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ABSTRACT: Interleukin-8 (IL-8 or CXCLS) plays a critical role in orchestrating the immune response by
binding and activating the receptor CXCRI1 that belongs to the GPCR class. IL-8 exists as both monomers
and dimers, and both bind CXCRI1 but with differential affinities. It is well established that the monomer is the
high-affinity ligand and that the interactions between the ligand N-loop and receptor N-domain play a critical
role in determining binding affinity. In order to characterize the structural basis of differential binding of the
IL-8 monomer and dimer to the CXCR1 N-domain, we analyzed binding-induced NMR chemical shift and
peak intensity changes and show that they are exquisitely sensitive and can provide detailed insights into the
binding process. We used three IL-8 variants, a designed monomer, a trapped disulfide-linked dimer, and WT
at dimeric concentrations. NMR data for the monomer show that nonsequential residues that span the entire
N-loop are involved in the binding process and that the binding is mediated by a network of extensive direct
and indirect coupled interactions. Interestingly, in the case of WT, binding induces dissociation of the
dimer—receptor complex to the monomer—receptor complex, and in the case of the trapped dimer, binding
results in increased global conformational flexibility. Increased dynamics is evidence of unfavorable
interactions, indicating that binding of the WT dimer triggers conformational changes that disrupt
dimer—interface interactions, resulting in its dissociation. These results together provide evidence that
binding is not a localized event but results in extensive coupled interactions within the monomer and across
the dimer interface and that these interactions play a fundamental role in determining binding affinity.

Chemokines constitute the largest subfamily of cytokines and
mediate various biological processes from organogenesis and
homeostasis to recruitment and activation of leukocytes during
host defense against infection (/, 2). Chemokines exert their
function by binding and activating 7-transmembrane G protein
coupled receptors (GPCR)' on the cell surface. An imbalance in
chemokine function can be detrimental and has been attributed
to the pathophysiology of several inflammatory and autoimmune
diseases (3—5). All chemokines share the fundamental property
of reversibly existing as monomer and dimer, and therefore
knowledge of the structural and molecular basis of receptor
binding of both monomeric and dimeric species is essential to
understand how chemokines mediate function.

Interleukin-8 (IL-8, also known as CXCLS), one of the best
studied chemokines, plays a critical role in host immune response
by binding and activating the CXCRI receptor on neutrophils.
Structures of a trapped IL-8 monomer and WT dimer are
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known (6, 7). The structure of the monomer is similar to that
of the monomeric subunit in the dimer, except the C-terminal
helical residues that are structured in the dimer are unstructured
in the monomer. Using trapped monomeric and trapped dimeric
IL-8 variants, it has been shown that both forms can bind the
CXCRI receptor, but the monomer is the high-affinity ligand (8).
Site-specific mutagenesis and generation of chimeric chemokines
by swapping similar domains between IL-8 and other chemo-
kines have shown that IL-8 N-terminal and N-loop residues play
a critical role in mediating affinity, activity, and specificity (9—14).
On the basis of these data and similar studies with other
chemokines, it has been proposed that IL-8 receptor bind-
ing involves two interactions: between the IL-8 N-loop and the
receptor N-domain residues (site I) and between the IL-8
N-terminal and the receptor extracellular loop residues (site
I1) (12—20).

In this study, we have characterized the structural basis of
CXCRI N-domain binding of three different IL-8 variants, a
designed monomer, a trapped dimer, and WT dimer, using NMR
spectroscopy. We used an IL-8(1—66) deletion mutant which is a
monomer at millimolar concentrations and an IL-8(1—72) R26C
mutant which is a trapped dimer that contains a disulfide across
the dimer interface at the 2-fold symmetry. Binding-induced
NMR chemical shift perturbation and peak intensity changes in
the HSQC spectra of the monomer indicate global structural
changes and suggest that direct and indirect interactions medi-
ate the binding process. In particular, these data show that

Published on Web 08/14/2009 pubs.acs.org/Biochemistry



8796  Biochemistry, Vol. 48, No. 37, 2009

120

Ravindran et al.

6o @9
& 49 116 005 ‘9 0 °°63
% O 51 0 64
\@9 v 9 8 30 _424
- 122 410 / 37 118 014 .9600021 °0 P
5 \448@ 0, 08 4 7
= 10 062 T @ 0
= 490 18 & 62
& 012 « 0 2200 59
120 65
124 ®6 061
«— 39
® 04 3@ Ve
P 10 40 % 47 0
56 122 42° /
126 A %13 %26 o s B
9.7 9.5 9.3 9.1 8.9 8.7 8.5 8.3 8.1 7.9 7.7 7.5
H (ppm) H (ppm)
— — NN
0.7 1 C B4 By B3 a -Helix
—~ 0.5 1
£
g
£
0.3 4
0.1
10 20 40 50 60

Residue Number

FIGURE 1: Binding of the IL-8 monomer to the CXCR1 N-domain. Sections of the ">"N—"H HSQC spectra showing binding-induced chemical
shift changes of the IL-8 monomer residues (panels A and B). Arrows indicate the direction of peak movement, and for some residues (Ile10,
Tyrl3, Glud8, Leud9, Arg60, Phe65) showing large chemical shift changes, the final bound peaks are labeled in red. The peaks are color coded
according to peptide: protein molar ratios of 0 (black), 1.2 (green), and 3.4 (red). The peak for the bound form of residue Ile10 is not visible at
the contour level shown and is marked by an asterisk. Histogram showing the binding-induced chemical shift change (Ad) of the IL-8 monomer
(panel C). The residues showing significant perturbation in the N-loop, third -strand, and the C-terminal helix are highlighted in black. Lys15 and
His18 are broadened out and are represented by an asterisk, and residues 16, 19, 32, and 53 are prolines.

nonsequential residues dispersed through the entire span of
the N-loop are involved in docking to the receptor N-domain.
Most interestingly, NMR data of the WT dimer show binding-
induced dissociation of the dimer—receptor N-domain complex.
NMR data including *N-relaxation measurements for the
trapped dimer show evidence of increased conformational flex-
ibility in the bound form providing a structural rationale for the
binding-induced dissociation of the WT dimer. These results
together indicate that binding is not a localized event but a global
event and is mediated by extensive coupled interactions within
the monomer and across the dimer interface and that these
interactions play a fundamental role in determining binding
affinity.

EXPERIMENTAL PROCEDURES

Design, Expression, and Purification of IL-8 Variants.
WT IL-8 dimerizes at micromolar concentrations (2/—23) and
therefore is a dimer at millimolar concentrations used in NMR
studies. We observe from NMR structural and relaxation studies
that the IL-8(1—66) deletion mutant is a monomer at millimolar
concentrations (P. R. B. Joseph and K. Rajarathnam, unpub-
lished results). The trapped R26C dimer was designed by sub-
stituting a disulfide across the dimer interface at the site of 2-fold

symmetry. This mutation does not perturb the dimer interface,
and the structure of this trapped dimer is similar to that of the
WT dimer (8).

The recombinant IL-8(1—66) monomer, trapped R26C dimer,
and the WT were generated as described previously (24). All IL-8
variants were expressed in Escherichia coli strain BL21(DE3),
and "N-labeled proteins were produced by growing cells in
minimal medium containing ""NH,CI as the nitrogen source.
Transformed E. coli BL21(DE3) cells were grown in minimal
medium containing ampicillin to an 4y of 0.8 and induced with
1 mM isopropyl f-p-thiogalactopyranoside (IPTG) for 8 h at 37 °C.
Purity and molecular weight of the proteins were confirmed
using analytical high-pressure liquid chromatography (HPLC)
and matrix-assisted laser desorption/ionization mass spectro-
metry (MALDI MS), respectively. The CXCR1 N-domain 24-
mer (LWTWFEDEFANATGMPPVEKDYSP) is the same as
that used in our previous studies and was synthesized using solid-
phase peptide synthesis (24).

NMR Spectroscopy. For titration experiments, '°N-labeled
WT, trapped R26C dimer, and IL-8(1—66) monomer were
prepared in 50 mM sodium acetate buffer, pH 6.0, containing
I mM 2,2-dimethyl-2-silapentanesulfonic acid (DSS), 1 mM
sodium azide, and 10% “H,O (v/v). Chemical shifts were
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FiGuRre 2: Binding-induced line broadening of the IL-8 monomer residues. A plot showing binding-induced loss of peak intensity for the N-loop,
third S-strand, and the C-terminal helical residues. The unbound intensities are normalized to 1. The intensities are shown for peptide protein
molar ratios of 0.07 (black) and 3.4 (open). Lys15 and His18 are broadened out and are indicated by an asterisk.

referenced to DSS (25). All 'H—"N HSQC spectra were acquired
at 30 °C using Varian Unity Plus 600 or INOVA 800 MHz
spectrometers equipped with field gradient accessories. A stock
solution of the CXCR1 N-domain peptide prepared in the same
buffer was used for titration experiments, and NMR spectra of all
IL-8 variants were collected until essentially no change in
chemical shifts was observed. The final molar ratios for mono-
mer, trapped R26C dimer, and WT dimer are 3.4, 17.8, and 11.2,
respectively. Two-dimensional "H—'°"N HSQC spectra were
acquired with 2048 complex points for direct 'H and 128 complex
points for indirect N dimensions. The spectra were processed
using NMRPipe (26) and analyzed using NMRView (27). The
chemical shifts of the WT dimer and the trapped R26C dimer
were assigned using previously available assignments (8, /8), and
the chemical shifts of the IL-8(1—66) monomer were assigned
using "°N-edited NOESY and TOCSY, CBCANH, and CBCA-
(CO)NH experiments (P. R. B. Joseph and K. Rajarathnam,
unpublished results).

The NMR "N—T, relaxation experiments were carried out
using the gradient 2D "H—"°N correlation pulse sequences (28)
on both the free and the receptor—peptide-bound trapped R26C
dimer at 30 °C on the Varian Unity Plus 600 spectrometer. The
data were acquired at delays of 7= 10, 30, 50, 70, 90, 110, 130, 150,
and 170 ms, and the delays were scrambled to avoid any
systematic errors. We used 16 transients per increment for the
free form and 128 transients per increment for the bound form
due to the relatively weak and broadened signals. The T values
were calculated by weighted nonlinear least-squares fits of the
peak heights in the 2D spectra to a two-parameter exponential
decay using the Mathematica suite of programs (29). The
uncertainties in 75 values were taken to be the standard error
of the fitted parameters.

Calculation of Binding Constants. Apparent dissociation
constants (Ky) were determined by fitting the binding-induced
chemical shift changes (Ad) to the following set of equations (30):

C =Cg (Aa/AamaX) (1)

where Al is the maximum chemical shift change between
bound and free IL-8, Cy g 1s the total concentration of IL-8, and
C is the concentration of bound IL-8.

A6 is the observed chemical shift deviation, given by the
equation:

76 = /(A8 + (Adn/8)" )

where Ady; and Ady are the 'H and '>N chemical shift changes (in
parts per million). C is also defined by the equation:

C=05 [(Kd + Crig + Cpep) -

\/ ((Ka + Cius + Cpep)’ = 4CiLsCpep) (3)

where C,p is the total concentration of the peptide.
Substituting eq 3 in eq 1 allows estimation of Kj.

RESULTS

Binding of the IL-8 Monomer. For all NMR experi-
ments, unlabeled CXCR1 N-domain peptide was titrated into
ISN-labeled IL-8 variants, and binding was followed by changes
in 2D ""N—"H HSQC spectral characteristics. Binding-induced
changes in chemical shifts are excellent probes for mapping
binding surfaces involved in protein—protein interactions (31).
Line broadening of resonances during titration could occur as a
consequence of chemical shift differences between the free and
bound forms and when the binding is in the intermediate to fast
exchange regime on NMR time scale (32).

We will first describe the results of the binding of IL-8
monomer and then compare and contrast the binding of the
trapped dimer and WT dimer. In the monomer, peaks corres-
ponding to the N-loop, third S-strand, and the C-terminal helical
residues showed the largest chemical shift perturbations and also
substantial line broadening, indicating that these regions play a
key role in the binding process (Figure 1).

Role of the N-Loop Residues. Large chemical shift pertur-
bations were observed for N-loop residues Ile10, Thrl2, and
Tyrl3 and to a lesser extent for residues Ser14, Lys20, and Phe21,
and peaks corresponding to Lys15 and Hisl8 completely dis-
appear. These residues also show the largest decrease in intensity
due to line broadening (Figure 2). The IL-8 structure reveals that
these residues span the entire N-loop and that electrostatic and
hydrophobic/packing interactions mediate binding of IL-8 to the
receptor N-domain (Figure 3A).

Ile10, Serl4, Lysl5, and Lys20 are solvent exposed (ASA ~
0.8) and so exert their influence by making direct contact with the
receptor residues. On the other hand, residues Thrl2, Tyrl3,
His18, and Phe21 are partially buried in the structure (ASA ~
0.3—0.6); therefore, describing their role in binding on the basis of
a static structure is less straightforward (Figure 3B). For instance,
the structure reveals that one face of the aromatic ring side chain
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FIGURE 3: A molecular plot of the IL-8 monomer (PDB id 1IKM (7)) showing the N-loop residues involved in CXCR1 N-domain binding (panel
A). The solvent-exposed residues, Ile10, Lys15, and Lys20, are highlighted in red, and partially buried residues, Thr12, Try13, His18, and Phe21,
are highlighted in green. The plot was rendered using PyMOL (52). Chemical shift changes and ASA (panel B). A plot of the chemical shift change
(top y-axis) and the side chain ASA (bottom y-axis) of the IL-8 monomer N-loop residues shows that they are not necessarily correlated. Chemical
shift changes for Lys15 and His18 are not available due to line broadening. The ASA of the IL-8 monomer (PDB id 1IKM) was calculated using

the program VADAR (53).

of His18 and Phe21 is solvent exposed, while the other face is
buried in the structure and is probably involved in some form of
favorable packing/aromatic interactions (Figure 3A). However,
as the N-loop is conformationally flexible, the side chain could
become completely exposed and engage in binding. It is also
possible that these residues indirectly influence the binding of
Ile10, Lys15, and Lys20 through packing interactions. NMR
studies of binding-induced structural changes of these N-loop
mutants are essential to provide a more definite answer as to how
these residues mediate binding affinity.

Our NMR data showing that the entire N-loop is involved in
receptor binding is inconsistent with a structural model proposed
by Williams et al. and Hammond et al. (14, 33). On the basis of
mutagenesis, these authors propose a binding site as that formed
by residues Phel7, Phe21, and I1e22 (14, 33). Our data show only
minimal perturbation for residues Phel7 and Ile22, discounting
any major role for these residues in direct binding. Phel7 is
largely buried (ASA ~ 0.2) and Ile22 is completely buried, and
they are involved in extensive packing interactions with each
other and with residues Phe21 and Leu43. Further, mutation of
Phel7 to Ala resulted in an unfolded protein, indicating that
Phel7 is essential for maintaining the integrity of the structural
scaffold and so is involved in the presentation of the N-loop
residues for receptor binding (/4). Similarly, we propose that
I1e22 is part of the structural scaffold and plays a role in function
by indirectly influencing the binding of N-loop residues.

The solution structure of a CXCR1 N-domain peptidomimetic
bound to dimeric IL-8 has been solved using NMR spectrosco-
py (18). The structure was determined on the basis of intermo-
lecular NOEs between '*C- and '"N-labeled IL-8 and unlabeled
CXCRI peptide and reveals that the binding interface predomi-
nantly involves the N-loop residues, including hydrophobic
residues Ile10, Tyrl13, Phel7, and Phe21 and charged residues
Lysll and Lysl5. Our data are largely consistent with the

structure, though it is very unlikely that Phel7 is involved in
direct binding interactions (vide supra).

Other studies have shown that mutating His18§, Lysl15, and
Lys20 results in significant loss of binding, whereas mutating
residues Thr12 and Ser14 had only a modest effect (1/—13, 33,
34). Our NMR data show that Lys15 and His18 broaden out,
whereas Thr12 shows large binding-induced perturbation and
remains significantly weak, indicating that these residues are
conformationally flexible in the bound form (Figures | and 2).
The structure of the complex also fails to reveal specific interac-
tions for residues Thr12 and Ser14, suggesting a more subtle role
for these residues (/8). The dynamic nature of these residues in
the receptor-bound form suggests that such a property could play
a more prominent role for receptor activities such as chemotaxis
and Ca”" release than for binding affinity.

Role of the Third p-Strand Residues. The third f-strand
residues that are significantly perturbed are Glu48, Leu49, Cys50,
Leu51, and Asp52 (Figure 1C). The ASA indicates that Glu48
alone is exposed while others are largely buried. Interestingly,
Asp52 shows the largest perturbation of all amino acids, which is
unexpected considering that the CXCR1 N-domain is highly
negatively charged. The CXCR1 N-domain sequence has only
one Lys, and it can be argued that Asp52 interacts with this Lys.
However, IL-8 also binds CXCR?2 receptor with similar high
affinity, and the corresponding residue in the CXCR2 N-domain
is a Leu. Asp52 is also significantly perturbed on binding to the
CXCR2 N-domain (Ravindran et al., unpublished results),
indicating that the perturbation of Asp52 should be due to
indirect interactions.

The NMR structure of the monomer reveals that both Leu51
and Asp52 interact with the N-loop residues Thr12 and Tyr13 (7),
and so binding-induced changes in Thr12 and Tyr13 are most
likely propagated to LeuS1 and Asp52 through packing interac-
tions (Figure 4A). The structure also reveals that Leud49 is largely



Article

Biochemistry, Vol. 48, No. 37, 2009 8799

N-loop

FiGure 4: Binding-induced indirect coupled interactions in third S-strand residues (panel A). A molecular plot of the IL-8 monomer showing
packing interactions between the N-loop residues Thr12 and Tyr13 (blue) and the third S-strand residues Asp52 and Leu49 (pink). Spheres are
shown to highlight the side chain packing. One of the methyl groups of Leu49 is packed against the aromatic ring of Tyr13, and the side chain
carboxylate of Asp52 is in contact with the hydroxyl side chain of Thr12. Coupled interactions in the C-terminal helix (panel B). A molecular plot
of the IL-8 monomer showing the packing interactions between the C-terminal helical residues, Val58, Val61, Val62, and Phe65 (red), and the -
strand residues, [1e22, Leu25, and Leu51 (blue). Spheres are shown to highlight the side chain packing. Solvent-exposed residues Arg60 and Lys64

are shown in black. The plots were rendered using PyMOL (52).

buried but nevertheless shows side chain packing interactions
with Tyr13, suggesting binding-induced conformational changes
in Tyr13 could be propagated through packing interactions to
Leud9 (Figure 4A). Another mechanism by which conforma-
tional changes could be propagated is through the Cys9—Cys50
disulfide bridge, which tethers the conformationally flexible
N-loop to the third -strand. Chemical shift data show that both
Cys9 and Cys50 are significantly perturbed and also broaden out
during the titration (Figures 1 and 2). These data together
indicate that the changes observed in the third -strand are not
due to direct binding but due to indirect coupling interactions
propagated through the N-loop.

Structure—function studies of conservatively mutating Asp52
to Asn had no effect on binding affinity, indicating that the
carboxylate side chain is not important for function (33). This is
consistent with our conclusion that Asp52 is involved in packing
interactions and not in direct binding. Mutating Leud49 and
Leu51 to Ala results in reduced binding, and Glu48 to Lys had
no effect on binding (12, 14, 33). We have previously shown that
it is possible to substitute cysteines with a non-natural cysteine
analogue in a disulfide without breaking the disulfide and that
Cys50 plays a role in receptor binding (35). Cys50 like Leud9 and
Leu5l is largely buried, and we propose that these residues form a
part of the hydrophobic core, which functions as a scaffold, and
indirectly influence the binding of the N-loop residues by coupled
interactions.

Role of the C-Terminal Helix Residues. Significant che-
mical shift perturbations and line broadening are observed for the
C-terminal helical residues Val58, Arg60, Val6l, Val62, and
Phe65 (Figures 1 and 2). ASA data indicate that except Arg60
all other residues are buried (ASA <0.2). We observe a periodi-
city in chemical shift perturbation with residues Val58, Val6l,
and Phe65 showing the largest change (Figure 1). The side chains
of these residues are oriented in the same direction and are packed
against hydrophobic residues of the f-strand (Figure 4B). Except
for Arg60, the remaining solvent-exposed helical residues GIn59,
Glu63, and Lys64 are relatively less perturbed (Figure 1). The side
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FiGuRre 5: Binding-induced dissociation of the WT IL-8 dimer. A
section of the ""N—'H HSQC spectra showing binding-induced
chemical shift changes in the WT dimer and the appearance of bound
monomer (labeled as M in red). The peaks are color coded for
peptide:protein molar ratios of 0 (black), 2.7 (green), and 11.2 (red).

chains of Arg60 and Lys64 are located on the surface of the helix
and pointed away from the N-loop (Figure 4B). Therefore, the
perturbation of the C-terminal helical residues cannot be due to
direct interaction with the N-domain.

The role of C-terminal helix for receptor binding and function
has been investigated using C-terminal deletion mutants and IL-8
chimera containing helices of IP-10 or PF-4 (10, 11). The
chimeras are as active as the WT IL-8, but successive deletion
of helical residues in WT IL-8 results in progressive loss of
binding affinity (9). On the other hand, mutagenesis studies have
shown that positively charged residues Arg60 and Lys64 bind to
negatively charged glycosaminoglycans, and such binding has
been shown to be essential in the neutrophil recruitment pro-
cess (36). Our NMR studies and the structure—function data
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FiGURrE 6: Binding-induced chemical shift changes in the trapped 1L-8 dimer (panel A). The regions showing significant perturbations are the
N-loop, second f-strand, third S-strand, and the C-terminal helix. For residues that completely broaden out in the bound form (GIn8, Thr12,
Lysl15, Lys20, Leu25, Arg26, Glu48, and Asp52), shift changes are calculated from the last observable titration point, and data do not exist for four
prolines (residues 16, 19, 32, and 53). A section of the '>’N—"H HSQC titration spectra showing binding-induced chemical shift changes in the IL-8
trapped dimer (panel B). The peaks are color coded for peptide:protein molar ratios of 0 (black), 1.4 (green), and 2.6 (red). Data for higher molar

ratios are not shown as peaks either disappear or are significantly weak.

together indicate that the helical residues are part of the structural
scaffold and are not involved in direct receptor binding but
indirectly influence the binding of the N-loop residues through
long-range coupling interactions.

Role of the First and Second f3-Strand Residues. Chemical
shift perturbations are also observed for residues in the first and
second f-strand and in the 40s turn which link the second and
third S-strands. The extent of perturbation is lower compared to
that observed for the N-loop, third S-strand, and the C-terminal
helix (Figure 1). However, perturbation is differential, involving
relatively large as well as small chemical shift changes. For
instance, relatively large perturbations are observed for Lys23
and Leu25 in the first S-strand, 1le39 and Val4l in the second
p-strand, and Leud3 and Serd4 in the 40s turn, and in contrast,
minimal perturbations are observed for Arg26 in the first
p-strand and Ile40 in the second S-strand. The monomer
structure reveals packing interactions between Lys23 and
Serd44, between Leu25 and Valdl, and between Ile39 and
Leu51, suggesting indirect coupling interactions as the cause
for the observed perturbations (7).

Hammond et al. have proposed, on the basis of mutagenesis,
that Val4l and Leu43 play a direct role in receptor binding and
that these and N-loop residues Tyr13, Phel7, and Ile22 together
form a receptor-binding site (33). Williams et al. have character-
ized the function of a wide variety of mutants including those of
the 40s residues and also studied the consequence of mutation on
the tertiary structure using NMR spectroscopy. On the basis of
their results, the authors propose that N-loop residues Phel7,
Phe21, Tle22, and Leu43 form the receptor-binding pocket (/4).
Skelton et al. also propose that Leu43 is involved in binding on
the basis of the structure of the complex (/8).

Leud43 is largely buried (ASA ~0.2), and the monomer
structure reveals that the side chain is packed against residues
Phel7, Tyr2l, and Ile22 (7). Though mutating Leu43 to Ala
resulted in ~15-fold lower affinity, mutating to Asp had no effect,
indicating that the large hydrophobic side chain is not critical for
binding but important for packing interactions (/4). Val4l is
completely buried and is packed against Leu25 and Phel7, and
mutating it to Ala results only in marginal loss of binding
(2-fold), suggesting that it cannot be involved in direct binding
interactions (/4). Though chemical shifts of Ile40 are only

minimally perturbed, mutating Ile40 to Ala results in substantial
loss of binding and also in perturbation of the structure,
indicating that loss of function is due to indirect interactions (/4).
Our NMR and the mutagenesis data together indicate that the
40s residues, if any, play a minimal role in direct binding and, like
the C-terminal helical and third f-strand residues, are part of the
structural scaffold and indirectly influence the binding of the N-
loop residues by coupling interactions.

Role of the N-Terminal and 30s Loop Residues. Our
NMR data show minimal chemical shift and intensity changes in
the N-terminal and the 30s loop regions (Figure 1). The 30s loop
residues link the first and second f-strands. The N-terminal
region binds to the receptor extracellular residues (site II) and is
linked to the 30s loop region via the Cys7—Cys34 disulfide
bridge. Mutating the 30s loop residues and the cysteines of the
7—34 disulfide results in significant loss of binding, indicating a
role for coupled interactions in site II binding (/). Minimal
chemical shift changes indicate that these regions are not directly
involved in site I binding. Perturbation of these residues never-
theless indicates that site I binding could influence site II binding.

Binding of the IL-8 WT and Trapped R26C Dimer. WT
IL-8 dissociates at micromolar concentrations (Kg ~ 10 uM) and
therefore is predominantly dimeric at the NMR concentrations
used in this study. Most interestingly, we observe a set of new
peaks emerging during the latter titration points (> 1:1 molar
ratio), whose chemical shifts correspond to those of the mono-
mer-bound N-domain complex (Figure 5). These observations
indicate receptor N-domain binding induces dissociation of the
dimer—receptor complex to the monomer—receptor complex.
Previous titration studies did not report similar binding-induced
dissociation (18, 37) and can be mainly attributed to the fact that
in their studies the final molar ratio was ~1:1, whereas we carried
out titration up to > 10-fold excess of the receptor N-domain.

In order to better understand the structural basis of dimer
binding and binding-induced dissociation of the dimer-bound
complex, we also carried out NMR studies of the disulfide-
trapped R26C IL-8 dimer. The trapped R26C dimer has been
shown to behave like the WT dimer but does not dissociate
(8). We observe that the extent of overall chemical shift perturba-
tion in the trapped dimer is substantially lower compared to
the monomer. In addition to perturbation of the N-loop, third
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FiGure 7: Binding-induced line broadening in dimer vs monomer. Binding-induced intensity changes for the trapped dimer (O) and the monomer
(@) are shown for residues Ser44 and Arg47. Line broadening and chemical shift changes are correlated for the monomer but not for the trapped

dimer.

p-strand, and the C-terminal helical residues, perturbation of the
second [-strand residues is also observed (Figure 6). Two
previous NMR titration studies of WT IL-8 binding to the
CXCRI N-domain showed a similar chemical shift perturbation
profile, including perturbation of the 40s residues (/8, 37). On the
basis of monomer NMR data (vide supra), only N-loop residues
are involved in direct binding, and any chemical shift perturba-
tion for other regions, such as the 40s residues, should be due to
indirect coupling interactions. Therefore, 40s residues in the
dimer cannot be involved in direct binding, suggesting
mechanism(s) other than binding should be contributing to the
chemical shift change.

We observe binding-induced NMR line broadening in the
trapped dimer to be distinctly different from the monomer. In the
case of the monomer, significant line broadening was observed
only for those residues that are involved in binding either by
direct or by coupled interactions and could be described as due to
exchange between free and receptor-bound form. On initial
binding, these peaks in the monomer become weak and disappear
and then reappear, becoming stronger at later titration points as
the population of the bound form dominates; these residues also
show the largest binding-induced chemical shift perturbations
(Figure 1). However, in the case of trapped dimer, resonances of
almost all residues become weak or completely disappear at later
points (Figures 6B and 7). Most importantly, we observe no
correlation between the extent of peak intensity change and
chemical shift perturbation, indicating that the line broadening in
the dimer is caused by mechanisms other than exchange between
the free and bound forms. For instance, in the trapped dimer,
Argd7 shows a small binding-induced chemical shift change, but
its line broadening is similar to Ser44 that shows the largest
chemical shift change (Figures 6 and 7). However, in the
monomer, Argd7 shows minimal chemical shift change and
minimal line broadening, and Ser44 shows significant chemical
shift change and significant line broadening (Figures 1 and 7).

In order to better understand the dynamic characteristics of
the trapped dimer, we also carried out "N—T7, relaxation
measurements of the free and receptor-bound form. We could
characterize the relaxation properties of all of the residues of the
trapped dimer except for the overlapped resonances (Figure 8). In
stark contrast, we could measure relaxation values of only ~25%
of the residues in the bound form due to significant line broad-

ening. Peaks corresponding to the dimer interface 31 as well as the
B, and f35 residues broaden out, and only peaks corresponding to
the N-terminal, C-terminal helix, and loop residues are observed
(Figure 8). Indeed, previous relaxation measurements of the free
WT dimer show residues of the -strand, including those at the
dimer interface, exhibit chemical exchange line broadening (38).
Consistent with our observations from the trapped dimer, the
authors conclude that these residues undergo concerted rather
than independent motions due to extensive H-bonding and
packing interactions.

Global line broadening is evidence of increased dynamics in
the bound form, providing a snapshot of events that precede
dissociation of the bound complex. We propose that binding-
induced conformational changes disrupt dimer—interface
interactions resulting in the dissociation of the complex,
and that the receptor-bound dimer is thermodynamically
unfavored and the receptor-bound monomer is the favored
state.

Binding Affinities of the Monomer and Dimer. The
apparent binding constants for the IL-8(1—66) monomer and
the trapped R26C dimer were obtained by fitting binding-
induced chemical shift changes from the titration experiments.
We observe that the monomer binds the CXCR1 N-domain with
an affinity of ~10 uM, and the trapped R26C dimer binds with an
affinity of ~340 uM. Our measured binding constant for the IL-
8(1—66) monomer is similar to the previously measured value of
~8 uM using ITC (39). Previous studies have shown that the
trapped dimer binds the intact CXCR1 receptor with ~70-fold
lower affinity than the trapped monomer (8). Our observation
that the trapped dimer binds the isolated CXCR1 N-domain with
~35-fold lower affinity indicates that most of the reduced binding
is due to reduced affinity to the receptor N-domain site. All of
these observations together emphasize that the dimer is the low-
affinity ligand and the monomer is the high-affinity ligand for the
CXCRI receptor.

Linkage Scheme. Results from our titration studies allow us
to discuss the linkage scheme of the binding of the monomer and
dimer to the N-domain (Figure 9). The individual steps involve
binding of the monomer to the receptor N-domain (AG)),
binding of the dimer to the receptor N-domain (AG,), dissocia-
tion of the dimer to monomer (AG;), and dissociation of the
N-domain-bound dimer to the N-domain-bound monomer
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FIGURE9: A thermodynamic linkage scheme representing the bind-
ing of the monomer and trapped dimer to the CXCR1 N-domain.

(AGy). On the basis of calculated binding constants (Ky) from our
NMR titration studies, free energies of monomer and dimer
binding to the CXCR1 N-domain are AG, = —13.9 kcal mol ™
K 'and AG, is —5.0 kcal mol™" K. The free energy of dimer

dissociation has been measured from both ITC and ultracentri-
fugation methods, AGy=7.4 kcal mol ™' K" (21). Therefore, free
energy for dissociation of the receptor-bound dimer (AGy) is
calculated to be —1.5 keal mol™" K™'. Our observation that
binding-induced dissociation of the dimer—receptor N-domain
complex is thermodynamically favorable suggests that such
dissociation also occurs on dimer binding to the intact CXCRI
receptor.

DISCUSSION

IL-8 belongs to the subclass of CXC chemokines that have the
characteristic N-terminal “ELR” motif. All ELR chemokines
recruit and activate neutrophils by binding two receptors,
CXCRI1 and CXCR2. Only IL-8 is a high-affinity ligand for
CXCRI, whereas all neutrophil-activating chemokines including
IL-8 are high-affinity ligands for CXCR2. We have shown
previously that our trapped IL-8 dimer binds CXCR1 compared
to CXCR2 with much lower affinity and that dissociation of the
WT dimer is essential for binding CXCR1 with high affinity
(8, 40). Structure—function studies have shown that mutating IL-
8 N-loop residues results in greater loss for CXCR1 binding,



Article

indicating that properties of N-loop residues are more stringent
for CXCR1 binding (12, 13, 33).

On the basis of our current data, we propose that the protein
core of IL-8 functions as a structural scaffold that is not rigid
but dynamic and that a network of direct and indirect back-
bone—backbone, backbone—side chain, and side chain—side
chain interactions are involved in the binding of IL-8§ to the
CXCRI1 N-domain. Residues that span the entire N-loop
participate in binding to the N-domain, and a combination
of polar, electrostatic, and hydrophobic/packing interactions
mediate this event. Sequence analysis reveals that the receptor
N-domain is highly negatively charged and shows character-
istics of an unstructured or minimally structured domain, and
so it can be envisioned that the receptor N-domain binds IL-8
by the fly-casting mechanism (4/). The structure of the
complex also reveals aromatic/hydrophobic/packing interac-
tions between IL-8 aromatic and receptor Pro/aromatic resi-
dues and electrostatic interactions between IL-8 Lys and
receptor N-domain Asp/Glu residues. Our NMR data show
that the receptor N-domain engages the entire N-loop for the
binding, which contrasts previous models, where a subset of
highly clustered hydrophobic N-loop residues was defined as
the binding site (14, 33).

We propose that binding engagement by multiple N-loop
residues triggers propagated conformational changes throughout
the protein and that these changes play a critical role in mediating
binding affinity and function. Considering that binding-induced
structural and dynamic changes are extensive, we propose that
this binding event as active and not passive. It is possible that site
I binding results in conformational changes in the receptor
triggering downstream interactions and/or triggers changes that
are essential for site II binding of IL-8 N-terminal ELR residues
to the receptor extracellular domain which triggers downstream
signaling events for function.

Binding of several CXC (SDF-la and IP-10) and CC
(RANTES, eotaxin, eotaxin-2) chemokines and CX;C chemo-
kine fractalkine to their receptor N-domains has been studied
using NMR spectroscopy (42—47). These studies show not only
that binding predominantly perturbs chemokine N-loop residues
but also chemokine-dependent perturbation of other regions
of the protein. For instance, fractalkine binding to the CX3CRI1
N-domain results in significant perturbation of N-terminal and
30s loop residues, whereas these residues showed negligible
chemical shift changes in IL-8 (44). These observations together
suggest that indirect coupling interactions play a critical role for
binding of most chemokines and that these interactions play a
variety of functional roles from contributing to binding affinity,
receptor selectivity, and/or receptor activation.

IL-8 function involves binding to receptors on neutrophils and
to glycosaminoglycans (GAG) on the endothelial cell surface.
Under transient conditions of injury or infection, IL-8 levels are
upregulated and are translocated from the injury site to the
bloodstream, and so its concentration will vary continuously as a
function of space and time. Indeed, using a trapped monomer,
trapped dimer, and the WT, we observe that the WT exists as
both monomers and dimers in vivo and that the IL-8 dimer is
extremely potent in its ability to recruit neutrophils in a mouse
model (Das et al., manuscript in preparation). Whereas mice
express only the CXCR2 receptor on neutrophils, humans
express both CXCR1 and CXCR2 receptors, suggesting that
the two receptors play distinctly different roles in humans. IL-8
plays the dual role of recruiting neutrophils to the site of infection
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and eliciting cytotoxic activities at the site of infection. These
events have to be coordinated as the initial receptor engagement
should lead to recruitment and chemotaxis, and receptor activa-
tion leading to cytotoxic event should not be triggered until late at
the site of infection. It is believed in humans that CXCR2 plays a
more active role for trafficking neutrophils into the tissue and
CXCRI1 is more active for eliciting cytotoxic events (48). Con-
sistent with our observations, the IL-8 dimer is less active for
CXCRI-related functions (Wassim et al., manuscript in press),
suggesting in vivo IL-8 dimerization negatively regulates CXCR1
function.

Interestingly, the role of dimerization seems to vary from
chemokine to chemokine. CXC chemokine SDF-1a dimerizes
like IL-8, but receptor-binding properties of the SDF-1a dimer
are distinctly different from the IL-8 dimer (47, 49). Whereas the
structure of the IL-8 dimer—receptor complex reveals binding
interactions to only one subunit, the structure of the trapped
SDF-lo—receptor complex reveals that the binding involves
residues from both subunits of the dimer (8, 47). Whereas
binding of the IL-8 dimer to the CXCR1 N-domain results in the
dissociation of the complex, binding of the SDF-1a monomer to
the CXCR4 N-domain actually results in ligand dimeriza-
tion (49). Though CXC and CC monomer structures are similar,
they dimerize using different regions of the protein. CXC
chemokine dimerization involves the third S-strand and a-helical
residues, and CC chemokine dimerization involves the N-loop
residues. The disulfide-linked CC dimer MIP-1/ was shown to be
incapable of binding its receptor, and under conditions where
both monomer and dimer exist, only the RANTES monomer was
shown to bind the CCRS N-domain (42, 50). Nevertheless, CC
chemokine monomer mutants are inactive in vivo, indicating that
their dimerization is essential for functions other than for binding
their GPCR receptors (51).

In summary, our results together indicate that the two funda-
mental properties shared by chemokines, the ability to exist as
monomers and dimers and the interaction of ligand N-loop
residues with receptor N-domain residues for binding and
function, are not independent but coupled. We propose that
such coupling interactions play a critical role in regulating in vivo
function.
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