
Simian Sarcoma Virus one Gene, v-sis, Is Derived from the product, p28sis, in SSV-transformed 
cells (10. 11). 

Gene (or Genes) Encoding a Platelet-Derived Growth Factor 

Abstract. The transforming protein of  a primate sarcoma virus and a platelet- 
derived growth factor are derived from the same or closely related cellular genes. 
This conclusion is based on the demonstration of extensive sequence similarity 
between the transforming protein derived from the simian sarcoma virus onc gene, v- 
sis, and a human platelet-derived growth factor. The mechanism by which v-sis 
transforms cells could involve the constitutive expression of a protein with functions 
similar or identical t o  those of a factor active transiently during normal cell growth. 

Platelet-derived growth factor (PDGF) 
is a heat-stable (10O0C), cationic @I, 9.8) 
protein (12). It  circulates in blood stored 
in the a. granules of platelets and is 
released into serum during blood clotting 
(13). It represents the major protein 
growth factor of human serum and is a 
potent mitogen for connective tissue and 
glial cells in culture (14, 15). Unreduced, 
active PDGF exhibits multiple forms 

Recently, investigations of the genetic forts to demonstrate any functional o r  ranging in size from 28,000 to 35,000 
alterations that cause normal cells to evolutionary relatedness between trans- daltons (12, 16, 17). Reduction of PDGF 
become malignant have focused on a forming gene products and any growth produces inactive, smaller peptides rang- 
small set of cellular genes. Acute trans- factor have been unsuccessful. Interest ing in size from 12,000 to 18,000 daltons 
forming retroviruses have substituted vi- 
ral genes necessary for replication with 
these discrete segments of host genetic 
information (I).  When incorporated 
within the retroviral genome, these 
transduced cellular sequences, termed 
onc genes, acquire the ability to induce 
neoplastic transformation. The discov- 
ery that independent virus isolates have 
recombined with the same or closely 
related cellular proto-oncogenes (2) im- 
plies that only a limited number of cellu- 
lar genes are capable of acquiring trans- 
forming properties under these condi- 
tions. Proto-oncogenes can also be acti- 
vated to become transforming genes by 
mechanisms independent of transduction 
by retrovirus. Genetic changes as  small 
as  point mutations (3), as  well as DNA 
rearrangements such as  transpositions 
(4) and chromosomal translocations ( 3 ,  
have been implicated in this process. 

The profound cellular alterations in- 
duced by the activated cellular trans- 
forming genes have some similarities to 

in understanding the actions of onc genes 
has led to concerted efforts to isolate, 
amplify, and sequence such genes. At 
the same time, investigations oriented 
toward understanding the function of 
growth factors have included basic char- 
acterization of these potent molecules 
through their isolation, purification, and 
primary structure determination. We 
now demonstrate that the transforming 
protein of a primate sarcoma virus and a 
platelet-derived growth factor are de- 
rived from the same or closely related 
cellular genes. 

Initially, simian sarcoma virus (SSV) 
was isolated from a fibrosarcoma of a 
woolly monkey; SSV is the only known 
sarcoma virus of primate origin (6). The 
virus has been characterized in tissue 
culture ( 7 ) ,  and its integrated DNA pro- 
virus has been cloned in infectious form 
(8). Physical and biological characteriza- 
tion of its genome has localized its trans- 
forming gene to ~ t s  cell-derived onc se- 
quence, v-sis (8, 9). The SSV genome, 

(15, 16). 
Recently, amino acid sequence analy- 

sis of the amino-terminal portions of 
both active human PDGF and its inac- 
tive, reduced peptides has revealed the 
presence of two homologous peptides 
(PDGF-1 and PDGF-2) in active PDGF 
preparations (18). These peptides are 
identical a t  8 of 19 positions near their 
amino termini, with no sequence gaps 
required for the homology alignment. 
Whether the active PDGF preparation is 
composed of a single protein formed by 
disulfide linkage of these two peptides o r  
is composed of two proteins, each of 
which consists of a disulfide-linked di- 
mer of one of the peptides, is not yet 
known. 

A comparison of the PDGF amino- 
terminal sequences with the sequence of 
p28sis reveals a striking similarity be- 
tween these proteins. This similarity was 
discovered by one of us (R.F.D.) during 
a search for sequence homology between 
the PDGF amino-terminal sequences and 

the growth promoting actions of hor- including the v - s i ~  region, has been se- the other protein sequences in the Newat 
mones and growth factors. Each exerts quenced (10). Moreover, antibodies pre- sequence data base at  the University of 
pleiotropic effects on cellular metabo- pared against small peptides derived California, San Diego (19). Subsequent- 
lism, including the induction of sustained from the v-sis sequence have been used ly, we have extended the sequence com- 
cell replication. However, previous ef- to identify the 28,000-dalton v-sis gene parisons with additional PDGF primary 

Fig. 1. Sequence similarity be- p28s is 1 M T L T W O G O P I P E E L Y K M L S G H S I R S F O O L O R L L O G O S G K E O G A E L O L N M T  50 
tween p28sis and PDGF. The 
p28sis sequence is from (10); 
the PDGF sequences are from 
(18, 20). Residue identity be- P28Sis 51 R S H S G G E L E S L A R G # % S L G S L S V A E P A M I A E C K T R T ~ E ~ S & I ~ T N  100 
tween the p28sis and PDGF ~~~~~~ 1 S L G S L T I A E P A M I A E C K T R E E V F C I C R R L ? O R ? ?  34 

seauences is indicated bv the i SIEE~VP~~VCK~RIVIY-ELB??? 28 

soljd lines between thd se- p28sis 101 A N F L V W P P C V E V O R C S G C C N N R N V Q C R P T O V O L R P V O V R K I E I V R K K P I F  150 
quences. A question mark in- po~F-2 35 ? ? ? ? ? ? P P C V E V K ~ T G C C N N R N V K C R P S ~ ~ O V R K I E I V R K [  80 
dicates that no amino acid se- POGF-I 29 m[ 32 
quence assignment has yet 
been made for that position; p28sis 151 K K A T V T L E O H L A C K C E I V A A A R A V T R S P G T S O E O R A K T T Q S R V T I R T V R V  200 
the brackets indicate no se- POGF-2 
quence is yet available for the REF-I 
included segments. The box 
around p28sis positions 65 and p2Bsis 201 RRPPKGKHRKCKHTHOKTALKETLGA 

PDGF-2 
66 indicates a possible proteo- PoGF-l 1 
lvtic processing position for 1 . . 
generation of a fragment of p28sis corresponding to PDGF-2. Single letter abbreviations for the amino acid residues are as follows: A, alanine; C,  
cysteine: D, aspartic acid; E, glutamic acid; F ,  phenylalanine; G, glycine: H ,  histidine; I ,  isoleucine: K ,  lysine; L, leucine; M ,  methionine; N ,  
asparagine: P, proline; Q,  glutamine; R ,  arginine; S, serine; T, threonine; V ,  valine: W, tryptophan: Y ,  tyrosine. 
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sequence obtained from peptide frag- 
ments generated by cyanogen bromide 
cleavage of native PDGF (20). 

The sequence alignments and matches 
derived from these searches are shown 
in Fig. 1. The sequence comparisons are 
summarized as  follows: 

1) PDGF-1 matches p28sis at 18 of 29 
positions identified by protein sequenc- 
ing. 

2) PDGF-2 matches p28sis at 26 of 31 
positions at  the PDGF-2 amino terminus 
and at  35 of 39 positions at  the amino 
terminus of a 14,000-dalton PDGF-2 cy- 
anogen bromide fragment (total match at  
61 of 70 identified positions). 

3) N o  sequence gaps due to insertions 
or deletions were used in these align- 
ments. 

This extensive sequence homology 
leaves little doubt that the v-sis trans- 
forming gene, as  isolated from the wool- 
ly monkey, is the result of a viral recom- 
bination with the host cell gene or genes 
encoding PDGF or a very similar pro- 
tein. The match between the 70 identi- 
fied PDGF-2 residues and the corre- 
sponding segment of p28sis is 87.1 per- 
cent. Since the v-sis gene is thought to 
have arisen from within the genome of a 
woolly monkey (6), a member of the 
family Cebidae (New World monkeys), 
and the PDGF was isolated from human 
platelets, most, if not all, of the observed 
amino acid differences could represent 
species differences. This hypothesis is 
consistent with the known amino acid 
sequence similarity for myoglobin t90.8 
percent identity (21)] and fibrinopeptides 
A and B [70.0 percent identity (22)] from 
humans and cebids. Moreover, seven of 
the nine observed differences can be 
derived from single base changes. 

An examination of PDGF-2 and p28sis 
sequences reveals several additional 
facts consistent with a close relation 
between the two proteins. While the 
peptide molecular size of the 226 constit- 
uent amino acids of p28sis is 25,414 
daltons, removal of the 66-residue frag- 
ment that precedes the section matching 
PDGF-2 would yield a 160-residue pro- 
tein with a molecular size of 18,056 dal- 
tons, essentially the same value calculat- 
ed for PDGF-2 on the basis of sodium 
dodecyl sulfate-polyacrylamide gel elec- 
trophoresis. Evidence for processing of 
p28sis near this point comes from studies 
with antiserums specific for the amino 
and carboxyl termini of p28sis (23). The 
cleavage point, based on the p28sis se- 
quence, would be signaled by a double- 
basic (Lys-Arg) (Lys, lysine; Arg, argi- 
nine) sequence at  positions 65-66. The 
processed 160-residue viral protein 
would be very basic, mainly because of 

an unusual number of arginines. Its cal- 
culated p I  is about 10, a match for the 
observed value of 9.8 reported for active 
PDGF, and at  neutral p H  it would have a 
net charge of +20. It  would contain nine 
cysteines; the odd number is consistent 
with external disulfide bonding, as  in the 
disulfide-linked dimer observed for na- 
tive PDGF. The predicted secondary 
structure (24) and hydropathy index (25) 
of the viral protein are consistent with a 
water-soluble globular protein, about 
one-third a-helical, containing no mem- 
brane-spanning segments. 

Despite advances in identifying cellu- 
lar genes with transforming potential, 
little is known about proto-oncogene 
function or how the altered counterparts 
of these genes disrupt normal growth 
regulation. One major family of onc 
genes codes for protein kinases with 
specificity for phosphorylation of tyro- 
sine residues (2); another has an associ- 
ated GTP-binding (guanosine triphos- 
phate) activity (26). Moreover, previous 
computer searches have revealed distant 
homology between the src gene product 
and cyclic adenosine monophosphate ki- 
nase (27) and possibly between the Blym 
gene product and transferrin (28). How- 
ever, until now none of the identified onc 
genes has been shown to correspond to a 
cellular gene encoding a protein with 
known physiological function. Any such 
linkage might have far-reaching conse- 
quences with respect to understanding 
the mechanisms of action of the trans- 
forming gene itself. 

Our studies reveal a high degree of 
relatedness between the transforming 
gene product of a primate sarcoma virus 
and a potent growth factor for human 
fibroblasts, smooth muscle cells, and gli- 
a1 cells. The mechanism by which this 
onc gene transforms cells may involve 
the constitutive expression of a protein 
with functions similar to those of a factor 
active transiently during normal cell 
growth. 

This relationship raises intriguing pos- 
sibilities about the mechanism of action 
at  the molecular level of both the onc 
gene product and the growth factor. (i) Is  
the PDGF activity inherent in the dimer- 
ic structure of native PDGF or  in the 
conformation and structure of a single 
chain? If PDGF functions as a dimer, 
then does the viral protein also require 
this structure to be  active? (ii) Does the 
viral protein function as an intra- o r  
extracellular signal? PDGF has a specific 
receptor bound to the cell membrane and 
presumably acts through it. Does the 
viral protein act through the same or a 
similar receptor (29)? (iii) Is proteolytic 
processing of the viral protein to give a 

peptide similar in size to the correspond- 
ing PDGF peptide essential to the func. 
tion of the viral protein? (iv) How gener- 
al is the phenomenon of an onc gene 
coding for a protein whose sequence is 
similar o r  identical to  that of a normal 
growth factor? (v) Can antiserums spe- 
cific for onc gene-related growth factors 
inhibit the growth of associated tumors 
(30)? 
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Rapid Changes in Tree Leaf Chemistry Induced by Damage: 

Evidence for Communication Between Plants 

Abstract. Potted poplar ramets showed increased concentrations and rates of 
synthesis of phenolic compounds within 52 hours of having 7 percent of their leaf 
area removed by tearing, as did undamaged plants sharing the same enclosure. 
Damaged sugar maple seedlings responded in a manner similar to that of the 
damaged poplars. Nearby undamaged maples had increased levels ofphenolics and 
hydrolyzable and condensed tannin within 36 hours, but exhibited no change in rates 
of synthesis. An  airborne cue originating in damaged tissues may stimulate 
biochemical changes in neighboring plants that could influence the feeding and 
growth of phytophagous insects. 

Attacks by herbivores on plants may 
reduce the quality of the plant tissues for 
subsequent feeding (1, 2). It has not been 
known whether such changes occur 
quickly enough to reduce ongoing defoli- 
ation. We report here that poplar (Popu- 
lus x euroamericana) ramets and sugar 
maple (Acer saccharum Marsh) seed- 
lings exhibit elevated concentrations of 
phenols and increased protein binding of 
phenolic compounds in leaf extracts 
within 75 hours of being mechanically 
damaged. Synthesis of these compounds 
apparently increases in response to dam- 
age. Recently, Rhoades (3) presented 
bioassay results suggesting that a factor 
released by damaged trees stimulates 
changes in the leaf quality of undamaged 
neighbors. We also report chemical evi- 
dence of such communication between 
trees: leaves of undamaged individuals in 
the same enclosure as damaged plants 
exhibit similar chemical changes. 

In two separate experiments 45 1.5- 
month-old poplar ramets and 45 4- 
month-old sugar maple seedlings grown 
under controlled conditions (4) were 
placed in two gas-tight Plexiglas enclo- 

sures (5) inside a growth chamber. One 
enclosure housed 15 true control plants, 
while the other housed 15 experimental 
and 15 "communication control" plants. 
Two leaves on each experimental plant 
were damaged (6 ) ,  while the leaves of 
both control groups were untouched. At 
the time of damage, I4CO2 was intro- 
duced into both enclosures and then 
scrubbed from the air (7) before the first 
of three sampling intervals (8). At each 
interval five plants from each group were 
removed from the chamber for analyses 
of four chemical leaf traits known to 
influence insect feeding and to be affect- 
ed by herbivore damage in other tree 
species (1, 2). Four leaves from each 
seedling (9) were extracted and analyzed 
for total phenolics, hydrolyzable and 
condensed tannins, and tanning activity 
(10). Carbon-14 was assayed in leaf ex- 
tracts and in phenolics precipitated by 
aqueous lead acetate (1 1). 

At the first sampling interval all seed- 
lings had elevated chemical measures, 
probably because of metabolic stimula- 
tion by elevated C02  (12). Hence the 
effect of damage must be considered 

against the dynamic background of the 
true controls. Damaged plants and com- 
munication controls exhibited chemical 
changes that were significantly different 
from patterns seen in the true controls. 

Total phenolics in leaf extracts from 
poplar ramets suffering damage to ap- 
proximately 7 percent of their leaf area 
increased 123.3 percent within 52 hours 
( P  = ,001) and decreased to control lev- 
els by 100 hours (Fig. 1A). Communica- 
tion controls produced leaf extracts with 
phenolic contents elevated 57.6 percent 
(P  = .001) in less than 52 hours (Fig. 
1A). Damaged poplars incorporated 
more photosynthate into phenolics than 
did controls; I4C in phenolic precipitate 
increased 150 percent by 52 hours (Fig. 
1B). Undamaged communication con- 
trols also showed increased phenolic 
synthesis; I4C in phenolics increased 128 
percent ( P  = .01) after neighboring trees 
were damaged (Fig. 1B). 

Damaged sugar maple seedlings had a 
significantly higher total phenolic con- 
tent at 75 hours than did true controls 
(Fig. 1C). The protein binding capacity 
of leaf extracts from damaged seedlings 
was 33 percent higher (equivalent to 10 
percent tannic acid by dry weight) than 
that of leaves from true controls at 75 
hours (Fig. ID). The concentration of 
hydrolyzable tannin increased in all 
plants by 36 hours (Fig. lE),  perhaps 
because of elevated photosynthetic rates 
under conditions of enriched C 0 2  (12). 
At 75 hours hydrolyzable tannin re- 
mained elevated in leaves from damaged 
trees, while it was reduced in leaves 
from controls. No changes in condensed 
tannins were evident in leaves from dam- 
aged trees or true controls. 

Phenolic and hydrolyzable tannin con- 
tents in leaf extracts from undamaged 
communication controls kept in the same 
air space as damaged trees were signifi- 
cantly higher than those in true controls 
by 36 hours and remained significantly 
higher at 75 hours (Fig. 1, C and D). 
These extracts also had significantly 
higher concentrations of condensed tan- 
nin than extracts from true controls, 
increasing 21.4 percent after 36 hours to 
the dry weight equivalent of 0.04 percent 
red oak tannin (10). The level of con- 
densed tannin declined to that of the true 
controls after 75 hours. 

As in the damaged poplar seedlings, 
I4c was actively incorporated into phe- 
nolic compounds by damaged maple 
seedlings: I4C counts were 2.5 times 
greater in precipitated phenolics than in 
true controls at 75 hours (P  = .03). 
However, the number of 14C counts in 
phenolics from communication control 
leaves did not differ significantly from 
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