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Efficient platform for synthesizing 
comprehensive heparan sulfate 
oligosaccharide libraries for decoding 
glycosaminoglycan–protein interactions
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Glycosaminoglycans (GAGs) are abundant, ubiquitous carbohydrates 
in biology, yet their structural complexity has limited an understanding 
of their biological roles and structure–function relationships. Synthetic 
access to large collections of well defined, structurally diverse GAG 
oligosaccharides would provide critical insights into this important class of 
biomolecules and represent a major advance in glycoscience. Here we report 
a new platform for synthesizing large heparan sulfate (HS) oligosaccharide 
libraries displaying comprehensive arrays of sulfation patterns. Library 
synthesis is made possible by improving the overall synthetic efficiency 
through universal building blocks derived from natural heparin and a 
traceless fluorous tagging method for rapid purification with minimal 
manual manipulation. Using this approach, we generated a complete library 
of 64 HS oligosaccharides displaying all possible 2-O-, 6-O- and N-sulfation 
sequences in the tetrasaccharide GlcN–IdoA–GlcN–IdoA. These diverse 
structures provide an unprecedented view into the sulfation code of GAGs 
and identify sequences for modulating the activities of important growth 
factors and chemokines.

Heparan sulfate glycosaminoglycans (HS GAGs) are ubiquitous, com-
plex polysaccharides that mediate diverse biological processes, ranging 
from cell proliferation and viral invasion to neural development and 
immune regulation1–4. Their linear polysaccharide chains are composed 
of repeating disaccharides that undergo sulfation at various positions, 
resulting in an enormous number of different sulfation sequences5. 
The sulfation motifs enable HS GAGs to interact with more than 2,000 
proteins6 and thus are central to their biological activities. Moreover, 

alterations in HS sulfation patterns are associated with human diseases 
such as cancer, Alzheimer’s disease, osteoarthritis and cardiovascular 
diseases7–10. However, an in-depth understanding of their physiological 
and pathological roles has been hampered by limited access to defined 
HS structures. Large collections of HS oligosaccharides representing a 
diversity of sulfation motifs will be essential for elucidating the struc-
ture–function relationships of HS and expanding the development of 
GAG-based therapeutics.
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structure that is important for protein binding36,37. We selected a tet-
rasaccharide because four monosaccharide residues are typically the 
minimum length required to engage high-affinity binding sites in many 
proteins, including fibroblast growth factors (FGFs) and chemokines 
such as CCL538,39. Furthermore, a comprehensive library of sulfation 
sequences at the major positions (N-, 2-O- and 6-O-) would consist of 
64 tetrasaccharides, an ambitious yet achievable goal for chemical 
synthesis and biological investigations.

To facilitate library synthesis, the 2-O, 6-O and N-positions in tet-
rasaccharide 65 were differentially protected with six orthogonal 
functionalities (Fig. 1b). The orthogonality of these functional groups 
allows for their selective removal to unmask each position for sul-
fation. Site-specific O-deprotection steps, followed by O-sulfation, 
would install sulfate groups at the desired 2-O- and 6-O-positions  
(Fig. 1c). Hydrolysis to saponify the methyl esters and selectively 
remove the N-trifluoroacetyl (N-TFA) groups, followed by N-sulfation 
or N-acetylation, would provide different amino group modifications 
in the tetrasaccharide. Thus, a single universal building block would 
enable access to all 64 sequences (1–64), the largest number of sulfa-
tion motifs generated from a single HS precursor so far.

A major challenge to HS library synthesis is the substantial number 
of late-stage modification steps (274 steps for 64 tetrasaccharides). 
Each step also requires the labour-intensive, multi-step purification of 
highly polar, charged intermediates using a combination of silica gel, 
size-exclusion and/or strong anion-exchange chromatography. We 
envisioned using fluorous chemistry to overcome these challenges. 
Although fluorous-assisted synthesis has been elegantly applied to 
many organic compounds including a limited number of glycans40–45, it 
has not been extensively exploited for HS synthesis. We reasoned that 
fluorous chemistry would greatly accelerate the synthesis of large GAG 
libraries by reducing the purification of highly charged intermediates to 
a single FSPE step. Moreover, fluorous-assisted synthesis would afford 
the efficiency, convenience and flexibility of solution-phase synthesis 
by permitting easy reaction monitoring using standard spectroscopic 
methods (for example, thin-layer chromatography (TLC), MS and NMR) 
and by circumventing challenges associated with solid-phase synthesis 
(for example, solvent constraints for resin swelling and difficult reac-
tion monitoring). Finally, fluorous-assisted synthesis is amenable to 
automation45, which could facilitate the first automated synthesis of 
HS oligosaccharides larger than disaccharides. We thus appended a 
C6F13 fluorous tag to the reducing end of tetrasaccharide 65 (Fig. 1b) via a 
benzyloxycarbonyl (Cbz)-like aminopentyl linker, which, upon cleavage, 
would expose an amine handle for versatile conjugation of the tetrasac-
charides to small molecules, polymers, proteins and microarray surfaces.

Synthesis of tetrasaccharide 65
Synthesis of 65 began with the controlled hydrolysis of heparin using 
aqueous triflic acid, followed by esterification, NH2-to-N3 conversion, 
and acetylation to give the peracetylated disaccharide 66 in 20% overall 
yield (Fig. 2)18. The use of disaccharides derived from natural heparin 
greatly simplified the synthesis by eliminating the need to synthesize 
IdoA monosaccharides and to perform the challenging 1,2-cis glyco-
sylation reaction. Disaccharide 66 was elaborated to form 68 in a total 
of only nine steps and five purifications from heparin, about half the 
number of steps previously required11,28. Compound 68 is a versatile 
intermediate that was readily converted to glycosyl acceptor 72 and 
donor 74. Acceptor 72 was obtained in six steps from 68 (38% overall 
yield) by converting the N3 group to an N-TFA group to form thioglyco-
side 69, glycosylation to append the fluorous tag, exchange of the 2-OBz 
group of IdoA with an Fmoc group, and regioselective opening of the 
Naph acetal of 71. Donor 74 was generated in five steps from 68 (72% 
overall yield) by exchanging the 2-O-Bz group of IdoA with a Lev group, 
removal of the Naph acetal, and installation of tert-butyldiphenylsilyl 
(TBDPS) and benzoyl (Bz) groups at the resulting 6-OH and 4-OH of 
GlcN, respectively.

As HS GAGs are among the most structurally complex carbo-
hydrates in nature, their chemical synthesis remains an immense 
challenge11. For example, HS can display 16 distinct sulfation motifs 
within its disaccharide unit alone. Its synthesis requires regioselec-
tive differentiation of five hydroxyls and one amino group within each 
disaccharide, stereoselective glycosylation of low-reactivity glycosyl 
donors and acceptors, access to l-iduronic acid (IdoA) monosaccha-
rides that are not commercially available and are tedious to prepare, 
and multi-step purifications of highly charged, polar intermediates. 
As such, the synthesis of HS oligosaccharides is notoriously difficult 
and labour-intensive, requiring specialized expertise in carbohydrate 
chemistry. For example, a single HS tetrasaccharide typically takes 
35–50 chemical steps depending on the sulfation pattern11–14. Thus, 
accessing large libraries of sulfated HS oligosaccharides represents a 
formidable barrier. Indeed, comprehensive GAG libraries representing 
all possible sulfation patterns have not been achieved except in the case 
of HS disaccharides15,16. Despite key synthetic advances and elegant 
targeted syntheses12–30, the majority of HS sequence space remains 
both chemically and biologically unexplored.

In response to these challenges, efficient platforms have been 
developed to accelerate the synthesis of GAGs31. Chemical methods 
have focused primarily on automating glycan assembly and on less 
structurally complex GAGs such as chondroitin sulfate (CS), keratan 
sulfate (KS) and hyaluronan32–35 rather than on generating large libraries 
of sulfated GAGs. Moreover, the automated synthesis of HS oligosac-
charides has not yet been reported, presumably due to challenges with 
the additional late-stage modification steps (for example, N-sulfation). 
Thus, the development of new synthetic platforms for rapid GAG pro-
duction, particularly the synthesis of large HS oligosaccharide librar-
ies, remains an important, unrealized goal. Such platforms are much 
needed to provide broad access to a wide range of glycan structures, 
similar to the now routine production of peptides and oligonucleotides.

In this Article we report a new method for the expedient 
solution-phase synthesis of HS oligosaccharides displaying compre-
hensive arrays of diverse sulfation motifs. We employ disaccharide 
synthons derived from natural heparin and design a universal tetra-
saccharide building block to substantially reduce the total number 
of synthetic steps. Diversification of this building block provided 
a comprehensive library of 64 sulfated tetrasaccharides (1-64;  
Fig. 1a) representing all possible products from differential sulfa-
tion of six functional groups (the 2-O-, 6-O- and N-positions) within 
the tetrasaccharide. To simplify the late-stage modification steps 
required for HS library synthesis, we developed a traceless, fluorous 
tagging method to allow for rapid purification of the highly charged, 
sulfated intermediates by fluorous solid-phase extraction (FSPE). The 
comprehensive HS library enabled systematic investigations into the 
unique sulfation dependencies of HS-binding proteins and identified 
position-dependent, sequence-specific modifications critical for HS 
recognition by growth factors and chemokines important for morpho-
genesis, cell growth and inflammatory responses.

Results and discussion
General synthetic strategy of the library
In contrast to peptides and nucleic acids, universal building blocks 
for the synthesis of GAGs have not been developed. Moreover, the 
majority of the synthesis is dedicated to preparing suitably protected 
mono- and disaccharide precursors. For example, starting from com-
mercially available monosaccharides, 18–30 chemical steps are typi-
cally required to produce each HS disaccharide used for glycosylation. 
Ideally, a small set of building blocks would be employed to gener-
ate a large number of different sulfation motifs. Towards this end, we 
designed tetrasaccharide 65 as a versatile building block (Fig. 1b). The 
IdoA-containing backbone glucosamine (GlcN)–IdoA–GlcN–IdoA 
was chosen because the conformational flexibility of IdoA is crucial 
for many HS–protein interactions and often induces a kink in the HS 
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Glycosylation of disaccharide donor 74 and acceptor 72 using 
N-iodosuccinimide (NIS) and silver trifluoromethanesulfonate 
(AgOTf ) at room temperature delivered 65 with exclusively the 
desired α-stereochemistry46 (1JC–H = 173.7 Hz) in 80% yield. Impor-
tantly, this concise, scalable route furnished the universal building 
block on a multi-gram scale in only 21 steps, approximately half the 
number of steps previously reported for HS oligosaccharides of 
similar complexity11.

Divergent synthesis of the HS library
To access the 64-compound library, we envisaged a divergent strategy 
in which 65 was elaborated into two separate pools of 32 compounds via 
intermediates 75 and 76 (Fig. 3a and Supplementary Fig. 1). Intermediate 
75, obtained via selective removal of the C2 Fmoc group in 65, served 
as a precursor for all structures with 2-O-sulfation at the reducing end 
IdoA-1 (library 2OS(1), 32 compounds). Intermediate 76, obtained via 

benzoylation of 75, served as a precursor for all structures containing 
an unsulfated 2-OH at IdoA-1 (Library 2OH(1), 32 compounds).

For the 2OS(1) library, two sub-libraries with either N-sulfation 
(sub-library NS(2)-2OS(1), 16 compounds) or N-acetylation (sub-library 
NAc(2)-2OS(1), 16 compounds) at the nonreducing end GlcN-2 were 
obtained from tetrasaccharides 75 and 77, respectively (Fig. 3 and 
Supplementary Figs. 2 and 3). Treatment of compound 75 with thio-
acetic acid (AcSH) converted the azide to the corresponding aceta-
mide directly, forming 77 in 83% yield. Chemoselective cleavage of the 
TBDPS, Lev and/or Nap groups of 75 and 77 was accomplished using 
hydrogen fluoride in pyridine (HF·Py) or tetra-n-butylammonium 
fluoride (TBAF), hydrazine acetate (NH2NH2·AcOH) or 2,3-dichloro-5,6
-dicyano-1,4-benzoquinone (DDQ), respectively. These various 
O-deprotections of 75 furnished compounds 78–84 with different 
combinations of hydroxyl groups unmasked for O-sulfation (Fig. 3b). 
After O-sulfation using SO3·Et3N in DMF, LiOH hydrolysis led to removal 

  1  GlcNAc-IdoA-GlcNAc-IdoA-R
  5  GlcNAc-IdoA-GlcNAc-IdoA2S-R
  9  GlcNAc-IdoA-GlcNAc6S-IdoA-R
13  GlcNAc-IdoA2S-GlcNAc-IdoA-R
17  GlcNAc6S-IdoA-GlcNAc-IdoA-R
21  GlcNAc-IdoA-GlcNAc6S-IdoA2S-R
25  GlcNAc-IdoA2S-GlcNAc-IdoA2S-R
29  GlcNAc6S-IdoA-GlcNAc-IdoA2S-R
33  GlcNAc-IdoA2S-GlcNAc6S-IdoA-R
37  GlcNAc6S-IdoA-GlcNAc6S-IdoA-R
41  GlcNAc6S-IdoA2S-GlcNAc-IdoA-R
45  GlcNAc-IdoA2S-GlcNAc6S-IdoA2S-R
49  GlcNAc6S-IdoA-GlcNAc6S-IdoA2S-R

57  GlcNAc6S-IdoA2S-GlcNAc6S-IdoA-R
53  GlcNAc6S-IdoA2S-GlcNAc-IdoA2S-R

61  GlcNAc6S-IdoA2S-GlcNAc6S-IdoA2S-R

  2  GlcNAc-IdoA-GlcNS-IdoA-R
  6  GlcNAc-IdoA-GlcNS-IdoA2S-R
10  GlcNAc-IdoA-GlcNS6S-IdoA-R
14  GlcNAc-IdoA2S-GlcNS-IdoA-R
18  GlcNAc6S-IdoA-GlcNS-IdoA-R
22  GlcNAc-IdoA-GlcNS6S-IdoA2S-R
26  GlcNAc-IdoA2S-GlcNS-IdoA2S-R
30  GlcNAc6S-IdoA-GlcNS-IdoA2S-R
34  GlcNAc-IdoA2S-GlcNS6S-IdoA-R
38  GlcNAc6S-IdoA-GlcNS6S-IdoA-R
42  GlcNAc6S-IdoA2S-GlcNS-IdoA-R
46  GlcNAc-IdoA2S-GlcNS6S-IdoA2S-R
50  GlcNAc6S-IdoA-GlcNS6S-IdoA2S-R

58  GlcNAc6S-IdoA2S-GlcNS6S-IdoA-R
54  GlcNAc6S-IdoA2S-GlcNS-IdoA2S-R

62  GlcNAc6S-IdoA2S-GlcNS6S-IdoA2S-R

  3  GlcNS-IdoA-GlcNAc-IdoA-R
  7  GlcNS-IdoA-GlcNAc-IdoA2S-R
11  GlcNS-IdoA-GlcNAc6S-IdoA-R
15  GlcNS-IdoA2S-GlcNAc-IdoA-R
19  GlcNS6S-IdoA-GlcNAc-IdoA-R
23  GlcNS-IdoA-GlcNAc6S-IdoA2S-R
27  GlcNS-IdoA2S-GlcNAc-IdoA2S-R
31  GlcNS6S-IdoA-GlcNAc-IdoA2S-R
35  GlcNS-IdoA2S-GlcNAc6S-IdoA-R
39  GlcNS6S-IdoA-GlcNAc6S-IdoA-R
43  GlcNS6S-IdoA2S-GlcNAc-IdoA-R
47  GlcNS-IdoA2S-GlcNAc6S-IdoA2S-R
51  GlcNS6S-IdoA-GlcNAc6S-IdoA2S-R

59 GlcNS6S-IdoA2S-GlcNAc6S-IdoA-R
55 GlcNS6S-IdoA2S-GlcNAc-IdoA2S-R

63 GlcNS6S-IdoA2S-GlcNAc6S-IdoA2S-R

  4  GlcNS-IdoA-GlcNS-IdoA-R
  8  GlcNS-IdoA-GlcNS-IdoA2S-R
12  GlcNS-IdoA-GlcNS6S-IdoA-R
16  GlcNS-IdoA2S-GlcNS-IdoA-R
20  GlcNS6S-IdoA-GlcNS-IdoA-R
24  GlcNS-IdoA-GlcNS6S-IdoA2S-R
28  GlcNS-IdoA2S-GlcNS-IdoA2S-R
32  GlcNS6S-IdoA-GlcNS-IdoA2S-R
36  GlcNS-IdoA2S-GlcNS6S-IdoA-R
40  GlcNS6S-IdoA-GlcNS6S-IdoA-R
44  GlcNS6S-IdoA2S-GlcNS-IdoA-R
48  GlcNS-IdoA2S-GlcNS6S-IdoA2S-R
52  GlcNS6S-IdoA-GlcNS6S-IdoA2S-R

60  GlcNS6S-IdoA2S-GlcNS6S-IdoA-R
56  GlcNS6S-IdoA2S-GlcNS-IdoA2S-R

64  GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-R
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Fig. 1 | Synthesis of a comprehensive HS tetrasaccharide library.  
a, 64-compound library representing all possible N-, 2-O- and 6-O-sulfate 
modifications of the tetrasaccharide GlcN–IdoA–GlcN–IdoA. b, Universal 
building block for HS library synthesis. The six orthogonal functional groups 

are shown in colour. c, General strategy and late-stage modification steps. IdoA, 
l-iduronic acid; GlcN, d-glucosamine; GlcNAc, N-acetyl-d-glucosamine; Fmoc, 
9-fluorenylmethoxycarbonyl; Lev, levulinoyl; TBDPS, tert-butyldiphenylsilyl; 
Nap, 6-O-(2-naphthyl)methyl; TFA, trifluoroacetyl; Bz, benzoyl; Bn, benzyl.
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of the N-TFA, Bz groups and methyl esters to give compounds 85–92. 
Under these strongly basic conditions, the TBDPS group was also 
simultaneously cleaved, which saved one step (TBDPS deprotection) 
for compounds lacking 6-O-sulfation at GlcN-2 (for example, 75, 78, 79 
and 82). Staudinger reduction of the azido group in compounds 85–92, 
followed by N-sulfation of both amines using SO3·Py in an aqueous 
trifluoroethanol (TFE)/MeOH co-solvent mixture, afforded the cor-
responding hydrogenation-ready tetrasaccharides. However, initial 
attempts at LiOH hydrolysis and N-sulfation using the fluorous-tagged 
tetrasaccharides required longer reaction times and more equivalents 
of SO3·Py to achieve reaction completion (Supplementary Figs. 4 and 5). 
After investigating both C6F13 and C8F17 tags, we found that the C6F13 tag 
was better suited for GAG synthesis due to its greater solubility in polar 
solvents. TFE further enhanced the solubility of the fluorous-tagged 
tetrasaccharides in the aqueous MeOH solvent used for N-sulfation, 
thereby avoiding aggregation and improving the overall yields.

Global hydrogenolysis cleaved all benzyl and Nap groups to 
generate the eight tetrasaccharides with di-N-sulfation in the NS(2)-
2OS(1) sub-library (64, 48, 52, 24, 8, 28, 32 and 56; Fig. 3b). Alter-
natively, N-acetylation of intermediates 85–92, followed by azide 
reduction, N-sulfation and hydrogenolysis afforded the other eight 
mono-N-sulfated tetrasaccharides (63, 47, 51, 23, 7, 27, 31 and 55) in 
the sub-library. Similar procedures were performed using tetrasac-
charide 77 to give the 16-compound NAc(2)-2OS(1) sub-library (Fig. 3a 
and Supplementary Fig. 3) and using tetrasaccharide 76 to generate the 
32-compound 2OH(1) library (Supplementary Figs. 6 and 7).

Overall, 64 different HS tetrasaccharides were prepared on a 
5–15-mg scale in 86–95% purity from 3.5 g of the universal building 
block 65 (Supplementary Table 1). This comprehensive library of HS 
oligosaccharides containing all possible 2-O-, 6-O- and N-sulfation 

sequences in the tetrasaccharide GlcN–IdoA–GlcN–IdoA represents 
the most diverse collection of HS tetrasaccharides synthesized so far. 
Most of the structures are irregular, ‘mixed’ sequences where each 
disaccharide unit displays a different sulfation motif. Such sequences 
cannot be obtained through chemoenzymatic synthesis. Our results 
highlight the power of chemical synthesis to generate both natu-
ral and non-natural HS structures with a wide range of regiodefined  
sulfation patterns.

Elucidating GAG structure–function relationships
The sulfation preferences of GAG-binding proteins are typically 
described in general terms (for example, 6-O-sulfation is required)10,47–49, 
with little information regarding the relative importance of specific 
modifications at each monosaccharide residue in the sequence. As 
our library covers the entire chemical space of N-acetyl, N-sulfate, 
2-O-sulfate and 6-O-sulfate modifications within the GlcN–IdoA–GlcN–
IdoA tetrasaccharide, we can systematically and comprehensively 
evaluate the impact of modifications at each position and obtain criti-
cal, sequence-specific information that was previously unattainable. To 
assess protein binding to the HS library, we constructed glycan microar-
rays in which the amine on the reducing end of tetrasaccharides 1–64 
was covalently attached to N-hydroxysuccinimide (NHS)-functionalized 
glass slides. Droplets (<1 nl) of each compound were spotted in nonu-
plicate at nine different concentrations (0.8–200 µM) using robotic 
printing technology.

We first examined the binding of fibroblast growth factor 2 (FGF2), 
a well-studied HS-binding protein involved in a diverse range of devel-
opmental processes and human diseases such as asthma, cancer and 
cardiovascular diseases50. FGF2 binding was detected using an Alexa 
Fluor 647-labelled anti-His-tag antibody, and relative binding to the 
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Fig. 2 | Synthesis of universal building block 65. Preparation of orthogonally 
protected tetrasaccharide 65 starts with acidic hydrolysis of natural heparin 
to form a core disaccharide, which is converted to versatile intermediate 68 in 
nine steps. Installation of the fluorous tag (69 to 70) and subsequent protecting-

group manipulations give disaccharide acceptor 72. TFAA, trifluoroacetic 
anhydride; Im, imidazole. Conversion of key intermediate 68 along another 
route yields disaccharide donor 74, which, upon glycosylation with 72, affords 
universal building block 65 in good yield.
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64 tetrasaccharides was represented as both a heatmap (Fig. 4) and 
bar graph (Supplementary Fig. 8). Loss of a single 2-O-sulfate group 
at IdoA-1 or IdoA-2 led to a substantial reduction in FGF2 binding 
(for example, 64 (100%) versus 60 (39%) and 52 (45%), respectively;  
Figs. 4b and 5), whereas loss of both 2-O-sulfate groups abolished 
binding (40 (3%)). Similar trends were observed across multiple 
series of compounds (for example, 63 (70%) versus 51 (3%) and 39 
(2%); 47 (57%) versus 35 (38%), 23 (2%) and 11 (0.7%)), indicating that 
the 2-O-sulfate groups at both IdoA positions are critical for FGF2 rec-
ognition. Although both N-sulfate groups were also key contributors  
(Fig. 5; 64 (100%) versus 61 (2%)), N-sulfation was generally more 
important at GlcN-2 than GlcN-1 (for example, 64 (100%) versus 62 
(28%) and 63 (70%), respectively). In contrast, loss of either or both 
of the 6-O-sulfate groups led to a relatively small reduction in binding  
(Fig. 5; 64 (100%) versus 48 (77%), 56 (63%) and 28 (68%)), indicating 
that 6-O-sulfation is not essential for FGF2 recognition.

Our findings highlight an interesting parallel between the molec-
ular recognition of HS GAGs and DNA. DNA-binding transcription 
factors, like HS-binding proteins, are capable of binding a subset of 
closely related sequences, and their binding specificities have been 
characterized using DNA sequence logos51. Drawing on these paral-
lels, we developed a general method to quantify and visualize the 
preferred sulfation sequences of GAG-binding proteins. Briefly, we 
first determined the relative frequencies of each HS modification 
across the full set of sequences in the library and weighted them by the 
normalized binding values in the heatmaps (Supplementary Methods). 
The log ratio of the observed frequency to the expected frequency 
produced position weight matrices, which were then visualized as 
‘sulfation logos’. These logos depict the enrichment (or log-likelihood) 
of sulfation (S), acetylation (Ac) or no modification (H) at each posi-
tion on a logarithmic scale within the bound HS sequences, where a 
positive value indicates a higher probability of occurrence than by 
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chance (Fig. 4c). Sulfation logos thus represent the range of HS modi-
fications bound by a given protein and highlight the extent to which 
each modification is preferred at each position in the sequence. As 
GAG-binding proteins often tolerate multiple sequences yet prefer 
distinct motifs, these logos help to determine and depict the key ele-
ments of HS–protein recognition.

In the case of FGF2, the N-sulfate (NS) modification of GlcN-2 is 
the most overrepresented modification among the bound sequences. 
The computed sulfation logo reveals that N-sulfation at GlcN-1 is less 
important overall than at GlcN-2, consistent with the general trends 
observed. Similarly, 2-O-sulfation (2S) at both IdoA-1 and IdoA-2 is 
also highly overrepresented. In contrast, 6-O-sulfate (6S) modifica-
tions at GlcN-2 and to a lesser extent, GlcN-1, are only slightly more 
enriched than by chance, indicating that 6-O-sulfation is not critical 
to FGF2 binding. Together with the heatmap analysis, our results lend 
further support to a large body of structural and biochemical studies 
demonstrating the crucial requirements of HS 2-O- and N-sulfation, 

but not 6-O-sulfation, for FGF2 recognition47,48. Indeed, crystal struc-
tures of FGF2 complexed with heparin oligosaccharides show that the 
6-O-sulfate groups of heparin point away from the binding site and do 
not make key contacts with FGF236,52.

Our results also expand an understanding of HS–FGF2 interac-
tions. Interestingly, FGF2 binding was not highly correlated with the 
overall negative charge of the tetrasaccharides. Tetrasaccharides bear-
ing the same number of sulfate groups displayed a wide range of bind-
ing efficiencies. For example, binding to the tetrasulfated compounds 
28, 47, 54 and 61 ranged from 2% to 68%, depending on the precise 
location of the sulfate groups. The pentasulfated tetrasaccharides 60 
and 63 also exhibited substantially different interaction with FGF2 (39% 
and 70%, respectively). These observations reinforce the notion that 
HS-binding proteins such as FGF2 bind in a sequence-specific manner 
and that HS–FGF2 interactions are driven by the specific pairing of 
electrostatic, hydrogen-bonding and van der Waals interactions, rather 
than cumulative, nonspecific charge effects.
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We also obtained position-resolved, sequence-specific informa-
tion regarding HS recognition by FGF2 that was previously unknown. 
Although the importance of the NS and 2S modifications had been 
shown, it was not known that FGF2 binding required a precise sequence 
of these modifications. We found that the NS and 2S modifications 
must be adjacent to one another within the same GlcN–IdoA disac-
charide unit, and the 2-O-sulfated IdoA must be on the reducing end 
relative to the N-sulfated GlcN (Fig. 4d; GlcNS-2-IdoA2S-2, compounds 
15, 35, 43, 59 or GlcNS-1-IdoA2S-1, compounds 6, 22, 30, 50). Separat-
ing the NS and 2S modifications (GlcNS-2-IdoA-2-GlcN-1-IdoA2S-1, 
compounds 7, 23, 31, 51) or changing their reducing end orientation 
to a nonreducing end orientation (IdoA2S-2-GlcNS-1, compounds 14, 
34, 42, 58) abolished FGF2 binding. These unexpected observations 
suggest that FGF2 binds the HS tetrasaccharides in a preferred orien-
tation, and the FGF2–HS interaction requires a specific sequence of 
nonreducing-to-reducing end modifications. Thus, our HS libraries 
enable a deeper understanding of HS–protein interactions, permit-
ting the identification of sequence-specific modifications and spe-
cific combinations of modifications critical for interaction. Detailed 
sequence-specific information has not been previously attainable for 
HS GAGs, even though it has been vital to the understanding of other 
major biopolymers such as DNA, RNA and proteins.

Comparisons between FGFs
Previous studies have proposed that each FGF family member may 
recognize a distinct sulfation sequence due to differences in the spatial 
arrangement of basic residues in their HS-binding sites36,53. We thus 
chose to examine the sulfation preferences of another FGF, FGF4, which 
plays critical roles in biological functions such as angiogenesis and 
neurogenesis50. We found that the HS-binding heatmaps and sulfation 
logos for FGF4 and FGF2 are strikingly different (Figs. 4b,c and 6a,b). 
In contrast to FGF2, FGF4 showed the highest binding preference for 
tetrasaccharide 63, which lacks N-sulfation at GlcN-1. Interestingly, loss 

of the N-sulfate group and N-acetylation at GlcN-1 generally increased 
FGF4 binding (for example, 64 (81%) versus 63 (100%); 60 (38%) versus 
59 (83%); 48 (49%) versus 47 (95%)), and the computed sulfation logo 
showed no overall preference for N-sulfation or N-acetylation at GlcN-1 
in the bound sequences (Fig. 6b). On the other hand, loss of the N-sulfate 
group at GlcN-2 generally decreased FGF4 binding (for example, 64 (81%) 
versus 62 (27%); 60 (38%) versus 58 (10%); 48 (49%) versus 46 (32%)). 
Although previous studies have suggested that N-sulfation is important 
for HS-binding to FGF2 and FGF454, our results indicate that N-sulfation 
is not fully required for strong FGF4 binding and reveal the distinct con-
tributions of each N-sulfate group in the tetrasaccharide sequence. We 
also identify other crucial differences in HS recognition between FGF4 
and FGF2, including a stronger dependence on 6-O-sulfation for FGF4. 
Loss of either or both 6-O-sulfate groups substantially reduced FGF4 
binding (for example, 63 (100%) versus 55 (43%) and 27 (35%); 64 (81%) 
versus 56 (56%), 48 (49%) and 28 (42%); 59 (83%) versus 35 (44%), 43 (16%) 
and 15 (16%)), with 6-O-sulfation generally being more important at 
GlcN-1 (Fig. 6b), particularly when GlcN-1 lacks N-sulfation (for example, 
47 (95%) versus 55 (43%)). Similar to FGF2, loss of 2-O-sulfation at both 
IdoA-1 and IdoA-2 substantially reduced binding to FGF4 (39 (43%) and 
40 (52%)). Overall, the sulfation preferences of FGF4 are remarkably 
distinct from those of FGF2, suggesting that these FGF family members 
likely recognize unique HS sequences in vivo. Interestingly, several 
tetrasaccharides were preferentially recognized by FGF4 but not FGF2 
(for example, 51 (67% versus 3%) and 40 (52% versus 3%)), raising the 
possibility of selective manipulation of FGFs in vivo by endogenous HS 
expression patterns or exogenous HS mimetics.

HS–chemokine interactions
HS regulates numerous chemokines important for the immune response, 
such as CXCL8 (interleukin-8), which is involved in leukocyte migration 
during bacterial and viral infections, as well as chronic inflammation55,56. 
In stark contrast to FGF2 and FGF4, the top binding sequence for CXCL8 
was compound 47, which lacks 6-O-sulfation at GlcN-2 and N-sulfation 
at GlcN-1 (Fig. 6c). Contrary to views that greater negative charge on 
HS leads to higher binding affinity, further increases in charge density 
were generally detrimental to CXCL8 binding (for example, 47 (100%) 
versus 63 (75%) and 48 (61%); 24 (63%) versus 52 (43%)), indicating that 
CXCL8–HS interactions are driven by specific interactions rather than 
overall negative charge. CXCL8 recognition depended strongly on 
2-O-sulfation, as loss of either or both 2S groups substantially decreased 
binding (47 (100%) versus 23 (29%), 35 (33%) and 11 (3.3%); 63 (75%) versus 
51 (47%), 59 (53%) and 39 (17%)). Although previous studies have reported 
that 6-O-sulfation and N-sulfation are favourable to CXCL8 binding57, 
our results demonstrate important position- and context-dependent 
effects for these modifications. For example, 6-O-sulfation at GlcN-1 
enhanced CXCL8–HS interactions (27 (25%) versus 47 (100%)), whereas 
6-O-sulfation at GlcN-2 was detrimental or neutral to binding (47 (100%) 
versus 63 (75%); 36 (49%) versus 60 (43%)). Accordingly, the sulfation 
logo for CXCL8 showed a striking lack of dependence on the 6S modi-
fication at GlcN-2 (Fig. 6d). We also observed more nuanced effects of 
6-O-sulfation. For example, when GlcN-1 lacked N-sulfation, 6-O-sulfation 
at GlcN-1 became more important for binding and contributed to the 
optimal recognition sequence (47 (100%) versus 27 (25%)). On the 
other hand, when GlcN-1 was N-sulfated, 6-O-sulfation at GlcN-1 had 
little effect on binding (46 (47%) versus 26 (43%) and 48 (61%) versus 
28 (63%)). Notably, N-sulfation was critical for binding, particularly at 
GlcN-2 (for example, NS–NS column versus NAc–NS column), whereas 
N-sulfation/N-acetylation at GlcN-1 reduced CXCL8 binding for some 
highly sulfated sequences (47 (100%) versus 48 (61%); 59 (53%) versus 60 
(43%)). Overall, these findings highlight the ability of comprehensive HS 
oligosaccharide libraries to provide insights into the precise HS modifi-
cations required for optimal interaction with CXCL8, a protein that has 
been challenging to characterize and reported to rely on the domain 
structure of HS rather than specific modifications27,37,58.
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modifications to FGF2 binding.
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Together, our studies reveal the different sulfate modification 
dependencies of CXCL8, FGF4 and FGF2 with residue-specific, sequence 
resolution that has been previously unattainable. We observed that 
each protein is characterized by a distinct set of HS-binding interac-
tions represented as a heatmap ‘fingerprint’. Furthermore, binding 
enrichment analyses visualized as sulfation logos highlight the unique 
features exploited by each protein for molecular recognition of HS.

Conclusion
We have developed a new strategy to prepare large, structurally diverse 
libraries of HS oligosaccharides. Our approach exploits a universal HS 
building block derived from natural heparin to minimize the number of 
synthetic transformations and a fluorous tagging method to expedite 
the purification of charged HS intermediates. This streamlines the 
late-stage diversification steps and substantially reduces the time and 
labour required for GAG library synthesis. Overall, this platform greatly 
accelerates the production of large, comprehensive collections of HS 
oligosaccharides and represents an important step toward providing 
broad access to synthetic GAG oligosaccharides on demand.

We applied the approach to generate a complete library of HS 
oligosaccharides representing all possible modifications at the most 
commonly sulfated N-, 2-O- and 6-O-positions in the tetrasaccharide 
GlcN–IdoA–GlcN–IdoA. This library allowed for detailed, systematic 
investigations into the structural determinants important for molecu-
lar recognition by HS-binding proteins. We also developed powerful 
methods to analyse, visualize and compare the HS sequences bound by 

proteins, and dissected the importance of individual modifications at 
each position in the oligosaccharide sequence. Our sulfation sequence 
logos demonstrate that FGFs and chemokines exhibit unique bind-
ing preferences across a broad range of HS sequences. Notably, our 
synthetic approach and sulfation logos can be readily expanded in the 
future to incorporate other modifications such as epimerization (that 
is, GlcA or IdoA) or to represent other GAG classes.

Overall, the streamlined synthesis of comprehensive libraries of 
defined HS oligosaccharides provides a wide diversity of both natural and 
non-natural structures for elucidating structure–function relationships. 
When combined with powerful, high-throughput microarray technolo-
gies, these libraries offer an unparalleled view into the sulfation code of 
GAGs, demonstrating the unique preferences of proteins for specific 
subsets of closely related sequences and revealing interesting analo-
gies to DNA-binding proteins. Notably, the incorporation of short GAG 
oligosaccharides into multivalent polymer scaffolds can serve as effective 
mimetics for GAG polysaccharides59–63. Thus, we anticipate that these 
libraries and the ability to decode GAG structure–function relationships 
will open new opportunities to target therapeutically important proteins.
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6S-2S-6H-2S 26 ± 2 60 ± 3 43 ± 3 56 ± 4

6S-2S-6S-2H 39 ± 2 10 ± 2 83 ± 6 38 ± 1

6S-2S-6S-2S 40 ± 3 27 ± 2 100 ± 6 81 ± 2

6H-2H-6H-2H 0.1 ± 0.0 0.4 ± 0.1 0.2 ± 0.1 2.1 ± 0.3

6H-2H-6H-2S 0.2 ± 0.1 7.4 ± 0.4 1.7 ± 0.2 42 ± 2

6H-2H-6S-2H 0.1 ± 0.1 1.0 ± 0.1 3.3 ± 0.2 26 ± 1

6H-2S-6H-2H 0.2 ± 0.1 4.1 ± 0.2 2.6 ± 0.2 30 ± 1

6S-2H-6H-2H 0.1 ± 0.0 1.6 ± 0.1 0.6 ± 0.2 6.6 ± 0.3

6H-2H-6S-2S 1.1 ± 0.1 39 ± 1 29 ± 0.8 63 ± 3

6H-2S-6H-2S 1.0 ± 0.1 43 ± 3 25 ± 2 63 ± 4

6S-2H-6H-2S 0.4 ± 0.1 19 ± 2 8.1 ± 0.6 37 ± 1

6H-2S-6S-2H 0.5 ± 0.3 13 ± 1 33 ± 2 49 ± 1

6S-2H-6S-2H 0.0 ± 0.4 2.1 ± 0.1 17 ± 2 48 ± 3

6S-2S-6H-2H 0.8 ± 0.0 2.9 ± 0.5 7.1 ± 0.9 33 ± 1

6H-2S-6S-2S 2.1 ± 0.7 47 ± 1 100 ± 9 61 ± 1

6S-2H-6S-2S 3.9 ± 0.2 47 ± 1 47 ± 5 43 ± 1

6S-2S-6H-2S 3.4 ± 0.2 28 ± 1 35 ± 1 63 ± 3

6S-2S-6S-2H 8 ± 3 13 ± 1 53 ± 2 43 ± 4

6S-2S-6S-2S 7.9 ± 0.8 27 ± 1 75 ± 6 68 ± 2
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Fig. 6 | HS sulfation specificities of FGF4 and CXCL8. a, Heatmap of the relative 
binding of FGF4 to the 64-compound HS library. Binding signals were normalized 
with respect to the compound with greatest binding. Error is the standard 
deviation to the first digit of uncertainty for the mean across nine replicates.  

b, Sulfation logo for FGF4. c, Heatmap of the relative binding of CXCL8. Error is 
the standard deviation to the first digit of uncertainty for the mean across nine 
replicates. d, Sulfation logo for CXCL8.
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