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The control of chondroitin sulphate biosynthesis
and its influence on the structure of cartilage proteoglycans
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Chondroitin sulphate synthesis on proteoglycans was decreased in rat chondrosarcoma
cell cultures in the presence of cycloheximide (0. 1-1 .OpM) or p-nitrophenyl JJ-D-xyloside
(50,UM). In the presence of cycloheximide the proteoglycan monomer was of larger
size, the chondroitin sulphate chains were increased in length, but a similar number of
chains was attached to each proteoglycan and the size of the core protein was un-

altered. In the presence of p-nitrophenyl fl-D-xyloside (50pM), chondroitin sulphate
synthesis was increased (by 60-80%o), but the incorporation into proteoglycans was

decreased (by 70%). The chondroitin sulphate chains were of shorter length than in
control cultures and the number of chains attached to each proteoglycan was decreased.
In cultures with cycloheximide or actinomycin D the synthesis of chondroitin sulphate
was less inhibited on /,-xyloside than on endogenous proteoglycan. When the rate of
chondroitin sulphate synthesis was decreased by lowering the temperature of cultures,
the chains synthesized at 22 and 40C were much longer than at 370C, but in the
presence of p-nitrophenyl fl-D-xyloside the chains were of the same length at all three
temperatures. A model of chain elongation is thus proposed in which the rate of chain
synthesis is determined by the concentration of xylosyl acceptor and the length of
the chains is determined by the ratio of elongation activity to xylosyl-acceptor
concentration.

Cartilage proteoglycan consists of a protein core
(mol.wt. 2 x 105-3 x l10) to which is added up to
100 chondroitin sulphate chains (mol.wt. 2 x 104)
and a variable number of keratan sulphate chains
during intracellular post-translational synthesis (see
Muir & Hardingham, 1975). All preparations of
cartilage proteoglycan are polydisperse and this
results from variation in the number and length of
chondroitin sulphate chains and keratan sulphate
chains and also possible variation in the length of
the protein core (Hascall, 1977; Hardingham, 1981).
The average size and composition of preparations
vary from cartilage of different age and from dif-
ferent anatomical sites and species and it remains
to be determined how the fine structure is controlled
and how it is related to the properties of the tissue
in which it is found.
Swarm rat chondrosarcoma contains proteo-
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glycans that are similar to those of cartilage but
contain no keratan sulphate, and chondrocytes iso-
lated from the tissue continue to synthesize these
proteoglycans in culture (Kimura et al., 1979). Pre-
vious experiments showed that, after synthesis, the
protein core of the proteoglycan remained within
these chondrocytes for 60-90min before secretion
(Mitchell & Hardingham, 1981; Kimura et al.,
1981), and it was only within 10min of secretion
that the chondroitin sulphate chains were synthe-
sized on the protein core.

Chondroitin sulphate contains a neutral trisac-
charide of xylose and two galactose residues at the
reducing end and is attached to the protein core at
a xylosye-serine linkage. The main part of the chain
consists of repeating disaccharide units of glucuron-
ate and 4- or 6-sulphated N-acetylgalactosamine.
The entire chain appears to be synthesized by the
successive addition of single sugar residues and
requires six glycosyltransferases and one or two
sulphotransferases (Roden & Schwartz, 1975). The
length of the chains is not uniform but forms an

approximately Gaussian distribution about a mean
that varies with source from 10000 to 60000 mol.wt.
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(20-120 disaccharide units). Previous studies
showed that, in the presence of fJ-D-xylosides, total
chondroitin sulphate synthesis was stimulated
(Schwartz et al., 1974; Robinson et al., 1975) as the
xyloside was an acceptor for the first galactosyl-
transferase (Schwartz, 1977) and chondroitin
sulphate chains were thus synthesized on it. The
average size of the chondroitin sulphate chains was
at the same time reduced. Proteoglycan protein core
synthesis was uninhibited in chick chondrocytes
in the presence of f,-xylosides (Schwartz, 1977),
although fewer, shorter, chondroitin sulphate chains
were attached to the proteoglycans (Schwartz, 1977;
Lohmander et al., 1979a). It was also found that
when protein synthesis was partially inhibited in
chick chondrocytes (Kato et al., 1978) or completely
inhibited in rat chondrosarcoma cells (Mitchell &
Hardingham, 1981; Kimura et al., 1981), chon-
droitin sulphate synthesis was gradually inhibited
and the size of proteoglycans and the length of their
chondroitin sulphate chains then increased.

In the present study the effects of partial inhibition
of protein synthesis and the presence of p-nitro-
phenyl fl-D-xyloside on the structure of newly syn-
thesized proteoglycan were examined. In view of the
slow turnover of intracellular protein core, several
hours' exposure to the agents was given in order
to give sufficient time to approach a new steady
state of synthesis.

Materials and methods
Materials

The sources of material were as previously pub-
lished (Mitchell & Hardingham, 1981). In addition,
chondroitinase ABC was obtained from Worthington
[Millipore (U.K.) Ltd., London NW10, U.K.].
[5,6-3H]Uridine (45 Ci/mmol) and NaB3H4
(422 mCi/mmol) were obtained from The Radio-
chemical Centre (Amersham, Bucks., U.K.). Cellu-
lose thin-layer plates were obtained from Merck
(Darmstadt, Germany) and standard chondroitin
sulphate disaccharides from Miles Laboratories Ltd.
(Stoke Poges, Slough, Berks., U.K.).

Assay methods
Hexuronate and protein were determined by auto-

mated procedures (Heinegird, 1973) with glucurono-
lactone and bovine serum albumin respectively as
standards. Radioactivity was measured with a Searle
Mark-III liquid-scintillation spectrometer, as pre-
viously described (Mitchell & Hardingham, 1981).

Preparation of primary monolayer cultures of
Swarm rat chondrosarcoma chondrocytes

Cells were isolated by trypsin and collagenase
digestion, as described by Kimura et al. (1979).
They were plated at a density of 1.5 x 106 cells per

35 mm-diameter culture plate in 2 ml of Dulbecco's
modified Eagle's medium containing 15 mM-Hepes,
lOmM-Bes, l0mM-Tes and 20% (v/v) foetal-calf
serum. After 24h the medium was changed to 2ml
of a modified form containing 2% foetal-calf serum,
insulin (0.016unit/ml) and Kanamycin (lO,ug/ml).
The modified medium was changed daily and experi-
ments were performed after 2 or 3 days in culture
with duplicate plates for each measurement. Radio-
active incubations up to 1Oh were in 1 ml of medium
and for longer experiments in 2 ml of medium unless
noted otherwise.

Measurement of the incorporation of [35Slsulphate
or [3H]serine into macromolecules

Cultures were incubated in medium containing
[5Slsulphate or [3Hlserine. At the end of the incuba-
tion an equal volume of 4 M- or 8 M-guanidine hydro-
chloride with 0.05 M-sodium acetate, pH 5.8, con-
taining proteinase inhibitors (0.2 M-6-aminohexanoic
acid, 20 mM-disodium EDTA, 20 mM-benzamidine
hydrochloride and 2 mM-phenylmethanesulphonyl
fluoride) was added to the cultures. After extraction
at 40C for 1 h, up to 2ml of the combined medium/
extract fraction was chromatographed on a column
(24cm x 0.8 cm) of Sephadex G-50 eluted with
4M-guanidine hydrochloride (pH 6-7) to separate
unincorporated radioactivity. Fractions (1 ml) were
collected and the elution of radioactivity was moni-
tored. The void-volume fractions were pooled when
required for further analysis. Both 2M- and 4M-
guanidine hydrochloride extracted more than 95%
of-the 35S labelled macromolecules.

Isolation and analysis of proteoglycans from the
cultures

Extracts from cultures incubated with [35S]-
sulphate or [3Hiserine were chromatographed on
Sephadex G-50 columns and the void-volume frac-
tions were centrifuged in a direct dissociative density
gradient in 4M-guanidine hydrochloride with pro-
teinase inhibitors (as above), with the starting density
adjusted to 1.5 g/ml with CsCl. After centrifugation
in an MSE 65 instrument with an angle rotor (8 x
25 ml, r = 6.87 cm) at 34000rev./min (lOOOOOg) for
48h at 10°C the tubes were frozen in a solid-CO2/
acetone bath and cut into four equal fractions. The
most dense fraction (DI) contained over 90% of
the 35S radioactivity in the gradient and was stored
at -200C after being dialysed against water and
freeze-dried.

(a) To determine the size of proteoglycan mono-
mer, samples from the Dl fraction were dissolved in
4M-guanidine hydrochloride/0.05 M-sodium acetate,
pH 5.8, and chromatographed on a column of
Sepharose CL-2B (120cm x 1 cm), eluted with 4M-
guanidine hydrochloride/0.05 M-sodium acetate/
1mM-disodium EDTA, pH5.8, at 220C. Fractions
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(1.2 ml) were collected and monitored for radio-
activity. The Kd of the peak elution volume was
calculated from the following formula:

Kd = (Ve- Vo)/(Vt- VO)
where Ve is the peak elution volume, VO is the
excluded volume and Vt is the included volume. VO
and Vt were determined with hyaluronate of high
molecular weight and 3H20 respectively.

(b) To investigate the size of the protein core,
samples from the D 1 fraction were mixed with
carrier proteoglycan monomer (AID 1) from pig
laryngeal cartilage (Hardingham et al., 1976) dis-
solved in 0.05 M-Tris/acetate buffer, pH 7.3, and
0.04 unit of chondroitinase ABC per mg of hex-
uronic acid was added (Heinegard & Hascall, 1974).
After digestion for 5h at 37°C, the sample was
chromatographed on a column (170cm x 0.9 cm) of
Sepharose 4B, eluted with 0.5 M-sodium acetate,
pH6.8, at 40C. Fractions (1.3ml) were collected
and were monitored for radioactivity.

(c) To determine the size of chondroitin sulphate
chains, samples from the DI fraction were dissolved
in 0.1 M-sodium acetate/lOmM-disodium EDTA/
lOmM-cysteine hydrochloride, pH 6.1, and digested
with papain (25,ug/mg of hexuronate) for 18h at
600C. The sample was chromatographed on a
column (120cm x O.9cm) of Sepharose 6B or
(140cm x 1.Ocm) of Sepharose CL-6B, eluted in
0.5 M sodium acetate, pH6.8, at 40C. Fractions
(1.0ml or 1.3ml respectively) were collected and
were monitored for radioactivity.

Determination of the proportion of [3Hlserine
attached to chondroitin sulphate in proteoglycan

Cultures were preincubated for 4 h with cyclo-
heximide (1 M) or fJ-D-xyloside (100pM) and
[35S]sulphate (20,uCi/ml) or [3Hlserine (40,uCi/ml)
was added for 4h incubation. Cultures were ex-
tracted and samples from the Dl fraction were
digested with papain, as described above. For
xyloside-treated cultures, the digests were chromato-
graphed on Sepharose 6B as in Fig. 1(d) (below) and
the proportion of 3H radioactivity co-eluting with
chondroitin sulphate and that eluting close to the
included volume were determined. For cyclohexi-
mide-inhibited cultures the digests were applied to
a column (3.0cm x 1.5 cm) of DEAE-Sephacel and
eluted with 12 ml each of 0.1 M-NaCl, 0.2 M-NaCl,
0.5M-NaCl and 1.0M-NaCl, all in 50mM-Tris/HCl,
pH 7.2. The [3Hlserine attached to chondroitin
sulphate was eluted in the 0.5M-NaCl and 1.OM-
NaCl fractions (Mitchell, 1981). Both methods gave
similar results with control cultures.

Determination of the molecular weight ofchondroitin
sulphate chains
A column of Sepharose 6B was calibrated with

chondroitin sulphate chains radioactively labelled
by reduction with NaB3H4. The method of Hopwood
& Robinson (1973) was used, except that the stand-
ard used for reduction was D-xylose. The molecular-
weight range of chondroitin sulphate eluted from a
column (140cm x 0.9 cm) of Sepharose 6B in 0.5 M
sodium acetate, pH 6.8, at 4°C was determined from
the analyses of hexuronate and radioactivity in the
column fractions, by assuming each chain to be
labelled with the same specific radioactivity as the
standard [3HIxylitol (1.89 x 106d.p.m./mol) (Hop-
wood & Robinson, 1973). There was a linear corre-
lation between log (molecular weight) and Kd
betweem 0.3 and 0.6 that fitted the formula:
log (molecular weight) = (-Kd x 2.3188) + 5.4494
A Sepharose CL-6B column was used in later ex-
periments for some comparison of chondroitin sul-
phate chain lengths. It was not as fully characterized,
but chromatography of three samples also run on
Sepharose 6B produced a parallel calibration line:
log (molecular weight) = (-Kd x 2.3188) + 5.2894

Determination oftotalprotein synthesis
Cultures were preincubated for 4h with cyclo-

heximide (1I M) or xyloside (SOM), and [3H]serine
(40,uCi/ml) and [35Slsulphate (5,uCi/ml) were added
for a further 4h incubation. The cultures were ex-
tracted in 2M-guanidine hydrochloride/1% (w/v)
Zwittergent and fractionated in a direct dissociative
gradient. The total non-dialysable 3H and 35S radio-
activity in all the gradient fractions was determined.
Determination of [3Hluridine incorporation

In experiments on the effects of actinomycin D,
after incubation with [3Hluridine and [35Slsulphate
and removal of the combined medium and 4M-
guanidine hydrochloride extract, the cells were
washed twice on the plate with phosphate-buffered
saline (Dulbecco A, pH 7.3; Oxoid Ltd., Basingstoke,
Hants., U.K.) and then removed with a 'rubber
policeman' in 1 ml water. An equal volume of cold
0.4 M-perchloric acid was added to the cells and the
mixture left for 1 h at 4°C. The precipitate was
collected by centrifugation and washed in cold 0.2 M-
perchloric acid. After recentrifugation, the pellet was
heated at 700C for 20min in 0.5ml of 0.4M-per-
chloric acid, centrifuged again and the supernatant
counted for [3Hlradioactivity. The pellet was dis-
solved in 0.5 M-NaOH and the protein content was
determined by using an automated Folin procedure
(Heinegard, 1973).

Results

Effect ofcycloheximide on proteoglycan synthesis
Previous experiments with high concentrations

of cycloheximide (0.3-1.OmM) showed there to be
a slow onset of inhibition of [35Slsulphate incor-
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Fig. 1. Effect ofcycloheximide on [35S]sulphate incorpor-
ation (a), and the structure ofproteoglycans (b, monomer
size; c, chondroitinase ABC-digested protein core size;

and d, chondroitin sulphate chain length)
(a) Cultures were preincubated for 4 h with cyclo-
heximide (0.1 M-0. 1 mM), and [35S]sulphate
(2,uCi/ml) was then added to each culture. After 3 h
incubation, the total radioactive incorporation into
macromolecules was determined by extraction in
2 M-guanidine hydrochloride and isolation on
Sephadex G-50 columns as described in the Mat-
erials and methods section. (b, c, d). Cultures were
preincubated for 4 h with control medium (
and with cycloheximide [0.1M(1 -- ), 5.5um
(---- ) and 1.OuM (...)], and [3Hlserine (40,uCi/
ml) and [35Slsulphate (20,uCi/ml) were added for 4h.
Cultures were extracted in 4 M-guanidine hydro-
chloride with proteinase inhibitors for 1 h at 4°C and
3"S-labelled proteoglycan was isolated by Sephadex
G-50 chromatography and equilibrium density-
gradient centrifugation in 4 M-guanidine hydro-
chloride, as described in the Materials and methods
section. (b) Samples from the density gradient (Dl

poration in chondrocytes because of the presence of
a large intracellular pool of proteoglycan protein
core (Mitchell & Hardingham, 1981; Kimura et al.,
1981). In order to study the effects of partial inhibi-
tion of protein synthesis, the cells were therefore
preincubated for 4 h in various concentrations of
cycloheximide before adding [35S]sulphate in order
to deplete the intracellular pool of protein core. This
gave a constant rate of [35Slsulphate incorporation
for at least 4 h after the preincubation period
(Mitchell, 1981). The inhibition of [35S]sulphate in-
corporation in chondrocytes was found to be pro-
portional to the concentration of cycloheximide, and
1 ,uM gave about 50% inhibition (Fig. la). The
structure of the proteoglycans was investigated in
cultures incubated with [3Hlserine and/or [35S]-
sulphate. The size of the purified proteoglycan
monomers were determined by gel chromatography
on Sepharose CL-2B in 4 M-guanidine hydrochloride
(Fig. lb) and showed an increase in Kd from 0.273
to 0.182 as the incorporation of [3"S]sulphate de-
creased. In contrast, there was no alteration in the
size of the chondroitinase ABC-digested protein
core chromatographed on Sepharose 4B (Fig. 1c).
Samples of the proteoglycan were digested with
papain and the chondroitin sulphate chains released
were chromatographed on Sepharose 6B (Fig. Id).
Compared with chondroitin sulphate standards, the
size increased from 16 000 mol.wt. in control cultures
to 27500mol.wt. of 1.0,uM-cycloheximide. The in-
crease in monomer size therefore appeared to result
from a 66% increase in the length of chondroitin
sulphate chains with no apparent change in the
protein core structure. The number of chondroitin
sulphate chains attached to the proteoglycan was
determined by measuring the [3Hlserine radioactivity
that was bound to chondroitin sulphate after ex-
haustive digestion with papain (Mitchell &
Hardingham, 1981). With 1,uM-cycloheximide,
36.2% of the [3Hlserine was associated with chon-
droitin sulphate chains compared with 36.0% in
control cultures. So the number of chains attached

fraction) were dissolved in 4 M-guanidine hydro-
chloride containing proteinase inhibitors and chro-
matographed on Sepharose CL-2B eluted with 4M-
guanidine hydrochloride/0.05 M-sodium acetate/
1 mM-disodium EDTA, pH6. 1, at 220 C, as described
in the Materials and methods section. (V0, fraction
25; Vt, fraction 70). (c) Samples from the density
gradient (D I fraction) were mixed with carrier
proteoglycan (AlD1) and digested with chondroitin-
ase ABC and chromatographed on Sepharose 4B,
as described in the Materials and methods section
(V0, fraction 23; Vt, fraction 65). (d) Samples of
the Dl fraction were digested with papain and then
chromatographed on Sepharose 6B, also as de-
scribed in the Materials and methods section (V0,
fraction 24; Vt fraction 78).
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to each protein core did not alter. As the total
[35Slsulphate incorporation was reduced to 49.3%,
and allowing for the increase in chain length, the
number of completed proteoglycan molecules was
only 29% of that in control cultures.

Effect ofp-nitrophenyl /J-D-xyloside on proteoglycan
synthesis

f,-Xylosides stimulate [35S]sulphate incorporation
in chondrocytes as they act as acceptors for protein-
free chondroitin sulphate synthesis (Robinson et al.,
1975). Incubation with fi-xyloside showed maximal
stimulation at 0.1 mm, although the degree of
stimulation (185-220% of control) varied from one
chondrocyte preparation to another (Mitchell, 1981).
The effect of p-nitrophenyl fi-D-xyloside on the
structure of proteoglycans was determined in cul-
tures incubated with [35Slsulphate and/or [3Hlserine.
The size of proteoglycan synthesized in the presence
of 50,uM-xyloside was much smaller than normal
(Fig. 2a). This resulted in part from a reduction in
the size of the chondroitin sulphate chains from
21 000 to 11600 mol.wt. (Fig. 2b), and separate
experiments showed that chondroitin sulphate chains
formed on proteoglycans were of the same size as
those synthesized on the xyloside (Mitchell, 1981).
The degree of substitution of the protein core with
chondroitin sulphate was also found to be much less
than in normal or cycloheximide-treated cultures,
as only 23.2% of the [3Hlserine radioactivity was
associated with chondroitin sulphate. This suggested
that 38% fewer chains were attached to the proteo-
glycan. Gel chromatography on Sepharose 4B after
digestion with chondroitinase ABC of [3Hlserine-
labelled proteoglycan showed no evidence of any
reduction in size in the protein core in the presence
of xyloside (result not shown). Each proteoglycan
synthesized and secreted in the presence of /1-
xylosides thus contained on average 38% fewer
chondroitin sulphate chains, which were 42% shorter
than the controls. As the incorporation of [35S]-
sulphate into proteoglycan was only 18.9% of the
total incorporation into chondroitin sulphate chains,
it was therefore 18.9 x (145/100)% of the incorpora-
tion into proteoglycan in control cultures, the
number of proteoglycans secreted from xyloside
treated cultures was:

18.9 x 145
= 77%

100 x 0.62 x 0.58

of that in control cultures.

What factors limit the rate of chondroitin sulphate
synthesis?

With inhibitors of protein synthesis present, it
was important to establish whether falling levels of
the synthesizing enzymes or their nucleotide-sugar
Vol. 202
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Fig. 2. Effect of SO,M-p-nitrophenyl fl-D-Xyloside on
proteoglycan structure: assessment of the size of (a)
proteoglycan monomer and (b) chondroitin sulphate
chains

(a) Cultures were preincubated for 4h with control
medium ( ) or with 50,uM-p-nitrophenyl fl-D-
xyloside (----), and [35S]sulphate (5O,uCi/ml) was
then added to each plate for 15min. The medium
was then removed and the plate washed with 1 ml of
non-radioactive medium and replaced with a further
1 ml of medium for a non-radioactive chase incuba-
tion of 3 h. Cultures were extracted in 2M-guanidine
hydrochloride/1% (w/v) Zwittergent/0.05 M-sodium
acetate, pH5.8, for 1h at 40C [Zwittergent was
included in this experiment to ensure the extraction
of any completed proteoglycans that were still intra-
cellular (Kimura et al., 1981) and 1% (w/v) of
Zwittergent 3-14 was found optimal for this purpose
(Mitchell, 198 1)]. The combined medium and extract
were adjusted to 4 M by adding solid guanidine
hydrochloride. The samples were warmed to 370C
to ensure dissociation of all components and then
chromatographed on Sepharose CL-2B as described
for Fig. l(b) (Vo, fraction 29; Vt, fraction 79). (b)
Cultures were preincubated for 4 h with control
medium ( ) or with 50,uM-p-nitrophenyl f-D-
xyloside (----), and [35Slsulphate (20,uCi/ml) was
then added for a further 4h incubation. Proteo-
glycans were extracted from the cultures and isolated
as described in Fig. 1. Samples of the D1 fraction
were digested with papain (see Fig. id) and chro-
matographed on a column (130cm xO.9cm) of
Sepharose CL-6B in 0.5M-sodium acetate, pH6.8,
at 40C. Fractions (1.6ml) were collected and the
contents of radioactivity and uronic acid (not shown)
were determined (VO, fraction 22; Vt, fraction 60).
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substrates contributed to the observed changes in
chondroitin sulphate synthesis. However, the
addition of xyloside (100,UM) to cultures inhibited
with cycloheximide (100,UM) stimulated chondroitin
sulphate synthesis from 20 to 174% of the uninhi-
bited rate in a 3 h incubation after 1 h exposure to
the agents and was only slightly below the xyloside-
stimulated rate of uninhibited cultures (217% of
control). The availability of enzymes and substrates
for chondroitin sulphate synthesis was not therefore
limiting synthesis in the cycloheximide-inhibited
cultures.

Effect of temperature on chondroitin sulphate
synthesis (Fig. 3)
As the length of chondroitin sulphate chains ap-

peared to be related to their rate of synthesis, the
effect of temperature on the rate of synthesis and
on the chain length was examined. Normal cultures

showed a large inhibition of chondroitin sulphate
synthesis at 220C and more inhibition at 40C. In the
presence of lOO,uM-p-nitrophenyl fl-D-xyloside, how-
ever, the rate of synthesis was much less inhibited,
being 35% of control at 220C and 3.0% at 40C, and
it did not differ greatly from the decrease predicted
for the effect of temperature on an enzyme-catalysed
reaction, assuming a halving of the rate for each
100C fall in temperature (----, Fig. 3). The size of
the chondroitin sulphate chains synthesized in the
control cultures increased from 17400mol.wt. aver-
age at 370C to 36 000 mol.wt. average at 220C and to
50000mol.wt. average at 40C (Fig. 4a). However,
in the xyloside-treated cultures, the size of the chains
was constant at all temperatures, namely 13 000
mol.wt. average (Fig. 4b). These results suggested
that it was only the concentration of acceptor that
influenced the length of each chain and not the rate
of synthesis.

200

U 150

E. /< ~~~~~~~~~~~~~~~//
0.

1o 20 30 40
Temperature (°C)

Fig. 3. Effect of temperature on the rate of [355]sulphate
incorporation in control and xyloside-stimulated cultures

Cultures were preincubated for I h with ( 0) or with-
out (O) 100,um-p-nitrophenyl fl-D-Xyloside in I ml of
-medium in equilibrium with air at 37, 22 and 4°C.
[31S]Sulphate (10,uCi/ml) was added to each plate
for 5 h incubation and the cultures were then frozen.
The cultures were digested by adding 125 ,ug of
papain in 0.4 ml of 0.4 m-KH2PO4/20 mm-disodium
EDTA/lOmm-cysteine hydrochloride at 600C for
18 h. The digest was adjusted to 2 ml with 8 M-
guanidine hydrochloride and the samples chromato-
graphed on Sephadex G-50 to remove unincor-
porated radioisotope. The total incorporation of
[35SIsulphate into macromolecules was determined
from the radioactivity in the Vo peak fractions.
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Fig. 4. Variation in the chain length of chondroitin
sulphate synthesized at different temperatures with and

without p-nitrophenyl f3-D-xyloside
Cultures were as described for Fig. 3. To samples
of the 35S-labelled macromolecules (Sephadex G-50
V0 peak fractions) was added 1 mg of carrier chon-
droitin sulphate and after dialysis against water they
were freeze-dried, dissolved in 0.5 M-sodium acetate,
pH 6.8, and chromatographed on a column of
Sepharose CL-6B as described in the Materials and
methods section (V0, fraction 28; Vt, fraction 73).
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Effect of actinomycin D on chondroitin sulphate
synthesis

Actinomycin D inhibits the transcription of DNA
into RNA and thus blocks the formation of mRNA
for protein synthesis. With the chondrocyte cultures
a concentration of lO,ug of actinomycin D/ml was
found to give no significant incorporation of PH]-
uridine. Under these conditions, the incorporation
of [35Slsulphate into proteoglycan showed a steady
fall that fitted an apparent first-order decay with a
half-time of 5.4h (Fig. 5). However, when the
synthesis of chondroitin sulphate on xylosides was
determined, the rate of incorporation only fell to
the control unstimulated rate after more than 10h
(Mitchell, 1981). The enzymes of chondroitin
sulphate synthesis on xylosides were thus active for
many hours after chondroitin sulphate synthesis on
proteoglycan was greatly decreased. The apparent
half-life of 5.4 h would thus appear to reflect the
formation of xylosyl core protein, but it may be
either the supply of protein core or the activity of
the xylosyltransferase that is the limiting factor. If
it is the supply of protein core that is limited by its
mRNA production, the half-life of 5.4 h would
correspond to the combined half-life of intracellular
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Fig. 5. Effect of actinom vcin D on the incorporation of

[5Slsulphate
Cultures were incubated in control medium (0) or
with actinomycin D (lO,ug/ml) (0) for 0-24h and
the medium was changed after lOh. [3HlUridine
(1.8,uCi/ml) and [35Slsulphate (4.8,uCi/ml) were

added to each plate for 1 h at the end of incubation.
The pericellular matrix and medium were then
extracted in 4 M-guanidine hydrochloride and the
total incorporation of [35Slsulphate into macro-

molecules was determined after gel chromatography
on Sephadex G-50 as described in the Materials and
methods section. The cell layer was scraped off the
plates, washed, and the [ 3Hluridine incorporation
and the total protein content were determined as

described in the Materials and methods section
(results not shown).
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protein core and the mRNA. As it was previously
shown that the protein core within the cell had a
half-life of 1.1-1.5 h when protein synthesis was
completely inhibited with cycloheximide (Mitchell &
Hardingham, 1981), the half-life of proteoglycan
mRNA would be 3.9-4.3 h. However, caution is
required in interpreting this result, since actino-
mycin D may inhibit protein synthesis by other
mechanisms (Lodish, 1976).

Discussion

The changes in the structure of proteoglycan
produced after several hours partial inhibition of
protein synthesis with low concentrations of cyclo-
heximide are similar to those observed as the rate
of synthesis fell after complete inhibition with very
high concentrations (Mitchell & Hardingham, 1981;
Kimura et al., 1981). The present results permit a
more quantitative assessment of these changes
(Table 1) and show the changes neither to result
from adverse side effects of high concentrations
of cycloheximide, nor to depend upon the complete
inhibition of protein synthesis. They also confirm
and extend the results of Kato et al. (1978), who
showed the size of proteoglycans and their chon-
droitin sulphate chains to increase after a short
exposure (2h) of chick chondrocytes to low con-
centrations of cycloheximide.

In the present study 1uM-cycloheximide gave
28.5% inhibition of protein synthesis, 52% inhibition
of [35S]sulphate incorporation, but 71% inhibition
of proteoglycan completion, although the proteo-
glycans synthesized under these conditions were
approx. 58% larger (Table 1). In contrast, the results
with p-nitrophenyl ,B-D-xyloside (50,uM) showed a
large decrease (46%) in the molecular weight of
proteoglycan (Table 1). This is also comparable
with the changes observed in proteoglycan structure
when chick chondrocytes were exposed to p-nitro-
phenyl ,l-D-xyloside (Schwartz, 1977, 1979; Kato
et al., 1978). With cycloheximide or,8-xyloside there
was no evidence of changes in proteoglycan protein
core, either in its size or in its ability to aggregate
(Mitchell, 1981). The changes in structure thus only
concerned chondroitin sulphate synthesis and sug-
gested that its synthesis in rat chondrosarcoma cells
showed very similar characteristics to that in
embryonic-chick chondrocytes.

The changes observed in the amount and length of
chondroitin sulphate chains synthesized appeared
to be related to the availability of xylosyl acceptor
for the chondroitin sulphate-synthesizing enzymes
(Kato et al., 1978; Lohmander et al., 1979b). Thus
cycloheximide decreases the supply of xylosyl-
protein core and, as a consequence, total synthesis
is decreased, but chains are made longer, whereas
with fl-xyloside there is excess xylosyl acceptor and
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Table 1. Changes in the structure ofproteoglycan synthesized by chondrosarcoma cells in the presence of cycloheximide
(1pM) orp-nitrophenyl ,B-D-xyloside (50,M)

Chondroitin sulphate
chain length
(% of control)

Number of chains
per proteoglycan
(% of control)

Proteoglycan size

(% of Molecular-weight
control) estimate*

Control 100 100 100 2x106
Cycloheximide (IpM) 166 100 158 3.2 x 106
p-NitrophenylJ-D-XYlOside (5Q,UM) 58 62 54 1.1 X 106

* The molecular weights of proteoglycans were calculated by assuming the control to be of mol.wt. 2 x 106 and to
contain 100 chondroitin sulphate chains of mol.wt. 17000, a protein core of mol.wt. 260000 and 2% oligosaccharides
(Hascall, 1977; Hardingham, 1981). (Rat chondrosarcoma proteoglycans contain no keratan sulphate; Hascall, 1977).

more chains of shorter average length are produced.
The evidence from the investigation of chondroitin
sulphate synthesis using microsomal preparations
from chick chondrocytes (Richmond et al., 1973a,b;
Silbert & Reppucci, 1976; Silbert, 1978) suggests
that the extension of a chain occurs rapidly, as very
short chains and long chains were observed but not
intermediate sizes. Longer oligosaccharides were
also found to be better substrates for chain extension
than very short oligosaccharides (Roden &
Schwartz, 1975). From these observations it may be
argued that chain elongation is a fairly concerted
mechanism, possibly with the substrate remaining
tightly bound to the enzymes. However, the sensi-
tivity of chain length to the concentration of
acceptor would suggest that the mechanism is not
concerted during the later stages of chain synthesis.
This would be explained if the affinity of the acceptor
for the enzyme is very high over the major part of
chain extension, but decreases when the chain ex-
ceeds a certain length. This would combine the
features of a concerted mechanism in the first part
of chain synthesis, but make chain termination
dependent on acceptor concentration.

In considering the mechanisms that produce the
observed pattern of chain synthesis, it is necessary
to take into account the intracellular location of
these events. If the proteoglycan protein core is
initially synthesized into the cisternal space of the
endoplasmic reticulum, in common with other secre-
tory proteins, it must meet the chondroitin sulphate-
synthesizing enzymes only when it is moved further
towards the Golgi apparatus, and the factors that
determine chain length may thus operate in only
a very restricted region of the cell (Mitchell &
Hardingham, 1981). Previous results showed it to
form a large intracellular pool and that chondroitin
sulphate was synthesized on it only just before secre-
tion (Mitchell & Hardingham, 1981; Kimura et al.,
1981). This suggests that the chondroitin sulphate-
synthesizing enzymes are not present within the
same compartment as most of the protein core. The

proteoglycans may also be exposed to the synthetic
machinery for a limited time as they are moved
through the compartment for chondroitin sulphate
synthesis. This may account for the failure in the
presence of xylosides to synthesize chondroitin
sulphate on all the acceptor sites on proteoglycan,
because it was moved away from the enzyme before
some of the chains were begun. Conversely, increased
time spent with the enzymes chain synthesis may
account for the extremely long chains synthesized
on proteoglycan at low temperature by chondro-
cytes and also by cartilage slices (Hardingham &
Muir, 1970), as the intracellular movement of proteo-
glycan may be very much decreased at low tempera-
ture if it is membrane-dependent, whereas the low-
molecular-weight xyloside may not be similarly
constrained.

It has been proposed that the rate of chondroitin
sulphate synthesis in the presence of fl-D-xyloside
is a measure of a cell's total capacity for chondroitin
sulphate synthesis (comparable with a measurement
of Vmax.), whereas the rate of synthesis in the ab-
sence of xylosides is a measure of the rate permitted
by the availability of acceptor protein (Schwartz
et al., 1974). The ratio of the xyloside stimulated
rate to the normal rate thus reflects to what extent
the normal rate is substrate-limited. This ratio is
found to be much higher in cells with low rates of
chondroitin sulphate synthesis than in those with
high rates (Schwartz et al., 1974). With prechondro-
genic chick mesenchymal cells, where chondroitin
sulphate synthesis is low, stimulation with xyloside
is 10-fold (Schwartz et al., 1974), which shows the
normal rate to be strongly, substrate-limited, and the
chains synthesized are long, whereas after differen-
tiation the rate of chondroitin sulphate synthesis
is high, but the chondrocytes show only 2-fold
stimulation with xyloside; the normal rate is thus
less substrate-limited and the chains synthesized
are much shorter (De Luca et al., 1978). This is
entirely in keeping with a common mechanism of
chain elongation in which the chain length is deter-
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mined by how far the normal rate of synthesis is
substrate-limited. The enzymes of chondroitin
sulphate synthesis have mainly been studied from
chondrocytes, but limited work on enzymes from
other sources has shown no differences in their
properties (Roden & Schwartz, 1975). The char-
acteristics of chain elongation and termination
reported here may thus not be exclusive to chon-
drocytes, but may apply in general to chondroitin
sulphate synthesis in other cell types.

We thank Miss Fatemeh Saed-Nejad for her skilled
technical assistance and the Medical Research Council
and Arthritis and Rheumatism Council for their support.
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