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Abstract

Heparan sulfates (HS) are linear sulfated polysaccharides that modulate a wide range of 

physiological and disease-processes. Variations in HS epimerization and sulfation provide 

enormous structural diversity, which is believed to underpin protein binding and regulatory 

properties. The ligand requirements of HS-binding proteins have, however, been defined in only a 

few cases. We describe here a synthetic methodology that can rapidly provide a library of well-

defined HS oligosaccharides. It is based on the use of modular disaccharides to assemble several 

selectively protected tetrasaccharides that were subjected to selective chemical modifications such 

as regioselective O- and N-sulfation and selective desulfation. A number of the resulting 

compounds were subjected to enzymatic modifications by 3-O-sulfotransferases-1 (3-OST1) to 

provide 3-O-sulfated derivatives. The various approaches for diversification allowed one 

tetrasaccharide to be converted into 12 differently sulfated derivatives. By employing 

tetrasaccharides with different backbone compositions, a library of 47 HS-oligosaccharides was 

prepared and the resulting compounds were used to construct a HS microarray. The ligand 

requirements of a number of HS-binding proteins including fibroblast growth factor 2 (FGF-2), 

and the chemokines CCL2, CCL5, CCL7, CCL13, CXCL8, and CXCL10 were examined using 

the array. Although all proteins recognized multiple compounds, they exhibited clear differences in 

structure–binding characteristics. The HS microarray data guided the selection of compounds that 
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could interfere in biological processes such as cell proliferation. Although the library does not 

cover the entire chemical space of HS-tetrasaccharides, the binding data support a notion that 

changes in cell surface HS composition can modulate protein function.

Graphical abstract

INTRODUCTION

Heparan sulfates (HS) are linear O- and N-sulfated polysaccharides that reside on the cell 

surface and in the extracellular matrix (ECM) of virtually all mammalian tissue types1 where 

they interact with numerous signaling proteins, growth factors and ECM components.2 The 

interaction between HS and proteins is critical for many biological processes including cell–

cell and cell–matrix interactions, cell migration and proliferation, growth factor 

sequestration, chemokine and cytokine activation,3 and tissue morphogenesis during 

embryonic development.4 Alteration in HS expression has been associated with disease,5 

and for example, significant changes in the composition of proteoglycans occur in the 

stroma surrounding tumors, which supports tumor growth and invasion. Many pathogens 

including bacteria, viruses, and parasites attack host cells by binding to HS, which is often a 

decisive factor for infection.6

HS chains are assembled in the Golgi apparatus on core proteins by initially forming a linear 

polymer composed of alternating N-acetyl-D-glucosamine (GlcNAc) and D-glucuronic acid 

(GlcA) moieties.7 The resulting polymer is modified by a series of processing reactions 

involving N-deacetylation, N-sulfation, epimerization of GlcA to L-iduronic acid (IdoA), 

and O-sulfation resulting in relatively short segments that are sulfated interspersed by 

regions of unmodified sugars. The considerable structural complexity of HS arises from 

incomplete sulfation and epimerization leading to at least 20 different disaccharide moieties. 

Analyses of HS isolated from different mammalian tissues indicate the existence of tissue-

specific compositions. Furthermore, immunohistochemical analysis using antibodies that 

recognize specific HS-epitopes have uncovered unique patterns of HS-motifs within tissues.8 

These observations support a model in which HS structural diversity is not random, but 

regulated in a context dependent manner, which makes it possible to recruit specific binding 

partners leading to specific physiological or disease processes.

Although it is widely accepted that HS is an information-rich polymer, the oligosaccharide 

structures that mediates particular biological processes has been defined in only a few 

cases.7 This stems from the fact that HS is structurally very complex arising from a complex 

biosynthetic pathway. Lack of structure–activity relationships for HS-binding proteins 

makes it difficult to understand the physiology and pathology of HS at a molecular level and 

greatly complicates harnessing its therapeutic potential.
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Glycoarrays are emerging as a key glycomics technology because they require only very 

small amounts of oligosaccharides for fast and systematic evaluation of carbohydrate–

protein interactions.9 The development of HS oligosaccharide arrays has, however, been 

stymied by the difficulties of preparing large collections of these compounds10 and 

previously reported HS arrays contained relatively small numbers of compounds that can not 

provide detailed structure–activity relationships.11 To address this deficiency, we describe 

here a synthetic methodology that can provide large numbers of differently sulfated HS 

oligosaccharides by selective sulfation of hydroxyls and amines of a limited number of 

tetrasaccharides prepared by a modular approach. It readily provided an unprecedented 

library of 47 HS-oligosaccharides, which were used for the development of a microarray. 

The HS microarray was employed to examine ligand requirements of a number of HS-

binding proteins including fibroblast growth factor 2 (FGF-2), the chemokines CCL2, 

CCL5, CCL7, CCL13, CXCL8, and CXCL10. Although each protein recognized multiple 

compounds, it was found that different HS-binding proteins exhibit different structure–

binding relationships. The HS microarray data made it possible to select compounds that can 

interfere in biological processes such as growth factor induced cell proliferation. Although 

the library does not cover the entire chemical space of HS-tetrasaccharides, the array data 

support a notion that changes in cell surface HS composition can modulate protein function.

RESULTS AND DISCUSSION

A sufficiently large library of HS-tetrasaccharides was expected to provide an attractive 

means to determine structure–binding relationships for HS-binding proteins, which in turn 

would offer lead compounds that can interfere in cellular processes such as cell proliferation. 

An important motivation to prepare HS-tetrasacharides is that the potential structural 

diversity is of an order that was expected to be synthetically assessable. Although HS 

tetrasaccharides cannot mediate processes such as protein oligomerization, they can be 

complexed with high affinity.11g,12 Structural studies also support that HS-tetrasaccharides 

can provide representative ligands for HS binding proteins, and for example a crystal 

structure of a ternary FGF2-FGFR1-heparin octasaccharide13 showed that a tetrasaccharide 

fragment makes intimate contacts with FGF-2 whereas FGFR1 makes only direct 

interactions with a disaccharide component. A crystal structure of ROBO1 with a heparin 

octasaccharide also indicated that only a tetrasaccharide fragment makes intimate contacts 

with the protein.14 Larger HS-oligosaccharides are required for the formation of a ROBO1-

Slit1-HS complex. A heparin binding protein, such as antithrombin-III, requires a 

pentasaccharide for optimal binding and biological activity,15 however, shorter fragments 

can reveal structural elements important for binding and biological activity. Thus, a HS-

tetrasaccharide library was expected to be a useful resource for obtaining structure–binding 

relationships and begin to address whether different HS-binding proteins exhibit different 

preferences for HS-oligosaccharides.

We envisaged that selective sulfation of hydroxyls and amines of partially protected 

tetrasaccharides, prepared by a modular synthetic approach,16 should give access to 

numerous compounds for array development. The attraction of such a strategy is that one 

complex oligosaccharide, which requires a relatively large number of chemical steps for its 

preparation, can be employed for the synthesis of several different sulfates derivatives.
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First, tetrasaccharides 13–21 (Figure 1) were prepared by parallel combinatorial 

glycosylations of glycosyl donors 8–12 with glycosyl acceptors 1–716a to give in each case 

only the α-anomeric product in acceptable to good yields (13, 31%; 14, 51%; 15, 44%; 17, 

86%; 18, 58%; 19, 50%; 20, 42%; and 21, 77%). The resulting compounds differ in the 

composition of iduronic and glucuronic acids and the position of Lev esters. The latter 

functionality can selectively be cleaved with hydrazine acetate to give hydroxyls that can be 

sulfated using pyridinium sulfate. Reduction of the azides to amines, followed by sulfation 

or acetylation and removal of the remaining protecting groups, gives entry into a range of 

HS-tetrasaccharides. Selective sulfation of the hydroxyls and amines was expected to 

provide entry into additional HS-oligosaccharides. To demonstrate the power of such an 

approach, we describe in detail the conversion of 19 into 12 different HS-oligosaccharides 

(compounds 25, 26, 31–34, 39–42, 45, and 46; Scheme 1). Similar diversification of 

compounds 16, 18, and 21, which have different backbone compositions, is described in the 

Supporting Information (Schemes S1–S3).

Thus, the Fmoc of 19 was removed under mild basic conditions followed by acetylation and 

then Lev esters were cleaved by treatment with hydrazine acetate in a mixture of methanol 

and dichloromethane to give compound 22 in a yield of 77%. The resulting hydroxyls of 22 
were sulfated with pyridinium sulfur trioxide to give compound 23 in a yield of 81%. Next, 

the esters of 23 were hydrolyzed by first treating the compound with LiOH in a mixture of 

hydrogen peroxide and THF, and then sodium hydroxide in methanol. The azido moiety of 

the resulting compound was reduced with trimethyl phosphine in THF in the presence of 

NaOH to give amine 24 in a yield of 70%, which was sulfated with a large excess of 

pyridinium sulfur trioxide in the presence of triethylamine or acetylated with acetic 

anhydride. The benzyl ethers and benzyloxycarbamate of the latter compounds were 

removed via a two-step hydrogenation over Pd/C and Pd(OH)2/C to give HS 

oligosaccharides 25 and 26. Alternatively, treatment of 22 with 4 equiv of pyridinium sulfur 

trioxide in DMF for 30 min at 0 °C resulted in selective sulfation of primary hydroxyls to 

give a mixture of monosulfate 27 (48%) and bis-sulfate 28 (35%), which could readily be 

separated by column chromatography over Iatrobeads. The same compounds were obtained 

when sulfur trioxide trimethylamine, which is a less reactive sulfating reagent, was 

employed at elevated temperature. Thus, it is evident that primary hydroxyls are much more 

reactive toward sulfation than secondary ones, and furthermore the hydroxyl at the distal 

GlcN3 moiety is significantly more reactive than a similar hydroxyl at proximal GlcN3 

residue. Sites of sulfate esters were identified by downfield shifts of ring protons (0.4 ppm) 

and carbons (4 ppm). NMR spectra were fully assigned by 1H, TOCSY (total correlation 

spectroscopy) and 1H–13C HSQC (heteronuclear single quantum coherence spectroscopy) 

experiments. The NMR data showed homogeneity of the compounds. Saponification of the 

esters, reduction of the azides to amines following by N-sulfation or N-acetylation and 

finally hydrogenation, gave the HS oligosaccharides 31–34. It was found that after ester 

hydrolysis the intermediates could be readily purified by C18 column chromatography.

Selective removal of sulfate esters offered an opportunity to prepare additional derivatives. 

Thus, 23 was transformed into the pyridinium salt and treatment with N, O-

bis(trimethylsilyl) acetamide (BTSA) in pyridine at 60 °C for 2 h resulting only in the 
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removal of primary sulfate esters to give derivatives 35 (50%) and 36 (27%).17 The primary 

sulfate esters can be selectively hydrolyzed in the presence of secondary ones and 

furthermore the primary sulfate at the proximal GlcN3 moiety is more susceptible to 

treatment with BTSA than the one at the distal GlcN3 residue. Standard N-modification and 

deprotection procedures gave entry into derivatives 39–42. It was also possible to only 

modify the amines, which gave entry into compounds 45 and 46.

Three additional tetrasaccharides (16, 18, and 21) having different backbone compositions 

were subjected to similar manipulation to give an additional 19 sulfated oligosaccharides 

(Schemes S1–S3). It was found that the proximal glucosamine moiety of a tetrasaccharide 

having a GlcA-GlcN-IdoA-GlcN (21) backbone could selectively be sulfated to give 

additional compounds. Tetrasaccharides 13–15, 17, and 20 were subjected to conventional 

modification approaches to give five additional HS oligosaccharides that are low sulfated or 

possess differently modified amino groups (Schemes S4–S8).

Next, we explored whether the library of HS oligosaccharides could be further expanded by 

further sulfation using sulfotransferases.18 In particular, there was a lack of compounds in 

the library modified by 3-O-sulfates, which is a rather rare modification important for 

anticoagulant activity, cellular entry of viruses, and associated with embryonic development 

and cancer.19 Seven different 3-O-sulfotransferases (3-OST) isoforms have been identified 

for vertebrates, each having a unique specificity for glucosamine residues of HS.19 The 

substrate specificity of 3-OST1 has been studied in detail and this enzyme has a relatively 

broad substrate specificity requiring an N-sulfonate and iduronyl residue with/without 2-O-

sulfate at the reducing end of the targeted residue.20 Tetrasaccharides 47, 49, 51, and 53 
were selected as putative substrates for recombinant 3-OST1 and as expected incubation in 

the presence of PAPS gave derivatives 48, 50, 52, and 54, respectively (Scheme 2). Any 

remaining starting material could easily be removed by a weak anion exchange 

(diethylaminoethyl cellulose) column chromatography.

The synthetic HS oligosaccharides were modified with an aminopentyl spacer, and thus a 

microarray could be constructed by piezoelectric non-contact printing on N-

hydroxysuccinimide (NHS)-activated glass slides.21 All samples were printed as replicates 

of 6 (1 mM in a sodium phosphate (50 mM), pH 9.0 buffer) and, after overnight incubation 

in a saturated NaCl chamber, the remaining activated esters were quenched with 

ethanolamine (100 mM) to give slides ready for screening experiments.

First, we examined the HS ligand requirements of fibroblast growth factor 2 (FGF-2 or basic 

FGF), which can mediate diverse functions such as morphogenesis, maintaining tissue 

homeostasis and regulating metabolic processes by binding and dimerizing FGF receptors 

(FGFRs) in a HS cofactor assisted manner.7 Dysfunction of FGF-2 signaling contributes to 

many human diseases, such as metabolic disorders including chronic kidney disease and 

insulin resistance as well as many acquired forms of cancers, therefore, interfering in FGF-2 

signaling offers many opportunities for drug discovery. Binding studies using chemically 

modified heparin and small numbers of synthetic compounds11a–i,22 has provided some 

information about the ligand requirements of FGF-2 offering an appropriate starting point to 

validate the array technology.
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Sub-arrays were incubated with different concentrations of FGF-2 in PBS containing BSA 

(1%) for 1 h followed by washing and exposure to a rabbit anti-FGF-2 antibody followed by 

an anti-rabbit antibody labeled with AlexaFluor 532 (Figures 2a and S4). To analyze the 

data, the compounds were organized according to increasing numbers of sulfates and the 

IdoA vs GlcA content (Figure 2e and Table S1). Figure 2a shows the lowest concentration at 

which good responsiveness was observed to achieve an appropriate dynamic range (see 

Figure S4 for additional concentrations). As expected an increase in concentration of FGF-2 

resulted in a greater responsiveness. It is apparent that FGF-2 recognizes all highly sulfated 

compounds (Figure 2a), indicating that it seems to tolerate sulfate esters at all positions. The 

compounds having intermediate levels of sulfation (three and four sulfates) exhibited clear 

structure–activity relationships. The largest increases in binding were observed when a 2-O-

sulfate (3-I vs 2-H, 4-F vs 3-H, 4-D vs 3-C, 5-C vs 4-E, and 5-B vs 4-G) and N-sulfate (4-D 
vs 3-D, 5-E vs 3-F, and 5-D vs 3-K) are added. The importance of a 2-O-sulfate for binding 

is further supported by comparing the responsiveness of compounds 3-B and 3-C, which are 

isomers having a sulfate ester at C-2 or C-6 of the proximal disaccharide moiety, and only 

the compound 3-B which has a 2-O-sulfate exhibited binding. Similar trends were observed 

for other compounds such as 4-D and 4-E, which also differ in the position of sulfate esters. 

The structure–activity data also show that the 2-O-sulfation needs to be at IdoA residues (3-
A vs 3-B and 4-A vs 4-D) and compounds that have such a residue at GlcA do not show 

binding. These results agree with previous studies that have indicated that 2-O- and N-

sulfates are critical for FGF-2 binding.22a,b

To validate the array data, binding studies were performed by surface plasmon resonance 

(SPR). FGF-2 was immobilized on NHS-activated groups of a CM5 sensor chip surface and 

titration experiments were performed with a selected set of synthetic compounds (1-A, 2-B, 

2-G, 3-B, 3-I, 4-D, 4-E, 5-A, 5-D, and 6-A) that showed weak, moderate and strong binding 

to FGF-2 in the microarray experiments. Gratifyingly, the SPR response units for the various 

compounds correlated well with the microarray responses (Figure 2b). The titration curves 

for 5-A and 5-D fitted well to a two-state binding mode (Figure S1a,c) and KD values of 

0.41 and 1.2 μM, respectively were determined. A contact time experiment whereby the 

dissociation phase of binding sensorgrams is analyzed as a function of time confirmed the 

two-state binding model for compounds 5-A and 5-D (Figure S1b,d), and as expected, 

longer contact times resulted in slower rates of dissociation. A model in which the HS 

oligosaccharide first forms a weak complex with the protein, which is followed by 

maturation to tight binding, can rationalize this observation.

The activity of tetrasaccharides 1-A, 5-D, and 6-A was further evaluated in cellular assays. 

First, we examined whether the synthetic compounds could inhibit FGF-2 binding to mouse 

lung endothelial cells with heparin as a positive control. As can be seen in Figure 2c, 

compounds 5-D and 6-A inhibited FGF-2 binding in a dose dependent manner, whereas 

compound 1-A did not exhibit any activity, which is in agreement with the microarray and 

SPR data. Heparin inhibited FGF-2 binding at high concentrations, whereas at low 

concentrations additional recruitment of FGF-2 was observed, which is in agreement with 

literature data.23 At low concentration, heparin is believed to function as a co-receptor to 

bridge FGF-FGFR complex formation by interacting with both FGF and FGFR, thereby 
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recruiting additional FGF to the cell surface. Importantly, in cell function studies, the high 

affinity synthetic compounds 5-D and 6-A and heparin, but not compound 1-A, could inhibit 

FGF induced proliferation of endothelial cells (Figure 2d), which is in agreement with 

inhibition of FGF-2 binding on the endothelial cell surface. Therefore, the synthetic 

compounds 5-D and 6-A exhibited an inhibitory activity on FGF-2 similar to heparin.

Next, we examined whether other HS-binding proteins may exhibit different preferences for 

the HS-oligosaccharides. For this purpose, recombinant human CCL2 (MCP-1), CCL7 

(MCP-3), CCL13 (MCP-4), CXCL10 (IP-10), CCL5 (RANTES), and CXCL8 (IL-8) with a 

C-terminal HA tag were incubated with the microarray and detected by a rabbit anti-HA 

antibody followed by anti-rabbit conjugated with AlexaFluor 532. Although in general a 

higher level of sulfation led to increases in binding (Figures 3, S3, and S5–S10), distinct 

differences in binding patterns were observed for the different proteins.

Although CCL2, CCL7, and CCL13 belong to the same chemokine subfamily and share 

high sequence homology (62–71%), they exhibit clear differences in structure–binding 

relationships (Figures 3a,c and S2c). For CCL2, substantial binding was observed for highly 

sulfated compounds only and it appears that this protein does not exhibit a preference for 

IdoA or GlcA, N-sulfate, 6-O-sulfate or 2-O-sulfate. However, a compound having a 3-O-

sulfate (5-A) showed the strongest responsiveness and this modification may be important 

for optimal binding properties. CCL7 and CCL13 exhibited more promiscuous binding 

behavior and most compounds having three or more sulfates showed rather strong 

responsiveness. A previously identified glycosaminoglycan-binding deficient mutant of 

CCL2 in which Ala replaced the basic amino acids Arg-18 and Lys-1924 showed no binding 

to any of the HS oligosaccharides tested (Figure 3b). The CCL7 mutant K18AK19A25 also 

exhibited very substantial decreases in oligosaccharide binding, validating the microarray 

results and prior studies of this chemokine (Figure S2b).

CXCL10 (Figure 3d) and CCL5 (Figure S2d) showed a preference for 6-O-sulfates over 2-

O-sulfates, and for example binding of compound 4-E, bearing a 6-O-sulfate at the non-

reducing glucosamine, was substantially stronger than for 4-D which is an isomeric 

compound having a sulfate ester at the C-2 position of the distal iduronic acid moiety. This 

trend was, however, different for tetrasaccharides having a different backbone, and for 

example compounds 4-I and 4-H showed different activities. Adding 2-O-sulfate(s) on 

compound 4-I to form compounds 5-D and 6-A did not significantly affect binding (same is 

true for compounds 4-G and 5-C). Both proteins do not tolerate a glucuronic acid at the 

reducing glucosamine moiety (compounds 4-A, 4-B, 4-F, and 4-G are poor binders). 

Replacing a nonreducing GlcA with IdoA moiety and including a 2-O-sulfate at this residue 

ensured strong responsiveness (4-E, 4-J, 4-K, 6-A). For a number of compounds the array 

data for CXCL10 was validated by SPR binding experiments (Figure S11). CXCL8 (Figure 

S2e) has a broader substrate preference and also binds to compounds such 4-I and 5-C. 

These results highlight that structure activity relationships for the chemokines are complex.

We explored whether HS-oligosaccharides that bind to a chemokine can interfere in cellular 

processes. CXCL10, which is an interferon-inducible chemokine, has potent chemotactic 

activity. It can inhibit proliferation of endothelial cells in vitro, and possesses angiostatic and 
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antitumor effects in vivo.26 These properties are associated with CXCL10’s ability to bind to 

HS.27

Mouse lung endothelial cells were treated with CXCL10 or BSA as negative control and cell 

proliferation was measured. As expected, CXCL10 significantly reduced cell proliferation, 

which was enhanced by heparin. Interestingly, compounds 4-J and 4-K, which both showed 

strong responsiveness in the array screen for CXCL10, also enhanced the CXCL10-mediated 

inhibition of cell proliferation, whereas tetrasaccharide 4-I, which did not exhibit binding to 

CXCL10, showed no responsiveness (Figure 3e). These results demonstrate that array 

binding results can be translated to biologically relevant responses.

The interaction of HS with chemokines causes the formation of protein gradients that 

regulate cellular processes such as the migration of cells into inflamed tissues, tissue repair 

and development.3,28 It has been thought that there is functional redundancy among 

chemokines, however, recent studies indicate a substantial degree of specificity and 

plasticity in the homo- and hetero-oligomerization of chemokines and their binding to 

receptors. The latter processes often depend on glycosylaminoglycans (GAG) such as 

heparan sulfate as co-receptor. The data presented here support a notion that chemokines 

exhibit different selectivities for HS epitopes, and thus it is likely that these differences 

influences chemokine oligomerization and receptor binding and activation. It is known that 

endothelial cells of different tissue types express different chemokine profiles.29 

Furthermore, it has been observed that different endothelial tissues can express unique 

patterns of HS-motifs.30 Thus, it is likely that HS and chemokine expressions operate 

synergistically to regulate the above-mentioned biological processes.

CONCLUSIONS

It has been suggested that HS encodes information because of its potential structural 

diversity.12b Cell-type specific HS expression may result in the selective recruitment of HS 

binding proteins leading to the activation of specific signal transduction pathways.31 

Defining ligand requirements of a large number of HS-binding proteins is a critical step for 

validating such a model and the HS-oligosaccharide array reported here provides such 

opportunities. It was found that all proteins recognized multiple HS-oligosaccharides, 

however, clear differences were observed in the structure–binding data supporting a notion 

that different HS-binding proteins recognize different patterns of sulfation. A number of 

chemokines, such as CCL7, exhibited stronger responsiveness when the number of sulfates 

increased and appear to have no preference for IdoA vs GlcA or positions of sulfate 

moieties. Other HS binding proteins recognized potently all highly sulfated HS-

tetrasaccharides (five to six sulfates) but exhibited clear preferences for derivatives having 

intermediate levels of sulfation (three to four sulfates). For example, FGF-2 preferentially 

bound tri- and tetra-sulfates HS-oligosaccharides having iduronic acid moieties modified by 

sulfate esters at C-2. Thus, for these proteins it appears that sulfates at specific positions are 

important for binding whereas others are tolerated but do not substantially improve binding. 

Heparan sulfate is rich in domains that have low and intermediate levels of sulfation,7b and 

thus selective recognition of such structural elements is probably biologically relevant. Other 

chemokines such as CXCL10 showed clear preferences even for the highly sulfated 
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tetrasaccharides and for these cases sulfates at specific positions are important for binding 

whereas others are not tolerated. The structure–binding relationship for these chemokines is, 

however, complex and backbone composition influenced which sulfate groups are important 

or tolerated for binding.

Binding experiments using SPR validated array data. Furthermore, it was found that 

compounds that exhibited strong responsiveness in the array screening for FGF-2 and 

CXCL10 could interfere in cell proliferation, whereas weak binders did not possess this 

property. These experiments indicate that array data can be translated to biologically relevant 

properties.

Although a relatively large collection of HS tetrasaccharides has been prepared, it is 

important to note that it contains relatively few sequences having a GlcA2S or GlcN3S 

moiety, which have been associated with a number of important biological processes.19,32 

Thus, the interpretation of the array data requires care because the most favorable ligand for 

a given HS-binding protein may not be present in the library. Furthermore, the premise of 

the reported approach is that tetrasaccharides can reveal informative structure–binding 

relationship.11g,12 Tetrasaccharides may, however, not represent full binding epitopes, and 

larger structures may bind with higher affinity and selectivity. The technology described 

here makes it possible to prepare larger collections of HS oligosaccharides and combined 

with progress in sequencing of HS and cellular activity measurements will provide important 

means to uncovering the possible existence of a HS code.12b Tetrasaccharide ligands 

uncovered by array screening can be employed to design larger HS oligosaccharides to 

probe in a systematic manner the importance of the length of HS oligosaccharides for 

binding selectivities.

EXPERIMENTAL SECTION

General Procedure for Selective 6-O-Sulfation

SO3·Py (2 equiv per OH) was added to a solution of starting material in DMF (2 mM). The 

mixture was stirred first at 0 °C for 30 min and then at room temperature (RT) for 30 min 

until TLC (CHCl3/CH3OH, 90/10, v/v) indicated completion of the reaction. Next, 

triethylamine and CH3OH (1/1, v/v, 1 mL) were added, and stirring was continued for 30 

min, after which the mixture was concentrated in vacuo. The residue dissolved in CH3OH 

was applied to a column of Iatrobeads (1.5 g), which was eluted with a gradient of CH3OH 

in CHCl3 (from 96/4 to 88/12, v/v). Fractions containing product were concentrated in vacuo 
and the residue was dissolved in water passed through a column of Biorad 50 × 8Na+ resin 

(0.6 × 5 cm) using CH3OH or H2O as the eluent to provide after lyophilization the product 

as the sodium salt.

General Procedure for Selective De-6-O-sulfation

The starting material in methanol was passed through a column of ion-exchange resin 

(Amberlite IR-120, H+ form, 0.5 mL) with pyridine (0.2 mL) in the receiving flask to give 

the pyridinium salt. The solution was concentrated under reduced pressure to give a residue 

that was dissolved in pyridine. N,O-bis(trimethylsilyl)acetamide (40 equiv per sulfate) was 
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added to the solution and the resulting reaction mixture was stirred at 60 °C for 2 h until 

TLC (CHCl3/CH3OH, 90/10, v/v) indicated completion of the reaction. Then the solvents 

were evaporated under reduced pressure and the residue was co-evaporation with methanol 

and water three times (1/1, v/v, 2 mL). The resulting residue was purified by C18 column 

chromatography using a gradient of water and methanol (from 90/10 to 5/95, v/v). Fractions 

containing product were converted into the sodium salt form as described above.

General Procedure for 3-OST1-Mediated 3-O-Sulfation

First, 0.1 mg 3-OST1 (0.85 mg/mL) was added to a solution of 0.1 mg tetrasaccharide, 

PAPS (40 μM final concentration) in 0.5 mL pH 7 buffer containing 50 mM 2-(N-

morpholino)ethanesulfonic acid, 10 mM MnCl2, 5 mM MgCl2, and 1% Triton X-100. The 

reaction mixture was incubated at 37 °C for 7 h after which 0.1 M NaOH was added until 

pH = 9. The mixture was directly loaded onto a DEAE column (0.6 × 2.5 cm), which was 

eluted with a gradient of aqueous ammonium bicarbonate (from 0.1 to 1.5 M). Fractions 

containing product were converted into sodium salt form as described above.

General Procedure for Selective N-Sulfation

The starting material was dissolved in CH3OH (1 mL for 0.006 mmol) and triethylamine 

(0.3 mL) and 0.1 M NaOH (2 equiv per NH2) were added. The mixture was cooled (0 °C) 

and SO3·Py (5 equiv per NH2) was added. The progress of the reaction was monitored by 

TLC (silica gel TLC, EtOAc/pyridine/water/CH3CO2H, 8/5/3/1, v/v/v/v). Two additional 

portions of SO3·Py (5 equiv per NH2) were added after 1 and 2 h. After stirring for 

additional 4 h at 0 °C, the reaction mixture was diluted with water and concentrated in 
vacuo. The residue was passed through a short column of Biorad 50 × 8Na+ resin (0.6 × 5 

cm) using CH3OH and H2O (90/10, v/v) as eluent. Appropriate fractions were concentrated 

under reduced pressure. The resulting residue was dissolved in water and then applied to a 

column of C18 silica gel, which was eluted with a gradient of H2O and CH3OH (from 90/10 

to 40/60, v/v). Fractions containing pure product were concentrated under reduced pressure 

to provide N-sulfated product. The resulting product was N-acetylated according to general 

procedure for global N-acetylation (see SI for details). The product was converted into 

sodium salt form as described above.

Other General Synthetic Procedures

The procedures for the preparation of tetrasaccharides, cleavage of Lev esters, O-sulfation, 

saponification of methyl esters and de-O-acetylation, reduction of azide groups, global N-

acetylation, N-sulfation, and global debenzylation have been reported previously16a and are 

described in the SI.

Glycan Array Screening and Analyses

Microarrays were constructed by piezoelectric non-contact printing of the synthetic HS 

oligosaccharides modified with an aminopentyl spacer on N-hydroxysuccinimide (NHS)-

activated glass slides (Nexterion Slide H). All samples (100 μM and 1 mM) were printed 

(drop volume ∼450 pL, 1 drop per spot) at 50% relative humidity as replicates of 6 in 

sodium phosphate (50 mM), pH 9.0 buffer. After overnight incubation in a saturated NaCl 
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chamber (providing a 75% relative humidity environment), the remaining activated esters 

were quenched with ethanolamine (100 mM) in sodium phosphate (50 mM), pH 9.0. Sub-

arrays (18 × 18 spots) were incubated with 50 μL recombinant human FGF-2 (100-18B, 

PeproTech) at different concentrations (0.5, 2, and 5 μg/mL) in PBS containing BSA (1%; 

A7030, Sigma-Aldrich) for 1 h followed by washing and exposure to 50 μL rabbit anti-

human FGF-2 antibody (500-P18, PeproTech) for 1 h, then followed by 50 μL anti-rabbit 

antibody labeled with AlexaFluor 532 (A-11009, Life Technologies) for 1 h. Wash steps 

involved three successive washes of the whole slides with PBS-Tween 1%-BSA 0.1% (1×) 

and deionized H2O (2×) with 5 min soak times. Similarly, 50 μL recombinant proteins CCL2 

(0.5 and 5 μg/mL), CCL2 mutant R18AK19A (0.5, 2, and 5 μg/mL), CCL5 (0.5, 2, and 5 μg/

mL), CCL7 (1, 2, and 5 μg/mL), CCL7 mutant K18AK19A (1 and 5 μg/mL), CCL13 (2 and 

5 μg/mL), CXCL8 (0.5, 2, and 5 μg/mL), and CXCL10 (0.5, 2, and 5 μg/mL) with a C-

terminal HA tag were exposed to the microarray for 1 h and detection was accomplished by 

50 μL rabbit anti-HA antibody (71–5500, Invitrogen) for 1 h followed by 50 μL anti-rabbit 

antibody labeled with Alexa Fluor 532 for 1 h. All incubation and wash steps were 

performed at RT. Washed arrays were dried by centrifugation and immediately scanned for 

AlexaFluor 532 on a GenePix 4000 B microarray scanner (Molecular Devices). The 

detection gain was adjusted to cancel out saturation. See Figure S2 for a representative array 

image. Mean fluorescent intensities minus mean background were calculated and data were 

fitted using Prism software (GraphPad Software, Inc.). Bar graphs represent the mean ± SD 

for each compound. Each experiment has been repeated three times. The lowest possible 

protein concentration was employed at which good responsiveness was observed to achieve 

an appropriate dynamic range.

Surface Plasmon Resonance (SPR)

The surface of a CM5 sensor chip (Biacore Inc., GE Healthcare, USA) 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, FGF-2 (45 μg/mL) or CXCL10 

(50 μg/mL) in aqueous NaOAc (10 mM, pH 5.5) was passed over the surface until a ligand 

density of ∼4500 RU or ∼1500 RU, respectively, was achieved. Quenching of the remaining 

active esters was accomplished by passing aqueous ethanolamine (1.0 M, pH 8.5) over the 

surface of the chip. The control flow cell was activated with NHS and EDC, which was then 

treated with ethanolamine. HBS-EP (0.01 M HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% 

polysorbate 20; pH 7.4) was employed as the running buffer for immobilization, binding and 

kinetic analysis. Serial dilutions of each compound in HBS-EP buffer at a flow rate of 30 

μL/min was employed for association and dissociation at a temperature of 25 °C. Two 30 s 

injections of aqueous NaCl (2.0 M) at flow rates of 50 and 30 μL/min was employed for 

regeneration to achieve baseline status. Data were fitted to a two-state binding model using 

BIAcore T100 evaluation software (Biacore Inc., GE Healthcare).

Endothelial Cell Surface FGF-2 Binding Assay

An immortalized mouse lung endothelial cell line33 was used in the cell surface FGF-2 

binding study. Briefly, endothelial cells (80% confluent) were harvested with trypsin 

(0.25%) and plated (15 000/100 μL/well) onto a 96 well tissue culture plate (SIAL0596, 

Sigma). After 24 h, cells were fixed with 100 μL 2% paraformaldehyde (PFA) for 15 min at 

Zong et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2018 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RT and then gently washed three times (3 min each) with 400 μL PBS. The plate was 

blocked with 100 μL BSA (1%) in PBS (BSA-PBS) for 1 h at RT and then incubated with 

100 μL biotinlyated-FGF-2 (1 μg/mL; BFF-H8117, ACROBiosystems) in the absence or 

presence of test compound or heparin at 0.5, 5, or 50 μg/mL for 1 h at RT. After three 

washes (3 min each) with 400 μL BSA-PBS, 100 μL streptavidin-HRP (500 ng/mL; 21130, 

Thermo scientific) in BSA-PBS was added for 1 h at RT. After five washes (3 min each) 

with 100 μL BSA-PBS, the endothelial cell surface bound HRP was measured using an Ultra 

TMB-Elisa kit (34028, Thermo Scientific) according the manufacturer’s protocol.

Endothelial Cell Proliferation Assay

Endothelial cell proliferation in the presence of FGF-2 (233-FB, R&D Systems) or CXCL10 

(4277-1000, BioVision) with bovine serum albumin (BSA) as control were performed using 

the xCELLigence RTCA DP system (ACEA Biosciences Inc., San Diego, CA, USA). 

Electrical impedance was monitored continuously for 24 h and reported as cell index.34 The 

background impedance was set according the manufacturer’s instructions with 150 μL 

DMEM containing fetal bovine serum (0.5%; FBS, Atlanta Biologicals). Immortalized 

mouse lung endothelial cells were seeded (5,000/well) in replicates of 4 in DMEM medium 

containing FBS (0.5%), BSA (50 ng/mL), FGF-2 (50 ng/mL) or CXCL10 (1 μg/mL) without 

or with the test HS compounds or heparin at 50 μg/mL (final volume 150 μL/well). The 

seeded cells were left to equilibrate at RT for 30 min and then grown at 37 °C in a 

humidified atmosphere with 5% CO2. Data were analyzed using the xCELLigence software 

(Version 1.2.1) and the cell index expressed as mean ± SD.

Statistical Analysis

Statistical significance was determined using one-way ANOVA with Bonferroni’s multiple 

comparison test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Modular synthesis of HS oligosaccharides. (a) Modular disaccharide building blocks. (b) 

Assembled tetrasaccharides.
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Figure 2. 
Binding of synthetic heparan sulfate oligosaccharides to FGF-2. (a) Binding of FGF-2 (0.5 

μg/mL) to the HS oligosaccharide microarray at 1 mM (n = 6). (b) SPR binding of 

immobilized FGF-2 to various tetrasaccharides (100 μM) used as analytes. (c) Inhibition of 

FGF-2 binding to mouse endothelium cell surface by various tetrasacharides and heparin. (d) 

Inhibition of FGF-2 induced cell proliferation by various tetrasacharides and heparin 

measured in real time by an xCELLigence RTCA DP system. Asterisks indicate statistically 

significant difference (** P < 0.01, *** P < 0.001) and ns indicates no significant difference. 

Bar graphs in panels a-d represent the mean ± SD. (e) Compound numbering and structures 

of the tetrasaccharide library.
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Figure 3. 
Binding of different HS-binding proteins to the HS oligosaccharide microarray and 

subsequent biological examination. Microarray results of synthetic heparin sulfate 

tetrasaccharide library at 1 mM with (a) CCL2 (0.5 μg/mL); (b) CCL2 mutant R18AK19A 

(0.5 μg/mL; shown at same scale as CCL2); (c) CCL7 (1 μg/mL); and (d) CXCL10 (0.5 μg/

mL). (e) Effect of various tetrasacharides on the inhibition of CXCL10 on cell proliferation. 

Asterisks indicate statistically significant difference (* P < 0.05, *** P < 0.001) and ns 

indicates no significant difference. Bar graphs in panels a–e represent the mean ± SD.
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Scheme 1. Diversification of Tetrasaccharide 18a

aReagents and conditions: (I) (i) Et3N, MeOH/DCM; (ii) Ac2O, Pyr., DMAP; (iii) 

NH2NH2AcOH, DCM/MeOH, RT, 2 h, 77%; (II) Py.SO3 excess, DMF, 2 h, 81%; (III) (i) 

LiOH, H2O2, THF, 4 h, then 4 M NaOH, MeOH, 12 h; (ii) PMe3, THF, MeOH, 0.1 M 

NaOH, 1 h (24, 70%; 29, 78%; 30, 54%; 37, 67%; 38, 54%); (IV) (i) Ac2O, MeOH, Et3N, 

30 min; (ii) Pd/C, H2, MeOH, H2O, 4 h, (iii) Pd(OH)2, H2, H2O, 14 h (25, 85%; 31, 65%; 

33, 72%; 39, 77%; 41, 72%, 45, 82%); (V) (i) Py.SO3, MeOH, Et3N, 0.1 M NaOH, 12 h; (ii) 

Pd/C, H2, MeOH, H2O, 4 h; (iii) Pd(OH)2, H2, H2O, 14 h (26, 67%; 32, 68%; 34, 77%; 40, 

69%; 42, 77%, 46, 71%); (VI) BTSA, Pyr., 60 °C, 2 h (35, 50%; 36, 27%); (VII) Py.SO3, 

controlled addition, DMF (27, 48%; 28, 35%); (VIII) LiOH, H2O2, THF, 4 h, then 4 M 

NaOH, MeOH, 12 h, 84%; (IX) PMe3, THF, MeOH, 0.1 M NaOH, 1 h, 87%. 

Ra=(CH2)5NBnCbz; Rb=(CH2)5NH2.
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Scheme 2. Tetrasaccharide Substrates for 3-OST1 and Their Modified Productsa

aReagents and conditions: (I) 3-O-sulfotransferase 1, PAPS, MES buffer, MnCl2, MgCl2, 

(48, 19%; 50, 75%; 52, 25%; 54, 20%). R = (CH2)5NH2.
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