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SUMMARY

Studies on the polysaccharide constituents of cartilage from adult specimens off Blue
shark, skate and dogfish reveal the presence in each of these preparatioms «off mutlerial
corresponding to chondroitin sulphate and keratosulphate. However, «adh off the
aminopolysaccharides is characterised by the presence of fractions of wididls ditfening
sulphate content. In contrast to the material from cartilaginous didh tihe polv-
saccharide mixture from. fin-whale cartilage has chondroitin sulphate 3 @ major
constituent, both chondroitin sulphate C and keratosulphate being presemt im sub-
stantially lower amounts.

INTRODUCTION

It has now been established that mammalian cartilages are choractemiadl br the
presence of three tvpes of aminopolysaccharide sulphate!. In general, «ieomdoinn
sulphate A (repeating unit : 3-0-8-p-glucuronido-N-acetyl-D-galactosamine y-uliphinte)
and chondroitin sulphate C (repeating unit: 3-O-8-D-glucuronido-N-acetsil-m-gributos
amine 6-sulphate) occur as main constituents, together with varying s pmmunts
of keratosulphate (repeating unit: 4-0O-B-D-galactosido-N-acetyil-b-gnsamine
6-sulphate).

Recent reports?-® reflect a substantial increase in interest in the ammopniy-
saccharide constituents of the connective tissues of cartilaginous fish. im i+ comtext
LiovyDp et al® reported the isolation and infrared spectroscopic examimatiom «off poly-
saccharide sulphates from the cartilage of the blue shark (Carcharhines glmous)),. the
dogfish (Scyllium canicula) and the skate (Raja batis). These observations luwe now
been extended to include studies on the composition of these materials wmd of the
sulphated aminopolysaccharides from the cartilage of the fin whalle (Bindinupter
Physalus).

MATERIALS AND METHODS

Aminopolysaccharide sulphate preparat.ons

Preparations of aminopolysaccharide sulphate mixtures were obtamed, as the
potassium salts, from adult cartilage samples as described earlier.
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Monosaccharide constituents of polysaccharide preparations

Portions (100--200 mg) of the polysaccharides dissolved in 10 ml of 1 N H,50,
were heated in sealed tubes for 45 h at 110°, After cooling, the hydrolysates were
treated with Ba(OH), to pH 8.0 and then centrifuged to remove BaSO,. Excess Ba2+
in the supernatants was then precipitated by gassing with CO, and the BaCO; pre-
cipitates removed by centrifuging. The products were then concentrated to dryness
by rotarv evaporation under reduced pressure at 35° and the residues redissolved in
0.5-ml portions of water.

The concentrated hydrolysates were chromatographed on Whatman No. 1 or
3 MM papers using downward irrigation with phenol-ammonia--water!® or ethyl
acetate—pyridine—water {120:50:40, v/[v) as solvents. The results of uni-dimensional
separations were checked by two dimensional chromatography using combinations
of phenol-water—ammonial?, ethyl acetate—pyridine—water or butaner-ol-acetic
acid—water (50:12:25, v/v) as developing solvents.

Separated components were detected with aniline hydrogen phthalate!? or
p-anisidine!? sprays for reducing substances and with Elson-Morgan reagents!? for
hexosamines. The nature of the hexosamine components was also ascertained by
conversion to the corresponding pentose derivativesi4, 15,

Chromategraphy on Ecteola-cellilose

Commercial grade Ecteola-ceilulose (Brown Co., Berlin, N.Y.) was suspended
in 0.5 M NaCl and, after packing in a glass column, treated successively with 0.5 M
NaOH, 3.0 M NaCl and o.x M NaCl-o0.x M HCI (1:1, v/v), according to RINGERTZ
AXD REICHARD,

For analytical separations the modified cellulose was packed under gravity flow
in a glass tube (15 cm - I cm) fitted at the lower end with a fritted glass disc. The
column was then washed with 35 hold-up volumes of the 0.1 M NaCl-o0.x M HC]
(x:1I, v/v) mixture.

For the separation the polysaccharide (15-20 mg), dissolved in 2—4 ml of water,
was converted to the free acid by passing through a Dowex-50 column (H+ .orm,
50—100 mesh) and the acid eluate and washings concentrated to 1 ml by freeze-drying.
The sample was then added to the column and allowed to drain into the resin bed under
gravity flow. Elution of carbohydrate was achieved using a gradient produced by
running 100 ml of 3.0 M NaCl-3.0 M HCI (1:1, v/v) into a mixing vessel fitted with a
magnetic stirrer and containing 400 ml of 0.1 M NaCl-o.x M HCl (1:1, v/v). The
eluate from the column was coilected in 5-ml fractions and the carbohydrate content
of these determined with the phenol-sulphuric acid reaction’.

On a preparative scale, the polysaccharides (3—4 g) were converted to the free
acids as before, and then added to an Ecteola-cellulose column (6o cm x 3.5 cm).
The column was then eluted in a stepwise manner using the appropriate concentrations
of the NaCl-HCI (1:1, v/v) mixture indicated by the analytical experiments.

For the isolation of the polvsaccharides from t e eluates, fractions corresponding
to homogeneous elution peaks were pooled and concentrated to 250 ml by rotary
evaporation under reduced pressure at 37°. The solutions were then dialysed exhaus-
tively against water for 24 h at 4°. The dialysate was then concentrated to oo ml by
rotary evaporation, passed through a Dowex-50 column (H+* form) and the acid
eluate and washings adjusted to pH 7.2 with aqueous KOH before freeze-drying.
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Ethanol fractionation

For ethanol fractiomation stwdies the aminopolysaccharide sulphates {1.5-2.0 g
in 30 m! of water) were converted to the free acid form by passing through a Dowex-50
column (H+ form, 50-100 mesh). The eluate and washings were diluted to 120 ml by
the addition of water before adding 6.9 ml of glacial acetic acid and 6.3 g of calcium
acetate. Ethanol was added to the mmExture in a dropwise manner with stirring at
room temperature to give a comcemtration of 37 % (v/v). Frecipitation starting at this
ethanol concentration was completed by the further addition of ethanol to 409, {v/v)
and keeping the mixture at 4~ for 16 h. After separating by centrifuging, the precipi-
tate was washed by suspemsiom im go ©; {v/v) ethanol twice, with absolute ethanol and
with ether using intermediate cemtrifuging, before drying in vacue over CaCl,.

To the 40 % (v/v) ethanol smpernatant was added ethanol as before to give a final
concentration of 509, (v/v). Affter allowing the mixture to stand, precipitated
material was collected amd washed swecessively with 509, (v/v) aquecus ethanol
(twice), absolute ethanol and ether amd dried as described above.

The calcium salts of the polvsaccharide sulphates obtained by ethanol fractio-
nation were converted to potasstam salts after passing through a Dowex-50 column

(H* form) and then predpitatimg im the presence of 80 9% (v/v) ethanol, centrifuging
and drying as already described.

Analytical methods

The ester sulphate comtents of the preparations were determined gravimetrically®
after hydrolysis in 3.3 N HCl at yoe° for 20 h or spectrophotometrically?!® after sealed-
tube hydrolysis in 1 N HCl at z3¢:" for 5 h. Uronic acid was determined by the carba-
zole method?® and hexesamime according to LEvy AND McALLax?? after hyvdrolysis
in 3.5 N HC! at 100° for 20 h. Nitrogen estimations were made with the micro-Kjel-
dahl apparatus®® and potassitmm with the flame photometer. Analysis figures are
corrected for loss in weight om drvimg the polysaccharides at 80° in vacuo over P,0O;.

Infrared spectroscopy

Spectra were measured with the Perkin-Elmer Infracord spectrophotometer.
All compounds were examined as mualls in Nujol.

FXPERIMENTAL AND RESULTS

The heterogeneity of crude amimopolvsaccharide sulphate preparations

Analytical figures for the potassium salts of the crude aminopolysaccharide
sulphate preparations frem biue shark, dogfish, skate and fin whale are recorded in
Table I. The analyses for each of these preparations are close to theoretical for
“chondrr)itin sulphate-type” polymers except for the characteristic presence of

“excess’’ sulphate in materzals fromm blue shark, skate and dogfiz!s

However, paper chromatographic analysis of the acid hvdmI) -.ves of each of the
crude preparations - (Tabk H) w:ted% that each material was composed of more than
one molecular species. The demomstration of D-glucuronic acid and D-galactosamine
was in accord with the existemce im each preparation of polysaccharide material
similar to chondroitin sulphate, bat the demonstration of D-galactose, D-glucosamine
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TABLE I
ANALYTICAL FIGURES FOR CRUDE AMINOPOLYSACCHARIDE SULPHATE PREPARATIONS
Origin Nitrogen Hexosamine Uronic acid  Ester sulphate Potassium
& 0l (%) (%) (%) ) %)
Bluce shark 2.2 22.6 36.5 16.7 12.8
Skate 2.5 28.1 37.6 17.0 9.7
Dogfish 2.3 29.2 30.1 19.0 14.0
Fin whale 2.3 22.0 37.9 13.7 11.5
TABLE 11

MONOSACUHARIDE CONSTITUENTS OF AMINOPOLYSACCHARIDE SULPHATE PREPARATIONS

Origin Gt it fe G:f”“:'f“fs i’,;:fgi Galactose Fucose

Skate ++ ++ ++ + + +
Dogfish ++ ++ ++ + -+ +
Blue shark

Unfractionated 4= ot + + + + + + +

0—409;, fraction 4+ + + + - - -

40--50 Y%, fraction - — + 4+ + + +
Fin whale

Unfractionated + 4+ 4+ 4 -+ + Trace

o-409, fraction + + + -+ — - -

40-50 9, fraction + + + + Trace

and a trace of methylpentose suggested that the crude cartilage extracts also contain
a molecular species corresponding to keratosulphate.

In addition, analytical scale fractionation of each of the polysaccharides on
Ecteola-cellulose was marked by the elution of carbohydrate at widely differing
molarities of the NaCl-HCl (x:1, v/v) mixture (see Fig. 1). The heterogeneity was
most pronounced in the case of the blue shark preparation, but progressively less in
the series skate, dogfish and fin whale.

Ethanol fractionation of aminopolysaccharide sulphate preparations from blue shark and
finwhale

Fractionation of the aminopolysaccharide sulphate mixture from the blue shark
between the limits of ethanol concentration of 0—40 % (v/v) and 40-50 % (v/v) yielded
1.15 g and 0.144 g of polysaccharide material respectively. When trcated in an identical
manner the fin whale preparation gave 1.1 g and 0.08 g of polysaccharide fractions
respectively. Analysis figures for these preparations are given in Table III.

Examination of the monosaccharide constituents of the blue shark fractions
revealed the separation of the original material into two polymer types. The fraction
precipitating between 0-40 %, (v/v) ethanol was found to contain only D-glucuronic
acid and p-galactosamine while the 40-50 % fraction was characterised by its content
of p-galactose and p-glucosamine with a trace of material corresponding in chromato-
graphic mobility with rL-fucose (see Table IT}. When examined similarly the 0—40 %
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fraction from the fin whale polyvsaccharide mixture was found to contain only -
glucuronic acid and D-galactosamine but the 40-50°9; ethanol fraction contained
D-galactose, D-glucosamine and L-fucose as well as trace amounts of p-glucuronic
acid and D-galactosamine (Table 11).
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Fig. 1. Analyvtical scale fractionation of crude aminopolysaccharide sulphate preparations on

Ecteola-cellulose. Right hand ordinate, extinctions of fractions at 485 myu in the phenol- sulphuric

acid reaction. Left hand ordinate, molarity of the NaCl-HCI (1:1, v/v) mixture. A, blue-shark
preparation; B, skate preparation: C, dogfish preparation; D, fin-whale preparation.

Infrared spectra of aminopolysaccharide sulphate preparations

The results of the infrared spectroscopic examination of the crude aminopoly-
saccharide sulphates from bluc shark, skate and dogfish and of the corresponding
desulphated polymers in relation to that of mammalian chondroitin sulphates A and C

TABLE III

ANALYTICAL FIGURES FOR 0-40%, AND 40-50%, ETHANOL FRACTIiONS
FROM BLUE SHARK AND FIN WHALE

Origin Nitrogen Hexosamine Uronic acid  Estcr sulph P i
[V 20 ") (%) (o)

Blue shark
0—409%, 2.4 22,1 32.2 16.7 12.6
40-50% 2.3 27.5 7.1 3.8 S 4

Fin whale

0-40 %, 2.2 23.6 34.5 13.1 10.2
40-509%, 2.3 26.4 31.2 12.09 10.9

Biockim. Biophvs. Acta, 69 {1963) 406-504
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have already been described®. The infrared spectrum of the crude aminopolysaccharide
sulphate from fin-whale cartilage (Fig. 2A)} exhibits the characteristic absorption at
1240 cm ! and in the range 800-860 cm~?! attributable to vibrations involving the S-O
and C-0-S linkages respectively. However, it is apparent that this spectrum bears a

wave number (100 cm-1)
1413 12 110 9 8 7
413 12 A1 W) 9 T

78 6 10 11 2 13 14 ®
wavelength ()

Fig. 2. Infrared spectra of polysaccharides from fin whale and blue shark. A\, Crude fin-whale poly-

saccharides; B, chemically desulphated fin-whale polysaccharide; C, fin-whale o—409; ethanol

fraction; D, fin-whale 40-50 %, ethanol fraction; E, blue-shark 030 2} ethanol fraction; F, blue-
shark 40-509%; cthanol fraction.

closer resemblance to that given by material of bovine origin rather than the corre-
sponding material from blue shark in that the 850 cm~! band (axial C-0O-S} is most
pronounced while the 820 cm~! band (equatorial C-O-S) is only of limited intensity.
That absorption at 1240 cm}, 850 cm™! and 820 cm™! is associated with the ester
sulphate group has been demonstrated by the disappearance of these bands from the
infrared spectrum of a whale polysaccharide preparation desulphated chemically by
the method of KANTOK AND ScHUBERT® (Fig. 2B).

The infrared spectrum of the 0—409, fraction from the whale polysaccharide
(Fig. 2C) is marked by intensification of the band at 850 cm~1 and the absence of a
band at 820 cm~? while the spectrum of the 40-50 9, fraction has an intensified band
at 820 cm~! and only limited absorption at 850 cm~! (Fig. 2D).

In contrast to the corresponding preparations from fin whale polysaccharide, the
spectra of the blue shark 0-40% and 40-509% fractions both exhibit absorption
attributable to the C-O-S vibration only at 820 cm-! (Fig. 2E and 2F). However, the
analytical scale fractionation of both of these materials on Ecteola-cellulose showed

Biochim. Biophys. Acia. 69 (1963) 496504
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tnat each preparation was still apparently composed of polymers of differing sulphate
content (Fig. 3). It has been demonstrated previously that the degree tc which poly-
saccharide sulphates are retained on Ecteola-cellulose is related directly to the ester
sulphate content of the preparation!®. To establish whether this was actually so in
the present instance, 4 g of a 0—30 %, (v/v) ethanol fraction from the blue shark was
further fractionated on Ecteola-cellulose on a preparative scale. The elution pattern
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Fig. 3. Analytical scale fractionation of blue-shark 0-409; fraction (histogram A) and 40-509,
fraction (histogram B} on Ectecla-cellulose. Ordinates as in Fig. 1.
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Fig. 4. Preparative scale fractionation of blue-shark o—40 %, ethanol fraction on Ecteola-cellulose.
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obtained «m treatime the column in a stepwise manner with the NaCl-HCI (1:1, v/v)
mixtore at comcemtrations of 0.3 M, 0.7 M, 1.0 M and 2.0 M is shown in Fig. 4. The
analyticall thgemes for the potassium salts of the polysaccharides isolated from eluates
correspemdimg tho these molarities (Table IV) reflect the increasing sulphate contents
of the meleonltar species in the preparation.

TABLE 1V

ANAITORCRI. FIGTRES FOR POLYSACCHARIDE SULPHATES ISOLATED AFTER THE
ECrmols-FRaCTIONATION OF THE BLUE-SHARK 0—40 3{) ETHANOL FRACTION

Fiuant Y tndili Nitrogen Hexosamine Uronic acid Ester sulphate Potassium
(¥ (& ("a) (Y0) (%o} ("o} %
0.3 [ et 2.6 20.4 34.5 14.1 11.6
o.7 oty 2.25 23.0 39.5 17.4 14.0
1.0 @ I, 2.5 —-— — 18.3 —
2:0 @OE — — — 22.6 —

DISCUSSION

It is apparemt frome the present work that the aminopolysaccharide sulphate esters
constitutimg e matrix of cartilage from blue shark, dogfish and skate differ sub-
stantially firom curresponding polymers present in the cartilage of both terrestrial and
aquatic mmammmalls. Polymer species similar to mammalian chondroitin sulphate and
keratosulpixatte hawe been demonstrated but these are characterised by their widely
differing «ontemtts: of ester sulphate. Although the existence in elasmobranch cartilage
of highly smlipiatted polysaccharides has formed the subject of earlier reports2-8, little
is kneowm regardimg the effect of ester sulphate content on the properties of these
materials. The methods presently described permit the isolation of polysaccharide
species of dieffime<l sullphate content suitable for further structural and enzymological
study.

The smiipfatied aminopolysaccharides from fin-whale cartilage closely resemble
preparatioms fromm terrestrial mammals in that although containing chondroitin
sulphate amd keratesulphate, fractionation of the preparation on Ecteola-cellulose
reveals ifat there s only limited heterogeneity as regards ester sulphate contents of
the constitmemtts, (¢f~RINGERTZ AND REICHARD). In particular, the presence ir the
infraved Speactmum: of strong absorption at 850 cmm~! both for crude preparations and
the 0407, fractiom suggests that material identical in structure to chondroitin
sulphate A s the principle polysaccharide constituent of the original matrix, con-
droitin sulpbate € amd keratosulphate (both of which give rise to absorption at
820 cm1) e present in quantitatively lesser amounts.

Tihe comsistendtt demonstration of a methylpentose similar to L-fucose as a mono-
sacchamde comstittwert in all of the crude preparations. and its specific association
with pgallactose amd p-glucosamine in the 40-50 9% fraction from blue shark, deserves
special mmemttiom. Mammalian keratosulphate preparations, having D-galactose and
D-glncesammime @5 principle monosaccharide constituents, have been reported con-
sistentlly @s comttaiming traces (-2 %) of a methylpentose component?:, In contrast,
vertdhral «artillage induced to form in tissue cartilage and not containing kerato-

Biochim. Riophys. Acta, 69 (1963) 496-504
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sulphate (as shown by the absence of p-galactose and p-glucosamine) was also free
from methylpentose?>. Although these observations present evidence for the firm
association of methvlpentose components with keratosulphate fractions, it is nat
known how these moieties are involved structurally in the polvmer molecule®.

ACKNOWLEDGEMENTS

This work has been supported by a grant (A 1g82) from the Arthritis and Metabolic
Diseases Division of the U.S. Public Health Service. We would like to express our
thanks to Dr. K. ENGE of the University of Oslo for supplies of fin-whale cartilage
and to the Wellcome Trust for the gift of an infrared spectrophotometer. One of o=
(R.G.P.) is grateful to the Department of Scientific and Industrial Research for a
studentship.

REFERENCES

oy
Al

® N om e @ o=
b
ZRAT

. MEVYER, Molecular Biology, Academic Press, London, 1960, p. 59.

. Nacawisui, N. Tara”asar axp F. Ecawyi, Bull. Chem. Soc. Japan, 29 (1956) 134.

W. Lase aAxp M. W. WHITEHOUSE, drch. Biochem. Biophvs., 90 {1g60) 159.

. B. MatHEWs aAND M. INOUYE, Biochim. Biophyvs. Acta, 53 (1961) 500.

. B. MaTHEWS, Proceedings Vih Int. Congr. Biochemistry, Moscow, 1961, Abstract 6,28,

. B. MaTHEWS, Nature, 193 (1962) 378.

. Suzuki, J. Biol. Chem., 235 (1g60) 3580.
T. FuruHasHi, J. Biochem, (Tokyo), 50 (1g61) 546,

® A. G. Lrovp, K. S. Dobason, R. G. Price anxD F. A. Rosg, Biochim. Biophys. Acta, 46 (1967}
108.

1o I. Smite, Chromatographic Techriques, William Heinemann Medical! Books Ltd., London, p. 167.

11 S, M. PARTRIDGE, Nature, 164 (1049) 479.

12 1. HougH, J. K. N. JoNEs axD W. H. WabmaN, J. Chem. Soc., (1i950) 1702.

13 5, M. PARTRIDGE, Biochem. J., 42 (1948) 238.

14 5, GARDELL, F. HEIJKENSKJOLD AND A. RoCH-NORLUND, Acta Chem. Scand., 4 {1950} 970.

B P. J. STGFFYN AND R. W. JEANLOZ, 1rch. Biochem. Biophys., 52 (1954) 373-

18 N. RINGERTZ AND P. REICHARD, Acfa Chem. Scand., 14 (1960) 303.

17 R. MoNTGOMERY, Biochim. Biophys. Acta, 48 (1961} 391.

18 1. W. H. LvGeg, Biochem. J., 32 (1938) 2114.

1® K. S. Dopgson aAND R. G. PricE, Biochem. J., 84 (1962) 106.

20 Z. DiscHE, f. Biol. Chem., 167 (1947) 189.

3 G. A. LEVVvY AND A. MCALLANK, Biochem. J.. 73 (1959) 127.

22 R. MARKHAM, Biochem. J., 36 (1942) 790.

23 T. G. KANTOR AND M. SCHUBERT, J. Am. Chem. Soc., 79 (1956) 152.

22 0. RoskeN, P. HorFrFMaN AND K. MEYER, Federation Proc., 19 (1960) 147.

25 J. W. LasH AND M. W, WHITEHOUSE, Arch. Biochem. Biophys., go (1960} 159,

% S, HiraNo, P. HoFFMaN AND K. MEYER, J. Org. Chem., 26 (1961) 5064.

bt
1

2]

Biochim. Biophvs. dcta, 69 (1963) 496504



