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Abstract

Both chemokine oligomerization and binding to glycosaminoglycans (GAGs) are required for their

function in cell recruitment. Interactions with GAGs facilitate the formation of chemokine gradients,

which provide directional cues for migrating cells. In contrast, chemokine oligomerization is thought

to contribute to the affinity of GAG interactions by providing a more extensive binding surface than

single subunits alone. However, the importance of chemokine oligomerization to GAG binding has

not been extensively quantified. Additionally, the ability of chemokines to form different oligomers

has been suggested to impart specificity to GAG interactions, but most studies have been limited

to heparin. In this study, several differentially oligomerizing chemokines (CCL2, CCL3, CCL5, CCL7,

CXCL4, CXCL8, CXCL11 and CXCL12) and select oligomerization-deficient mutants were systemat-

ically characterized by surface plasmon resonance to determine their relative affinities for heparin,

heparan sulfate (HS) and chondroitin sulfate-A (CS-A). Wild-type chemokines demonstrated a hier-

archy of binding affinities for heparin and HS that was markedly dependent on oligomerization.

These results were corroborated by their relative propensity to accumulate on cells and the critical

role of oligomerization in cell presentation. CS-Awas found to exhibit greater chemokine selectivity

than heparin or HS, as it only bound a subset of chemokines; moreover, binding to CS-Awas ablated

with oligomerization-deficient mutants. Overall, this study definitively demonstrates the importance

of oligomerization for chemokine–GAG interactions, and demonstrates diversity in the affinity and

specificity of different chemokines for GAGs. These data support the idea that GAG interactions

provide a mechanism for fine-tuning chemokine function.
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Introduction

Chemokines belong to an∼45-member family of small (8–12 kDa) pro-
teins that are involved in regulating themigration of cells in awide range
of developmental, homeostatic and inflammatory processes (Salanga

and Handel 2011). They are produced by virtually all cell types, either
constitutively or inducibly depending on context, and serve as direction-
al signals for migrating cells. Chemokine-mediated cell recruitment is
triggered upon interaction with G protein-coupled chemokine receptors
on leukocytes and many other cell types (Baggiolini 1998), which
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promotes migration of receptor-bearing cells along increasing chemo-
kine gradients, as shown in vitro (Rot 1993; Haessler et al. 2011) and
more recently in tissues (Weber et al. 2013). Formation of chemokine
gradients on cell surfaces is considered to be critical for haptotactic
cell migration (Middleton et al. 1997; Patel et al. 2001) and the absence
of such gradients leads to impaired migration either because of the lack
of directional signals (Weber et al. 2013) or due to bulk receptor desen-
sitization (Ali et al. 2007).

Glycosaminoglycans (GAGs) on cell surfaces and in the extracellu-
lar matrix (ECM) provide one of themainmechanisms for establishing
chemokine gradients. Recent studies show that blood vessels create
steep gradients of heparan sulfate (HS) between their lumenal and ba-
solateral surfaces and that further inflammation significantly increases
HS deposition in the ECM, thereby providing a mechanism for pat-
terning chemokine gradients (Stoler-Barak et al. 2014). Chemokine–
GAG interactions are also involved in the transport of chemokines
across endothelial cells from their site of production at inflammatory
foci (Wang et al. 2005), and they play a role in the secretion of
chemokines from tumor cells (Soria et al. 2012) and in the storage
and release of chemokines from T cells (Wagner et al. 1998). More-
over, several studies have shown that the ability of some chemokines
to bind to GAGs is important for their function using in vivomodels of
inflammation (Proudfoot et al. 2003; Peterson et al. 2004; Ali et al.
2005). While the importance of these interactions has motivated nu-
merous studies to determine binding affinities of chemokines with
GAGs, there are few quantitative comparisons of the affinities of dif-
ferent chemokines for GAGs apart from some early studies (Hooge-
werf et al. 1997; Kuschert et al. 1999). Compiling comparisons
based on studies of individual chemokines is, however, challenging
due to the use of a wide range of techniques, solution conditions
and types/sources of GAGs in these studies (Hamel et al. 2009). Never-
theless, such comparisons are important as they may reveal differences
in the specificity of chemokines for GAGs and/or be relevant to the
role of such interactions in chemokine function.

The molecular details of how chemokines bind to GAGs are also
poorly understood. Numerous chemokine structures have been deter-
mined, all showing a highly conserved motif consisting of a disordered
N-terminus that is the key signaling domain, an irregular “N-loop”, a
three-stranded β-sheet and a C-terminal helix (Figure 1A). GAG-
binding epitopes have been defined primarily by targeting BBXB
and related motifs (where B is a basic and X is any amino acid)
on the surface of these conserved tertiary structures (Cardin and
Weintraub 1989). However, while some chemokines function as
monomers, many chemokines oligomerize and form diverse quater-
nary structures including dimers, tetramers and polymers (Figure 1;
Salanga and Handel 2011). Additionally, similar to their requirement
for binding to GAGs, the ability of some chemokines to oligomerize
has been shown to be important for their in vivo function (Proudfoot
et al. 2003; Campanella et al. 2006; Gangavarapu et al. 2012). Using
oligomerization-deficient variants of chemokines, it has been shown
that chemokine monomers bind and activate chemokine receptors to
induce cell migration (Rajarathnam et al. 1994; Paavola et al. 1998),
ruling out chemokine oligomers in receptor activation. In contrast,
several studies have shown that chemokines oligomerize upon binding
to GAGs and/or that their oligomeric state is stabilized by GAG bind-
ing (Salanga and Handel 2011). Thus, it has been hypothesized that
oligomerization and GAG binding are coupled and that oligomeriza-
tion might provide a mechanism for enhancing the affinity of chemo-
kines for GAGs (Hoogewerf et al. 1997; Salanga and Handel 2011)
and possibly influencing GAG specificity (Lortat-Jacob et al. 2002;
Handel et al. 2005). However, only a few studies have been

undertaken to broadly determine the extent to which oligomerization
contributes to GAG-binding affinity (Ziarek et al. 2013; Salanga et al.
2014).

This study was initiated to systematically investigate the ability of a
set of differentially oligomerizing chemokines to bind to GAGs includ-
ing the monomeric chemokine CCL7, dimeric chemokines CXCL8,
CXCL12 and CCL2, the tetrameric chemokine CXCL4, polymeric
chemokines CCL3 and CCL5 as well as CXCL11 whose oligomeriza-
tion state has not been well characterized (Allen et al. 2007; Severin
et al. 2010; Salanga and Handel 2011). Several oligomerization-
deficient or oligomerization-stabilizing variants of a subset of these
chemokines were also examined to define the contribution of oligo-
merization to GAG binding. Surface plasmon resonance (SPR) was
used to obtain kinetic and thermodynamic information on the interac-
tions, as it is one of the more quantitative methods for determining
chemokine–GAG-binding affinities (Hamel et al. 2009). SPR also al-
lows one to use surface immobilized rather than soluble GAGs, which
alleviates problems with precipitation of chemokines when investi-
gated with solution techniques (Hamel et al. 2009). In contrast to
most studies that use heparin as a model GAG, we also compare inter-
actions with HS and chondroitin sulfate-A (CS-A). Studies with hep-
arin have provided valuable information; however, this GAG is only
secreted by mast cells, whereas the predominant GAG involved in che-
mokine biology is HS, with some contribution from CS and dermatan
sulfate (Xu and Esko 2014). Finally, following prior studies that
suggest oligomeric chemokines cross-link GAG chains (Migliorini
et al. 2014; Salanga et al. 2014), we also investigate the role of HS
density on the affinity of WT and oligomerization-deficient chemo-
kines. Overall, the results demonstrate that chemokine oligomeriza-
tion is critical for GAG-binding affinity and in regulating the overall
accumulation of chemokines on GAGs, and in some cases it contri-
butes to GAG-binding specificity.

Results

Chemokines have a wide range of binding affinities

for GAGs

The aim of this study was to systematically analyze a variety of chemo-
kines with varying oligomeric propensities using SPR to determine
their relative affinities for different GAGs and the contribution of
oligomerization to these affinities. In addition to providing kinetic as-
sociation/dissociation rates and affinities, an advantage of SPR over
other techniques is that the setup involves solid-phase interactions
with GAGs immobilized on SPR chips, which alleviates issues with
precipitation; this problem is frequently observed with solution-based
techniques (e.g., isothermal fluorescence titration, Krieger et al. 2004,
and isothermal titration calorimetry, Kuschert et al. 1999), particular-
ly when analyzing interactions with longer GAGs (degree of polymer-
ization >10), which have higher affinity for chemokines than short
GAGs (Kuschert et al. 1999). In our experience with solution-based
methods, chemokines frequently oligomerize upon addition of
GAG, and then dissociate as the ratio of GAG:chemokine exceeds
1:1 (Jansma et al. 2010). This behavior complicates analysis of affin-
ities and GAG-induced oligomerization, but is not observed in SPR
studies where the GAG is constrained on a two-dimensional surface.

Implementation of the SPR assay involved passing different concen-
trations of a given chemokine over the surface of a neutravidin-coated
C1 chip onto which biotinylated GAG was immobilized (seeMaterials
and methods). One caveat of the immobilization method that we used,
however, is that each GAG chain may have more than one biotinylation
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group due to the nonspecific nature of the chemistrywhere any carboxyl
group can be modified. Nevertheless, as described later, the results are
qualitatively consistent with prior affinity studies and with binding
studies of select chemokines/mutants on cell surfaces.

To make the most robust comparative analyses of different chemo-
kines and mutants, special attention was made to collect the data
under similar experimental conditions with the same source of
GAG, similar or identical GAG densities immobilized on the chips
and the same chip. “Apparent affinities”were then calculated from as-
sociation (ka) and dissociation (kd) rates as KD = kd/ka using a 1:1
Langmuir model. This model is unlikely to be an accurate description
of all chemokine–GAG interactions given the diverse propensities of
chemokines to oligomerize both in solution and on GAGs. Further-
more, heterogeneity in the GAG interactions of a given chemokine,
both in terms of the actual oligomerization state of the free and
bound chemokine and the heterogeneity of GAG-binding sites, is like-
ly. However, as these interaction details are unknown, inclusion
of specific models to improve fits to the data cannot be justified;
thus, we chose the 1:1 Langmuir model and designate the results as
“apparent affinities”.

For datasets that reached or approached saturation at high chemo-
kine concentration, steady-state analysis was used as an alternative or
additional method for determining apparent affinities. To compare the
overall accumulation of different chemokines and mutants to one an-
other, the maximum signal (RU) at each chemokine concentration was

also evaluated as it reflects a combination of affinity and oligomeriza-
tion propensity. Thus, the apparent affinities derived from kinetic
data, steady-state affinity analysis, the overall accumulation of chemo-
kine on the GAG surfaces as well as visual analysis of the associated
sensorgrams, were used together to provide a robust comparison be-
tween different chemokines and their associated mutants. Additional-
ly, the relative binding of WT chemokines and chemokine variants on
cell surfaces was used to validate the SPR results.

Figure 2 shows representative sensorgrams for select chemokines
and mutants on heparin, HS and CS-A, and Table I summarizes the
KD values determined from the kinetic rates and/or steady-state ana-
lyses; notably, all values presented in Table I were derived from the
datasets shown. More complete sensorgram datasets along with fits
and/or steady-state affinity analyses are provided in Supplementary
data, Figures S1–S3. Additionally, the mean affinity of replicate ex-
periments from two independently generated surfaces is reported in
Supplementary data, Table SI. As demonstrated by these results, the
apparent affinities of chemokines for heparin and HS span a wide
range and cluster into three affinity classes: (i) CXCL4, CCL5 and
CXCL11 have the highest apparent affinity (<10 nM); (ii) CXCL12
and CCL2 (as previously reported in (Salanga et al. 2014)) have inter-
mediate apparent affinities (<100 nM); (iii) CXCL8 has the weakest ap-
parent affinity (<500 nM); and CCL3 shows no detectable interaction.
In contrast to heparin and HS, which bind most of the chemokines in-
vestigated, CS-A shows more selectivity and only binds CXCL4, CCL5

Fig. 1. Chemokines exhibit a wide range of oligomeric structures. While the tertiary structure of chemokines are highly conserved and generally resemble the CCL7

monomer (PDB ID 1BO0) (A), chemokines can also form diverse oligomeric states (B–F). For example, CC-type chemokines dimers are often extended structures

involving the N-terminus, like the CCL2 dimer shown (PDB ID 1DOL) (B) in contrast to themore compact dimer structure of CXCL8 (PDB ID 1IL8) (C), formed through

interactions involving the first beta-strand, and common to the CXC-type chemokines. On the other hand, CXCL4 forms a stable tetramer (PDB ID 1RHP) (D) and

CCL5 (model provided by Dr. XuWang) and CCL3 (PDB ID 3KKH) have been shown to form higher order oligomers (E and F). Structures were generated with PyMol.

This figure is available in black and white in print and in color at Glycobiology online.
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and CXCL11, although with reduced affinity compared with heparin
and HS (Table I).

The data also illustrate the complexities of chemokine–GAG inter-
actions, which involve biologically relevant chemokine oligomeriza-
tion in solution and on GAGs, where the oligomers are not
necessarily homogeneous species. This is because chemokine oligo-
mers need to dissociate into monomers to bind receptor, and thus
are in dynamic equilibrium. Furthermore, some chemokines form
different types of oligomers depending on the nature of the GAG
(e.g., dimers and tetramers, Salanga et al. 2014). As a consequence
of the inherent heterogeneity, fitting the sensorgram data is often chal-
lenging because both association and dissociation rates often show
non-single exponential behavior and concentration dependencies.
The complex nature of the sensorgrams for CXCL4 binding to heparin
and HS surfaces provide good examples of the commonly observed
deviation from “ideal” behavior for SPR analysis. At the lowest con-
centrations, the sensorgrams are characterized by a slower on-rate
than at higher concentrations, which may be due to differences in
the oligomerization state of the chemokine (e.g., with monomer or
dimer dominating at low concentrations and dimer or tetramer at
higher concentrations). The dissociation phase also shows non-ideal
behavior; at the lowest concentrations, the sensorgrams are character-
ized by a very slow dissociation rate, which may reflect direct

interactions of CXCL4 with GAG, while at higher concentrations
(>5 nM), an initial phase of rapid dissociation is observed before a sec-
ondary slower rate dominates, which may be due to dissociation of
chemokine subunits from CXCL4 oligomers (e.g., tetramers) (Supple-
mentary data, Figure S1A). Alternatively, the slow dissociation rates
could be a consequence of rebinding effects, where at lower analyte
concentrations, dissociated chemokine may rebind to unoccupied
binding sites on the GAG chain. This effect may partly explain the ex-
tremely tight affinity (0.03 nM) calculated for binding of CXCL4 to
heparin, which must be an overestimate, compared with the more
reasonable affinity estimate from steady-state analysis (2.4 nM).
Nevertheless, despite these complexities, the rank order of “apparent
affinities” provide results that are consistent with available data in the
literature (summarized in Discussion).

Despite the challenges with accurately fitting the data, the data re-
veal that differences in the affinities of the chemokines for heparin
and HS are primarily due to differences in the rates of dissociation.
For example, CCL5 and CXCL4 have much slower dissociation rates
from heparin and HS, compared with CXCL12 (Table I), which is
also supported by visual analysis of the sensorgrams (Figure 2, Supple-
mentary data, Figures S1 and S2). These slower dissociation rates are
likely due to the ability of CCL5 and CXCL4 to form polymers and tet-
ramers, respectively, whereas CXCL12 forms dimers. An intermediate

Fig. 2. Differential chemokine and oligomeric mutant interactions with Heparin, HS or CS-A. SPR sensorgrams of chemokine and associated oligomeric mutant(s):

WT CXCL4 tetramer and CXCL4(K50E) dimer (40 nM) (A), WT CXCL12 and CXCL12(L36C/A65C) disulfide-locked dimer (200 nM) (B) or WT CCL5 polymer, CCL5

(E26A) tetramer and CCL5(E66S) dimer (50 nM) (C) passed over immobilized heparin, HS or CS-A on a BIAcore C1 chip. The curves represent the maximum

response signal (RU) minus the reference cell signal (no GAG). In most cases, the oligomeric mutants exhibited decreased affinity compared with WT for the

GAGs tested (see Table I). Experiments were performed in duplicate with a representative sensorgram shown. This figure is available in black and white in print

and in color at Glycobiology online.
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dissociation rate was observed for CXCL11 (Table I), as supported by
visual sensorgram analysis (Supplementary data, Figure S1D); however,
due to its relatively fast rate of association, an overall high affinity was
calculated. CXCL8, the chemokine with the weakest affinity, shows a
very rapid dissociation rate (Supplementary data, Figure S1C).

Themaximum signal produced for each chemokine at varying con-
centrations (low nanomolar to micromolar) was also compared to
determine the effect of their GAG-binding affinity and propensity to
oligomerize on their overall accumulation on GAGs (Figure 3). Since
most chemokines have similar molecular weights, SPR response units
(RUs) serve as a good quantitative metric of surface accumulation. At
low concentration (<10 nM), CXCL4 exhibited the highest signal,
likely due to its exceptionally high affinity for GAGs relative to the
other chemokines examined. However, >10 nM chemokine on hep-
arin and at 1000 nM on HS and CS-A, CCL5 showed the highest
level of accumulation (Figure 3A, C and E, respectively), presumably
due to its high GAG-binding affinity coupled with its propensity to
form polymers (Wang et al. 2011). To distinguish between the max-
imum signals produced by the other chemokines, similar data are
plotted in the absence of CCL5 (Figure 3B, D and F). For chemokine
concentrations in the range of 10–100 nM, CXCL4 demonstrates the
next highest level of accumulation followed by CXCL11, whereas
CXCL12 required higher concentrations (100–1000 nM) to reach
comparable RU levels on heparin and HS, as did CCL2 and CCL7
in our previous study (Salanga et al. 2014). Interestingly, at
1000 nM, the highest concentration tested, CCL2 produced a greater
signal than CXCL11 and was comparable with CXCL4 at the same
concentration on heparin; this may be because CCL2 forms tetramers
on heparin and dimers on HS (Salanga et al. 2014). In contrast,
CXCL8 consistently produced the lowest signal on heparin and HS,
consistent with its lower affinity interaction with GAGs.

Chemokine oligomerization enhances the affinity

of some chemokines for GAGs

Having established that chemokines exhibit a wide range of affinities
for the GAGs under study, we next set out to determine the role of che-
mokine oligomerization on their binding affinities and ability to accu-
mulate on GAGs using three oligomerization-deficient mutants: the
CCL5(E66S) dimer, the CCL5(E26A) tetramer (Czaplewski et al.
1999) and the CXCL4(K50E) dimer (Rauova et al. 2005). As
shown in Figure 2 and Table I, the mutants showed a significant reduc-
tion in affinity for heparin, HS and CS-A compared with their WT
counterparts (see Supplementary data, Figure S2, for complete data-
sets). Compared with WT CXCL4, the affinity of the CXCL4(K50E)
dimer for heparin was reduced by 21- to 77-fold (determined from
steady-state and kinetic analysis, respectively), 5- to 240-fold for
HS, and for CS-A the affinity dropped from 9.3 nM to nearly un-
detectable binding. The CCL5(E66S) dimer also showed a significant-
ly reduced affinity compared with WT CCL5: 32-fold for heparin,
17-fold for HS, and for CS-A there was almost no detectable inter-
action whereas the affinity of WT CCL5 was 51 nM. For both the
CXCL4 and CCL5 mutants, the reduced affinities for heparin and
HS are largely due to significantly increased rates of dissociation com-
pared with WT (Supplementary data, Figure S2D), in line with the
slow dissociation of the WT chemokines being responsible for the ex-
ceptionally high affinities for HS and heparin. Interestingly, tetrameric
CCL5(E26A) showed a reduction in overall chemokine accumulation
for heparin and HS similar to dimeric CCL5(E66S) (Figure 4C and F,
respectively), but the apparent affinity of CCL5(E26A) for both HS
and heparin was similar to WT (∼4 nM) (Table I). Nevertheless, itT
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produced insufficient signal to enable analysis of its interaction with
CS-A (Supplementary data, Figure S2B). All oligomerization mutants
also displayed a reduction in the maximum signal compared with their
WT counterparts at all concentrations tested (Figure 4), confirming
that oligomerization contributes to both the affinity and level of accu-
mulation of chemokines on GAGs.

In a reverse approach to analyze the role of oligomerization, we in-
vestigated a disulfide-locked dimer of CXCL12, CXCL12(L36C/A65C)
(Veldkamp et al. 2008); this mutant enables one to quantify the contri-
bution of the dimer alone to GAG affinity in contrast to WT CXCL12,
which exists as an equilibrium mixture of monomer and dimer
(Veldkamp et al. 2005). When compared with WT CXCL12 by
steady-state affinity analysis, this mutant resulted in a 6- and 5-fold in-
crease in affinity for heparin andHS, respectively (Figure 2B, Table I), in
line with previously reported results (Ziarek et al. 2013), as well as
an increase in overall accumulation compared with WT CXCL12
(Figure 4B and E). Visual inspection of the data clearly shows slow dis-
sociation of the locked dimer from heparin and HS compared withWT
CXCL12, consistent with the high-affinity GAG interaction. This result
is due to the non-dissociating nature of the CXCL12(L36C/A65C)
locked dimer relative to WT CXCL12. Notably, while WT CXCL12
did not show any observable interaction with CS-A, the CXCL12
locked dimer exhibited an appreciable interaction (KD = 59 nM)
(Table I, Figures 2B and 4H, Supplementary data, Figure S1), again
due to the covalent nature of the dimer.

Overall, the reduced GAG-binding affinity and ability to accumu-
late on GAGs by oligomerization-deficient mutants, and the apparent
enhancement of affinity and accumulation with the locked CXCL12
dimer, demonstrate the importance of chemokine oligomerization
for GAG interactions. Additionally, the only chemokines capable of
binding to CS-A are the oligomerizing chemokines with high affinity
for HS and heparin.

Surface GAG density may play a role in regulating

chemokine–HS interactions

In a previous study, we demonstrated that the density of HS immobilized
on SPR chips canmarkedly affect the GAG-binding affinity of themono-
meric chemokine, CCL7, but that oligomerization renders the homolo-
gous chemokine, CCL2, less sensitive to HS density (Salanga et al.
2014). To investigate the generality of this phenomenon, we examined
our set of WT and oligomerization-deficient chemokines on low- and
high-density HS surfaces (Figure 5 and Supplementary data, Figure S3).
Similar to CCL2, the chemokines CXCL4 and CCL5 showed no signifi-
cant difference in affinity on SPR chips coated with low-densityHS com-
pared with high-density HS (Figure 5). In contrast, the GAG-binding
affinities of the CCL5 and CXCL4 oligomerization-deficient mutants
were significantly lower on the low-density HS surface compared with
the high-density surface (Figure 5). The CXCL4(K50E) mutant has sig-
nificantly reduced affinity compared with WT on both surface densities
of HS, but the difference is evenmore exaggerated on the lowHS surface
(Figure 5A). As described above, the CCL5(E26A) tetramer shows no
difference in affinity compared with WT CCL5 on the high-density
HS surface; however, its affinity was significantly reduced on the low-
density HS surface (Figure 5B and Supplementary data, Figure S3). As
expected, the CCL5(E66S) dimer exhibited the weakest binding to the
low HS surface (KD = 240 nM). The greater sensitivity of the
oligomerization-deficient chemokines to HS density compared with
the WT chemokines suggests that oligomerization facilitates cross-
linking of HS chains, as proposed previously (Salanga et al. 2014).

Accumulation of CCL5 and CXCL4 on cells is dependent

on their ability to oligomerize

Consistent with the effects of the oligomerization mutants on GAG-
binding as observed by SPR, the dimeric variants, CCL5(E66S) and

Fig. 3. Chemokine accumulation on Heparin, HS or CS-A. Heparin (A and B), HS (C and D) or CS-A (E and F) was immobilized onto a BIAcore C1 chip and CXCL4,

CXCL8, CXCL11, CXCL12, CCL2, CCL5 and CCL7 were passed over at a range of concentrations and the interaction monitored. The maximum signal (RU) reached

during injection of each chemokinewas plotted against concentration for direct comparison between different chemokines (A–F). Given the high signal produced by

CCL5 the other chemokine signal responses are plotted with (A, C and E) and without (B, D and F) CCL5 data included. Data plotted are the mean (±SE) of two

experiments undertaken on the same chip surface. This figure is available in black and white in print and in color at Glycobiology online.
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CXCL4(K50E), showed significantly reduced accumulation on human
umbilical vein endothelial cells (HUVECs) compared with the WT
chemokines (Figure 6A and B, respectively). Chemokine accumulation
was also investigated with CHO-K1 cells by flow cytometry (Fig-
ure 6D–I), and demonstrated a total and a 6- to 168-fold loss of signal
across the concentrations tested for the CCL5 and CXCL4 dimer

variants compared with their WT counterparts, respectively (Fig-
ure 6D, E, G and H). The disulfide-locked CXCL8 dimer, CXCL8
(R26C) (Clark-Lewis et al. 1995) showed slightly elevated levels of ac-
cumulation on HUVECs relative toWT (Figure 6C), but the difference
was not statistically significant. However, accumulation of the locked
CXCL8 dimer on CHO-K1 cells showed enhanced accumulation at

Fig. 4. Chemokine and mutant accumulation on Heparin, HS or CS-A. Heparin (A–C), HS (D–F) or CS-A (G–I) were immobilized onto a BIAcore C1 chip. Chemokines

and associated oligomeric mutants, WTCXCL4 tetramer and CXCL4(K50E) dimer (40 nM) (A, D and G), WT CXCL12 and CXCL12(L36C/A65C) disulfide-locked dimer

(200 nM) (B, E and H) or WT CCL5 polymer, CCL5(E26A) tetramer and CCL5(E66S) dimer (50 nM) (C, F and I) were characterized by SPR analysis. The maximum

signal (RU) reached during injection of each chemokine or mutant was plotted against chemokine concentration for comparison of accumulation. Data plotted are

the mean (±SE) of two experiments undertaken on the same chip surface. This figure is available in black and white in print and in color at Glycobiology online.

Fig. 5. Chemokine oligomerizationmediates interactionwith low-density HS. Chemokines and associated oligomeric mutants (CXCL4 andmutant (A) and CCL5 and

mutants (B)) were passed over immobilized HS (high or low density) and GAG interactions were compared by SPR analysis. Affinities (nM) for chemokines and

mutants are plotted as mean values (±SE) (n = 2, experiments from two independently generated surfaces). Statistical significance was determined using

repeated measures ANOVA analysis with a Bonferroni post hoc test where ns denotes not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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the highest concentration tested (63-fold) compared with WTCXCL8
(Figure 6F and I). By comparison, CCL3, which exhibited no binding

to GAGs by SPR, also showed significantly reduced accumulation on

HUVECs compared with the other chemokines tested, and no binding

to CHO-K1 cells (data not shown). Notably, the levels of accumula-

tion of CXCL8, CCL5, CXCL4 and CCL3 correlate with the affinity

hierarchy observed by SPR where CXCL4 > CCL5 > CXCL8, and no

detectable interaction is observed with CCL3. Additionally, PGS-745

cells, which lack xylosyl-transferase and therefore do not add GAG

chains to the proteoglycan core protein, showed a significant reduction

or total loss in accumulation for the WT chemokines and no binding

of the oligomerization-deficient mutants (data not shown), confirming

the GAG-dependence of the interactions.

2-O-Sulfation contributes to the chemokine–heparin

interaction

Previous studies have demonstrated the importance of O-sulfation of
heparin for mediating chemokine interactions (Stringer and Gallagher
1997; Kuschert et al. 1999; de Paz et al. 2007); however, the contribu-
tions of specific sulfationmotifs are not well-understood. Therefore, to
better understand the role of heparin sulfation in mediating interac-
tions with the current set of chemokines and oligomerization mutants,
we conducted SPR studies with 2-O-desulfated heparin in comparison
withWT heparin (Figure 7 and 8 and Supplementary data, Figure S4).
The use of partially sulfated heparin significantly reduced the affinity
of most of theWT chemokines tested (CXCL11, CXCL12 and CCL5)
with the exception of CXCL4 (Figure 7A).While one must be cautious

Fig. 6. Accumulation of chemokines on cell surfaces is mediated by oligomerization and GAG binding. Biotinylated WT and mutant chemokine (CCL5 and CCL5

(E66S) dimer (A, 500 nM), CXCL4 and CXCL4(K50E) dimer (B, 500 nM) and CXCL8 and CXCL8(R26C) dimer (C, 125 nM)) were incubated on HUVEC monolayers

and detected by streptavidin-800CW using the LI-COR Odyssey imaging system. (D–I) Varying concentrations of biotinylated chemokine (CCL5 (D) and CCL5

(E66S) dimer (G); CXCL4 (E) and CXCL4 (K50E) dimer (H); CXCL8 (F) and CXCL8(R26C) dimer (I)) were incubated on CHO-K1 cells and detected by

streptavidin-PE using flow cytometry. Endothelial cell-binding data are plotted as the mean value (±SE) of three independent experiments where ns denotes not

significant, *P < 0.05, **P < 0.01, ***P < 0.001, as determined using Student’s t-test. CHO-K1 binding experiments were performed in triplicate with a representative

plot shown. This figure is available in black and white in print and in color at Glycobiology online.
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in comparing the SPR curves produced on different surfaces due to in-
herent differences in immobilization and source of GAG, the lack of an
effect for CXCL4 contrasts with the other chemokines. Overall, these
results demonstrate that the positions of sulfate groups on heparin dif-
ferentially contribute to chemokine–GAG affinity and accumulation,
suggesting specificity in these interactions.

Given the striking observation that 2-O-desulfation of heparin had
little obvious effect on its interaction with WT CXCL4, we investi-
gated whether this was also the case with the CXCL4(K50E) dimer.
The results were dramatically different as CXCL4(K50E) showed no
detectable binding to 2-O-desulfated heparin (Figure 8A). Similarly,
the oligomerization-deficient mutants CCL5(E66S) and CCL2(P8A)
showed a significant loss of affinity and ability to accumulate on
2-O-desulfated heparin comparedwith theWT chemokines (Figure 8B
and C, respectively). These results illustrate the contributions of
heparin fine structure and chemokine oligomerization in promoting
chemokine–GAG interactions.

Discussion

Many studies have been conducted to investigate the interaction of
chemokines and GAGs, generally focusing on individual chemokines
(Hamel et al. 2009). In this study, we sought to broadly characterize
the interactions of a large group of chemokines and oligomerization

mutants with GAGs, using SPR under similar or identical experimen-
tal conditions. The apparent affinities of CXCL12 and CXCL4 for
heparin determined in the present study by SPR are in close agreement
with previously reported results (Amara et al. 1999; Dubrac et al.
2010; Ziarek et al. 2013). In the case of CCL5, we determined the af-
finity for heparin to be 3.7 nM, which is lower than a previous SPR
study (32 nM) (Martin et al. 2001) and may be due to differences in
assay conditions such as the source of GAG, SPR chip preparations,
and/or the challenges in accurately fitting the data. CXCL8 has been
reported to have a micromolar affinity for heparin as determined by
cell and immobilized heparin binding competition experiments
(Kuschert et al. 1999), in line with the relatively weak affinities re-
ported herein for heparin and HS. In the case of CXCL11, heparin-
affinity chromatography suggests a tight interaction as 1 M NaCl
was required to elute CXCL11 from heparin beads (Severin et al.
2010), consistent with the tight (2–6 nM) affinity reported in this
study. By comparison, ∼0.6 M NaCl was required to elute CCL2,
CCL7 and CXCL8 from heparin beads (Ali et al. 2005; Handel
et al. 2005), suggesting that they all have weaker affinities than
CXCL11, which is also consistent with the present study. Our data dif-
fer from previous observations in the low signal detected for CCL3
binding to SPR and cell surfaces in this study, compared with previous
reports where binding to cells or heparin beads was observed (Hooge-
werf et al. 1997; Kuschert et al. 1999). However, in the present and all

Fig. 7. 2-O-desulfation of heparin differentially affects chemokine binding. Heparin and 2-O-desulfated heparin were immobilized onto separate flow cells on a

BIAcore C1 chip and various chemokines were passed over to compare the effects of heparin 2-O-sulfation on GAG affinity. Shown are SPR sensorgrams of

CXCL4 (40 nM) (A), CXCL11 (100 nM) (B), CXCL12 (200 nM) (C), CCL2 (1000 nM) (D) and CCL5 (50 nM) (E). The resulting signal reveals a reduction in chemokine

accumulation and affinity ofmost chemokines (see also Supplementary data, Figure S4), with the exception of CXCL4 for 2-O-desulfated heparin comparedwithWT

heparin.

Fig. 8. Inhibition of chemokine oligomerization affects interactionswith 2-O-desulfated heparin. 2-O-desulfated heparin was immobilized onto a BIAcore C1 chip and

chemokines passed over. Shown are sensorgrams ofWTCXCL4 tetramer and CXCL4(K50E) dimer (40 nM) (A), WTCCL5 polymer and CCL5(E66S) dimer (50 nM) (B)

and WT CCL2 dimer and CCL2(P8A) monomer (1000 nM) (C).
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of these previous studies, compared with other chemokines, CCL3 has
one of the lowest affinities for heparin, likely due to its acidic nature
(Proudfoot et al. 2003). Being on the low end of the affinity scale, assay
conditions could easily shift results between observable binding and
no detectable binding, accounting for such discrepancies.

The vast majority of previously reported studies have utilized hep-
arin for studying GAG interactions, and a surprising result of the pre-
sent study is the fact that binding affinities of chemokines for heparin
and HS are generally similar (with some exceptions noted in the text).
This similarity is despite the fact that the overall sulfation content dif-
fers by a factor of ∼3.3 (see below), which suggests that the presence of
clustered domains of sulfate groups in HS are as efficient in binding
chemokines as the uniformly high sulfation structure of heparin.

Significant differences were, however, observed between heparin/
HS and CS-A. Of all of the chemokines tested, only CXCL4,
CXCL11 and CCL5 bind to CS-A, and interestingly, CS has been
shown to be an integral mediator of CCL5 and CXCL4 mediated
monocyte adhesion on the endothelium (Baltus et al. 2005). The ex-
clusive interaction of these chemokines with CS-A could be due to
the differing disaccharide composition of CS GAGs compared with
heparin and HS, and/or the fact that CS-A is reported to have on aver-
age only one sulfation site per disaccharide unit (Mizumoto et al.
2013), compared with four potential sites in heparin and HS (Xu
and Esko 2014). To gain insight into this issue, we conducted quanti-
tative glycan reductive isotope labeling with liquid chromatography
and mass spectrometry (GRIL-LC/MS) (Lawrence, Olson, et al.
2008) disaccharide analysis of the heparin, HS and CS-A samples
used for SPR. This analysis confirmed the overall marked differences
in the GAG fine structure and sulfate distribution/composition among
these GAGs. Heparin exhibited the greatest degree of sulfation (aver-
age 2.3 sulfates/disaccharide) compared with HS and CS-A, which
showed average sulfate levels of 0.7 and 0.8, respectively (Figure 9).
While the average sulfation per disaccharide is similar between HS

and CS-A, there is a notable difference in the distribution and type
of sulfation present between the GAGs (Figure 9). CS-A has a fairly
uniform distribution of monosulfated disaccharides (∼84 mol%),
whereas HS has a large proportion of unsulfated regions (∼55 mol%)
intermixed with concentrated regions of sulfation varying from one
to three sulfates per disaccharide. Again, this suggests that differences
in sulfate distribution may be more important than the actual average
sulfate content, in determining the selectivity and specificity observed
for chemokine interactions with these GAGs (although in the case of
CS-A, we cannot rule out the contribution of differences in disacchar-
ide composition). Unlike the other chemokines studied, CXCL4 and
CCL5 are also known to form stable oligomeric structures larger
than dimers (tetramers and polymers, respectively) even in the absence
of GAGs. As shown below, the oligomeric properties of CXCL4 and
CCL5 are critical for binding to CS-A. Oligomerization may enable
these chemokines to bridge multiple sulfation sites along a GAG
chain, contributing to their relatively unique ability to bind CS-A as
well as their rank as the highest affinity chemokines for HS and hep-
arin. CS is most prevalent in cartilage, but can also be found with HS
on syndecan-1 and syndecan-4 proteoglycans (PGs) on epithelial cells
(Deepa et al. 2004). As our data suggest that chemokines cross-link
GAG chains, it is possible that CXCL4 andCCL5 could simultaneous-
ly interact with CS and HS such that these GAGs cooperate in medi-
ating chemokine presentation on PGs.

A key aim of this studywas to broadly explore the role of chemokine
oligomerization in binding toGAGs. The SPR data suggest that the abil-
ity ofmost chemokines to oligomerize contributes significantly toGAG-
binding affinity, and in some cases has a dramatic effect. Mutants with
impaired ability to oligomerize (CXCL4(K50E), CCL5(E66S) and as
previously shown, CCL2(P8A) (Salanga et al. 2014)) show reduced
binding affinity for both heparin and HS, with the effects being
more pronounced for chemokines that form larger oligomers
(CXCL4, CCL5) and for interactions with HS. In the case of CS-A,

Fig. 9. GRIL-LC/MS analysis of heparin, HS and CS-A disaccharides. (A) The disaccharides identified from digests of Heparin (left), HS (center) and CS-A (right) are

presented as mole percent of the total digest. Disaccharide abbreviations are presented in accordance with the disaccharide structure code nomenclature as

described previously (Lawrence, Lu, et al. 2008). (B) From the disaccharides identified for Heparin (left), HS (center) and CS-A (right), the number of sulfates was

quantified as a mole percent of the total digest with the average number of sulfates per disaccharide indicated for each.
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oligomerization-deficient mutants of CCL5 and CXCL4 showed little
to no binding, while a covalently locked CXCL12 dimer, enabled this
otherwise weakly dimerizing chemokine not only to bind heparin and
HS with higher affinity thanWTCXCL12 (Ziarek et al. 2013) but also
to bind CS-A. Results of the SPR studies strongly correlated with the
presentation of chemokines on cell surfaces where oligomerization-
deficient mutants of CXCL4 and CCL5 showed significantly dimin-
ished or undetectable binding compared with their WT counterparts.
In contrast, the disulfide-locked dimeric variant ofCXCL8 exhibited en-
hanced binding compared with WT CXCL8. Importantly, the levels of
chemokine immobilized on the cell surface reflect their affinity ranking
determined by SPR with CXCL4 >CCL5 >CXCL8, and no detectable
interaction by CCL3. The SPR data showing that the CXCL4(K50E)
dimer has a greatly diminished affinity for heparin is also consistent
with a natural variant of CXCL4 (CXCL4L1) that has a significantly
reduced affinity for heparin and HS, and no ability to bind CS (Dubrac
et al. 2010). CXCL4L1 has three mutations that render it unable to
form tetramers (Sarabi et al. 2011), and according to our data would
contribute to the reduced GAG-binding affinity. As a consequence, it
has much greater diffusibility in vivo and functions as a paracrine regu-
lator over greater distances than WT CXCL4. Additionally, a recent
study of CCL5 showed that WT CCL5 forms filamentous structures
on vascular endothelial cells while mutant dimers and tetramers could
not form such structures or were not detectable on the cell surface at
all (Oynebraten et al. 2015), supporting the biological relevance of
oligomerization.

In this study, as well as a previous study from our lab (Salanga
et al. 2014), the effect of HS density on the binding affinity of chemo-
kines and oligomerization-deficient variants was investigated. Little
difference was observed in the affinity of CXCL4 and CCL5 for
low- or high-density HS surfaces. However, the CXCL4(K50E)
dimer, the CCL5(E66S) dimer and the CCL5(E26A) tetramer all
had significantly reduced affinities when measured on the low- versus
high-density HS SPR surface. These observations suggest that oligo-
merization of CXCL4 and CCL5 may enable these chemokines to tol-
erate some level of variable GAG chain density and still be presented
on cell surfaces. On the other hand, the phenomena of density depend-
ence could play a regulatory role in controlling presentation of chemo-
kines and recruitment of leukocytes as PGs are known to be shed in
different physiological and pathological situations such as cancer
(Afratis et al. 2012). The fact that oligomerization-deficient chemo-
kines are sensitive to GAG density also leads to the hypothesis that
chemokines can cross-link GAG chains, potentially providing a mech-
anism to modulate the thickness and permeability of the glycocalyx
(Reitsma et al. 2007), for example, in platelet interactions with vessel
walls (Reitsma et al. 2011). This cross-linking effect of chemokines
may also play a role in the ability of chemokines (e.g., CXCL12 and
CCL5) to signal through cell surface PGs following interactions with
GAG side chains (Charnaux, Brule, Hamon, et al. 2005).

The spectrum of GAG-binding affinities observed with the subset
of chemokines involved in the present study strongly suggests that
GAG-binding properties of individual chemokines may be important
in fine-tuning their function in different biological processes. The fact
that many chemokines bind the same receptor and that many recep-
tors respond to multiple chemokines has given rise to the concept of
redundancy as a mechanism to make the immune system robust
(Baggiolini 1998). While this is likely true to some extent, the results
of this study support the notion that chemokine ligands of the same
receptor may not always be redundant, and that their GAG-binding
properties may confer specificity even if they have similar effects on re-
ceptor signaling. CCL21 and CCL19 represent a classic case of a non-

redundant chemokine pair that are both ligands of CCR7 (Sullivan
et al. 1999). They not only show differences in signaling (Kohout
et al. 2004; Zidar et al. 2009), but CCL19 has also been described
as a soluble chemokine whereas CCL21 binds tightly to GAGs on
the cell surface until proteolytically cleaved from its C-terminal do-
main (Hiroseet al. 2002; de Paz et al. 2007; Schumann et al. 2010).
Thus soluble CCL19 and immobilized CCL21may collaborate to pro-
mote haptokinesis and chemotaxis and enable directional migration in
lymphatic organs (Schumann et al. 2010). Similarly, CXCL4 and
CXCL4L1 are ligands of CXCR3 (Dubrac et al. 2010; Struyf et al.
2011); however, CXCL4L1 displays a much weaker interaction with
GAGs than CXCL4, resulting in greater bioavailability and ability to
inhibit angiogenesis and tumor growth (Struyf et al. 2004, 2007). The
gamma isoform of CXCL12 (CXCL12γ) shows significantly higher
GAG-binding affinity than CXCL12α, with the consequence of re-
duced binding and signaling through CXCR4, presumably because
of competition between binding to GAGs versus receptor (Laguri
et al. 2007). Finally, CCL3 has very low affinity for GAGs, while
CCL5 belongs to the subset of highest affinity GAG binders, and
both are ligands of CCR1 and CCR5 (Czaplewski et al. 1999).
While challenging, an important goal will be to understand the
physiological context in which different chemokine ligands of the
same receptor are operative. Moreover, although a hierarchy of GAG-
binding properties presented in this study correlate well with presenta-
tion of chemokines on cells, the experimental conditions used in these
studies may not reflect physiological contexts where some apparently
weak binders (e.g., CXCL8 and CCL3), bind with high affinity. Thus
another challenge will be to identify the circumstances in which
chemokines bind to GAGs with high affinity versus when they act as
soluble, non-GAG-binding chemoattractants (Weber et al. 1999).

The present study also demonstrates with multiple examples that
oligomerization is critical for the GAG-binding affinity of many che-
mokines, and in some cases, confers GAG specificity. While high-
affinity GAG binding is clearly important for chemokine presentation
on cells, it is also possible that oligomerization contributes to cell sig-
naling through chemokine receptors (Drury et al. 2011) and through
PGs. Although full agonist signaling through receptors involves mono-
meric chemokines (Allen et al. 2007), Veldkamp et al. have shown
how the dimeric form of the CXC chemokine CXCL12 acts as a
biased agonist of its receptor CXCR4 by activating G proteins but
not β-arrestin-2 recruitment with a concomitant loss of CXCR4-
mediated cell migration (Veldkamp et al. 2008; Drury et al. 2011).
Similarly, dimeric CXCL8 differentially activates CXCR1 and
CXCR2 compared with the monomeric form (Nasser et al. 2009).
On the other hand, CC chemokine dimers do not even bind their
receptors (Jin et al. 2007; Tan et al. 2012). Moreover, GAGs such
as heparin have been shown to inhibit chemokine binding to receptors
(Kuschert et al. 1999) and while part of the mechanism seems to be
due to the partial overlap of receptor- and GAG-binding sites on
some chemokines (Proudfoot et al. 2001; Lau et al. 2004), another
component may be stabilization of non-interacting chemokine
oligomers.

Signaling of CXCL12 and CCL5 directly through PGs has also
been reported (Chang et al. 2002; Roscic-Mrkic et al. 2003;
Charnaux, Brule, Hamon, et al. 2005; Maillard et al. 2014). For ex-
ample, activation of mitogen-activated protein kinase pathways
(MAPKs) by CCL5 is dependent on GAGs and independent of recep-
tor, and leads to enhanced infectivity of HIV (Roscic-Mrkic et al.
2003). Given the results presented herein, it is not surprising that
the effect was shown to be dependent on the ability of CCL5 to oligo-
merize (Trkola et al. 1999). CCL5 and CXCL12 signaling through
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PGs has also been shown to accelerate shedding of PGs from the sur-
face of cells (Charnaux, Brule, Chaigneau, et al. 2005; Brule et al.
2006). In the case of CXCL12, the process is CXCR4 independent
and PG dependent (Brule et al. 2006). Thus our expectation is that
these processes require chemokine oligomerization. Our current and
prior data also suggest that chemokine oligomers cross-link GAG
chains, and thus it is possible that such cross-linking is relevant to
PG signaling. Since shedding of the glycocalyx can have profound
effects on many processes such as leukocyte adhesion (Kolarova
et al. 2014), it stands to reason that in addition to localization for dir-
ectional cues, chemokine–GAG interactions and thus oligomerization,
may have other effects such as preparing endothelial cells for transmi-
gration. A final key question is whether oligomerization enables che-
mokines to simultaneously bridge GAGs and receptors or whether
chemokine oligomerization on GAGs simply provides a concentrated
source of chemoattractant to establish gradients. Further investigation
into these questions is currently underway.

Materials and methods

Chemokine expression and purification

CXCL11 was kindly provided by Dr. Amanda Proudfoot. WT and
biotinylated chemokines CCL2, CCL3, CCL7, CXCL8, CXCL12
and associated mutants were expressed and purified as described pre-
viously (Veldkamp et al. 2008; O’Hayre et al. 2009; Allen et al. 2011;
Takekoshi et al. 2012; Salanga et al. 2014). All other chemokines were
prepared as follows. CXCL4 was subcloned into a His-Ub fusion con-
struct (pHUE 3D3) (Allen et al. 2011) and CCL5 into a (His)8 tag con-
struct, with an enterokinase recognition site (O’Hayre et al. 2009);
chemokine mutants were generated using QuikChange site-directed
mutagenesis (Stratagene). CXCL4, CCL5 and associated mutants
were insolubly expressed in BL21(DE3)pLysS Escherichia coli cells.
Cultures were grown at 37°C in Luria Broth (with 30 µg/mL kanamy-
cin for pHUE 3D3 constructs or 100 µg/mL carbenicillin for (His)8
constructs) and induced with 0.5 mM isopropyl-D-1-thiogalactopyra-
noside once OD600nm reached 0.6. Cell pellets were harvested and
solubilized in denaturing buffer (6 M guanidine–HCl, 50 mM NaCl,
50 mM Tris, pH 8.0) and tagged protein was extracted using
Ni-nitrilotriacetic acid (NTA) affinity chromatography. Protein was
then refolded in 0.5 M arginine, 1 mM GSSG, 1 mM EDTA,
50 mM Tris, pH 8.0 (for CXCL4 and mutant) or at pH 7.5 (for
CCL5 and mutants) and refolding confirmed by reversed-phase high-
pressure liquid chromatography (HPLC). Chemokine fusion was then
cleaved with ubiquitinase (for pHUE 3D3 constructs) or enterokinase
(New England Biolabs; for (His)8 constructs) at a 1:100 molar ratio
(chemokine:enzyme) for ∼18–36 h, as monitored by HPLC. The re-
sulting products were then passed over Ni-NTA beads to remove un-
wanted cleavage products followed by a final purification with HPLC
equipped with a C18 semi-prep column. Protein purity and size
was confirmed by electrospray-ionization mass spectrometry and
SDS-PAGE analysis.

Glycosaminoglycan biotinylation

HS from bovine kidney (Sigma), CS-A (Sigma), 2-O-desulfated heparin
and 6-O-desulfated heparin (Neoparin Inc.) were biotinylated as
described previously (Salanga et al. 2014) and biotinylated porcine in-
testinal heparin (average molecular mass = 15 kDa) was purchased
(Calbiochem). Briefly, GAG was resuspended at 5 mg/mL in 100 mM
MES, pH 5.0, followed by addition of 6.5 mM 1-ethyl-3-
((3-dimethylaminopropyl) carbodiimide Hydrochloride) solution

(EDC)) (GE Healthcare) and 1.25 mM EZ-Link Hydrazide-LC-Biotin
(Pierce); the solution was then incubated with rotation for 18 h at
room temperature. Excess biotin was removed with extensive dialysis
into water.

Sulfation analysis of glycosaminoglycans

Glycan reductive isotope labeling with liquid chromatography and
mass spectrometry analysis (GRIL-LC/MS) of lyase-derived disacchar-
ides was used to determine the sulfate content and composition of
heparin, HS and CS-A used in the SPR studies. All analyses were car-
ried out by the UCSD Glycotechnology Core as described previously
(Lawrence, Olson, et al. 2008).

Surface plasmon resonance

SPR was performed on a BIAcore 3000 instrument (GE Healthcare)
using a C1 (no dextran) chip as described previously (Salanga et al.
2014). Briefly, the chip was equilibrated in running buffer (10 mM
HEPES, 150 mMNaCl, 3 mM EDTA, 0.05% Tween-20, pH 7.4), ac-
tivated with 200 µL of a 1:1 mixture of NHS (0.2 M) and EDC
(0.1 M) and immobilized with neutravidin (Invitrogen) (0.2 mg/mL
in 20 mM sodium acetate, pH 6.0) until saturation was reached, fol-
lowed by extensive washing with regeneration buffer (0.1 M glycine,
1 M NaCl, 0.1% Tween-20, pH 9.5). Biotinylated GAG was then
passed over an individual flow cell (0.2 mg/mL) until saturation was
reached (40 response units (RU) for heparin and 97 RU for CS-A).
In the case of HS, a high-density (250 RU) and low-density (106
RU) surface was generated. Apparent affinity determinations of che-
mokine–GAG interactions were performed by passing varying con-
centrations of chemokines over the chip. Data were acquired with a
flow rate of 40 µL/min to limit the effect of mass transfer (Amara
et al. 1999; Dubrac et al. 2010; Tanino et al. 2010; Ziarek et al.
2013); increasing the flow rate had little effect on pilot chemokine–
GAG interactions and associated residual plots (which can reveal
mass transfer effects), suggesting that mass transfer was limited at
this flow rate (Karlsson and Falt 1997). Washing of the surface be-
tween each cycle was performed using regeneration buffer. Signal spe-
cific to chemokine–GAG interactions was determined by subtracting
the response signal from a blank flow cell (no immobilized GAG).
Data were analyzed with the BIAevaluation software (GE Healthcare)
using the 1:1 Langmuir interaction model and χ2 values and visual in-
spection were used to assess the fitting of the data, where a value of
<10 was accepted as a good fit. Fitting with alternative models such
as the bivalent model did not improve the fit of any of these data
sets. In some cases, a “bulk correction” was included to account for
the rapid phase of non-single exponential dissociation of some chemo-
kines (related to their known ability to oligomerize on GAGs as de-
scribed in the text). A few datasets have less than desirable fits as
observed visually and reflected by high χ2 values. In these instances,
additional qualitative interpretation of the SPR curves was used to val-
idate the relative apparent affinities reported. For example, the fits for
CXCL4-HS and CCL5-heparin are poor (χ2 = 31.8 and 32.0, respect-
ively); however, the associated sensorgrams (Figures 1A and2A, respect-
ively) clearly show that these chemokines have slow dissociation rates,
supporting the calculated higher apparent affinity, compared with the
other chemokines examined. In datasets where a sufficient number of
sensorgrams reached steady state, themaximal response signal was plot-
ted against concentration and analyzed using the 1:1 steady-state affin-
ity model in the BIAevaluation software (GE Healthcare), to provide
alternative equilibrium estimates of the affinities. Full datasets showing
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sensorgrams with associated fits and equilibrium analyses (when appro-
priate) are provided in Supplementary data, Figures S1–S4.

Endothelial chemokine presentation assay

A clear-bottomed, black-walled 96-well polystyrene plate (Corning) was
prepared as described previously (Salanga et al. 2014). Briefly, wells
were coated with 100 µg/mL collagen (PureCol, Advanced Biomatrix)
for 1 h at 37°C after which HUVECs (Lonza) were added to each well
(20,000 cells/well) in EBM2 basal medium supplemented with the
EGM2 bullet kit (Lonza; endothelial medium) and incubated for 18 h
to confluence at 37°C, 5% CO2. Non-adherent cells were removed by
washing with endothelial medium followed by two washes with PBS
supplemented with 1 mM CaCl2 and 0.5 mM MgCl2 [complete PBS
(cPBS)]. Biotinylated chemokine (500 nM) was then added to the endo-
thelial cells and incubated at 37°C, 5% CO2 for 1 h. Unbound chemo-
kine was removed by washing three times with cPBS, followed by
fixation of cells with ice-cold 4% (w/v) paraformaldehyde in PBS for
20 min at room temperature. Cells were washed four times with PBS +
0.05% Tween-20, blocked with Odyssey blocking buffer for 90 min
(LI-COR Biosciences), stained with streptavidin conjugated IRDye
800CW (LI-COR Biosciences) diluted 1:1000 in Odyssey blocking
buffer (LI-COR Biosciences) and then incubated for 90 min at room
temperature with gentle rocking. Finally, cells were washed four times
with PBS + 0.05% Tween-20, followed by detection of biotinylated
chemokine using an Odyssey imaging system (LI-COR Biosciences).
Data are plotted as the mean of three independent experiments per-
formed in at least duplicate. Statistical analysis was performed using a
Student’s t-test, where n.s. denotes not significant, *P < 0.05, **P < 0.01
and ***P < 0.001.

Chemokine CHO cell binding

CHO-K1 (with GAG) or PGS-745 (without GAG) cells (kind gifts of
Dr. Jeffrey Esko, UCSD) were maintained in a Dulbecco’s modified
Eagle medium/F12 mixture (Gibco) containing 10% fetal bovine
serum. For assays, cells were lifted with 1 mM EDTA in PBS, washed
with PBS and then resuspended at 2.0 × 106 cells/mL in FACs buffer
(PBS + 0.1% BSA) and placed on ice. Subsequently, 50 µL of cells
was transferred to a v-bottom 96-well plate (100,000 cells/well) and
incubated with varying concentrations of biotinylated chemokine or
associated mutants (12.5–200 nM) prepared in FACs buffer. Chemo-
kine was detected by incubation with phycoerythrin-conjugated
streptavidin (1:200) (Invitrogen) and incubated for 45 min on ice in
darkness. Cells were then washed three times with FACs buffer and
analyzed by a Guava EasyCyte 8HT flow cytometer (EMDMillipore).
Postacquisition analysis was performed with FlowJo (Tree Star, Inc.);
shown are representative data of experiments performed in triplicate.

Supplementary data

Supplementary data are available at http://glycob.oxfordjournals.org/
online.
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