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ABSTRACT: The activation of leukocytes by chemokines is believed to be mediatedVia binding of
chemokines to glycosaminoglycan chains of the extracellular matrix. The binding site on the chemokine
interleukin-8 (IL-8) for the glycosaminoglycan heparin has been characterized using a systematic series
of site-directed mutants of IL-8 in which the basic residues of the protein have been replaced by alanine.
Mutation of K64 and R68 caused the largest decrease in affinity for a heparin Sepharose matrix, with
smaller effects seen with mutations of K20, R60, and K67. Heparin-derived disaccharides that could
disrupt the IL-8-heparin Sepharose interaction were identified by a competitive binding assay. Hetero-
nuclear NMR spectroscopic titration of15N-labeled IL-8 with a trisulfated disaccharide revealed a cluster
of residues on IL-8 which were perturbed by disaccharide binding. These data identify a heparin-binding
surface on IL-8 that includes the C-terminalR-helix and the proximal loop around residues 18-23. The
heparin-binding site is spatially distinct from the residues involved in receptor binding.

Interleukin-8 (IL-8)1 is one of a superfamily of inflam-
matory proteins, called chemokines, which are involved in
the chemotaxis and activation of leukocytes in damaged or
infected tissues (1). IL-8 is an 8 kDa protein and is the best
characterized of theR (or CXC) class of chemokines which
mediate acute inflammatory reactions mainly via neutrophil
attraction and activation (2). The activation of leukocytes
by chemokines requires binding to specific G-protein-coupled
“seven transmembrane helix” receptors (3). Chemokines can
also bind to the glycosaminoglycan (GAG) chains of pro-
teoglycans present at the vascular endothelial surface and in
the extracellular matrix. The biological role of the chemo-
kine-GAG complex is not clear: it may assist the presenta-
tion of chemokines to receptors, help create an immobilized
chemokine concentration gradient required for chemoattrac-
tion, or sequester the chemokine in an inactive form (4).
Although the CXC chemokines are active as monomers (5)
they can dimerize at higher concentrations (6). Recently,
GAGs have been shown to mediate cell surface oligomer-
ization of chemokines in vitro (7) and may exert similar
effectsin ViVo.

Glycosaminoglycans are polyanionic polysaccharide con-
stituents of cell surface and extracellular matrix proteoglycans
that are involved in a multitude of intermolecular interactions

(8). One important family of GAGs, the heparan sulfates,
is structurally heterogeneous as a result of postpolymerization
modifications, including sulfation and epimerization, of the
precursor (glucuronate-glucosamine) copolymer (9). In-
teractions of proteins with both heparan sulfates (and the
closely related but generally more highly sulfated heparins
(10)) may be highly specific for particular saccharide
sequences (9). It has been shown for both fibronectin (11)
and basic fibroblast growth factor (bFGF) (12) that the
specificity is conferred by highly sulfated domains, which
are interspersed with less sulfated regions within heparan
sulfates (13, 14). The binding of heparin to bFGF facilitates
both oligomerization and receptor binding (15), and bFGF
complexed with a heparin-derived decasaccharide is biologi-
cally active (16). Structural insight into this interaction has
been extrapolated from crystallographic studies of bFGF
complexed with heparin-derived tetra- and hexa-saccharides
(17), and with nonsulfated di- and tri-saccharides which are
capable of binding to bFGF and activating the bFGF
signaling pathway (18).

The differential binding of chemokines to GAG subpopu-
lations has been demonstrated by affinity co-electrophoresis
(19) and by direct binding (7). Models of GAG-CXC
chemokine complexes (20) have been proposed on the basis
of NMR and X-ray structures of the proteins (21, 22);
however, no direct experimental details of the structure of
chemokine-GAG complexes exist. The basic residues of
platelet factor 4 (PF4) which are involved in binding to
heparin have been identified by site-directed mutagenesis and
NMR (23), and specific saccharide sequences in heparan
sulfates that are required for PF4 binding have also recently
been characterized (24). In common with PF4 the C-terminal
helix of IL-8 has been implicated in heparin binding by
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truncation of synthetic versions of the protein (25). This
region is distinct from that required for receptor binding
which includes the amino-terminal ELR motif (26, 27) and
a hydrophobic epitope (28, 29). In this report we describe
a combined site-directed mutagenesis, affinity chromatog-
raphy and NMR study in which we have identified the
residues of IL-8 involved in GAG binding.

EXPERIMENTAL PROCEDURES

Materials. Heparin disaccharides listed in Table 3 (as
sodium salts, exceptIV -H which was the free acid) were
obtained from Sigma, as was the S-Sepharose (fast-flow).
Sepharose CL-6B, heparin Sepharose CL-6B, Sephacryl
S200 HR, HiLoad SP Sepharose, and HiLoad Phenyl
Sepharose were from Pharmacia. HEPES buffer was from
Life Technology. Recombinant IL-8 was expressed in
Escherichia coliand purified as described previously (30).
[125I]IL-8 was obtained from Amersham (specific activity
2000 Ci/mmol). 15N-labeled human IL-8 was from VLI
Research (Audubon PA) and was estimated to be at least
83% 15N by electrospray mass spectrometry. Deuterium
oxide (99.98% D) was from Aldrich. All other reagents were
of laboratory grade.

Mutagenesis.A gene encoding mature human IL-8 was
inserted into theE. coli expression vector pET23d. Mutants
were constructed using Transformer site-directed mutagenesis
(Clonetech, Palo Alto, CA) according to the manufacturer’s
protocol. Briefly, pET23d-encoding IL-8 was denatured and
annealed with aXbaI unique selection primer and the desired
mutation primer. Primers were elongated and ligated using
T4 DNA ligase for 2 h. The mutagenic plasmid was digested
with XbaI for 2 h at 37°C and transformed into BMH 71-
18 mut SE. coli strains. The amplified DNA was purified
and digested withXbaI for second round selection. The
digested mixture was then transformed into theE. coli strain
JM109. The desired mutation was verified by DNA se-
quencing prior to expression.

Mutant Expression and Protein Purification.Mutant
proteins were produced in which each of the basic residues
was mutated to alanine. Expression vectors containing the
T7 promoter were transformed into the BL21 (DE3)E. coli
strain. Cultures were grown at 37°C to an OD600 of 0.5 in
L broth containing 100µg/mL Ampicillin. Protein expres-
sion was induced by addition of 0.1 mM isopropyl-â-D-
thiogalactopyranoside to the culture. Cells were harvested
after 2.5 h, pelleted, resuspended in lysis buffer containing
0.1 mM Tris-HCl buffer, pH 8.5, 1 mM dithiothreitol, 5
mM benzamidine-HCl, 0.1 mM phenylmethylsulfonyl fluo-
ride, 16 mM MgCl2, and 20 mg/L DNase, and broken by
three passages through a French press (SLM Instruments,
Inc, Urbana, IL), with 30 s of sonication after each passage.
After centrifugation at 10000g for 1 h, the IL-8 was found
to be mainly present in the inclusion bodies. These were
dissolved in 6 M guanidine-HCl, 0.1 M Tris base, and 1
mM dithiothreitol at pH 8.5 and applied to a Sephacryl S200
HR column (5× 100cm) at a flow rate of 2 mL/min. The
fractions containing monomer IL-8 were pooled. The protein
was renatured by dropwise addition to 0.1 M Tris-HCl
buffer, pH 8.5, containing 1 mM oxidized glutathione and
0.1 mM reduced glutathione to reach a 10-fold dilution. The
renatured protein was loaded onto a HiLoad SP Sepharose

26-10 column equilibrated in 50 mM sodium acetate, pH
4.5, and was eluted with a linear gradient of 0-100% 2 M
NaCl in 50 mM sodium acetate, pH 4.5. Alternatively, the
renatured protein was loaded on a 15 mL S-Sepharose
column and eluted in 50 mL of 2 M NaCl. The protein was
dialyzed against 50 mM sodium phosphate buffer, 1.7 M
ammonium sulfate, pH 7.0, loaded on a HiLoad Phenyl
Sepharose column, and eluted with an ammonium sulfate
gradient. Fractions containing pure IL-8 were identified by
SDS-PAGE and dialyzed twice against 1% acetic acid and
once against 0.1% trifluoroacetic acid prior to lyophilization.
The mutant proteins were characterized by SDS-PAGE,
reverse-phase HPLC, and electrospray mass spectrometry.

IL-8 Receptor Binding Assay.cDNAs encoding CXCR1
and CXCR2 were cloned (31) and stably transfected into
Chinese hamster ovary cells as described previously (32).
Untransfected cells were maintained in Dulbecco’s modified
Eagle’s medium F12 containing 10% heat-inactivated fetal
calf serum, and 300µg/mL G418 was added to the media
of the stably transfected cells. Membranes were prepared
from the stably transfected cell lines by pelleting the cells,
washing the cells in phosphate-buffered saline containing
0.02% EDTA, and resuspending the cells in 50 mM HEPES
buffer containing 1 mM EDTA, 0.1 M leupeptin, 25µg/mL
Bacitracin, 1 mM phenylmethylsulfonyl fluoride, 2µM
Pepstatin A, and 10 mM MgCl2, pH 7.4. The cells were
broken with a Polytron homogenizer and were centrifuged
at 500g to remove cell debris. The supernatant was
centrifuged for 30 min at 48000g to pellet the membranes.
After removal of the supernatant, the membrane pellet was
resuspended in the cell lysis buffer described above and
stored in aliquots at-80 °C. Scintillation proximity assays
(SPA) were performed in 100µL of 50 mM HEPES, pH
7.2, 5 mM MgCl2, 1 mM CaCl2, and 0.5% BSA (33) in 96-
well plates (PET flexible 1405-401, Wallac). Membranes
(1 µg/well) were incubated with 25µg/well wheatgerm-
agglutinin SPA beads, 0.1 nM [125I]IL-8, and increasing
amounts of nonradioactive IL-8 mutants (10-13-10-6 M).
The plates were shaken at 25°C for at least 4 h, and the
radioactivity was measured in a Wallac Microbeta Counter.
Assays were performed in triplicate. The data were analyzed
with GraFit Software (34), using the equationB/Bmax

app )
1/(1 + [L]/IC 50), whereB ) cpm bound,Bmax

app ) cpm
bound in the absence of competing ligand, [L]) concentra-
tion of competing ligand, and IC50 is the amount of unlabeled
competitor required to inhibit binding by 50%. For a single-
site competitive interaction, IC50 ) Kd + [L*], where [L*]
is the concentration of radiolabeled ligand added, so that
under the assay conditions used, the IC50 approximates to
the Kd (35).

Heparin Sepharose Chromatography.IL-8 mutants (20-
50 µg) were loaded onto a 1 mLheparin Sepharose CL-6B
column in 50 mM Tris-HCl, pH 7.5 buffer and eluted with
a 25 mL linear gradient (0-2 M NaCl in 50 mM Tris-HCl,
pH 7.5 buffer) at a flow rate of 0.5 mL/min. The protein
was monitored by absorbance at 280 nm, and the concentra-
tion of NaCl was determined using an in-line conductivity
meter calibrated with 50 mM Tris-HCl, pH 7.5 buffer (0%
conductivity) and 2 M NaCl in 50 mM Tris-HCl, pH 7.5
buffer (100% conductivity).

Cation-Exchange Chromatography.IL-8 mutants (20-
40 µg) were loaded onto a 1 mL cation-exchange column
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(S-Sepharose, Fast-Flow) in 50 mM Tris-HCl, pH 7.5 buffer
and eluted with a 25 mL linear gradient (0-2 M NaCl in 50
mM Tris-HCl, pH 7.5 buffer) at a flow rate of 0.5 mL/min.
Protein was monitored by absorbance at 280 nm, and the
concentration of NaCl was determined by using an in-line
conductivity meter calibrated with 50 mM Tris-HCl, pH 7.5
buffer (0% conductivity) and 2 M NaCl in 50 mM Tris-
HCl, pH 7.5 buffer (100% conductivity).

Immobilized Heparin CompetitiVe Binding Assay.Com-
petition experiments were performed in 96-well filter plates
(Millipore MultiScreen MADVN6510, 0.65-µm pore-size,
low-protein binding) in a total volume of 100µL/well. Each
well contained 0.125-0.25 nM [125I]-chemokine, 5 nM
unlabeled chemokine, heparin Sepharose (Sepharose beads
or binding buffer as background control), and increasing
amounts of heparin-derived disaccharides (0-2 mg/mL). The
mass of heparin on the beads was 0.015µg/well (corre-
sponding to 187.5µg of dry heparin Sepharose), and
equivalent amounts of Sepharose CL-6B beads or binding
buffer were used in control experiments. The plates were
incubated with shaking at 25°C for 4 h in binding buffer
(50 mM HEPES, pH 7.4 containing 0.5% BSA, 5 mM
MgCl2, and 1 mM CaCl2). The beads were washed three
times with 200µL of binding buffer containing 0.15 M NaCl
under vacuum filtration. The filters were air-dried, 30µL
of scintillation fluid was added to each well, and the radio-
activity was measured in a Wallac Microbeta counter. Tripli-
cate measurements were performed for each point. The data
were analyzed with GraFit Software (34) as described above.

NMR Spectroscopy.All NMR experiments were on
Bruker AMX600 and DRX600 spectrometers using 5 mm
inverse detection probes at 300 K. Titration experiments
were with samples comprising 0.4 mM15N-labeled IL-8
(based on monomer subunit molecular weight) in 0.5 mL of
90% H2O/10% D2O containing 10 mM sodium phosphate
buffer, pH 7.2. Titrations were performed by removal of
the sample from the NMR tube and thorough mixing with
e10 µL of a concentrated solution of disaccharide in water.
Disaccharide concentrations in the titration steps were 0.1
and 0.2 mM I-S; 0.1, 0.2, and 0.4 mMI-H. Two-
dimensional1H-15N HSQC experiments (36) were acquired
with spectral widths of, typically, 10 800 Hz for1H and 1824
Hz for 15N; up to 256 increments were acquired in the15N
dimension. A refocusing delay of 2.8 ms (corresponding to
J ) 90 Hz) was used. The solvent signal was suppressed
by presaturation during the relaxation delay of 1 s. Chemical
shift values were obtained via the peak picking routine within
Felix (version 95.0; Molecular Simulations Inc.).

RESULTS

Purification and ActiVity of Mutant Proteins. Sixteen
mutant IL-8 proteins, in which each of the basic residues
was mutated to alanine, were produced and purified to
homogeneity as determined by SDS-PAGE. These were
tested for their binding to the two IL-8 receptors CXCR-1
and CXCR-2 in a scintillation proximity assay; the results
are summarized in Table 1. Unlabeled wild-type IL-8
competed with the binding of [125I]IL-8 to CXCR1 and
CXCR2 with IC50 values of 1.1 and 0.2 nM, respectively.
Most of the mutants were found to have IC50 values very
similar to the wild-type IL-8 for both receptors; however,

the R6A mutant had IC50 values that were increased about
150-fold and 2500-fold for CXCR1 and CXCR2, respec-
tively. The R47A mutant had an approximately 10-fold
higher IC50 for both receptors, whereas the K11A showed a
10-fold higher IC50 for CXCR1.

Heparin Sepharose Affinity Chromatography.The hep-
arin-binding affinity of each of the IL-8 mutants was assessed
by chromatography on heparin Sepharose; the data are
summarized in Table 2. Wild-type IL-8 eluted from the
heparin Sepharose column in 0.59 M NaCl under the
conditions used. All of the 16 mutants showed reduced
affinity compared to wild-type IL-8. For the majority of
mutants elution occurred at NaCl concentrations 0.04-0.12
M lower than for the wild type. The value∆[NaCl] was

Table 1: IC50 Values for the Competition of [125I]IL-8 from CXCR1
and CXCR2 by Unlabeled IL-8 Mutantsa

mutant IC50, CXCR1 (10-9 M) IC50, CXCR2 (10-10 M)

wt IL-8 1.1 ( 0.7 2.1( 0.1
K3A 1.6 ( 0.1 7.1( 1.3
R6A 165( 15 5400( 1100
K11A 12 ( 0.1 7.1( 0.3
K15A 3.8( 0.6 12.5( 1.5
H18A 0.75( 0.4 4.4( 0.7
K20A 8.4( 0.9 33( 2
K23A 1.1( 0.1 3.4( 0.1
R26A 2.7( 0.1 3.7( 0.2
H33A 1.9( 0.1 2.6( 0.2
K42A 0.81( 0.3 2.3( 0.1
R47A 16.5( 1.5 28( 2
K54A 0.75( 0.24 2.1( 0.2
R60A 2.6( 0.5 6.9( 2.0
K64A 1.9( 0.5 2.2( 0.4
K67A 1.9( 0.4 2.6( 0.6
R68A 1.7( 0.5 2.1( 0.4
a The data were obtained by scintillation proximity assay performed

as described in the Experimental Procedures. Each value represents
the mean IC50 value and the SEM of at least two independent
experiments performed in triplicate.

Table 2: Heparin Sepharose and Cation-Exchange Chromatography
of IL-8 Mutants

IL-8
mutant

heparin
Sepharose

peak elution
[NaCl] ∆[NaCl]Ha

S-Sepharose
peak elution

[NaCl] ∆[NaCl]Sa ∆∆[NaCl]b

wt IL-8 0.59 0.47
K3A 0.53 0.06 0.39 0.08 -0.02
R6A 0.54 0.05 0.42 0.05 0.00
K11A 0.55 0.04 0.40 0.07 -0.03
K15A 0.49 0.10 0.35 0.12 -0.02
H18A 0.57 0.02 0.44 0.03 -0.01
K20A 0.42 0.17 0.32 0.15 0.02
K23A 0.52 0.07 0.39 0.08 -0.01
R26A 0.47 0.12 0.43 0.04 0.08
H33A 0.50 0.09 0.33 0.14 -0.05
K42A 0.55 0.04 0.45 0.02 0.02
R47A 0.48 0.11 0.38 0.09 0.02
K54A 0.52 0.07 0.45 0.02 0.05
R60A 0.43 0.16 0.36 0.11 0.05
K64A 0.38 0.21 0.36 0.11 0.10
K67A 0.45 0.14 0.40 0.07 0.07
R68A 0.38 0.21 0.37 0.10 0.11

a ∆[NaCl] is the difference in NaCl concentration required to elute
the “wild type” (wt) IL-8 compared to the mutant.b ∆∆[NaCl] is the
effect of the mutation on binding to heparin Sepharose after subtraction
of nonspecific electrostatic effects, as determined from∆[NaCl] on
S-Sepharose; that is,∆∆[NaCl] ) ∆[NaCl]H - ∆[NaCl]S. All
concentrations are molar.
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calculated as the decrease in [NaCl] required for elution of
the mutant protein compared to that for the wild type (Table
2). The K64A and R68A mutants showed the lowest affinity,
eluting in 0.38 M NaCl, a 0.21 M reduction compared to
wild-type IL-8. Mutants K20A, R60A, and K67A showed
intermediate affinity for heparin Sepharose and eluted at
NaCl concentrations 0.14-0.16 M lower than for wild-type
IL-8. The elution profiles of the R68A mutant and of the
K11A mutant, which only showed a small decrease in
affinity, together with that of wild-type IL-8 are illustrated
in Figure 1A.

Cation-Exchange Chromatography.The affinity of each
mutant for a nonspecific cation-exchange matrix (S-Seph-
arose), with the same bead size as heparin Sepharose CL-
6B, was estimated using the same buffer and elution con-
ditions as for the heparin Sepharose chromatography. In
these experiments the wild-type IL-8 eluted at a NaCl con-
centration of 0.47 M (Table 2), 0.12 M lower than required
for elution from heparin Sepharose. All of the 16 single-
point mutants exhibited reduced affinity for the cation-
exchange column, eluting at NaCl concentrations 0.02-0.15
M less than the wild-type (Table 2). The R68A and K64A
mutants, which showed considerably reduced affinity for
heparin Sepharose, had a similar affinity to that of the other
mutants for the cation-exchange matrix. The S-Sepharose

elution profiles of the R68A and K11A mutants and of wild-
type IL-8 are illustrated in Figure 1B.

Specificity of IL-8 Binding by Disaccharides DeriVed from
Heparin. A competition binding assay was used to study
the interaction of IL-8 with disaccharides of defined structure
that had been produced enzymatically from heparin. In this
assay, heparin Sepharose beads were co-incubated with [125I]-
IL-8 and increasing concentrations of disaccharides. The
displacement curves were fitted to a single site-binding
model, and 50% inhibition concentration (IC50) values were
obtained. Control experiments were performed by repeating
the incubations in the presence or absence of Sepharose CL-
6B beads to verify the specific binding of the chemokine to
the immobilized heparin (37). A total of eleven heparin-
derived disaccharides were tested for their ability to compete
with immobilized heparin in an IL-8 binding assay (Table
3); only two of these were able to compete effectively for
IL-8 binding at concentrations of less than 2 mg/mL. The
most effective competing disaccharides wereI-S, which
showed an IC50 of 870µg/mL (1.3 mM), andII -S, with an
IC50 of 1.3 mg/mL (2.3 mM).

HSQC NMR Titration Studies.The heparin-binding site
on IL-8 was further investigated by titrating15N-labeled
IL-8 with heparin-derived disaccharides and by monitoring
chemical shift changes in1H-15N HSQC spectra. Two
disaccharides were chosen for the titration studies: (i)I-S,
identified as having the highest affinity for IL-8 in the
competition binding study, and (ii)I-H, a nonbinding
disaccharide. A reference1H-15N HSQC spectrum obtained
from a sample of15N-labeled IL-8 at pH 7 was assigned on
the basis of published values at pH 5 (38) together with data

FIGURE 1: Elution profiles of the R68A (dashed line) and K11A
(dotted line) mutants and wild-type IL-8 (solid line) from (A)
Heparin Sepharose and (B) S-Sepharose.

Table 3: Inhibition of Binding of [125I]-Labeled IL-8 to
Immobilized Heparin by Disaccharidesa

heparin-derived disaccharide
[abbreviated symbol, (Sigma no.)

saccharide composition]

concentration of
disaccharide required
to elute IL-8 (IC50) n

I-A, (H 9517) >2000µg/mL 2
(R-∆UA-2S-[1f4]-GlcNAc-6S)
II-A , (H 8642) >2000µg/mL 2
(R-∆UA-[1f4]-GlcNAc-6S)
III-A , (H 8767) >2000µg/mL 2
(R-∆UA-2S-[1f4]-GlcNAc)
IV-A , (H 0895) >2000µg/mL 2
(R-∆UA-[1f4]-GlcNAc)
I-H, (H 8892) >2000µg/mL 2
(R-∆UA-2S-[1f4]-GlcN-6S)
II -H, (H 9017) >2000µg/mL 2
(R-∆UA-[1f4]-GlcN-6S)
IV -H, (H 9276) >2000µg/mL 1
(R-∆UA-[1f4]-GlcN)
I-S, (H 9267) 870µg/mL 3
R-∆UA-2S-[1f4]-GlcNS-6S) (1.3 mM)
II -S, (H 1020) 1300µg/mL 3
(R-∆UA-[1f4]-GlcNS-6S) (2.3 mM)
III -S, (H 9392) >2000µg/mL 2
(R-∆UA-2S-[1f4]-GlcNS)
V-S, (H 1145) >2000µg/mL 2
(R-∆UA-[1f4]-GlcNS)

a The immobilized heparin competition assay was performed as
described in the Experimental Procedures.n ) number of replicates.
Abbreviations:∆UA, 4-deoxy-L-threo-hex-4-enopyranosyluronic acid;
GlcN ) D-glucosamine; GalN) D-galactosamine; Ac) acetyl; NS,
2S, 6S) N-sulfate, 2-sulfate, 6-sulfate. Disaccharide nomenclature:
I , 2S and 6S;II , 6S; III , 2S; IV , no 6S or 2S;A, GlcNAc; H, GlcN;
S, GlcNS.
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from a pH titration study in which1H-15N HSQC spectra
were obtained at 0.5 pH unit intervals between pH 5 and
pH 7. A total of 62 out of the 68 amide resonances from
the peptide backbone of IL-8 were assigned at pH 7; the
only exceptions were the resonances from the three N-
terminal residues together with those from I10, S14, and N56
which were too broad to be identified under the experimental
conditions.

Titration of 15N-labeled IL-8 withI-S resulted in signifi-
cant chemical shift changes for a number of resonances in
the 1H-15N HSQC spectra. The differential chemical shift
changes experienced by the IL-8 peptide backbone amide
resonances in the presence ofI-Sdisaccharide are illustrated
clearly in Figure 2, in which an expanded region of the1H-
15N HSQC spectrum is shown. Thus, for example, both1H
and 15N chemical shifts from the V61 cross-peak titrate
significantly, whereas the C50 cross-peak does not change
position.

Changes of resonance positions in1H-15N HSQC spectra
of proteins upon ligand binding can be either upfield or
downfield, and in some instances, changes are seen for either
the 1H or the15N chemical shift (i.e., not necessarily both)
from the same backbone amide group. To “map” these
effects on the protein backbone it is desirable to combine
the1H and the15N data to get an overall view. In the present
study, a formula used to identify significant chemical shift
changes in previous HSQC titrations (39)

has been used to provide an appropriate weighting function
to compensate for the fact that15N chemical shift changes
are generally larger in magnitude than1H chemical shift
changes. The titration data for all of the assigned peptide
backbone resonances of IL-8 in the presence ofI-S (at 0.2
mM) and, separately, the nonbinding disaccharideI-H (at

0.4 mM) are presented as “weighted chemical shifts” in
Figure 3. These plots demonstrate that the weighted chemi-
cal shifts for the nonbinding disaccharideI-H are all less
than a value of around 0.02 ppm (the error to which chemical
shifts are often quoted) and that there is no systematic
variation of these values throughout the peptide backbone
(Figure 3B). This disaccharide is therefore an appropriate
“control” in this system as none of the IL-8 backbone
resonances experience significant chemical shift changes in
its presence.

In contrast, the weighted chemical shifts for the IL-8-
binding disaccharideI-S show a much greater range of
values (Figure 3A). The largest values can be seen to be
from residues that are clustered in two distinct regions of
the IL-8 protein backbone: the loop region incorporating
residues 18-23 and theR-helix approaching the C-terminus.
Thus, significant and specific changes in the environment
of the peptide backbone in these two regions of IL-8 occur
upon binding of the trisulfated disaccharide.

In all of the1H-15N HSQC spectra obtained in this study,
a single set of signals was obtained; disaccharide binding is
therefore in the “fast-exchange” regime on the chemical shift
time scale, and all chemical shifts are consequently popula-
tion-weighted. A further feature of the single set of signals
is that the IL-8 protein is present as a dimer throughout these
experiments; the cross-peaks from those residues at the dimer
interface (residues 23-29) experience very small∆δ values
even in the presence of the highest concentrations of the
binding disaccharide.

FIGURE 2: Region of1H-15N HSQC NMR spectrum of15N-labeled
IL-8 showing titrating and nontitrating resonances: (i) IL-8 control,
no disaccharides (solid lines); (ii) IL-8 plus 0.1 mMI-S (dashed
lines); and (iii) IL-8 plus 0.2 mMI-S (dotted lines).

∆δ(1H,15N) ) |∆δ(1H)| + 0.2|∆δ(15N)|

FIGURE 3: “Weighted” chemical shift changes obtained from1H-
15N HSQC NMR spectra for the peptide backbone signals of
15N-labeled IL-8 in the presence of (A) 0.2 mMI-S and (B) 0.4
mM I-H. For details of the “weighting” applied, refer to the main
text.
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DISCUSSION

The 16 basic residues of IL-8 were mutated to alanine by
single-point mutagenesis to investigate the relative con-
tribution of each to heparin binding. This contribution can
be estimated from the decrease in concentration of NaCl
required to elute each mutant from heparin Sepharose. The
K64A and R68A mutants of IL-8 required the lowest salt
concentrations for elution (Table 2, Figure 1); however, all
the mutants had a reduced affinity for heparin Sepharose
which was probably the result of a reduction in nonspe-
cific electrostatic contributions to the interaction. To in-
vestigate this, the mutants were applied to S-Sepharose, a
nonspecific cation-exchange matrix, under the same experi-
mental conditions. All of the mutants eluted from the
S-Sepharose at similar salt concentrations, which were lower
than for wild-type IL-8 (Table 2, Figure 1); this is in con-
trast to the wider range of values required for elution from
heparin Sepharose. The extra reduction in affinity of some
of the mutants for heparin Sepharose therefore arises from
an additional loss of specific electrostatic interactions. The
salt concentrations required to elute each protein from the
two resins can provide a measure of the level of specific
over nonspecific binding when normalized with respect to
wild-type IL-8. When these two values are compared for
each residue (Table 2) mutations at K64 and R68 stand out
as having the greatest effect on specific interactions, with
smaller effects observed for mutations at K20, R60, and
K67.

The specific nature of the interaction between IL-8 and
heparin Sepharose was used to identify molecules that could
disrupt this chemokine-GAG complex. Eleven heparin-
derived disaccharides were tested, and two were found to
inhibit binding with an IC50 lower than 2 mg/mL (Table 3).
As these disaccharides successfully competed with heparin
for IL-8 binding, they must retain some of the structural
features required for IL-8 binding, despite their considerably
reduced size and differences in their constituent monosac-
charides. The disaccharides are comprised of uronate and
glucosamine residues; the latter are free to mutarotate but
otherwise remain unchanged from the polymeric state. The
uronate residues are more extensively modified by the
heparin lyase digestion, which gives rise to a partially
unsaturated pyranose ring. The iduronate residues in GAGs
are flexible (40, 41) and this may be important for recogni-
tion; flexibility is also observed for unsaturated uronate
residues of GAG disaccharides (42). The disaccharides used
in the present study therefore retain both anionic groups and
a degree of residue flexibility; consequently, they may
interact with proteins in a manner similar to that of the intact
GAG.

Only two heparin-derived disaccharides (I-S and II -S)
were able to dissociate the IL-8-heparin complex. Disac-
charideI-S, which is trisulfated, was the most effective,
and these data suggest that charge density is an important
requirement for interaction. Indeed, a dermatan sulfate-
derived trisulfated disaccharide (which contains a di-O-
sulfated galactosamine residue), when titrated into a solution
of 15N-labeled IL-8, gave rise to a very similar pattern of
chemical shift changes in the1H-15N HSQC spectrum to
those induced byI-S (Sandersonet al., unpublished data).
However, the affinity was considerably reduced compared

to I-S (which has the same charge density). These data
suggest that the disulfated glucosamine residue ofI-S is
an important component of recognition. Further evidence
that specificity for this interaction is not wholly driven by
electrostatic charge but also arises from saccharide se-
quence is that, although four disulfated disaccharides were
tested, only one (II -S, which also contains a disulfated glu-
cosamine residue) was able to compete for IL-8 binding
(Table 3).

The binding site ofI-Son IL-8 was further characterized
by NMR spectroscopy using15N-labeled protein. 15N-1H
HSQC cross-peaks from the peptide backbone amide groups
were assigned to specific residues, thereby providing a
marker for almost every residue in the sequence. The
addition ofI-S to IL-8 produced changes in the15N and/or
1H chemical shifts of resonances from several residues
located within the C-terminal helix and a proximal loop
(Figure 3A). The specificity of this interaction is evident
from the much smaller changes for the rest of the sequence
and when compared to the changes for the same cross-peaks
in the presence of a nonbinding disaccharide (I-H) (Figure
3B). The perturbations in the NMR spectra are unlikely to
arise from slight changes of pH during the titration as those
peaks which shift the most in the presence of saccharides
are not affected in control pH titrations (data not shown).
Large pH-induced chemical shift changes were, however,
observed for resonances from several residues (including S30
and C34) which are not significantly perturbed in the
saccharide titrations.

The NMR signals that titrate to the largest extent upon
binding I-S indicate residues in a “general binding region”
on IL-8. A greater degree of specificity, in terms of side
chain involvement in binding, cannot be obtained from the
present data as the “markers” in these experiments are
situated at the peptide backbone. Perturbations of these could
arise through the GAG binding directly to the backbone
amide in question, through the GAG binding close enough
to affect the atoms electrostatically, or as a result of the
secondary or tertiary structure of the protein backbone in
this region being affected by binding. The small but
significant changes for the NMR resonances throughout the
helix (residues 57-72) may be indicative of localized
changes in the structure of this region. However, the overall
tertiary structure of the protein is not altered by binding of
the disaccharide as evidenced by the minimal perturbations
to resonances. Saccharide binding also does not appear to
destabilize the dimer because the resonances of the residues
at the dimer interface are not affected.

The residues of IL-8 indicated by mutagenesis and NMR
to be involved in GAG binding are clustered within the
C-terminal helix and the proximal loop (Figure 4). Some
residues show positive effects in one experiment and not
the other. For example, the mutation of K67 leads to a
reduction in heparin affinity, but its NMR cross-peak does
not titrate significantly. This may be due to the fact that its
interaction with the GAG is via the terminal amino group
and that the effects of this interaction are not transmitted to
the peptide backbone. Such a phenomenon was observed
for PF4 where the magnitude of perturbations to resonances
from the end of side chains did not always correlate with
perturbations to backbone resonances (23). Another anoma-
lous residue is H18, whose resonances are perturbed in the
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NMR study, but mutation of this residue shows almost no
effect. The reason for this is not clear, but it is interesting
that this residue has been cited as being hydrogen bonded
with the loop (21) and may be affected by changes in the
conformation of the loop.

The receptor-binding regions of IL-8 have previously been
identified by mutagenesis, chemical synthesis, and NMR
(25-28) and are highlighted in Figure 4c. The reduction in
receptor binding observed here for the R6A mutant is
consistent with previous studies (25, 26, 43). In addition it
was found that mutation of R47, which had previously
not been implicated in receptor binding, reduced the affin-
ity for both IL-8 receptors 10-fold. Although mutation
studies found that the triple mutant D45A, R47A, E48A had
receptor binding and activity similar to those of the wild-
type IL-8 (25), these clustered changes might not detect
effects of single mutations. The R47 side chain is in close
proximity to other residues involved in receptor binding
(Figure 4c) and may also contribute to binding. Mutation
of another neighboring residue, K20, in the present study
also reduces affinity for CXCR2 by over an order of
magnitude.

The GAG-binding surface of IL-8 is mostly comprised of
the C-terminal helix, but residues in the proximal loop are
also involved (Figure 4a,b). This loop is also implicated in
receptor binding (Figure 4c); however, the GAG-interacting

and receptor-binding regions can be considered to form
essentially distinct surfaces on IL-8. This is particularly
evident when considering the IL-8 dimer (Figure 4d). It is
therefore conceivable that GAGs may have a role in
presenting IL-8 to its receptor in a manner similar to that
proposed for bFGF (16).

The NMR titrations in the present study monitored
disaccharide binding to IL-8; this is in contrast to the mutant-
binding experiments in which binding was to immobilized
heparin polysaccharides. It may therefore seem surprising
that the residues of IL-8 highlighted by the NMR experiments
are more widespread than those from the mutagenesis study,
but this may arise from the limitations of the NMR technique
listed above or from the fact that only the basic residues
were changed in the mutagenesis approach. Alternatively,
the multiple interactions possible between IL-8 and the
heparin polymers may restrict the orientation of the com-
ponents at each site, while the disaccharide is able to sample
a number of similar binding modes. The fact that the
interaction with heparin does not involve residues on IL-8
that are outside the disaccharide-binding region suggests that
additional contacts are not required. This is not inconsistent
with models in which heparin wraps around chemokine
dimers or tetramers (20, 24) as, rather than forming an
extensive series of contacts, the GAG may interact predomi-
nantly with the same disaccharide-binding patch on both

FIGURE 4: The backbone chain(s) of the IL-8 NMR structure (1il8) with the positions of the GAG- and receptor-binding residues superimposed
on IL-8 monomers (a, b, c) and dimers (d, e). (a) The basic residues identified by the current mutagenesis study as contributing most to
heparin binding are shown in red. (b) Residues identified by the current NMR study as showing the largest chemical shift changes induced
by the IL-8-binding disaccharideI-S are shown in blue. (c) The regions of IL-8 implicated in receptor binding by mutagenesis and NMR
(refs 25, 27, 28, and the present study) are shown in green. The additional residue (R47) identified in the present study is indicated in
brown. This residue is adjacent to the E48 to C50 sequence (27) and proximal to the hydrophobic epitope comprising F17, F21, I22, and
L43 (28). (d) The spatially distinct GAG-binding surface (in red) and receptor-binding residues (in green) are highlighted; the residues of
the loop that are common to both are shown in purple. (e) An orthogonal view of the dimer, with the same color scheme as in (d), indicating
the relative orientations of the GAG-binding regions on the two monomers.
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halves of the IL-8 dimer (Figure 4). Such interactions could
promote dimerization of the chemokine in vivo. The pattern
of sulfation on heparan sulfate required for IL-8 recognition
may therefore be dictated by the spacing between the two
disaccharide-binding regions. An analogous mechanism for
the interaction between heparan sulfate and PF4 has recently
been proposed (24).

It is interesting to note that the saccharide-binding surface
on IL-8 is similar to that on PF4, in that both the C-terminal
helix and the proximal loop are involved, despite differences
in the positions of the basic residues. In contrast, the GAG
binding region of IL-8 is quite distinct from that of another
chemokine MIP-1R, which was identified by mutagenesis
(44, 45). This is not surprising, as although there is ho-
mology at the sequence level and in the fold of the mono-
mers, MIP-1R is an acidic protein which has a different
quaternary structure and activates different receptors on
different cell types. The heparin-binding site for MIP-1R
was shown to be localized to 2-4 basic residues inâ-sheets,
away from theR-helix, whereas the heparin-binding region
on IL-8 is here shown to be at the C-terminalR-helix and
the nearby H18 loop. It is worth noting, however, that the
GAG-binding region of MIP-1R is a similar size to that of
IL-8, and the same possibility exists for two key interaction
sites per dimer, with the specificity determined by the
distance between them.

In conclusion, mutagenesis and NMR experiments have
highlighted a surface on IL-8 responsible for GAG binding.
The region identified as involved in heparin binding is not
significantly different to that for heparin-derived disaccha-
rides, suggesting that heparin binds predominantly via highly
sulfated disaccharides, with an apparent requirement for
disulfated glucosamine residues. The GAG-binding region
is essentially distinct from the receptor-binding region,
suggesting that IL-8 could bind to its receptor in the presence
of GAG. It is possible that the binding of a heparan sulfate
molecule to equivalent sites on two IL-8 monomers in vivo
may promote dimerization and provide a simplified model
for the specificity of GAG-chemokine binding.
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