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Abstract

Heparan sulfates (HS) is a polysaccharide found at the cell surface, where it mediates interactions
with hundreds of proteins and regulates major pathophysiological processes. HS is highly hetero-
geneous and structurally complex and examples that define their structure-activity relationships
remain limited. Here, in order to characterize a protein—-HS interface and define the corresponding
saccharide-binding domain, we present a chemo-enzymatic approach that generates *C-labeled
HS-based oligosaccharide structures. Nuclear magnetic resonance (NMR) spectroscopy, which effi-
ciently discriminates between important or redundant chemical groups in the oligosaccharides, is
employed to characterize these molecules alone and in interaction with proteins. Using chemokines
as model system, docking based on NMR data on both proteins and oligosaccharides enable the
identification of the structural determinant involved in the complex. This study shows that both
the position of the sulfo groups along the chain and their mode of presentation, rather than their
overall number, are key determinant and further points out the usefulness of these *C-labeled
oligosaccharides in obtaining detailed structural information on HS—protein complexes.

Key words: chemokine, glycosaminoglycans, NMR

Intr ion
troductio which do not occur uniformly along the polymer, are believed to con-

Glycosaminoglycans are at the heart of many biological systems and
regulatory mechanisms (Sarrazin et al. 2011). Heparan sulfate (HS),
in particular, affect the conformation of hundreds of proteins to
which they bind, promoting signaling protein-receptor recognition or
controlling in time and space the stability and distribution of their lig-
ands (Kjellén and Lindahl 2018). HS have a unique level of structural
complexity. It consists of a repeating disaccharide unit (Figure 1),
N-acetyl glucosamine (GlcNAc) and glucuronic acid (GlcA), which
undergoes during biosynthesis, in a cell type-dependent manner, a
series of distinct sulfation and epimerization reactions catalyzed by
Golgi-localized enzymes (Kreuger and Kjellén 2012). These reactions,

fer to the polysaccharide distinct and biologically relevant docking
sites for proteins. With only few exceptions, however, the structural
principles of protein—HS recognition are still unclear, and the question
of which type of HS sequence are recognized by proteins remains
central (Meneghetti et al. 2015).

Progresses in the field have been hampered by different levels of
conceptual and technological challenges that remain to be solved:
(1) the generation of libraries of structurally defined oligosaccharides
covering a sufficient large sequence variety to probe the interactions,
(2) the structural characterization of these molecules that are highly
flexible and dynamic, (3) the acquisition of atomic scale details on

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 1

120z AInp G| uo 1senb Aq 99621 9/2109eM0/q0A|6/£60 |0 L/10p/a[01Ie-80UBAPE/qOOA|6/W00 dno-olwapede//:sdiy Wolj papeojumo(


http://orcid.org/0000-0002-5429-6914

A Préchoux et al.

Al ¢
\ Q NDSTs . Q
HO OH | — HO OH
0 0
-00cC n -00C n

GIcA

GIcNAc

GIcNS GIcA

C5-epi

B

2-0ST

OH
. 0
HO 0S03
_03SH|\bH\w~.
° n

-00C

GlcNS GIcA2S

1 2 3 4 5 6 sulfates
dp4! AHexA GIcNS IdoA2S GIcNS 3
dp4? AHexA GIcNS6S IdoA2S GIcNS 4
dp4® AHexA GIcNS6S GlcA GIcNS 3
dp4* AHexA GIcNS6S GlcA GIcNS6S 4
dp6' AHexA GIcNS6S GlcA GIcNS GlcA GIcNS 4
dp6? AHexA GIcNS GIcA2S GIcNS IdoA2S GIcNS 5
dp6® AHexA GIcNS6S/GIcNS GlcA/IdoA/IdoA2S GIcNS6S GlcA/IdoA/IdoA2S GIcNS/GIcNS6S  >5
dp6* AHexA GIcNS6S IdoA2S GIcNS6S IdoA2S GIcNS 7
dp6®> AHexA GIcNS IdoA2S GIcNS IdoA2S GIcNS 5

Fig. 1. (A) Heparan sulfate modifications. N-deacetylation, N-sulfation step and examples of modifications produced by C5-epi and 2- or 6-OST enzymes. (B)
Table summarizing the tetra- and hexasaccharides chemo-enzymatically produced and purified and their sequence determined by NMR, including dp63 that

remained heterogeneous.

HS—proteins complexes that frequently feature inherent plasticity and
could be of low affinity and (4) the likelihood that the interaction
is governed more by a combination of charge distribution and
conformational flexibility, rather than solely by the sequence per se
itself.

Results

Generation of ®C-labeled HS oligosaccharides

Here, we developed two related strategies to engineer HS oligosaccha-
rides from *C-heparosan purified from the capsule of Escherichia
coli 010:K5/H4 grown in 3C-labeled glucose-containing medium
and chemically N-deacetylated and re-N-sulfated (Supplementary
Figure S1). In the first approach, we combined the capacity of
the CS5-epimerase (C5-epi) and 2-O-sulfotransferase (OST) enzymes
to generate extended GIcNS-IdoA2S repeats when they function
as a complex, and the specificity of Heparinase IIl to generate
AHexA-(GIcNS-IdoA2S/GlcA2S),,-GlcNS-resistant domains, which
were size fractionated, modified with 6-OST-1, and then purified by

high-performance liquid chromatography (HPLC) (Préchoux et al.
2015). The second approach consists first in generating size-defined
(GIcNS-GlcA),, repeats through controlled Heparinase II digestion
of N-sulfated heparosan, followed by sequential modification by
the C5-epi/2-OST and 6-OST-1 enzymes and purification by HPLC
(Supplementary Figure S1). We isolated four tetrasaccharides and
five hexasaccharides with unique and defined structures (Figure 1),
except for one structurally heterogeneous hexasaccharide (dp6?).
Oligosaccharides compositions were assessed by 'H-'3C nuclear
magnetic resonance (NMR) (Supplementary Figure S2), using the 'H
and 3C chemical shifts of the pyranose ring that are sensitive on its
modifications (O-sulfate substituents or epimerization) and on the
modifications of the neighboring sugar.

Interaction of CXCL12 chemokines
with HS tetrasaccharides
As a model system to investigate their structure-binding activity

relationships, we used two related chemokines, chemokine ligand
12 (CXCL12«a) and CXCL12y, whose interactions with HS have
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been functionally characterized (Sadir et al. 2001; Laguri et al. 2007;
Rueda et al. 2008; Connell et al. 2016). They display distinct affinity
for heparin, used as an HS proxy in binding studies, of 93 and
0.9nM. CXCL12a and CXCL12y occur from alternative splicing
of the same gene, possess the same first 68 amino acids, with a 30
amino acids long C-terminal unstructured and highly basic extension
for the y isoform. CXCL12y possesses two HS binding sites, one
strictly required, found in the core structured domain of the protein
shared with CXCL12a, and the other one in the C-terminus, which,
by enhancing the half-life of the complexes, contributes to a strong
retention on cell surfaces (Laguri et al. 2007).

The interaction of four oligosaccharides (dp4') was tested with
adding increasing protein concentration (CXCL12y, CXCL12«) to
the oligosaccharide up to 4:1 protein:oligosaccharide molar ratios
while monitoring the sugars resonances by '*C-"H correlation NMR
experiments. Changes in the environment of the oligosaccharides
nuclei due to protein interaction are reflected by a change in their
chemical shift, termed hereafter chemical shift perturbation (CSP).

Interaction with dp4! that contains an IdoA2S in position 3
with CXCL12a and CXCL12y shows CSPs around the IdoA2S
residue, reflecting protein binding at this position (Figure 2 and
Supplementary Figure S3). Addition of a 6-O-sulfate to dp4!, leading
to dp4?, did not change CSP compared with dp4! for any protein,
suggesting that this sulfate group is not important for binding,
compared with the IdoA2S group.

Binding to dp4' can be compared with an oligosaccharide of
different structure, dp4® (with a 6-sulfate at position 2 and no
IdoA2S), but with the same overall number of sulfate groups. No
significant CSP can be observed, suggesting poor binding to this
oligosaccharide. Addition of one 6-O-sulfate group on the reducing
end glucosamine of dp43, leading to dp4*, significantly increases CSP
and thus binding around the additional 6-O-sulfate, especially for
CXCL12y (Figure 3 and Supplementary Figure S3).

Modeling of hexasaccharides—protein complexes using
NMR data on both partners

Using tetrasaccharides, it was thus possible to observe significant
differences in the binding of proteins with respect to overall sulfate
numbers and to additions of 6-O-sulfates at a specific position.
Nevertheless, tetrasaccharides have usually a low affinity for proteins
and are shorter than the usual optimal size for binding (dp6-dp8). We
thus investigated CXCL12 binding to two defined hexasaccharides,
featuring a single difference so that structure-binding activity rela-
tionships can be easily identified.

An IdoA2S-containing dp6 (dp6°), with a AHexA-(GIcNS-
1doA2S)2-GIcNS structure was first tested in interaction with
CXCL12a¢ and CXCL12y. The hexasaccharides showed mostly
CSP on IdoA2S residues and, as for dp4', mostly on the reducing
end IdoA2S (Figure 3 and Supplementary Figure S4), pointing out
the importance of this position for the binding process. Because
the proteins used in these assays were also '*N-labeled, structural
information could be also recorded at the protein level. "N-'H
NMR spectra of both proteins showed significant CSPs upon dp6’
interaction (Supplementary Figure S5) located around residues K24
and R41 with additional CSPs in the basic C-terminus for CXCL12y,
as previously shown with other oligosaccharides (Laguri et al. 2007,
2011).

In order to generate a 3D model of the complexes, based on
these data, the 3D structure of CXCL12y was first solved by NMR
(protein data bank (PDB):6EHZ, Figure 3, Supplementary Figure S6

and Supplementary Table SI). CXCL12y is monomeric in solution
(Supplementary Figure S5) and its structure is identical to CXCL12«,
except for the orientation of the C-terminal a-helix (~25°) and its dis-
ordered C-terminal extension. HADDOCK procedure (Dominguez
et al. 2003) was next used to calculate a model of the protein—
glycan complexes for both (N-'H)-labeled CXCL12 isoforms. It
combines use of residues on both protein (Supplementary Figure S5)
and (*C-'H)-labeled ligand (Figure 3 and Supplementary Figures S4
and S5) that are perturbed by the interaction as input and docks the
molecules by creating ambiguous interaction restraints between these
residues to form the complex (Supplementary Table SII). Complexes
obtained are then refined in explicit solvent and sorted in clusters
(Supplementary Table SIII). CXCL12a exists as a monomer—dimer
equilibrium in solution (Veldkamp 2005; Laguri et al. 2011) that
is shifted towards dimer in presence of HS oligosaccharides, and
the dimeric structure was thus used for modeling the complexes.
On the other hand, CXCL12y is monomeric, as demonstrated by
analytical ultracentrifugation (Supplementary Figure S5D), and its
NMR spectra in interaction with oligosaccharides do not suggest
dimerization upon interaction. The monomeric form was thus consid-
ered for docking. Furthermore, CXCL12y has two HS binding sites
in the protein core and in the disordered C-terminus. Oligosaccharide
binding to the chemokine core domain was considered only, for
docking, in order to compare with CXCL12a.

The best models are shown in Figure 3. The orientation of the
dp6 with respect to the protein is slightly different due to the dimeric
and monomeric natures of CXCL12« and CXCL12y, respectively,
which create different binding surfaces. As expected from the CSP
observed on the proteins (Supplementary Figure S6) as well as from
previous NMR and mutational studies, the same residues of both
proteins are involved in HS binding, primarily on g1 strand (Sadir
et al. 2001; Laguri et al. 2007, 2011). The reducing end IdoA2S,
which shows high CSP in dpé°, is located at the same position
in CXCL12«a and CXCL12y, in contact with K24, R41 and K27
(Supplementary Figure S7). The NMR data, associated with the mod-
els of the two complexes, clearly underline the importance of the
reducing end IdoA2S that contacts residues K24 and K27, which are
essential for HS binding (Sadir et al. 2001).

Influence of epimerization on binding to CXCL12«

We next investigated another hexasaccharide produced (dp6?), pre-
senting a GIcA2S instead of an IdoA2S at position 3. It offers a
unique opportunity to observe the influence of the epimerization
state at that position on CXCL12« binding. CSPs pattern upon
CXCL12« addition to dp6? is similar to that of dp6°, but also
showed additional perturbation on the GIcNS preceding the second
GlcA (Supplementary Figure S4). Docking of dp6* to CXCL12«
following the same docking protocol allows comparison of the
two complexes. Models containing dp6> present more extensive
intermolecular contacts than with dp6°, better physical energy and
convergence of solutions, indicating an overall better model than with
dp6’ (Supplementary Figure S7 and Supplementary Table SIII). The
2-O-sulfate position in IdoA2S, which points toward the solvent, is
flipped by 180° in GIcA2S so that, together with the sulfo groups of
the consecutive GIcNS, it is inserted into the groove formed at the
CXCL12« dimer interface (Figure 4 and Supplementary Figure S7),
interacting with the K24, K27 and R41 residues of one monomer.
Such reorientation did not affect the reducing end IdoA2S at position
5, which still interacts with K24, K27 and R41 on the other monomer.
The ability of this oligosaccharide to extensively bind the two K24,
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Fig. 2. Interaction of four different tetrasaccharides with CXCL12y. (A) NMR spectra of dp4'4 upon CXCL12y addition. (B) Chemical shift variations of the
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oligosaccharides visualized on the oligosaccharides structures in magenta, with an asterisk showing 6-sulfates and the arrow showing additional CSP induced

K27, R41 sites located at the CXCL12« dimer interface explains it

forms a better complex than dp6°.

Discussion

The increased availability of libraries of HS oligosaccharides is key

to the understanding of protein—-HS recognition (Hsieh et al. 2014;
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Lu et al. 2018). Here, we can investigate at the molecular level the
influence of both the position of a sulfate group and the epimerization
level in binding, thanks to '3C-labeled oligosaccharides displaying
different modification patterns. CXCL12 core domain, either in
CXCL12a or CXCL12y, recognizes primarily an IdoA2S residue
penultimate to the reducing end (in dp6?, dp6°, dp4' and dp4?) that
establishes contacts with residues important for HS binding (K24,
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R41). Addition of a 6-sulfate group in the preceding glucosamine
residue (position 4, Figure 4, see also dp4?) does not increase binding
as it would point to the solvent in the model (Figure 4, bottom).
Similarly, the IdoA2S sulfo group (position 3) in dp6° points towards
the solvent and does not contribute to binding. In dp6?, change of
the IdoA2S to GIcA2S at this position inverts the conformation of
the sugar and enables insertion of the 2-O-sulfate as well as the
preceding GIecNS sulfo groups into a cluster of basic amino acids,
leading to a better interaction energy compared with dp6°, although
both hexasaccharides have the same number of sulfate groups.

The model suggests that GlcA2S-GleNS-IdoA2S-GIcNS motif
might possess a good specificity for CXCL12« and could initiate
rational optimization of this basic motif. The GIcNS (position 4 in
Figure 4) does not establish contacts in the complex and might be
replaced by a GIcNAc to reduce interactions with other HS-binding
proteins, and a GIcNS6S at position 2 might provide additional
interactions (with R41, Figure 4). Such an oligosaccharide could
represent a good starting point for designing a specific inhibitor of
CXCL12-CXCR4 axis, for possible applications in cancer research
(Xue et al. 2017).
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Fig. 4. Effect of epimerization on CXCL12« binding. GIcA2S in dp6? (top)
allows insertion of three sulfate groups into the basic groove, compared
with dp6° (bottom). Black and orange asterisks represent unnecessary or
advantageous sulfo groups, respectively. Note that the reducing end sugar
is on the left side in that figure.

The methodology we described here could be applied to many
functionally important HS-binding proteins (cytokines, growth
factors, etc.). It was also tested with the CXCL12 homolog in
Danio rerio, CXCL12A (Supplementary Figure S8) (Boldajipour
etal.2011). On the contrary to CXCL12a or CXCL12y, interaction
with dp4'~* showed no preference for IdoA2S residue, but rather for
dp4* containing two GIcNS6S, and a poor interaction with dpé°,
further illustrating the importance of structural investigations in
the field of protein-HS interaction. Our observations support the
postulate that the 3D arrangement of the oligosaccharide (Kjellén
and Lindahl 2018) and hence the way it presents it sulfate groups
to a given protein motif (flat motif, grooved motif), rather than the
overall number of sulfo groups, is key to the recognition process.

Material and methods

Preparation of proteins

Mus musculus CXCL12a, CXCL12y and D. rerio stromal cell
derived factor (SDF1A) were expressed '"N-labeled and purified
as described (Laguri et al. 2007, 2011; Boldajipour et al. 2011).
Human maltose binding protein (MBP)-C5-epi and MBP-2-OSTs,
His6-Aryl sulfotransferase IV were expressed and purified as
previously described (Préchoux et al. 2015). M. musculus 6-OST1
gene (corresponding to residues 53-401) was cloned between Ndel
and BamHI restriction sites into a pMal-C5e plasmid (New England
Biolabs). MBP-60ST1 is expressed in E. coli Origami B cells (NEB)
containing the pGro7 plasmid (Takara) coding for the GroEL protein.

Transformed cells were grown in Luria-Bertani (LB) medium until
an OD600 of 0.6 and protein production was induced with 0.5 mM
isopropylthiogalactoside (IPTG) and 1mg/mL arabinose at 22°C
Overnight. Purification by amylose affinity was identical to CS5-epi
purification.

Heparosan purification and chemo-enzymatic
modifications

13C-labeled heparosan is purified from E. coli K5 grown in M9 min-
imal medium supplemented with *C glucose as previously described
(Laguri et al. 2011; Préchoux et al. 2015). N-sulfation is achieved
by successive N-deacetylation and N-resulfation as described. Enzy-
matic reactions were performed at 25°C with 1 mg/mL of poly- or
oligosaccharides in 25 mM 2-morpholinoethanesulfonic acid (MES),
5 mM CaCl,, pH 7 buffer in presence of the 3’-phosphoadénosine
5’-phosphosulfate (PAPS) regeneration system (100 pM (Adenosine
3/,5'-diphosphate)(Merck) PAP, 10 mM potassium 4-nitrophenyl
sulfate (PNPS) and 15 pg/mL of aryl sulfotransferase aryl sulfotrans-
ferase (AST) IV). For CS-epimerization 2-O-sulfation steps, Cs-epi
and 20ST were added at 30 and 80 pg/mL, respectively, until a
level of IdoA2S content of about 60% was reached, a condition
that also gives rise to a low amount of GlcA2S. 6-O-sulfation step
was applied with 180 pg/mL of protein in the reaction mixture.
Enzymatic reactions were typically incubated for up to 4 days. Poly-
and oligosaccharides were desalted using two G25 (GE Healthcare)
in-line Hitrap G25 desalting columns equilibrated in Milli Q water.
Desalting was done before and after enzymatic reactions and fol-
lowed by freeze-drying. Oligosaccharides are purified according to
their size on two consecutive superdex peptide 10/300GL columns
(GE Healthcare) equilibrated in phosphate-buffered saline buffer and
according to their charge on analytical Propac-PA1 anion-exchange
HPLC column (Thermo Scientific) equilibrated in HPLC grade water
at pH 3.5 and eluted with a gradient of NaCl up to 2 M, pooled
desalted and freeze-dried.

NMR spectroscopy

NMR experiments were recorded on an 850 MHz Bruker Avance
III spectrometer equipped with a sample changer and a TCI
1.7mm cryoprobe. Experiments were processed with Topspin3.2
and analyzed with ccpnmr. For assignment, 2.5 mg/mL samples of
each oligosaccharide were prepared and its composition was assessed
by 2D 3C-edited 'H-'H total correlated spectroscopy (TOCSY)
experiments. Oligosaccharides at 50 pM in 20 mM NaH, POy,
150 mM NaCl and 0.5 mM ethylenediaminetetraacetic acid (EDTA),
pH 6 buffer at 25°C were titrated with increasing protein quantities
in the same buffer in 10 or 100% D,O. C-'H heteronuclear
single quantum coherence spectroscopy (HSQC) and "N-'H band-
selective optimized flip angle short transient (SOFAST) heteronuclear
multi quantum coherence spectroscopy (HMQC) were recorded
for monitoring of sugars and proteins, respectively. Combined
heteronuclear chemical shifts are expressed in hertz according to the

expression §Hz = J((&lH)Z + (SX X %)2), with X being either
BC or “N and y the gyromagnetic ratio. HCCONH, CCONH,
HCCH-TOCSY, methyl-methyl specific nuclear overhauser effect
spectroscopy (NOESY), *C-edited 'H-'H HSQC NOESY, *N-
edited '"H-"H NOESY (150 ms mixing time) experiments used for
side chain assignment and structure determination were recorded

on 600 and 700 MHz spectrometers equipped with Smm TCI
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cryoprobes on BC-*N CXCL12y at 1 mM in 20 mM NaH,POy4
pH 5.7 at 30°C.

NMR structure of CXCL12y

CXCL12y 3D structure was determined with Aria2 (Rieping et al.
2007) software using standard assignment and annealing protocols.
The disordered C-terminal extension (residues 70-98) assignments
were excluded from the calculation to avoid wrong NOESY peak
assignments. The final 20 best structures refined in explicit water
were deposited in the PDB under accession number 6EHZ and
NMR resonances in the biological magnetic resonance bank (BMRB)
(34176).

HADDOCK modeling of HS—protein complexes
Oligosaccharides structures are generated as already reported
(Schanda et al. 2014) with the GLYCAN tool (haddock.science.uu.
nl/enmr/services/ GLYCANS/) with phi and psi angle of the glycosidic
bonds according to values published for heparin (Khan et al. 2013)
using crystallography and NMR system (CNS) (Brunger et al. 1998)
and refined in water. The structure generated was submitted to a
simulated annealing protocol using CNS, and the 10 best energy
structures were retained for the docking protocol. The structure
including residues 7-67 of CXCL12a (2NWG) refined in explicit
water (Laguri et al. 2011) and the structure of CXCL12y determined
in this work PDB:6EHZ were used for docking. Residues defined as
active were selected if CSP was higher than one standard deviation for
all CSP in the case of sugars and higher than two times the standard
deviation for proteins (Supplementary Table SII). Initial rigid body
docking generated 10,000 structures, 2500 structures went through
initial minimization and 200 structures for final minimization in
explicit water. Structures were clustered with a 3 A root-mean-square
deviation (RMSD) cutoff and five structures minimum by cluster. Best
HADDOCK energy cluster was retained and statistics presented in
Supplementary Table SIIIL.

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.
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