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ABSTRACT We report the identification and DNA se-
quence of a chondroitin sulfate proteoglycan core protein
cDNA. A cDNA clone, pPG1, was selected from a rat yolk sac
tumor poly(A)+ RNA-derived cDNA library by using synthetic
oligonucleotides predicted from the NH2-terminal peptide se-
quence of the mature chondroitin sulfate proteoglycan. The
resulting sequence analysis demonstrated that the 874-base-
pair pPGl clone contained the complete coding region of the
mature proteoglycan core protein as well as 5' and 3' flanking
sequences. The 104 amino acid proteoglycan core protein se-
quence reveals that the core protein is composed of three re-
gions, the most striking of which is the central 49 amino acid
region composed of alternating serine and glycine residues.
This region clearly functions as the acceptor site for the attach-
ment of chondroitin sulfate side chains. The serine-glycine re-
peat region is flanked by a 14 amino acid NH2-terminal region
identical to the NH2-terminal sequence of the proteoglycan ob-
tained by amino acid sequencing and a 41 amino acid COOH-
terminal region. RNA transfer blot hybridizations of poly(A)+
mRNA from rat yolk sac tumor cells with nick-translated
pPGl reveal a single mRNA of =13OO nucleotides. The possi-
bility of detecting mRNAs and genomic sequences for other
proteoglycans with a serine-glycine repeat by using this cDNA
clone is discussed.

Proteoglycans composed of a core protein and multiple gly-
cosaminoglycan chains covalently attached to it serve as
structural components of various extracellular matrices and
basement membranes (reviewed in ref. 1). Proteoglycans are
also present at cell surfaces (2-6), interact with other extra-
cellular matrix proteins (7-10), and are thought to be in-
volved in cellular adhesion (11). Relatively little is known
about the structure and functions of the various proteogly-
cans. However, it has become clear that there are several
different core proteins for each major type of proteoglycan
and that different cell types express different proteoglycans
(1, 4, 6, 12, 13). In addition, there may be differences in pro-
teoglycan expression between normal and neoplastic cells
(14-16).
Understanding the functions of proteoglycans will require

more information about their core protein structure. Howev-
er, both biochemical and immunological approaches have
been exceedingly difficult due to the presence of the abun-
dant and heterogeneous glycosaminoglycan side chains and
poor immunogenicity of proteoglycans. Recombinant DNA
methods offer a solution to these difficulties by allowing the
identification and sequencing of specific proteoglycan
mRNAs and genes and, in turn, providing information on
amino acid sequence and peptide structure.
We have taken this molecular approach to study a rat yolk

sac tumor chondroitin sulfate proteoglycan (17). This pro-
teoglycan interacts with collagen, fibronectin (18), and vi-

tronectin (19) and is capable of inhibiting cell adhesion (20).
We describe here the isolation and sequencing of the pro-
teoglycan cDNA. Analysis of the cDNA provides informa-
tion regarding the extended amino acid sequence and pri-
mary structure of a proteoglycan core protein.

MATERIALS AND METHODS

Cell Lines. Rat L2 yolk sac tumor cells (21) and rat hepato-
ma 7777 cells (22) were cultured in Dulbecco's modified Ea-
gle's medium (Flow Laboratories) supplemented with 10o
fetal bovine serum.
Amino Acid Sequencing. Edman degradation of purified

proteoglycan was performed with the Applied Biosystems
(Foster City, CA) model 470A gas-phase sequencer using the
trifluoroacetic acid chemistry provided by the manufacturer.
The phenylthiohydantoin amino acids were identified and
quantitated by using the Perkin-Elmer series 3B HPLC and
ultraviolet detection.

Isolation of Poly(A)+ mRNA. RNA was extracted from L2
and 7777 cells by the guanidinium isothiocyanate procedure
(23). Poly(A)' RNA was isolated from total RNA prepara-
tions by chromatography on oligo(dT)-cellulose (Collabora-
tive Research, Waltham, MA) (24).

Synthesis of cDNA. Double-stranded cDNA was synthe-
sized by using oligo(dT) (P-L Biochemicals) for priming first
strand synthesis. Avian myeloblastosis virus reverse tran-
scriptase (Life Sciences, St. Petersburg, FL) was used for
synthesis of both strands (25). S1 nuclease-treated cDNA
was ultracentrifuged on a 5-20% sucrose gradient and cDNA
between 600 and 4000 base pairs (bp) was collected for dC-
tailing. Poly(dC)-tailing of the 3' cDNA termini was done by
using terminal deoxynucleotidyl transferase (New England
Nuclear). The dC-tailed cDNA was annealed to Pst I-re-
stricted dG-tailed pBR322 (New England Nuclear) (26) and
used to transform Escherichia coli K-12 strain MM294 (en-
dol rkMj Blpro-) by the procedure of Kushner (27).

Synthesis of Mixed Oligonucleotides. Oligonucleotides
were synthesized by the solid-phase phosphotriester method
as described (28, 29). The oligonucleotides were purified by
HPLC (30) on an RP-C18 reversed phase column (Bio-Rad).
Radiolabeled oligonucleotides were prepared by the 5' addi-
tion of 32p using [-32P]ATP (3000 Ci/,umol; 1 Ci = 37 GBq;
New England Nuclear) and T4 polynucleotide kinase (New
England Nuclear) (29).

Screening of cDNA Clones. Recombinant cDNA clones
were selected on LB agar plates supplemented with 12.5 ,ug
of tetracycline per ml. Nitrocellulose replicas of the cDNA
library were prepared and replica clones were screened by in
situ hybridization with 32P-labeled mixed oligonucleotides
(29, 31).

Plasmid DNAs prepared as described (32) from clones hy-
bridizing with the probe oligonucleotides were further
screened and insert size was determined by Southern hybrid-

Abbreviation: bp, base pair(s).
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ization (33) following restriction with Pst I (Bethesda Re-
search Laboratories) and separation by agarose electropho-
resis.

Hybridizations with ONT 17-1, ONT 17-2, and ONT 11
were carried out at 400C, 420C, and 220C, respectively, as
described (29).
Nudeotide Sequence Analysis. Plasmid cDNA inserts were

cloned into the Pst I site of M13mp9 (34). Clones represent-
ing opposite cDNA orientations were selected by phage hy-
bridization (C test) (35). Non-random BAL-31 exonuclease
(New England Nuclear) deletion libraries from each orienta-
tion were prepared as described by Poncz et al. (36). Se-
quence analysis was performed by the dideoxy nucleotide
chain-termination procedure of Sanger et al. (37) using de-
oxyadenosine 5'-[a-[35S]thio]triphosphate and a 17-nucleo-
tide universal primer (P-L Biochemicals). DNA samples
were electrophoresed on 6% acrylamide ion gradient gels
(38). Data analysis was performed by using the Staden (39)
DB system sequence analysis program.
RNA Transfer Blots. RNA nitrocellulose transfer blots and

hybridization were done as described by Thomas (40) follow-
ing electrophoresis of glyoxal-denatured poly(A)+ RNA on
1.2% agarose gels. Approximately 10 ,g of poly(A)+ RNA
was applied per lane. Plasmid DNA containing the appropri-
ate cDNA insert was labeled by nick-translation using
[32P]dCTP and a nick-translation kit (Bethesda Research
Laboratories). The RNA was hybridized with nick-translat-
ed [a-32P]DNA at 420C in the presence of 50% formamide.
Denatured Hae III restriction fragments of 4X174 (Bethesda
Research Laboratories) were used as size markers. 4X174
Hae III fragments were visualized by staining that part of the
gel containing the size markers with acridine orange (30
pg/ml).

RESULTS
NH2-Terminal Amino Acid Sequence of Rat Yolk Sac Tu-

mor Proteoglycan and Choice of Oligonucleotides. A single
NH2-terminal amino acid sequence with a calculated initial
yield of 57% based on protein assay was obtained for the
yolk sac tumor proteoglycan (Fig. 1). Three oligonucleo-
tides, two 17-mer mixed probes and one mixed 11-mer probe
ending in A-G or T-C, were synthesized based on the protein
sequence as shown in Fig. 1.

Selection of cDNA Clones. A cDNA library containing
-35,000 clones was prepared from L2 poly(A)+ RNA and
screened by in situ colony hybridization and Southern blot
hybridization using the mixed 17-mer oligonucleotides ONT
17-1 and ONT 17-2 shown in Fig. 1. Six clones were selected
based on hybridization with either of the oligonucleotides.
These clones were further analyzed by Southern hybridiza-
tion of Pst I-restricted purified plasmid DNA to the oligonu-
cleotides ONT 17-2 and ONT 11 (Fig. 2). Plasmid DNA from

A
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FIG. 2. Identification of yolk sac tumor proteoglycan cDNA
clones and determination of insert size. Southern hybridization of
plasmid DNA restricted with Pst I was performed by using ONT 11
(A) and ONT 17-2 (B). Lanes 1, pPG7 hybridizes with ONT 17-2
only; lanes 2, pPG8 hybridizes with ONT 17-1 only and is negative
with both of the probes used here; lanes 3, pPG6; lanes 4, pPG1;
lanes 5, pPG2; lanes 6, pPG3. Taq I fragments of pBR322 (indicated
as number of bp) were used as size markers.

4 clones hybridized with both ONT 17-2 and ONT 11, where-
as 2 clones hybridized with either ONT 17-1 (not shown) or
ONT 17-2 alone (Fig. 2). Of the 4 clones with cDNA inserts
hybridizing with both ONT 17-2 and ONT 11, the clone with
the largest cDNA insert, pPG1 (lane 4), was selected for
DNA sequencing.
DNA Sequence of pPG1 cDNA. DNA sequencing of both

strands of pPG1 was carried out by the dideoxynucleotide
chain-termination method. The 874-bp DNA sequence and
inferred amino acid sequence are shown in Fig. 3. The ma-
ture proteoglycan sequence is contained within the pPG1
cDNA starting 152 nucleotides from the 5' end of pPG1 and
terminating at position 463. The most distinctive feature of
the cDNA coding sequence is a region coding for 25 serine
residues alternating with 24 glycine residues. This region fol-
lows the 14 amino acid NH2-terminal coding region. The re-
maining sequence codes for an additional 41 amino acids.

In addition to the proteoglycan coding region, pPG1 con-
tains both 5' and 3' flanking sequences. The 5' flanking re-
gion has an open reading frame continuous with that of the
proteoglycan coding region. This region does not have a rec-
ognizable signal sequence but does have two ATG codons,
one immediately preceding the NH2-terminal arginine of the

NH2-terminal amino acid sequence

Ol igonucleotide
sequences

ONT 17-19-2 ONT 11
Arg Gly Phe Pro Asn Asp Phe Phe Pro Ile X Asp Asp Tyr Ser Gly X Gly X

ONT 17-1 T T AC T AAAAGAAAGG GIT AG G G G i

ONT 17-2 T T G C T G G G G T A

ONT 11 C T A C T A A T AGG G GT

FIG. 1. NH2-terminal amino acid sequence of yolk sac tumor chondroitin sulfate proteoglycan and oligonucleotide probes based on the
amino acid sequence are shown. Blank positions in the amino acid sequence analysis are indicated by an X. Synthetic oligonucleotides 17 and 11
nucleotides in length were derived from the two segments of the NH2-terminal sequence indicated. Boxes indicate differences in sequence
between ONT 17-1 and ONT 17-2 at position 15 and in the terminal dinucleotides of ONT 11.
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5'- (G)1 3AGGTTATCCTGCTCGGAGAG

40 60 8O 100 120

CCAGGTACCAATGGGTCCGCTGTAAACCAGATGGCATTTTTGCAAACTGCATTGAGGAGAAAGGACCACGGTTCGACCTAATAGCAGAGGAATCCAACG;TGGCCCCCCGATG

140 160 180 200
ACCGATCCTGTTTTGATG AGA GGA TTC CCG AAT GAT TTC TTC CCC ATT TCT GAT GAC TAT TCT GGC TCC GGC TCC

Arg Gly Phe Pro Asn Asp Phe Phe Pro Ile Ser Asp Asp Tyr Ser Gly Ser Gly Ser

220 240 260

GGC TCT GGC TCT GGC TCT GGC TCC GGC TCT GGC TCT GGC TCT GGC TCC GGC TCA GGT TCC GGC TCC GGT
Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Spr Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly
280 300 320 340

TCC GGT TCT GGC TCT GGC TCG GGT TCT GGC TCC GGC TCG GGC TCT GGC TCA GGA AGC GGC TCC CTA GCT
Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Gly Ser Leu Ala

360 380 400

GAC ATG GAA TGG GAA TAC CAG CCA ACA GAT GAA AAC AAT ATT GTC TAT TTC AAC TAT GGG CCT TTT GAT
Asp Met Glu Trp Glu Tyr Gln Pro Thr Asp Glu Asn Asn Ile Val Tyr Phe Asn Tyr Gly Pro Phe Asp

420 440 460 480

AGG ATG CTC ACC GAG CAA AAC CAA GAA CAA CCA GGA GAT TTT ATT ATA TGAAAGTAACCGTCTGTTTCCCCACCTCCACAT
Arg Met Leu Thr Glu Gln Asn Gln Glu Gln Pro Gly Asp Phe Ile Ile ***

500 520 540 560 580 600

GAAACAATGTGTTCAGTATACTTTGTGTACCACGTTTAAATGAGCAGTCTCAGGATAAGTTTTACAGAAAATTTAAAATGCTTG'GAAAAGACTCTTGAATCCTGTTACCCCTT
620

740

840

640 660

760

680

780

700

800

720

820

860

AGTGGCCTCCTACCGTGGCTATGTGATGTGGTTTAAAAA(C)15-3'

FIG. 3. DNA sequence and inferred amino acid sequence of yolk sac tumor proteoglycan cDNA pPG1. DNA sequencing of both strands of
the 874-bp pPG1 cDNA was performed by the dideoxynucleotide chain-termination method on selected BAL-31 exonuclease deletion sub-
clones cloned in M13mp9. Amino acid sequence of the mature proteoglycan core protein inferred from the cDNA is also shown beginning with
the NH2-terminal arginine as residue 1. The termination codon is indicated by ***. A polyadenylylation signal sequence is shown underlined.

mature proteoglycan. It is unclear whether the NH2-terminal
ATG is an initiation site or if additional 5' sequences not
contained in pPG1 have both initiation and signal sequences.
The 3' 408-bp noncoding region is characterized by five ter-
minal adenine nucleotides and a polyadenylylation signal se-
quence (A-A-T-A-A-A) 44 bp from the presumed poly(A)
tail.
RNA Transfer Blot Analysis of Poly(A)+ mRNA. pPG1 was

32P-labeled by nick-translation and used to probe RNA
transfer blots of poly(A)+ mRNA from L2 and 7777 cells.
Labeled pPG1 hybridized to a single L2 poly(A)+ mRNA
band of =1300 nucleotides (Fig. 4, lane 1). No hybridizing
mRNA was detected in poly(A)+ mRNA from rat hepatoma
7777 cells (Fig. 4, lane 2). Rat hepatoma 7777 cells produce a
heparan sulfate proteoglycan distinct from L2 chondroitin
sulfate proteoglycan (41).

DISCUSSION
We have identified and sequenced a rat chondroitin sulfate
proteoglycan cDNA. The selection of the cDNA clone pPG1
from a cDNA library prepared from L2 rat yolk sac tumor
poly(A)+ mRNA was accomplished by using oligonucleotides
derived from two regions of the NH2-terminal protein se-
quence of the L2 proteoglycan. It is worth pointing out here
that the use of oligonucleotides from two different parts of
the NH2-terminal amino acid sequence was essential for the

identification of the desired cDNA clones. We obtained sev-
eral clones that hybridized with one or the other of the 17-
mer oligonucleotides but not the 11-mer. One of these clones
was partially sequenced. The resulting sequence did not
have complete homology with the appropriate 17-mer probe
and did not code for the NH2-terminal peptide sequence of
the proteoglycan (unpublished results).
The amino acid sequence inferred from the pPG1 proteo-

glycan cDNA clone reveals the complete primary structure
of the mature proteoglycan, which has a number of interest-
ing features. The proteoglycan coding region identified on
the basis of inferred amino acid sequence homology with the
proteoglycan NH2-terminal amino acid sequence codes for a
104 amino acid core protein with a calculated molecular
weight of 10,190.
The amino acid sequence of the core protein contains

three structural regions beginning with a 14 amino acid NH2-
terminal region followed by a 49 amino acid senne-glycine
repeat region and a 41 amino acid COOH-terminal region.
The functions of the NH2- and COOH-terminal regions are
unknown, although it is possible that they play a role in de-
termining interactions between the proteoglycan and both
cell surfaces and extracellular molecules.
The function of the serine-glycine repeat in the middle of

the molecule clearly is to serve as the recognition and accep-
tor site for the attachment of chondroitin sulfate side chains.
The attachment of glycosamninoglycan chains onto proteo-
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FIG. 4. RNA transfer hybridization of poly(A)+ RNA using 32P-
labeled nick-translated pPG1. Glyoxal-denatured rat L2 yolk sac tu-
mor (lane 1) and rat hepatoma 7777 (lane 2) poly(A)+ RNA (10 Pg)
was electrophoresed through a 1.2% agarose gel, blotted onto nitro-
cellulose, and hybridized with 32P-labeled pPG1 at 420C in the pres-
ence of 50% formamide. Glyoxal-denatured 4X174 Hae III frag-
ments (indicated as number of nucleotides) were used as size mark-
ers.

glycan core proteins is accomplished via O-glycosyl linkage
to serine (42), and all but one of the serines coded for by
pPG1 are contained within the serine-glycine repeat. More-
over, it is known that glycine residues are also involved in
glycosaminoglycan attachment, since glycine is abundant in
proteoglycans (12, 17) and synthetic peptides containing ser-
ine and glycine can serve as acceptors for glycosamino-
glycan chain initiation (43). The extent of serine O-glycosyla-
tion in the L2 proteoglycan has been estimated to be near
60% (17), indicating that at least 14 of the serine residues of
the core protein bear a chondroitin sulfate chain.
The structure of the serine-glycine region closely parallels

that predicted by Robinson et al. (44) for the heparin attach-
ment region of a rat heparin proteoglycan, indicating that the
serine-glycine repeat may be a general feature of at least a
subset of proteoglycans. In their study, Robinson et al. (44)
found that the Pronase-resistant heparin attachment region
contained only the amino acids serine and glycine and pro-
posed a model in which 15-20 serine residues alternate with
glycine residues, with heparin chains attached to at least 2 of
every 3 serines. It would appear that at least two proteogly-
cans, the heparin one and our rat yolk sac tumor proteogly-
can, have identical or nearly identical glycosaminoglycan at-
tachment regions. Since the codon usage for serine and gly-
cine is quite restricted in the pPG1 cDNA, with 81% of the
serine residues being coded for by two of six possible codons
and 70% of the glycine residues being coded for by one of
four possible codons, it is possible that the pPG1 cDNA
could also hybridize to the mRNA and gene of the heparin
proteoglycan and perhaps even to those of other proteogly-
cans.

In addition to chondroitin sulfate side chains, many pro-

teoglycans have 0- and N-linked oligosaccharides (1). These
oligosaccharide chains are linked to the proteoglycan
through either threonine (serine) O-glycosyl or asparagine
N-glycosyl acceptor recognition sequences (45). An exami-
nation of the L2 proteoglycan amino acid sequence does not
reveal any asparagine oligosaccharide acceptor sites that
have the sequence X-asparagine-Y-serine (45).
The mRNA sequence 5' of the NH2 terminus ofthe mature

proteoglycan coding sequence is in an open reading frame
continuous with that of the mature proteoglycan coding re-
gion. Although there is no direct evidence that it is translat-
ed, the possibility remains that the region does code for a
segment present in a proteoglycan precursor. This possibili-
ty seems somewhat unlikely, since there is a potential initia-
tion codon immediately preceding the codon for the NH2-
terminal arginine residue of the core protein. However, if the
core protein is synthesized in the form in which it appears
extracellularly, it would be lacking a signal peptide sequence
(46). It is unusual, but not unprecedented, for a secreted or
membrane protein not to have a signal sequence (ref. 47; re-
viewed in ref. 48). The 5' flanking region contained in the
pPG1 cDNA clone does not have a recognizable signal pep-
tide sequence, but since the cDNA is smaller by about 425
bp than the mRNA there could be a signal sequence in the
mRNA not covered by our cDNA clone. Taking into account
the probable length of the poly(A) tract (150-200 bp; ref. 49)
that is not represented in our cDNA, the remaining 5' se-
quence could be about 150-200 bp long. It is also possible
that the biosynthetic pathways for proteoglycans are gov-
erned by structural rules different from those operating in
other proteins and that no signal peptide is necessary for pro-
teoglycan processing.
The identification and sequencing of the cDNA for the rat

yolk sac tumor proteoglycan core protein provides a valu-
able tool for the further understanding of the biosynthesis of
proteoglycans and the structure of their core proteins and
genes. In addition, the inferred amino acid sequence pro-
vides the possibility of using synthetic peptides for generat-
ing high-titer specific proteoglycan antisera not presently
available. Such antisera would be very useful in biochemical
studies of proteoglycan core protein synthesis and process-
ing.
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