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ABSTRACT The core protein of a small chondroitin/der-
matan sulfate proteoglycan expressed by human fibroblasts
and present in extracellular matrices in association with
collagen has been cloned from a Xgtll fibroblast cDNA library.
cDNA clones were isolated by use of antibodies specific for the
intact proteoglycan and antibodies against a peptide synthe-
sized on the basis of the amino-terminal sequence of the core
protein. A 1.8-kilobase cDNA was found to code for a prepro
core protein composed of a signal peptide, a propeptide, and a
mature core protein of 329 amino acids. The amino-terminal
amino acid sequence deduced from the cDNA sequence was
identical to that previously obtained by protein sequencing.
The core protein contains three Ser-Gly dipeptide sequences, of
which one is substituted with glycosaminoglycan. A protein
data base homology search established the core protein se-
quence is a unique sequence distinct from published amino acid
sequences. RNA blot hybridizations, performed using the
cloned cDNA as a probe, revealed two related transcripts of 1.6
and 1.9 kilobases in RNA from both human fibroblast and
placental tissue. Hybridization of genomic DNA restriction
fragments suggested that there is one gene for the core protein
of this proteoglycan and possibly one other closely related gene.
Availability of the cloned cDNA for the proteoglycan now
makes it possible to apply methods of molecular biology to
study the collagen-binding and cell attachment-inhibiting prop-
erties of this proteoglycan.

Proteoglycans are abundant molecules in extracellular ma-
trices, in basement membranes, and at cell surfaces (1, 2).
They exist in many different forms, some of which are tissue-
or cell-type specific (1, 2). The structural relationships and
functional properties of proteoglycans are poorly under-
stood. This is mostly due to a lack of detailed structural
information about the core proteins which primarily deter-
mine the specific properties of a proteoglycan.
A small chondroitin/dermatan sulfate proteoglycan, or

group of proteoglycans, is of particular interest due to its
abundance and functional properties. This proteoglycan is
the major sulfated product of fibroblasts and is abundant in
the extracellular matrices of connective tissues (2). It binds
to type I collagen, affecting fibril formation (3, 4), and inhibits
the cell attachment-promoting activity of collagen and fibro-
nectin by binding to these molecules near their cell-binding
site (5). At least the binding to collagen appears to be
mediated by the core protein, since treatment of the
proteoglycan with chondroitinase, which removes most of
the glycosaminoglycan, does not eliminate the binding to
collagen (ref. 4 and unpublished results).

This proteoglycan has a core protein of Mr 38,000 and
usually carries one glycosaminoglycan chain (2, 6, 7). It is not
known whether the core protein is a single protein or whether
it might consist of a family of closely related molecules.
Recent work on bovine cartilage proteoglycans suggests that

at least two core protein species are present in this type of
proteoglycan (8). To gain more information about the core
protein structure, we have turned to cDNA cloning.

In this report, we describe the cloning and sequencing of
the cDNA encoding the core protein of the major chondro-
itin/dermatan sulfate proteoglycan produced by human fi-
broblasts. We call the proteoglycan PG40 to denote the
molecular weight of its core protein precursor. The amino
acid sequence of PG40 deduced from the cDNA is quite
different from the other known amino acid sequence for an
extracellular matrix proteoglycan, that from a rat yolk sac
tumor (9). DNA and RNA blot hybridization analyses indi-
cate that no more than two genes code for PG40 and
proteoglycans closely related to it.

METHODS
Construction of Agtll cDNA Library. RNA was extracted

from human embryonic fibroblast cell line IMR-90 by the
guanidinium isothiocyanate method (10) and poly(A)+ RNA
was isolated by chromatography on oligo(dT)-cellulose (11).
Synthesis of the first cDNA strand was carried out using
oligo(dT) as a primer for reverse transcription (12), and
second-strand synthesis was carried out using ribonuclease H
and DNA polymerase I (13). The double-stranded cDNA was
made blunt-ended with nuclease S1, and endogenous EcoRI
sites were protected with EcoRI methylase (12). EcoRI
linkers were ligated to cDNA by use of bacteriophage T4
DNA ligase. After EcoRI digestion, cDNA was size-fraction-
ated on Sepharose 4B, and cDNA larger than 0.5 kilobases
(kb) was used for ligation to Xgt1l arms previously restricted
with EcoRI and treated with calf intestinal alkaline phospha-
tase (12). Phage DNA was packaged using the Packagene
System (Promega Biotec, Madison, WI).
One nanogram ofcDNA produced 7000 recombinants, and

the library comprised 1.3 x 106 independent recombinants.
Before amplification of the library in Escherichia coli Y1090
r-m (Promega Biotec), the recombinants accounted for
more than 90% of the total phage. By immunological selec-
tion using various antibodies, 28 recombinants have been
isolated from the library so far, and the average length of the
inserts has been 1.2 kb.

Immunological Screening of Phage Library. A rabbit anti-
serum, which was raised against PG40 isolated from human
fetal membranes and reactive with the main proteoglycan of
cultured fibroblasts (6), was absorbed with E. coli Y1089
lysogen lysate as well as with human fibronectin and serum
proteins coupled to Sepharose. Antibodies were affinity-
purified on a column of fetal membrane proteoglycan coupled
to Sepharose. These affinity-purified antibodies were used to
screen 150,000 recombinants by the plaque method described
by Young and Davis (14). Peroxidase-labeled goat anti-rabbit
IgG second antibody (Bio-Rad) was used to visualize positive
plaques. The identity of the isolated clones was confirmed by
using a peptide antiserum raised against the amino-terminal

Abbreviation: kb, kilobase(s).

7683

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



7684 Biochemistry: Krusius and Ruoslahti

peptide Asp-Glu-Ala-Ser-Gly-Ile-Gly-Pro-Glu-Val-Pro-Asp-
Asp-Arg-Asp (6) of the proteoglycan. The peptide antiserum
was absorbed with human serum proteins coupled to Seph-
arose and with bacteria. Antibodies were affinity-purified on
a peptide-Sepharose column. Details of the production and
reactivity of this antiserum will be published elsewhere.

Subcloning and DNA Sequencing. cDNA inserts, isolated
by EcoRI digestion of recombinant phage DNA followed by
preparative electrophoresis in agarose (12), were subcloned
into pGEM1 vector and M13mp19 phage (12). Recombinant
plasmids were isolated by the alkaline-lysis method (15). M13
deletion libraries of both strands of the inserts were con-
structed by the single-stranded M13 method of Dale et al.
(16), using a kit from International Biotechnologies (New
Haven, CT). Sequencing of the M13 deletion mutants was
performed by the dideoxynucleotide chain-termination pro-
cedures of Sanger et al. (17), using deoxyadenosine 5'-[a-
[35S]thio]triphosphate as a tracer. cDNA sequences not
found in the deletion libraries were sequenced by the
dideoxynucleotide chain-termination method, using oligonu-
cleotide primers which were synthesized, on the basis of the
preceding sequences, with an Applied Biosystems (Foster
City, CA) DNA synthesizer. Because of an interfering
compression in the sequencing gel, a Xho II-Pvu II fragment
(from base 312 to base 501) was also sequenced by the Maxam
and Gilbert method (18). Homology searches were done
utilizing the BIONET system of Intelligenetics (Palo Alto,
CA) and the MicroGenie program supplied by Beckman.
RNA and DNA Blot Analysis. Total RNA or poly(A)+ RNA

isolated from cultured cells or from human placenta as
described above was fractionated in 0.8% agarose/2.2 M
formaldehyde gels, transferred to nitrocellulose filters, and
hybridized with radioactively labeled probes (19). Hybrid-
ization was at 520C in the presence of 50% formamide (19).
Final washings were carried out at 680C using 0.2 x
SSC/0.1% NaDodSO4. (lx SSC is 0.15 M NaCl/0.015 M
sodium citrate.)
Genomic DNA was isolated from human placenta (20),

digested with restriction enzyme, fractionated in 0.8%
agarose gel, and transferred to nitrocellulose filters (21).
Hybridization ofDNA blots was performed as described for
RNA blots, but hybridization was carried out at 42°C or 48°C,
and washings were done at 52°C or 68°C (low- and high-
stringency conditions, respectively).

Restriction fragments were labeled directly in low-melting-
point agarose by using random oligonucleotide primers,
according to Feinberg and Vogelstein (22), and a kit from
Pharmacia.

RESULTS
Isolation of cDNA Clones for PG40 Core Protein. To select

a cell line suitable for the preparation of mRNA coding for
PG40 core protein, supernatants from several fibroblast lines
were examined, by immunoprecipitation with specific anti-
bodies, for their production of the proteoglycan. PG40 was
one of the major secreted proteins in IMR-90 human embry-
onal fibroblast cultures, containing up to 2.5% of all the
radioactive methionine incorporated into secreted proteins
from these cells. The IMR-90 cells were, therefore, used as
the source ofRNA for a cDNA library, which was prepared
in the expression vector Xgtll. Screening of this library with
affinity-purified antibodies against the proteoglycan pro-
duced a number of positive clones. The clones were purified
through secondary and tertiary screenings, and 15 clones
were isolated from single plaques. Six of these clones were
also positive when tested with affinity-purified antibodies
against the amino-terminal peptide of PG40. The insert size
of these clones varied from 0.8 kb to 2.0 kb.

The clone with the largest insert (clone SE, 2.0 kb) was
chosen for sequence analysis. The insert contained two
endogenous EcoRI sites resulting in one EcoRI fragment of
1.8 kb and two smaller fragments, each about 0.15 kb. The
1.8-kb fragment contained the entire coding sequence of the
proteoglycan. The two 0.15-kb fragments were found to be
located in tandem at the 3' end of the cDNA. RNA blot
hybridizations revealed that these fragments did not hybrid-
ize with the core protein transcript, and they were, therefore,
not studied further.
cDNA Sequence and Inferred Amino Acid Sequence of PG40

Core Protein. The sequencing strategy and the restriction
map of the 1.8-kb insert are shown in Fig. 1. The complete
sequence of the cDNA was established by sequencing both
strands. Fig. 2 shows the cDNA sequence and the inferred
amino acid sequence. The cDNA is 1778 nucleotides long and
includes the complete coding region, 5' and 3' flanking
sequences, and the EcoRI linkers. Only one open reading
frame adequate to code for the core protein is present. This
reading frame codes for 359 amino acids corresponding to a
protein with a molecular weight of 39,739. The initiation site
for translation is defined by an AUG codon and the presence
of three upstream stop codons in the same reading frame.
The amino acid sequence inferred from the cDNA starts

with a hydrophobic peptide of 16 residues that has features of
a typical signal peptide (24). Both the nucleotide sequence
upstream from the translational initiation site and the amino
acid sequence in the region around the possible signal-
peptidase cleavage site are in good agreement with the
published consensus sequences for such regions (25, 26). An
apparent propeptide precedes the amino-terminal amino acid
sequence of the mature core protein. The sequence deduced
from the cDNA is identical to that previously obtained by
protein sequencing for the amino terminus (6), confirming the
identity of the cDNA clone. The mature core protein is
composed of 329 amino acids and has a molecular weight of
36,319.
The 3' flanking sequence of the insert in clone 5E is 0.6 kb

long but does not extend to a poly(A)+ tail. However, a
consensus termination and polyadenylylation sequence
(AATAAA) is present 63 bases downstream from the A of the
stop codon. An AATATA sequence, which in some rare
cases serves as a polyadenylylation signal (27), occurs twice
(bases 1193-1198 and 1222-1227) downstream from the
AATAAA sequence. Furthermore, a CACTG sequence
(bases 1374-1378) and a TTCAA sequence (bases 1448-
1452), both of which have been proposed to have a role in the
formation of the 3' terminus of mRNA (28-30) are present
downstream from the possible polyadenylylation signals.
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FIG. 1. Composite restriction endonuclease map and sequencing
strategy ofcDNA clone 5E coding for the core protein of PG40. The
sequences of the coding and noncoding regions are indicated by the
solid and open bars, respectively. Arrows indicate the 3' end of M13
phage deletion mutants and the length of the sequence read. ON
indicates oligonucleotide-primed sequencing. bp, Base pairs.
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-91
GAA TTC CGG TTA CGT CTG CCC CCC GGT GGC AAA TTC CCG GAT TAA AAG GTT CCC TGG TTG TGA AAA TAC ATG AGA TAA ATC

+ -1
ATG AAG GCC ACT ATC ATC CTC CTT CTG CTT GCA CAA GTT TCC TGG GCT GGA CCG TTT CAA CAG AGA GGC TTA TTT GAC TTT ATG CTA GAA
Met Lys Ala Thr Ile Ile Leu Leu Leu Leu Ala Gln Val Ser TrD Ala Gl' Pro Phe Gln Gln Arg G1y Leu Phe Asp Phe Met Leu Glu
-30 -20 -10
V' 90

GAT GAG GCT TCT GGG ATA GGC CCA GAA GTT CCT GAT GAC CGC GAC TTC GAG CCC TCC CTA GGC CCA GTG TGC CCC TTC CGC TGT CAA TGC
Asp Glu Ala Ser Gly Ile Gly Pro Glu Val Pro Asp Asp Arg Asp Phe Glu Pro Ser Leu Gly Pro Val Cys Pro Phe Arg Cys Gln Cys

1 10 20
180

CAT CTT CGA GTG GTC CAG TGT TCT GAT TTG GGT CTG GAC AAA GTG CCA AAG GAT CTT CCC CCT GAC ACA ACT CTG CTA GAC CTG CAA AAC
His Leu Arg Val Val Gln Cys Ser Asp Leu Gly Leu Asp Lys Val Pro Lys Asp Leu Pro Pro Aso Thr Thr Leu Leu Asp Leu Gin Asn
30 40 50

270
AAC AAA ATA ACC GAA ATC AAA GAT GGA GAC TTT AAG AAC CTG AAG AAC CTT CAC GCA TTG ATT CTT GTC AAC AAT AAA ATT AGC AAA GTT
Asn LYs Ile Thr Glu Ile LYs Asp G1v ASD Phe LYS Asn Leu LYS Asn Leu His Ala Leu Ile Leu Val Asn Asn LYs Ile Ser LYs Val
1AA70 80

360
AGT CCT GGA GCA TTT ACA CCT TTG GTG AAG TTG GAA CGA CTT TAT CTG TCC AAG AAT CAG CTG AAG GAA TTG CCA GAA AAA ATG CCC AAA
Ser Pro G1Y Ala Phe Thr Pro Leu Val Lys Leu Glu Arg Leu Tyr Leu Ser Lys Asn Gln Leu Lys Glu Leu Pro Glu Lys Met Pro Lys

100 110
450

ACT CTT CAG GAG CTG CGT GCC CAT GAG AAT GAG ATC ACC AAA GTG CGA AAA GTT ACT TTC AAT GGA CTG AAC CAG ATG ATT GTC ATA GAA
Thr Leu Gln Glu Leu Arg Ala His Glu Asn Glu Ile Thr Lys Val Arg Lys Val Thr Phe Asn Gly Leu Asn Gln Met Ile Val Ile Glu
121 130 140

V 540
CTG GGC ACC AAT CCG CTG AAG AGC TCA GGA ATT GAA AAT GGG GCT TTC CAG GGA ATG AAG AAG CTC TCC TAC ATC CGC ATT GCT GAT ACC
Leu Gly Thr Asn Pro Leu Lys Ser Ser Gly Ile Glu Asn Gly ALa Phe Gln Gly Met Lys Lys Leu Ser Tyr Ile Arg Ile Ala Asp Thr
151 160 170
V 630
AAT ATC ACC AGC ATT CCT CAA GGT CTT CCT CCT TCC CTT ACG GAA TTA CAT CTT GAT GGC AAC AAA ATC AGC AGA GTT GAT GCA GCT AGC
Asn Ile Thr Ser Ile Pro Gin Gly Leu PLQ Pro Ser Leu Thr Glu Leu His Leu Asp ly Asn Lvs le Ser Ara Val Asp Ala Ala Ser
181 190 20

V 720
CTG AAA GGA CTG AAT AAT TTG GCT AAG TTG GGA TTG AGT TTC AAC AGC ATC TCT GCT GTT GAC AAT GGC TCT CTG GCC AAC ACG CCT CAT
Leu LYs G1Y Leu Asn Asn Leu Ala LYs Leu G1Y Leu Ser Phe Asn Ser Ile Ser Ala Val Asp Asn Glv Ser Leu Ala Asn Thr Pro His
211 220 230

810
CTG AGG GAG CTT CAC TTG GAC AAC AAC AAG CTT ACC AGA GTA CCT GGT GGG CTG GCA GAG CAT AAG TAC ATC CAG GTT GTC TAC CTT CAT
Leu Arg Glu Leu His Leu Asp Asn Asn Lys Leu Thr Arg Val Pro Gly Gly Leu Ala Glu His Lys Tyr Ile Gln Val Val Tyr Leu His
241 250 260

V 900
AAC AAC AAT ATC TCT GTA GTT GGA TCA AGT GAC TTC TGC CCA CCT GGA CAC AAC ACC AAA AAG GCT TCT TAT TCG GGT GTG AGT CTT TTC
Asn Asn Asn Ile Ser Val Val Gly Ser Ser Asp Phe Cys Pro Pro Gly His Asn Thr Lys Lys Ala Ser Tyr Ser Gly Val Ser Leu Phe
271 280 290

990
AGC AAC CCG GTC CAG TAC TGG GAG ATA CAG CCA TCC ACC TTC AGA TGT GTC TAC GTG CGC TCT GCC ATT CAA CTC GGA AAC TAT AAG TAA
Ser Asn Pro Val Gln Tyr Trp Glu Ile Gln Pro Ser Thr Phe Arg Cys Val Tyr Val Arg Ser Ala Ile Gln Leu Gly Asn Tyr Lys ---

301 310 320
1080

TTC TCA AGA AAG CCC TCA TTT TTA TAA CCT GGC AAA ATC TTG TTA ATG TCA TTG CTA AAA AAT AAA TAA AAG CTA GAT ACT GGA AAC CTA

1170
ACT GCA ATG TGG ATG TTT TAC CCA CAT GAC TTA TTA TGC ATG TTA TGA TCA GTA GTT GAT TTT GAG AAA GCT CTA TGA GCT CTA AGT AAC

A AAG CCA AAT TTC CAG TTT AAG TAA TTG CCT ACA ATA AAA AGA AAT TTT
1260

TGC ATG GTT TTT TGT TTA ATG TAATT GG AGA CCC TTC ACA TTC CCA AGG MAT ATA TTC CAA AAC ATT TTT GTG AAT ATC TAA GTT TGT
GCC TGC CAT TTT CAG AAT CAT CTT TTG AAG CTT TCT GTT GAT GTT AAC TGA GCT ACT AGA GAT ATT CTT ATT TCA CTA AAT GTA AAA TTT

1350
GAA ACT ACT AGG GCA TGA TAC AGT AAG GTG TAA TTA CAG AAT TTA CGA AAT GTA AAT GAC CTC TAC AGA GTT TTA TGG AAT ACC TGG TAC
GGA GTA AAT ATA TAT GTC AAT ATT TAG TAA AGC TTT TCT TTT TTA ATT TCC AGG AAA AAA TAA AAA GAG TAT GAG TCT TCT GTA ATT CAT

1440
TAA CGT AGG CAG CTG CAA AAC CAC ACT GAG TTA CAG CTG TCA GCC CTC CTC ATT CCT AAA TAA CTT GCC TTA CAT ATC AGC CCT CCC ACT
TGA GCA GTT AGC TCA TTT GAG ATA AAG TCA AAT GCC AAA CAC TAG CTC TGT ATT AAT CCC CAT CAT TAC TGG TAA AGC GGA ATT C

1530
TCT GAA GTT CAA ATT AGT GCC TCG GAA ATG TAG AAT TTA TTA TTT GTC ATT TTT TTT TTT TTA GCA TAO ATT GAG AAC AGT TGA ACT CTT

AAA TCC TCA GAT GCC AGG GGT CTG CTC TAG CAT CAG TAA GTA TTT AGC AGA AAC TAA CTC CGT AAT GAA TGG AMT TC

FIG. 2. Nucleotide sequence and deduced amino acid sequence of PG40 core protein cDNA. Nucleotide and amino acid residues are

numbered from the amino terminus of the mature core protein. Nucleotides upstream from the amino terminus and amino acids in the signal
and propeptide sequences are indicated by negative numbers. Signal and propeptide sequences are shown underlined (thin line) and the possible
signal-peptidase cleavage site is indicated by an arrow. Potential glycosylation sites for N-linked glycans and glycosaminoglycans are shown
by solid and open triangles, respectively. Serine at position 4 is known to carry a glycosaminoglycan (23). A 48-residue homologous sequence
present twice in the core protein is shown underlined (bold line). The alternative 3' flanking sequence contained in clone 3C (lower line) is shown
below the sequence of clone 5E (upper line) starting at base 1122 where the sequences diverge. Possible polyadenylylation signal sequences are

underlined.

To confirm the mRNA structure inferred from clone 5E, the coding sequence, whereas clone 3C is truncated at the 5'
inserts from three other clones were subcloned into M13 end. The partial sequences obtained from these clones for the
phage and partially sequenced. Clone 12E was found to 5' flanking sequence and the coding region are in complete
contain the complete coding sequence including the signal agreement with the sequence of clone SE. However, clones
peptide and propeptide sequences. Clones 12D and 3C also 12E and 3C were found to contain a different 3' flanking
contain these sequences, but 12D lacks the extreme 3' end of sequence than clone 5E. For the first 134 bases, the 3'

Biochemistry: Krusius and Ruoslahti
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flanking sequences of all three clones are identical, but after
base 1121, the sequences of clones 12E and 3C, while
identical with one another, diverge from that of clone SE. The
3' flanking sequence of clone 3C is shown in Fig. 2. It includes
the consensus polyadenylylation sequence AATAAA twice
(bases 1267-1272 and 1319-1324) but does not extend to a
poly(A)+ tail.

Properties of the PG40 Core Polypeptide. The pI value
estimated from the deduced amino acid sequence for the core
protein is high (9.8) due to the presence of several short
sequences enriched in basic amino acids. The amino acid
sequence also includes three Ser-Gly dipeptide sequences. A
glycosaminoglycan chain is attached to one such serine, the
one at position 4 (23). In addition, three glycosylation sites for
possible N-glycosidic substitution are present, in agreement
with the previously reported number of N-glycans in the
proteoglycan (7).
Two repeats of a homologous sequence of 48 residues

(amino acids 46-93 and 186-233) are present in the core
protein. The homology between these repeats on nucleotide
and protein levels is 46% and 44%, respectively. The homol-
ogy between the first 18 amino acids in the two repeats is even
higher, 56%. The amino acid sequence of PG40 has no
significant extended homology with the rat yolk sac tumor
proteoglycan previously cloned in our laboratory (9). A
protein data base (National Biomedical Research Founda-
tion) homology search showed that the core protein has a
unique sequence that lacks any significant homology with any
previously published sequences.
RNA and DNA Blot Analysis. Blot hybridization analysis of

human fibroblast RNA, using the cloned 1.8-kb fragment as
a probe, revealed transcripts of 1.6 and 1.9 kb at about equal
abundance (Fig. 3, lane 1). Both transcripts are also present
in human placental RNA (lane 2), whereas neither transcript
was found in a human epidermal carcinoma cell line (lane 3).
Since the protein coding sequence in each of the four clones
analyzed appears to be identical and two different 3' flanking
sequences are present in the cDNA clones, it seems likely
that the presence of the two transcripts is due to heteroge-
neity in the 3' flanking sequence.
Genomic DNA blots were made to analyze the genes

related to PG40 cDNA. Filters were hybridized with either
the cloned cDNA or with restriction fragments prepared from
it. The 1.8-kb cDNA hybridized to two or three fragments
produced by a variety ofrestriction enzymes. Shorter probes,
corresponding either to the coding sequence or to the 3'
flanking sequence, revealed only one or two strongly hybrid-
izing restriction fragments (Fig. 4), suggesting that there is
only one gene for the core protein. In addition, most
restriction enzymes produced a fragment that gave weak
hybridization. This latter set of fragments was detected even
when stringent hybridization and washing conditions were
used (see Methods). These DNA fragments could have
originated from the PG40 gene, if they have such short
overlap with the probes that weak hybridization results.
However, the fact that several restriction enzymes and two
probes from different parts of the cDNA revealed such
fragments makes this explanation unlikely. It is more likely
that these fragments represent either a pseudogene related to
the PG40 gene or a gene for a related protein. Hybridization
at low-stringency conditions revealed no additional restric-
tion fragments, suggesting that no more than two genes code
for the core protein whose cDNA we have cloned or for
proteins closely related to it.

DISCUSSION

In the present communication, we describe the cloning and
sequencing of the cDNA encoding the core protein of a
chondroitin/dermatan sulfate proteoglycan, PG40, from hu-

1 2 3
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16S-

FIG. 3. RNA blot hybridization analysis of PG40 mRNA. RNA
from human fibroblasts (lane 1, 2 ug of poly(A)+ RNA), human
placenta (lane 2, 10 Ag of total RNA), and A431 human epidermal
carcinoma cells (lane 3, 10 jug of total RNA) was separated in 0.8%
agarose/2.2 M formaldehyde gels, blotted, and hybridized to an
EcoRI-Sac I restriction fragment from the protein-coding region of
the proteoglycan. The size markers were calf liver 28S (4.7 kb) and
18S (1.9 kb) rRNA and E. coli 23S (3.1 kb) and 16S (1.6 kb) rRNA.

man fibroblasts. The identity of the cDNA clones was
established by three criteria. First, affinity-purified rabbit
antibodies prepared against the intact proteoglycan reacted
with the fusion proteins produced by the clones. Second,
some of the fusion proteins also reacted with a rabbit
antiserum prepared against a 15 amino acid synthetic peptide
from the known amino-terminal sequence ofthe core protein.
Finally, DNA sequencing showed that the cDNA encodes the
amino-terminal sequence of the core protein. The peptide
antiserum was used because we found that a synthetic
oligonucleotide from the amino-terminal sequence hybrid-
ized not only to the proteoglycan clones but also to clones
that further analysis showed to be unrelated to the
proteoglycan.
The core protein of PG40 appears to be synthesized in a

1 2 3 4 5 6

kb

23-

9.4-

No

--Uw

6.7-

4.4-

2.3-
2.0-

FIG. 4. Genomic DNA blot hybridization analysis. DNA isolated
from human placenta was restricted with Pst I (lanes 1 and 4), Bgl II
(lanes 2 and 5), or HindIII (lanes 3 and 6), fractionated in 0.8%
agarose gels, blotted, and hybridized to an EcoRI-HincII restriction
fragment extending from the 5' end of the cDNA to base 862 (lanes
1-3) or to a HincII-EcoRI restriction fragment (bases 863-1773;
lanes 4-6). A HindIII digest of X phage DNA was used to provide
molecular size standards.
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prepro form and processed into the mature core protein of 329
amino acids. Interestingly, the core protein of a rat yolk sac
tumor proteoglycan core protein, although otherwise entirely
different (9), is also synthesized in a prepro form (33). The
mature core protein of PG40 has a molecular weight of
36,319, which is in good agreement with the value of 38,000
determined by NaDodSO4/polyacrylamide gel electrophore-
sis for the nonglycosylated core protein obtained from
tunicamycin-treated fibroblasts (7).
The deduced amino acid sequence of the core protein

includes three Ser-Gly dipeptides. In the known proteoglycan
amino acid sequences, glycosaminoglycan chains are at-
tached to the serine residues of Ser-Gly sequences (31). The
serine residue of the Ser-Gly sequence at positions 4 and 5 is
known to carry a glycosaminoglycan (23). The two other
Ser-Gly sequences may become substituted by a second
glycosaminoglycan chain in some ofthe molecules but remain
unsubstituted in most, possibly all, models (23). In contrast
to the presence of the dispersed Ser-Gly dipeptides in
different parts of PG40 core protein, the rat yolk sac tumor
proteoglycan contains a continuous 49 amino acid Ser-Gly
repeat, which functions as the attachment site for all of its
approximately 14 chondroitin sulfate side chains (9).

It is obvious that a Ser-Gly dipeptide alone cannot be a
sufficient signal for glycosaminoglycan attachment, since
most proteins contain one or more of them and even in the
fibroblast proteoglycan two ofthem remain unsubstituted. As
pointed out earlier, the amino acid sequence around the
serine residue that is substituted in this proteoglycan is
completely conserved between the human and bovine
proteoglycans (6, 32). Moreover, the 12 amino acid sequence
that surrounds the substituted serine within the carboxyl
terminus of the propeptide and the amino terminus of the
mature core protein in PG40 (residues -3 through 9 in Fig. 2)
is 50% homologous to a 12 amino acid stretch within the
propeptide of the rat yolk sac tumor proteoglycan (33). It is
possible that some structural features in the sequences
flanking the Ser-Gly dipeptide or located close to such a
sequence can serve as a recognition signal for the attachment
of the glycosaminoglycan side chain to the serine residues.
The availability of the cDNAs for core proteins makes it
possible to identify such signals by site-directed mutagenesis
and expression of the altered genes in mammalian cells.
The small fibroblast proteoglycan appears to be an abun-

dant and widely distributed component in tissues. Proteo-
glycans isolated from a variety of tissues are similar to PG40
with regard to core protein size, glycosaminoglycan compo-
nent, amino acid composition, and antigenicity (6, 8, 32,
34-41), and it is possible that they all represent the same
proteoglycan. Our results, in suggesting limited heterogene-
ity for the core proteins, would be in agreement with such an
assumption. Genomic DNA blots were consistent with there
being only one gene for the fibroblast core protein and one
related gene. RNA blot hybridization of human placental
RNA also indicated restricted heterogeneity. Although pla-
centa contains a variety of different cell types, only the two
transcripts coding for the fibroblast proteoglycan were de-
tected in placental RNA. Since fibroblasts and other
mesenchymal cells are present in most tissues, it may be that
many of the small chondroitin/dermatan sulfate proteogly-
cans isolated from different tissues are products of the gene
coding for the fibroblast PG40 proteoglycan. However,
because we did find evidence for one related gene and
because others (8) have found in cartilage two distinct core
proteins with the same size as that of the fibroblast
proteoglycan, some limited heterogeneity may exist in this
proteoglycan type.
The detailed function of PG40 is unknown, but, since it is

an extracellular matrix component and binds to other matrix

components, its function is likely to be related to matrix
assembly and interactions. The cloned cDNA now provides
new possibilities for the analysis of the biological roles of this
proteoglycan by methods such as gene transfer.
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