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ABSTRACT

The ability of fibroblast heparan sulphate to aggregate was examined by
affinity chromatography on agarose gels substituted with heparan sulphate variants
from beef-lung tissue (designated HS2-A, HS3-A, and HS4-A) having different
tendencies for association. Fibroblast heparan sulphate bound only to HS4-A
agarose. The cell-derived material was subdivided into low-, medium-, and high-
affinity species by affinity chromatography on HS4-A-agarose. High-affinity variants
contained a larger proportion of chains of high molecular weight. Degradation of
heparan sulphate by selective periodate-oxidation of glucuronate in regions rich in
2-acetamido-2-deoxyglucose followed by scission in alkali produced fragments
comprising the highly irregular, iduronate-rich and N-sulphate-rich domains. The
latter were slightly larger in the high-affinity form. By re-oxidation of the irregular
domains, the location of glucuronate residues was identified. The degradation pattern,
i.e., the distribution of iduronate-containing repeats, was markedly similar in the
high-affinity variant and in the HS4-A chains that were used as affinity ligands. It is
suggested that the strength and specificity of heparan sulphate self-association is
dependent on complementary and co-operative associations between a number of
contact zones.

INTRODUCTION

The glycocalyx of many eukaryotic cells contains a variety of glycoconjugates,
i.e., glycolipids, glycoproteins, and proteoglycans. Among the last group, proteo-
heparan sulphates are characteristic members. The side chains of these macro-
molecules, i.e., the heparan sulphate per se, are long and linear polysaccharides based
on a backbone of —(HexA-GIcN)__ ;4 repeating-units. Certain regions of these chains
have a constant composition, i.e., only GlcA-GlcNAc repeating-units, whereas
others are highly irregular. The latter regions comprise GlcA-GIcNAc, IdoA-GlcNAc,
IdoA-GIcNSO;, and GlcA-GIcNSO; repeating-units in different proportions and
arrangements’ 3. The distribution of the IdoA and GIcA residues seems to be
controlled both by the arrangement of GIcNAc and GIcNSOj residues and by the
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extent of ester sulphation in (HexA~GIcNSO;),-block regions (for a more extensive
discussion, see ref. 4).

We have shown, using gei-permeation and affinity chromatography as weli as
light-scattering methods, that certain heparan sulphate chains are able to self-asso-
ciate®~ 7. This property is correlated with the presence of alternating or mixed IdoA—
GIcN and GleA-GIeN repeating-units®. The results of affinity chromatography of
various free heparan sulphate chains on agarose gels substituted with the same
species showed that the chain—chain associations may be quite specific’. In a preceding
study?, three specifically self-associating variants of heparan sulphate from bovine
lung (HS2-A, HS3-A, and HS4-A in Table I) were subjected to structural analyses,
using two methods of chemical degradation, one degrading the N-sulphate-rich
segments (FHNO, treatment) and the other degrading the —(GlcA-GIcNAc),-regions
(periodate oxidation-alkaline elimination). The same methods have previously
been used to characterise heparan sulphate chains associated with the cell surface of
cultured, human-lung fibroblasts®. The object of the present study was to examine
the aggregatability of fibroblast heparan sulphate by affinity chromatography on
agarose gels substituted with different variants of heparan sulphate. The relationship
between binding and chemical parameters, such as chain-length and copolymeric
features, was evaluated.

EXPERIMENTAL

Materials. — The methods for purifying and fractionating beef-lung heparan
sulphate have been described in detail’. In this procedure, a series of fractions (HS1-5)
is obtained; these have a progressively increasing content of sulphate and IdoA.
Each of these fractions is further separated into more or less association-prone
variants by gel-permeation chromatography?-3-9.

[®H]Hsparan sulphate was prepared from human-lung fibroblasts according
to methods described previously?. The cells, grown in monolayer, were allowed to
incorporate 2-amino-2-deoxy-D-[*H]glucose into macromolecular, anionic poly-
saccharides for 12 h. After depolymerisation of the galactosamino-glycan components
by digestion with chondroitinase ABC, the heparan sulphates were separated from
split products by gel chromatography on Sephadex G-50 (void-volume fraction}.

The procedure for immobilising heparan sulphates on agarose gels was out-
lined previously”’. In brief, partially periodate-oxidised chains (~ 5% destruction of
uronate residues) were coupled to adipic acid dihydrazide-substituted Sepharose
4B, and the resulting aldimines were stabilised by reduction.

Methods. — Binding studies (affinity chromatography) were performed at
room temperature on columns (6 x 100 mm) containing agarose gels substituted
with various self-associating species of heparan sulphate (HS2-A, HS3-A, or HS4-A).
The columns were equilibrated with 0.15M NaCl, and samples (~ 100 ug) were applied
in 100 uL of 0.15m NaCl. Elution was with a linear gradient of guanidinium chloride
(see legend to Fig. 1).
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Periodate oxidation of GlcA in (GlcA-GlcNAc),-block regions of heparan
sulphate!8 was carried out in 0.02M Nal0O,/0.05M sodium formate (pH 3.0) at 4°
for 24 h. Scission of oxyheparan sulphates was accomplished by treatment with
alkali (pH 12, 20°, 30 min) (see also Scheme 2 of the preceding paper?).

Degradation products were separated by gel-permeation chromatography (see
Figs. 3-5) on Sephadex G-50 (superfine). Effluents were analysed for uronate by an
automated carbazole-borate procedure® or for *H with a Packard 2650 liquid scin-
tillation counter using Insta-gel (Packard; 0.5 ml of sample mixed with 5 ml of
liquid) as scintillator.

RESULTS AND DISCUSSION

Comparisons between heparan sulphates of beef-lung tissue and human-lung
Jfibroblasts. — The structural features of heparan sulphates from beef-lung tissue
and human-lung fibroblasts have been investigated previously?>-¢ and the results are
summarised in Table I. Beef-lung heparan sulphates, which are probably derived
from several cell-types, may be separated into three major association-prone sub-
fractions, i.e., HS2-A, HS3-A, and HS4-A. The HS2-A species is distinguished by
much longer and more frequent (GlcA-GlcNAc),-segments than the other two
species. The latter are characterised by the nature of the N-sulphate-containing
regions. In HS3-A, there is a larger relative contribution from -IdoA-GlcNAc-—
GIcA~-GIcNSO;-segments than in HS4-A. In HS3-A, the (HexA-GleNSO,;),-
segments contain chiefly IdoA, whereas the same segments in HS4-A carry both
IdoA and GIcA.

Heparan sulphate of human-lung fibroblast has? a charge density intermediate
between those of HS3 and HS4. Nevertheless, the fibroblast material (LF-HS in
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Fig. 1. Affinity chromatography of [3HJheparan sulphate on HS4-A-agarose. The material was
applied in 0.15M NacCl, and clution was performed with a linear gradient of 0.15M NaCl — 1.5m
guanidinium chloride. The column size was 6 X 100 mm and the totai elution volume was 1060 mL.
The shape of the gradient was checked by conductivity measurements, and fractions (I-III) were
combined, as indicated by vertical, broken lines.
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Fig. 2. Gel chromatography on Sepharose CL6B of total, cell-derived [3H]heparan suiphate (—@—),
sub-fraction I (—Q—), sub-fraction II (—[2—), and sub-fraction III (—A—) obtained by affinity
chromatography. The total, cell-derived [3H]heparan sulphate was sub-fractionated as described in
Fig. 1, and each fraction was chromatographed separately. The column was 8 < 1500 mm, the
eluent was 0.75Mm guanidinium chloride (pH 7.0), and the elution rate was 6 mL/h: Vo, void volume;
Vi, total volume. The eluting solvent used would inhibit self-association between individual chains®.

Table I) contains a very high proportion (~709%) of (HexA—GIlcNSQO;), regions.
These regions comprise both IdoA-GlcNSO; and GlcA—GIcNSOj; repeats with an
exceedingly low degree of ester-sulphation®. Hence, the fibroblast heparan sulphate
is chemically closest to HS4-A from the lung tissue.

Affinity chromatography and chemical structure. — Heparan sulphate (CH-
labelled} from lung fibroblast was subjected to affinity chromatography on various
heparan sulphate-agaroses. It was bound only to HS4-A-agarose (Fig. 1), and not
to HS2-A or HS3-A-agarose (not shown). The material was subdivided into three
fractions (I-III) of increasing affinity for HS4-A-agarose. As the strength of associ-
ation could be dependent on size (co-operative interaction between a number of
contact zones), the three sub-fractions of [>H Jheparan sulphate were analysed by
gel-permeation chromatography on Sepharose CL6B (Fig. 2). It is seen that the high-
affinity variants contained a larger proportion of chains of high molecular weight
than did low-affinity ones.

Affinity between heparan sulphates couid also depend on the detailed chemical
structure and the sequential arrangement of the putative contact zones. To in-
vestigate this possibility, the [*H]heparan sulphate sub-fractions I-III were subjected
to periodaie oxidation-alkaline elimination, which selectively degrades the (GlcA-
GIcNACc),-seements, whereby the N-sulphate-rich segments are released in oligo-
saccharide form [general structure GlcN-(HexA—-GlcN),—R, where R is the remnant
of oxidised and cleaved GlcA residues]. The fragments were fractionated by gel-
permeation chromatography on Sephadex G-50 (Fig. 3), and the results showed
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Fig. 3. Gel chromatography of periodate oxidation-alkaline elimination products from [3H]}heparan
sulphate sub-fractions (a) I, (b) 11, and (c) III on Sephadex G-50. The materials were oxidised with
periodate (pH 3.0, 4°, 24 h), dialysed, treated with alkali (pH 12, 20°, 30 min), and applied to a
column (8 X 1500 mm) of Sephadex G-50, which was eluted with 0.2M pyridine acetate (pH 5.0)
2t 6 mL/h. Fractions (« and ) were combined, as indicated by the vertical, broken line.

that oligomers with n 3-5 were slightly more prevalent in high-affinity variants
{(x ~509%, in Fig. 3c) than in the two low-affinity ones (x ~40% in Figs. 3a and 3b).

The oligosaccharide fractions labelled « in Fig. 3 and derived from low-,
medium-, and high-affinity variants of [*H Jheparan sulphate were re-oxidised with
periodate, to identify the location of GlcA-GlcNSO; repeats in these fragments®.
The results showed (Fig. 4) that such repeats were present in each fraction, both as
consecutive elements (z = 0 corresponds to such structures) and intercalated between
single IdoA—GIcNSO; repeats (n = 1). The latter were also present as consecutive
elements (n = 3-95).

The degradation patterns obtained by periodate oxidation—alkaline elimination
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Fig. 4. Gel chromatography of periodate oxidation-alkaline elimination products from the oligo-
saccharide fraction « of (a) sub-fractions I, (b) II, and (c) HI from {3H]heparan sulphate. The sub-
fractions I-1IT of cell-derived [H]heparan sulphate obtained by affinity chromatography (Fig. 1)
were separately oxidised and degraded (Fig. 3), to yield oligosaccharide fractions « and B. The
former fractions, comprising oligosaccharides of the general structure GIcN—-(HexA-GlIcN)3-5—R
(see also Fig. 3), were re-oxidised with periodate, cleaved with alkali, and re-chromatographed on
the same column (see Fig. 3). The broken line indicates the upper limit of the elution volume of a.

Fig. 5. Gel chromatography on Sephadex G-50 of periodate oxidation-alkaline elimination products
from heparan sulphate HS4-A after (a) the initial degradation and (b) the re-oxidation of oligo-
saccharide fraction «. Fraction H34-A from beef lung was oxidised with periodate (pH 3.0, 4°, 24 h),
dialysed, treated with alkali (pH 12, 20°, 30 min), and applied to the same column as in Fig. 3. The
fragments have the general structure GIcN—(HexA-GlIcN)»—-R and ranged from 7 = 0 to n ~9.
The position of the various fragments indicated in the top panel is deduced from the ratio of reducing
power/uronate content, as discussed elsewherel. In the Asss-profile, the proportion of fragments
n = 0 is heavily underestimated, as GIcN-R carries no uronic acid; the colour yield is due to an
unspecific reaction. The oligosaccharide fraction « in (a) was collected, re-oxidised, cleaved, and
re-chromatographed on the same column (b).

(in two stages) of low-, medium-, and high-affinity variants of [?*H]heparan sulphate
should be compared with the structural features of HS4-A, i.e., the chains on the
affinity matrix to which it was bound. The results of the initial degradation of HS4-A
are shown in Fig. 5a. The oligosaccharides of type GlcN-(HexA-GlIcN),-R, with
n = 5-6, were the most prominent, unlike the situation with the fibroblast heparan
sulphate (Fig. 3) where fragments with n = 0-3 were preponderant. However, re-
oxidation and cleavage of these oligomers (« in Figs. 3c and 5a) produced markedly
similar degradation patterns for HS4-A (Fig. 5b) and high-affinity [*H]heparan
sulphate (Fig. 4¢). Thus, segments like (IdoA-GIcNSOj;), showed the same relative
distribution, with decreasing proportions in going from #» = 1 to n = 5. The frag-
ments derived from low- and medium-affinity variants (Fig. 4a and 4b) displayed



212 L.-A. FRANSSON, I. SIOBERG

much more irregular profiles. It should be noted that the proportions of # = 0
cannot be compared between the labelled and unlabeiled heparan sulphate, because,
in the former (Fig. 4), all fragments carry [*H]GIcN, whereas n = 0 is heavily
underestimated in the latter (Fig. 5) due to the absence of HexA in this fragment.

CONCLUSION

As pointed out in the preceding report®, heparan sulphates may be distinguished
by at least three structural criteria, namely, the size distribution of the (GIcA-GIcNAc),
regions, the occurrence of such alternating or mixed segments as —(GIcNSO3~
IdoA/GlcA),~(GlcNAc-GleA), -, and the variation of IdoA and GIcA in (HexA~
GIcNSQ,),-block regions. Heparan sulphate from human-lung fibroblast is domi-
nated by the segments (HexA-GIcNSOj;), s, which account for ~70% of all the
repeating disaccharides. Within these segments, a large variety of arrangements of the
IdcA-GIcNSO; and GIcA-GIcNSQ, repeats probably exist (see Figs. 3 and 4).
Alternating sequences like —GlcNSO;-IdoA/GlcA-GlcNAc-GIcA~GIeNSO,~ are
rare (~ 109;) and the (GlcA-GIcNAcCc),~-segments that separate the (HexA-GIcNSO;), -
block regions have a narrow distribution of size, i.e., n = 3-4. Assuming an average
chain-length of 30-40 disaccharides [the result of gel chromatography (Fig. 2) is
compatible with this assumption], there is only scope for two (GIcA~GICNAc);_ ;-
segments/chain. Consequently, there should be three N-sulphate-rich domains/chain,
each with n = 8-10. As the fragments isolated after periodate oxidation had n = 1-5,
the presence of a few —HexA—-GIcNAc-GicA-GleNSQO;-sequences within these farger
domains may be postulated, because the GlcA residue in these sequences might be
periodate-sensitive!-®. The proportion of such tetrasaccharide sequences (~ 109
is in keeping with an incidence of 3-4/chain, i.e., ~1/domain.

The caiculations presented above represent an average picture of the copoly-
meric structure of fibroblast heparan sulphate, and the extent of variation may be
quite considerable. Nevertheless, this material represents a much narrower range of
variants than those seen in the heparan sulphate fraction from beef-lung tissue.
Among these variants, HS4-A has a significant overlap with the fibroblast material
in terms of chemical structure. This is illustrated by the size-distribution of the
(GlcA-GlcNAc),,~segments (n = 1-7 and 3-4, respectively) and by the presence of
both IdoA and GicA in (HexA-GIcNSO;),-domains.

The affinity chromatography experiments showed that chain—chain interaction
could take place between fibroblast heparan sulphate and the structurally related,
beef-lung preparation HS4-A. Sub-fractionation of fibroblast heparan sulphate by
affinity chromatography on HS4-A-agarose revealed further structural complementa-
rity. Variants with a high affinity for HS4-A-agarose contained larger proportions
of longer (HexA-GIcNSO;),-domains, i.e., greater agreement with HS4-A. Further-
more, the size-distribution of the (IdoA~GIcNSQ;),-segments, present within these
larger domains, showed an even more striking similarity in the two cases (¢f. Figs.
4c and Sb). These findings strongly suggest that the sirength and specificity of the
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interaction is dependent on complementary and co-operative associations between a
number of contact zones. Maximal fit is achieved if the arrangement of IdoA and
GlIcA within the contact zones and the spacing of the contact zones, i.e., the size of
the intervening (GlcA-GlcNACc),-segments, is similar in the interacting chains.
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