8 (A—left panel) and CXCL8M (A—right panel); a-helix is shown in blue, b-

sheet in red, polyproline II in green and random coil in black. (B) Local root mean square fluctuations (RMSF, solid black lines)

are calculated for each amide from the ensemble of structures using chemical shift-based distance restraints and are plotted

for free CXCL8 (B—left panel) and free CXCL8M (B—right panel) in phosphate buffer. NMR amide relaxation rates R2 (dashed

red lines) and R1 (solid red lines) collected for the free CXCL8 (B—left panel) free CXCL8M (B—right panel) in phosphate buffer.

(C) Free energy landscapes as a function of the RMSD of the C-terminal a-helix (CT-Helix, x-axis) and the RMSD of the two

loops corresponding to residues 28 to 31 and 50 to 53 (RMSD-Loops, y-axis) for free CXCL8 (C—left panel) and free CXCL8M

(C—right panel). The RMSDs were calculated for each conformation in the ensembles generated here against structures avail-

able in PDB for the a-helix and two loops, respectively. The energy is in kJ/mol. (C—structure inserts) From the chemical shift-

based calculations, sausage models were calculated based on the local RMSD for both free CXCL8 (C—structure inserts, left

panel) and free CXCL8M (C—structure inserts, right panel). For clarity purposes residues 1 to 7 are omitted from the MD struc-

tures. All data within this figure were collected in phosphate buffer at 25�C at 600 MHz.
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free CXCL8M [Fig. 6(A)—right panel] indicate that

the C-terminal a-helix is less well formed in the

mutant, and that there is an overall increase in fluc-

tuations in the regions corresponding to the b-sheet.

Interestingly, the N-terminal region of CXCL8M

appears to be slightly less flexible as compared to

CXCL8, while there is increased flexibility in

CXCL8M in two loops comprising residues 28 to 31

and 50 to 53 [Fig. 6(B)]. These data, for both CXCL8

and CXCL8M, are consistent with the relaxation

data that identified similar flexible regions [Fig.

3(A)]. To gain further insight into these structural

differences, we utilized our chemical shift data for

both CXCL8 and CXCL8M in molecular dynamics

simulations employing chemical shifts as replica-

averaged restraints.40 Since these chemical shifts

were initially assigned in phosphate buffer, we also

collected relaxation data in this same buffer [Fig.

6(B)], which were similar to those relaxation rates

collected in HEPES buffer presented above [Fig.

3(A)]. Interestingly, local RMSFs calculated for both

the dimeric and monomeric forms are largely mir-

rored by the R1 relaxation rate [Fig. 6(B), solid

black vs. solid red lines], suggesting that the calcu-

lated ensembles here are largely descriptive of the

fast time scale dynamics. A possible reason that the

R2 relaxation rates may not match as well is that

they may have contributions from slower motions

that are not necessarily captured within the chemi-

cal shift-based calculations. As for the fundamental

difference between the dimer and monomer, the

increased disorder within the C-terminal region and

two loops comprising residues 28 to 31 and 50 to 53

can readily be visualized with a partial unfolding of

the C-terminal a-helix in CXCL8M relative to the

wild-type CXCL8 dimer [Fig. 6(C)]. These results

are illustrated particularly clearly by comparing the

free energy landscapes of CXCL8 and CXCL8M as a

function of the RMSD of the C-terminal a-helix and

the RMSD of the two loop regions [Fig. 6(C)].

Discussion and Conclusions

In this study we have investigated the binding of

CXCL8 to a peptide corresponding to the N-terminal

region of human CXCR1. Our results support previ-

ous NMR solution findings in which the interaction

between CXCL8 and hCXCR1 appears to be weak

with micromolar dissociation constants.19 However,

our report is the first to utilize NMR relaxation data

to show that, upon engagment of the human recep-

tor peptide, the dimer does not dissociate as previ-

ously proposed.7,15 These results suggest that at

physiological concentrations, where both the CXCL8

dimer and monomer are likely to exist, both forms

may initiate the interaction with the receptor. Bio-

logical data indicate that in some cases the CXCL8

dimer is more active than the monomer, but there

are other cases in which the reverse is true.36 For

example, several biological studies demonstrate that

dimerization deffective CXCL8 mutants (i.e., mono-

meric CXCL8 at experimental concentrations) are

less active in colony formation in myeloid progenitor

cells and inhibition of TNF-a stimulated peroxide

induction in neutrophils.8,43,44 Contrary to this, at

low concentrations a trapped CXCL8 monomer was

shown to be more active than the wild-type CXCL8

dimer in neutrophil migration.18 Our biophysical

studies indicate that a mutational variant of CXCL8

designed to remain monomeric (CXCL8M) binds

only slightly more tightly to hCXCR1pep (Fig. 2).

However, a recent elegant study in lipid bilayers has

shown that CXCL8 binds much tighter to the N-

terminal regions of CXCR1 in these conditions than

in the absence of lipids.17 This result may warrant

further comparitive studies between CXCL8 and

CXCL8 monomeric mutants to discern if this differ-

ence in affinity holds in the context of lipids.

One of the most remarkable findings in the field

of protein dynamics has been that many enzymes

are inherently flexible within the regions required

for binding. For example, enzymes like cyclophilin-

A,30,34 dyhydrofolate reductase,45 and RNAse A46

exhibit conformational dynamics within their cata-

lytic sites that are critical for catalytic turnover.

However, such inherently flexible regions are likely

ubquitiously present within non-catalytic proteins as

well, such as cytokines that target multiple recep-

tors which may also be flexible in order to allow for

differential engagement. A case in point is

interleukin-3 (IL-3), which has previously been

shown to exhibit dynamics on multiple timescales

which have been suggested to allow for binding prom-

iscuity to multiple a-receptor subunits.47 Our data

presented here provides preliminary evidence for a

similar trend with CXCL8. Specifically, we show

some evidence that there may be inherent mobility

localized to the hCXCR1pep binding region [Fig.

4(D)]. These motions include ps-ns dynamics identi-

fied through R1/R2 relaxation rates [Figs. 3(A) and

6(B)]. Additionally, the presence of elevated H(S/

M)QC exchange induced shifts with no observable

R2-CPMG dispersion in the CXCL8 dimer indicates

that slower motions are likely confined to the ms

timescale [Fig. 4(A,B)]. These results may support

the view that proteins, such as enzymes and ligands,

have evolutionarily evolved to have a flexibility com-

patible with their function.30 This view also implies

that proteins can undergo conformational selection in

order to target their binding partners.32

Chemical shift-based calculations have recently

become a powerful method to probe structure and

dynamics of proteins and here we utilized such

methods to compare the structural integrity of wild-

type CXCL8 dimers with that of the mutated

CXCL8 monomers. Initial clues to the structural dif-

ferences between the CXCL8 dimer and monomer
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were observed in both the relaxation data (Figs. 3

and 6) and RMSF [Fig. 6(B)]. Chemical shift-based

calculations revealed an unfolding of the C-terminal

region of the CXCL8 monomer [Fig. 6(B,C)], which

is involved in stabilization of the CXCL8 dimer.

Such flexibility in the CXCL8M may also explain

the slightly tighter binding affinity relative to the

CXCL8 dimer. This result likely leads to more inter-

actions between the C-terminal a-helix of the

CXCL8 monomer with hCXCR1pep that is supported

by increased chemical shift perturbations (Support-

ing Information Fig. S3). Interestingly, the local

RMSFs for both the CXCL8 dimer and monomer

were highly predictive of the R1 relaxation rates,

suggesting a link between these ensembles and fast

dynamics [Fig. 6(B)]. Finally, we provided evidence

to support supposition that the mutated form of

CXCL8 (i.e., CXCL8M) dimerizes at high concentra-

tions. Consistent with previous findings,8 this

CXCL8 mutant form is predominantly a monomeric

species as indicated by size exclusion chromatogra-

phy (data not shown) and also via correlation time

measurements [Fig. 3(C)]. However, 15N-R2-CPMG

relaxation dispersion data provided an additional

method to probe for self-association and revealed a

concentration-dependent self-association through the

dimer interface (Fig. 5). Furthermore, our restrained

molecular dynamics simulation data supports the
15N-R2-CPMG relaxation dispersion results by show-

ing that the most energetically favorable conforma-

tions sampled by CXCL8M are highly similar to

those sampled by wild-type CXCL8 [Fig. 6(C)].

Although, overall CXCL8M samples a much broader

free energy landscape than its wild-type counter-

part. This similarity in location of the lowest part of

the free energy landscape provides further evidence

that CXCL8M is capable of dimerizing.

Our data is in accordance with previously

reported findings, which provided evidence that

CXCL8 dimerization incapable constructs are still

capable of forming dimers.36 The possibility of an

oligomer formation should also be noted, Schnitzel

et al.,48 presented evidence that CXCL8 can form

oligomers, however, this was only observed in cell

based studies and likely includes other cellular inter-

actions. Thus far, both crystallographic and NMR-

studies have established monomeric and dimeric

structures of different CXCL8 constructs with no

additional evidence for oligomer formation.6,22,49 The

possibility of dimer formation for the CXCL8 mono-

meric construct is an important finding since several

different CXCL8 mutants are commonly used for bio-

logical and biophysical studies. Our data shows that

caution must be taken when evaluating the results

of such studies, as dimerization still persists at

higher concentrations. Although such a dimerization

may not initially appear to be a problem at the lower

concentrations used for assaying CXCL8 biological

activities, elevated local concentrations may give rise

to dimer formation and, thus, should be recognized

as a potential complicating factor.

In conclusion, we have shown through NMR solu-

tion studies that CXCL8 dimers do not dissociate

upon binding to the N-terminal region of human

CXCR1. Moreover, we have described how the differ-

ences in the previously reported binding affinities of

CXCL8 to CXCR1 arise at least in part from the elec-

trostatic nature of this interaction, which was studied

here by comparative measurements in both phosphate

and HEPES buffers. These results have important

implications in the design of therapeutics that may

specifically target CXCL8, as they suggest that both

the dimeric and monomeric forms of CXCL8 will likely

have to be targeted simultaneously in order to block

the pro-inflammatory activities of this chemokine.

Materials and Methods

Protein expression, purification, and sample

preparation
DNA encoding the 72 amino acid wild-type human

CXCL8 was commercially purchased (Genewiz,

South Planfield, NJ), PCR amplified, and subse-

quently ligated into the pET15b plasmid between

NdeI and BamH1 sites for expression in E. Coli

strain BL21 (DE3). The pET15b plasmid expression

vector (Novagen Inc., Madison, WI) containing a 6xHis

tag and thrombin cleavage site was used for initial

CXCL8 protein expressions to generate CXCL8Synthetic,

containing a postcleavage GSHM overhang. In addi-

tion, a Factor Xa cleavage site (IEGR) was engineered

directly C-terminal to the thrombin cleavage site

(LVPRGS) in order to obtain the wild-type (no over-

hang) fully active sequence of CXCL8 (starting with

SAK). Two CXCL8 constructs were inserted into these

vectors, which included wild-type human full length

CXCL8 and a monomeric variant (CXCL8M) obtained

by performing site directed mutagenesis to acquire

L25Y and V27R double mutant.8 CXCL8 protein (wild-

type and monomeric) was grown in LB or M9 minimal

media supplemented with 15N-ammonium chloride

and/or 13C-glucose for generation of unlabeled, 15N or
15N/13C labeled samples. Proteins were refolded from

the insoluble fractions as previously described30 and

subsequently purified via a Ni-affinity column followed

by cleavage of the 6xHis tag with thrombin or Factor

Xa (NEB, Ipswich, MA) and then size exclusion chro-

matography. All purifications were conducted on an

AKTA FPLC system (GE Healthcare). Final samples

for NMR contained 0.2 to 1.0 mM protein in NMR buf-

fers: phosphate (50 mM Na3PO4, 150 mM NaCl pH

6.5) or HEPES (50 mM HEPES, 50 mM NaCl, pH 7.0)

supplemented with 5% D2O.

Peptide expression and purification
For peptide purification, a previously described pro-

tocol was applied with slight modifications.50 Briefly,
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standard PCR amplification methods were used

to generate a construct containing amino acids cor-

responding to residues 9 to 29 of hCXCR1

(MWDFDDLNFTGMPPADEDYSP). The hCXCR1

peptide construct was cloned into a pet15b vector

containing the small GB1 protein derived from

streptococcal protein G, a 6xHis tag followed by a

thrombin cleavage site, and then residues 9 to 29 of

hCXCR1. This fusion protein was expressed in BL21

(DE3) cells in LB or isotope enriched media (see

above for media composition). After Ni-affinity,

thrombin was used to release the peptide and fol-

lowed by HPLC purification. Peptide fractions from

HPLC purification were lyophilized, resuspended in

NMR buffer (phosphate or HEPES), and the pH

adjusted appropriately. The identity of peptide was

also confirmed via mass spectrometry using a

MALDI-TOF instrument.

NMR spectroscopy and analysis
All NMR spectra were collected at 25�C on a Varian

600 MHz or 900 MHz spectrometer with samples

supplemented with 5% D2O. Samples utilized for

assignment purposes contained 0.5 to 1 mM protein,

while all samples used for titrations contained 0.2 to

0.5 mM protein with the indicated final concentra-

tion of the titrant. All spectra were processed using

NMRPipe software51 and analyzed using CCPNmr

software.52 Unless otherwise noted, all pulse sequen-

ces were obtained from standard Varian Biopack

libraries. Standard multidimensional NMR experi-

ments HNCACB, CBCA(CO)NH and HNCA were

collected for each construct used, and both a 3D-15N-

NOESY and a 3D-15N-TOCSY (total correlated spec-

troscopy) were used to confirm each spin system.

For relaxation experiments, standard R1 and R2

relaxation experiments were applied with recycle

delays of 2.5 s at either 900 or 600 MHz. Relaxation

delays for R1 experiments were 0.01, 0.1, 0.3, 0.5,

0.7, 0.9, and 1.1 s, and relaxation delays for R2

experiments were 0.01, 0.03, 0.05, 0.07, 0.11, and

0.13 s. While compensating pulses before the recycle

delay were utilized for R2 measurements to account

for potential sample heating, all relaxation experi-

ments were arrayed within a single experiment to

also account for any potential field inhomogeneities.

Correlation times for each amide and free or bound

protein were calculated using R2/R1 relaxation rate

ratios as described in Larsson et al.24 In-house

scripts that combined both NMRPipe and Xmgrace

software were used to fit and visualize, respectively,

all relaxation rates using peak heights. The previ-

ously published correlation times (Supporting Infor-

mation Table S1) were plotted versus molecular

weight (MW) and the experimental MWs were esti-

mated by fitting the experimental sc values into a

least-squares linear regression equation (sc 5 0.59 3

MW). 15N-R2-CPMG pulse sequences were applied

for relaxation dispersion experiments with the delay

time of 0.05 s for CXCL8 and 0.07 for CXCL8M and

H(S/M)QC pulse sequences were applied to measure

exchange-induced shifts on a Varian 600 MHz spec-

trometer collected at 25�C.33,53 Relaxation compen-

sated pulse sequences for all 15N-R2-CPMG

experiments were also employed.

Molecular dynamics simulations

Replica-averaged restrained molecular dynamics sim-

ulations41,42,54,55 were performed using GROMACS56

coupled with PLUMED57 and Almost.58 The simula-

tions were carried out using the Amber99SB*-ILDN

force field59 and the TIP3P water model. A time step

of 2 fs was used together with LINCS constraints.60

The van der Waals and electrostatic interactions

were cut-off at 0.9 nm, and long-range electrostatic

effects were treated with the particle mesh Ewald

method.61 All the simulations were done in the

canonical ensemble by keeping the volume fixed and

by thermosetting the system with the Bussi thermo-

stat.62 The starting conformations for both the mono-

mer and the dimer were taken from an X-ray

structure49 (PDB code 1IL8). In the case of the mono-

mer the L25Y and V27R mutations were modeled

with PyMol.63 The structures were protonated and

solvated with 7000 water molecules in a dodecahe-

dron box of 244 nm3 of volume. The energy of the

system was first minimized and then the tempera-

ture was increased to 300 K in two separate steps, in

the first one a 50 ps long simulation was performed

by keeping fixed the heavy atoms of the protein, and

successively a second 200 ps long simulation was

performed without restraints. The density of the sys-

tem has been relaxed by a 200 ps long run using the

Berendsen barostat. We carried out molecular

dynamics simulations with replica-averaged chemical

shift restraints, using four replicas.54 The starting

structures for the four replicas were selected as the

final structure from four 1ns simulations. Each rep-

lica was evolved through a series of annealing cycles

between 300 K and 400 K, each cycle being composed

of 100 ps at 300 K, 100 ps of linear increase in the

temperature up to 400 K, 100 ps of constant temper-

ature molecular dynamics simulations at 400 K and

300 ps of linear decrease in the temperature to 300

K. Only structures from the 300 K portions of the

simulations were taken into account for analysis.

Each replica was evolved for 150 ns. The resulting

ensemble is composed by all the structures sampled

at 300 K by all the replicas after discarding the first

10 ns.

Statistical analysis

GraphPad Prism software (GraphPad Prism Soft-

ware Inc., la Jolla, CA) was used to determine the

binding isotherms. Only residues exhibiting fast

exchange were included with amides that exhibit
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chemical shift changes above the digital resolution

of the indirect dimension (�0.6 ppm). These residues

were simultaneously fit using nonlinear least square

fit to the equation Ddobs 5 Ddsat 3 ([Ligand]tot 1 [Pro-

tein]tot 1 Kd – (([Ligand]tot 1 [Protein]tot 1 Kd)2 – 4 3

[Ligand]tot 3 [Protein]5)/(2 3 [Protein]tot), where

Ddobs (normalized chemical change as defined byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð5Dv 1H Þ21ðDv 15N Þ2

q
) is the observed Dd at the

given Ligand concentration, Ddsat is the Dd at satu-

ration. Protein is the specific CXCL8 construct used

at a constant total concentration ([Protein]tot) for

each titration experiment and ([Ligand]tot is

CXCR1pep or CXCL8synthetic (see Supporting Infor-

mation Fig. S2) at a specific total concentration for

the respective titration point.
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