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1. A rapid and sensitive method for the accurate estimation of the molecular-weight
distribution of keratan sulphate and chondroitin sulphate isolated from adult bovine
nasal septum and intervertebral disc is described. The method utilizes gel chromatography
of reductively labelled glycosaminoglycan and end-group estimation of number-average
molecular weight for each fraction across the peak of eluted glycosaminoglycan. 2. Chain-
length distribution data obtained by this procedure are used to evaluate mechanisms of
chondroitin sulphate biosynthesis.

The chain length and size distribution of glycos-
aminoglycans are of considerable interest to the
biochemist, since these may provide insight into
mechanisms involved in polysaccharide biosynthesis
and degradation. As most glycosaminoglycans
occur in vivo covalently bound to protein (Roden,
1970) it is first necessary to isolate glycosamino-
glycans as single chains to determine their molecular
weight and size distribution. This is commonly
accomplished by proteolytic or alkaline digestion of
tissue or extracted proteoglycan. However, during
these isolation procedures, the glycosaminoglycan
chains may be degraded, and the average molecular
weight and size distribution of the final product may,
therefore, be lower and have a wider distribution of
molecular sizes than those occurring in vivo (Robert
et al., 1962; Whistler & Rowell, 1966; Blumberg &
Ogston, 1957, 1958). On the other hand the
preparative procedure may not be effective in degrad-
ing the protein core of the proteoglycan complex and
the resulting glycosaminoglycan product will then
have a higher average molecular weight and a broader
size distribution than will free glycosaminoglycan
chains (Luscombe & Phelps, 1967; Mathews, 1971).
Robinson & Hopwood (1973) and Hopwood (1972)
have shown that cleavage in 0.5M-KOH at 4°C
yields single chondroitin sulphate and keratan
sulphate chains that closely represent their average
size and composition in vivo.

Gel filtration is of considerable value for the deter-
mination of the average molecular weight and size
distribution of polysaccharides (Wasteson, 1969;
Constantopoulos et al., 1969). This procedure relies
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on an established relationship between (a) the size
and conformation of a macromolecule, and (b) its
elution volume during gel-filtration chromatography
(Determann, 1968; Laurent & Granath, 1967).
Minor variations in experimental conditions such as
ionic strength and the flow rate of the eluting buffer,
the operating column temperature and the amount of
material applied can, however, influence the elution
behaviour of macromolecules (Wasteson, 1971).
In addition, the established relationship may only
operate within a limited range of molecular size or
for polysaccharide identical in composition with that
used to establish the relationship between elution
volume and solute molecular size. Thus, two major
concerns when using the technique of gel filtration
to determine the molecular size of macromolecules
are (a) the possible inconsistencies of gel filtration,
and (b) the need to prepare and accurately charac-
terize suitable reference substances for the calibration
of the gel columns.
The present paper describes a rapid and convenient

method by which the molecular-weight distribution of
glycosaminoglycan chains may be accurately deter-
mined without: (a) calibration of the gel column or
(b) its operation under strictly controlled conditions.
Chondroitin sulphate or keratan sulphate chains
isolated from cartilage by treatment with dilute
alkali and end-labelled with NaB3H4 were separated
on Sephadex G-200 into a series of fractions with
different average molecular weights. The molecular
weight of the end-labelled glycosaminoglycan in
each fraction was then readily determined by the
technique of end-group estimation (Robinson &
Hopwood, 1973; Hopwood, 1972). A preliminary
communication of these results has been published
(Hopwood & Robinson, 1971).
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Experimental
Preparation of end-labelled keratan sulphate and
chondroitin sulphate

Bovine nasal-septum cartilage and intervertebral
disc tissue were pooled from ten animals (2-5 years)
within 1 h of slaughter and powdered in a Wiley mill.
Stock NaB3H4 solution was prepared and diluted
with 9 vol. of 0.5M-KOH immediately before use to
yield a solution approximately 0.02M in boro-
hydride. The specific radioactivity of this 0.02M-
borohydride solution was 6.65xl05d.p.m./,umol of
cyclohexanol (Robinson & Hopwood, 1973).

Milled tissue(3.Og dry weight) was stirred with 50mI
of 0.02M-NaB3H4 at 4°C for 10 days. The acidified
reaction mixtures were desalted on a Bio-Gel P-4
column and fractionated on ECTEOLA-cellulose.
All of the hexuronate-positive material from each
tissue was recovered from ECTEOLA-cellulose as
a single peak corresponding to a single peak of
radioactivity. This peak also contained all of the
keratan sulphate of each tissue (Robinson & Hop-
wood, 1973).

Separation ofchondroitin sulphate andkeratan sulphate
Several methods were used to separate these glyco-

saminoglycans. Initially the chondroitin sulphate in
the nasal-septum preparation after chromatography
on ECTEOLA-cellulose was purified by precipitation
with cetylpyridinium chloride in 0.05M-LiBr. The
precipitate was then redissolved in 2.0M-LiBr and the
chondroitin sulphate isolated as the lithium salt by
precipitation with 3 vol. of ethanol. The white
precipitate was washed thoroughly with ethanol
and with ether and dried to constant weight over
P20s at 70°C in vacuo. Secondly, the chondroitin
sulphate in the intervertebral-disc preparation, after
chromatography on ECTEOLA-cellulose, was
separated from ketatan sulphate by ion-exchange
chromatography on a column of Dowex 1 X4
(Cl- form; 36cm x 2cm diam.). Thecolumnwaseluted
with a linear gradient of NaCl generated from 500ml
of 0.02M-imidazole-HCl buffer at pH5.7 and 500ml
of 2.0M-NaCl in the same buffer. The column was
then eluted further with 500ml of 5 M-NaCl.
Chondroitin sulphate was eluted at a NaCl concen-
tration of 1.OM whereas keratan sulphate was eluted
with 5.0M-NaCl. The chondroitin sulphate and
keratan sulphate fractions were desalted on a column
of Bio-Gel P-4. Column chromatography on Dowex 1
X4 of the nasal-septum preparation failed to separate
the chondroitin and keratan sulphate. Thirdly, the
hexuronate-positive ECTEOLA-cellulose fractions
from both nasal septum and intervertebral-
disc preparations were digested with Proteus vulgaris
chondroitin sulphate lyase and then each digest was
separated into keratan sulphate-chondroitin sulphate

linkage-region oligosaccharide and unsaturated
chondroitin sulphate disaccharide components on a
column of Sephadex G-50 (Robinson & Hopwood,
1973). The keratan sulphate fraction was then re-
applied to a column of ECTEOLA-cellulose (Cl-
form; 36cm x2cm diam.) and eluted with a linear
gradient of NaCl generated from 500ml of 0.02M-
imidazole-HCI, pH5.7, and 500ml of 2.0M-NaCl in
the same buffer. The hexose-positive and radioactive
material eluted as a single broad peak and was
desalted on a column ofBio-Gel P-4 and freeze-dried.
Typical chemical compositions of these chondroitin
sulphate and keratan sulphate preparations have
been described (Robinson & Hopwood, 1973; Hop-
wood, 1972).

Sephadex G-200 chromatography of chandroitin
sulphate and keratan sulphate

Chondroitin sulphate (10-15mg dry weight),
end-labelled with 3H as described above, was dis-
solved in 1.0ml of 0.02M-NaCl buffered with
0.02M-imidazole-HCI at pH6.0 and applied to a
column of Sephadex G-200 (fine grade; 90cm x 2.5cm
diam.) equilibrated and eluted with the same buffered
salt solution. The column was eluted at a flow rate of
13 ml/h and 5.1 ml fractions were collected. Each
fractionwas assayed for radioactivity and chondroitin
sulphate content; the applied chondroitin sulphate
sample was used as standard in the Dische (1947)
hexuronate assay procedure.

Keratan sulphate (10-20mg dry weight) end-
labelled with 3H was fractionated on Sephadex G-200
as described above. Fractions were assayed for
radioactivity and keratan sulphate content and the
applied keratan sulphate sample was used as standard
in the hexose assay procedure (anthrone method)
described by Trevelyan & Harrison (1952).
Aqueous samples (0.5ml) were mixed with 10ml

of scintillation mixture (Bruno & Christian, 1961)
and the radioactivity was assayed in a Phillips liquid-
scintillation analyser PW 4510. Molecular weights
of various chondroitin sulphate and keratan sulphate
preparations were determined by sedimentation
equilibrium as previously described (Robinson &
Hopwood, 1973).

Results and Discussion
Chain-length distribution data

Fig. 1 and Fig. 2 show the elution profiles from
Sephadex G-200 of end-labelled keratan sulphate
isolated from adult bovine intervertebral disc and
chondroitin sulphate from adult bovine nasal septum
respectively. Fig. 2 has two peaks of radioactivity;
the material in the most retarded and minor peak
(fractions 54-70), which contained no hexuronate-
positive material and all of the applied glucosamine,
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Fig. 1. Elution from Sephadex G-200 of keratan sulphate fractionated from adult bovine intervertebral disc after
digestion with chondroitin sulphate lyase as described in the Experimental section

Fractions were 5.Oml; keratan sulphate (A), radioactivity (o) and calculated molecular-weight values (v) are
shown.
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Fig. 2. Elutionfrom Sephadex G-200 ofchondroitin sulphatefractionatedfrom adult bovine nasal septum
The chondroitin sulphate used was the hexuronate-positive peak from ECTEOLA-cellulose, isolated as outlined
in the Experimental section. Radioactivity (o), chondroitin sulphate (v) and calculated molecular-weight
values (e) are shown.

was identified as keratan sulphate on the basis of its
hexosamine and galactose content. Labelled chon-
droitin sulphate isolated from bovine nasal septum
and purified by precipitation with excess of cetyl-
pyridinium chloride (as outlined in the Experimental
section) was free of keratan sulphate, because all of
the radioactivity was eluted from Sephadex G-200 as
a single peak together with the hexuronate-positive
material. This result is consistent with the reported
solubility of the cetylpyridinium chloride complex
of keratan sulphate in cetylpyridinium chloride
(Antonopoulos et al., 1961; Anseth et al., 1970).

In Fig. 1 and Fig. 2 it is apparent that the peaks of
3H and hexose- or hexuronate-positive material no
longer coincide exactly and that fractionation ofeach
polysaccharide on a molecular-size basis has occur-
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red. The number-average molecular weight (M.)
of the polysaccharide in each Sephadex G-200
fraction was determined by end-group analysis as
described in the Experimental section. This method
of molecular-weight estimation assumes one specific
radioactivity label per polysaccharide chain
(Robinson & Hopwood, 1973) and derives M. from
the ratio of polysaccharide weight to 3H d.p.m. in
each fraction. The weight of chondroitin sulphate
or keratan sulphate was estimated from the hexuron-
ate or hexose assayed in each fraction. From these
molecular-weight data for chondroitin sulphate or
keratan sulphate preparations we constructed the
chain-size distribution profiles of the type illustrated
in Fig. 3. From these data number-average (M,),
weight-average (M,) and z-average (M.) molecular-
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Fig. 3. Molecular size distribution of (a) chondroitin
sulphate and (b) keratan sulphate components ofadult
bovine nasalseptum constructedfrom average molecular
weight values of each of 20-25 fractions obtained
from gel filtration of these two glycosaminoglyeans on

Sephadex G-200

A value ofy = 86, the number of monomer units per
polymer chain of average molecular weight 21500,
was used to calculate a theoretical Poisson distribut-
ion as outlined in the Results and Discussion section;
the distribution for y = 86 (---) is shown in (a) to
the same scale.

weight values for the whole chondroitin sulphate
or keratan sulphate preparation were calculated.
By this procedure values for the average molecular
weights of chondroitin sulphate or keratan sulphate
preparations are readily and accurately obtained,
since one Sephadex G-200 fractionation conveniently
yields a large number of essentially monodisperse
fractions each with a different molecular size.
Values of M., Mw and M, for chondroitin sulphate
and keratan sulphate from bovine intervertebral disc
and nasal septum agree closely with those obtained
by equilibrium sedimentation (Table 1). The M.
and M, of a nasal-septum chondroitin sulphate
preparation, determined four separate times, were
21000 and 23800 and the corresponding standard
deviations were 0.15 and 0.31% respectively.
A convenient measure of the molecular-weight

distribution of a polymer may be obtained from
MW/MM ratios (Flory, 1953). A monodisperse pre-
paration has a MW/MM ratio of 1.00. The Mw/Mn
ratio obtained for chondroitin sulphate prepared
from bovine nasal septum by extractions with dilute
alkali is 1.09 (Table 1) whereas the ratio for
chondroitin sulphate prepared from the same tissue
by papain digestion is 1.22-1.28 (Wasteson, 1969,
1971). This difference may simply reflect the different
techniques used to measure M. and M,; however,
it is also possible that the higher ratio observed for
chondroitin sulphate isolated by papain proteolysis
may result from either the incomplete degradation of
proteoglycan to yield single polysaccharide chains
or random cleavage of glycosidic bonds within
polysaccharide chains (Blumberg & Ogston, 1957,
1958; Gregory & Roden, 1961; Hoffman et al.,
1967; Luscombe & Phelps, 1967; Meyer, 1970;
Roden, 1970; Hopwood, 1972).

Extraction of cartilage with dilute alkali, however,
has been shown to yield single chondroitin sulphate
and keratan sulphate chains by a reaction that
specifically cleaves the glycosidic link between poly-
saccharide and protein without scission of other
glycosidic bonds within the keratan sulphate or
chondroitin sulphate structure (Robinson & Hop-
wood, 1973; Hopwood, 1972). In the present
paper the recovery ofkeratan sulphate or chondroitin
sulphate fromnasal-septum cartilage orintervertebral
discwas greater than 90% of the total polysaccharide
released from the tissue by Pronase. Thus inaccuracies
resulting from inefficient extraction, incomplete
cleavage of glycosaminoglycan from protein or
random degradation of glycosidic bonds are avoided,
and, therefore, the molecular-weight distribution data
reported in Table 1 should represent the chain-size
distribution of chondroitin sulphate and keratan
sulphate in the intact tissue.

It is interesting to note that the peak of nasal-sep-
tum chondroitin sulphate (maximum at fraction 45,
Fig. 2) was eluted from the gel column well before the

1973

634



MOLECULAR-WEIGHT DISTRIBUTION OF GLYCOSAMINOGLYCANS

Table 1. Molecular-weight valuesfor adult bovine nasal septum and intervertebral disc glycosaminoglycans

Keratan sulphate preparations KS (1) and KS (2) were isolated from the alkaline digest of tissue by Dowex I
chromatography and chondroitin sulphate lyase digestion respectively (see the Experimental section for details).
Chondroitin sulphate preparation CS (1) was prepared by precipitation with cetylpyridinium chloride, preparation
CS (2) represents desalted (Bio-Gel P-4) ECTEOLA-cellulose hexuronate-positive fraction and preparation
CS (3) was separated from keratan sulphate by Dowex 1 chromatography. Values in parentheses give the values
obtained by equilibrium sedimentation (Robinson & Hopwood, 1973). Molecular weight values were determined
(A) by end-group estimation or calculated (B) from Sephadex G-200 fractions as outlined in the Results and
Discussion section.

10-3 x Molecular-weight values

Tissue
Bovine nasal septum

Intervertebral disc

Sample
KS (2)
CS(1)
CS (2)
KS (1)
KS (2)
CS (3)

M"(A)
7.5

21.5

20.5
19.1
13.5

Mn(B)
7.0

20.8
21.0
21.9
20.3
15.0

MW(B)
7.6

(21.7) 22.7
22.8
24.8
23.1
17.0
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Fig. 4. Fractionation coefficient (Ka
Killander, 1964) between Sephadex G-
for a series of chondroitin sulphate
sulphate fractions derived from bovine
andintervertebraldisc as affunction ofm

Chondroitin sulphate from both tissu4
sulphate also from both tissues (0), d

globular protein (m) are shown. Dextr
values were taken from Laurent & G
and Laurent & Killander (1964) respec
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intervertebral-disc keratan sulphate (maximum at
fraction 51, Fig. 1) although the average molecular
weights of these two polysaccharides were equal
(Table 1).

In Fig. 4 the partition coefficient Ka.. (Laurent &
Killander, 1964) between Sephadex G-200 and
buffer calculated for a number of chondroitin
sulphate and keratan sulphate fractions is plotted
against the calculated molecular weight of each
polysaccharide sample. The plots illustrate a marked
difference between keratan sulphate and chon-
droitin sulphate. The keratan sulphate plot, which lies
between that of the linear chondroitin sulphate

0
chains and that of globular protein structures, sug-
gests that the keratan sulphate from nasal septum and
intervertebral disc might have branched structure.

Biological significance

The bimodal shape of the chain-size distribution
profile for single chondroitin sulphate chains from
bovine nasal septum (Fig. 3) suggests that two

0.8 1.0 separate species of chondroitin sulphate may be
present in this preparation. One species represents

v.*Laurent & the major weight of approximately 20000 whereas

200 and bu]fer the other minor species has an average molecular
and keratan weight of approximately 30000. We have recently
nasal septum obtained evidence indicating the presence of two

olecular weight distinct pools of chondroitin sulphate (one with M.
18000 and Mw/Mn ratio of 1.03 and the other with
an Mn of 28000 and MW/Mn ratio of 1.04) in adult

es (M), keratan bovine nasal septum (Hopwood, 1972). This is con-
extran (o) and sistent with the evidence reported by Szirmai (1969),
an and protein which suggested that nasal septum contains two
iranath (1967) major histologically distinct areas with chondroitin
ctively. sulphate pools with different chain lengths.

(22.3)

(22.6)

Mz(B)
10.6
23.6
23.8
28.5
26.7
19.0

(1.03)

M.(B)/Mn(B)
1.09
1.09
1.09
1.13
1.14
1.13
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Compared with the glycosaminoglycan isolated
from nasal septum, broader molecular size dis-
tribution profiles and higher MW/MM ratios (Table
1) were obtained for chondroitin sulphate and
keratan sulphate isolated from intervertebral disc.
This result may reflect (a) the former tissue's more
complex morphology, or (b) inherent differences be-
tween the several animals contributing to the pooled
tissue. The latter proposition is strengthened
by Szirmai (1970), who proposed on the basis of
solubility profiles for the polysaccharides of human
intervertebral disc that the average molecular sizes
of both keratan sulphate and chondroitin sul-
phate components do not change significantly with
morphological location within a single disc. The work
of several authors (Szirmai, 1969; Lindahl & Waste-
son, 1970; Hjertquist & Wasteson, 1972; Hjertquist
& Lemperg, 1972) suggests that the average chain
length of chondroitin sulphate decreases with
animal age. Mason & Wusteman (1970) reported
that keratan sulphate isolated from tracheobronchial
cartilage contained a high-molecular-weight fraction
that increased in relative amount with animal age.
Some of the polydispersity present in keratan
sulphate and chondroitin sulphate preparations
may, therefore, reflect age variation in the ten
animals that have contributed cartilage to the pooled
tissue.
The chain-length distribution recorded in Fig. 3

for chondroitin sulphate of nasal septum, besides
indicating that this preparation may contain at least
two major species ofchondroitin sulphate with differ-
ent average molecular weights, also suggests that
the distribution of chain sizes within each chon-
droitin sulphate pool is very narrow and approximates
to a theoretical distribution of the Poisson type.
The theoretical Poisson distribution shown in Fig. 3
was calculated as described by Flory (1940), assuming
a value of 86 for y, the average number of monomer
units per polymer molecule. A value of y =86
assumes that chondroitin sulphate chain extension
proceeds by the addition of one monosaccharide
at a time (Telser et al., 1965) to yield chondroitin
sulphate chains with an average molecular weight
of 21500. Marler & Davidson (1965) reported an
Mw/Mn ratio determined by equilibrium sedimen-
tation of 1.04 for a chondroitin sulphate preparation
isolated by extraction of rib costal cartilage with
dilute alkali. On the basis of this low ratio, they
also concluded that the chain-length distribution of
costal-cartilage chondroitin sulphate maybe a Poisson
distribution.
That chondroitin sulphate chains may have a Pois-

son distribution of sizes is an interesting observation
because it makes it possible to evaluate proposed
mechanisms of chain growth and termination of
polymers. Flory (1940, 1953) calculated that
polymers with a Poisson distribution of chain lengths

are produced if conditions allow (a) a finite number
of chains to extend at a constant rate throughout
the polymerization process, (b) only one monomer
to be added to the polymer at a time, (c) all sizes of
polymer to have an equal rate and likelihood of
reaction with monomer, (d) no chain transfer,
interchange or termination reactions to occur.
The Poisson distribution observed for nasal-

septum chondroitin sulphate suggests, therefore,
that this polysaccharide is synthesized within the
conditions described by Flory (1940, 1953), that is
by the addition of glucuronic acid and N-acetyl-
galactosamine residues to the non-reducing end of
the growing chain at a constant rate throughout
the whole chain-extension process. Chain termination
need not necessarily involve a specific termination
reaction; a conceivable termination mechanism
would result if the growing polysaccharide chain
simply moved away from a fixed (membrane-bound)
complex of glycosyltransferases (Dorfman, 1970)
involved in chain extension. That is to say, chain
size may be regulated by the rate at which the
initiator molecule [an oligosaccharide covalently
linked to peptide (Roden, 1970)] is transported
along the endoplasmic reticulum past a complex
array of membrane-bound glycosyltransferases.

This work was supported by the Australian Research
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