Ostrowski, W., and Barnard, E. A. (1971), Biochim. Biophys.
Acta 250,131,

Ostrowski, W., Wasyl, Z., Weber, M., Guminska, M., and
Luchter, E. (1970), Biochim. Biophys. Acta 221,297,

Reid, T. W., Pavlic, M., Sullivan, D. J., and Wilson, 1. B.
(1969), Biochemistry 8, 3189,

Reid, T. W., and Wilson, 1. B. (1971), Enzymes, 3rd Ed., 4,

RICHMOND, DELUCA, AND SILBERT

373.

Reiner, J. M., Tsuboi, K. K., and Hudson, P. B. (1955),
Arch. Biochem. Biophys. 56,165,

Trentham, D. R., and Gutfreund, H. (1968), Biochem. J.
106, 455.

Zendzian, E. N, and Barnard, E. A. (1967), Arch. Biochem.
Biophys. 122,699,

Biosynthesis of Chondroitin Sulfate. Microsomal Acceptors of

Sulfate, Glucuronic Acid, and N-Acetylgalactosamine?

Martha E. Richmond, Silvana DeLuca,f and Jeremiah E, Silbert*

ABSTRACT: A microsomal preparation from chick embryo
epiphyseal cartilage has previously been shown to accept
[#5S)sulfate, ['*Clglucuronic acid, and N-[*HJacetylgalactos-
amine into endogenous glycosaminoglycan., The endogenous
glycosaminoglycan has now been characterized further. Incu-
bations of microsomal preparations at pH 6.5 with 3’-phos-
phoadenosine 3’-phosphosulfate resulted in incorporation of
sulfate into endogenous chondroitin 6-sulfate (60-70%;) and
chondroitin 4-sulfate (30-40%7) while incubations at pH 7.8
resulted in incorporation into chondroitin 6-sulfate ex-
clusively. Incorporation appeared to be into occasional non-
sulfated galactosamine units in predominantly sulfated

Considerable information is now available on the inter-
mediates involved in the synthesis of the heteropolysaccharide
(glycosaminoglycan) portion of the proteoglycan, chondroitin
sulfate, Uridine sugar nucleotides have been shown to be the
precursors for the sugars of the chondroitin chains (Silbert,
1964; Perlman et al., 1964) and significant sulfation of newly
synthesized chondroitin (Silbert and DeLuca, 1969) has been
demonstrated with 3’-phosphoadenosine 5’-phosphosulfate as
sulfate donor. It is also well established that at least some of
the chondroitin sulfate heteropolysaccharide found in extra-
cellular matrix is linked to serine units of protein by an
alkali-labile xylosyl-serine bond which is part of a glucuronosyl-
galactosyl-galactosyl-xylosyl-serine  protein-polysaccharide
“bridge” (Rodén and Smith, 1966; Lindahl and Rodén, 1966;
Helting and Rodén, 1968). Uridine sugar nucleotides have
been shown to be intermediates in the synthesis of this
“bridge” (Helting and Rodén, 1969a,b; Brandt er al., 1969;
Baker et al., 1972). Alternatively, it has been suggested that
some of the polysaccharide chains may be attached to protein
by an as yet unidentified bond which is alkali stable (Katsura
and Davidson, 1966; Lyons and Singer, 1971). This could

1 From the Connective Tissue Research Laboratory, Boston Veterans
Administration Hospital, and the Departments of Medicine and of
Biochemistry and Pharmacology, Tufts University School of Medicine,
Boston, Massachusetts 02130, Received March 6, 1973. This investiga-
tion was supported in part by Research Grant AM-08816 from the
National Institute of Arthritis and Metabolic Diseases, National Insti-
tutes of Health., A preliminary report has been published (Richmond
etal,, 1971).

1 Present address: American National Red Cross, Blood Research
Laboratory, Bethesda, Md. 20014,
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molecules with no ‘‘oversulfation’ to form 4,6-disulfated
hexosamine units. Endogenous polysaccharide molecules of
low sulfate content were not found. Gel filtration demon-
strated that the endogenous sulfate-accepting chondroitin
sulfate ranged in size from mol wt ~2000 to ~40,000 relative
to chondroitin sulfate standards. Of the total, approximately
907 was of mol wt 16,000 or larger. Incubation of microsomal
preparations with UDP-[14Clglucuronic acid or UDP-N-[*H]-
acetylgalactosamine also resulted in incorporation of the
appropriate sugar into similar endogenous chondroitin sulfate.
Essentially all the acceptor glycosaminoglycan was linked to
protein by alkali labile bonds.

represent a different type of separately formed glycosamino-
glycan or could be an intermediate in the formation of the
glycosaminoglycans attached by the alkali labile bond.

Studies on the structure of proteoglycans have mainly in-
volved the examination of end products of synthesis, such as
are found in connective tissue matrix. The structure of
intracellular proteolycans at the time of synthesis has not been
investigated to any great extent, for the most part because
presently available sources do not contain enough intra-
cellular polysaccharide for chemical characterizations. Incor-
poration of radioactive sugars or [*3S]sulfate into this material
provides an alternative method of characterization by looking
at intracellular glycosaminoglycans as ‘‘acceptors.” (‘‘Ac-
ceptor”” will hereafter be the term used to describe material
into which sulfate or a single sugar can be incorporated.)

Addition of sulfate to chondroitin or chondroitin sulfate
has been reported from many laboratories where soluble
(105,000g supernatant) enzymes were utilized with either
exogenous or extracellular endogenous acceptors (D’Abramo
and Lipmann, 1957; Adams, 1960; Suzuki and Strominger,
1960a; Perlman et al., 1964; Meezan and Davidson, 1967;
Robinson, 1969). The addition of sulfate has been low relative
to the large amount of acceptor present. In contrast, when
microsomal preparations have been utilized to demonstrate
sulfate incorporation into intracellular endogenous particu-
late material, a much greater efficiency in sulfation has been
observed (DeLuca and Silbert, 1968). Products were found to
be protein-linked macromolecules that were identified as
chondroitin sulfate.

Certain questions, however, remained unanswered by this
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work. It was not known whether these materials represented
essentially completely formed intracellular chondroitin sulfate
destined for transport to extracellular matrix, or whether
portions of it were incompletely formed molecules which
could serve as primers for both sulfation and polysaccharide
polymerization. It was not determined whether the incorpora-
tion of sulfate was onto occasional nonsulfated loci in a mainly
sulfated molecule, or whether some of the incorporation was
into relatively nonsulfated polysaccharides. The attachments
to protein were not investigated, so it was not known if the
linkages were similar to those found in proteoglycans ob-
tained from extracellular material.

Incorporation of single sugars (either glucuronic acid or N-
acetylgalactosamine) has been demonstrated with microsomal
fractions from chick embryo cartilage using both endogenous
(Silbert, 1964) and exogenous acceptors (Telser et al., 1966).
Products utilizing some exogenous oligosaccharide acceptors
have been well characterized (Telser et al., 1966) but charac-
terization of the products utilizing endogenous acceptors has
not been described.

The first of these reports describes a better characterization
of the endogenous intracellular sulfate acceptor and sugar
acceptor. These materials may in part represent partially or
completely synthesized chondroitin sulfate at the intracellular
site of biosynthesis. Further reports deal with the identification
of the primers for and the process of hetereopolysaccharide
polymerization (Richmond et a/., 1973) and finally the sulfa-
tion of this newly polymerized polysaccharide (DeLuca et al.,
1973). Although these reports deal specifically with chon-
droitin sulfate formation, it is likely that the results are
representative of the mode of synthesis of other animal
heteropolysaccharides as well.

Experimental Procedures

The 3’-phosphoadenosine 3’-phosphosulfate and the 3:S-
labeled pAdo-phosphosulfate! were synthesized with yeast en-
zyme by the method of Robbins (1962), chromatographed on
Dowex 1-X8 according to the method of Wilson ef al. (1961),
and finally obtained as previously described (Silbert, 1967).
UDP-['‘C]glucuronic acid and UDP-N-acetylgalactosamine
were prepared as previously described (Silbert, 1962, 1964).
UDP-N-[*H)acetylgalactosamine was prepared as previously
described (Silbert, 1964) or alternatively by the method of
Maley (1970).

Chondroitin 4-sulfate and chondroitin 6-sulfate were ob-
tained from Seikagaku Kogyo, Co., Ltd. (Tokyo, Japan).
The chondroitin 4-sulfate (lot 4200 A, super-special grade)
was from whale cartilage and the chondroitin 6-sulfate (lot
4201 C, super-special grade) was from shark cartilage.
Analyses of these compounds as supplied by Seikagaku Kogyo
indicated a molar ratio of 4-sulfate to 6-sulfate of 80.1:19.9
and 8.8:91.2, respectively. Average molecular weights were
given as 26,000 for the chondroitin 4-sulfate and 41,000 for
the chondroitin 6-sulfate. Tetrasaccharide disulfate was pre-
pared by testicular hyaluronidase degradation of chondroitin
6-sulfate.

Hyaluronic acid (umbilical cord) and heparin were
purchased from Calbiochem (Los Angeles, Calif.). Chon-

! Abbreviations used are: ADi-0S, 2-acetamido-2-deoxy-3-0-(8-D-
gluc-4-enepyranosyluronic acid)-p-galactose; ADi-4S, 2-acetamido-2-
deoxy-3-0-(3-D-gluc-4-enepyranosyluronic acid)-4- O-sulfo-b-galactose;
ADi-68S, 2-acetamido-2-deoxy-3-0-(8-b-gluc-4-enepyranosyluronic acid)-
6-0-sulfo-p-galactose; Mes, 2-(N-morpholino)ethanesulfonic acid;
pAdo-phosphosulfate, 3’-phosphoadenosine 5’-phosphosulfate.

droitinase AC, chondroitinase ABC, chondro-4-sulfatase,
chondro-6-sulfatase, and the disaccharide standards, 2-
acetamido-2-deoxy-3-0-(3-D-gluc-4-enepyranosyluronic acid)-
D-galactose! (ADi-0S), 2-acetamido-2-deoxy-3-0-(3-D-gluc-4-
enepyranosyluronic acid)-4-0-sulfo-p-galactose (ADi-4S), and
2-acetamido -2 -deoxy-3-0-(8-D-gluc-4-enepyranosyluronic
acid)-6-0-sulfo-D-galactose (ADi-6S), were purchased from
Miles Laboratories, Inc. (Kanakee, Ill.).

Frozen 14-day chick embryos were purchased from Pel-
Freez Biologicals (Rogers, Ark.). Twice washed microsomal
preparations sedimenting between 10,000g and 105,000¢ were
prepared from chick embryo epiphyses as previously de-
scribed (Silbert, 1964, 1966). Epiphyseal cartilage from 250
embryos yielded approximately 0.5 ml of a microsomal
preparation.

In order to sulfate endogenous ‘‘acceptor’” material,
microsomal preparations were incubated at 37° with 3’-
phosphoadenosine 5’-phospho[?Slsulfate. Two types of
incubation mixtures were used, patterned on previous work
(pH 7.8) and on more recent observations that incorporation
is greater at pH 6.5: (1) 0.05 M Mes (2-(N-morpholino)ethane-
sulfonic acid) (pH 6.5), 0.01 M MnCl,, 3’-phosphoadenosine 5'-
phospho[ *Slsulfate (3.5 nmol (5.8 X 10% cpm)), and 15 ul of
microsomal preparation in a total volume of 25 ul; (2) identical
with mixture 1 except for the substitution of 0.05 M Tris (pH
7.8) for the 0.05 M Mes.

When aliquots were removed at varying time intervals to
assay for 3’-phosphoadenosine 5’-phospho[®3Sisulfate, it was
noted that degradation occurred to varying degrees depending
upon the starting concentration of pAdo-phosphosulfate. At
the concentrations given above, almost all pAdo-phosphosul-
fate was degraded by 10 min in the Mes system and was de-
graded even more rapidly in the Tris system. Similar experi-
ments in the Mes system were conducted with higher concen-
trations of pAdo-phosphosulfate (0.001 M) with lower specific
activities (80 X 10¢ cpm/umol). In thesé experiments about
half the pAdo-phosphosulfate was still present after 1 hr
and only a trace remained after 2 hr of incubation.

Addition of single sugars to endogenous ‘‘acceptor’” ma-
terial was accomplished by incubating microsomal prepara-
tions with the appropriate sugar nucleotide. Incubation mix-
tures consisted of 0.05 M Mes (pH 6.5), 0.01 M MnCl,, UDP-
[t4Clglucuronic acid (10 nmol (1.5 X 10% cpm)) or UDP-N-
[*H]acetylgalactosamine (10 nmol (1.8 X 10% cpm)), and 100
ul of microsomal preparation in a total volume of 200 ul.
Reaction mixtures were kept at 37° for 2 hr.

The resulting labeled glycosaminoglycans were isolated from
reaction mixtures, as previously described (Silbert, 1964, 1966)
by chromatography on Whatman No. 1 paper in ethanol-1 M
ammonium acetate (pH 7.8) (5:2). Degradation of radio-
active substrates could be noted by scanning the chromato-
grams for radioactivity. In this chromatographic system 3’-
phosphoadenosine 5/-phospho[*Slsulfate and [**Slsulfate
are widely separated and easily identified. Degradation prod-
ucts of UDP-[!*Clglucuronic acid and UDP-N-[*Hlacetyl-
galactosamine are also widely separated from the sugar
nucleotides. Chromatogram origins (containing all of the
glycosaminoglycans) were then treated in the following ways.
(1) Origins were incubated overnight at 37° with 2 ml of 1%}
pancreatin in 0.05 M Tris (pH 8.5). The suspensions were
boiled and centrifuged, and the pellets were washed with 1 M
NaCl as previously described (DeLuca and Silbert, 1968).
The 1 M NaCl washing was added to the initial supernatant
from the boiled pancreatin incubation and dialyzed over-
night against several changes of water. The material
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FIGURE 1: Chromatography of standards on Sepharose 4B. Glycos-
aminoglycan and oligosaccharide standards were chromatographed
separately with Blue Dextran and Phenol Red as indicators on a
column of Sepharose 4B (1 X 60 cm). Columns were eluted with
0.1 M LiCl at a flow rate of 4 ml/hr and 1-ml fractions were col-
lected. Fractions were analyzed for the presence of uronic acid by
the carbazole method, and ¥, and V; were located by peak color
intensity of the Blue Dextran and Phenol Red. Results of separate
chromatograms are shown superimposed.

remaining with the dialysis tubing was assayed for radioac-
tivity. The labeled material that had been at the origins of the
chromatograms was generally recovered quantitatively within
the dialysis tubing, although there were occasional losses of
small amounts of radioactivity (less than 59 of the total).
(2) An alternative method involved solubilization by alkali
treatment. Origins were sequentially extracted for 18-hr
periods with water (at room temperature), 0.1 N NaOH (0-2°)
and 0.5 N~ NaOH (0-2°). Following alkali extraction the strips
were treated with pancreatin as above (37°). Any unextractable
material remaining on the paper after pancreatin treatment
was assayed directly with a gas flow counter.

Samples of [*S]glycosaminoglycan, [!‘Clglycosaminoglycan,
or [*Hlglycosaminoglycan were each placed together with stan-
dards of hyaluronic acid, chondroitin 4-sulfate, and tetra-
saccharide disulfate on a DEAE-cellulose column and eluted
with a logarithmic gradient of LiCl. (Elution was similar to
the method of Hurlbert et «f. (1954).) Aliquots of each fraction
were assayed for radioactivity and for the standard glycos-
aminoglycans. Selected fractions from the column were
pooled, desalted by gel filtration or dialysis, and lyophilized.

For reference purposes the relative molecular sizes of glycos-
aminoglycan standards and tetrasaccharide disulfate were
determined by chromatography on a Sepharose 4B column
(Figure 1) in a manner similar to that utilized by Wasteson
(1971) in identification of the size of chondroitin sulfate
chains. The standards obtained from Seikagaku Kogyo were
also compared with standards from Dr. M. Mathews.

For estimation of molecular size, most samples of labeled
glycosaminoglycan from lyophilized fractions of the DEAE-
cellulose column were chromatographed on Sepharose 4B
together with standard chondroitin 6-sulfate and markers of
Blue Dextran (¥,)2 and Phenol Red (7;).® The sizes of the

*Even though the Blue Dextran is partially included in relation to
hyaluronic acid (Figure 1), it was used to represent Vo for purposes of
convenience, Molecular size estimations are not affected since these
estimations are based on size relative to the various glvcosaminoglvean
standards and not relative to V.

3 Phenol Red was found in the same position as [#S]sulfate and is
considered to be an accurate representation of V7,
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FIGURE 2: Products of chondroitinase digestion of [#3S]glycosamino-
glycan. Samples of [**S]glycosaminoglycan formed at pH 6.5 and
7.8 as described under Experimental Procedures were each in-
cubated for 2 hr at 37° in a reacticn mixture containing 20 ul of
enriched Tris buffer (pH 8.0) (Saito er al., 1968), 0.12 mg of chon-
droitin 4-sulfate, 0.12 mg of chondroitin 6-sulfate, and 0.5 unit of
chondroitinase ABC in a total volume of 75 ul. Total reaction
mixtures were chromatographed and assayed as described under
Experimental Procedures: (A) the degradation products of [*S]-
glycosaminoglycan formed at pH 6.5; (B) the degradation products
of [**S]glvcosaminoglycan formed at pH 7.8.

smallest molecular weight samples were estimated by chroma-
tography on Sephadex G-13.

Samples of labeled glycosaminoglycan were incubated with
chondroitinase ABC or AC, together with carrier chon-
droitin 4-sulfate and chondroitin 6-sulfate, After incubation,
reaction mixtures were spotted on Whatman No. 1 paper and
chromatographed overnight in I-butanol-acetic acid-1 N
NH.OH (2:3:1) (Saito ef al., 1968). Disaccharide degradation
products of the carrier chondroitin 4-sulfate and chondroitin
6-sulfate (ADi-4S and ADI-6S) were located with ultraviolet
light. Strips of the chromatograms were eluted with water and
the eluates assayed for radioactivity. The identity of the radio-
active disaccharide products was confirmed by treatment with
chondro-4-sulfatase and chondro-6-sulfatase.

Uronic acid containing material was assayed by the Bitter
and Muir (1962) carbazole method. Radioactivity was deter-
mined with a low background (0.5 cpm) gas flow counter or
with a liquid scintillation counter.

Results

Incorporation into Endogenous Acceptors. [**S]Sulfate, [1*C]-
glucuronic acid, and N-[*HJacetylgalactosamine were incor-
porated into the microsomal fraction. Since the number
of counts per minute of [**S]sulfate incorporated was much
greater than the counts per minute of 1*C- or *H-labeled sugar
incorporated (due to the much higher specific activity of the
[*5S]sulfate), identification of the *S-labeled products could
be more detailed.

Incorporation of [*S]sulfate into microsomal acceptor
glycosaminoglycan at pH 6.5 was somewhat faster and greater
than that previously reported for incubation at pH 7.8 (De-
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TABLE 1: Characterization of Fractions from a DEAE-Cellulose
Chromatogram of [#S]Glycosaminoglycan.

Products

after Chon-

droitinase
[35S]Sulfate Digestion

M Approx 9 as % as

% of Av. ADi- ADi-
Fraction No. cpm total Mol Wt 4S 6S
(A) 20-27 580 1.3 2,000 40 60
(B) 28-33 1,300 2.8 5,000 37 63
(C) 34-36 535 1.2 37 63
(D) 37-40 845 1.8 8,000 32 68
(E) 41-44 1,650 3.6 36 64
(F) 45-48 4,175 9.1 16,000 27 73
(G) 49-54 13,000 28.1 21,000 41 59
(H) 55-64 14,700 31.9 28,000 29 71
D) 65-90 9,300 20.2 38,000 29 71

Total 46,085

Luca and Silbert, 1968). This may in part be due to an ob-
served greater stability of 3’-phosphoadenosine 5’-phospho-
sulfate at the lower pH. There was also a difference in the
amount of incorporation of [*3S]sulfate into chondroitin 4-
sulfate, Chondroitinase (either AC or ABC) treatment of
the product formed in incubation at pH 6.5 demonstrated
that 30-4097 of the [%S]sulfate incorporated was into the 4
position with the remainder incorporated into the 6 position,
while at pH 7.8, [**S]sulfate was incorporated only into the 6
position. This is shown in Figure 2. There were no disulfated
disaccharides such as ADi-4,6S found after chondroitinase
digestion of any of the chondroitin [*%S]sulfate preparations.
(Chondroitin sulfate containing galactosamine 4,6-disulfate
has been found in other tissues (Suzuki and Strominger,
1960b; Mathews and Decker, 1968; Suzuki er al., 1968).)
This indicates that the incorporation of sulfate into endog-
enous material was entirely onto nonsulfated galactosamine
in the endogenous glycosaminoglycan. The structures of the
sulfated disaccharides were confirmed by treating each with
the appropriate chondrosulfatase. Chondro-4-sulfatase de-
graded the [*S]ADi-4S, while chondro-6-sulfatase degraded
the [#S]ADI-6S.

Incorporation of ['‘Clglucuronic acid and N-[*H]acetyl-
galactosamine into microsomal acceptor glycosaminoglycan
was examined at pH 6.5 and 7.8. Insufficient material was ob-
tained with incubation at pH 7.8, so that all further work in-
volved the products obtained by incubation at pH 6.5.

Characterization of Acceptors by Charge and Charge Den-
sity. Figure 3 shows the pattern of elution from DEAE-cellu-
lose of [?3S]glycosaminoglycan, [!*Clglycosaminoglycan, and
[*H]glycosaminoglycan. Aliquots of fractions 40-64 from the
DEAE-cellulose chromatograms of [!*Clglycosaminoglycan
and [*H]glycosaminoglycan were quantitatively degraded by
chondroitinase, thus identifying this material as glycosamino-
glycan. The small amounts of radioactive material appearing
before fraction 30 were not modified by incubation with
chondroitinase, so this material did not appear to be related
to chondroitin sulfate and was not examined further. Results
of the DEAE-cellulose chromatography of [3*S]glycosamino-
glycan are summarized in Table I. [33S]Glycosaminoglycan
formed by longer incubations with 3’-phosphoadenosine 5'-
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FIGURE 3: Gradient elution of [33S]glycosaminoglycan, [1*Clglycos-
aminoglycan, and [*H]glycosaminoglycan from a DEAE-cellulose
column. Labeled glycosaminoglycan, formed as described under
Experimental Procedures, together with tetrasaccharide disulfate
(1 mg), hyaluronic acid (1 mg), and chondreitin 4-sulfate (6 mg),
were eluted from a column of DEAE-cellulose (1 X 5'¢cm) with a
LiCl logarithmic gradient. There were 125 ml of water in the mixing
flask and 1 m LiCl in the reservoir. Fractions of 2.5 ml were col-
lected and assayed for radioactivity. Standards were located by
uronic acid determinations.

phospho[3S]sulfate of higher concentration and lower spe-
cific activity showed an identical pattern.

Characterization of Acceptors by Size. Various fractions
from the DEAE-cellulose column chromatogram of [35S]-
glycosaminoglycan were examined by gel filtration to estab-
lish approximate molecular size (Figure 4). It can readily be
seen that there was a progressive increase in size of the [*S}-
glycosaminoglycan directly related to the position of elution
from the DEAE-cellulose column. Approximate molecular
sizes were determined by the positions of elution of the [335]-
glycosaminoglycan relative to the standards. This information
is shown in Table I. Size estimation relative to the position on
DEAE-cellulose chromatography was consistent with the
results described by Hallén (1972) for chromatography of
various chondroitin sulfate preparations on DEAE-cellulose.

The endogenous sulfate acceptor appeared to be predom-
inantly slightly smaller than the chondroitin 4-sulfate standard
whose average mol wt was given as 26,000. Thus, the largest
portion of this endogenous acceptor material could be esti-
mated to range in mol wt from ~15,000 to 30,000. There
appeared to be some material of larger size and less material
of smaller size; the smaller material was estimated by Seph-
arose filtration to range in mol wt from 2000 to 8000.

Since the relative position of [33S]glycosaminoglycan elution
from the DEAE-cellulose column was shown to be directly re-
lated to the size of the polysaccharide chain, it would therefore
indicate that there were no significant differences in the final
degree of sulfation (per galactosamine) of the chondroitin
[*S]sulfate. In particular, there was no indication of the pres-
ence of larger [#S]glycosaminoglycan of low sulfate content,
even after short incubations with pAdo-phospho[¢*S]sulfate of
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FIGURE 4: Chromatography of [**S]glycosaminoglycan {ractions on
Sepharose 4B. Aliquots of fractions from the DEAE-cellulose
column chromatogram (Figure 3, {#S]glycosaminoglycan) together
with standards of chondroitin 6-sulfate (1 mg), Blue Dextran. and
Phenol Red were chromatographed on a column of Sepharose 4B
(1 X 60 cm). For convenience of comparison, each aliquot taken
for chromatography contained the same amount of radioactivity
(150 cpm). Conditions of elution were identical with those described
in Figure 1. Fractions were assayed for radioactivity (@ —@) on a
low background gas flow counter, and for standard chondroitin
6-sulfate (X - - -X) by carbazole determination.

high specific activity. If low suifated high molecular weight
material had been present, it would have been eluted from the
DEAE-cellulose column before the standard chondroitin 4-
sulfate. However, all the material eluted before the chon-
droitin 4-sulfate standard was of smaller molecular size as
shown by Sepharose gel filtration.

Sepharose chromatography studies were performed on
pooled fractions 45-64 obtained from the DEAE-cellulose
chromatograms of [!“Clglycosaminoglycan and [3Hlgly-
cosaminoglycan. Results were similar to those found with
fractions 45-64 from the [*'S]glycosaminoglycan chromato-
gram,

Position of Sulfute. Fractions from the DEAE-cellulose
column of [*S]glycosaminoglycan were analyzed by chon-
droitinase digestion to determine the position of the sulfate
groups. The proportions of chondroitin 4-[3S]sulfate to
chondroitin 6-[#S]sulfate remained relatively constant through
all the fractions from the DEAE-cellulose column ranging
from 27 to 41 %, for chondroitin 4-sulfate and from 59 to 73 %7
for chondroitin 6-sulfate (Table 1). Thus, there was no differ-
ence in size between 4-[#’S]sulfate acceptors and 6-[**S]sulfate
acceptors, since the proportions of the two labeled chon-
droitin sulfates remained essentially constant for all sizes of
[#5S]glycosaminoglycan analyzed.

Alkali Extractability of Acceprors. Results of a representa-
tive alkali extraction of [®3S]glycosaminoglycan from the
origin of a paper chromatogram of an incubation mixture are
shown in Table I1. Almost all of the sulfated material could be
separated from the microsomal preparations by 0.1 N NaOH.
The small amount of the [#5S]glycosaminoglycan remaining on
the paper after treatment with 0.1 ¥~ NaOH could not be ex-
tracted with 0.5 N NaOH, but was extractable with pan-
creatin, Further identification of the material which could not
be extracted with alkali was not attempted due to insufficient
amounts. In this experiment, >90 % of the ['*Clglycosamino-
glycan and [*H]glycosaminoglycan was extractable with 0.1 N
NaOH.
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TABLE 11: Extractability of [**S]Glycosaminoglycan.

[#38]Glycosaminoglycan

Extracted
Method of Extraction cpm % of Total
H,O 30 4.5
0.1 ~ NaOH 600 87.5
0.5 ~ NaOH 5 0.7
Pancreatin 45 6.6
Remainder after extractions 5 0.7

Samples of [**S]glycosaminoglycan, [*‘Clglycosamino-
glycan, and [*Hlglycosaminoglycan solubilized by alkali
rather than pancreatin were also chromatographed on DEAE-
cellulose and Sepharose 4B. Results were similar to the chro-
matograms of pancreatin-solubilized glycoaminoglycans.
Furthermore, aliquots of several fractions from the DEAE-
cellulose column of pancreatin-solubilized [#*S]glycosamino-
glycan were treated with alkali and chromatographed on
Sepharose 4B. Results indicated that the size was not affected
by this treatment.

Discussion

The DEAE-cellulose and Sepharose chromatography data
presented in this paper indicate that there is an absence of
nonsulfated polysaccharide chains in the microsomal prep-
aration. This would indicate that the observed sulfate in-
corporation (both 4-sulfate and 6-sulfate) was onto an oc-
casional nonsulfated galactosamine in a predominantly
sulfated chain. Since some of these sulfated chains were shown
to be of relatively short length and presumably are incom-
pletely polymerized chondroitin sulfate, it would suggest that
sulfation might take place during chain elongation with an
occasional galactosamine being missed. This mechanism
would require a similar intracellular location for polymeriza-
tion and sulfation.

The amount of endogenous [?:S]glycosaminoglycan of var-
ious molecular sizes is not necessarily a true indication of the
relative proportions of different sized endogenous polysac-
charide in the microsomal preparation. Completely sulfated
chains would not be seen since [?*S]sulfate could only be in-
corporated where the sulfation of the acceptor had been in-
complete. However, it would appear from the data on the in-
corporation of [1*Clglucuronic acid and N-[*H]acetylgalactos-
amine into the same or similar acceptors that the amount of
small sized polysaccharide chains in the microsomal prepara-
tion (including those that might already be fully sulfated prior
to incubation with pAdo-phospho[#S]sulfate) is small in pro-
portion to the amount of larger sized material.

Most of the microsomally bound radioactive glycosamino-
glycan was found to be solubilized by alkali as well as by
pancreatin, suggesting that the predominant linkage to pro-
tein is probably similar to the xylosyl-serine linkage found in
chondroitin sulfate obtained from extracellular connective
tissue. Although it remains to be proven, it seems reasonabile
to suggest that this linkage is identical with the extracellular
proteoglycan link and the endogenous acceptors are indeed
linked to protein by means of a galactosyl-galactosyl-xylosyl-
serine “‘bridge.” The linkage of the small amount of micro-
somal material that was not extractable with alkali is un-
known, as is the relationship of this material to alkali stable
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extracellular chondromucoproteins that have been found in
other cartilage preparations (Lyons and Singer, 1971).
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