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ABSTRACT. The binding of interleukin-8 (IL-8) to heparan sulfate (HS) proteoglycans on the surface of
endothelial cells is crucial for the recruitment of neutrophils to an inflammatory site. Fluorescence anisotropy
measurements yielded an IL-8 dimerization constant of 120 nM. The binding affinities, obtained by
isothermal fluorescence titration, of size-defined heparin and HS oligosaccharides to the chemokine were
found to depend on the oligomerization state of IL-8: high affinity was detected for monomeric and low
affinity was detected for dimeric IL-8, referring to a self-regulatory mechanism for its chemoattractant
effect. The highest affinity for monomeric IL-8 was detected for the HS octamer wikh & 5 nM
whereas the dissociation constants of dimeric IL-8 were found in the medium micromolar range. No
indication for increasing affinities for monomeric IL-8 with increasing oligosaccharide chain length was
found. Instead, a periodic pattern was obtained for the dissociation constants of the GAG oligosaccharides
with respect to chain length, referring to optimum and least optimum chain lengths for IL-8 binding.
GAG disaccharides were identified to be the minimum length for chemokine binding. Conformational
changes of the dimeric chemokine, determined using CD spectroscopy, were detected only for the IL-8/
HS complexes and not for heparin, pointing to an HS-induced activation of the chemokine with respect
to receptor binding. Thermal unfolding of IL-8 yielded a single transition &t@Gévhich was completely
prevented by the presence of undigested HS or heparin, indicating structural stabilization, thereby prolonging
the biological effect of the chemokine.

The importance of glycosaminoglycans (GAGB) nu- both oligomerization of the protein and receptor bindihg) (
merous biological processes has attracted increasing attentiomlthough monomeric bFGFsaccharide complexes have been
over the past few yearsl( 2. Chemically, GAGs are identified as the minimal active unitl8). Similarly, the
polyanionic linear polysaccharides which are part of cell interaction of the chemokine interleukin-8 (IL-8) with cell
surface and extracellular matrix proteoglycaBs4). They surface GAGs on the endothelium was shown to promote
have been ascribed a variety of functions including the the oligomerization of the chemokind4) and thus the
organization of the extracellular matrix, the mediation of cell presentation to its high-affinity receptor on migrating neu-
adhesion and migration, the regulation of proliferation and trophils.
differentiation, etc. §, 6). Heparan sulfates (HS) belong to -8 is an 8 kDa protein which belongs to the structurally
the GAG family and are, compared to heparin, structurally rejated C-X-C family of proinflammatory chemokines and
more heterogeneous as a result of relatively discrete andis produced by many different types of immune and
variable postpolymerization modifications’,(8). These  nonimmune cells5, 16. Being chemotactic for neutrophils,
include N- and O-sulfation and epimerization of the precursor |8 is thought to establish a chemotactic gradient across
p-glucuronic acid (GlcA)-iduronic acid (IdoA)-b-glu- the vascular endothelium in infected or damaged tissues. For
cosamine (GIcN) copolymer. Interactions of proteins with this purpose, it is supposed that IL-8 is presented on cell
GAGs are thought to be highly specific for a particular syrface heparan sulfate proteoglycans (HSPGs) to the ap-
oligosaccharide sequence as has been recently demonstratgstoaching leukocyte, thereby increasing the local chemokine
for antithrombin 9) and for the basic fibroblast gI’OWth factor concentration and thus enhancing its effect on the IL-8
(bFGF) (10, 11). The binding of heparin to bFGF facilitates  specific G-protein-coupled transmembrane receptors on the
neutrophil (7). IL-8 is biologically active as a monomer
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structure, except for some distortion in the C-terminal part
which forms ano-helix in the dimer and is less structured A
in the IL-8 monomer Z1). 24

Kuschert et al. have recently identified the amino acids 18 20 22
of IL-8 which are involved in HS binding using site-directed 1416 ", = ®
mutagenesis and NMR studie®2]. The amino acids 127 'y ® :
involved in GAG binding include Arg60, Lys64, Lys67, and 8 10 - v
Arg68 which are contained within the C-terminathelix dpb v
of IL-8 as well as Lys20 contained in the proximal loop. On
the other hand, Spillmann et al. reported a specific domain
of HS which binds to IL-8 23). It was found to consist of dp2« i
2 sulfated subdomains (S-domains) which are 6 monosac- . *
charide units in length and which are connected by a flexible h
14 monosaccharide unit stretch of low sulfation that enables
the sequence to fold into a horseshoe so that each S-domair B
engages the antiparallel IL-8 dimer with a common polarity. .,
The structure is somewhat analogous to the extended HSg | ( | ﬂ | \ dp8
sequences that bind to IFN{24) and platelet factor 425). g w-|-1||. ||| |_ (-
IL-8 binding was reported to correlate with the occurrence 3 [ | ||| | || |‘ || dpé
of the di-O-sulfated disaccharide IdoA(2-Og§OGIcNSOs- | || '
(6-0SQ). || " || | || ||

By using ligand-induced fluorescence quenching, we show <_| | ' “'_ || dp2
here that a wide range of different size-fractionated heparin | BRURY: L\_J A J‘"n\
and HS oligosaccharides display high affinity for monomeric = e e o so tie 1 100 10 0 o o o 2 20 o 1 i"’(éz"o""’m”"i’f'“ w0 50 w0 550 50 370 0 580 40
and lower affinity for dimeric IL-8. Structural changes of )

dimeric IL-8 induced by HS, but not by heparin, refer to an Ficure 1: Partial heparinase cleavage of low molecular weight
' ’ heparin. Polyacrylamide gel electrophoresis and Azure A staining

“activation” of the chemokine which is hypothesised to be (cyrye A) of the fragments (dp2ip24) obtained after gel filtration
important for the migration of neutrophils. The inhibition  (curve B).

of thermal IL-8 unfolding by GAGs is indicating a major
role of GAGs for structurally stabilizing the chemokine. ~ gradient from 50 mM MES (pH 6.5) to 50 mM MES (1 M
NaCl, pH 6.5) in 60 min. IL-8 was detected at 310 mM NacCl.
EXPERIMENTAL PROCEDURES This was followed by reversed-phase HPLC of IL-8 on a
) ) ) S C4 column which was developed with a linear gradient from
Preparation of Heparin and HS Oligosaccharideize- 20% to 55% acetonitrile (0.1% TFA).The retention time of
defined HS and heparin saccharides were prepared fromy g \was found to be 20 min. Refolding of IL-8 was
porcine mucosal HS and low molecular weight heparin- 4ccomplished on a Mono S column using the same conditions
Innohep (Leo Laboratories) by scission with commercially 55 described above. The overall yield wasl® mg of pure

available (SIGMA) heparitinase (HS) and heparinase (hep- (> g9os) -8 per liter of culture. All methods used for the
arin). Separation of the product oligosaccharides was achieve loning, expression, and purification of IL-8 followed

using a Bio-Gel P-6 gel filtration column (170 1.5 cm) established protocol27, 29.

for the HS fragments and a Bio-Gel P_-lO gel filtration Fluorescence Measurements and Data AnalySieady-
column (140 x 1.0 cm) for the heparin fragments as giate fluorescence measurements were recorded on a Perkin-
previously describedl@, 2§. A typical electrophoretic and  g|mer (Beaconsfield, England) LS50B fluorometer as de-
_gel f_iltration p.rofil_e of heparinase-generated oligosaccharides g¢ripeq previously29, 30. For the fluorescence anisotropy
is displayed in Figure 1. measurements, IL-8 was dialyzed into freshly prepared PBS
Cloning, Expression, and Purification of IL-Botal RNA and concentrated to a final concentration of 220. From
from IL-1-stimulated HaCaT cells was isolated and reverse- this stock solution, the various dilutions needed for determin-
transcribed into first-strand cDNA. This was used as template ing the dimerization constant were prepared directly in the
for the PCR amplification of the IL-8 cDNA, which was  cuvette. To achieve an equilibrium in a reasonable length of
then S-filled-in using T4 DNA polymerase and blunt-end-  time, the solution was constantly stirred during the measure-
cloned into the T7 promoter-containing pET-3a expression ments.
vector. For expression and purification, this construct was  The fluorescence anisotropy of IL-8 was collected at an
transformed into calcium-competent BL21 cells, and IL-8 emission wavelength of 336 nm, and the changes in
expression was induced by adding 1mM IPTG after an OD quaternary structure were followed by increasing the protein
= 0.6 was reached. One gram @&. coli paste was  concentration. The fluorescence anisotropy is defined as
resuspended in 2 mL of 20 mM TRIS/HCI (50 mM NacCl,
pH 8.0), sonicated (5% 20 s at 100 W), and centrifuged for r=(>y, — Glyy)/(lyy + 2Gl) ()
20 min at 10009. The inclusion bodies (1 g) were
resuspended in 10 mL of guanidine hydrochloride (6 M) and where |\, is the fluorescence intensity recorded with
stirred at 4°C overnight. After extensive dialysis against excitation and emission polarizers in vertical positions and
0.5% acetic acid, anion exchange of IL-8 was performed Iy is the fluorescence intensity recorded with the emission
using a Mono S column which was developed with a linear polarizer aligned in a horizontal position. Ti& factor is
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the ratio of the sensitivities of the detection system for ' ' '
vertically and horizontally polarized light = ly/lyn. For 109 iy
each point in the dimerization experiments, the anisotropy
was recorded over 30 s, and the meamlues for each IL-8
concentration were used for the determination of the IL-8
dimerization constant.

In the fluorescence intensity titrations, the emission of a
50 nM or a 700 nM IL-8 solution upon excitation at 282 nm 041 A 1
was recorded over the range of 36400 nm following the B 1
addition of an aliquot of the respective HS ligand and an 02 §
equilibration period of 2 min. The use of very concentrated c
GAG oligosaccharide stock solutions{8 mg/mL) ensured 00~ . y y ; T
a dilution of the protein sample of less than 10%. Molar Mo w0 s w0 Mo %0 0
concentrations of the GAG oligosaccharides were calculated ) o
assuming an average molecular mass of 493 Da for a heparirFlGURE 2: Normalized fluorescence excitation (curve A) and

: . . . . . ._emission (curve B) spectra of a 200 nM IL-8 solution in PBS. Curve
disaccharide unit and 452 Da for a HS disaccharide unit (this ¢ represents the saturation emission spectrum after titration with

is based on an average degree of sulfation of 2 per heparineparin dp12 (see text). The spectra presented were corrected for
disaccharide and 1.5 per HS disaccharide). The slit widths background emission.

were set at 10 nm when 50 nM IL-8 was used and at 2 nm RESULTS

when 700 nM IL-8 was used, and the spectra were recorded

at 100 nm/min. A 290 nm cutoff filter was inserted into the ~ The steady-state fluorescence spectra of IL-8 are shown
emission path to avoid stray light. The samples were stirred in Figure 2. The fluorescence emission maximum at 336.5
during the measurements, and the temperature was mainam is typical for a tryptophan residue in a slightly solvent-
tained at 22C by coupling to an external water bath. After shielded environment like that of Trp57 at the top of the
background subtraction, the fluorescence intensitywas C-terminala-helix of IL-8 (20). The steady-state spectra did
integrated, and the mean values resulting from three inde-not change significantly whether monomeric or dimeric IL-8
pendent experiments were plotted against the volume-was investigated because the dimerization interface is
corrected concentration of the added ligand. The resulting provided by the centrgl-sheets and is thus not in the vicinity
binding isotherms were analyzed by nonlinear regression of the tryptophan fluorophore. With the intrinsic tryptophan
using the program Origin (Microcal Inc., Northampton, MA) chromophore located in the proximity of the C-terminal
to the following equation describing a bimolecular associa- a-helix, the proposed site of interaction with GAGZ), a

0,8 4

064 .

normalised fluorescence intensity

wavelength (nm})

tion reaction: concentration-dependent change in the fluorescence emission
properties upon binding of GAGs was expected. The
F=F + Fnax fluorescence quenching resulting from GAG binding is

3 1 illustrated in curve C (Figure 2). Depending on the GAG
Ko+ [IL-8] +[L] — \/ (Kg + [IL-8] + [L) " — 4[IL-8][L] oligosaccharide under investigation, the emission of IL-8 was
2[IL-8] quenched to an extent of 680%. In addition, the emission
(2) maximum was blue-shifted by 1.1 nm. This refers to a
significant conformational change of IL-8 upon GAG binding
whereF; is the initial andFmaxis the maximum fluorescence  which leads to a rearranged microenvironment of the
value,Kq is the dissociation constant, and [IL-8] and [L] are tryptophan residue. The fluorescence quenching of the
the total concentrations of IL-8 and HS ligand, respectively. tryptophan residue was therefore used as a GAG concentra-
The fitted parameters wer€nax and Kq. This equation is  tion-dependent signal in isothermal binding studies.
based on the general solution for a bimolecular association Since the quaternary structure of IL-8 was shown to
reaction 81). influence the affinity of the chemokine for its GAG ligands
Circular Dichroism Measurements and AnalySisie CD (33), conditions were sought where binding to the monomer
spectra of aqueous IL-8 and IL-8/HS complex solutions were and to the dimer could be separately investigated. Different
recorded in cuvettes with a path length of 0.1 cm on a Jascovalues have been reported by various groups for the
J-710 spectropolarimeter (Japan Spectroscopic Co., Tokyo,dimerization constant of IL-8 using a variety of methoti§) (
Japan). Spectra were collected with a response time of 0.25By recording the concentration-dependent fluorescence an-
s and with a data point resolution of 0.1 nm. Commonly, isotropy of the chemokine resulting from the intrinsic
five scans were averaged to yield smooth spectra. Thechromophore Trp57, which is a measure of the rotational
concentration of IL-8 was held constant gt for all CD motion of the protein due to its specific hydrodynamic
measurements. The spectra were background-corrected wittvolume, a dimerization constant of 120 nM for IL-8 was
respect to the CD signal of the HS oligosaccharides. Analysis calculated by fitting the data to eq 2, with [L] representing
of the CD spectra with respect to secondary structural in this special case the IL-8 “ligand” concentration for the
elements was accomplished using the program SELCONhomodimerization reaction (see Figure 3). To carry out
(32). For thermal unfolding, a &M IL-8 solution, in the fluorescence binding experiments of heparin and HS oligo-
absence or in the presence of excess amounts of undigestedaccharides to monomeric compared to dimeric IL-8, chemo-
HS or heparin, was placed into a sealed cuvette with a pathkine concentrations of 50 and 700 nM were chosen.
length of 0.1 cm, and three scans (230 nm) were The results of isothermal fluorescence binding experiments
recorded after thermal equilibration was reached (5 min). of heparin and HS oligosaccharides with different chain
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Table 1: Dissociation Constant&d) and Respective Standard Errors of GAG Oligosaccharides Binding to Monomeric and Dimeric IL-8 (Data
Analysis Was Accomplished As Described under Experimental Procedures)

HS oligosaccharides heparin oligosaccharides
Kq (IL-8 = 50 nM) Kqg (IL-8 = 700 nM) Kq (IL-8 = 50 nM) Kq (IL-8 = 700 nM)
(x107°M) (x1078 M) (x107°M) (x1078 M)

dp2 113+ 18 87.7+ 10 380+ 55 104+ 3

dp4 602+ 303 63.4+ 2.8 57+ 242 60+ 2.8
dp6 170+ 24 344+ 3.2 597+ 112 116.6+ 4.3
dp8 <5b 16.4+ 2.5 32+ 17 103.7+ 4.2
dp10 199+ 114 57.6+5.2 96+ 28 122.3+ 3.5
dp12 147+ 132 64.1+ 23.6 183+ 35 102.2+2.5
dp14 448+ 93 23.8+2.6 1657+ 670 93.1+1.9
dp16 250+ 73 1.7+ 0.9 135+ 28 93.9+ 3.3

aKgqs were obtained by fitting only the initial phase of the fluorescence saturation curve to eq 2 (for details, séBuext). the low signal-
to-noise ratio at this low protein concentration combined with the immediate saturation obtained for the HS octasacch#tid@|tieisepresents
an estimate rather than a precisely calculated parameter.
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Ficure 3: Dependence of the fluorescence anisotropy of IL-8 in FIGURE 4: Fluorescence binding isotherms for the interaction of
PBS on the chemokine concentration. For each data point, themonomeric IL-8 (main graph) and of dimeric IL-8 (inset) with

anisotropy signalr, recorded afex = 282 nm andlem = 336 nm, heparin dpl6. The changes in fluorescence are plotted as the
was averaged over 60 s, and the mean of three independennormalized change in fluorescenceAF/Fo, whereF, is the initial
measurements is shown. fluorescence intensity before addition of ligand) vs the concentration

of oligosaccharide. The data represent mean values of three

lengths to monomeric and dimeric IL-8 are summarized in independent experiments and were fitted as described under
Table 1. Based on our dimerization experiments (see FigureEXpe“memall Procedures.
3), IL-8 concentrations of 50 and 700 nM were chosen to
represent monomeric and dimeric IL-8, respectively. The by orders of magnitude between the two GAG classes.
assumption of one binding site per IL-8 monomer for GAG However, profound differences iKy values were found
oligosaccharides for the data fitting was justified by the among the size-fractionated GAG oligosaccharides (see Table
molecular architecture of the GAG binding site, which was 1) with the HS octasacharide yielding the lowEgt(<5 x
recently identified by site-directed mutagenesis studi€s ( 10° M) and the heparin 14-mer giving the high&st(=1.6
and for which we have put forward a three-dimensional x 10°¢ M) value. In addition, theKy values of the
model by molecular dynamics computer simulations (Krieger oligosaccharides were found to display an interesting peri-
et al., manuscript submitted for publication). Two different odicity with respect to chain length, giving lo¥y values
situations were identified in the GAG oligosaccharide binding for HS dp2 and dp8 as well as for heparin dp4 and dp8, and
experiments: high-affinity binding when using monomeric high Ky values for HS dp4 and dpl14 as well as for heparin
IL-8 and low-affinity binding when dimeric IL-8 was used dp6 and dpl4 (see Table 1). The optimum and the least
(see Figure 4). In some size-defined GAG oligosaccharide optimum chain lengths for IL-8 binding were thus identified.
fractions (marked with an asterisk in Table 1), a clearly Interestingly, both heparin and HS disaccharides were found
separated second phase was detected in the fluorescend® bind to monomeric IL-8 with high affinity (see Table 1),
titrations after an intermediate plateau was reached. This iswith the HS disaccharides yielding a 10-fold low&yvalue
interpreted as low-affinity GAG binding concomitantly to than the heparin disaccharides. This indicates a GAG
high-affinity binding. In the cases where this occurred, more disaccharide to be the minimum chain length for IL-8
data points were collected for the initial saturation phase, binding.
and the dissociation constants of the respective oligosaccha- In the case of low-affinity binding to dimeric IL-8, the
rides to monomeric IL-8 were obtained by fitting the data heparin oligosaccharides were found to interact with gener-
to eq 2, disregarding the clearly separated second phase. ally lower affinity compared to the HS oligosaccharides (see

A closer look at the dissociation constants obtained for Table 1). These results must, however, be regarded as
the IL-8 monomer reveals that th€; values of the size-  preliminary since in some of the IL-8/HS oligosaccharide
fractionated GAG oligosaccharides dp@p16 did not differ fluorescence titrations saturation had to be extrapolated
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Ficure 5: CD spectra of %M IL-8 in complex with 25uM HS Ficure 6: Thermal unfolding of IL-8 in the absenc®) and in

oligosaccharides (main graph) and with 28! heparin oligosac- the presence of undigested hepatif) &nd HS (). The CD signal

charides (inset). The spectra presented here were corrected for thef a 5uM IL-8 solution at 222 nm at increasing temperature is

background signal of buffer plus ligand. Five scans were recorded displayed. The concentration of the GAGs was approximately 25
to obtain smooth spectra. UM,

because of the limiting amount of HS oligosaccharide denatured chemokine (data not shown). This refers to a

available. Nevertheless, th¢ values of the HS oligosac-  specific stabilizing effect of GAGs on the IL-8 structure.
charides for IL-8 binding were found to again exhibit a

periodicity with respect to HS chain length peaking at dp2 DISCUSSION
and dp12 and showing minima at dp8 and dp16 whereas in
the case of the heparin oligosaccharides only one minimum Inflammatory diseases are characterized by leukocyte
Kq value for dp4 was observed (see Table 1). emigration from the circulation to the affected tissue.
The structural change of IL-8 upon GAG oligosaccharide Chemoattractants such as IL-8 are thought to drive the egress
binding as revealed by the fluorescence quenching of the Of leukocytes because injection of IL-8 into tissues was found
protein’s single tryptophan residue was further investigated t0 emulate the entire process of inflammatory neutrophil
by CD Spectroscopy_ For this purpose, the CD Spectra of recruitment34), the |euk00yte for which IL-8 is chemotactic.
IL-8 in complex with various GAG oligosaccharides were A major prerequisite for neutrophil emigration is their
recorded. Unfortunate|y, on|y the conformational Changes attachment to the surface of endothelial cells. This interaction
of dimeric IL-8 could be investigated under these conditions involves a stepwise participation of adhesion molecules
because for sufficient signal intensity the concentration of located on neutrophils as well as on the endothelial cells:
the chemokine had to be adjusted tq:Bl. Only the HS the first step is selectin-mediated neutrophil tethering and
oligosaccharides were found to induce a secondary structure©lling followed by 52 integrin-mediated firm neutrophil
Change of ||__8’ maimy in thex-helical part of the protein adhesion to the endotheliurﬂm. The rapid activation of
as can be seen by the reduction of the CD Signa| at 222 nmﬂz integrins is stimulated by chemoattractants such as IL-8
upon ligand binding (see Figure 5). The magnitude of this (36). However, the most prominent in vitro effect of
effect was found to be dependent upon the length of the chemoattractants is the induction of directed leukocyte
oligosaccharide under investigation. The CD spectra of IL-8 Migration, i.e., chemotaxis. Consequently, adhesion of leuko-
in the heparin complexes showed virtually no change cytes to endothelial cells as well as emigration have
compared to the unliganded protein (see Figure 5, inset). Astraditionally been thought to be induced by soluble chemo-
in the fluorescence titration experiments of dimeric IL-8, attractants 7). It was shown only recently that IL-8
heparin and HS oligosaccharides yielded different results in immobilized via its C-terminus is required for the induction
the CD experiments, indicating different structural changes Of neutrophil emigration38). This immobilization, as well
of the chemokine induced by the two GAG classes and thusas oligomerization in order to increase the local concentration
referring to different modes of binding. of IL-8 on endothelial cells, was reported to be accomplished
As a concluding step of this study, thermal unfolding by GAGs (4).
experiments of IL-8 in the presence and in the absence of Because of the relatively low concentration of IL-8 in the
GAGs were performed using CD spectroscopy. In Figure 6, lumen of a vessel even in the vicinity of inflamed tissue,
the CD signal at 222 nm corresponding to th&elical signal the initial encounter on endothelial cell surfaces is presumed
of the protein at increasing temperature is shown. An almostto be between monomeric chemokine and GAG. IL-8 was
identical curve was obtained if the CD signal at 216 nm was shown to be biologically fully active as monomer and as
plotted against increasing temparature, corresponding to thedimer 39). Consequently, the structural requirements for
p-sheet content of the chemokine (data not shown). IL-8 was receptor binding on the neutrophil must be met by mono-
found to unfold with a single transition at 3€ (see Figure meric and by dimeric IL-8. The structure determination of a
6), indicating no stable folding intermediate. Unfolding was chemically modified monomeric IL-8 did indeed yield a
found to be completely reversible (data not shown). Unfold- structure very similar to the IL-8 dimer with slight distortions
ing was completely prevented by the addition of undigested in the C-terminal part of the monomez1. Various methods
heparin or HS to IL-8 (see Figure 6). Interestingly, unfolding were therefore employed to determine the dimerization
was partly reversed by the addition of heparin or HS to the constant of IL-8, yielding a rather broad concentration range
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for the dimerization to occur depending on the method used studies radioactive competition assays with heparin-bound
(18). We have performed fluorescence anisotropy experi- proteins were used8, 33. In these experiments, beside
ments which gave a dimerization constant for the chemokine the affinity of the actually binding oligosaccharide, the
of 120 nM. Since so far the affinites of IL-8 monomers and affinity of the prebound saccharide being competed off the
dimers for GAGs have not been measured and since this isprotein under investigation must be taken into account,
a key question in the context of IL-8 accumulation at rendering a direct comparison of binding and competition
inflammatory sites where there may be an increasing elusive.
tendency for dimers to form as the local chemokine  Kuschert et al. Z2) have identified GAG binding amino
concentration rises in response to inflammation triggers (e.g.,acids in 1L-8 by NMR shift experiments using heparin
IL-1, TNF-a), we have applied isothermal fluorescence disaccharides. Likewise, in our fluorescence isothermal
titration to monomeric and dimeric IL-8. binding experiments, significant affinities of IL-8 for HS and
As can be seen from Table 1, the affinities of GAG for heparin disaccharides were detected (see Table 1). A
oligosaccharides for monomeric and dimeric IL-8 differed GAG disaccharide is therefore suggested to represent the
by several orders of magnitude depending upon the lengthminimum chain length for IL-8 binding [we have further
and the nature (HS or heparin) of the oligosaccharide underevidence for this finding as the GAG interaction site in our
investigation. Different modes of GAG binding are thus recently computed molecular model of an IL-8/GAG com-
assumed for the IL-8 monomer and for the dimer. We plex consists of a disaccharide (Krieger et al., manuscript
therefore suggest that in the IL-8 monomer the dimer submitted for publication)]. Interestingly, the di- and tet-
interface becomes (partly) involved in GAG binding, leading rasaccharides occurring in natural HS were found to be
to high affinities, and/or that in the IL-8 dimer the actual mainly N-acetylated40). We thus put forward a model for
GAG binding site on the chemokine becomes less accessiblenonomeric IL-8 being “captured” in vivo by such unmodi-
for GAG binding, leading to low affinites. Evidence for this fied, nonsulfated segments which comprise the majority of
“communication” between the dimerization interface and the HS chain. Then, by analogy with DN#Aprotein interac-
GAG binding site stems from investigating the dimerization tions, the chemokine could “slide” to a high-affinity S-
of IL-8 in the presence of GAGs which yielded a higher domain, constituted by an octasaccharide core sequence
dimerization constant than in the absence of GAG (Kungl, which is able to adopt a conformation favorable for IL-8
unpublished results). The involvement of the dimer interface binding, where a more stable association could develop. The
of monomeric IL-8 in GAG binding either can be by a direct predominant structure of such domainiGIcA-GICNSG;-
interaction of GAGs with amino acids constituting the [IdoA(2-OSQ)-GIcNSG],-IdoA-GIcNAc (40). Thus, the
interface or can be indirect by a structural change of the presence of two internal sulfated iduronates seems to give
dimer interface in monomeric IL-8 upon GAG binding. High the best fit to the GAG binding site of IL-8. By occupying
GAG affinities for monomeric IL-8, taken together with the the high-affinity sites on the endothelial HS, a local threshold
fact that monomeric IL-8 is able to activate its protein concentration of the chemokine would be achieved to trigger
receptor on neutrophils, indicate that monomeric IL-8 is most the IL-8 receptor on the approaching neutrophils. Once the
probably the biologically active form of the chemokine which local concentration of IL-8 reaches a certain level exceeding
binds with high affinity to GAGs on the endothelium, thus the value of the dimerization constant, the chemokine will
presenting itself to the approaching neutrophil. Dimerization begin to form homodimers which will, by their significantly
could therefore be a concentration-dependent means forlower affinity for GAGs compared to the monomers, diffuse
reducing the affinity of IL-8 to the GAGs on the endothelium away from the pericellular HS. By this means, the chemo-
surface, thereby inducing the chemokine to diffuse away from attractant effect of IL-8 could be dampened.
the GAGs. This could represent a self-regulatory mechanism The impact of heparin and HS on the secondary structure
for the dissolution of an IL-8 chemotactic gradient which of IL-8 was found to be quite different (see Figure 5)
was established based on the high affinity of monomeric IL-8 although the affinities for the two classes did not differ by
for GAGs. orders of magnitude (see Table 1). Assuming that the HS
No evidence for increasing IL-8 affinities with respect to oligosaccharides adopt, depending upon their length, certain
GAG oligosaccharides with increasing chain length was conformations-favorable or unfavorable for IL-8 bindirng
found. Instead, optimum chain lengths for IL-8 binding were in solution, unlike heparin which was shown to exhibit a
identified (see Table 1). This is similar to the situation found rather rigid helical conformatiort(), the significant change
for DNA binding proteins which interact with oligonucleo- in the IL-8 secondary structure upon HS but not upon heparin
tides well-defined with respect to both length and sequence.binding can be explained by an induced fit. This leads to
Since due to the enzymatic preparation the oligosaccharidesstructural rearrangements in the case of HS binding which
are not expected to differ from each other in a specific way cannot be achieved by heparin binding. The conformational
except in length (only the HS di- and tetrasaccharides differ effect of HS could be the reason for the recent observation
from the rest in that they are mainly N-acetylated), the that HS but not heparin induces neutrophil migratid)(
optimum GAG chain lengths are most probably the result  Thermal unfolding experiments revealed a single transition
of the ability of certain oligosaccharides to adopt a favorable temperature of the chemokine at 86 (see Figure 6). No
3-D structure for IL-8 binding. Our results are somewhat stable folding intermediates were detected which means
contradictory to the traditional view that the affinity of GAG either that monomerization of the chemokine could not be
binding proteins for their GAG ligands increases with detected by CD spectroscopy or that denaturation and
increasing GAG chain length. A possible explanation for our monomerization occur concomitantly. The addition of HS
different finding is that we used direct binding for the or heparin to IL-8 was shown to prevent IL-8 from unfolding,
determination of dissociation constants whereas in otherthereby indicating the role of GAGs on IL-8 stability. In vivo,
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this could result in a prolonged IL-8 response and/or in
preventing the chemokine from proteolytic degradation.
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