Biochem. J. (1999) 339, 767—773 (Printed in Great Britain)

767

Sequence analysis of heparan sulphate and heparin oligosaccharides
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The biological activity of heparan sulphate (HS) and heparin
largely depends on internal oligosaccharide sequences that pro-
vide specific binding sites for an extensive range of proteins.
Identification of such structures is crucial for the complete
understanding of glycosaminoglycan (GAG)-protein inter-
actions. We describe here a simple method of sequence analysis
relying on the specific tagging of the sugar reducing end by *H
radiolabelling, the combination of chemical scission and specific
enzymic digestion to generate intermediate fragments, and the
analysis of the generated products by strong-anion-exchange
HPLC. We present full sequence data on microgram quantities

of four unknown oligosaccharides (three HS-derived hexa-
saccharides and one heparin-derived octasaccharide) which il-
lustrate the utility and relative simplicity of the technique. The
results clearly show that it is also possible to read sequences of
inhomogeneous preparations. Application of this technique to
biologically active oligosaccharides should accelerate progress in
the understanding of HS and heparin structure—function relation-
ships and provide new insights into the primary structure of these
polysaccharides.
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INTRODUCTION

Glycosaminoglycans (GAGs) are linear polysaccharides found
on most animal cell surfaces as well as in basement membranes
and other extracellular matrices. Heparan sulphate (HS) and
heparin are the most widely studied members of this family, since
they are implicated in many biological functions [1]. However,
detailed study of these molecules is made difficult by their highly
complex and heterogeneous structure [2,3].

Biosynthesis of heparin and HS involves the formation of a
common precursor polysaccharide comprised of alternating N-
acetylglucosamine and glucuronic acid units, which subsequently
undergoes a stepwise series of modifications [4]. These start with
the N-deacetylation/N-sulphation of glucosamine residues, fol-
lowed by C-5 epimerization of the adjacent glucuronate into
iduronate (IdoA). Finally, O-sulphation occurs at C-2 of IdoA
and C-6 of glucosamine, with infrequent modifications taking
place at C-2 of glucuronic acids and C-3 of N-sulphoglucosamine
(GIeNS).

Little is known about the mechanism of biosynthetic regu-
lation. However, it is clear that this process is non-random. The
stepwise nature of the modification reactions, the substrate
specificity of the enzymes involved and the extent of glucosamine
N-sulphation lead to a hypervariable, but precise, molecular
organization [2,4]. In HS, N-sulphation of glucosamine is an
incomplete process which only occurs in defined regions of the
polysaccharide. This results in the formation of clusters of N-
sulphated disaccharides, called S-domains, which then constitute
major sites for further modifications. In the mature HS chains,
highly sulphated regions alternate with relatively unmodified
regions of glucuronic acid—N-acetylglucosamine (GlcA-GlcNAc)
repeats. In heparin, N-sulphation is much more extensive, and

the polysaccharide is therefore enriched in IdoA residues and
O-sulphate groups, confering to the whole polysaccharide an S-
domain-type organization.

Heparin and HS have been implicated in numerous biological
activities [1] which are mainly triggered by interactions with a
wide range of proteins, such as cofactors of the coagulation
cascade, extracellular-matrix components and a variety of cyto-
kines and growth factors [3,5,6]. Heparin, because of its ability to
bind and enhance the activity of antithrombin, has been used
clinically for over half a century as an anticoagulant and
antithrombotic agent. However, under physiological conditions,
HS is believed to be the actual mediator of ligand binding and
activation and thus seems to be the polysaccharide most relevant
for study of biological mechanisms.

The protein-binding properties of HS/heparin are mediated
by regions of specific sugar sequence and sulphation pattern in
the polymer chains. The most notable example to date is the
antithrombin-binding pentasaccharide sequence featuring a
unique 3-O-sulphated glucosamine [6]. More recently, studies on
fibroblast growth factor 2 (FGF-2) have indicated a requirement
for iduronate 2-O-sulphate (IdoA,2S) and GIcNS residues for
recognition of the growth factor [7,8], but its activation by HS
also needs the presence of 6-O-sulphate groups [9,10]. The
binding and activation of other growth factors, such as FGF-1,
FGF-4 [10,11], hepatocyte growth factor [12] or vascular epi-
thelial cell growth factor [13], were also shown to be dependent
on distinct structural features, supporting the existence of ligand-
specific sites within HS chains. However, the lack of a convenient
method for precise GAG structure analysis has meant that little
is known about the exact sequences exerting activity for most
ligands of HS and heparin. Classical investigation techniques
rely on the utilization of specific enzymic and chemical scission
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acetylglucosamine; GIcNS, N-sulphoglucosamine; GAG, glycosaminoglycan; AHexA: A4,5-unsaturated uronic acid; HS, heparan sulphate; 12Sase,
iduronate 2-O-sulphatase (EC 3.1.6.13); IdoA, iduronic acid; IdoA,2S, iduronate 2-O-sulphate; IdoAse, iduronidase (EC 3.2.1.76); pHNO,, partial nitrous

acid; SAX, strong anion exchange.
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methods and the subsequent analysis of the degradation products.
This provides data on the overall composition and domain
organization of HS [14-16], but no sequence information. Other
analysis methods, such as NMR or MS [17,18] have been used
for the structural characterization of short oligosaccharides, but
require expertise and equipment incompatible with routine use in
most laboratories. HS-degrading lysosomal enzymes have been
used to provide information on the structure of the non-reducing
end of HS and heparin fragments [19]. In the present study we
have used a combined chemical and enzymic-scission protocol
for the complete sequencing of oligosaccharides derived from HS
and heparin. This method involves specific tagging at the reducing
end of an oligosaccharide by *H incorporation, followed by
partial deaminative cleavage with dilute HNO, to yield *H-
labelled intermediate fragments whose sizes reflect positions of
the HNO,-sensitive GIcNS-a(1 —4)HexA linkages (HexA is
uronic acid). The fragments are then treated with specific
lysosomal enzymes, such as iduronate 2-O-sulphatase (I2Sase
[20]), iduronidase (IdoAse [21]) or glucosamine 6-O-sulphatase
(6Sase [22]) to enable sequence determination from comparison
of separation profiles on high-resolution strong-anion-exchange
(SAX) HPLC.

EXPERIMENTAL

Porcine mucosal HS was provided by Organon (Oss, The
Nederlands) and the heparin-derived octasaccharide (H8) re-
leased by heparinases was generously given by Dr. G. Jayson
(Christie Hospital, Manchester, U.K.). Heparinases I, IT and III
were supplied by Grampian Enzymes (Harray, Orkney, U.K.)
and A-glycuronidase by Seikagaku (Chuo-Ku, Tokyo, Japan).
The recombinant exoenzymes were prepared as previously des-
cribed [20-22] and stored at 4 °C. They are now available from
Oxford Glycosciences (Abingdon, Oxon, U.K.). Bio-Gel P6 and
P2 were obtained from Bio-Rad (Hemel Hempstead, Herts.,
U.K), PD-10 columns from Pharmacia (Little Chalfont, Bucks.,
U.K.) and Propac PA1 SAX HPLC columns from Dionex
(Camberley, Surrey, U.K.). The NaB?H, (33 Ci/mmol) was
purchased from Amersham. All other reagents were obtained
from BDH-Merck Ltd. (Lutterworth, Leics., U.K.).

Preparation and *H end labelling of oligosaccharides

Heparinase Ill-resistant HS hexasaccharides were prepared by
using a two-step purification procedure involving gel filtration
(Bio-Gel P6) and SAX-HPLC separation as described previously
[9] (see Figure 1 below). Oligosaccharides were detected by
measuring UV absorbance at 232 nm, and amounts were deter-
mined by weighing. Sample purity was checked by PAGE using
Tris/glycine gels (see conditions in Figure 1 below). Oligo-
saccharides (2040 nmol) were dissolved in 200 xl of 50 mM
Tris/HCI, pH 8.5, containing 1 mCi of NaB*H,. After incubation
overnight at room temperature, samples were acidified (to ~
pH 4) with 4 M acetic acid and then neutralized (to ~ pH 7) by
addition of 2 M sodium carbonate. Most of the free label was
released as H, gas during the acidification. Salt and remaining
free radioactivity were removed by running the samples on a PD-
10 column. The radiolabelled oligosaccharides were then purified
by SAX-HPLC, using the gradient conditions described in Figure
1 (below). Fractions corresponding to radiolabelled oligo-
saccharides (determined by liquid-scintillation counting of small
aliquots) were pooled and desalted on a PD-10 column. Purity
was reassessed by SAX-HPLC.
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Specificity of the *H end labelling

Radiolabelled HS hexasaccharides were depolymerized by
deaminative cleavage with HNO, using the low-pH method of
Shively and Conrad [23]. Deaminated samples were then desalted
on a PD-10 column and applied to the Propac PA1 SAX-HPLC
column equillibrated in Milli Q water, pH 3.5. [*H]Saccharides
were eluted with a two-step linear gradient, 0-0.15 M NaCl (in
Milli Q water, pH 3.5) over 51 min and 0.15-0.5 M NaCl over
67 min at a flow rate of 1 ml/min. Peaks were detected by
scintillation counting and their elution positions compared with
those of radiolabelled disaccharide standards.

The possible presence of *H label in the non-reducing (un-
saturated) uronate was also assessed. Radiolabelled HS hexa-
saccharides (& 1000 c.p.m.) were incubated with 1 unit of A-
glycuronidase in 25 xl of 40 mM sodium acetate, pH 4.5, over-
night at 37 °C. Digests were subjected to SAX-HPLC and elution
times of products were compared with those of untreated
oligosaccharides.

Sequence analysis of the *H-end-labelled oligosaccharides

3H-end-labelled oligosaccharides for sequencing were partially
depolymerized by HNO, (pHNO,) treatment under mild con-
ditions. Preliminary experiments were carried out to determine
incubation times required to yield an appropriate spread of
degradative intermediates. For HS saccharides (HS-6A and HS-
6B), ~ 10° c.p.m. in 80 xl of water were incubated with 10 xl of
190 mM HCI and 10 gl of 10 mM NaNO,. Aliquots (10-20 zl)
were removed after 0, 1, 2, 3 and 4 h of incubation and neutralized
by the addition of 25 ul of 0.2 M sodium acetate, pH 4.5, to stop
the degradation. The various aliquots were pooled and desalted
on a PD-10 column. For the heparin saccharide H8, which
depolymerized more rapidly, a single incubation of 10 min was
used. pHNO,-treated oligosaccharides (20004000 c.p.m.) were
re-dissolved in 25 ul of 40 mM sodium acetate, pH 4.5, and
incubated for 16-24 h at 37 °C with single or combinations of exo-
enzymes as follows: 1, 12Sase (0.54 m-units); 2, IdoAse (0.29 m-
units); 3, 12Sase (0.54 m-units) followed by IdoAse
(0.29 m-units); 4, 12Sase (0.54 m-units), then IdoAse (0.29 m-
units) and finally 6Sase (0.096 y-units). When combin-
ations were used (i.e. 3 and 4), the incubations were performed
sequentially in the order stated. Digests were analysed by SAX-
HPLC using NaCl linear gradients previously optimized for each
starting oligosaccharide (see Figures 3, 4 and 5 below). Fractions
(0.5 ml) were analysed for *H by scintillation counting. Elution
patterns of each enzyme digest were compared with the untreated
pHNO, mixture subjected to SAX-HPLC under the same gra-
dient conditions. Mercuric acetate treatment to remove the A4,5-
unsaturated uronic acid (AHexA residue) at the unsaturated end
was performed as previously described [24] and the sample
analysed by SAX-HPLC.

Disaccharide analysis of oligosaccharides

Disaccharide analysis was performed as previously described [9].
Oligosaccharides (unreduced) were degraded extensively by treat-
ment with a mixture of heparinases. Resulting disaccharides were
analysed by SAX-HPLC calibrated with authentic standards,
using measurement of UV absorbance at 232 nm for detection.

RESULTS AND DISCUSSION

Purification of HS-derived hexasaccharides

The depolymerization of porcine mucosal HS by heparinase 111
yielded a mixture of sulphated oligosaccharides that were first
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fractionated according to their size using Bio-Gel P6 gel
chromatography [9]. Fractions corresponding to the hexa-
saccharide peak were pooled and the constituent species resolved
by SAX-HPLC (Figure 1). Two of the three main peaks in the
profile (HS-6A and HS-6B) were taken for sequence analysis. A
third oligosaccharide also prepared for sequencing was a single
octasaccharide species designated HS8, generated by partial
heparinase I digestion of heparin and purified by gel filtration
and SAX-HPLC.

All three oligosaccharides were first analysed by PAGE to
assess their purity. HS-6A and HS (inset to Figure 1) ran as single
bands, whereas HS-6B contained two species: a major com-
ponent, HS-M6B, and a minor one, HS-m6B, present at a ratio of
approx. 3:1 (Figure 1). These samples were radiolabelled by
reduction with NaB[*H], and approximately 10000 d.p.m./nmol
of oligosaccharide were incorporated. Free *H was removed by
gel filtration (on a PD-10 column), but a further purification by
SAX-HPLC (see the Experimental section) was required to
separate the [*H]oligosaccharides from radiolabelled non-GAG
material (results not shown).

Specificity of H end labelling

The specificity of ®H incorporation at the reducing end is essential
for the ‘reading’ of the saccharide sequence, since it allows the
exclusive detection of intermediate-sized fragments that still
contain the original reducing end following pHNO, treatment.
Special attention was given to showing that there was no
unspecific isotope incorporation as a result of unknown side
reactions. First, HS-6B was incubated with A-glycuronidase, an
exoenzyme that specifically removes unsaturated A4,5-uronic
acid. Analysis of the digest by SAX-HPLC showed only one *H-
labelled peak corresponding to the resulting pentasaccharide. No
free label or radiolabelled monosaccharides were detected (results
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Figure 1 Purification of HS hexasaccharides by SAX-HPLC

Size-defined HS hexasaccharides were applied to two SAX-HPLC Propac PA1 columns
connected in series and resolved using a linear gradient of NaCl (0.04—2 M NaCl in Milli Q
water, pH 3.0, over 60 min). Peaks were detected by absorbance at 232 nm. Fractions (1 ml)
corresponding to the two indicated species (HS-6A and HS-6B) were pooled. Inset: the purity
of oligosaccharides was checked by PAGE. HS-6A, HS-6B and H8 were run on a 10-cm-long
30%-(w/v)-acrylamide gel at constant current (25 mA) for 3—4 h. The gel was stained with aqg.
0.08% Azure A for 10 min under constant agitation. Excess dye was removed by washing the
gel twice in water for 5 min.
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Figure 2 Sequencing of HS-6A

Aliquots (2000 c.p.m.) of pHNO,-treated HS-6A were incubated with individual or combinations
of exoenzymes and analysed by SAX-HPLC. Following a 4 min wash in Milli Q water, pH 3.5
(acidified with HCI), samples were eluted using a linear gradient of NaCl (0—-0.7 M NaCl), pH
3.5, over 38 min at 1 ml/min. pHNO,-treated HS-6A (A) was digested with IdoAse (B), 12Sase
(C), 12Sase + IdoAse (D).

not shown). Secondly, complete HNO, depolymerization of both
HS hexasaccharides generated a single radiolabelled disaccharide
for HS-6A and, two for HS-6B with a 3:1 ratio (results not
shown), thus showing that the two distinct species seen in HS-6B
(Figure 1) differ at their reducing end.
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Figure 3 Sequencing of HS-6B

Aliquots (2000 c.p.m.) of pHNO,-treated HS-6B were incubated with exoenzymes and analysed
by SAX-HPLC. After a 4 min wash in Milli Q water, pH 3.5, samples were eluted using a linear
gradient of NaCl (0-0.8 M NaCl), pH 3.5, over 38 min at 1 ml/min. pHNO,-treated HS-6B (A)
was digested with IdoAse (B), 12Sase (G), 12Sase + IdoAse (D), 12Sase + IdoAse + 6Sase (E).
In (E) a small fraction of the HS-M4B’” peak (D) is not converted into HS-4MB’” by 6Sase.
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Table 1 Disaccharide (DS) analysis of heparin and HS oligosaccharides

Key to oligosaccharides (0S): 1, AHexUA-GIcNAc; 2, AHexUA-GICNAc(6S); 3, AHexUA-
GIcNSO;; 4, AHexUA-GICNS(6S); 5, AHexUA(2S)-GIcNSO,; 6, AHexUA(2S)-GIcNSO3(6S);
7, AHexUA (2S)-GIcNAc. Abbreviation: nd, not detected.

Disaccharide (% of total)

DS 0S... 1 2 3 4 5 6 7

HS-6A 26.1 34 357 1.2 324 1.2 nd
NS-6B 26.1 6.5 314 18 8 255 nd
H8 nd nd nd nd nd 100 nd

Sequencing of *H-end-labelled oligosaccharides
Analysis of HS-6A hexasaccharide

Partial depolymerization of HS-6A with HNO, resulted in the
generation of three main peaks corresponding to the reducing-
end-derived disaccharide (HS-2A), tetrasaccharide (HS-4A) and
the remaining intact hexasaccharide (Figure 2A), suggesting,
therefore, that both the internal amino sugars were N-sulphated.
Thus the general structures of the pHNO, fragments are (SP =
sugar position):

SP... 6 5 4 3 2 1
AHexA-GlcNS-HexA-GlcNS-HexA-GIcNR*  HS-6A
HexA-GIcNS-HexA-GIcNR*  HS-4A
HexA-GIcNR*  HS-2A

in which R at residue 1 is Ac or SOj, * indicates *H-labelled
glucosaminitol, the HexA represents GIcA or IdoA, the uronates
may be O-sulphated at C-2 and the amino sugars at C-6. The
pHNO, scission not only reveals the position of GIcNS but also
‘opens up’ the internal sequence to the action of lysoso-
mal exoenzymes. The pHNO, fragments were then incubated with
exoenzymes, singly or in combination, and digestion products
analysed by SAX-HPLC (see Figure 2). The incubation with
IdoAse (Figure 2B) specifically degraded HS-2A to HS-2A’
(identified as [*H]GlcNAc-ol), defining the uronic acid at position
2 in the above sequence as IdoA. Digestion with 12Sase (Figure
2C) resulted in a specific shift only of the HS-4A peak to HS-4A’,
indicating the presence of a 2-O-sulphate group on the uronic
acid at position 4. The combination of both 12Sase and Idoase
(Figure 2D) converted HS-4A into HS-4A”, a trisaccharide
derived from HS-4A after removal of the IdoA,2S at position 4.
Finally, incubation of the sample with three exoenzymes
successively (I2Sase, IdoAse and 6Sase) caused no further
movement of the peaks when compared with the [2Sase + IdoAse
profile (Figure 2D), suggesting the absence of 6-O-sulphate
groups in HS-6A (results not shown). The HS-6A sequence that
can be read from the profiles in Figure 2 is:

AHexA-GIcNS-1doA,2S-GlecNS-IdoA-GlcNAc

Analysis of HS-6B hexasaccharide

For HS-6B, two different structures (in a ratio of 3:1) were
sequenced at the same time. In the pHNO, digest (Figure 3A),
one tetrasaccharide (HS-4B) and two disaccharides were observed
together with the original HS-6B, hence showing the internal
glucosamines to be N-sulphated. The disaccharide derived from
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Figure 4 Sequencing of H8

Aliquots (3000 c.p.m.) of pHNO,-treated H8 were incubated with exoenzymes and analysed by
SAX-HPLC. Following a 4 min wash in Milli Q water, pH 3.5, samples were eluted using a linear
gradient of NaCl (0—1.7 M NaCl), pH 3.5, over 80 min at 1 ml/min. PHNO,-treated H8 (R) was
digested with IdoAse (B), 12Sase (C), 12Sase + IdoAse (D), 12Sase + IdoAse + 6Sase (E).

the major species (HS-M2B) was eluted before the one derived
from the minor component (HS-m2B). Digestion of the pHNO,
fragments with IdoAse affected only the disaccharides (Figure
3B), HS-M2B and HS-m2B being converted into HS-M2B’
(corresponding to GlcNAc-ol) and HS-m2B’ respectively, which
showed that residues at position 2 (adopting the numbering
system used for HS-6A) in both species are IdoA (Figure 3).
Treatment with 12Sase converted HS-4B into HS-4B’ (Figure
3C), showing the presence of a 2-O-sulphate group on the
uronate at position 4. Combined use of I2Sase and IdoAse
(Figure 3D) generated two distinct trisaccharides from HS-4B
with one (HS-M4B”) more abundant than the other (HS-m4B”).
This indicated that residue 4 is IdoA,2S for both species. Finally,
consecutive digestions with 12Sase, IdoAse and 6Sase (Figure
3E) generated a new derivative, HS-M4B"”, a product derived
from HS-M4B”, hence revealing a 6-O-sulphate group on the
number 3 glucosamine of the major species HS-M6B. This
fragment (HS-M4B"”) was eluted at the same position as the
monosaccharide HS-m2B’ and so masked this latter species.
Therefore the digestion was repeated on HPLC-purified HS-4B
and HS-m2B, which confirmed the co-elution of the products
HS-M4B"” and HS-m2B’ (results not shown). It was also observed
that the monosaccharide HS-m2B’ generated by IdoAse treat-
ment was not affected by the 6Sase; however, its elution position
is indicative of a monosulphated sugar, and the disaccharide
analysis performed on HS-6B (Table 1) suggested that the residue
at position 1 of the minor species is GIcNAc,6S. We therefore
assume that the 6Sase will not act on reduced, open-ring 6-O-
sulphated substrates. The sequences of the two oligosaccharides
found in HS-6B and their respective pHNO, fragments can
therefore be read from the profiles shown in Figure 3, and they
are:

HS-M2B
HS-M4B
I
HS-M6B: AHexA — GIcNS - IdoA,2S — GIcNS,6S — IdoA - GIcNAc
Sugar position: 6 5 4 3 2 1
HS-mé6B: AHexA — GIcNS — IdoA,28 — GIcNS —IdoA — GIcNAc,6S

HS-m2B

(Corrected in online journal)

Analysis of heparin octasaccharide (H8)

The pHNO, elution profile for the heparin octasaccharide HS
showed four main peaks corresponding to the intact H8 and
three intermediates (H2, H4 and H6 corresponding to di-, tetra-
and hexa-saccharides respectively; Figure 4A). Exoenzyme
digestions of pHNO,-treated H8 showed that IdoAse alone was
ineffective on any of the peaks generated by pHNO, (Figure 4B),
whereas 12Sase caused shifts in elution position of all four
species, i.e. H2, H4, H6 and H8 to H2’, H4, H6" and H&’
respectively (Figure 4C), revealing the presence of 2-O-sulphates
on all uronic acids. Interestingly, it was noticed in this digestion
that 12Sase also accepted unsaturated uronic acids as substrates,
since H8 was also affected by the enzyme. Following 12Sase
treatment, IdoAse was able to act on H2’, H4" and H6’ converting
them into species designated H2”, H4” and H6” respectively
(Figure 4D). This result established the nature of all the internal
uronic acids as IdoA residues. Surprisingly, H4” and H6” were
eluted at a higher salt concentration than their substrates, H4’
and H6’ respectively, probably as a result of their higher charge
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Figure 5 Identification of the unsaturated disaccharide of H3

Radiolabelled H8 was treated with mercuric acetate, desalted and digested with 6Sase.
Resulting products were analysed by SAX-HPLC. (A) H8; (B) H8 treated with mercuric acetate;
(C) H8 treated with mercuric acetate and 6Sase.

density. The H8 fragment was unaffected by IdoAse, which is
unable to remove an unsaturated uronate residue. Finally, the
digestion of the pHNO, fragments by all three exoenzymes
successively (i.e. 12Sase, IdoAse, 6Sase) generated two new
components, H4” and H6'”, showing the presence of 6-O-
sulphates on both internal glucosamines at positions 3 and 5
(Figure 4E). The H2” monosaccharide was not acted on by the
6Sase (Figures 4D and 4E); however, the elution position of this
monosaccharide and the disaccharide analysis of H8 (Table 1)
show that the residue 1 is GIcNS,68S.

The 6-O-sulphation of the glucosamine residue next to the
AHexA,2S at the non-reducing end of H8 was then investigated
by treatment of the intact H8 with mercuric acetate to remove the
AHexA,2S [24] and digestion by the 6Sase. Digests were analysed
by SAX-HPLC (Figure 5). Mercuric acetate converted H8 into
the derived heptasaccharide H8” (Figure 5B). The latter was then
digested by the 6Sase to give H8” (Figure 5C), showing the
presence of a 6-O-sulphate group on the non-reducing-end
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disaccharide. The sequence of H8 was thus established to be a
succession of four trisulphated disaccharides:

SP... 8 7 6 5 4 3 2 1

AHexA,25-GleNS,65-1doA ,25-GIcNS,6S-IdoA,25-GIeNS,6S5-IdoA,25-GleNS,65
(Corrected in online journal)

Disaccharide composition of the oligosaccharides

The composition of the oligosaccharide preparations analysed in
this study (Table 1) matched the data provided by the sequence
analysis and gave the expected proportions of the constituent
disaccharide units. For HS-6A, three different disaccharides in
equal proportions were identified. All were devoid of 6-O-
sulphate groups, and only one contained a 2-O-sulphated
uronate. Disaccharide analysis of the heterogeneous sample HS-
6B showed five disaccharides to be present. The ratio of 3:1
between the two hexasaccharides present enabled attribution of
disaccharides to one species or the other, with one disaccharide
(AHexA-GIcNS) being common to both species. Once again, the
nature of the disaccharides identified confirmed the sequences
proposed: only two disaccharides were found to contain a 6-O-
sulphate group, the major one being AHexA,2S-GIcNS,6S (from
HS-M6B), while the less abundant one is AHexA-GIcNAc,6S
(from HS-m6B). Finally, only the trisulphated disaccharide
(AHexA,2S-GIcNS,6S) was found in H8, supporting the structure
deduced for this oligosaccharide.

CONCLUSION

The method described here enables fast and reliable sequencing
of small amounts (approx. 20 nmol) of HS and heparin oligo-
saccharides. The high-resolution SAX-HPLC separation of frag-
ments of intermediate size generated by pHNO, enabled
positioning of the GIcNS residues and a clear revelation of shifts
in elution position of the fragments after exoenzyme treatment.
Hence, there is no need to separate individual saccharides after
pHNO, scission, as these can be analysed simultaneously, so
greatly accelerating the speed and efficiency of sequencing. We
have also demonstrated that the technique can accommodate a
certain level of contamination; i.e. in the case of HS-6B, the
sequencing of two species was achieved. Three exoenzymes
(I2Sase, IdoAse and 6Sase) were needed for sequencing our
oligosaccharides. However, the use of other exoenzymes which
are currently available or still under development, should enable
characterization of some rarer saccharides found in HS /heparin
[20]. Furthermore, this technique could easily be adapted for the
sequencing of other GAGs such as chondroitin sulphate or
dermatan sulphate using alternative scission methods and specific
exoenzymes. We believe that this technique will have considerable
applications in the growing field of GAG-binding proteins and
will aid our understanding of the complex structure—function
relationships of HS.
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