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Abstract
Glycosaminoglycans (GAGs) interact with a number of cytokines and growth factors thereby
playing an essential role in the regulation of many physiological processes. These interactions are
important for both normal signal transduction and the regulation of the tissue distribution of
cytokines/growth factors. In the present study, we employed surface plasmon resonance (SPR)
spectroscopy to dissect the binding interactions between GAGs and murine and human forms of
interleukin-7 (IL-7). SPR results revealed that heparin binds with higher affinity to human IL-7
than murine IL-7 through a different kinetic mechanism. The optimal oligosaccharide length of
heparin for the interactions to human and murine IL-7 involves a sequence larger than a
tetrasaccharide. These results further demonstrate that while IL-7 is principally a heparin/heparan
sulfate binding protein, it also interacts with dermatan sulfate, chondroitin sulfates C, D, and E,
indicating that this cytokine preferentially interacts with GAGs having a higher degree of
sulfation.
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1. Introduction
Glycosaminoglycans (GAGs), a family of polyanionic, polydisperse, linear polysaccharides
perform a variety of critical biological functions [1]. Interactions between heparin, heparan
sulfate (HS), and other GAGs with proteins mediate diverse biological processes including:
© 2011 Elsevier Masson SAS. All rights reserved.
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blood coagulation, cell growth and differentiation, host defense and viral infection, lipid
transport and metabolism, cell-to-cell and cell-to-matrix signaling, inflammation and cancer
[2–6]. Thus, an understanding of GAG-protein interactions at the molecular level is of
fundamental importance to biology and will aid in the development of highly specific
therapeutic agents to these pathways [2].
One of the major binding partners of GAGs involves numerous cytokine and growth factors
and these interactions lead to a myriad of functions. Numerous hematopoietic cytokines and
growth factors have been shown to interact to GAGs, in particular heparin and HS,
including: interleukins (IL)-1, -2, -6, -7, 8, -12, and fibroblast growth factors (FGFs) [7–14].
The interactions of GAGs with these proteins may localize them to specific environments or
niches, regulate degradation of these proteins during transport, and provide an immobilized
matrix to present these cytokines to receptors on targeted cells [11]. The GAG interactions
with cytokines/growth factors may serve as co-receptors enhancing or inhibiting interactions
with the soluble cytokines with their transmembrane anchored cell surface receptors [5,12].
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The IL-7 signaling pathway is fundamental in the development, proliferation, and
homeostasis of B- and T-cells depending on the organism [15–17]. The biological responses
of B-cells occurs only in mice; whereas, the biological responses of T-cells occurs in both
mice and humans [15–17]. The IL-7 signal is activated upon the interaction of soluble IL-7
with its own cell surface α-receptor (IL-7Rα, CD127) and the common gamma chain (γc,
CD132) receptor [18]. The bringing together of these two cytokine receptors by IL-7
activates intracellular pathways up-regulating gene targets. IL-7 from human (hIL-7) and
murine (mIL-7) are basic proteins of 154 and 129 amino acids, respectively, and share 60%
sequence identity [19, 20]. The gene for hIL-7 encodes another exon of 19 amino acids
extending the loop connecting helix C and D [19]. However, the additional amino acids in
hIL-7 appears not to be critical for its function as deletion of it resulted in similar biological
response relative to the full-length protein [19, 20]. Structural studies are ongoing on the
IL-7 signaling pathway relying on crystal structure determinations of hIL-7 bound to the
human IL-7Rα extracellular domain (ECD) [21].
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Previous studies reported IL-7 as a heparin/HS-binding cytokine that can directly regulate
bioactivity of this protein [11,12, 22, 23]. The addition of heparin to mIL-7 abrogated
lymphopoiesis, but not myelopoiesis in cultured B-cells [11]. Similarly, addition of heparin
to human IL-7 inhibited an IL-7-dependent B-cell line [12]. Removal of B-cells of heparan
sulfate using enzymes blocks mIL-7 binding and cells lacking heparan sulfate displayed
significantly diminished proliferative growth factors to IL-7 [11]. Human IL-7 was found to
bind to the extracellular matrix (ECM) and to fibronectin and resulted in the adhesion of Tcells in a dose- and integrin-dependent manner [23]. Human IL-7 was shown to be more
protease resistant when bound to heparin than unbound [12]. It appears from these limited
studies that IL-7 may be circulating bound to heparin enabling it to be more protease
resistant and larger molecule escaping clearance through the kidneys or liver. Further, IL-7
may localize to specific microenvironments by interacting with cellular or extracellular
matrix bound heparan sulfate molecules. However, a binding competition has to occur of
IL-7 binding to its cognate cytokine receptors (IL-7Rα and γc) over heparin/HS to trigger
the signaling cascade. While these studies have provided a general functional understanding
of GAG-IL-7 interaction, there lacks structural and biophysical data of these interactions.
Therefore, in this manuscript we report key structural and energetic features of the
interactions of GAGs (Figure 1) to murine and human forms of IL-7 using surface plasmon
resonance (SPR) spectroscopy.
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2. Materials and methods
2.1. Materials
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Human IL-7 was expressed and purified as described previously [24]. An Escherichia coli
codon optimized gene of murine IL-7 was purchased from Bioclone Inc (San Diego, CA).
The mIL-7 gene (residues 1-129 of the mature form; accession code P10168) was cloned
into the NcoI and BamHI restriction sites of the expression vector pET-15b (Novagen Inc.
Madison, WI) and subsequently confirmed by DNA sequencing. Murine IL-7 was expressed
in E. coli cell line BL21(DE3) CodonPlus RP (Stratagene Inc. La Jolla, CA), refolded from
inclusion bodies, and purified to homogeneity using the same protocol as for hIL-7 [24].
Wavelength scans using circular dichroism displayed classical α-helical secondary structure
features for both forms of IL-7 as described earlier [24]. Mass spectrometry confirmed the
molecular weights of both forms of IL-7. Both murine and human IL-7 contains an extra
Met-Gly at the N-terminal end of the protein sequence. A molar absorption coefficient at
280 nm (ε280) of 6.9 mM−1 cm−1 was used to determine protein concentrations [25].
Purified human and murine IL-7 was buffer exchanged into 10 mM Tris-HCl (pH 7.0) and
150 mM NaCl.
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Several different GAGs were utilized in this study. One set included porcine intestinal
heparin (13 kDa), heparan sulfate (from porcine intestinal mucosa) (HS, 14.8 kDa, Celsus
Inc., Cincinnati, OH), a low molecular weight heparin (LMWH, 4.8 kDa, Celsus Inc.),
chondroitin sulfate A from porcine rib cartilage (CSA, 20 kDa, Sigma, St. Louis, MO),
dermatan sulfate from porcine intestine (DS, also known as chondroitin sulfate B, 30 kDa,
Sigma), and dermatan disulfate (Dis-DS, 4,6 disulfo DS, 33 kDa, Celsus Inc.). The other
GAG set included chondroitin sulfate C from shark cartilage (CSC, 20 kDa, Sigma),
chondroitin sulfate D from whale cartilage (CSD, 20 kDa, Seikagaku, Tokyo, Japan),
chondroitin sulfate E from squid cartilage (CSE, 20 kDa from squid cartilage, Seikagaku),
and hyaluronan from Streptococus zooepidemicus (HA, 100 kDa, Sigma). Acharan sulfate
from Achatina fulica (AS, 29 kDa) was provided by Dr. Yeong-Shik Kim (Seoul National
University). A disaccharide (dp2), tetrasaccharide (dp4), hexasaccharide (dp6), and
octasaccharide (dp8) form of heparin was prepared from controlled partial heparin lyase 1
treatment of bovine lung heparin (Sigma) [26].
2.2. Preparation of a heparin sensor chip
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SPR measurements were performed using a GE Biacore 3000 SPR instrument. Biotinylated
heparin was prepared by reaction of sulfo-N-hydroxysuccinimide long-chain biotin (Pierce,
Rockford, IL) with the free amino groups of unsubstituted glucosamine residues in the
polysaccharide chain following a published procedure [27]. Biotinylated heparin (MW ~ 13
kD) was immobilized to streptavidin (SA) coated CM5 sensor chip (GE Heathcare, Uppsala,
Sweden) using the manufacturer’s protocol. In brief, a 20 μL solution of the heparin-biotin
conjugate (0.1 mg/mL) in HBS-EP (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA,
and 0.005% surfactant P20) buffer was injected over flow-cell 2 (FC2) of a SA sensor chip
at a flow-rate of 10 μL/min. Approximately 100 resonance units (RU) of heparin were
coupled to the sensor chip. A control flow-cell (FC) was prepared with a 1 min injection
with saturated biotin in HBS-EP buffer.
2.3. SPR binding kinetics of IL-7-heparin interactions
The binding kinetics of the IL-7 interactions over the heparin sensor chip were assayed
using HBS-EP buffer at 25 °C. Two-fold serial dilutions of IL-7 were injected over the
sensor chip at a flow-rate of 30 μL/min for a period of 3 minutes followed by a 3 minutes
dissociation period. The sensor chip was regenerated for subsequent runs using a 30 μL
injection of 2 M NaCl. SPR experiments were performed in duplicate or triplicate at each
Biochimie. Author manuscript; available in PMC 2013 January 01.
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concentration, confirming reproducibility. The binding sensorgrams (RU versus time) were
pooled, trimmed, double referenced, and experimental fit to different kinetic models using
BIAevaluation software v4.0.1.
2.4. SPR solution competition study of heparin oligosaccharides
A SPR solution competition study was performed by pre-equilibrating different heparin
oligosaccharides with IL-7 followed by a subsequent injection of this solution over the
heparin immobilized sensor chip. For the different chain lengths of heparin, IL-7 at 500 nM
was pre-mixed with 1,000 nM of heparin disaccharide (dp2), tetrasaccharide (dp4),
hexasaccharide (dp6), or octasaccharide (dp8) in HBS-EP buffer and injected over heparin
chip at a flow-rate of 30 μl/min. Similarly, for the 10 other GAGS, IL-7 at 500 nM was premixed with 1,000 nM of GAG and injected over heparin chip at a flow-rate of 30 μl/min.
After each run, a dissociation period and regeneration protocol was performed as described
above. The SPR experiments were performed in duplicate.
2.5. SPR solution competition study of different GAGs
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For testing of inhibition of other GAGs to the IL-7/heparin interaction, IL-7 at 500 nM was
pre-mixed with 1,000 nM of GAG and injected over the heparin chip at a flow-rate of 30 μl/
min. After each run, a dissociation period and regeneration protocol was performed as
described above. To measure the IC50 (concentration of competing GAGs resulting in a 50%
decrease in IL-7 binding to heparin on the chip surface), IL-7 (500 nM) was mixed with
different concentrations of GAGs in HBS-EP buffer and injected over the heparin chip. The
IC50 values were calculated from plots of the binding signal as a function of GAG
concentrations in solution.

3. Results
3.1. Binding kinetics of IL-7/heparin interactions
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Binding kinetics were measured for murine and human IL-7 to immobilized heparin using
SPR spectroscopy to provide a quantitative picture of these interactions. The SPR binding
sensorgrams of the mIL-7/heparin and hIL-7/heparin interactions are displayed in Figure 2.
The two binding sensorgrams fit reasonable well to a 1:1 Langmuir biomolecular reaction
model. The interaction of mIL-7 to heparin displays an on-rate (kon) of 177 (± 12) M−1 s−1
and an off-rate (koff) of 1.10 ×10−2 (±8.5 ×10−5) s−1 (± standard errors were from the global
fitting of different protein concentrations). The binding equilibrium dissociation constant
(Kd = koff/kon) for the mIL-7/heparin interaction is 62 μM. The interaction of hIL-7 to
heparin displays a kon of 6.10 × 104 (±900) M−1s−1 and a koff of 2.70 ×10−2 (± 2.6 × 10−4)
s−1. The Kd for the hIL-7/heparin interaction is 0.44 μM (440 nM). The interaction of hIL-7
to heparin displayed a 345-fold and 2.5-fold faster on- and off-rates compared with the
mIL-7/heparin interaction. The significantly faster kinetic rates for the hIL-7/heparin
interaction translate into a 140-fold higher binding affinity than the mIL-7/heparin
interaction. Possible reasons for the differences in the binding properties of murine and
human IL-7 to heparin will be discussed below. A previous heparin-hIL-7 interaction study
by Clarke et al. (12) reported the affinity of IL-7 for heparin measured using affinity coelectrophoresis method was 25 nM, lower than our SPR measurement of 440 nM. The
disparity between these results might result from differences in binding conditions, such as
buffer and temperature or from differences between a solution phase and solid phase binding
measurement.
3.2. Binding preference of heparin chain size to IL-7 interactions
The chain length dependence of the heparin molecule critical to the binding interactions of
both forms of IL-7 was determined using a SPR competition assay [31]. Different size
Biochimie. Author manuscript; available in PMC 2013 January 01.
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heparin-derived oligosaccharides named for the degree of polymerization (dp2 to dp8) were
assayed. A fixed concentration of each heparin oligosaccharide (1,000 nM) was incubated
with a fixed concentration of IL-7 (500 nM). Subsequently, this solution was injected over
the heparin immobilized sensor chip and the change in the maximal response was monitored
relative to an IL-7 control containing no oligosaccharide of heparin. The SPR competition
sensorgrams and the levels of competition of the different chain lengths of heparin for
murine and human IL-7 interactions are illustrated in Figures 3 and 4, respectively. For both
murine and human IL-7, little competition was observed when 1,000 nM of the disaccharide
(dp2) to tetrasaccharide (dp4) heparin molecules were present with the protein solution
(15% and 12% competition levels for mIL-7 and hIL-7, respectively). The dp6 heparin chain
competed to a level of 48% for mIL-7/heparin immobilized interaction and this chain
competed to a level of 42% for the hIL-7/heparin immobilized interaction. For both the
mIL-7 and hIL-7 interactions with immobilized heparin, the dp8 heparin chain competed to
a level of ~90%. These results suggest that the optimal binding interactions of both murine
and human IL-7 to heparin require oligosaccharides larger than a tetrasaccharide (dp4).
3.3. Binding preferences of IL-7 to various GAGs
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The SPR competition assay was also utilized to determine the binding preference of hIL-7 or
mIL-7 to a panel of various GAGs (Figure 1). As above, the same concentration of each
GAG (1,000 nM) was pre-equilibrated with hIL-7 or mIL-7. SPR competition sensorgrams
and bar graphs of the GAG competition levels are displayed in Figure 5. Heparin (HP), low
molecular weight heparin (LMWH), and dermatan disulfate (Dis-DS) produced the strongest
inhibition by competing >90% of the IL-7/immobilized signal (heparin > LMWH > DisDS). Modest inhibitory activities were observed for chondroitin sulfate E (CSE) and heparan
sulfate. Weak inhibitory activities were observed for chondroitin sulfates C, D (CSD and
CSE), and dermatan sulfate (DS). Finally, chondroitin sulfate A (CSA), hyaluronan (HA),
and acharan sulfate (AS) were unable to compete with surface heparin/hIL-7 interaction at
the concentrations examined. The binding interactions of IL-7 to GAGs appear structuredependent and highly influenced by the level of GAG sulfation. The inhibition behavior of
each GAG towards hIL-7 and mIL-7 binding to surface heparin was very similar.
Next, IC50 values were measured to see the inhibition activity of these GAGs to IL-7
heparin binding. IC50 values are summarized in Table 1. These data agree with the results
described above.

4. Discussion
NIH-PA Author Manuscript

Heparin sulfate proteoglycans (HSPGs) consist of several families (e.g., syndecans and
perlecan) of core proteins covalently linked to large GAG chains that are found on the cell
surface and in the ECM. Intensive biochemical and genetic studies have shown that HSPGs
play crucial roles in regulating key developmental signaling pathways, such as the pathways
for Wnt, Hedgehog (Hh), transforming growth factor-β (TGF-β), and fibroblast growth
factors (FGFs) [30]. In the FGF signaling pathway, FGF receptor (FGFR) dimerization with
FGF requires the association of heparin or highly sulfated HS polysaccharide chains of
HSPGs. For example, FGF1 signaling is transmitted across the cell membrane through the
formation of a ternary complex of FGF1, FGFR1, and HS [28]. In the Hh signaling pathway,
HSPGs are essential for proper Hh distribution, stabilization, and signaling activity [29].
HSPGs are also believed to facilitate Hh ligand presentation to responding cells, and
participate as part of a larger receptor complex [30]. Numerous cytokines including IL-7, the
focus of this study, have been shown to interact with GAGs (particularly to heparin and HS)
resulting in cytokine bioavailability and localization of hematopoietic cells to specific
microenvironments [7–14].
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Previous studies established an association of IL-7 with heparin/GAGs and these
interactions play important roles in the IL-7 signaling cascade [11,12, 22, 23]. However,
quantitative biophysical binding studies exploring IL-7 species differences (murine and
human) to a broad range of GAGs have not been examined. SPR competition experiments
were performed to: 1) determine the binding effects of heparin saccharide chain lengths to
IL-7 interactions; 2) test the specificities of the heparin and HS GAGs in promoting IL-7
interactions; and 3) delineate the impact of GAG structure (e.g. sulfation level and spacing)
to IL-7 interactions. The binding studies revealed a heparin chain-length dependence for the
interactions to murine and human IL-7 and demonstrated a minimum heparin
oligosaccharide length greater than a tetrasaccharide (dp4). Similar chain length
requirements for heparin/HS protein interactions were reported for binding to other proteins
including: Shh-heparin and FGF-heparin interactions [31, 32].

NIH-PA Author Manuscript

The SPR competition experiments with GAGs and chemically modified GAGs clearly
showed an inhibitory activity that was dependent on the level of GAG sulfation and fine
structure. The inhibitory effects of soluble GAGs to the hIL-7/immobilized heparin
interaction was greatest for heparin with 2.8 moles of sulfate per disaccharide, followed by
CSE with 1.5–2 moles of sulfate per disaccharide, then HS with 1.2 moles of sulfate per
disaccharide, and finally by DS and CSC that both consist of 1 mole of sulfate per
disaccharide. There was no inhibition of the hIL-7/immobilized heparin interaction for the
GAGs of AS (1 mole of sulfate per disaccharide), CSA (< 1 mole of sulfate per
disaccharide), or HA (no sulfates) at the concentrations assayed. These results are similar to
the GAG sulfation preference of other signaling proteins of Shh, Ihog, FGF1, and FGF2 by
interacting with more highly sulfated heparin than the less sulfated HS [29, 30]. The GAG
fine structure also appears to play a prominent role in the IL-7 interaction. CSD, CSE, and
Dis-DS are composed of disulfate disaccharide repeating units, yet displayed differing
inhibitory activities to the IL-7/immobilized heparin interaction with greater activity of DisDS followed by CSE, and then CSD. CSE and CSD differ in the positions of their sulfo
groups attached to the 4,6 versus the 2,6 positions, respectively (Figure 1). Dis-DS and CSE
both contain disulfation at the 4, 6 position, but differ in the chirality of their uronic and
glucuronic acids versus iduronic acid, respectively. Future studies determining a complex
structure of IL-7 bound to a heparin derivative will be essential to map the specific
interactions among the basic residues of IL-7 and the stereochemistry of the GAG sulfo
groups.
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An unanswered question from this study involves the binding stoichiometry of the
interactions between IL-7 and GAGs. Unfortunately, SPR has limitations in conclusively
determining the stoichiometry of molecular interactions. A simple 1:1 Langmuir
biomolecular reaction model is most commonly selected to process the binding data of
molecular interactions when other information is available on binding stoichiometry. Since
heparin is heterogeneous and contains sufficiently long chains to interact with multiple
protein molecules, the interaction between heparin and IL-7 may not be simple 1:1 binding.
Future experiments such as isothermal titration calorimetry will be useful in determining the
stoichiometry of the heparin-IL-7 interaction.
SPR analysis demonstrated that heparin bound to murine and human forms of IL-7 with
different binding kinetics and affinities (Figure 2). A 140-fold tighter Kd was observed for
the interaction of hIL-7 to heparin than the mIL-7/heparin interaction. The tighter binding
affinity for the hIL-7/heparin interaction to mIL-7 resulted primarily through a faster on-rate
(104 versus 102 M−1s−1). While both sequences of IL-7 are cationic, hIL-7 has a higher
isoelectric point (pI) of 9.0 in comparison of 8.7 for mIL-7. The primary sequence of hIL-7
contains additional arginine (6 total) and lysine (19 total) residues relative to mIL-7 (Figure
6A). While the human and murine IL-7 sequences share 60% sequence identity, the tracks of
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lysine and arginine residues are highly conserved between the two species. With
determinations of crystal structures of human IL-7 bound to unglycosylated and
glycosylated forms of the human IL-7Rα ECD, structural insights may be gleaned into the
potential GAG binding region on IL-7 (Figure 6B and C).

NIH-PA Author Manuscript

The hIL-7 structure provides a model to predict the localization of the GAG binding site for
both murine and human IL-7. There are three regions where the basic residues group on the
hIL-7 structure (presumably also mIL-7 based on sequence alignment, Figure 6). The first
region involves basic residues of helix A (K7 and K10) and C (K81) that are involved in the
binding interface with the IL-7Rα ECD. Another region contains basic residues of the first
loop (K28) and helix D (K132, R133, and K139) that localize to the predicted binding site
for the interaction with the γc receptor ECD [21, 33-35]. The final region of basic residues
involves residues of the mini-helix (K43 and R44), parts of the second cross-over loop
(K123 and K124), and helix B (K51, R58, R61, K62, R64, and K68). Helix B contains a
modified primary GAG binding motif of BXXBBXB (B = basic residue and X = any amino
acid) [36]. Examination of the electropotential surface of hIL-7 indicates this region
encompassing the mini-helix, helix B, and parts of the cross-over loop forms a large positive
surface area that may specifically interact with GAGs such as heparin and HS. A cavity of
basic residues is formed on IL-7 with distant residues in sequence space from the mini-helix
and helix B (Figure 6D). A similar discontinuous GAG binding epitope has been reported
for the lymphotactin-heparin interaction [37]. The second cross-over loop of hIL-7 from
residues 98–122 was not observed in the electron density maps indicating a high degree of
mobility [21]. This region consists of the additional exon of hIL-7 versus mIL-7. The
additional exon of hIL-7 encodes three more lysine residues than the mIL-7 and may offer a
rationale for the enhanced on-rate to heparin seen for hIL-7 over mIL-7. We posit that the
GAG binding site on IL-7 involves residues localized to helix B, the mini-helix, and the
second cross-over loop. Further site-directed mutagenesis studies of the basic IL-7 residues
and structural determination of an IL-7/heparin complex will nail down the precise
molecular mechanism of the interactions of GAGs with IL-7.
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IL-7

interleukin-7

m

murine

h

human

SPR

surface plasmon resonance

GAG

glycosaminoglycan

HS

heparan sulfate

HP

heparin

LMWH

low molecular weight heparin

CSA

chondroitin sulfate A

DS

dermatan sulfate

Dis-DS

dermatan disulfate
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CSC

chondroitin sulfate C

CSD

chondroitin sulfate D

CSE

chondroitin sulfate E

HA

hyaluronic acid

AS

acharan sulfate

ECM

extracellular matrix

SA

streptavidin

FC

flow-cell

RU

resonance unit
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•

SPR was used to dissect the interactions between GAGs and murine/ human
forms of IL-7

•

Heparin binds with higher affinity to human IL-7 than murine IL-7

•

The results provide key structural and energetic features of the interactions of
GAGs to murine/human IL-7
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Figure 1.

Chemical structures of GAGs and heparin-derived oligosacchrides.
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Figure 2.

Binding kinetics of murine (A) and human (B) IL-7 to heparin using SPR. SPR sensorgrams
of IL-7/heparin interaction. IL-7 concentrations of 63, 125, 250, 500, and 1,000 nM were
assayed over the immobilized heparin surface. The IL-7/heparin binding kinetics were
determined by globally fitting the curves to a 1:1 biomolecular reaction model (black lines)
using the BIAevaluation software package.
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Figure 3.

(A) Binding preferences of mIL-7 to various chain lengths of heparin using a SPR
competition assay. Heparin disaccharide (dp2), tetrasaccharide (dp4), hexasaccharide (dp6),
and octasaccharide (dp8) were each pre-equilibrated at a concentration of 1,000 nM with
500 nM of mIL-7. (B) Bar graphs (based on duplicated experiments with less than 5%
errors) displaying the level of inhibition with the addition of different sized heparin chains to
the mIL-7/immobilized heparin interaction.

Biochimie. Author manuscript; available in PMC 2013 January 01.

Zhang et al.

Page 15

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 4.

(A) Binding preferences of human IL-7 to various chain lengths of heparin using a SPR
competition assay. A disaccharide (dp2), a tetrasaccharide (dp4), a hexasaccharide (dp6),
and an octasaccarharide (dp8) of heparin was pre-equilibrated at a concentration of 1,000
nM with 500 nM of hIL-7. (B) Bar graphs (based on duplicated experiments with less than
5% errors) displaying the level of inhibition with the addition of different sized heparin
chains to the hIL-7/immobilized heparin interaction.
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Figure 5.

(A) Binding preferences of various GAGs to the interaction with human IL-7 using a SPR
competition assay. Various GAGs at 1,000 nM were pre-equilibrated with 500 nM of hIL-7
before injection over heparin immobilized sensor chip. (B) Bar graphs (based on duplicated
experiments with less than 5% errors) displaying the level of inhibition with the addition of
various GAGs to the hIL-7/immobilized heparin interaction.
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Figure 6.
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Primary and tertiary structures of IL-7 and the potential IL-7-GAG binding site. (A) Primary
sequence alignment of human and murine IL-7. The mini-helix (MH) and the 4-helix bundle
(HA-HD) of hIL-7 are labeled. The second cross-over loop occurs from residues 96-114
using the hIL-7 numbering scheme. (B) Ribbon diagram of a crystal structure of hIL-7 to the
hIL-7Rα ECD (3di3.pdb) [21]. The α-helices of IL-7 are labeled. The green dashed line
connecting residues 98-122 represents the unobserved residues of hIL-7 in the crystal
structure. (C) The basic residues of hIL-7 are displayed in ball-and-stick representation. The
figure is roughly oriented in the same position as in B with HA and HC, the interaction site
with the IL-7Rα ECD, positioned to the left. (D) Two views of electrostatic surfaces of
hIL-7 contoured at levels of ± 5 kT/e (blue = positive and red = negative) by solving the
linear Poisson-Boltzmann equation using ABPS [38] with 0.15 salt at 25 °C. The top view
of hIL-7 is similar as in B while the bottom view is rotated 90° into the paper highlighting
the top part of the molecule and the predicted GAG binding site. Structural figures were
rendered using PyMOL [39].
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The IC50 values of GAGs to inhibit hIL-7 and mIL-7 binding to surface heparin (based on duplicated
experiments with less than 5% errors)
GAGs

IC50 (nM) for hIL-7

IC50 (nM) for mIL-7

Heparin

50

50

LMWH

250

200

Chondroitin Sulfate A

ni

ni

Chondroitin Sulfate C

>2000

>2000

Chondroitin Sulfate E

1,000

500

Chondroitin Sulfate D

>2000

>2000

Hyaluronan
Dermatan Sulfate
Dermatan Disulfate

ni

ni

2000

500

150

100

Heparan Sulfate

1,000

1,000

Acharan Sulfate

ni

ni

*

ni – no inhibition
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