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Abstract. Pulse-chase labeling techniques are used in 
conjunction with subcellular fractionation and quan- 
titative immunoprecipitation to define the kinetics of 
intracellular translocation and secretion of proteogly- 
can core protein, along with link protein and type II 
collagen. In embryonic chick chondrocytes the core 
protein is processed very rapidly, exhibiting a t,~ in 
both the rough endoplasmic reticulum and golgi region 
of less than 10 min. Link protein appears to be 
processed as rapidly as the core protein, but the ki- 

netics of type II collagen secretion is 3-4 times slower. 
These results are consistent with possible segregation 
and coordinate intracellular processing of link protein 
and core protein, macromolecules which are known to 
associate extracellularly. In contrast, rat chondrosar- 
coma chondrocytes translocated and secreted the core 
protein much more slowly (t,~ = 40 min) than the 
chick cells, perhaps due to the significantly reduced 
levels of galactosyltransferase I observed in the trans- 
formed chondrocytes. 

C 
ARTILAGE chondroitin sulfate proteoglycan (CSPG) 1 
consists of a core protein to which are attached var- 
ious types of carbohydrate chains, including N- and 

O-linked oligosaccharides in addition to the characteristic 
chondroitin sulfate and keratan sulfate glycosaminoglycan 
chains (RodEn, 1980). Obviously, the core protein must 
undergo extensive posttranslational modifications leading 
to the assembly of completed CSPG. Our previous work 
(Geetha-Habib et al., 1984) using pulse-chase labeling of 
cultured chick sternal chondrocytes followed by subcellular 
fractionation and immunoprecipitation indicates that the 
core protein is synthesized in the RER where N-linked oligo- 
saccharides and probably O-linked xylose residues are 
added (Hoffman et al., 1984). A protein of apparent Mr 
"0370,000 has been identified as the putative newly synthe- 
sized, N-glycosylated form of core protein (Geetha-Habib et 
al., 1984). Evidence that the Mr '0370,000 protein is indeed 
the precursor comes from both functional and immunologi- 
cal studies. Based on labeling pattern, sensitivity of intracel- 
lular precursors to chondroitinase, keratanase and endo- 
glycosidase H, and subcellular distribution of chondroitin 
sulfate glycosyltransferases, it has been concluded that after 
translocation to the Golgi region, the N-linked oligosaccha- 
rides are modified to the complex form and the glycosamino- 
glycan chains are synthesized yielding a proteoglycan of final 
Mr of 1-4 × l06. 

Most other studies of CSPG biosynthesis have used the rat 
chondrosarcoma as a source for chondrocytes (Kimura et al., 

1. Abbreviations used in this paper: CSPG, chondroitin sulfate proteogly- 
can; SER, smooth endoplasmic reticulum; RER, rough endoplasmic 
reticulum. 

1981b, 1984). Results from these experiments are analogous 
to what has been observed in the chick sternal chondrocyte 
system, except there is evidence that xylosylation may not 
occur to a large extent in the rough endoplasmic reticulum 
(RER) in this system (Kimura et al., 1984, Nuwayhid et al., 
1986). The temporal characteristics of CSPG assembly have 
also been established in rat chondrosarcoma chondrocytes 
(Fellini et al., 1984; Mitchell and Hardingham, 1981; 
Kimura et al., 1981a). In these cells the core protein appears 
to reside in the RER for a rather long time (t,h = 60-90 
min) with very little modification, and then extensive pro- 
cessing occurs in the Golgi region very rapidly (t,~ = 10 
min). 

While our earlier work using chick sternal chondrocytes 
was able to define some of the topological characteristics of 
CSPG assembly, the temporal parameters of this process 
were not reported. Our early attempts to delineate the ki- 
netics of core protein processing using chick chondrocytes 
yielded results that were very different from those obtained 
in the rat chondrosarcoma system, suggesting significant ba- 
sic differences in the two cell types or that variations in cul- 
ture conditions or metabolic state of the cells might be im- 
portant factors. Consequently, pulse-chase experiments have 
been designed to more accurately define the temporal char- 
acteristics of CSPG assembly in chick sternal and rat chon- 
drosarcoma cultures, and to allow direct comparisons to be 
made between the two systems. As well we examine the ki- 
netics of intracellular processing of the other prominent ex- 
tracellular matrix molecules found in cartilage, i.e., link pro- 
tein, fibronectin, and type II collagen, and find different rates 
of processing for the various extracellular matrix proteins. 
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However, the kinetics of link protein and core protein pro- 
cessing are similar, suggesting possible coordinate transport. 

Materials and Methods 

L-[3~S]methionine (800 Ci/mmole) was purchased from Amersham. UDP- 
[14C]Galactose (337 mCi/mmole) and [35S]sulfate (carrier-free) were from 
New England Nuclear (Boston, MA). UDP-Galactose and cycloheximide 
were from Sigma Chemical Co. (St. Louis, MO). Normal rat serum, nor- 
mal rabbit serum, rabbit anti-rat serum, and goat anti-rabbit serum were 
all from Miles Scientific (Naperville, IL). Monoclonal mouse anti-link pro- 
tein (8A4) was a generous girl of Dr. B. Caterson (University of West Vir- 
ginia, Morgantown, WV). Polyclonal rabbit anti-human plasma fibronectin 
antiserum was obtained from Bethesda Research Laboratories, (Bethesda, 
MD). Polyclonal rabbit anti-chick type II collagen antiserum (cross ab- 
sorbed from type I collagen) was a generous girl of Dr. T. E Linsenmayer 
(Tufts University, School of Medicine, Boston, MA). PD-10 columns con- 
taining Sephadex G-25 were from Pharmacia Fine Chemicals, (Piscataway, 
N J). Aqueous counting scintillant was from Amersham. Collagenase was 
from Worthington while trypsin, F~2 media, gentamycin, penicillin, and 
streptomycin were all from Gibco, (Grand Island, NY). 6-Aminocaproic 
acid, benzamide HCI, phenylmethylsulfonyl fluoride (PMSF), pepstatin, 
and N-ethyl maleimide were all purchased from Sigma Chemical Co. Pro- 
teoglycan monomer from chick epiphyses was prepared in the presence of 
protease inhibitors as described (Hascall and Kimuma, 1982). A Toyo Soda 
TSK4000 SW sizing column (7.5 mm × 60 cm) was purchased from Anspec 
(Ann Arbor, MI) and used in conjunction with a Varian 5000 Liquid Chro- 
matography instrument. 

Cell Culture 

Cultures of chick sternal chondrocytes were established from 14 d embryos 
according to previously described procedures (Geetha-Habib et al., 1984; 
Cahn et al., 1967) with a few important modifications. Briefly, cells were 
plated at an initial density of 2.5 × 105/60 nun Falcon Primaria culture 
dish in F12 medium supplemented with 10% FCS and 50 Ixg/ml gentamycin. 
The cells were allowed to attach to the dish and subsequent growth was main- 
tained by a complete change of the F12 media containing FCS and gentamy- 
cin on the third day. On day 4 a rubber policeman was used to scrape the 
cells from the dish and the chondrocytes were kept in fresh F12 with 10% 
FCS at 25°C until harvesting was completed. The cells were then washed 
twice rapidly at 25°C with calcium and magnesium-free Hank's balanced 
salt solution (HBSS) in preparation for labeling. Significant changes in cell 
culture from our previous work (Geetha-Habib et al., 1984) include the use 
of the new Primaria (Falcon) dishes (designed to inhibit fibroblast growth) 
and plating the cells at a lower (50%) initial density. Also, the cells were 
harvested a day sooner (before they had reached confluency) and kept in 
fresh media and at 25°C before washing. Finally, as mentioned below, chase 
incubations were done in FI 2 media instead of calcium and magnesium-free 
HBSS. These alterations yielded chondrocytes which incorporated 8-10 
times more label per cell than in earlier experiments (Geetha-Habib et al., 
1984), and processed the core protein in a highly reproducible manner. 

Cultures of rat chondrosarcoma chondrocytes were established from cells 
released from 3-4 wk-old tumors by trypsin and collagenase digestion as pre- 
viously described (Kimura et al., 1979) with a few modifications. Briefly, 
tumor was washed in calcium and magnesium-free HBSS, fascia was re- 
moved and the tumor was chopped into small (•0.5 cm 3) pieces. Tumor 
tissue was dispersed by gently forcing it through a 20 cm 3 syringe without 
a needle, and then digested with trypsin (0.25% wt/vol) and collagenase 
(0.4% wt/vol) for 40 min at 37°C in HBSS. The material was spun, tryp- 
sinized again as above for 40 min, and the cell suspension gently forced 
through different sized needles, passed through gauze, and filtered through 
a 70 p.m Nitex screen. Cells were pelleted, washed twice with calcium and 
magnesium-free HBSS, and plated at an initial density of 15 x 106 
cells/100-mm dish in FI 2 media containing 10% FCS, 50 lag/ml of gentamy- 
cin, 60 U/ml of penicillin, and 60 p.g/ml of streptomycin. The media was 
changed after I d, and cells were harvested on day 2 as detailed for the chick 
cells. 

Metabolic-labeling Experiments 

Chick sternal chondrocytes prepared as described were suspended in cal- 
cium and magnesium-free HBSS at 6-9 x 107 cells/ml and incubated with 
200 ~Ci/ml of [3~S]methionine or 350 p.Ci/ml of [3H]leucine at 37°C for 10 

min. The cells were then put on ice and incorporation of isotope was stopped 
by the addition of cycloheximide (100 lsg/ml) and excess unlabeled methio- 
nine or leucine (1 mM). Cells were washed twice with calcium and 
magnesium-free HBSS at 4°C with cycloheximide and unlabeled amino 
acid. An aliquot of the 0 min chase-labeled material was removed and the 
rest of the cells were brought to 6-9 x 107 cells/ml in F12 media at 37°C 
containing cycloheximide and unlabeled methionine or leucine and immedi- 
ately incubated at 37°C. At various chase times aliquots were removed and 
centrifuged at 500 rpm (International Centrifuge, Needham Hts., MA), 
yielding media and cell samples. 

Subcellular Fractionation 

Subcellular fractionation of chondrocytes was performed as previously de- 
scribed (Geetha-Habib et al., 1984) with a few modifications which helped 
to improve the yield of the membrane preparations. Cells were allowed to 
swell in 10 mM Hepes-NaOH buffer, pH 7.2, containing 0.25 M sucrose, 
1 mM DTT, and a mixture of protease inhibitors (0.1 M 6-aminocaproic 
acid, 5 mM benzamidine HCI, 1 mM phenylmethylsulfonyl fluoride (PMSF), 
and 10 mM NazEDTA). Cells were then homogenized with 100 strokes in 
a tight-fitting glass dounce homogenizer, frozen, and thawed and re- 
homogenized with 50 more strokes. Homogenates were then centrifuged at 
300 g for 10 min to remove nuclei, unbroken cells, and large membrane 
fragments. The supernatant was centrifuged again at 10,000 g for 10 rain 
and the resultant supernatant was spun at 100,000 g for 1 h in a Beckman 
L2-65 ultracentrifuge (type 65 rotor) to pellet the rough microsomes. At 
each step, aliquots of the pellet and supernatant were saved for further char- 
acterization. 

Discontinuous sucrose gradients were prepared according to Wibo et al. 
(1981) with modifications to optimize results in this system. The 10,000 g 
pellet was suspended in 54% (wt/vol) sucrose containing 10 mM Hepes- 
NaOH, pH 7.2, 1 mM DTT, and the mixture of protease inhibitors. This 
solution was homogenized in a glass dounce (25 strokes) to disperse all 
clumps. A discontinuous gradient was then made with 1.0 ml of 80% su- 
crose on the bottom of a cellulose nitrate tube (5.0 ml) overlaid by the sample 
in 54% sucrose (wt/vol) followed by 1.5 ml 40% sucrose (wt/vol) and 1.0 
ml 21.6% sucrose (wt/vol) solutions. All sucrose solutions contained the 
Hepes, DTT, and protease inhibitors as described. The 100,000 g pellet was 
resuspended in the same manner (except that it was brought up in the 80% 
sucrose [wt/vol]), and was placed on the bottom of the gradient tube and 
overlaid by the 54, 40, and 21.6% (wt/vol) sucrose solutions. The gradients 
were centrifuged in a SW50.1 rotor at 40,000 rpm (4°C) for 2 h, and the inter- 
faces were drawn off and diluted with the 0.25 M sucrose buffer mentioned 
above. Membranes were then collected by centrifugation in a type 65 rotor 
at 40,000 rpm for I h at 4°C, and pellets were resuspended in an appropriate 
buffer for further analysis. Our previous work using this protocol (Geetha- 
Habib et al., 1984) demonstrated that the 10-1 fraction (top interface from 
the gradient containing 10,000 g pellet material) was highly enriched in 
golgi-derived membranes, while the 100-3 fraction (bottom interface from 
the gradient containing 100,000 g pellet material) was enriched in RER- 
derived membranes. 

Characterization of Subcellular Fractions 

The yield and purity of the various fractions from unlabeled cells were 
monitored by the following assays. 

RNA content was used as a marker for RER and was determined by a 
modification of the procedure of Munro and Fleck, as described (Munro 
and Fleck, 1966; Hutchinson and Munro, 1961; Munro et al., 1975). 

UDP-galactose ovalbumin galactosyltransferase (UDP-galactose:l~-D-N- 
acetylglucosamine-glycopeptide 13 1-4 transferase; EC 2.4.1.22), was used 
as a marker for the smooth endoplasmic reticulum and the golgi apparatus 
(Brew et al., 1975). The procedures for both of these assays were described 
in detail previously (Geetha-Habib et al., 1984). 

Protein concentrations were determined by the method of Bradford (Brad- 
ford, 1976) using Bio-Rad protein dye reagent. 

Macromolecular incorporation of istotope into various fractions was de- 
termined by TCA precipitation. 50 lag of BSA was added to an aliquot of 
labeled material, and this was diluted by an equal volume of 20% TCA, 1 
mM unlabeled methionine or leucine and put on ice. Precipitated protein 
was recovered by centrifugation, washed twice with 5 % TCA, and dissolved 
in 0.15 ml 1 M NaOH. The dissolved sample was transferred to a 5 ml plas- 
tic vial, neutralized with HCI, and then 4.5 ml of Aqueous Counting Scintil- 
lant (Amersham) was added, and the samples were counted in a Packard 
Tri-Carb 460 CD liquid scintillation system. 
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Immunoprecipitation 
The labeled membrane preparations from the gradients were resuspended 
in 10 mM Tris-HCI, pH 8.0, containing 0.5 M NaCI, 0.5% (wt/vol) sodium 
deoxycholate, 1% (wt/vol) Nonidet P-40, 0.1 M 6-aminocaproic acid, 5 mM 
benzamide HCI, 1 mM PMSF, 0.3 mM pepstatin, and 1 mM EDTA (lysis 
buffer). 

To immunoprecipitate CSPG core protein, an aliquot of labeled material 
was diluted to 200 p.l with lysis buffer, and 20 p.I of the monoclonal antibody 
SI03L, which has been shown to precipitate chick core protein specifically, 
was added (Upbolt et al., 1981). After 2 h of incubation at 25°C, 5 ktl of 
normal rat serum and 200 Isl of rabbit anti-rat IgG (Miles Scientific) were 
added and incubated 2 more hours at 4°C. The immunoprecipitates were 
centrifuged (5 min) in a Beckman microfuge and washed once in lysis buffer, 
a second time in lysis buffer containing 0.1% SDS, and a third time in 10 
mM Tris-HC1, pH 7.4, containing 0.1% Nonidet P-40 (Braell and Lodish, 
1981). The immunoprecipitates were solubilized in sample buffer and used 
for gel electrophoresis as described below. 

The procedure just outlined was also used to immunoprecipitate the sam- 
ples for fibronectin and type II collagen. Titration experiments indicated 
that the following concentrations were optimal. 5 p.l of polyelonal rabbit 
anti-human plasma fibronectin antiserum (Bethesda Research Laborato- 
ries) was used as the primary antibody to immunoprecipitate fibronectin 
from the fractions. 2 p.1 of normal rabbit serum (Miles Scientific) was used 
as carrier and 100 lal of goat anti-rabbit serum (Miles Scientific) was used 
as the secondary antibody. 10 p.l of polyclonal rabbit anti-chick type II col- 
lagen antiserum was used as the primary antibody to immunoprecipitate 
type II collagen. This antiserum was a generous gift of Dr. T. E Linsen- 
meyer (Tufts University School of Medicine). The carrier and the secondary 
antibody were the same as for the fibronectin immunoprecipitation. 

The mouse monoclonal antibody 8A4 (a generous gift of Dr. B. Caterson, 
West Virginia University) was used to immuuoprecipitate link protein from 
the subcellular fractions. 8A4 apparently recognizes unaggregated link 
protein most effectively (Caterson et al., 1985); therefore, the samples were 
boiled in 1% SDS for 2 min in preparation for immunoprecipitation. 8A4 
was added to the samples after dilution down to 0.1% SDS, and Staphylococ-  
cus  aureus  Pansorbin (Calbiochem) was used to bring down the Ag-Ab 
complexes. Preabsorption of the samples to the Pansorbin followed by cen- 
trifugation was also routinely carried out, since it successfully removed 
non-specific precipitable material. Immunoprecipitates were washed and 
handled as described above. Appropriate controls omitting primary or sec- 
ondary antibodies were routinely done in each case. 

Gel Electrophoresis 
SDS-polyacrylamide slab gel electrophoresis was carded out by the method 
of Laemmli (Laemmli, 1970), using 3.75 or 10% resolving gels and 3% 
stacking gels. Samples were heated at 100°C for 5 min in sample buffer, 
0.0625 M Tris-HCI, pH 6.8, containing 2% SDS (wt/vol), 10% glycerol 
(vol/vol), and 1% DTT (wt/vol). Gels for autoradiography were fixed in 
25% methanol (vol/vol) and 10% acetic acid (vol/vol) for 0.5 h, infiltrated 
with Amplify (Amersham) for 0.5 h, and then dried for 2 h at 60 ° in a Bio- 
Rad gel drier. Dried gels were exposed to Kodak X-Omat XAR-5 film at 
-70°C. In some cases the autoradiographs were scanned using a LKB 2202 
ultrascan laser densitometer. Alternatively, gels were cut into 2-mm slices 
in a Bio-Rad gel slicer and the slices were solubilized with 30% H202 
(vol/vol) at 50°C and counted. 

Quantitation of Proteoglycan Intermediates in 
the Subcellular Fractions 
Estimates of the amount of precursor core protein or processed forms were 
calculated as follows: CPM in fraction = CPM on gel as determined by slic- 
ing and counting × total volume of fraction/volume of fraction immunopre- 
cipitated and layered onto gel. For the Golgi preparation (10-1 fraction), this 
quantity was also multiplied by the factor (100/yield of golgi membranes). 
This factor was included because the yield of Golgi membranes (as estimated 
by UDP-galactosyltransferase assay) after subcellular fractionation, al- 
though highly reproducible, was less than 100%. In three separate experi- 
ments, the yield of UDP-galactosyltransferase activity of the 10-1 fraction 
when compared with the whole cell homogenate was calculated to be 4.6, 
4.4 and 4.4% The average of these values (4.5%) was taken as an estimate 
of the yield of Golgi membranes in the 10-1 fraction. 

Data acquired as outlined above was fit to a three compartment model 

with unidirectional flow between compartments. Cycloheximide and excess 
unlabeled methionine were used to prevent further production of labeled 
core protein in the RER. Assuming first order loss of label from each com- 
partment (Fellini et al., 1984), and that the flow was ordered A~ B ~ C, 
the distribution of label can be described by the following equations: 

dA 
dt - - k~A( t )  

dB 
- k lA( t )  - k2B(t) 

dt 

dC 
d ~  = -k2B( t ) .  

Where A = CPM in the RER, B = CPM in the Golgi region, C = CPM 
in the media, and Kt and/(2 are the rate constants for intercompartmental 
flow. These equations were integrated, taking into account that even after 
long chase times the RER appears to contain some residual core protein (R), 
and that some core protein has already reached the Golgi region by the end 
of the 10-min pulse time (B0). Integration then yielded the following: 

A = A0e -kv + R 

1 
C = Ao[1 + (k2e -kl' - kle-kV)] + Bo ( l - e  -~v) 

kl -k., 

The data were fit to these equations using a Hewlett Packard computer 
with a program by Yamaoka et al., (1981), and modified by Dr. Ferenc Kezdy 
(University of Chicago, Chicago, IL). 

Incorporation of FsS]Sulfate into CSPG After 
Treatment with Cycloheximide 
Labeling of chick sternal or rat chondrosarcoma chondrocytes with 35[SO4] 
at various times after cycloheximide treatment to estimate and compare the 
rates of core protein processing was done essentially as described by Kimura 
et al. (1981a), with a few modifications. Chick sternal or rat chondrosar- 
coma chondrocytes prepared as described were suspended at 37°C in F12 
media at a concentration of 5 × 107 cells/ml and aliquoted into several 
tubes. 100 ~tg/ml cycloheximide was added (except to the control samples) 
and the cells were incubated at 37°C. At various times after initiation ofcy- 
cloheximide treatment, [35S]sulfate (100 p.Ci/ml) was added. Labeling was 
allowed to continue at 37°C for 10 min and then incorporation of label was 
stopped by placing the sample on ice and adding an equal volume of 8 M 
GuHCI at 4°C containing 100 mM 6-aminocaproic acid, 10 mM Naz 
EDTA, 10 mM benzamide HCI, 2 mM PMSE 5 mM N-ethyl maleimide, 
and 100 mM Tris-HCl at pH 7.4 (8 M extraction buffer). Each sample was 
vortexed vigorously and spun in a SA600 rotor in a Sorvall centrifuge at 
9,000 rpm (10,000 g) at 4°C for 15 min to pellet the unextracted material. 
The supernatant, which contains media and cell extract, was saved and a 
fraction was run on a PD-10 column in 4 M GuHCI buffer with 100 mM 
Tris-HC1 (pH 7.4), containing 1 M Na2 SO4, 0.15 M NaCI, and the same 
mixture of proteases as in the 8 M GuHCI buffer described above. The void 
volume was counted to estimate macromolecular incorporation of sulfate. 

Estimation of Chondroitin Sulfate Chain Length 
[35S] Sulfate labeled samples prepared as described above were dialyzed 
vs. H20, lyophilized, and then dissolved in 0.5 M NaOH, 1 M Na bomhy- 
dride and left at 25°C for 24 h (Fellini et al., 1981; Carlson, 1968). The sam- 
ples were neutralized with concentrated acetic acid and run on a 75 m m  x 
60 cm TSK 4,000 column (Varian 5000 Liquid Chromatography Instru- 
ment) eluted with 0.15 m NH4OAc, 0.1 M Na2SO4 (pH 7.0), which had 
been calibrated with glycosaminoglycan standards of Mr 15,000, 25,000, 
and 45,000, provided by Dr. M. Mathews (University of Chicago). Aliquots 
were collected and counted. 

rsS]Methionine-labeling Experiments 
Chick sternal and rat chondrosarcoma chondrocyte cultures were labeled 
with [3SS]methionine as described, yielding cell and media samples for 
each chase time point. The media was combined with a 4 M GuHCI extract 
of the cell fraction for each time point and the samples were prepared for 
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dissociative CsCI centrifugation to isolate proteoglycan monomer (Hascall 
and Kimura, 1982). 5-mg chick epiphyseal proteoglycan monomer was used 
as carrier and each sample was made 4 M in guanidine HCI and brought 
to a density of 1.50 g/ml with CsC1. The samples were then centrifuged at 
35,000 rpm for 48 h at 5°C in a 50.2 Ti rotor. Proteoglycan monomers (D1) 
were removed from the bottom fourth of the gradients, dialyzed vs. H20, 
and counted. Samples were also run on 3.75% gels which were put up for 
autoradiography. The autoradiographs were scanned with an LKB den- 
sitometer to confirm that the [3~S]methionine label isolated was incorpo- 
rated into proteoglycan. 

Comparison of Glycosyltransferase Activities 

Particulate and soluble fractions were obtained from chick epiphyses or rat 
chondrosarcoma and assayed for xylosyltransferase and galactosyltransfer- 
ase I activity as previously described (Schwartz et al., 1976). 

Results 

lntraceUular Processing and Secretion of 
CSPG Core Protein 

We have previously reported an effective procedure for the 
subcellular fractionation of chick sternal chondrocytes 
(Geetha-Habib et al., 1984), using differential centrifugation 
of cell homogenates followed by discontinuous sucrose gra- 
dients. This procedure yielded highly enriched membrane 
preparations, as characterized by electron microscopy, [3H]- 
puromycin incorporation, RNA content, and several enzyme 
assays (phosphodiesterase, acid phosphatase, and UDP- 
galactosyltransferase). The results indicated that the 10-1 
fraction (lightest interface from the gradient containing the 
10,000 g pelleted material) was highly enriched in smooth en- 
doplasmic reticulum (SER) or golgi membranes, while the 
100-3 fraction (densest interface from the gradient contain- 
ing the 100,000 g pelleted material)was relatively enriched 
in RER membranes. Such a fractionation scheme is requisite 
for the examination and localization of intracellular precur- 
sors found during the process of CSPG assembly. In the pres- 
ent studies, modifications have been made in cell culture and 
harvesting procedures to increase incorporation of radioac- 
tive precursors, and in the fractionation procedures in order 
to increase yields (See Materials and Methods). However, as 
shown in Table I, the fractionation scheme is still successful 
as the 10-1 fraction remains highly enriched in Golgi or SER 
membranes with very little cross-contamination, while the 
100-3 fraction remains enriched in RER membranes. 

Figure 2. Autoradiograph of core pro- 
tein immunoprecipitated from the RER- 
enriched fraction and analyzed by SDS- 
PAGE. An RER-enriched fraction was 
obtained from [3SS]methionine pulse- 
chase labeled chondrocytes and immu- 
noprecipitated for the core protein of 
CSPG. The immunoprecipitates were 
then analyzed on a 3.7 % polyacrylamide 
gel. Lanes A-D are from cells chased for 
0, 5, 10, and 20 min, respectively. 

The modified subcellular fractionation procedure was then 
used in conjunction with an in vitro pulse-chase labeling pro- 
tocol to study the kinetics of intracellular translocation and 
secretion of the core protein. Chick sternal chondrocytes 
were pulse labeled for 10 min followed by chase incubations 
for various times in the presence of cycloheximide. The cells 
were fractionated and the membrane preparations obtained 
were immunoprecipitated with a monoclonal antibody 
(S103L) which is specific for the core protein of chick carti- 
lage proteoglycan (Upholt et al., 1981). Immunoprecipitates 
were then visualized by autoradiography as shown in Figs. 
1 and 2. Controls omitting primary or secondary antibodies 
have shown that material of apparent Mr < 240,000 repre- 
sents nonspecific immunoprecipitate (Geetha-Habib et al., 
1984). 

Examination of the autoradiographs in Fig. 1 shows that 
after the 10-min labeling time (0-min chase sample), the 
chondrocytes contain a high concentration of the immuno- 
specific '~370,000-Mr core protein, but this protein rapidly 
decreases in concentration upon reincubation at 37°C in the 
presence of cycloheximide. It is also evident that during 
the pulse-labeling period (10 min) some of the core protein 
has already been translocated to the Golgi region (10-1 frac- 

Figure 1. Autoradiographs of core protein immu- 
noprecipitated from the various subceilular frac- 
tions and analyzed by SDS-PAGE. [35S]Methio- 
nine pulse-chase labeled chondrocytes were 
fractionated and immunoprecipitated with S103L. 
The immunoprecipitates were then analyzed on 
3.7% SDS-polyacrylamide gels. (Lanes A-E) 
Whole cell homogenates from cells chased for 0, 
2, 5, 10, and 20 min, respectively. (Lanes F-J) 
Golgi-enriched fractions from the same chase 
times. (Lanes K-N) Media from cells chased for 
2, 5, 10, and 20 min, respectively. Molecular 
weight standards indicated in the margin are: (1) 
Myosin (200,000); (2) I~-galactosidase (116,000); 
(3) phosphorylase B (92,000). 
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tion), and that most of this material has been partially 
glycosylated, as suggested by the predominance of slower 
migrating forms (Fig. 1 F) .  The concentration of proteogly- 
can intermediates then increases in the Golgi region until it 
peaks at the 5-min chase time (Fig. 1 H). At this point the 
Golgi region contains a fairly continuous array of core protein 
forms of increasing relative molecular weight, starting at 
Mr * 370,000. These observations confirm the precursor 
nature of the Mr ~o 370,000 protein and suggest that the ex- 
tensive glycosylation of the core protein occurs in the Golgi 
region in a rapid and continuous manner under the present 
experimental conditions. After 5 min under chase condi- 
tions, proteoglycan intermediates decrease in concentra- 
tion in the Golgi, as more extensively glycosylated forms 
predominate (Fig. 1, H-J). The media (Fig. 1, K-N) show 
an increase in secreted proteoglycan with advancing chase 
time as expected. Some precursor Mr ,,o 370,000 core pro- 
tein is present in the media, and remains constant with time. 
Most likely a small amount of cell lysis occurs due to the ad- 
dition of warm (37°C) buffer at the start of the chase to cells 
that have been washed at 4°C, thus leaking some precursor 
to the media fraction artifactually. Nevertheless, an in- 
significant percentage of the cells are being lysed, since the 
amount of precursor is <1% of the immunospecific material 
in the media at later chase times. 

Fig. 2 represents an autoradiograph of immunoprecipitates 
from the RER-enriched subcellular fraction (100-3) from a 
similar experiment, showing that the core protein precursor 
of Mr * 370,000 is highest in concentration in the RER im- 
mediately after the 10-min pulse, and that it decreases in 
concentration very rapidly. In fact, little core protein is de- 
tectable in the RER at later times. These results are qualita- 
tively consistent with synthesis of the core protein, followed 
by rapid translocation of this precursor out of the RER. 

Quantitation of CSPG Intermediates in 
Subcellular Compartments 

Immunoprecipitates were also run on gels which were sliced 
and counted to provide quantitation of the radioactivity in 
the Mr ~ 370,000 precursor and other proteoglycan inter- 
mediates in the subcellular fractions (See Materials and 
Methods). The radioactivity incorporated into core protein 
forms in the 10-1 fraction have been adjusted since the yield 
of Golgi membranes in this fraction, although highly repro- 
ducible (4.6,4.4, and 4.4% in 3 different experiments), was 
considerably less than 100 %. Hence, the amount of core pro- 
tein present in the Golgi region was estimated by multiplying 
the CPM present in the 10-1 fraction by the term (100/yield 
of Golgi membranes) (See Materials and Methods). The esti- 
mates obtained are dependent upon the 10-1 fraction being 
a representative sample of the Golgi membranes, a point that 
is inherently difficult to establish with certainty. We show 
that our estimates of the amount of core protein in the Golgi 
region are internally consistent with the amounts of precur- 
sor protein present in the RER and of completed proteogly- 
can in the media at the different time points, i.e., that the 
estimates obtained fit the three compartment model for intra- 
cellular processing fairly well (Fig. 3). Therefore, our esti- 
mates of the amount of proteoglycan intermediates in the 
Golgi apparatus, obtained by correcting for the incomplete 
yield of enriched Golgi membranes present in the 10-1 frac- 
tion, appear to be reasonably accurate. 
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Figure 3. CPM of proteoglycan intermediates in the various subcel- 
lular compartments as a function of chase time. Gels similar to 
those in Fig. 1 were sliced and counted. (o) CPM of the 370,000- 
Mr precursor in the whole cell homogenate subtracted by the 
amount of this precursor in the Golgi-enriched fraction. (o) CPM 
of all core protein forms in the Golgi-enriched fraction after adjust- 
ing for the fact that the yield of Golgi marker enzyme activity, al- 
though highly reproducible, was less than 100%. (X) CPM of com- 
pleted PG in the media. (,,) Total CPM in all three compartments. 
The data were fit to a three-compartment model with undirectional 
flow and first order kinetics out of each compartment, t~ Values 
out of the RER and the Golgi region were estimated to be 2.8 and 
9.6 min, respectively. 

Similar attempts to determine the radioactivity of the 
~370,000-Mr precursor in the RER using data derived from 
the 100-3 fraction have been less successful, even when cor- 
rection was made for the incomplete yield of RER mem- 
branes in this subcellular fraction. The CPM of precursor in 
the RER calculated from the 100-3 fraction were uniformly 
less than 40% of what was recovered from the whole cell 
homogenates. Difficulty in recovering core protein from 
rough membrane preparations (yield = 30% of expected) 
was also observed by Fellini et al. (1984) in rat chondrosar- 
coma chondrocytes using different fractionation methods. In 
contrast, recovery of proteoglycan intermediates from Golgi 
preparations was not problematic in either study. Apparently, 
the core protein more easily escapes from the RER during 
subcellular fractionation. Perhaps the core protein associates 
more tightly with the Golgi apparatus due to interaction with 
the extensive glycosylation machinery present in this or- 
ganelle. Due to these difficulties the 100-3 fraction was not 
routinely used for quantitative purposes. Instead, the amount 
of pre-Golgi region located precursor has been estimated by 
subtracting the CPM of the Mr ~o 370,000 core protein in 
the Golgi region from the CPM of this precursor in the whole 
cell homogenate. That this is a reasonable approximation is 
supported by data showing that the 10-1 fraction contains al- 
most no cross-contamination with RER-derived membranes 
(Table I). Also, calculations show that the Golgi region never 
has more than 5 % of the total ~o370,000-Mr precursor in the 
cell. 

Fig. 3 shows the data for the CPM of proteoglycan in- 
termediates in the three compartments as a function of time. 
To fit theoretical curves to these data, unidirectional flow 
of material was assumed, as was first order kinetics for the 
loss of material from each compartment (Fellini et al., 
1984). The process can then be represented by the equation 
A~ BK2C, where A = CPM of the Mr "~ 370,000 precursor 
in the pre-Golgi compartment (RER), B = CPM of all core 
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Table L Characterization of Subcellular Fractions* 

UDP-galactosyltransferase RNA content 
Fraction (Relative specific activity) (Relative A26o/mg) 

Homogenate 1.0 1.0 
10-1 9.55 .063 
100-3 1.61 2.43 

* Microsomal fractions obtained from subcellular fractionation of chick ster- 
nal chondrocytes were assayed for UDP-galactosyltransferase activity and 
RNA content as described in Materials and Methods. The 10-1 fraction 
represents membrane vesicles from the lightest interface of a gradient contain- 
ing 10,000 g pellet material, while the 100-3 fraction was derived from the 
heaviest interface from a gradient containing 100,000 g pellet material. 

protein forms in the Golgi region, C = CPM of completed pro- 
teoglycan in the media, and K~ and K2 are 1st order rate 
constants for intercompartmental flow. Examination of the 
data shows that some residual precursor remains in the cell 
even at long chase times, suggesting that not all of the precur- 
sor is processed at the same rate. Taking this into account, 
theoretical equations were derived for the CPM in each com- 
partment as a function of time as outlined in Materials and 
Methods. The best fit curves for the data (shown in Fig. 3) 
were determined by a program developed by Yamaoka et al. 
(1981) as adapted for use on a Hewlett Packard 150 computer 
by Dr. Ferenc Kezdy (University of Chicago). Examination 
of Fig. 3 shows that the theoretical curves fit the data, 
confirming that the three compartment model with the as- 
sumptions discussed above serves as a good approximation 
for the process of core protein translocation and secretion. 

The best fit values for the rate constants K~ and K2 were 
determined to be 0.287 and 0.072 respectively. The t,/2 for 
the Mr 370,000 precursor in the cell (pre-Golgi compart- 
ments) has been calculated (t,/2 = ln2/K) to be 2.41 min, 
suggesting that the core protein in embryonic chondrocytes 
is translocated to the Golgi region very rapidly after synthe- 
sis. The t,/, for proteoglycan intermediates in the Golgi re- 
gion is 9.61 min indicating that movement of core protein out 
of this organelle also occurs quickly. Hence, the t,~ values 
obtained by quantitative analysis of the data confirm that the 
core protein is translocated and secreted rapidly in chick 
sternal chondrocytes. The observed short half-life of the 
precursor in the RER may be partly artifactual. As detailed 
in Materials and Methods, the cells were placed on ice for 
20 min in the presence of cycloheximide after the pulse- 
labeling period to prevent further incorporation of isotope. 
It is possible that additional translocation of the core protein 
occurs before the temperature is effectively reduced, which 
would increase the amount of processing and transloca- 
tion observed during the early chase incubations. Indeed, 
[35S]sulfate-labeling experiments described in the following 
sections indicate that the translocation of core protein from 
the RER to the Golgi region may have a half-life more in the 
order of 5-8 min. The total CPM in proteoglycan intermedi- 
ates in the 3 compartments have been determined for each 
time point as shown in Fig. 3. This total remains fairly con- 
stant with time, directly demonstrating that a precursor- 
product relationship exists between the newly synthesized 
~370,000-Mr protein and the secreted proteoglycan. 

Comparison of Core Protein Processing by Chick Sternal 
and Rat Chondrosarcoma Chondrocytes 

The rapid kinetics of core protein processing observed in 

chick sternal chondrocytes contrasts with what has previ- 
ously been found using rat chondrosarcoma chondrocytes. In 
other studies it has been shown that the core protein has a 
very long intracellular dwell time (t,/, = 60-90 min) in the 
rat cells (Fellini et al., 1984; Mitchell and Hardingham, 1981; 
Kimura et al., 1981a). Consequently, experiments were de- 
signed to directly compare the kinetics of core protein trans- 
location in these two cell types. 

To this end, a modification of the previously reported 
procedures (Mitchell and Hardingham, 1981; Kimura et al., 
1981a) of [35S]sulfate pulse labeling of chondrocytes at vari- 
ous times after cycloheximide treatment has been developed 
as described in Materials and Methods. Theoretically, [35S]- 
sulfate incorporation into glycosaminoglycan after inhibition 
of protein synthesis should be proportional to the amount of 
unprocessed core protein left in the cell, which in turn should 
be a function of the rate of core protein processing. There- 
fore, cultured rat chondrosarcoma or chick sternal chondro- 
cytes were harvested, incubated at 37°C in the presence of 
100 gg/ml cycloheximide, and at various times after this, 100 
I.tCi/ml of [355]sulfate was added and labeling was con- 
tinued for 10 min. Subsequent dilution by an equal volume 
of 8 M GuHC1 buffer at 4°C served both to terminate labeling 
and to begin extraction of the cells. After 30 min on ice with 
vigorous vortexing, the samples were centrifuged and the in- 
corporation of [35S]sulfate into macromolecules into the su- 
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Figure 4. [35SlSulfate incorporation into chick sternal and rat 
chondrosarcoma chondrocytes after inhibition of protein synthesis. 
Cultured chondrocytes were [35S]sulfate pulse labeled for 10 min 
at various times after cycloheximide treatment. Macromolecular 
[3SS]sulfate incorporation was estimated by PD-10 chromatography 
after 4 M GuHCI extraction of the cells and media. (e) Chick ster- 
nal chondrocytes. (o) Rat chondrosarcoma chondrocytes. (I) Con- 
trol for chick sternal chondrocytes-no cycloheximide. (X) Control 
for rat chondrosarcoma chondrocytes-no cycloheximide. First or- 
der fit of the sulfate incorporation data (A) yielded t,a values of 
~10 min for the chick chondrocytes and 40 min for the rat chondro- 
cytes. After normalizing for changes in relative glycosaminoglycan 
chain length (B), the t,~ values were 7.9 min and 36.0 min for the 
chick sternal and rat chondrosarcoma chondrocytes, respectively. 
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pernatant fraction (media plus 4 M GuHCI cell extract) was 
determined by gel filtration on PD-10 columns (Fig. 4 A). 
SDS-PAGE followed by autoradiography of the material 
from the void volume of the PD-10 columns indicated that 
>97 % of the macromolecular [35S]sulfate had been incorpo- 
rated into proteoglycan (not shown). Controls in which the 
cells were incubated without cycloheximide have also been 
included. 

The amount of [35S]sulfate incorporated by the cells 
decreases with apparent first-order kinetics exhibiting t,~ 
values for the chick and rat chondrocytes of ~10 and 40 min, 
respectively (Fig. 4 A). However, before any correlation 
could be made between [35S]sulfate incorporation and the 
amount of unprocessed core protein remaining in the cell, 
the data had to be corrected for changes that occur in the av- 
erage amount of sulfated carbohydrate associated with the 
proteoglycan. The carbohydrate entities of CSPG are known 
to be nearly uniformly sulfated (~90-95 % of the GalNAc 
residues); however, it has been observed that the carbohy- 
drate content per core protein varies inversely with the 
amount of proteoglycan being synthesized, and that this 
change in carbohydrate content is due primarily to variations 
in the average length of the chondroitin sulfate chains (Loh- 
mander et al., 1979; Kato et al., 1978). In contrast, the num- 
ber of such chains per core protein has been shown to be a 
constant feature of proteoglycan structure (Fellini et al., 
1981a). 

To estimate average chondroitin sulfate chain lengths, the 
samples were digested with alkaline borohydride and then 
released [355]sulfate labeled carbohydrate chains were run 
on a TSK4000 sizing column calibrated with carbohydrate 
standards of known relative molecular weight (Figs. 5 and 
6). As expected, the average chain size increases with time 
after cycloheximide treatment for both the chick and the rat 
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Figure 5. Estimation of chondroitin sulfate chain length at various 
times after cycloheximide treatment of chick sternal chondrocytes. 
[3sS]Sulfate pulse-labeled samples were digested with alkaline 
borohydride, and the released carbohydrate chains were run on a 
TSK4000 sizing column calibrated with standards of known relative 
molecular weight. (A) 0 min time point. (B) 2-h time point without 
cycloheximide. (C-H) Samples pulse labeled at 7, 20, 40, 60, 120, 
and 240 min after cycloheximide treatment, respectively. (I) Esti- 
mate of average chain length as a function of time after cyclohexi- 
mide treatment. 
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Figure 6. Estimation of chondroitin sulfate chain length at various 
times after cycloheximide treatment of rat chondrosarcoma chon- 
drocytes. [35S]Sulfate pulse-labeled samples were digested with 
alkaline borohydride and the released carbohydrate chains were run 
on a TSK4000 sizing column calibrated with standards of known 
relative molecular weight. (A) 0 min time point. (B) 2-h time point 
without cycloheximide. (C-H) Samples pulse labeled at 7, 20, 40, 
60, 120, and 240 min after cycloheximide treatment, respectively. 
(I) Estimate of average chain length as a function of time after cy- 
cloheximide treatment. 

samples, but there is an important qualitative difference be- 
tween the two systems. The average chain length of the chick 
samples increases rapidly with time after cycloheximide 
treatment, and then levels off (Fig. 5 I) ,  while the rat samples 
exhibit a much more gradual change in this parameter (Fig. 
6 I).  These observations suggest that the chick chondrocytes 
are more rapidly cleared of core protein than the rat chondro- 
cytes, in agreement with the previous experiments. 

The CPM of [35S]sulfate incorporated at each time point 
was then adjusted for the observed changes in relative chain 
lengths (See Fig. 4 B). After correction for this factor, the 
incorporation of label should be proportional to the amount 
of unprocessed core protein remaining in the cell, as dis- 
cussed earlier. Computerized fit of the data shows that the 
amount of core protein precursor left in the cell decreases 
with first-order kinetics for both cell types, but that the chick 
cells are still processing the core protein much more rap- 
idly than the transformed rat cells (t,/2 = 7.9 and 36 min, 
respectively). 

p~S]Methionine-labeling Experiments 

Rat chondrosarcoma and chick sternal chondrocytes were 
also pulse labeled for 10 min with [35S]methionine to follow 
core protein processing and secretion directly. After various 
chase times in the presence of cycloheximide, proteoglycan 
monomer was purified from combined media plus 4 M gua- 
nidine-HCL cell extract by dissociative CsC1 gradient cen- 
trifugation. Labeled monomer samples (D1) were run on 
SDS-polyacrylamide gels, detected by autoradiography, and 
radioactivity incorporated into secreted proteoglycan at each 
time point (Fig. 7) was quantitated by scanning with an LKB 
densitometer. As before, the chick chondrocytes processed 
the core protein much more rapidly than the rat chondrocytes 
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Figure 7. Comparison of the kinetics of secretion of proteoglycan 
by chick sternal or rat chondrosarcoma chondrocytes. Proteoglycan 
monomer was isolated from the media of chondrocytes pulse-chase 
labeled with [35S]methionine by dissociative CsC1 centrifugation. 
A 6-h time point was also included to provide an estimate of the 
total CPM of proteoglycan secreted. (e) Chick sternal chondro- 
cytes. (o) Rat chondrosarcoma chondrocytes. The pulse labeling 
time period was 10 min as in the earlier experiments. 

(t,/2 values "~15 and 60 min, respectively), again demon- 
strating a significant difference in this aspect of proteoglycan 
synthesis by the two cell types. 

Comparison of the Activities of Xylosyltransferase 
and Galactosyltransferase I in Embryonic Chick and 
Rat Chondrosarcoma Chondrocytes 

In an attempt to explain the apparent difference in intracellu- 
lar transit rates for proteoglycan core protein in the two chon- 
drocyte systems, the chain initiating glycosyltransferases, 
which might be rate-limiting in the critically important pro- 
cessing steps, were investigated. Accordingly, particulate 
and soluble fractions were obtained from chick and rat chon- 
drocytes and assayed for the two enzymes that initiate chon- 
droitin sulfate glycosaminoglycan synthesis, xylosyltransfer- 
ase and galactosyltransferase I (Table II). The most notable 
finding was that the rat chondrocytes exhibited markedly (24- 
fold reduced activities of galactosyltransferase I in both the 
soluble and particulate fractions. In contrast, the xylosyl- 
transferase levels were comparable in the two cell types. The 
limited availability of galactosyltransferase I in the rat chon- 
drocytes may at least partially account for the slower rate of 

Table II. Comparison of Glycosyltransferase Activities 
in Soluble and Particulate Fractions* 

Soluble Particulate 

CPM/h per mg protein 
Enzyme Rat Chondrosarcoma 

Xylosyltransferase 19,021 800 
Galactosyltransferase I 49 2,949 

Chick epiphyses 
Xylosyltransferase 17,300 6,100 
Galactosyltransferase I 1,690 72,800 

* Particulate and soluble fractions were obtained by differential centrifugation 
as previously described (Stoolmiller et al., 1975). 

core protein processing observed in this cell type (See Discus- 
sion). Furthermore, the reduced levels of galactosyltransfer- 
ase I, an integral Golgi membrane protein, may also account 
for the increased tendency of xylosyltransferase to segregate 
into the soluble fraction in the rat ceils (Table II). Xylosyl- 
transferase, which is relatively soluble (50%), is known to 
associate specifically with galactosyltransferase I (Schwartz 
and Rod6n, 1975; Schwartz, 1975), and this interaction may 
influence the compartmentalization of xylosyltransferase. 

Comparison of the Kinetics of Processing 
of Core Protein, Link Protein, Fibronectin, and 
l~pe H Collagen 

Because of the significant differences observed in intracellu- 
lar transit and secretion rates of CSPG, it was of interest to 
investigate the kinetics of processing of the other predomi- 
nant extracellular matrix components, some of which are 
known to associate noncovalently with CSPG extracellularly. 
To this end, subcellular fractions of chick sternal chondro- 
cytes pulse-chase labeled with [35S]methionine or [3H] leu- 
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Figure 8. Comparison of the kinetics of processing of core protein, 
fibronectin, and type II collagen by chick sternal chondrocytes. 
Subcellular fractions of chick sternal chondrocytes pulse-chase la- 
beled with [35S]methionine were immunoprecipitated for the pro- 
teins under study. A densitometer was used to scan autoradiographs 
produced from SDS-polyacrylamide gels on which the immuno- 
precipitates were analyzed. (A) Whole cell homogenate. (B) Golgi- 
enriched fraction. (C) Media. (X) Type II collagen. (0) Fibronec- 
tin. (e) Core protein. Also graphed is the amount of precursor core 
protein present in the whole cell homogenate subtracted by the 
amount of precursor in the Golgi region (A). 
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Figure 9. Autoradiographs of link protein 
immunoprecipitated from the various sub- 
cellular fractions and analzyed on SDS- 
polyacrylamide gels. [3H]Leucine-labeled 
chick chondrocytes were fractionated and im- 
munoprecipitated for link protein. [3H]Leu- 
cine was chosen for this experiment since 
the published sequence of the link protein 
contains a high concentration (84.9 resi- 
dues/I,000) of this amino acid (Neame et 
al., 1986). The immunoprecipitates were 
then analyzed on 10% polyacrylamide gels. 
(Lanes A-E) whole cell homogenates from 
cells chased for 0, 5, 10, 30, and 60 min, 
respectively. (Lanes F-J) Golgi-enriched 
fractions from the same chase times. (Lanes 
K-N) media from cells chased for 5, 10, 30, 
and 60 min, respectively. Also included are 
controls showing media samples immuno- 
precipitated with (P) or without (O) pri- 
mary antibody. These controls demonstrate 
that the 8A4 antibody is acting in a specific 
manner. Molecular weight standards indi- 
cated in the margin are: (1) phosphorylase 
B (92,000); (2) BSA (66,000); (3) ovalbu- 
min (45,000); and (4) carbonic anhydrase 
(30,000). 

cine were immunoprecipitated with antibodies specific for 
core protein, link protein, fibronectin and type II collagen as 
described in Materials and Methods. Immunoprecipitates 
were analyzed by SDS-PAGE followed by fluorography, and 
the resulting autoradiographs were scanned with an LKB 
densitometer to quantitate the relative amounts of each of 
these proteins in the subcellular fractions as a function of 
chase time (Fig. 8). Fibronectin appears to be processed by 
the chick chondrocytes almost as rapidly as the core protein, 
since both of these proteins reach peak concentrations in the 
Golgi between 5 and 10 min (Fig. 8 B) and are cleared from 
the cells with a half-life of ~15 min (Fig. 8, A and C). On 
the other hand, type II collagen seems to be processed much 
more slowly. It does not reach maximal concentration in the 
Golgi region until 1 h (Fig. 8 B), and is cleared from the cells 
with a much longer half life than core protein or fibronectin 
(Fig. 8, A and C). These observations suggest that the syn- 
thesis of two of the most prevalent molecules of the extracel- 
lular matrix of cartilage, chondroitin sulfate proteoglycan 
and type II collagen, is not tightly coupled intracellularly. 

The situation for link protein is somewhat more complex 
(Figs. 9 and 10). Link protein in the Golgi region and the me- 
dia fractions from chick chondrocytes (Fig. 9) exists in a 
more heterogeneous and slightly higher relative molecular 
weight form than the precursor form present in the cell 
homogenates. These changes evidently reflect the processing 
of N-linked oligosaccharides which is known to occur in the 
Golgi region. All of the link protein that was secreted was 
processed as rapidly as the core protein; however, as much 
as 50 % of the newly synthesized link protein remained in an 
unprocessed form within the cell, suggesting excess synthe- 
sis. The stoichiometry of link protein to core protein secreted 
by chick chondrocytes was estimated by comparing the rela- 
tive incorporation of [3H]leucine into these proteins. After 

specific immunoprecipitation followed by SDS-PAGE and 
slicing and counting the appropriate regions of the gels, the 
incorporation of the isotope into secreted core protein was 
determined to be 5.41 times greater than the incorporation 
into secreted link protein. Taking into account the relative 
molecular weights (340,000 for the core protein [Upholt et 
al., 1981] and 40,000 for the link protein [Neame et al., 
1986; also See Fig. 9]) and leucine concentrations (60 resi- 
dues/I,000 for the core protein [DeLuca et al., 1978] and 85 
residues/I,000 for the link protein [Neame et al., 1986]), this 
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Figure 10. Relative content of link protein in the subcellular com- 
partments as a function of chase time. Autoradiographs similar to 
those in Fig. 9 were scanned with an LKB densitometer. The in- 
tegrated areas were taken as a measurement of the relative content. 
(*) Amount of link protein in the whole cell homogenate subtracted 
by the amount in the Golgi-enriched fraction. (o) Amount of link 
protein in the Golgi-enriched fraction after adjusting for the fact that 
the yield of Golgi membranes, although highly reproducible, was 
less than 100%. (A) Amount of link protein in the media. (m) Total 
content (area) in all three compartments. 
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would correspond to a stoichiometry of 1.10 molecules of 
link protein secreted per molecule of core protein. Hence, 
it appears that the chick chondrocytes synthesize excess link 
protein but secrete link protein in a 1:1 ratio with proteogly- 
can core protein. From other studies link protein appears to 
be associated with core protein immediately after secre- 
tion, since exogenous monomer is incapable of dissociating 
newly synthesized endogenous PG monomer and link pro- 
tein (Kimura et al., 1980), and it is therefore possible that 
link protein and core protein may even begin to interact in- 
tracellularly. The results of these experiments are consistent 
with obligatory intracellular interaction or some other man- 
ner of coordinated posttranslational processing of these two 
proteins (see Discussion). Alternatively, the similar kinetics 
of processing of the core and link proteins may be merely 
coincidental. 

Discussion 

Our previous work on assembly of chondroitin sulfate pro- 
teoglycan in chick sternal chondrocytes demonstrated the 
initial synthesis of a precursor containing N-linked oligosac- 
charides, which is translocated in an energy-dependent man- 
ner to the Golgi region where processing of the N-linked 
oligosaccharides and extensive addition of keratan sulfate 
and chondroitin sulfate chains occurs. Although the temporal 
parameters of this process were not reported, the processing 
of core protein in embryonic chick sternal chondrocytes was 
found to occur extremely rapidly, in striking contrast to the 
long intracellular dwell time reported for proteoglycan core 
protein in rat chondrosarcoma chondrocytes (Fellini et al., 
1984). To better understand this difference in one important 
parameter of the synthetic process of very similar molecules, 
experiments were designed to directly compare the kinetics 
of translocation and secretion of core protein in these two cell 
types. 

Direct comparison of the kinetics of core protein process- 
ing by the two cell types (See Figs. 4-7) appears to verify that 
the chick chondrocytes are capable of processing the core 
protein 3-4 times more rapidly than the chondrosarcoma 
cells. It should be mentioned that at least one other pro- 
teoglycan, proteodermatan sulfate is synthesized, processed 
and secreted by human skin fibroblasts (Glossl et al., 1984) 
fairly rapidly, with kinetics similar to that of the chick chon- 
drocyte rather than the rat chondrosarcoma system. These 
results would suggest that proteoglycans, although requiring 
extensive posttranslational modification, are processed effi- 
ciently and in a timely fashion in most cell types, and that 
the rat chondrosarcoma system may be aberrant in this re- 
spect. It is also interesting to note that the difference in rate 
of transport of the core protein out of the RER can account 
for the disparity in the kinetics of the secretion process by 
the two cell types. This is not unusual in light of intracellular 
transport rates reported for several other secretory proteins 
(see below). However, most impressive is the ability of both 
types of chondrocytes to carry out the series of processing 
and modification reactions (estimated to be greater than 
25,000 individual reactions per molecule) in an efficient and 
rapid manner in the Golgi region. This feature of the biosyn- 
thetic process is similar for both cell types, each exhibiting 
t,~ for the core protein in the Golgi region of "~10 min. 

Since our previous results in chick chondrocytes, as well 

as those in rat chondrosarcoma, suggest that very little pro- 
cessing of the core protein occurs while residing in the RER, 
the apparent long dwell time in RER in rat chondrosarcoma 
is puzzling. Perhaps the significantly decreased specific ac- 
tivity of galactosyltransferase I previously observed in the rat 
chondrocytes (Stoolmiller et al., 1975) and in the present 
study (Table II) is an important factor. Galactosyltransferase 
I is the first particulate glycosyltransferase encountered by 
the core protein upon entering the Golgi apparatus (Schwartz 
and Rodtn, 1975), and it may play an essential role in direct- 
ing or routing the core protein for further processing in a 
membranous subcompartment of the Golgi region containing 
the remainder of the glycosylating enzymes. Such an organi- 
zation of glycosyltransferases and substrate has been pro- 
posed to explain the high efficiency and rapidity of the gly- 
cosylation process (Stoolmiller et al., 1972; Horwitz and 
Dorfman, 1968; Schwartz et al., 1974). Furthermore, it has 
been demonstrated that xylosyltransferase associates spe- 
cifically with galactosyltransferase I (Schwartz and Roden, 
1975; Schwartz, 1975), and it has therefore been hypothesized 
that this interaction may help "dock" the core protein into 
the proper region of the Golgi for further glycosylation to 
take place. Such "docking" of a xylosyltransferase-core pro- 
tein complex with directed release of the core protein may 
also be necessary for recycling of xylosyltransferase and thus 
for continued core protein translocation. Limited availability 
of galactosyltransferase I in rat chondrosarcoma chondro- 
cytes may then be responsible for the enhanced intracellular 
pool of unprocessed core protein, the decreased rate of trans- 
location and secretion of core protein, and the large amounts 
of soluble xylosyltransferase observed in this cell type. The 
severe deficiency of galactosyltransferase I activity in rat 
chondrosarcoma may also be partly responsible for the lag 
in elongation of chondroitin sulfate chains by rat chondrosar- 
coma chondrocytes after cycloheximide treatment (See Figs. 
5 I and 6 I). Apparently arguing against a rate limiting or 
regulatory role of galactosyltransferase I is the fact that 
B-xylosides, which act as substrate analogues for this en- 
zyme, are known to stimulate chondroitin sulfate GAG syn- 
thesis by chondrocytes (Schwartz, 1977; Galligani et al., 
1975). However, the B-xylosides have been shown to be effec- 
tive only at high concentration (>1.0 mM), and at such non- 
physiologic concentrations of substrate it is difficult to draw 
any definite conclusions about the role of the enzyme in 
question. 

Decreased expression of galactosyltransferase I may repre- 
sent one of the alterated characteristics of the transformed 
phenotype of the chondrosarcoma chondrocytes. For in- 
stance, transformation may increase the sensitivity of the 
chondrocytes to certain regulatory hormones, e.g., cortisol. 
The levels of this hormone have been shown to be inversely 
proportional to the specific activity of galactosyltransferase 
I in untransformed guinea pig chondrocytes. In contrast, the 
activities of the other linkage region and chain elongation 
glycosyltransferases appear to be relatively insensitive to 
cortisol levels (Bird et al., 1986). Of course, there are other 
significant differences between the rat chondrosarcoma and 
embryonic chick systems which may account for the dispar- 
ity in the rates of core protein processing. For example, the 
lack of keratan sulfate glycosaminoglycan chains on the rat 
proteoglycan may affect the rate of processing, particularly 
if the absence of these chains is primarily due to a selec- 
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tive deficiency of the enzymes required for keratan sulfate 
synthesis. 

As mentioned previously, the rapid processing of pro- 
teoglycan core protein was examined in relation to the 
processing and secretion of the other prominent matrix com- 
ponents to determine whether the deposition of the extracel- 
lular matrix molecules of cartilage is tightly coupled. Some 
of these molecules are known to associate after secretion, in 
particular core protein and link protein, and it is possible that 
they may begin to interact intracellularly. Our results suggest 
that this is not the case for core protein and type II collagen, 
since the latter protein is processed 3-4 times slower than the 
former, thus indicating that the processing of these two of the 
prominent components of the extracellular matrix is not 
tightly coupled intracellularly. 

On the other hand, the data are consistent with possible 
intracellular interaction or coordinate intracellular process- 
ing of link protein and core protein. Indeed these proteins ex- 
hibited very similar rates of intracellular processing and 
translocation and were secreted in near one-to-one stoichi- 
ometry. It is also interesting to compare the results of our 
studies with those obtained by Vertel et al., (1985) using dou- 
ble immunofluorescence to localize core protein, link pro- 
tein, and type II collagen within chondrocytes. They observed 
co-localization of core protein and link protein in one type 
of pre-Golgi vesicle while type II collagen appeared to be 
present in another class of RER-derived vesicle. Taken to- 
gether, these studies suggest that the cell may segregate core 
protein and link protein at a very early stage of intracellular 
processing. Such a system may be necessary to insure secre- 
tion of these two proteins in proper stoichiometry for maxi- 
mal association with hyaluronic acid. 

However, our results suggest that if intracellular associa- 
tion and concomitant translocation of link protein and core 
protein does occur, all of the synthesized precursors do not 
follow this pathway. In both cell types, significant amounts 
of both proteins remain intracellular (mostly in the RER) for 
very long chase times. For instance, in chick chondrocytes 
'~10-20 % of the core protein and 50% of the link protein re- 
mains intracellular even after 2 h of chase time. Further- 
more, the results of additional experiments with rat chon- 
drosarcoma cells suggest that an even greater proportion 
(70-80%) of the newly synthesized link protein remains in 
an unprocessed intracellular form (our unpublished results). 
In these preliminary experiments, the fraction of link protein 
(20-30%) which was processed and secreted exhibited ki- 
netics similar to the link protein in chick chondrocytes, i.e., 
t,/2 values in both the RER and the Golgi region of less than 
10 min, suggesting that at least a small proportion of the link 
protein is not processed coordinately with the core protein 
in the rat chondrosarcoma. However, the large proportion 
that remains in the cell and is processed more slowly, may 
be influenced by association with the long-lived core protein 
precursor. It is difficult to speculate on the significance of the 
apparent excess synthesis of link protein compared with core 
protein by both cell types, except that it may promote more 
efficient secretion of the proteoglycan. As mentioned above, 
even in the more efficient chick chondrocyte system, '~15 % 
of the precursor core protein is not processed as rapidly as 
the rest. It is possible that this fraction of the newly synthe- 
sized core protein has missed some processing step in the 
RER which attaches a signal critical for routing. The fate of 

the more slowly processed core protein or link protein has 
not been further investigated. 

Similar attempts to follow the kinetics of the processing 
and secretion of several proteins from one cell type (usually 
hepatocytes or pancreatic acinar cells) have been reported 
(Lodish et al., 1983; Scheele and Tartakoff, 1985; Fries et al., 
1984). Typically, the rates of processing of the different pro- 
teins vary considerably, with exit from the RER being by far 
the greatest cause of variation. It has been hypothesized that 
individual receptors are present in the RER for each protein, 
and that the recognition and uptake of a protein by its recep- 
tor is the rate-limiting step in the secretion pathway. Alterna- 
tively, the variation in the rates of exit from the RER may 
be due to selective retention of certain proteins. 

Whatever the mechanism of translocation, variations in 
the rate of processing and secretion have been reported. For 
instance, the reported half lives for the secretion of albumin 
from hepatoma cells or normal hepatocytes range between 
23 and 45 min, depending on the cell type used and the incu- 
bation temperature (Lodish et al., 1983; Fries et al., 1984; 
Strous and Lodish, 1980). In general, faster rates of process- 
ing were demonstrated at higher temperatures and in un- 
transformed cells, which correlates well with what we have 
observed in chondrocytes. Chondroitin sulfate proteoglycan 
appears to be processed in chick sternal chondrocytes as rap- 
idly (t,~ for secretion "~15-20 min) as albumin, which is 
particularly notable when one considers the extensive post- 
translational processing that the core protein undergoes on 
the way to becoming a proteoglycan. 

We thank Judy Henry, Mary Lon Spach, and Nancy Huet for technical as- 
sistance, and Dr. Albert Dorfman (deceased), Dr. T. E Linsenmeyer (Tufts 
University School of Medicine), and Dr. B. Caterson (West Virginia 
University) for the generous gifts of antibodies to the core protein of CSPG 
(SI03L), type I1 collagen, and link protein (8A4), respectively. 

This investigation was supported in part by grants RO1-AM-19622, HD- 

17332, POI-HD-09402, and P30-HD-04583, as well as Medical Scientist 
Training Program training grant GM-07281. 

Received for publication 14 August 1987, and in revised form 12 February 
1988. 

References 

Bird, T. A., N. B. Schwartz, and B. Peterkovsky. 1986. Mechanism for the 
decreased biosynthesis of cartilage proteoglycan in the scorbutic guinea pig. 
J. Biol. Chem. 261:11166-11172. 

Bradford, M. M. 1976. A rapid and sensitive method for quantitation of micro- 
gram quantities of protein utilizing the principle of protein-dye binding. 
Anal. Biochem. 72:248-254. 

Braell, W. A., and H. F. Lodish. 1981. Biosynthesis of the erythrocyte anion 
transport protein. J. Biol. Chem. 256:11337-11344. 

Brew, K., J. H. Shaper, K. W. Olsen, I. P. Trayer, and R. L. Hill. 1975. Cross- 
linking of the components of lactose synthetase with dimethylpimelimidate. 
J. Biol. Chem. 250:1434-1444. 

Cahn, R. O., H. C. Coon, and M. B. Cahn. 1967. Cell culture and cloning tech- 
niques. In Methods in Developmental Biology, F. H. Wilt and N. K. Wes- 
sels, editors. Thomas Y. Crowell Co., New York. 493-530. 

Caterson, B., J. E. Christner, J. R. Baker, and J. R. Couchman. 1985. Produc- 
tion and characterization of monoclonal antibodies directed against connec- 
tive tissue proteoglycans. Fed. Proc. 44:386-393. 

DeLuca, S., A. I. Caplan, and V. C. Hascall, 1978. Biosynthesis of proteogly- 
cans by chick limb bud chondrocytes. J. Biol. Chem. 253:47134720. 

Fellini, S. A., V. C. Hascall, and J. H. Kimura. 1984. Localization of proteogly- 
can core protein in subcellular fractions isolated from rat chondrosarcoma 
chondrocytes. J. Biol. Chem. 259:4634-4641. 

Fellini, S. A., J. H. Kimura, and V. C. Hascall. 1981. Polydispersity of pro- 
teoglycans synthesized by chondrocytes from the swarm rat chondrosar- 
coma. J. Biol, Chem. 256:7883-7889. 

Fries, E., L. Gustafsson, and P. A. Peterson. 1984. Four secretory proteins 
synthesized by hepatocytes are transported from endoplasmic reticulum to 

Campbell and Schwartz Processing CSPG Core Protein 2201 



golgi complex at different rates. EMBO (Eur. Mol. Biol. Organ.) J. 3:147- 
152. 

Galligani, L., J. Hopwood, N. B. Schwartz, and A. Dorfman. 1975. Stimula- 
tion of synthesis of free chondroitin sulfate chains by B-D-xylosides in cul- 
tured cells. J. Biol. Chem. 250:5400-5406. 

Geetha-Habib, M., S. C. Campbell, and N. B. Schwartz. 1984. Subcellular lo- 
calization of the synthesis and glycosylation of chondroitin sulfate proteogly- 
can core protein. J. Biol. Chem. 259:7300-7310. 

Gl6ssl, J., M. Beck, and H. Kresse. 1984. Biosynthesis of proteodermatan sul- 
fate in cultured human fibroblasts. J. Biol. Chem. 259:14144-14150. 

Hascall, V. C., and J. H. Kimura. 1982. Proteoglycans: isolation and character- 
ization. Meth. Enzymol. 82:769-800. 

Hoffmann, H. P., N. B. Schwartz, L. Rod6n, and D. J. Prockop. 1984. Loca- 
tion of xylosyltransferase in the cisternae of the rough endoplasmic reticulum 
of embryonic cartilage cells. Connect. Tissue Res. 12:151-164. 

Horwitz, A. L., and A. Dorfman. 1968. Subcellular sites for synthesis of chon- 
dromucoprotein of cartilage. J. Cell Biol. 38:358-368. 

Hutchinson, W. C., and H. N. Munro. 1961. The determination of nucleic acids 
in biological materials. Analyst. 86:768-813. 

Kato, Y., K. Kimata, K. Ito, K. Karasawa, and S. Suzuki. 1978. Effect of B-D- 
xyloside and cycloheximide on the synthesis of two types of proteochondroi- 
tin sulfate in chick embryo cartilage. J. Biol. Chem. 253:2784-2789. 

Kimura, J. H., C. B. Caputo, and V. C. Hascall. 1981a. The effect ofcyclohexi- 
mide on the synthesis of proteoglycans by cultured chondrocytes from the 
swarm rat chondrosarcoma. J. Biol. Chem. 256:4368-4376. 

Kimura, J. H., T. E. Hardingham, and V. C. Hascall. 1980. Assembly of newly 
synthesized proteoglycan and link protein into aggregate in cultures of chon- 
drosarcoma chondrocytes. J. Biol. Chem. 255:7134-7143. 

Kimura, J. H., T. E. Hardingham, V. C. Hascall, and M. Solursh. 1979. Bio- 
synthesis of proteoglycans and their assembly into aggregates in cultures of 
chondrocytes from the swarm rat chondrosarcoma. J. Biol. Chem. 254: 
2600-2609. 

Kimura, J. H., L. S. Lohmander, and V. C. Hascall. 1984. Studies on the bio- 
synthesis of cartilage proteoglycan in a model system of cultured chondro- 
cytes from the swarm rat chondrosarcoma. J. Cell. Biochem. 26:261-278. 

Kimura, J. H., E. J. Thonar, V. C. Hascall, A. Reiner, and A. R. Poole. 1981b. 
Identification of core protein, an intermediate in proteoglycan biosynthesis 
in cultured chondrocytes from the swarm rat chondrosarcoma. J. Biol. 
Chem. 256:7890-7897. 

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature (Lond.). 227:680-685. 

Lodish, H. F., N. Kong, M. Snider, and G. J. A. M. Strous. 1983. Hepatoma 
secretory proteins migrate from rough endoplasmic reticulum to golgi at 
characteristic rates. Nature (Lond.). 304:80-83. 

Lohmander, L. S., K. Madsen, and A. Hinek. 1979. Secretion of proteoglycans 
by chondrocytes. Arch. Biochem. Biophys. i92:148-157. 

Mitchell, D., and T. Hardingham. 1981. The effects of cyclobeximide on the 
biosynthesis and secretion of proteoglycans by chondrocytes in culture. Bio- 
chem. J. 196:521-529. 

Munro, H. N., and A. Fleck. 1966. Recent developments in the measurement 
of nucleic acids in biological materials. Analyst. 91:78-88. 

Munro, J. R., S. Narasimhan, S. Wetmore, J. R. Riordan, and H. Schachter. 
1975. Intracellular localization of GDP-L-fucose: glycoprotein and CMP- 
sialic acid: apolipoprotein glycosyltransferases in rat and porcine livers. 
Arch. Biochem. Biophys. 169:269-277. 

Neame, P. J., J. E. Christner, and J. R. Baker. 1986. The primary structure 
of link protein from rat chondrosarcoma proteoglycan aggregate. J. Biol. 
Chem. 261:3519-3525. 

Nuwayhid, N., J. H. Glaser, J. C. Johnson, H. E. Conrad, S. C. Hauser, and 
C. B. Hirschberg. 1986. Xylosylation and glucuronosylation reactions in rat 
liver golgi apparatus and endoplasmic reticulum. J. Biol. Chem. 261: 
12936-12941. 

Rod6n, L. 1980. Structure and metabolism of connective tissue proteoglycans. 
In The Biochemistry of Glycoproteins and Proteoglycans. W. J. Lennarz, 
editor. Plenum Press. New York. 267-314. 

Scbeele, G., and A. Tartakoff. 1985. Exit of nonglycosylated secretory proteins 
from the rough endoplasmic reticulum is asynchronou s in exocrine pancreas. 
J. Biol. Chem. 260:926-931. 

Schwartz, N. B. 1975. Biosynthesis of chondroitin sulfate: Immunoprecipita- 
tion of interacting xylosyltransferase and galactosyltransferase. FEBS (Fed. 
Eur. Biol. Soc.) Letters. 49:342-345. 

Schwartz, N. B. 1976. Chondroitin sulfate glycosyltransferases in cultured 
chondrocytes. J. Biol. Chem. 251:3346-3351. 

Schwartz, N. B. 1977. Regulation of chondroitin sulfate synthesis. J. Biol. 
Chem. 252:6316-6321. 

Schwartz, N. B., and L. Rod6n. 1975. Biosynthesis of chondroitin sulfate. 
Solubilization of chondroitin sulfate glycosyltransferases and partial 
purification of UDP-galactose:xylose galactosyltransferase. J. Biol. Chem. 
250:5200-5207. 

Schwartz, N. B., L. Rod6n, and A. Dorfman. 1974. Biosynthesis of chondroitin 
sulfate: Interaction between xylosyltransferase and galactosyltransferase. 
Biophys. Res. Commun. 56:717-724. 

Stoolmiller, A. C., A. L. Horwitz, and A. Dorfman. 1972. Biosynthesis of 
chondroitin sulfate proteoglycan. J. Biol. Chem. 247:3525-3532. 

Stoolmiller, A. C., N. B. Schwartz, and A. Dorfman, 1975. Biosynthesis of 
chondroitin 4-sulfate proteoglycan by a transplantable rat chondrosarcoma. 
Arch. Biochem. Biophys. 171 : 124-135. 

Strous, G. J. A. M., and Lodish, H. F. 1980. lntracellular transport of secretory 
and membrane proteins in hepatoma cells infected by vesicular stomatitis vi- 
rus. Cell. 22:709-717. 

Upholt, W. B., B. M. Vertel, and A. Dorfman. 1981. Cell-free translation of 
cartilage RNA's. Ala. J. Med. Sci. 18:35--40. 

Vertel, B. M., J. J. Morrell, and L. L. Barkman. 1985. lmmunofluorescence 
studies on cartilage matrix synthesis. Exp. Cell Res. 158:423--432. 

Wibo, M., D. Thin6s-Sempoux, A. Amar-Costesac, H. Beaufay, and D. 
Godelaine. 1981. Analytical study of microsomes and isolated subcellular 
membranes from rat liver. VIII. Subfractionation of preparations enriched 
with plasma membranes, outer mitochondrial membranes, and golgi com- 
plex membranes. J. Cell Biol. 89:456-474. 

Yamaoka, K., Y. Tanigawara, T. Nakagawa, and T. Uno. 1981. A pharmacoki- 
netic analysis program (multi) for microcomputer. J. Pharm. Dyn. 4: 
879-885. 

The Journal of Cell Biology, Volume 106, 1988 2202 


