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Structural Diversity of N-Sulfated Heparan Sulfate Domains: Distinct Modes of
Glucuronyl C5 Epimerization, Iduronic Acid 2-O-Sulfation, and Glucosamine
6-O-Sulfation
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ABSTRACT:. The N-sulfated regions (NS domains) represent the modified sequences of heparan sulfate
chains and mediate interactions of the polysaccharide with proteins. We have investigated the relationship
between the type/extent of polymer modification and the length of NS domains in heparan sulfate species
from human aorta, bovine kidney, and cultured NMuMG and MDCK cells. C5 epimerization of
D-glucuronic acid toL-iduronic acid was found to be extensive and essentially similar in all heparan
sulfate species studied, regardless of domain size, whereas the subsequent 2-O-sulfation of the formed
iduronic acid residues varies appreciably. In aorta heparan sulfate, up to 90% of the formed iduronate
residues were 2-O-sulfated, whereas in kidney heparan sulfate 2-O-sulfation occurred sbliymnof

the iduronate residues. The degree of 2-O-sulfation was consistently increased with increasing NS domain
length, suggesting a correlation between 2-O-sulfation efficiency and length of the polymeric substrate
during heparan sulfate biosynthesis. By contrast, 6-O-sulfation of glucosamine units did not correlate to
domain size. 6-O-Sulfation exceeded 2-O-sulfation in NS domains from kidney heparan sulfate, but was
very low in aorta heparan sulfate. Remarkably, total O-sulfation of NS domains, i.e., the sud afng-
6-O-sulfate groups, was highly similar in all heparan sulfate samples investigated. The results reveal
marked tissue-specific variation in the sulfation patterns of NS domains and indicate previously
unrecognized distinctions in the coordination of the three polymer modification reactions during heparan
sulfate biosynthesis.

Heparan sulfate (HSproteoglycans on cell surfaces and of the primary polymerization product of HS/heparin bio-
in the extracellular matrix are implicated in various biological synthesis, composed of alternatinegglucuronic acid and
processes due to their interactions with multiple extracellular N-acetylp-glucosamine units [(GIcA-GIcNAg) (2, 11). The
protein ligands. These interactions are mostly mediated vianascent polymer is first subjected to partial N-deacetylation/
the HS components of the proteoglycans, that bind to growth N-sulfation of the GIcNAc residues. The modification occurs
factors/cytokines, matrix components, effectors and modula-in a regioselective fashion, giving rise to (i) consecutively
tors of enzymatic catalysis, microbial coat proteins, etc., and N-sulfated regions (NS domains), (ii) regions of alternating
thereby regulate the tissue localization and biological activi- N-acetylated and N-sulfated disaccharide units (NA/NS
ties of the proteins] 2). Characterization of HS oligosac- domains), and (iii) domains that escape modification and
charides with affinity to proteins such as antithromb® (  remain N-acetylated (NA domains). The further modification
4) and peptide growth factor§{10) has led to identification =~ reactions, C5 epimerization of GIcA residues into iduronic
of specialized protein binding HS domains with ligand- acid (IdoA) residues and O-sulfation, all occur in the vicinity
specific structural distinctions. These functional domains of previously incorporatedl-sulfate groups. O-Sulfation is
derive from enzymatic modification in the Golgi apparatus frequently found at C2 of IdoA units and at C6 of GIcN
units. Rarely, O-sulfation occurs also at C2 of GICA units
T Supported by grants from the Swedish Medical Research Council (12) and at C3 of GIcNS@ residues, the latter sulfate
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Analysis of the products demonstrates that C5 epimeriza-
tion of GIcA residues to IdoA residues, IdoA 2-O-sulfation,
and GIcN 6-O-sulfation are differentially related to NS
domain length, 2-O-sulfation being the only modification step
that is consistently enhanced with increasing domain size.
Moreover, the levels of - and 6O-sulfate substitution
within the NS domains display marked variability between
different HS species.

MATERIALS AND METHODS

Key: HS PreparationsHuman aorta HS was prepared from an

O GlcA D GIcNAc (52-080 autopsy specimen of aortic wall tissue from a 70-year-old
3 male as described previous2Q). Bovine kidney HS was a

Giens  @6:0803 generous gift from Dr. Keiichi Yoshida, Seikagaku Corp.,

Japan. Cultured normal murine mammary gland (NMuMG)
Ficure 1: Schematic representation of the NS domain structure. a”O,' M,ad'n_Darby ,Ca_n'ne Kldngy (MDCK) , cells _Were
(A) Unmodified NS domain structure. The NS domain (between Maintained on plastic dishes at 3Z in Dulbecco’s Modified
the dashed vertical lines) encompasses an N-sulfated disaccharid&agle’s Medium containing 5% heat-inactivated (30 min at
unit at the nonreducing terminus (to the left), the internal domain 5g °C) fetal calf serum, 2 mM-glutamine, 1 mM sodium

portion (-HexA-GIcNSQ@-), (wheren is the number of disaccharide P ;
units), and an N-acetylated disaccharide unit at the reducing pyruvate, 6Q:g/mL peniciliin G, and Sig/mL streptomycin

terminus (to the right). (B) NS domain with maximal degree of C5  Sulfate (all reagents from Statens Vetérmadicinska An-
epimerization, 2-O-sulfation, and 6-O-sulfation. At the nonreducing Stalt, Uppsala). Cells were metabolically labeled witH]f
terminus, C5 epimerization/2-O-sulfation of the GIcA residue cannot GIcN (10xCi/mL; Amersham Pharmacia Biotech) for 48 h

occur due to lack of a vicinal GlcNSQunit on the nonreducing after which the cell plates were placed on ice, the conditioned

side in the native polysaccharide. The maximum number of IdoA . :
residues and B-sulfate groups is thust+1, whereas the maximum media were removed, and the cell layers were washed with

number of GIcN 60-sulfate groups isi+2. The potential further  iC€-cold phosphate-buffered saline, pH 7.4. HS was purified
modification of NS domains by GIcNSOB-O-sulfation is not from the combined conditioned media and wash buffers as

shown. described earlierd®, 19. The purified HS preparations were
guantitatively degraded into lower molecular weight species
sulfotransferase requires a contiguous N-sulfated structureby treatment with HN@ at pH 1.5 @2) (see below),
for substrate recognition. Although the issue of substrate indicating that the preparations did not contain contaminating
specificity thus constrains the number of possible structures®H-labeled macromolecules (data not shown).
occurring in HS, there is an appreciable variation in the type  Preparation of NS Domain§amples of HS [0.20.5 mg
and extent of polymer modification between different HS of tissue-derived HS or (1:55) x 10° dpm of PH]HS from
species, as studied by compositional disaccharide analysighe cell cultures] were subjected to N-deacetylation by
of chemically or enzymatically depolymerized HS chaih®, ( hydrazinolysis as described earliet8( 23. Briefly, HS
15—-20). It is assumed that the modification reactions are, at preparations were incubated in hydrazine hydrate containing
least in part, processive, such that a single enzyme molecule30% water (Fluka, Buchs, Switzerland) and 1% (w/v)
catalyzes modification of consecutive target units. It has hydrazine sulfate (Merck, Darmstadt, Germany) in tightly
further been hypothesized that some of the reactions maysealed glass tubes at 100 for 5 h. Hydrazine hydrate was
be ‘coupled’, perhaps because of association of the involvedremoved by repeated evaporation and intermittent addition
enzymes into complexe2,(21). In fact, sequence analysis of water, after which the samples were desalted by chroma-
of HS oligosaccharides from cultured 3T3 fibroblasts indi- tography on PD-10 columns (Amersham Pharmacia Biotech)
cated that the internal portions of NS domains invariably in water. The N-deacetylated HS preparations were treated
carry 2-O-sulfated IdoA residue®l), suggesting a coupling  with HNO, at pH 3.9 for 10 min at room temperature, after
between GIcN N-deacetylation/N-sulfation, GIcA C5 epimer- which the pH was raised to9 by addition é 2 M Na,COs.
ization, and IdoA 2-O-sulfation reactions. The treatment causes deaminative cleavage of the polysac-
In the present study, we have determined the degree ofcharide at N-unsubstituted GIcN units generated by N-
polymer modification in series of size-fractionated NS deacetylation, resulting in cleavage products with anhydro-
domains from various HS species, to better understand themannose residues at the reducing term2#)( These were
relationship between NS domain length and degree of converted into 2,5-anhydromannitol (aMarresidues by
modification. We further wanted to examine the degree of reduction with NaBH for 2 h at room temperature. To
variability in NS domain structure between different HS introduce radiolabel to the previously unlabeled aorta and
preparations. The NS domains were obtained by selectivekidney HS oligosaccharides, the cleavage products of these
deaminative cleavage of N-deacetylated HS polymers, yield-HS species were first treated with N&B, (4 uCilug of
ing GIcA-GIcNSQ-[HexA-GIcNSQy] ,-HexA-aMary struc- polysaccharide; Amersham Pharmacia Biotech) overnight at
tures (the aMagresidues being derived from GIcNAc units; room temperature and further reduced with unlabeled NaBH
see Figure 1 and Results for further information). These After reduction, excess NaBHivas destroyed by acidifying
domains thus contain the internal disaccharide units of NS the samples to pH-4 by addition of acetic acid followed
domains and flanking disaccharide units both at the nonre-by neutralization with NaOH. The oligosaccharides from
ducing and at the reducing ends (Figure 1), and representmetabolically labeled HS were thereafter subjected to chro-
most of the modified portions of the native HS polymers. matography on a column of Bio-Gel P-10%1190 cm; Bio-
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Rad) in 0.5 M NHHCG;. Fractions corresponding to4.2-

mer oligosaccharides were pooled and desalted by centrifugal
evaporation. The oligosaccharides labeled with fé&Bvere

first separated from unincorporated radioactivity by chro-
matography on a column of Sephadex G-15¢(80 cm) in

0.2 M NHHCG; and then subjected to chromatography on
Bio-Gel P-10 as described above.

Compositional Disaccharide AnalysiSamples of intact
HS (50ug or 2 x 10° dpm) or NS domains [(£3) x 1C°
dpm] were subjected to deaminative cleavage by HIED
pH 1.5 for 10 min at room temperature. At this pH, the
reagent causes deaminative cleavage of the saccharide at the
GIcNSG; units 2), resulting in depolymerization of the 024
previously prepared NS domains into disaccharides. In the L
case of intact HS chains, the internal portions of NS domains Bovine Kidney
yield disaccharides whereas the occurrence of one or more 4
GIcNAc residues between the N-sulfated disaccharide units
results in the formation of tetrasaccharides and longer
oligosaccharides, respectively. The cleavage products from 0 , , ‘ '
the previously unlabeled intact HS chains or from the end- 60 B e (mi;)oo 120
3H-labeled oligosaccharides were radiolabeled with f&B
as described above, followed by chromatography on a
column of Sephadex G-15 (¥ 190 cm) in 0.2 M NH- — [ 2-0803
HCG:s. Fractions corresponding to disaccharides were pooled B 6.0S03
and desalted by centrifugal evaporation. The composition
of disaccharides was analyzed by anion exchange chroma-
tography on a Partisil-10 SAX column eluted by a step
gradient of KHPO,. Fractions of 1 mL were collected and
analyzed for radioactivity. The disaccharide peaks were
identified by comparing their elution positions with heparin-
derived standard disaccharid@sl).

The nonsulfated disaccharide derivatives GlcA-apMamd
IdoA-aMary are not separated from each other on the Partisil-
10 SAX chromatography. Furthermore, they coelute vtith
labeled 'm_p“““es generated upon r_adlolabel!ng O.f. the Ficure 2: Disaccharide composition of the internal NS domain
samples with NaB—L_;. To remove t_he radiolabeled impurities portions of the various HS species. (A) Samples ®fJHS or
from nonsulfated disaccharides in N&B-labeled samples,  unlabeled HS were subjected to deaminative cleavage by HNO
the disaccharide preparations were subjected to preparativépH 1.5), and the resultant disaccharides were reduced with NaBH
high_voltage e|ectroph0resis (80 Vlcm) on Whatman no. 3 or with NaB3H4, respectively. Labeled disaCCharide_S Were reCOVer.ed
paper in 0.83 M pyridine/0.5 M acetic acid, pH 5.25. by gel chromatography and separated on a Partisil 10 SAX anion

: . exchange HPLC column, eluted with a step gradient ohR
The nonsulfated disaccharides were eluted from the paper(_. ") (sghown in the top panel). The peaﬁsgcorrespoﬁd% the

with water and dried by centrifugal evaporation. The GICA- following disaccharide structures: (2) GlcA-aM&B-0SQ); (3)
aMarg and IdoA-aMag derivatives were thereafter separated IdoA-aMarg(6-OSQ); (4) IdoA(2-OSQ)-aMark; (5) IdoA(2-

by descending paper chromatography on Whatman no. 103@'&’\:'&%6'05@3- Lhe petak _maf|t<ed Witht 3“ ?St‘eriSk) (I ,
paper in ethyl acetate/acetic acid/water (3:1:1 by volume). :ﬁfgeggrr:trsagig?%%cor?rhséocrl‘ezr\?;g%“fé)!n(%‘)”Diggrgm‘"’r‘;‘gg(‘:a ous
The paper strips were cut into 1 cm segments and elutedrepresentation of proportions of@-and 60-sulfate groups in the
with water. Radioactivity in the eluates was quantified by NS domains.

liquid scintillation counting. The nonsulfated disaccharides

from the metabolically radiolabeled HS samples were Human aorta HS displayed abundant 2-O-sulfation but low
analyzed similarly except that the high-voltage electrophore- 6-O-sulfation, whereas in bovine kidney HS the two sulfate
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sis step was omitted. substituents occurred in equal proportions, in agreement with
our previous data on the same HS preparatiabs 20. The
RESULTS NS domains of HS from cultured NMuMG and MDCK cells

resembled those of aorta HS in disaccharide composition but

We first assessed the overall composition of NS domains had a somewhat higher degree of 6-O-sulfation (Figure 2).
in the HS species included in the study by analyzing the We next proceeded to analyze NS domains that were
disaccharides obtained by cleavage of the polysaccharideseparated with regard to size. To prepare NS domains, HS
with HNO; at pH 1.5. These disaccharides are derived from was N-deacetylated and subjected to deaminative cleavage
the internal portions of NS domains. Disaccharides were at the resultant GIcNkt residues with HN@at pH 3.9. The
separated by strong anion exchange chromatography orproducts thus obtained have the structure GICA-GIcBSO
Partisil-10 (Figure 2A), and the data were used to assess thgHexA-GIcNSQy]-HexA-aMarg, the aMaRr corresponding
2-O- and 6-O-sulfation of such sequences (Figure 2B). to a GIcNAc unit in the native saccharide (Figure 1). The
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corresponding separations of the O-sulfated NS domain
disaccharides (labeled by reduction with Nk&B) from aorta

1500 domains from NMuMG cells in Figure 4. Figure 5 shows
4 L
1000 6 and kidney HS. Because the nonsulfated HexA-aMan

z disaccharide derivatives (corresponding to peak 1 in Figure
% 4) coelute with®H-labeled impurities arising upon N&aB,
“ 500 8 reduction, their proportions were determined separately by

high-voltage paper electrophoresis and paper chromatogra-

10 phy. The results were used to calculate the proportions of
0 2 IdoA, 2-O-sulfate, and 69-sulfate in the various domain
40 50 60 70 8 90 100 110 120 species, expressed as units/100 disaccharide units (Table 1).

The numbers of IdoA units, &-sulfate groups, and &-

Ficure 3: Preparation of size-defined NS domains. Bovine kidney sulfatg grOUpS/dqmam were calculated and plotted against
HS was N-deacetylated and cleaved with HNGH 3.9) followed domain length (F|gures.§ and 7.A)’ and were also. expressed
by reduction of the cleavage products with N&B The resultant @S & percentage of modified residues vs all potential substrate
labeled oligosaccharides were chromatographed on a column ofresidues (see Figure 1) to assess the ‘efficiency’ of the
2.3 mL/h and analyzed for radioaciiiy. The sizes of the cleavage o Modification events (Figure 75)

' A : . X Glucuronyl C5 Epimerizationln the analyzed GIcA-
Phrgdpuecatli;re indicated (as number of monosaccharide units) beIOWGIcNSQ—[HexA-GIcNSQ]n-HexA-GIcNAC structures, the

internal and reducing terminal HexA positions potentially

cleavage products were separated by chromatography on Bio+epresent targets of C5 epimerization in the native sequence,
Gel P-10, as shown for the oligosaccharides from bovine whereas the nonreducing terminal GICA unit would be
kidney HS in Figure 3. The partial overlap of, in particular, resistant, due to the requirement for a neighboring nonre-
the longer oligosaccharide species was presumably due toducing GIcNSQ residue 14) (Figure 1). Analysis of C5
variable sulfation of the NS domains. The distribution of epimerization indicated that in each of the HS species, the
different NS domain sizes differed somewhat between the majority of potential GIcA substrates were epimerized
HS species such that aorta HS yielded the highest proportiongFigure 6). Slight differences in the efficiency of epimer-
of tetrasaccharides, whereas HS from NMuMG cells dis- ization between the HS species were noted, such that in
played the highest proportions of loaglO-mer NS domains  human aorta HS, the average number of nonepimerized GIcA
(Table 1). The size-fractionated NS domains were treated substrate units was less than 1 per NS domain, whereas
with HNO, at pH 1.5, and the resultant disaccharides were kidney HS appeared to containl GIcA residue/domain in
reduced and separated by strong anion exchange chromaaddition to that at the nonreducing terminus. Compositional
tography, as shown for metabolical§H]GIcN-labeled NS analysis of the reducing terminal disaccharide units of NS

Effluent volume (ml)

Table 1: Disaccharide Composition and Degree of O-Sulfation of NS Dofains

deamination product type of O-sulfation
(% of total disaccharides) (sulfate groups/100
% of GIcA- GIcA- IdoA- IdoA-  Ida(2-0SQ)- disaccharide units)
fragment total NS GIcA- IdoA- (2-0SQ)- aMark- aMarg- (2-0SQ)- aManR- total-
length domains aMark aMark aMark  (6-OSQ) (6-OSQ) aMark (6-0SQ) 2-0SQ 6-0SQ 0OSsO

NMuMG 4-mer 35 60 17 0 5 6 11 2 13 13 26
6-mer 15 43 24 0 5 4 14 10 24 19 43

8-mer 15 37 9 1 8 8 23 14 38 30 68

10-mer 13 26 11 0 8 5 32 17 49 30 79

12-mer 12 18 10 1 8 4 44 15 60 27 87

MDCK 4-mer 41 53 13 3 7 10 12 3 18 20 38
6-mer 15 38 20 0 6 6 22 9 31 21 52

8-mer 18 29 12 0 6 11 30 12 42 29 71

10-mer 11 25 12 0 6 8 37 12 49 26 75

12-mer 9 21 11 1 6 6 48 9 58 21 79
aorta HS 4-mer 66 62 11 2 4 1 16 4 22 9 31
6-mer 19 45 7 1 3 2 36 6 43 11 54

8-mer 6 30 8 1 4 1 53 4 58 9 67

10-mer 4 22 5 1 3 1 66 2 69 6 75

12-mer 3 19 6 1 3 2 66 3 70 8 78

bovine 4-mer 43 40 18 0 18 24 0 0 0 42 42
kidney 6-mer 22 24 12 0 23 29 6 6 12 58 70
8-mer 15 27 11 0 21 18 10 13 23 52 75

10-mer 9 21 10 0 20 18 16 15 31 53 84

12-mer 6 23 14 0 17 20 14 12 26 49 75

aNS domains were subjected to deaminative cleavage by HM@H 1.5. The resultant disaccharides were reduced with N&&HB*H, and
purified by chromatography on a column of Sephadex G-15. Disaccharides were pooled, desalted, and analyzed on a Whatman Partisil-10 SAX
column. The proportions of the nonsulfated HexA-aMdisaccharide derivatives in the N#B,_labeled samples were determined by high-voltage
paper electrophoresis, and the proportions of GlcA-aMard IdoA-aMag units in the HexA-aMagpools were assessed by paper chromatography
(see Materials and Methods).
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Ficure 5: Compositional analysis of O-sulfated disaccharide
species from aorta and kidney HS NS domains. Samples of NS
domains were reacted with HN@pH 1.5) followed by reduction

and radiolabeling of the resultant disaccharides with ¥&B
Disaccharides were recovered by gel chromatography and separated
on a Partisil-10 SAX anion exchange HPLC column as described
under Materials and Methods and in the legend to Figure 4. For
peak numbering, see legend to Figure 4. The peak marked with an
asterisk {) represents tetrasaccharide contaminants, in part due to
‘anomalous’ ring contraction upon HNQ@leavage 22).

Disaccharides were recovered by gel chromatography and separated

on a Partisil-10 SAX anion exchange HPLC column, eluted with a
step gradient of KbPO, (- - -) (shown in the top panel). The peaks
correspond to the following disaccharide structures: (1) HexA-
aMary; (2) GlcA-aMak(6-0OSQ); (3) IdoA-aMark(6-OSQ); (4)
IdoA(2-OSQ)-aMark; (5) IdoA(2-OSQ)-aMarg(6-0SQ).

domains from kidney HS revealed appreciable proportions
of IdoA (data not shown), indicating that GIcA residues were

found not only at the reducing termini but also in the internal

disaccharide units of the domains. In aorta HS, the efficiency
of epimerization (percent of all potential substrate residues;
see Figure 7B) increased somewhat with increasing NS
domain length, ranging from-70% in tetrasaccharides to

>90% in deca-/dodecasaccharides, whereas in the other three

HS species this parameter was not significantly affected by
domain length. Collectively, these data indicate that although
the N-deacetylation/N-sulfation of a GIcCNAc unit is generally
followed by IdoA formation at the vicinal position toward
the reducing end, this reaction does not occur in a uniform
fashion in the different HS species. The high degree of
epimerization in aorta HS would largely result in NS domains
containing exclusively IdoA units at the internal positions,
whereas the less efficient epimerization in kidney HS yields
NS domains with internal GIcA residues.

O-Sulfation.In NS domains from aorta HS, the degree of
2-O-sulfation varied between50 and>80% of the potential
HexA positions (Figure 7B), corresponding to 2-O-sulfation
of 70—90% of the IdoA residues. Notably, the -202-mer
domains were sulfated more efficiently than shorter domains.
The pattern of IdoA 2-O-sulfation followed closely that of
epimerization, conforming to the concept of ‘coupling’

54
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FIGURe 6: Degree of C5 epimerization in variously sized NS
domains. The numbers of IdoA residues per domain were calculated
as explained in the text and plotted against domain length (as
monosaccharide units). “Max” represents the theoretical maximum
for the number of IdoA residues per domain.

sulfation. Contrary to 2-O-sulfation, the proportions of 6-O-
sulfate groups in aorta HS were extremely low and did not
average 1 residue/fragment at any domain size. Moreover,
the degree of 6-O-sulfation did not correlate with domain
length. Analysis of the disaccharide units from the reducing
termini of the fragments indicated a low (2@5%) degree
of O-sulfation, that was almost exclusively found at C6 of
the GIcNAc residues (data not shown), indicating that the
2-O-sulfate groups occurred predominantly in the internal
IdoA residues.

Analysis of O-sulfation of NS domains from kidney HS
revealed a highly different pattern. First, the degree of 2-O-

between the two reactions (Figure 7B). However, the degreesulfation in this HS species was50% of that in aorta HS,

of 2-O-sulfation was invariably lower than that of epimer-
ization, indicating that a portion of IdoA units escapes

such that only a fraction<50%, of the potential IdoA
substrates had undergone 2-O-sulfation (Figure 7B), as
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Ficure 8: Overall O-sulfation of NS domains from the various
HS species. The sum of the number of02-and 6O-sulfate
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- > kidney HS. The 2-O-sulfation thus was somewhat lower than
4 6 8 10 12 4 6 8 10 12 in aorta HS but clearly higher than in kidney HS, whereas
Domain length (monosaccharide units) 6-O-sulfation showed the opposite relationship (Figure 7A).

vy

Also in these HS species, the efficiency of 2-O-sulfation (but
not 6-O-sulfation) increased with increasing domain length.
Although the patterns of 2-O- and 6-O-sulfation of NS
Kidney domains from the different HS species differed appreciably,
the size-matched NS domains showed remarkably similar
degrees of total O-sulfate substitution (i.e., the sum of 2-O-

and 6-O-sulfation) (Figure 8). The differential O-sulfation
patterns thus are not directly related to the overall degree of
O-sulfation.

In summary, the current data indicate three distinct patterns
: of polymer modification for the NS domains of HS: (i) near-
6 8 10 12 maximal epimerization and 2-O-sulfation with occasional
Domain length (monosaccharide units) 6-O-sulfation in aorta HS; (i) heavy 6-O-sulfation and lower
Ficure 7: Occurrence of polymer modification events in NS 2-O-sulfation in kidney HS, accompanied by slightly down-
domains. (A) The numbers of IdoA units,@sulfate groups, and  regulated C5 epimerization; and (iii) the intermediate pattern

GéO'TS#'fate grou?s plef domairc‘j.‘?.’er? p"’.ﬂeﬂs""%ainsﬁdorf“ai” length. ot velatively high 2-O-sulfation with moderate 6-O-sulfation
(B) The extent of polymer modification in omains from aorta in HS from MDCK and NMuMG cells.

and kidney HS is expressed as a percentage of the total potential
substrate sites modified the for a given modification reaction (see

Figure 1). DISCUSSION
compared to~90% in aorta HS. Similarly to aorta HS, The broad functional spectrum of HS in biological and
however, the efficiency of 2-O-sulfation increased with pathological contexts is becoming increasingly evident. This
increasing domain length. Second, the degree of GIcN 6-O-development has encouraged attempts to elucidate the
sulfation in kidney NS domains was particularly high, such mechanisms governing HS biosynthesis as well as the
that up to 56-60% of all GIcN residues carried ®-sulfate structural specificity of protein binding NS domains of HS.
groups. The level of 6-O-sulfation in kidney HS thus was Although data on the functional properties and substrate
more than 6 times higher than in aorta HS, throughout the recognition of HS biosynthesis enzymes are emerging, little
range of domain sizes. Although the number dD&ulfate information is still available of the factors that control the
groups per domain increased in longer NS domains (Figureassembly of the biologically active domains of HS. In the
7A), the efficiency of sulfation was proportionally similar current study, we have assessed the contribution of one such
(Figure 7B), indicating that the 2-O- and 6-O-sulfation factor by studying whether the polymer modification process
reactions are differentially influenced by NS domain length. is influenced by NS domain size, i.e., by the length of the
In kidney HS NS domains, a high proportior §0%) of polymeric substrate made available for the biosynthetic
the reducing terminal disaccharides were 6-O-sulfated (datamachinery. To understand the extent of variability in the
not shown), indicating that the 6-O-sulfation is not restricted process, we also investigated how the overall structural
to the internal N-sulfated disaccharide units but is also found diversity between distinct HS species is reflected by the
in the terminal disaccharides with GIcNAc residues. modification pattern of the corresponding size-fractionated
NS domains from HS isolated from cultured NMuMG and NS domains.
MDCK cells were relatively similar with regard to O-sulfate Our results indicate that the relationship between the
substitution, despite the different tissue and species originsdegree of polymer modification and NS domain size differed
of the cells (murine mammary gland epithelium and canine for the three distinct modification events, i.e., C5 epimer-
kidney epithelium, respectively). The structural properties ization of GIcA to IdoA, 2-O-sulfation of IdoA, and 6-O-
of these HS species largely averaged those of aorta andsulfation of GIcN. Generally, the number of modified

—=— lgoA ~ —O— 2:0803 —e— 6-0S03
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residues, as expected, increased with increasing size of the

. - . Key:
NS domains. However, the efficiency of the process, i.e., y
the extent of modification in relation to the number of s na O GieA @ 100A & 100AGIcA
available substrate sites, varied for each reaction. The GIcA [ ] GleNAc | | GleNsOg

C5 epimerization thus occurred with high efficiency in all
HS species. The IdoA 2-O-sulfation was the only modifica-
tion reaction that was consistently more efficient with
increasing domain length; this pattern was seen regardless
of variations in the overall degree of 2-O-sulfation between
the different HS species. By comparison, the levels of GIcN
6-O-sulfation were more equal between domains of different
sizes (but varied markedly between the different HS species),
indicating distinct modes of 6-O-sulfation and 2-O-sulfation
along the polymeric substrate. Remarkably, the overall
degrees of O-sulfation of size-matched NS domains were
quite similar between the different HS species (Figure 8),
despite the marked differences in the proportions @-2-
and 6O-sulfate groups. Although the distribution of different
NS domain sizes differed somewhat between the four HS
species (Table 1), there does not seem to be a clear-cut
relationship between this parameter and the epimerization/
O-sulfation reactions.

The present study revealed three distinct patterns of
modification for HS NS domains. Whereas the NS domains
from aorta and kidney HS were highly different, NS domains
from the cultured NMuMG and MDCK cells were relatively
similar in structure. These findings raise a question as to
whether the organ-specific distinctions in HS composition
remain preserved in cell lines maintained in culture over
extended periods of time. Comparative analyses with HS
from various cell lines, the corresponding tissues, and perhaps
also from primary cell cultures would be needed to elucidate
this important issue in more detail. The tissue-specific HS
structures may also reflect differential expression of specific FIGURE 9:  Schematic representation of NS domain structures in

HS proteoglycan core proteins in different cell and tissue 20ra and kidney HS. The average numbers of IdoA residues, 2-
sulfate groups, and ©-sulfate groups per domain were used to

types, assuming that the core protein structure influences thegonstryct the depicted structural models of average NS domains of

assembly of the HS chains. To the best of our knowledge, different sizes. The structural information derives from the overall

however, no such influence has yet been demonstrated. domain composition (Table 1 and Figure 6) and from the separate
Based on the present findings, models of average NSanalysis of the reducing disaccharide units (see Materials and

. . - ' - Methods). The positioning of the modified residues in tentative,

domaln_s of dlffe_rent sizes from aorta and kidney HS may particularly with regard to structures where the extent of modifica-

be designed (Figure 9). The structures of aorta HS NS itjon is low.

domains agree with the sequence information of NS domains

from 3T3 fibroblasts Z1) in that practically all the internal

(52-0303 ’6-0303

Kidney

for transfer of sulfate to non-O-sulfated and previously 2-O-

IdoA units are 2-O-sulfated, whereas little sulfation was
found in the reducing terminal disaccharide units. The
modification pattern of aorta HS thus would agree with the
idea of ‘coupling’ between the C5 epimerization and IdoA
2-O-sulfation reactions2( 21). However, no such coupling

sulfated -IdoA-GIcNS@ structures. Furthermore, it will be

of interest to determine if 6-O-sulfation of internal and
reducing terminal NS domain positions involves different
sulfotransferase species. In kidney HS, appreciable 6-O-
sulfation was found in the reducing terminal disaccharide

was seen in kidney HS, that also contained high proportions units containing GIcNAc residues.

of IdoA but little 2-O-sulfate. Instead, kidney HS shows an

Structural analyses of HS domains with affinity toward

unusually high degree of GlcN 6-O-sulfation. Such an inverse various proteins indicate that the minimal size &rdulfate

relation might be expected if IdoA @-sulfotransferase and
GlcN 6-O-sulfotransferase compete for the same -IdoA-
GIcNSQGs- substrate during HS biosynthesis (see2®f since
6-O-sulfation of this structure would preclude 2-O-sulfation.
Notably, the reverse process, i.e., IdoA 2-O-sulfation fol-
lowed by adjacent GIcNS£6-O-sulfation, is feasible and
generates a trisulfated -1doA(2-O9a5IcNSG,(6-0SQ)-
unit. The GlcN 60-sulfotransferase occurs in at least three
distinct isoforms, whereas only a single isoform of Ido®2-
sulfotransferase has been identifi@d). It is not yet known
whether distinct 89-sulfotransferase isoforms are required

substitution of NS domains required for interaction differ
according to the ligand. For instance, binding of HS to FGF-2
is mediated by a pentasaccharide sequence containing only
a single IdoA 20-sulfate group§, 27), whereas the closely
related FGF-1 requires both@- and 6O-sulfate groups,
preferably in the form of a trisulfated -ldoA(2-O3©
GIcNSG;(6-OSQ)- disaccharide unitg, 8). Such units have
also been implicated in the binding of HS to the long A chain
of platelet-derived growth factorl() and to hepatocyte
growth factor @). More intricate, the activation of FGF
receptors by FGF-2 is supported by-1T2-mer HS frag-
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ments that contain both @ and 6O-sulfate groupsZ8,

29).

The proportions of the trisulfated -IdoA(2-O9©

GIcNSG(6-0OSQ)- units were relatively low in all HS

the highest proportions were seen in HS from NMuMG cells,
that displayed much lower overall degree of 6-O-sulfation
than kidney HS, indicating that the proportions of the
trisulfated units do not necessarily correlate to the overall
degree of 6-O-sulfation. The formation of -ldoA(2-O$O

GIcNSQOy(6-0OSQ)- structures thus appears to represent a

critical step during HS biosynthesis, as regards the protein

binding specificity of the polysaccharide product, and further

studies should be designed to address the factors that commit ™
the machinery to generate the trisulfated structure instead 17,

of mono-(2-O- or 6-O-)sulfated disaccharide species. While
little information is still available on interactions primarily
mediated via 89-sulfate groups, we note that kidney HS
might be preferentially tailored for such interactions. A

candidate protein may be vascular endothelial growth factor- 2.
165, whose binding to heparin has been suggested to require

GIcNSG;(6-0OSQ) residues but not B-sulfate group£30).
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