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The relationship between platelet-derived growth factor
(PDGF) and the proto-oncogene c-sis has been determined by
amino acid sequence analysis of PDGF and nucleotide se-
quence analysis of c-sis genomic clones. The nucleotide se-
quences of five regions of the human c-sis gene which are
homologous to sequences of the transforming region (v-sis)
of simian sarcoma virus (SSV) were determined. By align-
ment of the c-sis and v-sis nucleotide sequences the predicted
amino acid sequence of a polypeptide homologous to the
putative transforming protein p289s of SSV was deduced.
Both predicted sequences use the same termination codon and
additional coding sequences may lie 5' to the homologous
regions. Amino acid sequence analysis of the PDGF B chain
shows identity to the amino acid sequence predicted from the
c-sis sequences over 109 amino acid residues. Polymorphism
may exist at two amino acid residues. These results suggest
that c-sis encodes a polypeptide precursor of the B chain. A
partial amino acid sequence of the PDGF A chain is also
described. This chain is 60070 homologous to the B chain and
cannot be encoded by that part of c-sis which has been se-
quenced but could be encoded by sequences which lie 5' to
the five regions of v-sis homology in c-sis, or at a separate
locus.
Key words: PDGF structure/nucleotide analysis/amino acid
sequence analysis/simian sarcoma virus oncogene

Introduction
Platelet-derived growth factor (PDGF) is the major mitogen
in serum for connective tissue derived cells in culture (for
reviews see Westermark et al., 1983; Deuel and Huang, 1983).
The protein has an apparent mol. wt. of -30 000 and
perhaps contains two types of polypeptide chains linked by
disulphide bonds (Deuel et al., 198 la; Johnsson et al., 1982).
Sequence analysis of PDGF has revealed a striking homology
between the sequence of one polypeptide chain of PDGF and
the predicted sequence of p28sis, the putative transforming
protein of simian sarcoma virus (SSV) (Waterfield et al.,
1983a; Doolittle et al., 1983; Devare et al., 1983). This struc-
tural similarity suggests that cells transformed by SSV may
produce a growth factor resembling PDGF not only in struc-
ture but also in function. SSV non-producer cells synthesise a
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polypeptide having antigenic sites recognised by antiserum to
human PDGF (Deuel et al., 1983; Robbins et al., 1983). Ex-
tracts of SSV-transformed cells also contain a mitogen whose
activity is neutralised by a PDGF antiserum (Deuel et al.,
1983). In SSV-transformed cells p28sis is proteolytically pro-
cessed to generate a disulphide linked dimer (Robbins et al.,
1983). Growth factors having structural and functional simi-
larities to PDGF have been detected in the media of human
osteosarcoma and glioma derived cell lines (Westermark and
Wasteson, 1975; Heldin et al., 1980; Betsholz et al., 1983;
Nister et al., 1984) and an SV40-transformed BHK cell line
(Burk, 1976; Bourne and Rozengurt, 1976; Dicker et al.,
1981).
Through the use of v-sis probes, transcripts of human c-sis

have been detected in a number of cell lines derived from glio-
blastomas and sarcomas, but not in normal fibroblasts or in
melanoma and carcinoma cell lines (Eva et al., 1982). This
cellular specificity corresponds to the known responsiveness
of mesenchymal cells and glial cell lines (but not epithelial
cells) to the mitogen PDGF through expression of specific
receptors (for a recent review see Westermark et al., 1983;
Deuel and Huang, 1983). These results suggest that activation
of the gene(s) encoding PDGF, or a closely related molecule,
may play a role in the control of the proliferation of certain
cells.
The human proto-oncogene c-sis has been mapped to a

locus on chromosome 22 (Dalla Favera et al., 1982; Swan et
al., 1982) and a genomic clone which contains five regions of
sequence that hybridise to v-sis has been characterised and
partially sequenced (Wong-Staal et al., 1981; Dalla Favera et
al., 1981; Josephs et al., 1983). Here we report the isolation
and partial sequence of related genomic clones which contain
part of the putative coding region of c-sis. The predicted se-
quence of the c-sis protein product is compared with the
amino acid sequence of the two polypeptide chains of human
PDGF. It is shown that the PDGF B chain is identical over
the 109 residues sequenced to a region of the predicted c-sis
protein product, thus establishing that c-sis encodes a precur-
sor of this chain of human PDGF. A partial sequence of the
PDGF A chain is also presented. The A chain is - 60Gb hom-
ologous to the B chain and cannot be encoded by the region
of c-sis which has been sequenced.

Results and Discussion
Isolation and nucleotide sequence of c-sis clones
A 72 nucleotide long, double-stranded probe, which was syn-
thesized on the basis of the partial c-sis sequence by Josephs
et al. (1983), was used to screen a partial Sau3A human
genomic library (provided by W.I.Wood). Two recombinant
lambda clones were isolated which contained overlapping
human genomic sequences. The restriction map of these
clones is shown in Figure IA. The DNA sequence of restric-
tion fragments from regions shown to be homologous to v-sis
nucleotide sequences by Josephs et al. (1983) were sequenced
by sub-cloning into M13 and then sequenced by the method
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of Sanger et al. (1977). The nucleotide sequence of five of the
six regions of homology between c-sis and v-sis established by
Dalla Favera et al. (1981) is shown in Figure lB together with
the nucleotide sequence of v-sis and the amino acid sequences
of the predicted polypeptides.
Homology regions II, III and IV are each delimited by

splice donor and acceptor sites located by comparison of the
c-sis and v-sis sequences, while the 5th region of homology
lacks a donor splice site at its 5' end. As previously reported
by Devare et al. (1983) there is no candidate initiator codon,
promoter and associated sequences or signal sequence up-
stream from the end of the first region of c-sis homologous to
v-sis (I, see Figure 1), and the donor splice site at a position
equivalent to the codon for amino acid - 60 in Figure 1 may
possibly be that used to delimit homology region I. The open
reading frame of c-sis predicts an amino acid sequence hom-
ologous to that of the predicted v-sis protein product and is
terminated within homology region V at a TAG codon exact-
ly homologous to the TAA codon in the v-sis sequence. The
amino acid sequence of the predicted c-sis polypeptide differs
at 11 positions from the predicted v-sis polypeptide pre-
viously published. To establish the full extent of similarity of
the predicted and observed protein sequences further analyses
of PDGF protein structure were undertaken.
Analysis of component polypeptides ofPDGF
Two different approaches have been used to separate and
analyse the amino acid sequence of the component chains of
PDGF - preparative SDS polyacrylamide gel electrophoresis
(Antoniades and Hunkapiller, 1983; Doolittle et al., 1983)
and h.p.l.c. techniques (Johnsson et al., 1982; Waterfield et
al., 1983a). In these studies sequence analysis was used to
assign the polypeptides to two groups which may be derived
from two putative precursor chains, A and B. Due to incom-
plete purification and lack of overlapping sequences the
precise sequence of the putative A and B chain precursors has
not been conclusively established (Antoniades and
Hunkapiller, 1983; Doolittle et al., 1983; Waterfield et al.,
1983a).
The PDGF A chain has been defined as that eluting early

from reverse phase h.p.l.c. developed with a gradient of pro-
panol, and the B chain as that eluting late from these columns
(Johnsson et al., 1982). The A and B chains have the amino-
terminal sequences 'NHrSIEE-' and 'NH-SLGS-', respect-
ively, (Waterfield et al., 1983a). The B chain shows extensive
identity to a region of the sequence of the putative transform-
ing protein of simian sarcoma virus (Waterfield et al., 1983a;
Doolittle et al., 1983). [This chain was called I by Waterfield
et al., and la (and b) by Doolittle et al., 1983]. To establish
whether all the component polypeptides found in PDGF
result from cleavage of A and B chains we have carried out
further structural analysis of PDGF.
PDGF from platelet concentrates purified by the method

of Johnsson et al. (1982) yielded material with an apparent
mol. wt. of 26 000 -30 000 on SDS polyacrylamide gels.
Following reduction and alkylation of cysteine residues with

[14C]-iodoacetamide, peptides were fractionated by reverse
phase h.p.l.c. in 2 M guanidine HCI, acetic acid using a gra-
dient of n-propanol (Johnsson et al., 1982; Waterfield et al.,
1983a).
To obtain peptides from the A chain of PDGF, material

eluting at 20Vo propanol (corresponding to tracks 7 and 8 in
Figure 2) was subfractionated by gel permeation h.p.l.c. into
three size fractions as shown in Figure 3A. Polypeptides al
and a2 from the gel permeation column had amino-terminal
sequences identical to that of the amino terminus of the A
chain, while the 3rd polypeptide (a3) had the amino-terminal
sequence 'TNANFLV---' (this polypeptide is derived from the
B chain - see below). Each of these polypeptides was
digested with Staphylococcus V8 protease and the peptides
liberated were fractionated by reverse phase h.p.l.c. (see Fig-
ure 3B). In addition, peptides eluting at 1707o propanol (see
Figure 2, tracks 3 and 4) were subfractionated by reverse
phase h.p.l.c.; the elution profile is shown in Figure 4.
B chain polypeptides were identified by sequence analysis

of material eluting at 23% propanol from the h.p.l.c.
columns (see Figure 2, tracks 11 -14) and these chains were
then digested with V8 enzyme and peptides analysed by
reverse phase h.p.l.c. (see Figure 5). Amino acid analysis and
amino-terminal sequence analysis was carried out on each
peptide recovered from the reverse phase separations.
The amino acid sequence of the B chain in PDGF
The B chain peptide fragments analysed (see Figures 2 and 5)
could be aligned to form a sequence of 109 amino acids which
was identical to that predicted by the nucleotide sequence
analysis of c-sis (see Figure 6). This sequence data differs at
two positions from that previously published (Waterfield et
al., 1983a). In the present study residues 34 and 101 were
found to be asparagine and threonine respectively whereas we
had previously assigned serine or threonine at 34 and iso-
leucine at 101. Inspection of original sequence data confirms
the previous assignments and we conclude that polymorphic
variant genes exist in the population. The carboxyl terminus
of the B chain studied here was assigned as threonine at
residue 109 on the basis of the composition of peptide d2
which could not have been derived from cleavage of the B
chain by V8 protease. Presumably cleavage by a trypsin like
enzyme had occurred C-terminal to residue 110 and the
C-terminal arginine was removed by a carboxypeptidase. The
amino terminus is presumably formed by cleavage at the
dibasic sequence located immediately amino-terminal to the
processed B chain amino terminus. No peptides correspond-
ing to sequences from the polypeptide predicted from the
c-sis nucleotide sequence, located N- or C-terminal to the 109
residue amino acid sequence have been found; this suggests
that the entire PDGF B chain has been sequenced. It corre-
sponds to a mol. wt. of - 12 000, in apparent contrast to the
mol. wt. estimates from SDS-gel electrophoresis (14 500-
16 000) (Johnsson et al., 1982; Waterfield et al., 1983a). This
discrepancy may arise from the anomalous behaviour during
SDS-gel electrophoresis.

Fig. 1A. Restriction maps of two c-sis XCh 30 clones. Sites of cleavage by restriction endonucleases (B = BamHI; BG = BglII; H = Hindlll; P = PstI; (B)
indicates positions where partial Sau3A digested DNA fragments were inserted into the BamHI site of lambda CH30) are shown together with the location of
5 regions (shown I - V) of homology between c-sis and v-sis (Josephs et al., 1983) nucleotide sequences. 1B. Comparison of the nucleotide sequences of five
regions of homology between c-sis and v-sis nucleotide sequences and the deduced amino acid sequences of the putative polypeptides encoded. Differences
between v-sis (Josephs et al., 1983) and c-sis nucleotide sequences are indicated by the substituted base shown below the c-sis sequence. Differences in the
predicted polypeptide sequences are shown as stippled areas with the substituted amino acid in p28SIs (the putative v-sis transforming protein) shown below the
predicted c-sis polypeptide sequence. Amino acid numbers are given using 1 as the amino terminus of the B chain polypeptide of PDGF. The carboxyl
terminus of the B chain is residue 109 (see text and Figure 6).
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FIg. 2. Purification of polypeptides from PDGF. SDS polyacrylamide gel analysis of fully reduced and alkylated polypeptides separated by reverse phase
h.p.l.c. Aliquots of different fractions from the reverse phase h.p.l.c. (Johnsson et al., 1982; Waterfield et al., 1983a) were subjected to SDS-gel
electrophoresis (Blobel and Dobberstein, 1975) using gradient gels consisting of 13-18% polyacrylamide. Protein was visualised by silver staining (Morrissey,
1981).

The sequence of the B chain derived here differs from that
of Antoniades and Hunkapiller (1983) and Doolittle et al.
(1983) at three positions. We consider our sequence authentic
since it was obtained from several overlapping fragments and
is identical to the predicted amino acid sequence of the c-sis
locus.

Analysis of other peptides showed that cleavage of the B
chain occurs at residues 32 and 79 which are homologous to
positions 98 and 145 of p28sis (Waterfield et al., 1983a)
creating a B chain with three peptides (of 32, 47 and 30
residues) linked by disulphide bonds. At present it is not
possible to evaluate whether these cleavages have any
biological significance; it is most likely that they have oc-
curred during the purification of PDGF.
Partial amino acid sequence of the A chain ofPDGF
Fragments of the A chain of PDGF yielded peptide sequences
which could be aligned with the B chain as shown in Figure
6A. The following peptides were studied. Peptides b4 and b7
from the amino terminus of the A chain were formed by
cleavage following glutamic acid residues 4 and 39. Peptide
b8 was a fragnent of peptides b4 or b7 formed by cleavage at
glutamic acid residues 4 and 18 of the A chain. The amino
acid sequence of this region has previously been determined
(Peptide II, Waterfield et al., 1983a) and compositional data
obtained here (data not shown) together with additional se-
quence data confirm the original sequence assignments. Pep-
tides b2, b3 and b6 were only partially sequenced but could be
located C-terminal to residue 39 of the A chain by homology
with the predicted p28sis amino acid sequence. Peptide bI was

fully sequenced and located by homology to p28sis at residues
71 -80. This assignment assumes that there are no deletions
or insertions in the unsequenced region of the A chain be-
tween residues 58 and 70. Further sequence was obtained by
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analysis of peptide c3 (see Figure 4) purified from the early
eluting fraction of the original h.p.l.c. fractionation in 2 M
guanidine, 1 M acetic acid (fractions 3 and 4, see Figure 2) of
the fully reduced and alkylated PDGF chains. This partial se-
quence overlapped that of peptide bl and extended the A
chain sequence to residue 91. The amino acid composition of
peptide c3 suggests that the carboxyl terminus of the A chain
extends -13 residues from the region sequenced giving a
total length of 104 residues.
Among the 75 amino acids that have been determined in

the A chain sequence, 60070 are homologous to the B chain. A
possible glycosylation site Asn-Thr-Ser exists at residue 48 of
the A chain. Since carbohydrate analysis has demonstrated
that PDGF contains carbohydrate (Deuel et al., 1981b), this
site may indeed be glycosylated. The data presented here
predicts that the A chain has 104 amino acids. A peptide of
this length would have a mol. wt. of 11 000- 12 000, whereas
the mol. wt. of the A chain has been estimated to be 18 000
by SDS-gel electrophoresis (Johnsson et al., 1982). This
discrepancy may be due to glycosylation. The present A chain
sequence differs from that of Doolittle et al. (1983) at a
number of positions. The cyanogen bromide cleaved poly-
peptide used in the latter study may possibly have been
derived from a mixture of A and B chains. It is also possible
that polymorphism may contribute to the differences, since
an analogous situation prevails in the B chain.
Analysis of two forms ofPDGF - PDGF I and PDGF II
Previous studies have shown that human PDGF purified
from outdated platelets can be separated into two com-
ponents PDGF I and PDGF II, by gel permeation chroma-
tography (Deuel et al., 1981b; Antoniades, 1981). These two
components have apparent mol. wts. of 30 000-32 000 and
28 000 -29 000 on SDS polyacrylamide gels. Sequence
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Fig. 3. (A) Gel permeation h.p.l.c. separation in 6 M guanidine of
polypeptides derived from materials eluted in fraction 7 and 8 of the
separation shown in Figure 2. The absorbance of the eluate at 280 nm is
shown. The apparent mol. wts., for the eluted peptides a1, a2 and a3
calculated using standard polypeptides of known mol. wts. (Ui, 1979) are
indicated by arrows. Polypeptides al, a2 and a3 were subjected to sequence
analysis and then further digested with V8 protease. Peptides liberated were
separated by reverse phase h.p.l.c. using 0.107o trifluoracetic acid and
acetonitrile gradients. (B) The absorbance profiles at 206 nm of digests of
polypeptides a1, a2 and a3 (from A above) are shown as i, ii and iii,
respectively. Peptide numbers (bl-b) refer to peptides located in PDGF
by analysis of their amino acid sequence or of their amino acid
composition (see text and Figure 6).

analysis of PDGF I and II was carried out to find out if these
two PDGF fractions contained unique polypeptides, and this
showed that both fractions contained the same component
polypeptides having at least 8 distinctive amino terminal se-
quences (see Table I). The analysis of the relative amounts of
these sequences was made using recoveries of amino acids
present at unique positions within the first five residues. The
results showed that PDGF I, as well as PDGF II, contains

E
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Flg. 4. Reverse phase h.p.l.c. separation of peptides from fractions 3 and 4
of material purified as shown in Figure 2 was made using 0.I%
trifluoracetic acid and acetonitrile gradients. The absorbance of the eluate
at 206 nm is shown.
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Fig. 5. Reverse phase h.p.l.c. separation of peptides from V8 protease
digestion of a pool of material in fractions 11 -14 of the chain separation
shown in Figure 2 carried out using 0.1I7o tnfluoracetic acid and
acetonitrile gradients. The absorbance at 206 nm is shown.

approximately equal proportions of sequences derived from
PDGF A and B chains. This indicates that PDGF I and II are
two forms of the same molecule. The mol. wt. difference may
then be due to proteolysis, preferentially in the C-terminus, or
differences in glycosylation.
The relationship between PDGF and the c-sis locus
The sequence studies described here extend the original obser-
vations which suggested that one polypeptide chain of PDGF
may be encoded by the c-sis locus (Waterfi'eld et al., 1983a;
Doolittle et al., 1983). The amino acid sequence analysis of
PDGF presented here supports the concept that PDGF con-
tains two different prototype polypeptide chains. The B chain
seauence has been shown to cover a stretch of 109 armino
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Fig. 6. The amino acid sequences of the putative A and B chains of PDGF. (a) The amino acid sequence of the proteins predicted from the c-sis nucleotide
sequences is shown (see Figure 1) for the region homologous to the sequences of the A and B chains (residues 66- 175 of p28SIs). The sequences of the A and
B chains deduced from structural studies are shown together with the location of the peptides used to obtain these sequences. The peptide numbering refers to
h.p.l.c. fractionated V8 peptides derived from polypeptides a,, a2 and a3 from fractions 7 and 8 in Figure 2 (see Figure 3), from subfractionation of peptides
in fractions 3 and 4 from Figure 2 (see Figure 4) and from fractionated V8 cleavage products of material in fractions 11-14 from Figure 2 (see Figure 5).
- indicates identity to the amino acid predicted from the c-sis gene, * that polymorphic variants exist, and X unknown amino acid. (b) Two alternative
models to account for the structure of PDGF. It is proposed that two chains, A and B, B being a cleavage product of a c-sis encoded precursor polypeptide,
can form the PDGF protein. Three alternative dimeric species could be formed AA, BB and AB.
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Table I. The relative proportions of amino terminal sequences derived from
polypeptides of the A and B type in preparations of PDGF I and PDGF II.

Relative contribution of
polypeptides (%)

Chain Amino acid sequence PDGF I PDGF II
type residue number

1 2345
A S I E E A 27 27

T S A N F
A/B T T A N F 17 9

TN ANF
A K K P K L 20 17

KPKLK 4 8
B S L G S L 17 21
B SVAEP 5 6
B KKPIF 6 2
B KPIFK 2

acids which is identical to part of the predicted amino acid se-

quence of c-sis (see Figures lB and 6). Results show that two
polymorphic residues may exist (at residues 34 and 101).
The PDGF A chain cannot be encoded by the sequences of

c-sis established here. v-sis hybridizes to a large transcript
( -4 kb in size) in certain human tumor cell lines (Eva et al.,
1982). Assuming that this transcript is representative of that
of the corresponding gene in normal cells, the coding se-
quences of the A chain may be located 5' to those of the B
chain, and transcribed to a common mRNA. A single chain
PDGF precursor may be processed to a two chain hetero-
dimer structure. Alternatively, the A chain may be encoded at
a separate locus, and the A and B chains translated from
separate transcripts. PDGF would then be assembled as A-A
and B-B homodimers, or A-B heterodimers. PDGF may be
composed of one A chain and one B chain (see above), but
SSV has acquired sequences corresponding only to the B
chain. In such a case the acquisition of the gene for only one
chain of PDGF by the virus, may have been accompanied by
a mutation introducing an extra cysteine residue (residue 145,
see Figure 1 B). The resulting odd number of cysteine residues
in p28sis may then contribute to the dimerisation of the mol-
ecule that occurs in SSV-transformed cells (Robbins et al.,
1983). Further processing of the dimer by N-terminal and
C-terminal cleavage yields p24sis (Robbins et al., 1983). This
product resembles a PDGF B-B homodimer, which may have
PDGF agonist activity.

Materials and methods
Isolation and characterization of recombinant lambda clones
A human fibroblast DNA partial Sau3A Library in lambda Charon 30 (kindly
provided by W.I.Wood) was screened following standard procedures
(Maniatis et al., 1982). The probe used consisted of two chemically syn-
thesised 40 residue long oligonucleotides (5'-CCCATTCCTGAGGAGCTC-
TATAAGATGCTGAGTGGCCACT-3', 5'-CAGCAGGCGTTGGAGA-
TCATCAAAGGAGCGGATCGAGTGG-3') which were complementary
over a five base stretch at their 3' ends. Escherichia coli polymerase I (Klenow
fragment), was used under standard conditions to fill in single-stranded
regions with alpha [32P]-deoxynucleotides resulting in a 72-bp long double-
stranded radioactive probe. The duplex was melted at 100°C (3 mins) and
hybridized to nitrocellulose filters (Maniatis et al., 1982) as described (Ullrich
et al., 1984). Hybridizing lambda clones were plaque purified, grown and
characterized using standard methods (Maniatis et al., 1982; Sanger et al.,
1977).

Purification and structural analysis ofPDGF
PDGF used for structural studies of component polypeptides was purified

from platelet lysates by the method of Heldin et al. (1981) and Johnsson et al.
(1982). Polypeptides were fully reduced and alkylated (Skehel and Waterfield,
1975) and separated by reverse phase h.p.l.c. in 2 M guanidine HCI, 1 M
acetic acid (Johnsson et al., 1982) or by gel permeation h.p.l.c. in 6 M
guanidine, 0.1 M phosphate pH 4.5 (Ui, 1979; Waterfield et al., 1983a).
Human PDGF I and II were purified by the method of Deuel et al. (1981b)
from outdated platelets.
Amino acid compositions were determined following hydrolysis in 6 N HCI

in vacuo using a Beckman 6300 analyser and amino-terminal sequence
analysis using a gas phase sequencer constructed and operated as described by
Hewick et al. (1981). PTH amino acids were analysed by reverse phase h.p.l.c.
(Waterfield et al., 1983a; 1983b).
Enzymatic digestion and h.p.l.c. purification of peptides
Purified peptides were digested with 3% by weight of Staphylococcus V8 pro-
tease (Boehringer) in 10 mM ammonium bicarbonate containing 2 M urea.
Digests were injected directly onto a RPP-C8 reverse phase column
(5 x 0.45 cm, Synchrom, Linden, IN, USA) equilibrated in 0.1% trifluor-
acetic acid and the column was developed with a 0- 600o gradient of aceto-
nitrile at a flow rate of I mI/min (Bennett et al., 1980). Effluent was
monitored at 280 and 206 nm using two Uvicord monitors (LKB, Sweden)
and radioactivity in aliquots of fractions was measured by scintillation coun-
ting. Amino acid analysis of appropriate fractions was carried out to locate
peptides.
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Note added in proof
After this work was completed the nucleotide sequences of the six regions
within c-sis that correspond to v-sis were published (Josephs et al., 1984).
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