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A targeted heptasaccharide library was synthesised to prepare a
heparan sulphate (HS) microarray. The array was probed with two
glycan-binding proteins, HS 3-O-sulphotransferase 1 and antithrombin,
demonstrating the binding selectivity between HS and proteins. The HS
microarray technique will accelerate the understanding of the structure
and function relationships of HS.

HS plays important physiological and pathophysiological roles,
including embryonic development, inflammatory responses,
blood coagulation and viral/bacterial infections.1–3 In particular,
heparin, a special form of HS containing higher sulphation and
IdoA levels, is commonly used in clinics for the treatment of
patients with thrombotic disorders.4 HS exhibits biological
activities through its interactions with proteins. The selectivity
is largely governed by the sulphation patterns in HS.5 HS
includes sulphation at the 2-OH of IdoA (and to a lesser extent
GlcA) and the N-, 3-OH and 6-OH positions of GlcN residues.
Among these sulphation types, the 3-O-sulphation of GlcN is the
least abundant structural motif in HS. It is noteworthy, however,
that 3-O-sulphation is carried out by one of seven different 3-Osulphotransferase isoforms, suggesting that this rare modification
might significantly impact the biologically relevant HS finestructure.6 The size of the sulphated saccharide domain also plays
critical roles in displaying high binding affinity to a particular
protein. The size to display the biological activity varies in the
range of pentasaccharide (5-mer), binding to a single compact
protein, to an octadecasaccharide (18-mer), binding to a larger
extended protein or to a protein complex.7
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Glycan microarray technologies have become a powerful
method to investigate glycan–protein interactions.8–12 A number
of defined neutral and sulphated saccharides have been made
for glycan microarrays through an NIH sponsored consortium
(www.functionalglycomics.org). The improvement of methods
used to isolate, purify and synthesise new classes of saccharides
will further expand the structural diversity in glycan microarrays.13–16
Recently, a microarray of glycans from plants was reported.17 Glycan
microarrays containing strongly acidic oligosaccharides such as
those from HS, however, have lagged behind, while a chondroitin
sulphate tetrasaccharide array has been reported.18 An HS microarray was reported, but the array covered a mixture of oligosaccharides or polysaccharides.19,20 The Seeberger group pioneered
the development of the structurally defined HS-microarray.21,22
However, only a small number of tetrasaccharides and hexasaccharides were present on their array, underrepresenting the HS
glycome. An HS microarray containing eight HS hexasaccharides
obtained via chemoenzymatic methods was recently reported that,
however, did not contain 3-O-sulphated structures.23
A reasonably diversified collection of oligosaccharides is
required to construct an HS microarray for widespread use in
biological studies. To this end, a library of HS oligosaccharides
containing 21 HS oligosaccharides (1–21) was synthesised using
a chemoenzymatic approach24,25 (Fig. 1). Compounds 1–14 were
utilised for the array analysis by affixing on the array slides
through an amino group at the reducing ends. The oligosaccharide
synthesis was initiated from a monosaccharide using a glycosyltransferase, an epimerase and different sulphotransferases (ESI,†
Fig. S1). The azido group at the reducing end of each oligosaccharide
was reduced to the primary amino group by hydrogenation in
the last step of each synthesis to afford the final products, 1–14.
Similar sulphation patterns present in heptasaccharides are
found in the HS isolated from mouse or human tissues.26,27
Approximately 5–10 mg of each oligosaccharide were prepared.
The structures were confirmed by high-resolution mass spectrometry
(MS) (ESI,† Table S1) and 1H- and 13C-NMR (ESI,† Fig. S3–S44).
Seven fluorescently labelled octasaccharides (compounds 15–21)
were synthesised from appropriate precursors (ESI,† Fig. S2)
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Fig. 1 Symbolic structures of compounds synthesised for this study. Keys
for each symbol are shown in the box. For clarity, the sites of 3-O-sulphation in
the 3-O-sulpho group containing oligosaccharides are highlighted with a green
box. pNA-NH2 and pNA-N3 represent N-(6-aminohexanamidyl) p-aminophenyl
and N-(6-azidohexanamidyl) p-aminophenyl groups, respectively.

carrying a fluorescent tag (Cy5) at their non-reducing end.
Compounds 15–20 have a primary amino group at their reducing
end. Compound 21 has an azido group at its reducing end. Each
fluorescently labelled octasaccharide was converted from the
precursor heptasaccharide through three reaction steps. For
example, compound 15 has a nearly identical carbohydrate
structure to compound 7, with the exception that it has an
extra glucosamine residue and a Cy5 tag at its non-reducing
end. Compounds 16, 17, 18, 19 and 20 were synthesised from
the azido compounds 10, 11, 6, 13 and 5, respectively. The
conversion of the azido group to the primary amino group in
compounds 15–20 used triphenylphosphine. The structures of
compounds 15–21 were confirmed by MS analysis (ESI,† Table S1).
We utilised six fluorescently labelled oligosaccharides (15–20)
and assessed the consistency of oligosaccharide immobilisation
on the array through the measurement of fluorescence intensity.
The surface of the array slide is functionalised with N-hydroxysuccinimide (NHS) groups that react with the primary amino
group present at the reducing end of the oligosaccharide (Fig. 2E).
Six different oligosaccharides in a total of 100 spots, for each
compound, were printed on the array slide to examine the
variability in affixation efficiency on the slide surface. The
fluorescence intensity for each spot of an individual compound
was very similar (Fig. 2A), suggesting the chemistry was consistent.
Compound 21 displayed a 68-fold lower fluorescence intensity
than compound 18 due to the lack of an amino group at its
reducing end (Fig. 2C). The affixation of oligosaccharides was,
therefore, accomplished through a reaction of the primary amino
group on the glycan’s reducing end and the NHS activated
carboxyl group on the microarray slide. In contrast, the intensity
across substrates was unevenly displayed (Fig. 2C). One plausible
explanation is that the fluorescence was differentially quenched.
Alternatively, different sulphated oligosaccharides may display
different immobilisation efficiencies on the slide surface.
Next, we demonstrated the relationship between the amount
of oligosaccharides on the array chip and the concentration of
the printed oligosaccharide. Serially diluted compound 18, at a
range of concentrations from 5 to 1000 mM, were spotted on the
array surface. The images demonstrated that the amount of
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Fig. 2 Oligosaccharides on the surface of array slides. Panel A shows the
images of compounds 15–21 on the array slide. Panel B shows the images
of array slides spotted with different concentrations of compound 18.
Panel C shows the digitised analysis of the images from compounds 15–21.
The values for fluorescence intensity are displayed above each bar graph. The
local background of the fluorescence value is 9 ! 5. Panel D shows the
correlation curve of the fluorescence intensity and the spotted concentrations
of compound 18. Panel E shows the chemical reaction involved in the
affixation process. The intensity data are the mean value ! S.D. of 100
individual spots.

oligosaccharides on the chip correlated with the concentration
of loaded oligosaccharide (Fig. 2B), as did the results from
digitised analysis of the fluorescence signals (Fig. 2D). A linear
correlation was observed in the range of 5–50 mM. In addition to
compound 18, other fluorescently labelled oligosaccharides
(compounds 15, 16, 17, 19 and 20) exhibited similar linear
relationships between the amount of oligosaccharide on the
chip surface and the concentrations of the oligosaccharides
(ESI,† Fig. S45–S47). These results demonstrate the control in
affixing HS oligosaccharides on the array slide.
We sought to determine the amount of oligosaccharides on
the HS-array slides. Results of using fluorescently labelled
oligosaccharides did not oﬀer the amount of the oligosaccharides
on the slides. Knowing the amount of the oligosaccharide at the
microarray spots is an important indicator for the quality of the
array slide. Measuring the amount of oligosaccharide on the slide
is challenging due to the extremely small quantity. A cocktail of
three heparin lyases was used to degrade the oligosaccharide
from hundreds of spots from the surface array slide. Determining
the amount of disaccharides liberated by heparin lyase-treatment
allowed us to estimate the quantity of the oligosaccharide on
the array surface (Fig. 3). The detection of compound 4 on the
slide surface, with fluorescently labelled 3-O-sulphotransferase
1 (3-OST-1) (Fig. 3A), could also be eliminated through the
treatment of heparin lyases (Fig. 3A). The heparin lyase-treatment of
the surface bound compound 4 should liberate two disaccharides,
as illustrated in Fig. 3B. Indeed, two disaccharides were detected
from the analysis of compound 4 digest: DUA-GlcNS6S (dp2,NS6S)
from internal cleavage and GlcA-GlcNAc6S (dp2,6S) from the nonreducing end (NRE) (Fig. 3D).28 A known amount of compound 4
was used as an external standard (Fig. 3C). The amount of NRE 6S
disaccharide was found to be equivalent to 1.3 ng of compound 4
from 833 spots, and the amount of internal NS6S disaccharide
was found to be equivalent to 14 ng of compound 4 from same
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Fig. 3 Quantification of compound 4 on the array surface. Panel A shows the images of the array slides with or without treatment with heparin lyases.
The slides were hybridised with Alexa 488 labelled 3-OST-1. Heparin lyase-treatment abolished the binding of 3-OST-1 to the slide. Panel B shows the
reaction involved in the degradation of compound 4 by heparin lyases. Cleavage sites of heparin lyases are depicted by waved arrows. Panel C shows the
multiple reaction monitoring (MRM) tandem mass spectrometry chromatograms of two disaccharides from the degradation of compound 4 by heparin
lyases. Panel D shows the MRM tandem mass spectrometry chromatograms of two liberated disaccharides from the array slide after the treatment with
heparin lyases. The quantitative analysis was conducted by comparing the areas of disaccharide signals of DUA-GlcNS6S (dp2,NS6S) and GlcA-GlcNAc6S
(dp2,6S NRE) from MRM analysis between heparin lyase digested compound 4 and on-site heparin lyase digestion from the array surface covered by
compound 4. From the analysis of digested compound 4 (7.7 mg), the peak area for NS6S was 44 757 and the peak area for 6S was 382 894. From the
analysis of the on-site digested surface that consisted of 833 spots, the peak area for NS6S was 83.7, and the peak area for 6S was 64.6. The calculated
amount for compound 4 on the surface based on dp2,NS6S was 17 pg per spot (=83.7/44 757 " (7.7 " 106)/833). Using a similar method, the calculated
amount for compound 4 on the surface based on dp2,6S NRE was 1.6 pg per spot (=64.6/382 894 " (7.7 " 106)/833).

number of spots. These results suggest that the amount of
compound 4 at each array spot was between 1.6 and 17 pg,

or the immobilisation eﬃciency was estimated to be 1–10%.
This 10-fold deviation in the amount of oligosaccharide determination

Fig. 4 Images of HS-array analysis. Panel A shows the image of the array slide hybridised with fluorescently labelled 3-OST-1. A total of 14 oligosaccharides
were aﬃxed on the slide, and each compound was spotted up to 100 spots. The histogram of fluorescence intensity analysis is shown on the right. The local
background of the fluorescence value was to 106 ! 10. Panel B shows the image of the array slide hybridised with fluorescently labelled AT. The local
background of the fluorescence value was 60 ! 3. The histogram of fluorescence intensity analysis is shown on the right. Both 3-OST-1 and AT were labelled
with Alexa Fluos 488. The images were acquired using the excitation wavelength of 488 nm on a GenePix 4300 A scanner.
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is likely due to either the incomplete digestion of compound 4 from
the array slide or the disaccharide products were partially absorbed on
the slide surface, resulting in lower quantification. Using the same
method, we also determined the amount of compound 1 on the
array slide (ESI,† Fig. S48). Disaccharide analysis detected the
amount of DUA-GlcNS (dp2,NS) disaccharide to be equivalent to
2.8 ng of compound 1 from 830 spots, corresponding to 3.4 pg per
spot, or the immobilisation efficiency was estimated to be 2.5%.
The HS microarray was next implemented to probe for
binding to proteins. Compounds 1–14 were spotted on the array
slides followed by hybridisation with fluorescently labelled proteins.
Two proteins, 3-O-sulphotransferase isoform 1 (3-OST-1) and
antithrombin (AT), were included in the study. 3-OST-1 is an
enzyme in the HS biosynthetic pathway that is responsible for
introducing a 3-O-sulpho group to the HS.29 Fluorescently
labelled 3-OST-1 binds strongly with compounds 5, 9, and 12
(Fig. 4A), and has lower binding with 4 and 11. The results are
consistent with the anticipated selectivity to the saccharide
sequence based on the co-crystal structures of 3-OST-1.30 Using
surface plasmon resonance (SPR), we confirmed the binding of 5, 9
and 12 to 3-OST-1 (ESI,† Table S2), but not of 4 and 11. The
undetected binding for 4 and 11 by SPR was probably because the
binding affinity of 4 and 11 to 3-OST-1 is low. Next, AT was used to
probe the array slide. AT is an inhibitor of factor Xa (FXa) and other
proteases in the coagulation cascade; heparin exhibits anti-FXa
activity by binding to AT. AT primarily bound to two oligosaccharides,
compounds 5 and 12 (Fig. 4B). Among the oligosaccharides on
the array, only compounds 5 and 12 contain 3-O-sulpho groups,
consistent with previous studies, showing that the interaction
between HS and AT requires 3-O-sulphation.31,32 The SPR analysis
confirmed the microarray analysis (ESI,† Table S2). In the measurement of anti-FXa activity, only compounds 5 and 12 inhibited the
activity of FXa (ESI,† Fig. S49), suggesting that the bindings of 5 and
12 to AT mimic heparin’s display of anticoagulant activity.
In summary, we demonstrate the construction and characterisation of an HS heptasaccharide microarray. It is crucially
important to include suﬃciently large oligosaccharides that
cover a wide range of sulphation patterns to systematically study
HS–protein interactions. In the past, the chemical synthesis of HS
oligosaccharides larger than hexasaccharides has been proven to
be very difficult. Critical for the success of this study was our ability
to synthesise a heptasaccharide library using a highly efficient
chemoenzymatic method. This method allowed us to synthesise a
relatively large and diverse collection of HS oligosaccharides that
can be easily re-synthesised when a microarray hit requires
confirmation by other techniques, such as NMR binding studies,
X-ray co-crystallography or in vitro and in vivo biological investigations. The use of fluorescently labelled oligosaccharides and
highly sensitive disaccharide analysis by LC/MS enabled the characterisation of this HS microarray. In the future we plan to expand
the coverage of the HS microarray to larger oligosaccharides and
more diversified sulphated saccharide sequences resembling the
structures of HS polysaccharides isolated from natural sources. This
well-controlled and representative HS microarray technique should
provide a reliable tool for the investigation of the structure and
biological function relationship of HS.
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