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ABSTRACT

Three tetrasaccharides representing major structural sequences of heparin
were isolated in good yield and characterized after degradation of heparin by
purified flavobacterial heparinase. N-Desulfation was necessary to achieve good
separation of these closely related compounds from each other. Onc of the tetra-
saccharides was shown to be derived from the fully sulfated repeating segments; to
contain L-iduronic acid and six sulfate groups, and have the structure 4, s-HexpA-
(2-504)-(1-4})-a-D-GlcpN-(N-8O,)-(6-SO4)-(1—4)-a-L-1dop A-(2-§O,)-(1-4)-D-
GIeN-(N-SO,)-(6-S0,). The second contained a D-glucuronic acid unit that was
nonsulfated instead of the L-iduronic acid, and the third, obtained in a fairly low
yield, contained five sulfate groups, three of which being located on the disac-
charide at the nonreducing end, and having the structure A, s-HexpA-(2-SO,4)-
(1-4)-a-D-GlepN-(N-80,)-(6-S0,)-(1--4)-a-L-1dop A-(2-SO,)-(1->4)-D-GlcN-
(N-S0O,). All tetrasaccharides had a sulfated, unsaturated uronic acid unit at the
nonreducing end, confirming that the heparinase requires sulfated 1-iduronic acid
units for activity.

INTRODUCTION

The overall structure of heparin has been determined by chemical and en-
zymic methods over an extended time period and is by now well established. Owing
to the many possible structural variants in terms of uronic acid composition, N- and
O-sulfation, and N-acetylation, the detailed sequences of substituents have re-
mained somewhat elusive. As heparin is widely used as an important pharmacolog-
ical agent, a great deal of effort has been devoted to elucidating the precise struc-
tural requirements for anticoagulant activity. Ingenious chemical approaches have
been used to determine the “active site” responsible for interaction with antithrom-
bin!, and some “active” fragments have also been prepared by enzymic degrada-
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tion>*. However, somewhat different structural features seem to be required for
thrombin or factor Xa inactivation, different tests for anticoagulant activity give di-
vergent results, and size-to-activity relationship indicates the necessity for auxiliary
sites®. Most of all, it should be stressed that the emphasis on anticoagulation may
be somewhat misplaced at least in biological terms. The biological role of heparin
is essentially unknown and very likely does not involve anticoagulation. It has been
shown to play a role in platelet activation®’, angiogenesis®, lipoprotein-lipase liber-
ation®, fibronectin binding'®, and in some other biological systems. Therefore, de-
tailed information about the entire structure of this group of polysaccharide chains
is necessary to encompass an understanding of biological function. Some chemical
studies toward this goal have been carried out'' '3 and have been very useful. In
the work presented herein, we have carried out structural analysis of tetrasac-
charides obtained by heparinase degradation of the polymer. In conjunction with
earlier studies on disaccharides'*'®, the data reported herein give important de-
tailed information about a substantial portion of the structure of this heterogene-
ous polysacchande. In addition, new information about the specificity of the
Flavobacterium heparinase has been obtained. The major advantages of the en-
zymic approach to structure determination are the good yields of breakdown prod-
ucts and the specificity toward linkages broken, which complement the chemical
methods. In addition, the compounds described herein are useful models for test-
ing chemcal reactions, such as periodate and nitrous acid degradation, which show
some unexpected reactions for heparin-like compounds.

EXPERIMENTAL

Materials. — Beef liver heparin was obtained from ICN (Irvine, CA). Crude
and purified heparinases were prepared from extracts of Flavobacteria as described
previously'®. Trisulfated and disulfated disaccharides containing 4,5-unsaturated
uronic acid were obtained by heparinase degradation of heparin'*'”,

Methods. -—— Uronic acid was determined by a carbazole'® and an orcinol'
method, sulfate by a colorimetric procedure?’, and hexosamine by a modified
Elson-Morgan procedure®' using Ehrlich’s reagent. Periodate degradation was
carried out by the method of Fransson et al.'?, and nitrous acid degradation by the
low pH (for N-sulfated hexosamine) and high pH (for free-amino hexosamine) pro-
cedure of Shively and Conrad??. Reduction with borotritide was carried out with
sodium borotritide?® obtained from Research Products International Corp. (Mount
Prospect, IL 60056). For paper chromatography, Whatman No. 1 paper was used
with either 10:3:7 (v/v) butanol-acetic acid-water, or 4:6:3 (v/v) butanol-acetic
acid-M ammonium hydroxide as solvents. Electrophoresis was carried out on
Whatman No. 1 paper in pyridine-formic acid buffer®® at pH 3.0, or in 0.1M hydro-
chloric acid®* for 30 min at 1000 V in a flat-plate system. Compounds were located
either with a short wave-length lamp or by an alkaline silver nitrate reagent®. Col-
umn chromatography will be described in detail in the text or figures when approp-
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riate. "H-N.m.1. spectra were recorded at 300 MHz with a Varian SC-300 instru-
ment. Chemical shifts were measured with reference to external sodium 4,4-di-
methyl-4-silapentane-1-sulfonate (Stohler Isotope Chemicals, Inc., Waltham, MA;
Cat No. D461, Lot No. D294). Samples were dissolved at concentrations of either
10 or 100 mg/mL of deuterium oxide (99.96 atom %; Merck Sharp and Dohme
Ltd., Dorval, Quebec, Canada).

Ninhydrin degradation. — The tetrasaccharides (10 mg each) were dissolved
in a solution composed of 4% ninhydrin (0.1 mL), 4% pyridine (0.1 mL), and
distilled water (0.2 mL). The solution was heated for 36 min at 100°, placed on a
small column of AG 50 (H*), and eluted with water. The eluate was made neutral
with sodium acetate. The solution was extracted with chloroform and butanol to re-
move the ninhydrin, and evaporated in a vacuum desiccator.
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Fig. 1. Ion-exchange chromatography of tetrasaccharide fractions: (A) Fractionation of the tetrasac-
charide peak obtained from a Sephadex G-25 column (see text for conditions). (B) Fractionation of
tetrasaccharides obtained from chromatography {A) after N-desulfation. Material in Peak 1 (A) was
applied separately and eluted in a single peak (I-1) (a small amount of material was eluted later and not
examined). Material in Peak IT (A} was applied and now eluted into two peaks (Ii-1 and I1-2) (see text
for conditions).
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RESULTS

Isolation of tetrasaccharides. — Heparin (5 g in 200 mL of 50mM sodium ace-
tate, pH 7.0, m™ in calcium acetate) was degraded with purified heparinase (17
mg) for 48 h at room temperature. Additional enzyme (10 mg) was then added and
incubation continued for 72 h. The solution was concentrated in a flash evaporator
to 10 mL and added to a Sephadex G-50 column (200 x 3.1 cm). The column was
eluted with 0.2M sodium chloride in 10% ethanol, 8 mL was collected per tube, and
elution was monitored by absorption at 230 nm. Fractions containing generally di-,
tetra-, hexa-, and higher mol. wt. oligo-saccharide peaks'’ were each combined.
This column separated high mol. wt. oligosaccharides well from low ones, but did
not resolve the lower mol. wt. compounds very well. Therefore, the peak fractions
obtained were further subfractionated on a column (20 X 1.1 cm) of AG 1-X2 (Bio-
Rad, 200-400 mesh), and eluted with a gradient generated from 750 mL of 0.2M
and 750 mL of 3 5M sodium chloride. The fractions consisting mainly of di-, tetra-,
hexa-, and higher mol. wt. oligosaccharides'” were collected. As even at this point
some overlap between low-sulfated hexasaccharides and highly sulfated tetrasac-
charides may occur; the fractions were further fractionated on a column of
Sephadex G-25 (10 X 2.1 cm) by elution with 0.2M sodium chloride in 10% ethanol
and collecting 8-mL fractions. Materials in the major peaks corresponding to di-,
tetra-, hexa-, and higher oligosaccharides were monitored by paper chromatog-
raphy. combined, and desalted on a column of Sephadex G-10 (100 x 2.1 cm).
Total recovery was 3900 mg (78%). In this fractionation, small amounts of di- and
hexa-saccharide contaminating the tetrasaccharide fraction were removed. Indi-
vidual yields were as follows: di-, 800 mg; tetra-, 1000 mg; hexa-, 775 mg; and

TABLE 1

ANALYTICALDATA FOR N-DESULFATED TETRASACCHARIDES

Physical and Tetrasaccharides
chemical properties
IU-65N TU-55N GU-5SN

Aj3zp/mg 5.2 51 4.7
Uronic acid L-Iduronic L-Iduronic D-Glucuronic
Uronic acid (%)

Carbazole 32.8 32.8 344

Orcinol 7.5 7.5 6.8
Sulfate (%) 28.8 21.0 17.4
Hexosamine(%) 24.6 25.3 21.9
Free amino group 9.0 8.6 11.8

(TNBS)* (%)

*This method using 2 ,4,6-trinitrobenzenesulfonic acid® gives satisfactory results for free aminodeoxy
sugars, but is not quantitative for polymers, unless the N-desulfated polymer itself is used as a standard.
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oligosaccharides, 1336 mg. The tetrasaccharide fraction was resistant to further hy-
drolysis by the heparinase, whereas the oligosaccharides could be degraded some-
what further by the enzyme if re-incubated. The tetrasaccharide fraction contained
both D-glucuronic and L-iduronic acid®’. As the uronic acid residue at the non-re-
ducing end is unsaturated, this observation indicated that mixtures of tetrasac-
charides were present. Therefore, the tetrasaccharide fraction was further purified
by ion-exchange chromatography by use of 400-mg portions of tetrasaccharides in
two successive experiments. A column (117 x 2.1 cm) of Bio-Rad AG 1-X2, 200-
400 mesh was eluted with a linear gradient generated from 0.5M (2000 mL) and
3.5M (2000 mL) sodium chloride. As shown in Fig. 1A, two major peaks were ob-
tained. Material in Peaks I and II was isolated by desalting on a Sephadex G-10 col-
umn and lyophilization. Analyses?’ still showed the presence of both D-glucuronic
and L-iduronic acid in both peaks. To facilitate further fractionation of these
closely related compounds, the fractions were N-desulfated by the procedure of
Inoue and Nagasawa”®. The method was modified slightly for these low-molecular-
weight materials. Instead of dialysis at alkaline pH, the samples were treated with
Bio-Rad AG 50-X4 (H") and neutralized with sodium acetate. They were then
placed individually on the same AG 1-X2 column (117 x 2.1 ¢cm) described earlier
and eluted with the same gradient. As shown in Fig. 1B, material from Peak I still
gave one peak, and uronic acid analysis showed only L-iduronic acid. Material from
Peak II, then, gave two well resolved peaks. Peak I1-1 contained D-glucuronic acid
only, and Peak II-2 L-iduronic acid only (see Table I). The fractions within peaks
were combined, desalted on Sephadex G-10 columns, and lyophilized. Yields from
800 mg of starting material were as follows: Peak I-1 (Tetrasaccharide 1U-55N)*,
51 mg; Peak II-1 (Tetrasaccharide GU-58N)*, 213 mg; and Peak 1I-2 (Tetrasac-
charide IU-6SN)* 244 mg. When chromatographed, material from the shoulder in
peak 11 (Fig. 1) consisted of a mixture (43 mg). Analyses of these N-desulfated
tetrasaccharides are shown in Table I. The analyses are consistent with tetrasac-
charide structures as based on the u.v. absorbance indicating a 4,5-unsaturated di-
saccharide repeating unit'*. The sulfate content of Tetrasaccharide TU-6SN indi-
cates that it contains four O-sulfate groups, i.e., it is derived from a “fully” sulfated
tetrasaccharide. Tetrasaccharides IU-5SN and GU-3SN appear to contain one sul-
fate unit less**.

N-Resulfation. — A portion of each tetrasaccharide was N-resulfated with
pyridine-sulfur trioxide®® in order to obtain the corresponding original product.
After sulfation, the solutions of the samples were passed through columns of AG
50-X8, made neutral with sodium acetate, desalted on columns of Sephadex G-10,
and purified on columns of AG 1-X2 (200400 mesh). For Tetrasaccharides TU-6S

*Abbreviations used: S, sulfate; GleNS., 2-deoxy-2 sulfoamino-D-glucose. N denotes a N-desulfated
compound (e.g., TU-58N), N being omitted when the parent tetrasaccharide is referred to. For a N-
acetylated tetrasaccharide, the usual abbreviation NAc is used (e.g., TU-5SNAc).

**Sulfate analysis per se cannot be relied on to distinguish between three and four sulfate groups.
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TABLEII

ANALYTICAL DATA FOR TETRA- AND DI-SACCHARIDES?

Physical Tetrasaccharides Disaccharides
chemical properties
1U-58 GU-5S 1U-6S ATSD? ADSD
(1) (2) (3) ) (5)
Anp/mg 4.3 4.4 4.3 8.6 10.1
Uronic acid (%)
Carbazole 27.0 27.0 35.0 3.0 28.7
(1.3} (1.4) (1.8) 1.9 (1.2)
Orcinol 6.6 7.3 6.0 7.1 9.1
{0.3) (0.4) 0.3) (0.4) (0.4)
Carbazole-to-orcinol ratio 4.1:1 3.8:1 6.0:1 4.8:1 3.2:1
Sulfate (%) 27.3 27.8 321 352 28.4
@7 2.9 (3.0) (4.0) (2.4)
Hexosamine (%) 18.6 18.1 18.1 16.2 21.6
(1.0) (1.0) (1.0} (1.0) (1.0)

“Molar ratios to hexosamne are given in parentheses. The tetrasaccharides were obtained after N-resul-
fation of tetrasaccharides separated after N-desulfation, ®Trisulfated disaccharide repeating unit of
heparin'®.

and GU-38 a column (117 X 2.1 cm) eluted as described earlier, and for Tetrasac-
charide IU-5S a column (54 X 1.1 cm) eluted with a linear gradient generated from
0.5M (250 mL) and 3.0M (250 mL) sodium chloride were used. The major amount
of N-resulfated compounds was eluted at the same salt concentration as the parent
material (before V-desuifation), but some lower suifated material was also present.
Material within the major peaks was combined, desalted, and lyophilized. Yields
were ~56% from the N-desulfated compounds. Analyses are shown in Table IL.
They are consistent with those in Table I, indicating that Tetrasaccharide TU-6SN
(from Peak II-2) is more highly sulfated than Tetrasaccharide IU-3SN (from Peak
I-1) and GU-5SN (from Peak II-1).

N-Acetyl and arabinose derivatives. — N-Acetyl derivative were prepared in
order to evaluate the effect, if any, on analytical values, of substituents of the
amino sugar unit. Tetrasaccharides IU-6SN and GU-5SN were N-acetylated ac-
cording to the procedure of Levvy and McAllen®'. The samples were desalted on
a column of Sephadex G-10 and lyophilized. The yield was 80% on a weight basis,
and analyses are shown in Table III. To be noted is the higher sulfate content of
Tetrasaccharide IU-6SN Ac and the differences, in the ratio of the carbazole-to-or-
cinol color values, for the N-acetyl, free amino (Table I), and N-sulfated com-
pound (Table II)*.

*Color reactions are frequently used not only for quantitative determination, but also to determine
uronic acid composition. It is, therefore, important to be aware of the effects of substituent groups on
these reactions.
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TABLE I

ANALYTICAL DATA FOR D-arabino AND N-ACETYLATED DERIVATIVES OF N-DESULFATED TETRASAC-
CHARIDES

Derivatives Ajzzimg Uronic acid (%) Sulfate Hexosamine

(%) (%)
Carbazole Orcinol

From [U-68 (3)

Free amino group 5.0 37.3 7.5 26.5 24.4

D-arabino 5.5 38.1 332 28.4 12.6

N-Acetylated 5.9 331 15.7 29.5 272

From GU-38(2)

Free amino group 4.4 30.5 101 17.5 203

D-arabino 5.7 38.1 28.9 20.7 11.6

N-Acetylated 5.1 331 14.1 20.2 <23.4

TABLE IV

ANALYTICAL DATA FOR PRODUCTS OBTAINED FROM DI- AND TETRA-SACCHARIDES BY TREATMENT WITH PER-
IODATE {pH 7.0), FOLLOWED BY ALKALI, AND PURIFICATION ON A SEPHADEX G-25 COLUMN

Products from Molar ratio of uronic
acid {carbazole} 1o Az

ATSD (4)° 0.80
Tetrasaccharide IU-58 (1) 1.5
Tetrasaccharide GU-5S (2) 0.60
Tetrasaccharide [U-6S (3) 1.8

“This disaccharide was resistant to periodate but was treated by the same procedure as a reference.

In order to verify the structure and also to study the effect on analytical
values, the two tetrasaccharides were treated with ninhydrin to give compounds
having an L-arabinose unit at the reducing end®. The yield was 59% on a weight
basis. Analyses are shown in Table III. The low value for hexosamine and the high
value for the orcinol reaction are appropriate for a compound containing a pentose
unit in place of one of the glucosamine units. The sulfate value for the derivative
of Tetrasaccharide TU-6S again was higher than that for Tetrasaccharide GU-58S.

The following experiments were carried out to determine details of the struc-
tures of the tetrasaccharides.

Periodate oxidation to establish the presence of a sulfate ester on the internal
residue of uronic acid. — Under the conditions of Fransson ef al.'?, at pH 7.0,
Tetrasaccharide GU-5S was completely oxidized by periodate as shown by
Sephadex G-50 chromatography and loss of uronic acid (ref. 18 and Table IV).
Tetrasaccharides IU-6S and TU-5S were not degraded by the reagent® (Table IV).

*Under the conditions used, any nonsulfated uronic acid would have been degraded regardless of sul-
fate ester substitution on a neighboring monosaccharide unit.
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Fig. 2. Tracing of paper chromatogram, in 10:3:7 (v/v) butanol-acetic acid—water with downward irri-
gation for 40 h, of disaccharides obtained by nitrous acid degradation of tetrasaccharides, and standard
disaccharides. Cross-hatched spots were detected by short-wave u.v. light or the silver nitrate rcagent,
and dashed-line spots by the silver nitrate reagent only: ATSD deg., degradation product of 4; 4DSD
deg., degradation product of §; TU-58N deg., degradation product of 1; IU-6S8N deg.. degradation prod-
uct of 3; and GU-5SN deg., degradation product of 2.

Nitrous acid degradation for identifying the constituent disaccharides. — The
free amino tetrasaccharides (~100-200 ug each) were treated with nitrous acid
under the conditions of Lagunoff ef al.**, and the products were chromatographed
directly on paper in butanol-acetic acid-water. The disaccharides derived from the
nonreducing end (detectable by u.v. absorbance as well as the silver nitrate rea-
gent) from all three tetrasaccharides migrated at the same rate as the trisulfated di-
saccharide standard, also treated with nitrous acid (Fig. 2). This indicated that the
nonreducing disaccharide unit on all tetrasaccharides was the same and fully sul-
fated. The differences between the tetrasaccharides, therefore, had to be present
on the disaccharide unit of the reducing end. As they were difficult to detect by the
silver nitrate reagent, the tetrasaccharides were again treated with nitrous acid as
just described, and the resulting disaccharides were reduced with sodium boro-
tritide*. These products were examined by electrophoresis on Whatman No. 1

*When the tetrasaccharides were reduced prior to mtrous acid treatment, and then treated, some
radioactive label was lost, and a variety of products was obtained, which makes this procedure unsuita-
ble. Reduction after nitrous acid treatment is know to lead to an anhydromannitol unit as a major prod-
uct'3,
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Fig. 3. Paper electrophoresis and paper chromatography of disaccharides obtained by nitrous acid de-
gradation of tetrasaccharides. Top row (across): products of Tetrasaccharide TU-6SN; middle row:
Tetrasaccharide TU-58N; and bottom row: Tetrasaccharide GU-5SN. Column A; paper electrophoresis
patterns of labeled disaccharides (the major peak in the top figure was labeled 1'and 2 as it was not clear
whether this was a double peak (see results of the paper chromatography, columns B and C); O, ADSD
(after nitrous acid and reduction); 2,5-anhydro-4-O-(4-deoxy-a-L-threo-hex-4-enopyranosyluronic acid
2-sulfate)-D-mannitol (6); and B, ATSD (after nitrous acid and reduction); 2,5-anhydro-4-O-(4-deoxy-
a-L-threo-hex-4-enopyranosyluronic acid 2-sulfate)-D-mannitol 6-sulfate (7). Column B: paper chro-
matography, in 4:6:3 (v/v) butanol-acetic acid-M ammonium hydroxide with downward irrigation for
24 h, of material eluted from peak 2 of column A; standards: solid circle, ATSD (4); dotted circles,
ADSD (5); and hatched circles, monosulfated disaccharides [44,5-HexA-(1—4)-GlcNS]. Column C;
paper chromatography of material from Peak 1 (1') of Column A; solvent and standards as in Column
B. The material in 1’ from Tetrasaccharide [U-6S (3) (top) moved at the same rate as that of 2 in column
B, i.e., disulfated disaccharide, and material in Peaks 1 from Tetrasaccharides IU-5S (1) and GU-5S (2)
moved at about the same level as the monosulfated disaccharide standard. The difference in movement
between the disaccharide from Tetrasaccharide TU-5S (1) and that from Tetrasaccharide GU-58 (2) is
probably due to structural differences.

paper in pyridine—formic acid, pH 3.0. The paper was cut into 0.5-cm strips which
were suspended in scintillation fluid and counted in the scintillation counter. As
can be seen in Fig. 3A, two radioactively labeled areas were found in the products
from Tetrasaccharides IU-5SN and GU-5SN, and one (or two) in the products of
Tetrasaccharide IU-6SN. The slower moving components correspond to monosul-
fated disaccharide standard A, s-HexA(2-S)—Manol, and the faster to disulfated
disaccharide 4, s-HexA(2-S)—»>Manol(6-S). In order to verify that the separated
peaks represented different compounds and to determine the significance, if any,
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of the double peak for Tetrasaccharide TU-6SN, the radioactively labeled areas
were eluted individually and chromatographed on Whatman No. 1 paper in
butanol-acetic acid—M ammonium hydroxide. As can be seen in Figs. 3B and C, the
material corresponding to a monosulfated disaccharide on the electrophoresis strip
migrated more rapidly on paper chromatography than material corresponding to a
disulfated disaccharide, and both migrated essentially like the appropriate standard
disaccharides. The products of nitrous acid degradation contain the disaccharides
from the nonreducing, as well as the reducing end and, as pointed out earlier, the
nonreducing disaccharide contains three sulfate groups (originally). Therefore, the

A

H’4l H_1’H—1

- __
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Fig. 4. "H-N.m.r. spectra of standard disaccharides: (A) disulfated unsaturated disaccharide (5); and
(B). trisulfated unsaturated disaccharide (4).
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data indicate that the monosulfated disaccharides obtained from Tetrasaccharides
[-1(TU-58N) and II-1(GU-5SN) had derived from the reducing end of the tetrasac-
charides. This result shows that the tetrasaccharides had contained only two sulfate
groups before nitrous acid treatment, which is consistent with the analytical data
reported in Table I. The disaccharide obtained from the reducing end of Tetrasac-
charide II-2(TU-6SN) contained two sulfate groups, i.e., three sulfate groups in the
original tetrasaccharide®. All available evidence indicates that the D-glucuronic
acid moiety in heparin is nonsulfated’. In addition, when the disaccharide obtained
from Tetrasaccharide GU-5S was treated with crude B-D-glucuronidase, paper
chromatography showed that D-glucuronic acid was liberated. No activity could be
detected when the disaccharides obtained from the other tetrasaccharides were
treated with the crude enzyme, though it does also contain an a-L-iduronidase.
Therefore, the two sulfate groups of the reducing-end disaccharide of Tetrasac-
charide GU-5S are linked to the hexosamine unit [i.e., GlcA—GIcNS(6-S)]. On
the other hand, it was not clear where the second sulfate group on Tetrasaccharide
TU-5S was located, though resistance to periodate oxidation suggested a linkage to
the L-iduronic acid unit, i.e. [doA(2-S)->GIcNS. In order to define this structure
more adequately, an 'H-n.m.r. study was carried out.

UH-N.m.r. study. — Two well characterized disaccharides were used as refer-
ence compounds: a 4,5-unsaturated, trisulfated disaccharide from heparin'® and a
4,5-unsaturated, disulfated disaccharide from heparan sulfate'***. In the 'H-n.m.r.
spectra of these two compounds (Fig. 4, Tables V and VI), that of the disulfated
disaccharide shows several shifts in signals, as compared to that of the trisulfated
compound. The signal for H-3 (uronic acid) is shifted upfield from & 4.31 in the tri-
sulfated to 4.287 in the disulfated disaccharide spectrum. The signal for H-5 (2-
amino-2-deoxy-D-glucose) is shifted upfield from 4.15 to 3.938, and the signals for
H-6a and -6b (2-amino-2-deoxy-D-glucose) upfield from & 4.32 in the trisulfated to
3.83 in the disulfated (which does not have a 6-sulfate in the hexosamine unit) di-
saccharide spectrum.

The spectrum of Tetrasaccharide [U-6S (six sulfate groups) (Fig. 5, and Ta-
bles V and VI) shows, in general, signals due to the unsaturated trisulfated disac-
charide at the nonreducing end, and additional signals derived from the internal L-
iduronic acid 2-sulfate unit (Table VII). Assignment of the signals agrees with
those of heparin®,

The spectrum of Tetrasaccharide IU-5S was compared to those of the disul-
fated disaccharide and Tetrasaccharide IU-6S (Fig. 6, and Tables VI, VII, and
VIII). For the signals of the 2-amino-2-deoxy-D-glucose unit(s), one of those for H-
2 was shifted downfield by comparison to those of either the trisulfated disac-
charide or Tetrasaccharide IU-6S. The signals in the H-3 region were more closely

*Nitrous acid treatment removes the N-sulfate group in the reaction leading to 2,5-anhydromannose.
**This disaccharide is composed of 2-sulfoamino-2-deoxy-D-glucose and an unsaturated uronic acid 2-
sulfate [AHexA(2-O8)—GlcNS).
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Fig. 5. "H-N.m.r. spectra of: (A) Tetrasaccharide TU-68 (3); and (B) Disaccharide ATSD (4). Only the
signals due to the L-iduronic acid unit are identified.

TABLE YV

'H-N M.R. DATA FOR THE UNSATURATED URONIC ACID UNIT OF DI- AND TETRA-SACCHARIDES

Compounds Chemical shifts (8) Coupling consiants (Hz}

H-1 H-2  H3 H-4  J,, Ioz 13,4 T24

ATSD (4) 5472 4.540 4.31 5934 360 295 4.37 1.04
ADSD (5) 5.51 4.54 428 5.97 3.19 4.67
Tetrasaccharide TU-6S (3) 548 458 434 596 255 4.64
Tetrasaccharide TU-58 (1) 5.52 4.64 4.3 6.0

Tetrasaccharide GU-5S (2) 5.45 4.56 4.28 593 2.24 4.75
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0

6 5 & 4 3

Fig. 6. 'H-N.m.r. spectra of: (A} Tetrasaccharides TU-6S (3), (B) 1U-58 (1), and (C) Disaccharide
ADSD (5). Only the signals due to the 2-amino-2-deoxy-D-glucose unit(s) are identified. The signals due
to the L-iduronic acid unit are marked with an asterisk. The spectrum of Tetrasaccharide TU-58 (1)
shows smaller peaks because less material was available.

grouped together than those of Tetrasaccharide TU-5S, and those for H-4 shifted
downfield. The H-5 and H-6a,b signals of the disulfated disaccharide and the trisul-
fated disaccharide were present in the spectrum of Tetrasaccharide 1U-5S, indicat-
ing the absence of a sulfate group from one of the six positions of the two
hexosamine units. As the disaccharide at the nonreducing end contains three sul-
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TABLE VII

'H-N M R. DATA FOR THE L-IDURONIC ACID 2-SULFATE UNIT OF TETRASACCHARIDES AND HEPARIN

Compounds Chemical shifts (6) Coupling constants (Hz)

H1 H2 H3 H4 HS5 1, L Ji4 Jgs

Tetrasaccharide IU-6S (3) 523 434 423 401 485 255 2.95
Tetrasaccharide IU-5S (2) 522 43 428 40 4.85%
Heparin3* 522 435 420 411 482 264 590 344  3.09

“The signal for H-5 at 8 4.85 may be due to a small contamination with a tetrasaccharide containing a
nonsulfated L-iduronic acid unit™,

TABLE VIII

"H-N M.R DATA FOR THE D-GLUCURONIC ACID UNIT OF TETRASACCHARIDE GU-5S (2)

Compounds Chemical shifts () Coupling constants (Hz)

H1 H2 H3 H4 HS5 I, I Ls I

Tetrasaccharide GU-5S (2) 4552 3331 3.801 3.704 3937 8.05 875 435 991

Hyaluronic acid®® 4457 3339 3575 3737 3720 77 85 85 90
Sodium D-glucuronate®” 431 291 31 31 324 90 9.0 10.0
(Methyl 4-O-methyl-a-D- 446 7 ? 3.09 346 40 10.0 100

glucopyranosyl)uronic acid® ¢

“For a solution in di(*Hg)methy! sulfoxide.

fate groups, it is concluded that the 6-sulfate ester is missing on the 2-amino-2-
deoxy-D-glucose unit at the reducing end. The signals of H-1 and -3 of the L-
iduronic acid unit were also present in the spectrum of Tetrasaccharide IU-5S, indi-
cating the presence of a sulfated L-iduronic acid unit. The H-2 (uronic) signal was
shifted downfield in the spectrum of Tetrasaccharide TU-5S, and upfield in the
spectrum of the disulfated disaccharide as compared to that of Tetrasaccharide TU-
6S. The signal for H-1 (hexosamine) was shifted downfield in the spectrum of
Tetrasaccharide as IU-3S in comparison to the signal of Tetrasaccharide IU-6S, but
was the same as that of H-1 of the disaccharide.

As expected, the spectrum of the D-glucuronic acid-containing tetrasac-
charide (Fig. 7, and Tables V and VIII) differed considerably from that of the fully
sulfated, L-iduronic acid-containing compound (Tetrasaccharide IU-6S) owing to
the presence of D-glucuronic acid instead of a L-iduronic acid 2-sulfate unit. Assign-
ments of signals are in part from literature values (see Table VIII) for D-glucuronic
acid and hyaluronic acid, and from the signals of the spectra of the trisulfated disac-
charide and Tetrasaccharide IU-6S. The coupling constant of the H-1 signal of the
D-glucuronic acid unit in the tetrasaccharide is lower than the corresponding one of
sodium D-glucuronate®”.
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('
6 5 4 3
é

Fig. 7. 'H-N.m.r. spectra of: (A) Tetrasaccharides GU-5S (2). and (B) TU-6S (3). Only the signals due
to the D-glucuronic acid unit are identified.

From these data, it can be concluded that Tetrasaccharide [U-5S consists of
a trisulfated, unsaturated disaccharide unit at the nonreducing end, like the other
tetrasaccharides, and of a disaccharide composed of L-iduronic acid 2-sulfate and 2-
deoxy-2-sulfoamino-D-glucose at the reducing end (1).
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DISCUSSION

Detailed structural arrangements of the heparin chains is of considerable im-
portance because of the very important role of the polysaccharide as a phar-
macological agent which seems involved in a variety of biological interactions,
some real, some perhaps artifactual. It is also likely that some of the biological
roles ascribed to heparin may be due to heparan sulfate, which contains heparin-
like chain segments*®3°. The demonstration that the anticoagulant activity of hepa-
rin is dependent on a fairly definite structural arrangement of subunits!*? constitut-
ing an “active site” has led to a new appreciation of the need for precise informa-
tion on structures of glycosaminoglycans which, until then, were thought to contain
mainly random variations. The emphasis on heparin structure has been concerned
with its anticoagulant properties. However, in view of its other roles, which are
biologically more relevant, more information on total subunit arrangement needs
to be obtained. The overall chemical features of commercially available heparin,
which is quite pure, are fairly well defined. The polysaccharide is heterogeneous in
size and somewhat in composition, though the proportions of L-iduronic to D-
glucuronic acid, N-acetyl vs. N-sulfate content, and the overall degree of sulfation
fall into a sufficiently narrow range to allow a characterization of heparins some-
what independent of anticoagulant activity. There may be some overlap with the
heparan sulfates®, but this is not critical. It should also be stressed that the
heterogeneity observed may not be quite as pronounced within an individual
polymer chain. In addition, this heterogeneity may really be functional rather than
strictly random or due to “errors” in synthesis.

The enzymic approach to structural analysis used here is complementary to
purely chemical methods, and in some ways superior. The overall yield of disac-
charides vs. oligosaccharides gives information about the proportion of uniform,
fully sulfated segments (i.e., three sulfate groups per repeating unit) to the variable
areas. The structure of the oligosaccharides gives information about the variable,
and perhaps more biologically relevant segments. The main advantage over chemi-
cal degradation methods is the high yield of products. Tetrasaccharides were ob-
tained in a total yield of about 20% with a 10% yield of purified final products,
whereas chemical methods producing active fragments, though ingenious, gave' a
yield of 0.15%. In this respect, the low yield of Tetrasaccharide IU-5S is noticeable
(1); it is evidently a minor component and, considering overall yields and the
molecular size of the heparin used, it may be present in only one chain out of five.
The much higher yields of Tetrasaccharide GU-5S (2), which contains D-glucuronic
acid, indicated that it may be present in each polymer chain. This does not reflect
total D-glucuronic acid content, as it also occurs in hexa- and higher oligo-sac-
charides?*, but reflects the areas where D-glucuronic alternates with L-iduronic
acid sulfate units,

The structural determinations using periodate and nitrous acid degradation
gave fairly straightforward results for Tetrasaccharides TU-6S (3) and GU-5S (2),
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but were more difficult to interpret for Tetrasaccharide IU-58 (1). This compound
appeared similar to Tetrasaccharide IU-6S (3) but had a slightly lower sulfate con-
tent and was eluted earlier from ion-exchange resins; first, it was assumed to lack
the sulfate group of the L-iduronic acid unit*?, but resistance to periodate oxidation
indicated that this unit was sulfated. The reducing-end disaccharide obtained by
nitrous acid degradation had only one sulfate group, but its location was uncertain.
However, the '"H-n.m.r. spectra of the tetrasaccharides did show that Tetrasac-
charide TU-58 (1) lacked a 6-sulfate group at one of the hexosamine units and that
both uronic acid residues were sulfated. Therefore, Tetrasaccharide IU-58S (1) ap-
pears to be the same as Tetrasaccharide TU-6S (3) except that the 6-sulfate group
is missing from the 2-amino-2-deoxy-D-glucose reducing end. Another interesting
observation obtained from the 'H-n.m.r. spectra is that the coupling constants J; ,
and J3 4 of the unsaturated uronic acid residue can be affected by the adjacent
monosaccharide unit and even by a unit once removed [see Table V; cf. spectrum
of ATSD (4) with that of DSD (5), and that of Tetrasaccharide GU-5S (1) with that
of IU-6S (3)].

All the component disaccharides of the tetrasaccharides 1-3 have been
shown previously to be present in heparin'®. These structures do not contain the
“active site” for antithrombin binding !~**?, This site apparently would have to be
present in the higher oligosaccharides that do contain D-glucuronic acid and N-
acetyl groups. The relationship between the compounds described herein and a
tetrasaccharide, also obtained by heparinase action and which seems to have anti-
coagulant activity*®, is not clear.

The data reported herein are consistent with and confirm the specificity of the
heparinase proposed previously*?, namely that an L-iduronic acid 2-sulfate unit has
to be present at the point of cleavage. All the tetrasaccharides have a sulfated un-
saturated uronic acid at the nonreducing end. The resistance to cleavage of the in-
ternal linkage of Tetrasaccharides IU-5S (1) or IU-6S (3), though it contains the re-
quired L-uronic acid unit, is not clear. Size specificity would appear to be the factor
involved, i.e., once formed a tetrasaccharide is not degraded. A further structural
implication of enzyme specificity is that an L-iduronic acid 2-sulfate unit has to
be linked to the reducing group of the tetrasaccharides in order for that linkage to
be cleaved, and an N-sulfated hexosamine unit has to be linked to the unsaturated
uronic unit at the nonreducing end. Thus, the presence of a particular hexasac-
charide sequence may be deduced from the present data. Though a particular se-
quence, such as that of Tetrasaccharide IU-5S (1), may be rare and therefore not
present in each chain, this sequence still represents a structural feature that must
be taken into account in terms of potential biological function. In that respect, the
“active site” for antithrombin binding occurs in only one chain out of three. After
application to higher oligosaccharides, the method described will be applicable to
the determination of detailed stractural sequences in heparins from various
sources.
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