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ABSTRACT:Heparan sulfate (HS), a polysaccharide of the
glycosaminoglycan family characterized by a unique level of
complexity, has emerged as a key regulator of many funda-
mental biological processes. Although it has become clear
that this class of molecules exert their functions by interact-
ing with proteins, the exact modes of interaction still remain
largely unknown. Here we report the engineering of a
13C-labeled HS-like oligosaccharide with a defined oligo-
saccharidic sequence that was used to investigate the
structural determinants involved in protein/HS recognition
by multidimensional NMR spectroscopy. Using the chemo-
kine CXCL12R as a model system, we obtained experi-
mental NMR data on both the oligosaccharide and the
chemokine that was used to obtain a structural model of a
protein/HS complex. This new approach provides a foun-
dation for further investigations of protein/HS interactions
and should find wide application.

Heparan sulfate (HS), one of the most abundant molecules
on the cell surface, is a key regulator of many essential

processes, including cell growth and development, cell adhesion,
migration, immune response, and inflammation as well as patho-
logical conditions such as cancer and infectious diseases. This
polysaccharide exerts its biological functions by interacting with a
large number of proteins (e.g., cytokines, growth factors, viral
envelopes) to modify their conformation, stability, and reactivity
andprovide scaffold structures to promotemolecular encounters.1,2

Consistent with its functional diversity, HS is structurally com-
plex. It consists of a disaccharide repeat unit composed of a
glucuronic acid (GlcA) and an N-acetylglucosamine (GlcNAc),
which can be enzymatically modified during biosynthesis. These
modifications include N-deacetylation/N-sulfation of GlcNAc
to GlcNS, C5 epimerization of GlcA to iduronic acid (IdoA), and
a variable number of sulfations at position 2 of GlcA/IdoA
or positions 6 and 3 of GlcN residues.3,4 These modifications,
which are essential for protein recognition,5 occur in restricted
domains along the chain and give rise to specific chemical
structures and spatial arrangements that show a high degree of
sequence variability. It has thus been thought that information

for protein recognition resides within specific HS epitopes that
are characterized by preciseN- andO-sulfate group distributions.
However, efforts to correlate the structure with binding activity
have been hampered by the extreme complexity of this class
of molecules; therefore, high-resolution structural studies of
HS/protein complexes remain very limited.6

In this report, we describe the first production of 13C-labeled
HSwith a defined sulfation sequence, which, in combination with
an 15N-labeled protein, yields a powerful experimental tool for
investigating the structural determinants involved in protein/HS
binding by multidimensional NMR.

Escherichia coli K5 bacteria,7,8 which produce a capsular poly-
saccharide composed of GlcA�GlcNAc repeats identical to
unsulfated HS (heparosan), were grown in culture medium
containing 13C-labeled glucose and 15N-labeled NH4Cl as
the sole sources of carbon and nitrogen, respectively.9,10 Uniformly
13C/15N-labeled polysaccharide was isolated, and the GlcNAc
residues were chemically N-deacetylated, N-resulfated, and
then 6-O-sulfated essentially as previously described.11 The poly-
saccharide was depolymerized with heparinase II, and the
resulting mixture was fractionated by gel-filtration chromato-
graphy to produce size-defined oligosaccharides from di- to
dodecasaccharides [see the Supporting Information (SI)]. The
octasaccharide fraction, which is of the minimum size necessary
to encompass theHS binding site of the protein used in this study
(see below), was selected and further separated according
to charge using strong anion exchange HPLC (Figure 1a).
NMR analysis of these materials showed that among the four
major well-resolved species, one was homogeneously N- and
6-O-sulfated on the GlcN residues while the GlcA units remained
unmodified (Figure 1b). This species, termed dp8NS,6S (“dp”
stands for degree of polymerization), was retained for interaction
studies. dp8NS,6S has the chemical structure: GlcNNS6S�GlcA�
GlcNNS6S�GlcA�GlcNNS6S�GlcA�GlcNNS6S�ΔHexA
(Figure 1c), whereΔHexA possesses a double bond between C4
and C5 as a result of enzymatic cleavage. 13C�1H resonances of
dp8NS,6S were assigned by conventional heteronuclear NMR
experiments (Figure SI-1 in the SI). Only the sugar resonances of
GlcN at position 1 (GlcN-1) andΔHexA at position 8 (ΔHexA-8)
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were well-resolved in theNMR spectra. GlcN-3, -5, and -7 on one
side and, conversely, GlcA-2, -4 and, -6 have highly overlapping
NMR signals, suggesting that the central residues have identical
chemical environments.

The 1H and 13C chemical shift assignments for dp8NS,6S
provided an opportunity to study the mode of interaction of
an HS analogue with proteins using NMR chemical shift
perturbation methods. Here we chose CXCL12R as an example
of an HS-binding protein. CXCL12R belongs to the chemokine
family, a group of 50 proteins that display important chemotactic
activity and for which binding to HS is key to ensure their correct
positioning within tissues and maintain concentration gradients
along which cells can migrate directionally.12,13 15N-CXCL12R,
prepared as described previously,14 was used to titrate a solution
of 13C-labeled dp8NS,6S, during which the binding was followed
by 1H�15N SOFAST-HMQC NMR spectroscopy.15

When CXCL12R binds to dp8NS,6S, its NMR spectrum
becomesmore complex than that of the free form. The resonances
of R12, K24, A40, and N46, which correspond to the previously
identifiedCXCL12RHS binding site,16 showed significant chemical
shift changes upon interaction with dp8NS,6S. These data indicate
an equilibrium between the free and oligosaccharide-bound
proteins in fast exchange on the NMR time scale. Furthermore,
for 20 other CXCL12R residues that are mostly located outside
of the HS binding site, additional peaks appeared in the course of
the titration (e.g., L55) (Figure SI-2b). These additional peaks
and the free-form resonances were in slow exchange on theNMR
time scale, as revealed by longitudinal-exchange NMR spectros-
copy (see Experimental Procedures in the SI). This observation
can be ascribed to a heparin-induced dimerization process of the
CXCL12 chemokine, as described previously.17 This interpreta-
tion was further supported by the apparent increase in the overall
rotational correlation time of the protein in the complex with
respect to the free form, as estimated from 15N spin relaxation
measurements.

Thus far, by looking at the chemokine NMR spectrum, we
have established that dp8NS,6S interacts in the HS binding region
of CXCL12R16 and at the same time promotes dimerization of
the protein, as previously described for natural heparin-derived
oligosaccharides.

The availability of a 13C-labeled glycan also enabled the study
of the same interaction from the point of view of the poly-
saccharide. We were able to define the sugars participating in the
interaction by titrating protein to the labeled HS analogue.
Increasing chemical shift variations up to a CXCL12R/dp8NS,6S
ratio of 1.45 were observed in the 1H�13C correlation spectra
(Figure 2), accompanied by significant line broadening. An
apparent binding affinity constant of 50 μM for the complex
formation was derived from the change in the peak volume of the
GlcN H1 signal during the ligand titration, considering the
protein to be a dimer in the complex. The 13C�1H groups in
the vicinity of sulfation positionsH6 andH2 of the GlcN residues
and H4 in the vicinity of the glycosidic linkages exhibited the
most significant chemical shift perturbations. This suggests that
all of the N-sulfated, 6-O-sulfated GlcN residues collectively
contribute to the interaction (Figure 2b).

In absence of intermolecular nuclear Overhauser effect
(NOE) data and to obtain additional information on the
structure of the complex in fast exchange with the free molecules,
we performed saturation transfer difference (STD) experiments.18

In an STD experiment, the selective saturation of some protein
protons is transferred to the bound ligand via dipolar proton
interactions. As a result, a decrease in signal intensity in the NMR
spectrum of the ligand is observed for all protons that are in close
vicinity to the binding interface. The 13C labeling of the octasac-
charide allows the detection of such intensity changes in a 2D
1H�13C correlation spectrum, yielding site-specific information.
Figure 3 shows the STD results obtained for the free dp8NS,6S
octasaccharide and for a protein/ligand mixture at a molar ratio
of 1.45. We observed a strong intensity decrease for most of

Figure 1. Purification and NMR characterization of 13C/15N-labeled
N-sulfated, 6-O-sulfated octasaccharide. (a) Strong anion exchange
chromatogram of modified heparosan-derived octasaccharides. dp8NS,6S
is the only homogeneously N- and 6-O-sulfated octasaccharide (*), and
three other species are inhomogeneously sulfated (þ). (b) 13C�1H
correlation spectrum of dp8NS,6S octasaccharide showing complete
N- and 6-O-sulfation of GlcN sugars with characteristic 13C signals at
60 and 69 ppm.

Figure 2. (a) 13C�1H correlation spectrum of free dp8NS,6S (red) and
dp8NS,6S in the presence of a 1.45 molar excess of CXCL12R (blue). (b)
1H chemical shift variations of dp8NS,6S upon CXCL12R addition, with
data for GlcN and GlcA colored orange and black, respectively; the
assignments of sugars 3 and 5 are ambiguous.

Figure 3. STD experiments. (a) One-dimensional 1H trace for the
GlcN-3, -5, and -7 H1�C1 correlation peak at a protein/HS molar ratio
of 1.45with (purple) orwithout (black) protein saturation. (b) Saturation
of dp8NS,6S

1H without protein (red) and at a CXCL12R/dp8NS,6S
molar ratio of 1.45:1 (blue).
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the oligosaccharide signals. Both GlcN and GlcA sugars were
efficiently saturated, particularly H4 of the central GlcN-3 and -5
and H2 of GlcA-2, -4, and -6. These data suggest close contacts
with the protein side chains, particularly at the center of the
oligosaccharide.

We then used the Haddock program19 to derive a model of the
CXCL12R/dp8NS,6S complex based on our NMR data. The
Haddock protocol makes use of ambiguous distance restraints
derived from NMR chemical shift perturbation data or any other
available NMR and biochemical information on the binding site
of the two partners to drive the docking process. To date, the
Haddock protocol has been successfully applied to modeling of
protein�protein and protein�DNA complexes.20,21 In the
Haddock program, two sets of residues from the CXCL12R/
dp8NS,6S titrations had to be defined to set up the ambiguous
interaction restraints (AIRs). AIRs are established from a set
of active residues of one molecule to both active and passive
residues of the second molecule. For the protein, active residues
are those showing large chemical shift changes in fast exchange
with the ligand (CXCL12R12,20,24,25,45,48), whereas passive
residues are neighbors to the first set and are solvent-accessible
(CXCL12R8,13,,27,29,39,41,43,46,47). In the case of dp8NS,6S, GlcN
residues showing significant chemical shift changes constituted
the active set, and GlcA residues (which are also efficiently
saturated in STD experiments) represented the passive set. Initial
input coordinates for the docking protocol were the dimeric
structure of CXCL12R (PDB entry 2NWG)22 and a dp8NS,6S
structure extracted from a molecular dynamics (MD) trajectory
of the octasaccharide alone in explicit solvent (see Experimental
Procedures). Docking and refinement in water with the Haddock
protocol produced mainly one large ensemble of structures very
close in both Haddock score and root-mean-square deviation
(rmsd) to the structure with the lowest Haddock score (Figure 4a).

The 10 best structures (Figure 4b) presented low AIR
restraint violations (residues outside the HS binding site R20

and N45) (Figure SI-4). During the Haddock calculations, the
structure of CXCL12R was maintained, as only side chains of
residues close to the ligand (<5 Å) were allowed to rotate. The
ϕ/ψ torsion angles, which define the dp8NS,6S glycosidic lin-
kages, remained close to their initial values (Figure SI-5). These
data are also consistent with the angles observed in the structures
of N-sulfated heparosan that were calculated from NOE-derived
restraints.23 Therefore, the Haddock protocol produced an
ensemble of complexes consistent with the NMR data recorded

on the 15N-CXCL12R/13C-dp8NS,6S complex. These modeling
results were also in agreement with mutagenesis data16 and
converged to a configuration of the octasaccharide that is centered
on a basic groove formed at the interface of the CXCL12R dimer.

It was of interest to compare the Haddock structures to the
results of a naive unrestrained modeling method. We performed
a series of molecular docking calculations followed by MD
simulations in water, according to a recently described method.24

The combination of molecular docking and MD ensured a large
exploration of the docking modes of the ligand on the protein
surface. The dp8NS,6S compound was first docked onto the basic
groove of the CXCL12R dimer (PDB entry 2NWG) with three
different alignments of the octasaccharide: one with aligned mass
centers for both the protein and the oligosaccharide (1) and two
others in which the mass center of the protein was aligned with
GlcA-4 (2) or GlcN-5 (3). Each docking model was eventually
used as the starting point for a 40 ns MD simulation in water.
No substantial difference between the three MD simulations was
observed, and the contacts observed were highly similar (Figures
SI-6 and SI-7). For the three trajectories, the core of the protein/
HS interaction involved the sugar units GlcN-3, GlcA-4, and
GlcN-5 and the CXCL12R residues K24, H25, K27, and R41, with
additional contacts with residues N46 and Q48 (Figure 5 and
Figure SI-7); these results were similar to the Haddock results.
The other protein/HS contacts involved the two first and last
glycan units and theN-terminal residues of the protein, especially
with residues R8 and R12 (Figure SI-7). Consistent with the fact
that CXCL12R is a symmetrical homodimer, the best Haddock
structures fit best with simulation 1, for which the centers of
mass of both partners were aligned (Figure 5 and Figure SI-6).
The main difference in the orientation observed in the last three
glycan residues accounted for the variation of the protein
structure during the MD trajectory, in which the 10 N-terminal
residues of CXCL12R presented a particularly large rmsd
(∼2.5 Å) (Figure SI-8).

Understanding the mechanism by which HS interacts with
proteins remains a major challenge in glycosaminoglycan re-
search and has far-reaching implications, particularly for the
design of specific HS-derived therapeutic compounds.4 NMR
spectroscopy is an invaluable technique for extracting data on
protein/HS complexes.25 Using CXCL12R as a model system,
we developed a method based on NMR analysis of a 13C-labeled

Figure 4. Results of NMR-restrained CXCL12R/dp8NS,6S docking
study. (a) Plot of the Haddock score vs the rmsd with respect to the
lowest-energy structure for the 200 water-refined complexes. (b) Super-
imposition of the 10 structures with the best Haddock scores (only the
CXCL12R from the best structure is shown).

Figure 5. Comparison of the best Haddock structure and an MD
structure extracted from simulation 1. The rmsd between the two
octasaccharides was 2.4 Å, taking into account heavy atoms of the
glycosidic ring.
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HS in combination with a 15N-labeled protein that enabled the
identification of the main contributors of the interaction and
from which a model of the complex could be derived. The fact
that two distinct approaches (HADDOCK calculations based on
experimental NMR data and MD simulations in explicit water)
converged toward a very similar result validates our method.

The availability of HS-modifying enzymes (including C5-
epimerase and various sulfotransferases) will allow the generation
of differentially modified, isotopically labeled octasaccharides to
increase the NMR signal dispersion and record more site-specific
information. Our strategy based on the 13C labeling of an HS-like
oligosaccharide has been successfully applied in our case to a
weak-affinity complex and could be easily adapted to stronger-
affinity complexes by measuring NOE distances between the two
labeled molecules.
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