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2. The isomers in the major dienoic acid fraction
had c8-c8 non-conjugated configurations, and the
double bonds were largely at C-11 or C-12 and C-15
or C-16.

3. The monoenoic acids formed were largely
trans, with the double bond predominantly at C-13
or C-14.

4. Rapid hydrogenation of [1-14C]linoleic acid
and [1-14C]oleic acid occurred in the artificial
rumen. The former gave a trans monoenoic acid as
an intermediary.

5. The tran8 C18 monoenoic acids passing from
the rumen were almost quantitatively absorbed in
the ileum.

6. The unsaturated C18 acids present in the
ileum digesta were hydrogenated in the caecum and
colon, so that nearly all the acids in the excreta
were saturated.

7. The hydrogenation of [1-'4C]linoleic acid by
caecal and colon contents resulted again in the
formation of substantial amounts of trans C18
monoenoic acids.
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Although it is well known that the biological
activity of exogenous samples of the sulphated
aminopolysaccharide heparin disappears rapidly
in vivo (cf. Loomis, 1959, 1961), the sequence of
events involved in the disposal of the injected
polymer is still not fully understood. Up to the

present, studies on the metabolic fate of heparin
have been based on observations made after the
injection of unlabelled biosynthetic preparations of
the polymer (Wilander & Holmgren, 1938; Wilan-
der, 1939; Jacques, 1939; Reinert & Winterstein,
1939; Copley & Schendorf, 1941; Piper, 1947;
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Jaques, Napke & Levy, 1953), of preparations
labelled biosynthetically with radioactive sulphate
(Eiber, Danishefsky & Borelli, 1958; Danishefsky &
Eiber, 1959; Loomis, 1961; Day, Green & Robinson,
1962) and of semi-chemically synthesized material
prepared by the selective N-resulphation with tri-
methylamine-[35S]sulphur trioxide ofN-desulphat-
ed commercial heparin (Levy & Petracek, 1962).
The earlier reports dealt mainly with the urinary
excretion of the apparently unchanged polymer,
but in the later work attention has been given to the
tissue distribution of radioactivity and to the ap-
pearance of inorganic [35S]sulphate, detectable in
the tissues or in the urine, after the injection of the
35S-labelled materials. A different approach has
involved studies on the 'heparinase' system of
human liver (Jaques, 1940; Jaques & Kerri-Szanto,
1952; Jaques & Cho, 1954; Cho & Jaques, 1956),
reported as destroying the biological action of
heparin, although the mode of action of the system
is still in doubt (Schuytema & Cushing, 1958).
The difficulties of interpreting the results of such

studies, in particular with regard to the mechanisms
involved in the liberation of inorganic sulphate, are
readily apparent when it is considered that a
recently proposed structure for heparin (Durant,
Hendrickson & Montgomery, 1962) suggests that a
hexadecasaccharide period in the polymer, com-
posed of alternating D-glucuronic and D-glucOs-
amine moieties, would carry 25-26 ester-bound
sulphate groups. It is postulated that seven of
these are present as N-sulphate (sulphamate)
groups on the hexosamine residues and at least
seven as 0-sulphate groups at position 2 of the
uronic acid moieties. Of the remainder it is sug-
gested that eight of the hexosamine moieties are
0-sulphated at position 6 (cf. Nomine, Bucourt &
Bertin, 1961; Hoffman & Meyer, 1962), while four
or five of these moieties have extra 0-sulphate
groups at position 3. A further complicating feature
with studies based on the use of the biosynthesized
polymer is the knowledge that the connective-
tissue aminopolysaccharide heparan sulphate, which
is also believed to contain 0-sulphate and N-
sulphate groups, may occur as a contaminant in the
preparations (see Jeanloz, 1963).

Previous reports (Lloyd, 1959, 1960, 1962a) have
dealt with the development of methods suitable for
the synthesis of the 0-[35S]sulphate esters ofhexoses
and N-acetylhexosamines for use in studies on the
metabolism of naturally occurring compounds
known to contain this type of residue (Lloyd,
1961a, b; Lloyd, 1962b). We now report a method
for the preparation, by a direct esterification pro-
cedure, of 2-deoxy-2-[35S]sulphoamino-D-glucose
suitable for use as a model compound in studies on
the biological activity of the sulphamate group as
found in heparin and heparan sulphate.

EXPERIMENTAL AND RESULTS

Analytical methods
Paper chromatography and paper electrophoresis. The

homogeneity of intermediates in the reaction and the
identity of the final product was checked by paper chroma-
tography and paper electrophoresis. Chromatograms were
run on Whatman no. 1 filter paper by usingdownward irriga-
tion with isobutyric acid-aq. 0-5N-NH3 soln. (5:3, v/v) as
solvent for 20 hr. at 20°. The air-dried chromatograms were
then sprayed with the p-anisidine reagent (Rough, Jones &
Wadman, 1950) for reducing sugars or with 0-2% (w/v)
ninhydrin in acetone for free hexosamines. Electrophoresis
was carried out on Whatman no. 1 filter paper with 0-1 M-
ammonium acetate-acetic acid solution (pH 4 0) as buffer
at 400v for 2 hr. Separated components were detected by
heating the moist electrophoresis strip at 1100 for 5 min.,
when reducing sugars appeared as brown areas. Alterna-
tively, the air-dried electrophoresis strips were sprayed
with p-anisidine or ninhydrin solutions as above.

Determination of radioactivity. For the determination of
radioactivity samples of the 35S-labelled materials were
hydrolysed with 2 5N-HCI (5 ml.) for 2hr. at 1000. Liberated
inorganic [35S]sulphate was then precipitated as Ba35SO4
before plating and counting according to Lloyd (1961 b).
The radioactivities of the Ba35SO4 samples were measured
with a D. 47 gas-flow counting system, in windowless opera-
tion, in conjunction with automatic scaling equipment
(Nuclear-Chicago Corp., Ill., U.S.A.). Corrections were
made for coincidence and decay.

Radioactive components were detected on paper chroma-
tograms and paper-electrophoresis strips with a thin
(1-4 mg./cm.2) mica end-window Geiger-Muller tube in the
C. 100 Actigraph chromatogram strip-scanner (Nuclear-
Chicago Corp., Ill., U.S.A.).

Analyses. For the determination of ester sulphate and of
hexosamine nitrogen, samples were hydrolysed by reflux-
ing with 0-5N-HCI for 2 hr. The liberated inorganic sulphate
was determined titrimetrically by the method of Belcher,
Gibbons & West (1954) and hexosamine nitrogen according
to Tracey (1952). Total nitrogen was determined by semi-
micro-Kjeldahl analysis and potassium by flame photo-
metry. For the determination of loss in weight on drying,
samples of crystalline products were dried at 820 in vacuo
for 12 hr. However, as the dried samples were hygroscopic,
analyses were performed on the hydrated materials and the
appropriate corrections made.

Infrared spectro8copy. Infrared-absorption spectra were
measured with the Perkin-Elmer Infracord spectrophoto-
meter. Compounds were examined as mulls in Nujol
(liquid paraffin).

Sulphation and purification procedures
Chemicals. D-Glucosamine hydrochloride was a com-

mercial preparation (British Drug Houses Ltd.). The
pyridine-sulphur trioxide reagent was prepared according
to Baumgarten (1926). Initially, pyridine-[35S]sulphur tri-
oxide was prepared by using chloro[35S]sulphonic acid of
low specific activity, prepared in the laboratory by the
method of Tudball (1962). In subsequent preparations
chloro[35S]sulphonic acid of high specific activity (total
activity 21 mc; The Radiochemical Centre, Amersham,
Bucks.) was used.
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Glucosamine hydrochloride (4-2 g.) was dissolved in water
(25 ml.) and the pH of the solution adjusted to 9 5 by the
addition of N-NaOH. Pyridine-[35S]sulphur trioxide
(0 956 g.) was added to the well-stirred solution over a
period of 1 hr. at 24°. During the period ofthe addition, the
pH of the mixture was maintained between 9 and 10 by the
dropwise addition of N-NaOH. Particular care was exer-
cized during the addition stage to minimize the formation
ofthe red dye reported by Baumgarten (1926) as being form-
ed from the pyridine-sulphur trioxide reagent by an excess
of alkali (cf. Warner & Coleman, 1958). Samples of the
resulting pale-yellow solution, examined by paper chroma-
tography and paper electrophoresis, showed the presence of
two reducing sugars. One of these was ninhydrin-positive
and had chromatographic and electrophoretic mobilities
identical with D-glucosamine. The other gave no reaction
with ninhydrin and moved toward the anode on electro-
phoresis. When scanned for radioactivity, chromatograms
and electrophoresis strips showed the presence of only two
radioactive bands, one identical in mobility with inorganic
sulphate and the other corresponding to the ninhydrin-
negative reducing sugar.
The excess of D-glucosamine was removed by passing the

sulphation mixture through a column of Dowex 50 (H+
form; 50-100 mesh) at 4°. The acid eluate and washings
were pooled and adjusted to pH 8-0 with satd. Ba(OH)2
solution to precipitate inorganic 35SO42- ions. Precipitated
Ba35SO4 was removed by centrifuging and excess of Ba2+
ions in the clear supematant removed by passing the solu-
tion through a column of Dowex 50 (H+ form; 50-100
mesh) at 4°. The acid eluate and washings were pooled and
the solution was neutralized to pH 6-0 by stirring with an
excess of solid Ag2CO3 (6 g.) to remove CF- ions. The precipi-
tate was removed by centrifuging. The crude product was
then converted into the potassium salt by passing the clear
supernatant through a column of Dowex 50 (H+ form; 50-
100 mesh) and adjusting the pooled acid eluate to pH 7-2
with 0-2N-KOH. The solution was concentrated to 10 ml.
by rotary evaporation under reduced pressure at 37°. The
product was precipitated by the addition of ethanol
(80 ml.) and the precipitate collected, washed with absolute
ethanol and ether and dried in vacuo over CaCl2 at room
temperature. The product, a pale-yellow amorphous
powder (average yield 1-05 g.), was shown to consist of
2-deoxy-2-[35S]sulphoamino-D-glucose contaminated with
the red dye product.

Purification of the crude product. When the concentration
of the contaminating dye was low it could be removed by a
single treatment of an aqueous solution of the crude
product with activated charcoal. However, in certain
instances the yield of dye product was high because the
pyridine-sulphur trioxide reagent in the sulphation step
(see above) was added too rapidly. In such instances it was
found necessary to use a modification of the method of
Lloyd (1962a) to remove the unchanged dye.
An aqueous solution of the crude potassium salt (10 ml.;

1%, w/v) was added to a column (8 cm. x 1-5 cm.) of
Dowex 1 (X8; OH- form; 200-400 mesh) and allowed to
drain into the resin bed under gravity flow. Under these
conditions the red dye passed straight throughtheresin bed,
which was then washed with water until the eluate was no
longer alkaline. The column was then eluted with 0-04N-
H2SO4 at 20 and a flow rate of 1-5 ml./min.; the eluate was

collected in 5 ml. fractions, the pH of each fraction being
determined. When the pH of the column effluent had fallen
to 2-2, each of the fractions was examined by paper electro-
phoresis and monitored for radioactivity. Fractions con-
taining a single radioactive component were pooled and
freed from traces of unlabelled SO42- ions by neutralization
with satd. Ba(OH)2 solution. The BaSO4 precipitate was
removed by centrifuging. The product was converted into
the potassium salt in the manner described above and the
volume of the solution reduced to 10 ml. by rotary evapora-
tion under reduced pressure at 37°.
To the aqueous solution, obtained after treatment with

charcoal or Dowex 1, was added 4 vol. of ethanol in a drop-
wise manner to give a product consisting of colourless
microcrystalline plates, which were collected by filtration
and dried in vacuo over CaCl2. The compound, potassium
2-deoxy-2-[35S]sulphoamino-D-glucose monohydrate, had
m.p. 1710 (decomp.) and [OC]2.35+50±1, (c 1-0 in water)
(Found: C, 22-8; H, 4-8; total N, 4-3; hexosamine N, 4-3;
S042- ion, 29-7; K, 12-7; acid equiv.wt. 316. C6H12KNO8S,-
H20 requires C, 22-8; H, 4-4; N, 4-4; SO42- ion, 30 5; K,
12-4%; acid equiv.wt. 315). On filter-paper chromato-
graphy and electrophoresis the product was found to be
homogeneous and identical in mobility with 2-deoxy-2-
sulphoamino-D-glucose prepared by a definitive synthetic
route (Foster, Martlew, Stacey, Taylor & Webber, 1961).
After hydrolysis in 0-5N-HC1, inorganic [35S]sulphate and
D-glucosamine were the only products that were recogniz-
able by paper chromatography and paper electrophoresis.
The radioactivity of the material of high specific activity
corresponded to 8-02 mc/m-mole when measured, after
hydrolysis, as an infinitely thick plate of Ba35SO4 (cf
Lloyd, 1961 b). It was necessary to store this product in the
form of a dilute aqueous solution in the frozen state to
minimize degradation due to 'self-irradiation' (A. G. Lloyd,
unpublished results).
The infrared-absorption spectrum of potassium 2-deoxy-

2-sulphoamino-D-glucose, together with those of potassium
N-bis-(2-hydroxyethyl)sulphamate and L-N-sulphoserine
prepared by the method of Warner & Coleman (1958) for
comparison, is reproduced in Fig. 1.

DISCUSSION

The majority of methods used in the preparation
of monosaccharide, oligosaccharide and poly-
saccharide models containing the sulphamate
grouping fall into two main categories. First, there
are the definitive syntheses, which, although em-
ploying sulphating agents under conditions where
both 0-sulphate and N-sulphate esters may be
formed, are based on the use of suitably blocked
0-acyl derivatives in which only the amino group is
available for reaction (Wolfrom, Gibbons &
Huggard, 1957; Foster et al. 1961; Onodera &
Komano, 1962; Onodera, Kitaoka & Ochiai, 1962).
Such methods obviously favour the formation ofthe
required N-sulphate derivative. However, they
suffer the disadvantage that the large number of
chemical manipulations required in the preparative
procedures is not ideally suited to the preparation
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of radioactive derivatives where only small quan-
tities of material, frequently associated with high
specific activities, may be involved. These diffi-
culties are accentuated by the relative ease with
which intermediates in the syntheses undergo
O-N acyl transformations, making the products of
the esterification procedures difficult to purify (cf.
Foster et al. 1961). On the other hand, the use of
unsubstituted starting materials results in the
formation of N-sulphate compounds that may also
be accompanied by varying degrees of O-sulphation
(see Meyer & Schwartz, 1950; Wolfrom, Shen &
Summers, 1953; Ricketts, 1953; Doczi, Fischman &
King, 1953; Coleman, McCarty, Warner, Willy &
Flokstra, 1953; Wolfrom & Shen-Han, 1959). The
sulphation conditions, based on those of Warner &
Coleman (1958), used in the present study permit
the selective sulphation of the amine group under
conditions where O-sulphation is unlikely to occur.
Thus it is well known that a primary prerequisite of
O-sulphation reactions is the maintenance ofstrictly
anhydrous conditions (cf. Lloyd, 1959, 1960,
1962a). The preparation of 2-deoxy-2-sulpho-
amino-D-glucose under conditions similar to those
presently reported has already been attempted by
Foster et al. (1961), who recorded that the products
of reaction of the reaction were difficult to purify
and did not investigate the technique further. The
method of purification which has been developed
offers no serious problems, especially if the content
of dye product is minimized, and is suitable for use
in the preparation of material of high specific radio-
activity.
The infrared spectra of potassium 2-deoxy-

Wave no. (100 cm.-')

14 _12

O
0-

m

as

E--

Wavelength (j)
Fig. 1. Infrared spectra of N-sulphate esters. (A) Potas-
sium 2-deoxy-2-sulphoamino-D-glucose monohydrate. (B)
Potassium N-bis-(2-hydroxyethyl)sulphamate. (C) Potas-
sium L-N-sulphoserine. Spectra are displaced vertically to

facilitate comparison.

2-sulphoamino-D-glucose, potassium N-bis-(2-
hydroxyethyl)sulphamate and potassium L-N-
sulphoserine differ substantially from those reported
for the 0-sulphate esters of hexoses, N-acetyl-
hexosamines, amino alcohols and hydroxylated
amino acids (Lloyd & Dodgson, 1959, 1961; Lloyd,
Tudball & Dodgson, 1961 b). Thus both N-bis-(2-
hydroxyethyl)sulphamate and L-N-sulphoserine
exhibit characteristic strong absorption at
3320 cm.-', attributable to vibrations involving the
unsubstituted hydroxyl group. Such absorption is
absent from the spectra of the corresponding 0-
sulphate esters. A comnnon feature ofthe spectra of
all three N-sulphate derivatives is the presence of
strong absorption in the range 1150-1250 cm.-'.
Although 0-sulphate esters absorb in a similar
range, maximal absorption usually occurs at
1240 cm.-'. It is a characteristic feature of the N-
sulphate compounds that the frequency of maxi-
mum absorption occurs at 1200 cm.-L. In con-
sequence, absorption in this range is tentatively
assigned to vibrations involving S-O linkages with-
in the N-SO3- system. The observed shift in the
frequency ofmaximum absorption from 1230 cm.-'
in the spectrum ofheparin, to which both 0-sulphate
and N-sulphate groups would contribute, to
1240 cm.-' in the spectrum of N-desulphated
heparin, to which only 0-sulphate groups would
contribute (Foster et al. 1961), is in agreement with
this suggestion. Support for the specificity of the
N-sulphation procedure used in the preparation of
2-deoxy-2-sulphoamino-D-glucose, and the un-
reactivity of the hydroxyl groups under these con-
ditions, is obtained from the observation of the
absence ofabsorption from the range 820-850 cm.-'.
It is known that the 0-sulphate-substituted pyr-
anose ring absorbs strongly at 820 cm.-, 830 cm.-'
or 850 cm.-' according to the spatial distribution of
the ester group on the ring (cf. Lloyd & Dodgson,
1959, 1961; Lloyd, Dodgson, Price & Rose, 1961 a;
Lloyd et al. 1961 b; Lloyd, Dodgson & Price, 1963).
An attempt to resolve the problem of the contribu-
tion in the infrared of the N-S bond by comparing
the spectra of 2-deoxy-2-sulphoamino-D-glucose,
containing the N-S system, and 2-deoxy-2-
[35S]sulphoamino-D-glucose, containing both N-S
and N-35S systems, was unsuccessful as no duplica-
tion ofbands or band shifts attributable to the mass
differences were detectable.

SUMMARY

1. A method has been developed for the prepara-
tion of potassium 2-deoxy-2-[355]sulphoamino-D-
glucose of high specific radioactivity suitable for
use as a model compound in studies on the biological
stability ofthe N-sulphate group asfoundinheparin
and heparan sulphate.
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