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ABSTRACT: An integrated methodology is described to
establish ligand requirements for heparan sulfate (HS) binding
proteins based on a workflow in which HS octasaccharides are
produced by partial enzymatic degradation of natural HS
followed by size exclusion purification, affinity enrichment
using an immobilized HS-binding protein of interest, putative
structure determination of isolated compounds by a hydro-
philic interaction chromatography—high-resolution mass spec-
trometry platform, and chemical synthesis of well-defined HS
oligosaccharides for structure—activity relationship studies.
The methodology was used to establish the ligand require-

heparan sulfate

1. heparanase III digestion

2. size exclusion chromatography

3. affinity purification

4. chemical derivation and MS/MS analysis
5. modular octaccharide synthesis
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ments of human Roundabout receptor 1 (Robol), which is involved in a number of developmental processes. Mass
spectrometric analysis of the starting octasaccharide mixture and the Robo1l-bound fraction indicated that Robol has a preference
for a specific set of structures. Further analysis was performed by sequential permethylation, desulfation, and
pertrideuteroacetylation followed by online separation and structural analysis by MS/MS. Sequences of tetrasaccharides could
be deduced from the data, and by combining the compositional and sequence data, a putative octasaccharide ligand could be
proposed (GIA-GIcNS6S-1doA-GlcNS-IdoA2S-GlcNS6S-IdoA-GIcNAc6S). A modular synthetic approach was employed to
prepare the target compound, and binding studies by surface plasmon resonance (SPR) confirmed it to be a high affinity ligand
for Robol. Further studies with a number of tetrasaccharides confirmed that sulfate esters at C-6 are critical for binding, whereas
such functionalities at C-2 substantially reduce binding. High affinity ligands were able to reverse a reduction in endothelial cell

migration induced by Slit2-Robol signaling.

B INTRODUCTION

Heparan sulfate (HS) is a highly complex and structurally
diverse polysaccharide that is expressed by virtually all
mammalian cell types." The interaction between proteins and
HS is critical for many biological processes including cell—cell
and cell-matrix interactions, cell migration and proliferation,
growth factor sequestration, chemokine and cytokine activa-
tion,” and tissue morphogenesis during embryonic develop-
ment.” In addition, many pathogens including bacteria, viruses,
and parasites attack host cells by binding to HS, which is often a
decisive factor for infection.* There is data to support that HS
encodes information within its chains by imparting an ability to
selectively bind proteins, thereby regulating biological and
disease processes.”

The biosynthesis of HS is initiated by the addition of a
GIcNAc moiety to the tetrasaccharide GlcAf1-3Galf1-3Galf1-
4Xylp1 that is linked to a serine residue of proteoglycan core
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proteins such as syndecans and glypicans.”” Chain elongation is
carried out by members of the EXT gene family, which
alternately add GlcNAc and GIcA residues. Discrete regions of
the resulting heparosan polymer are then modified by N-
deacetylase/N-sulfotransferases (NDSTs) to replace N-acetyl
groups by N-sulfates. Next, regions of N-sulfation are further
modified by a C-5 epimerase, which converts GlcA to IdoA,
which is followed by O-sulfation by iduronosyl 2-O-
sulfotransferase (HS2ST), glucosaminyl 6-O-sulfotransferases
(HS6STs), and 3-O-sulfotransferases (HS3STs). At the cell
surface, HS can be further remodeled by sulfatases that remove
6-O-sulfate esters and heparanases that cleave HS chains.’

HS modifications occur in distinct regions and are often
incomplete resulting in at least 20 different HS-disaccharide
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Figure 1. Composition analysis of the octasaccharide mixture, the GFP-bound fraction, and the Robol-bound fraction. Each composition is given as
follows: [AHexA, HexA, GlcN, Ac, SO;]. Abundances are relative to the overall amount of HS detected in that sample and are not directly
comparable between samples. Inset: An enlarged view of the region with the most abundant compositions; the four compositions only observed
significantly in the Robol-bound fraction are indicated by red arrows, with the largest amount of specific binding being detected for the composition

(1,34,1,7].

moieties, which can be combined in different manners creating
considerable structural diversity. Analyses of HS isolated from
different mammalian tissues indicate the existence of tissue-
specific compositions.*>® Furthermore, immuno-histochemical
analyses using antibodies that recognize specific HS-epitopes
indicate that unique patterns of HS-motifs occur within tissues.
Alteration in HS expression has been associated with disease,”
and for example, significant changes in the composition of
proteoglycans occur in the stroma surrounding tumors, which
appear to support tumor growth and invasion. These
observations support a model in which HS structural diversity
is not random but regulated in a context-dependent manner.
Such regulation may be a result of the selective expression of
isoforms of enzymes, their substrate specificities, and formation
of enzyme complexes.

Although there is support for the existence of a so-called “HS
interactome”,® ligand requirements of HS-binding proteins have
been defined for only a few HS-binding proteins.” The latter is
due to lack of technologies that can readily and reliably
determine ligand requirements of such proteins.” Here, we
report an integrated methodology to determine ligand
requirements for HS binding proteins based on a workflow in
which (i) a mixture of HS octasaccharides is produced by
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partial enzymatic degradation of natural HS followed by size
exclusion purification; (ii) affinity purification of HS-
oligosaccharides uses a HS-binding protein of interest; (ii)
putative structure determination of isolated compounds is done
by a hydrophilic interaction chromatography—high-resolution
mass spectrometry (HILIC-HRMS) platform, and (iv)
chemical synthesis of well-defined HS oligosaccharides is
performed for structure—activity relationship (SAR) studies.

The new integrated methodology was employed to
determine ligand requirements for the HS-binding protein
Roundabout receptor 1 (Robol). In most tissues, control of
cell migration and cell—cell interaction is of critical importance
for the development of functional structures. Several families of
secreted molecules have been implicated in regulating these
development processes including the Slit proteins and their
Robo receptors.'’ Initially, these proteins were implicated in
axon guidance by providing repulsive cues during the assembly
of the nervous system. Recent studies indicate that the Slit/
Robo signaling is also involved in muscle precursor cell
migration, leukocyte and hematopoietic stem cell trafficking,
and development of lung, kidney, heart, and diaphragm.'' They
also play roles in disease processes such as inflammation, tumor
metastasis, and angiogenesis.12
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Table 1. Chemical Derivatization and Identification of Tetrasaccharide Sequences from the Chemically Derivatized HS-

Octasaccharides in the Robol-Bound Fraction
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d-HexA-GlcNS3S-HexA-GlcNS-ol 986.451 [1,1,2,0,3]
d-HexA-GlcNS3S-HexA-GlcNAc-ol 983.433 [1,1,2,1,2]
d-HexA-GlcNS-HexA-GlcNS-ol 969.453 [1,1,2,0,2]
d-HexA-GlcNS-HexA-GlcNAc-ol

d-HexA-GlcNAc-HexA-GlcNS-ol 966.434 (£.1,2,1,1]
d-HexA-GlcNAc-HexA-GlcNAc-ol 963.416 [1,1,2,2,0]
d-HexA-GlcNAc6S-HexA-GlcN-ol
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Genetic and biological studies have shown that Slit/Robo
function critically depends on HS as a coreceptor, and there are
data that indicate that Slit/Robo/HS signaling involves the
formation of a ternary complex.'”"® While crystallographic
studies and structure-based mutagenes1s have identified
residues of Robo involved in HS binding, " little is known
about its hgand requirements. Surface plasmon resonance
(SPR) analysis'® using chemically modified heparin indicated
that N-sulfo and 6-O-sulfo groups are important for HS—Robol
interactions. Further exploration of the specific structure was
impeded by the heterogeneity of HS and lack of ex-vivo tools.

B RESULTS AND DISCUSSION

Affinity-Purified and Structural Identification of
Bound HS-Octasaccharides. A mixture of natural HS
oligosaccharides was prepared by partial enzymatic digestion
of HS (Celsus Laboratories) with heparinase III followed by
purification by size exclusion column chromatography using a
Bio-Gel P-10 column. The starting material is resistant to
heparinase I (specific to heparin), and therefore oligosacchar-
ides were generated using heparinase III (specific to HS) to
ensure generation of an oligosaccharide mixture with
compositions consistent with HS.'> Octosaccharides (dp8)
were retrieved to identify compounds that can selectively bind
to Robol. It was anticipated that such oligosaccharides are
structurally sufficiently diverse to contain potentially unusual
epitopes yet not too large for structural analysis. Furthermore,
for other HS binding proteins such as FGF2, dp8
ohgosaccharldes can recapitulate full biology by forming ternary
complexes.'® An affinity resin was prepared by binding of a
biotinylated fusion protein of human Robol and GFP to a
streptavidin—ei}garose column. Recently, it was shown that GFP
can bind HS,'” and therefore an additional affinity resin for HS
depletion was prepared containing biotinylated GFP alone.
First, the natural HS mixture was passed through the GFP
depletion column in a low-salt buffer (0.15 M NH,OAc, pH
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7.4) to capture GFP-binding HS sequences, and the unbound
flow-through and low-salt wash was collected. The bound
compounds were released by employing a high-salt buffer (2 M
NH,OAc, pH 7.4). The unbound flow through was applied to
the Robol-GFP fusion affinity column, and the bound
compounds were released by using the high-salt buffer.
Compositional differences between the octasaccharides in the
starting mixture and the GFP and Robol-bound fractions were
determined by HILIC—HRMS.'® Analysis of the data using the
software package GlycReSoft'” gave four dp8 compositions,
[1,3,4,0,8], [1,3,4,1,7], [1,3,4,1,8], and [1,3,4,2,6], that were
highly enriched in the Robol-bound fraction (Figure 1),
indicating that Robol has a preference for a specific set of
structures. The most enriched composition was [1,3,4,1,7] that
was present as only a very minor component in the starting dp8
mixture and the GFP-bound fraction.

Although the compositional analysis provides useful
information about the ligand requirements of Robol, the
identified compositions represent too large a number of
isomeric compounds to guide chemical synthesis of putative
ligands. Therefore, the Robol-binding octasaccharides were
further analyzed by sequential permethylation, desulfation, and
pertrideuteroacetylation followed by online separation and
structural analysis by MS/MS.”* By replacing the polar and
labile sulfates with much more stable and hydrophobic
trideuteroacetyl groups, oligosaccharides were obtained that
could be separated by reverse-phase capillary HPLC and
fragmented by MS/MS without loss of information on sites of
modification. The structural complexity of HS oligosaccharides
increases exponentially as oligosaccharides become larger, and
therefore manual interpretation of MS/MS spectra and
identification of isomeric sequences is challenging. Therefore,
an in-house developed program (GAG-ID) was used to
facilitate data analysis with all final assignments performed
manually.”! An overview of the GAG-ID program is shown in
the Supporting Information (Figures SI and S2).
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Scheme 1. Octasaccharide Synthesis”
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“Reagents and conditions: (a) TfOH, HO(CH,)sNBnCbz, toluene/dioxane (1/3, v/v), =30 °C, 56%; (b) (i) Zn, AcOH, DCM; (ii) TCACI, THF,
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No specific oligosaccharide sequences of any length could be comprehensive dp4 database to give 24 manually verified
identified with confidence from the GFP-bound fraction, tetrasaccharides as top hits spread across 13 compositions
probably due to a lack of specificity for binding any particular
structures. Also, no sequences could be identified with
confidence in the theoretical dp8 or dp6 databases, and no
specific dp8 or dp6 sequences were seen by manual analysis of

(Table 1). A representative example of an identified partial
sequence is shown in Figure S3. Previous studies using

synthetic oligosaccharide standards have shown that p-

the Robol-bound fraction. Confident identifications could, elimination can occur during the permethylation step,
however, be made when the data were searched against a generating shorter sequences.”” The generated tetrasaccharides
13062 DOI: 10.1021/jacs.6b08161
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represent partial sequences of the original octasaccharides,
which are valuable for structure identification.

At least 256 tetrasaccharide sequences (not considering
uronic acid epimerization) are possible, and only a small subset
was observed in the Robol affinity purified material. The
identified partial sequences revealed very few GIcNH, (GlcN)
residues and none with more than one GIcN in a
tetrasaccharide sequence. Sulfation was generally much higher
in the partial sequences than in the starting material, with all
sulfation sites represented in at least one partial sequence,
including the rare 3-O-sulfation of GIcNS. The vast majority of
the partial sequences contained at least one GIcNS. Contrary to
the canonical repetitive domain structure often represented to
dominate GAG sequences, most of the partial sequences
identified contained nonrepetitive structures. Because of the
overlapping enrichment of the moderately sulfated octasac-
charides on the Robo-GFP fusion column compared with the
GFP depletion column, we focused on partial sequences that
could be derived from the highly sulfated compositions that
were preferentially enriched only on the Robol-GFP column.

A putative octasaccharide ligand for Robol was proposed by
combining two identified tetrasaccharides to give octasacchar-
ide compositions equivalent to those that were identified by the
LC—MS compositional analysis to bind specifically to Robol
and not to GFP (Figure 1). The combination of the dp4
compositions [1,1,2,1,4] and [1,1,2,0,3] gives dp8 composition
[1,3,4,1,7], which was highly enriched in the Robol-bound
fraction. The tetrasaccharide sequences d-HexA2S-GIcNS6S-
HexA-GIcNAc6S-ol and d-HexA-GlcNS6S-HexA-GlcNS-ol
were chosen from dp4 compositions [1,1,2,1,4] and
[1,1,2,0,3] due to their high ion intensity in the LC—MS/MS
spectra. The internal HexA residue of the two tetrasaccharides
was assigned as IdoA due to the observed Z,/Y, ratio of ~0.3
(Figure S4). In this respect, previous studies have shown that a
Z,/Y, ratio of ~0.3 of tetrasaccharides is indicative of IdoA,
while a Z,/Y, ratio of ~0.9 is indicative of GlcA.*”"

Due to unsaturation at the nonreducing end that occurs
during the lyase cleavage, the nature of the central uronic acid
in the intact octasaccharide cannot be determined based on
MS/MS data. However, IdoA is much more likely to be
modified by 2-O-sulfation than GlcA, and therefore the internal
HexA2S residue was assigned as IdoA2S. Based on this
rationale, we propose d-HexA-GIcNS6S-IdoA-GIcNS-IdoA2S-
GIcNS6S-IdoA-GIcNAC6S as a potential ligand for Robol. The
dHexA at the nonreducing end of the octasaccharide was
assigned as GIcA for synthesis because heparinase III has a
strong preference for cleaving at this uronate. It is important to
note that the compositional and sequencing data indicate that
not one unique but a range of related octasaccharides may bind
with high affinity to Robol. However, it is likely that the
identified sequence contains structural elements important for
binding.

Chemical Synthesis of the Octasaccharide GIcA-
GIlcNS6S-1doA-GIcNS-IdoA2S5-GlcNS6S-IdoA-GIcNAC6S.
To validate whether the proposed octasaccharide is a ligand for
Robol, compound 1 was chemically synthesized for binding
and biological studies. A number of tetrasaccharides were also
prepared to determine which features of the octasaccharide are
important for binding and biological activity.

Several laboratories have successfully prepared relatively large
HS-oligosaccharides.”” These approaches are, however, mainly
focused on the preparation of compounds composed of the
same repeating unit and therefore are less suited to prepare HS

oligosaccharides for SAR studies. We are developing a modular
approach for HS oligosaccharide synthesis that uses a set of
building blocks that resemble the differently sulfated dis-
accharides found in HS.”**** These compounds can easily be
converted into glycosyl donors and acceptors for rapid
oligosaccharide assembly. The disaccharide building blocks
are modified by selectively removable levulinoyl esters (Lev)>*
at positions where eventually sulfates need to be installed
(Scheme 1). The anomeric center is protected as a TDS ether
and the C-4" hydroxyl as an Fmoc carbamate. Selective removal
of the latter protecting groups can give easy entry into glycosyl
donors and acceptors for oligosaccharide assembly. A limitation
of the methodology is that it does not allow the introduction of
an acetamido and N-sulfate in one compound. The latter is due
to the use of azido functions, which mask the amino groups and
are required for introducing a-glycosidic linkages. At the end of
a synthetic sequence, the azido groups are reduced and either
acetylated or sulfated. To differentiate N-substitutions, the
tricholoroacetyl group (TCA) was employed to protect the
amine that at the end of the synthetic sequence needs to be
converted into an acetamido moiety. To allow the installation
of an a-glycosidic linkage, the TCA was introduced in a
postglycosylation manner by reducing an azide to an amine
followed by tricholoroacetylation.

The targeted octasaccharide 1 was assembled from modular
disaccharides 2, 3, 4, and §,**° which could easily be converted
into glycosyl donors 6, 7, 8, and 9 using standard manipulations
(Scheme 1). Thus, a triflic acid mediated glycosylation of 6 with
S-amino-1-pentanol protected with N-benzyloxycarbonate and
N-benzyl groups gave spacer-modified 10 in a yield of 56% as a
separable mixture of a/f glycosides (a/f = 3/1). The azido
moiety of 10 was reduced by treatment with zinc and acetic
acid in dichoromethane to give an amine, which was protected
as a trichloroacetamide by reaction with trichloroacetyl chloride
(TCACI) in THF in the presence of sodium bicarbonate. The
Fmoc-protecting group was removed in situ by the addition of
Et;N to the reaction mixture to give glycosyl acceptor 11. The
latter compound was coupled with glycosyl donor 7 in the
presence of triflic acid as the activator to afford tetrasaccharide
12 as only the a-anomer in a yield of 54%. The modest yield
was attributed to the presence of the protected aminopentyl
linker, which in our experience lowers yields of glycosylations.
Furthermore, uronic acids are notoriously poor glycosyl
acceptors,” which is attenuated by the electron-withdrawing
groups at C-2 and C-6 of acceptor 11. The process of Fmoc
removal and glycosylation was repeated twice by employing
glycosyl donors 8 and 9 to give fully protected octasaccharide
16. In each glycosylation only the a-anomer was observed.

The selective conversion of the TCA function into an
acetamido group was a critical step for the preparation of 1.
This transformation is often performed by treatment with a
zinc/copper couple in acetic acid;*® however, in the case of
compound 16 this procedure gave a low yield of product.
Therefore, we explored an alternative strategy in which at a late
stage of modification all base labile protecting groups including
the TCA function are removed by base treatment followed by
selective N-acetylation and then reduction of the azides to
amines, which can then be selectively sulfated. Thus, the Lev
esters of 16 were selectively removed by treatment with
hydrazine acetate to give hydroxyls that were sulfated with
pyridinium trisulfate in DMF. The resulting compound was
treated with a mixture of H,O, and LiOH and then aq. NaOH
in THF to saponify all esters and remove the TCA group. The

DOI: 10.1021/jacs.6b08161
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Figure 3. SPR sensorgram representing the concentration-dependent kinetic analysis of the binding of 1 with immobilized Robol on a CMS chip.
Concentration of compound 1 (from top to bottom): 100, 80, 40, 20, 10, S, and 2.5 uM, fitted with a Langmuir 1:1 binding model (black lines).

resulting octasaccharide was treated with acetic anhydride and
triethyl amine in methanol to give partially modified
octasaccharide 17. The azido functions of 17 were reduction
by Staudinger reaction using PMe;, and the resulting amines
were N-sulfated employing pyridinium sulfate in THF in the
presence of Et;N and NaOH to give compound 18. The N-
sulfation took a rather longer time probably due to steric
hindrance. The final deprotection step entailed hydrogenation
over Pd(OH),/C in phosphate buffer to give, after purification
by P2 size exclusion column chromatography, compound 1.
Two-dimensional NMR experiments combined with high-
resolution ESI-MS confirmed the structural integrity of the
compound. The Jy_y coupling constants of seven anomeric
protons were between 3 and 4 Hz, indicating a-glycosidic
linkages, while the coupling constant of an anomeric proton at
4.46 ppm is 7.8 Hz indicating a f-glycosidic linkage for the
nonreducing glucuronic acid. Sites of sulfate esters were
identified by downfield shifts of ring protons (~0.4 ppm)
and carbons (~4 ppm). The H2 of N-acetyl glucosamine was
down shifted by 0.66 ppm compared with that of N-sulfated
glucosamines.

Binding and Biological Studies. Binding studies were
performed by surface plasmon resonance (SPR) to validate that
compound 1 is a high affinity ligand for Robol. Recombinant
Robol was immobilized on a CMS5 sensor chip surface having
NHS-activated carboxylic acid, and titration experiments were
performed with the synthetic octasaccharide. The titration
curves fit well to a Langmuir 1:1 binding mode, and a Ky, value
of 4.8 uM (Figure 3) was determined, which is comparable to
the previously reported binding to porcine intestinal heparin
(16 kDa, Langmuir 1:1 binding mode, Ky, value 0.65 uM)."?

Six tetrasaccharides were synthesized to further study the
ligand requirements of Robol. SPR measurements for IdoA-
GIcNS6S-IdoA-GIcNS6S (19) gave a Ky value of ~20 uM.
Interestingly, two other tetrasaccharides that have the same
backbone but additional 2-O-sulfate ester(s) (IdoA-GIcNS6S-
1doA2S-GIcNS6S, 20, and IdoA2S-GIcNS6S-1doA2S-GIcNS6S,
21) exhibited much reduced binding (see Table S1 and Figure
SS). These studies indicate that 2-O-sulfation substantially
reduces the binding of Robol.
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Cell Migration Studies. Slit2 is a cognate ligand of Robol,
and the Slit2—Robol signaling pathway participates in
regulation of neuronal cell migration in development and
endothelial cell migration in angiogenesis.“b’27 Cell surface HS
enhances Slit2—Robol interaction, thereby facilitating signaling
pathway activation."'>'** Using a Boyden-chamber endothelial
cell migration system, we recently determined the regulatory
function of HS in Slit3—Robo4-mediated endothelial cell
migration.llb In the same assay system, supplementation of
Slit2 in the bottom chamber lowered the number of the
endothelial cells that had migrated from the upper chamber to
the lower chamber, indicating that Slit2—Robol signaling acts
as a repulsive signal to prevent endothelial cell migration in this
assay. To determine if the deduced Robol binding HS
structures modulate Slit2—Robo1 signaling in a cellular context,
the Robol-binding octasaccharide (1), the Robol-binding
tetrasaccharide IdoA-GIcNS6S-IdoA-GIcNS6S (19), and the
non-Robol-binding tetrasaccharide IdoA-GIcNS6S-IdoA2S-
GIcNS6S (20) were tested by cosupplementing with Slit2 in
the lower chamber in the assay (Figure 4). The addition of the
Robol-binding oligosaccharides 1 and 19, but not the non-
Robol-binding oligosaccharide 20, increased the number of
endothelial cells that migrated into the lower chamber side,
showing that the added Robol-binding oligosaccharides
inhibited Slit2—Robol signaling in the assay. This observation
suggests that mechanistically the synthesized Robol-binding
HS oligosaccharides compete with cell surface HS to disturb
cell surface Slit2—Robol—HS ternary complex formation,
thereby inhibiting Slit2—Robol signaling.

Bl CONCLUSION

Due to the complexity of HS and sequencing method
limitations, identification of high affinity ligands for HS-binding
proteins remains very challenging. We identified a putative
ligand for Robol by affinity enrichment of a mixture of natural
octasaccharide followed by compositional analysis by MS/MS
and sequence determination by sequential permethylation,
desulfation, and pertrideuteroacetylation followed by online
separation and structural analysis by MS/MS. The sequencing
method did not reveal any octasaccharide structures, probably
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Figure 4. Robol-binding octa- and tetrasaccharides reverted the
inhibition of Slit2—Robol signaling on mouse diaphragm endothelial
cell migration. Serum-starved immortalized mouse lung endothelial
cells in serum-free medium were seeded into the upper chamber of a
RTCA CIM-16 plate (ACEA Bioscences). Slit2 (1 ug/mL) without or
with oligosaccharide (S0 pg/mL) was supplemented in serum-free
medium in the lower chamber. Bovine serum albumin (BSA) was
included as a negative control of Slit2. The cell migration to the lower
side of the chamber membrane was monitored by a RTCA DP plate
reader (ACEA Biosciences). Statistical analysis was carried out using
two-tailed Student ¢ test.

due to f-elimination during the base-mediated permethylation
step, resulting in smaller fragments. Alternative methylation
conditions need to be developed that do not require strong
basic conditions so that the large HS fragments stay intact. The
analysis did, however, uncover structures of tetrasaccharides,
which represent partial sequences of the original octasacchar-
ides, and a putative sequence could be deduced by combining
the compositional data with the identified tetrasaccharide
sequences. The identified octasaccharide is mainly sulfated at
the C-6 position and contained only one C-2 sulfate ester.
Disaccharides that have only a sulfate ester at C-6 are relatively
rare in heparan sulfate, and the identified octasaccharide
contains multiple of such motifs indicating that a rare sequence
had been identified. The octasaccharide was prepared by a
modular approach in which properly protected disaccharide
donors, which resemble the differently sulfated structures found
in HS, can be assembled into complex structures. The
trichloroacetyl group was employed for postglycosylation
modification of amines that at a late stage of synthesis needed
to be converted into acetamido functions. Azides were used as
masking groups for those amines that eventually need to be
converted into N-sulfate derivatives. Binding studies using SPR
confirmed that the octasaccharide is a good ligand for Robol.
Further binding studies with a series of tetrasaccharides
confirmed that 6-O-sulfate esters are important for binding,
whereas such functionalities at C-2 are not well tolerated by the
protein. An interesting observation is, however, that the
identified octasaccharide and a number of partial tetrasacchar-
ide sequences (Table S1) contain a 2-O-sulfate ester. It is likely
that the distal part of the octasaccharide, which does not
contain a 2-O-sulfate ester, interacts with the main binding site
of Robol, and the proximal part that does contain such a
moiety makes peripheral interactions with the proteins. Future

structural studies will need to confirm the molecular basis of the
binding of Robol with the octa- and tetrasaccharides.

Cell biology experiments confirmed that biologically relevant
HS oligosaccharides have been identified. In this respect, it was
found that Slit2—Robol signaling acts as a repulsive signal to
prevent endothelial cell migration. Compounds that bind with
relatively high affinity to Robol could block a reduction in Slit-
mediated cell migration. It has been shown that relatively short
HS-oligosaccharides such as tetrasaccharides can block FGF2/
FGFR-mediated cell signaling, whereas longer oligosaccharides
such as octasaccharides are activators.'® For Slit2—Robol, it
appears that both tetra- and octasaccharides block cellular
activation. It is important to note that both Robol and Slit can
bind to heparan sulfate, and it cannot be excluded that the
synthetic compounds differentially interact with these proteins.

B EXPERIMENTAL SECTION

Materials. Green fluorescent protein (GFP)-tagged human Robol
(IG domains 1 and 2), termed Robo1-GFP, was prepared as previously
described.® Porcine intestinal heparan sulfate was purchased from
Celsus Laboratories (Cincinnati, OH). Heparinase III was purchased
from IBEX Technologies Inc. (Quebec, Canada). Gel filtration
columns and packing materials were purchased from Bio-Rad
(Hercules, CA) and packed as instructed by the manufacturer.

General Procedure for Glycosylation. Donor (1.2 equiv) and
acceptor (1.0 equiv) were coevaporated with toluene (3 X 3 mL) and
then dissolved in anhydrous DCM or toluene/dioxane (1/3, v/v) to
maintain a concentration of 0.05 M. Freshly activated powdered 4 A
molecular sieves were added, and the mixture was stirred for 30 min at
ambient temperature and then cooled to —20 °C. After adding TfOH
(1 equiv), the reaction mixture was stirred for 1 h and then quenched
by the addition of pyridine (S uL). The mixture was filtered; the
filtrate was concentrated under reduced pressure; and the residue was
purified by silica gel column chromatography using a gradient of
toluene and EtOAc (from 60/40 to 40/60, v/v) to give pure
compound.

General Procedure for Fmoc Removal. The mixture of fully
protected oligosaccharide in Et;N and DCM (20/80, v/v) was stirred
for 2 h until TLC indicated completion. Then the mixture was
concentrated under reduced pressure, and the residue was purified by
silica gel column chromatography using a gradient of hexanes and
EtOAc (from 60/40 to 40/60, v/v) to give the according acceptor.

Generation of a Mixture of HS Octasaccharides. A mixture of
HS octasaccharides was prepared by partial enzymatic digestion of
intact HS, followed by gel filtration purification. Briefly, 100 mg of HS
and 0.0S IU heparinase III were mixed in 1.5 mL buffer of 50 mM
sodium acetate and 04 mM calcium acetate. The solution was
incubated at 37 °C for a total of 48 h, with an additional aliquot of 0.05
IU heparinase III added after 24 h incubation. The enzyme digestion
was stopped by heating the solution at 100 °C for 10 min. The
depolymerized samples were subjected to gel filtration chromatog-
raphy on a Bio-Gel P-10 column (2.5 X 100 cm) using 10% ethanol
solution containing 1 M NaCl as a mobile phase to obtain
octasaccharide fractions, which was further desalted through a
Sephadex G-15 column (2.5 X S0 cm) and dried under vacuum.

Affinity Purification of HS Octasaccharides. Robol-GFP or
GFP were biotinylated by biotin-protein ligase (Avidity LLC, Aurora,
CO) based on the manufacturer’s protocol. Robol-GFP-biotin was
bound at 3.2 mg/mL on streptavidin-agarose resin (Thermo Scientific
Pierce, Rockford, IL). GFP-biotin was bound at 1.6 mg/mL on
streptavidin-agarose resin. Each resin (1 mL) was poured into empty
plastic columns and equilibrated in 0.15 M ammonium acetate buffer
(pH 7.4), designated as Robol-GFP column and GFP column,
respectively.

A mixture of HS octasaccharide (0.7—0.8 mg) in 1 mL of 0.15 M
ammonium acetate buffer was loaded to the GFP column, and the
column was capped and rotated at room temperature (RT) for 2 h.
After incubation, the flow-through fraction was collected and pooled
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with a wash of 3 mL of 0.15 M ammonium acetate (with final volume
of approximately 4 mL). The column was further washed by an
additional 10 mL of 0.15 M ammonium acetate. The bound HS
octasaccharides were eluted and collected in 8 mL of 2.0 M
ammonium acetate, being designated as GFP-bound fraction. The
collected flow-through and wash fraction in 4 mL of 0.1S M
ammonium acetate was loaded to the Robol-GFP column and rotated
at RT for 2 h. After incubation, the column was extensively washed by
10 mL of 0.15 M ammonium acetate. The bound HS octasaccharides
were eluted and collected in 8 mL of 2.0 M ammonium acetated, being
designated as Robol-bound fraction.

Hydrophilic Interaction Chromatography—High-Resolution
Mass Spectrometry. The HS octasaccharide mixture (referred to as
dp8 mixture), the GFP-bound fraction, and Robol-bound fraction
were subjected to hydrophilic interaction chromatography—high-
resolution mass spectrometry (HILIC—HRMS) for composition
analysis."® HILIC—HRMS was performed on a Thermo LTQ Orbitrap
XL instrument coupled with Surveyor HPLC System (Waltham, MA).
A homemade spray tip (0.08 X 130 mm) packed with amide-80
material (3 ym, TOSOH Biosciences) to 110 mm long was used for
LC separation. Buffer A was 80% 55 mM ammonium formate in water
(pH 4.4), and buffer B was prepared as 95% acetonitrile and 5% buffer
A. A linear gradient of 65 to 30% buffer B over 30 min was used, with a
flow rate of 135 pL/min per set for the pump delivering an actual
column flow rate between 0.3 and 0.4 yL/min after splitting. MS
analysis was performed in the Orbitrap analyzer in negative ion mode.
The dp8 mixture (S pg), GFP-bound fraction (estimated S ug), and
Robol-bound fraction (estimated S pig) were suspended in SO uL of
65% buffer B, and 10 L was loaded onto the amide-80 packed tip for
LC/MS analysis. LC/MS data were analyzed by GlycResoft"
following deconvolution using DeconTools (open source software
available at http://omics.pnl.gov/software/DeconTools.php).

Chemical Derivatization of Robo1-Bound HS Octasacchar-
ides. The Robol-bound fractions from the dp8 mixture were
subjected to the chemical derivatization protocol as described
previously.””® Briefly, the HS octasaccharides were first converted
into their triethylammonium (TEA) salt form and lyophilized. The
dried HS octasaccharide TEA salts were permethylated using sodium
hydroxide and methyl iodide in dimethyl sulfoxide (DMSO), followed
by desalting using a C18 Sep-Pak cartridge (Waters Co.) and
conversion to pyridinium salts. The pyridinium salts of the
permethylated products were resuspended in DMSO containing 10%
methanol and incubated for 4 h at 95 °C to remove the sulfate groups.
The dried desulfated products were then trideuteroacetylated by
incubating with Dg-acetic anhydride in pyridine at 50 °C overnight,
and solvent was dried under vacuum.

LC-MS/MS Analysis. Online LC separation of derivatized
octasaccharides was performed on a Thermo Finnigan Surveyor
HPLC System, using a homemade spray tip (0.08 X 130 mm) packed
with C18 resin (S yum, 300 A, Mettler-Toledo, LLC) to 110 mm long.
Buffer A was 0.1% formic acid in water with 1 mM sodium acetate, and
buffer B was prepared as 80% acetonitrile/water with 0.1% formic acid
and 1 mM sodium acetate. A linear gradient of 20%—100% buffer B
over 80 min was used, with a flow rate of 135 yL/min set for the pump
delivering an actual column flow rate between 0.3 and 0.4 pL/min
after splitting. The derivatized Robol-bound HS octasaccharides were
suspended in 10 uL of 20% buffer B, and S uL was loaded onto the
C18-packed tip for LC-MS/MS analysis.

Mass spectrometry was performed on a Thermo LTQ Orbitrap XL
instrument (Waltham, MA). Both full MS and CID-MS/MS spectra
were acquired by Orbitrap in positive ion mode. A data-dependent
MS/MS method was used, with the top six abundant precursor ions
selected, to trigger CID-MS/MS fragmentation. Instrument parame-
ters were set as spray voltage at 1—2 kV, capillary voltage at 40 V, tube
lens at 80 V, and capillary temperature at 250 °C. The collision energy
for CID fragmentation was set at 40 V.

Automatic Sequencing by GAG-ID. An automatic sequencing
program, GAG-ID (Figure S1), has been developed in our lab for the
chemical derivatization based LC-MS/MS structural analysis of
heparin/HS oligosaccharides, which use a database specifically

designed for derivatized heparin/HS oligosaccharides (Figure S2). A
theoretical database for oligosaccharides with different lengths can be
generated as illustrated in Figure S2A, with theoretical mass for each
residue listed in Figure S2B. Both saturated and unsaturated
nonreducing ends are considered, while the reducing end can be
either reduced or nonreduced before the sequential derivatizations
(permethylation, desulfation, and trideutero-acetylation). For a
glucosamine residue, the relatively rare 3-O-sulfation is also considered
in addition to regular modifications, which presents as GIcNS3S or
GIcNS3S6S in the current version of GAG-ID. Sequential glycosidic-
bond cleavage fragments, B, Y, C, and Z ions (as illustrated in Figure
§2C), as well as commonly observed neutral losses for derivatized
GAGs;, are also calculated to generate theoretical fragment lists. Each
isomeric sequence under the same mass entry has its own fragment
list, which can be used to match against the experimental MS/MS peak
list, and a score would be calculated based on the number and relative
intensity of the matched product ions.

SPR Binding Experiments. The binding interaction between
different compounds and Robol was examined by SPR using a Biacore
T100 instrument (Biacore Inc, GE Healthcare, USA). Robol was
immobilized on a CMS sensor chip (Biacore Inc.,, GE Healthcare) by
standard amine coupling using an amine coupling kit. The surface was
activated using freshly mixed N-hydroxysuccimide (NHS; 100 mM)
and 1-(3-(dimethylamino)propyl)-ethylcarbodiimide (EDC; 391 mM)
(1/1, v/v) in water. Next, Robol (100 ug/mL) in aqueous NaOAc
(10 mM, pH 5.0) was passed over the chip surface until a ligand
density of approximately 2800 RU was achieved. The remaining active
esters were quenched by aqueous ethanolamine (1.0 M, pH 8.5). The
control flow cell was activated with NHS and EDC followed by
immediate quenching with ethanolamine. HBS-EP (0.01 M HEPES,
150 mM NaCl, 3 mM EDTA, 0.005% polysorbate 20; pH 7.4) was
used as the running buffer for the immobilization and kinetic studies. A
serial dilution of each compound in HBS-EP buffer and a 30 yL/min
flow rate were employed for association and dissociation at a constant
temperature of 25 °C. The surface was regenerated by a 30 s injection
of aqueous NaCl (2.0M) at a flow rate of 30 uL/min. Data were fitted
to a 1:1 binding model using BIAcore T100 evaluation software to
obtain the equilibrium constant (Kp) data.

Cell Migration Assay. 80—90% confluent immortalized mouse
diaphragmatic endothelial cells were starved for 9 h in DMEM. Then
20 000 cells were loaded to each well of a RTCA CIM-16 plate (ACEA
Biosciences), and cell migration was monitored by a RTCA DP plate
reader (ACEA Biosciences). Both top and bottom chambers contain
DMEM (no serum added). In the bottom chamber, 1 ug/mL of BSA
or Slit2 and/or 50 pig/mL indicated saccharides were added.
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