
Detection of High Molecular Weight Forms of Platelet-Derived 
Growth Factor by Sequence-Specific Antisera 

Abstract. Antisera to synthetic peptides representing sequences of both chains of 
platelet-derived growth factor (PDGF) were used to structurally analyze PDGF 
isolated from outdated human platelets and PDGF-like proteins in normal and 
transformed cells. Most PDGF isolated from platelets did not contain the carboxyl 
portion of PDGF-2 in contrast to p201is, the major form of p28Sis detected in simian 
sarcoma virus-transformed cells. I n  addition, higher molecular weight forms of 
molecules containing PDGF-I and PDGF-2 sequences were detected in all cell lines 
tested. These lines were heterogeneous with respect to species, cell type, and 
transforming agent. 

The structural (I, 2) and immunologi- 
cal (3-5) relatedness of the transforming 
sis gene product (~28"') of simian sarco- 
ma virus (6) to platelet-derived growth 
factor (PDGF) (7, 8) provides the most 
solid link between the transforming 
properties of oncogenes and the mito- 
genic action of growth factors. The sis 
gene is one of many oncogenes that have 
been transduced by retroviruses (9). 
These captured genes have been highly 
conserved through evolution, suggesting 
they have important physiological func- 
tions. Platelet-derived growth factor is a 
very potent mitogen for many connec- 
tive tissue cell types in culture (10). It is 
stored in the alpha granules of platelets 
and is released at sites of vascular dam- 
age. PDGF binding to specific cell sur- 
face receptors triggers a tyrosine-specif- 
ic protein kinase activity (11). This event 
identifies a common mechanism used by 
a wide variety of growth factors and 
oncogenes. Insulin, gastrin, epidermal 
growth factor, and transforming growth 
factors all bind to receptors that are 
associated with tyrosine protein kinase 
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Fig. 1. immunological detection of PDGF. 
Approximately 100 ng of PDGF-2 per lane 
(16) was boiled in the presence (lanes A to F) 
or absence (lanes G to L) of 10 percent 2- 
mercaptoethanol before electrophoresis (5). 
Used were two antisera against PDGF-I-(I- 
12) (lanes A and G or J3 and H) and PDGF-2- 
(73-89) (lanes D and J or E and K) or antise- 
rum against PDGF-24-17) (lanes C and I), 
and PDGF-2-(126-145) (lanes F and L). Anti- 
body was visualized with rabbit antibody to 
mouse immunoglobulin and '*'I-labeled pro- 
tein A (5). 

activity (12). The proteins of oncogenes 
src, yes, fes, fps, ros, abl, and fgr have 
tyrosine kinase activity while the onco- 
genes mos, raf, mht, and erbB have 
sequence homology to the region encod- 
ing the kinase activity (13). Furthermore, 
fragments of the epidermal growth factor 
receptor show a very close homology 
with the predicted sequence of erbB (14). 
Thus the binding of a growth factor to a 
receptor with tyrosine kinase activity 
appears to be a common event in mito- 
genesis and transformation. 

The precise molecular mechanisms of 
this interaction are not known. PDGF 
isolated from platelets contains two 
polypeptide chains that form disulfide- 
bonded complexes that miipate on dena- 
turing polyacrylamide gels between 28 
and 35 kD (15, 16). Reduction destroys 
the biological activity of these complex- 
es and produces proteins' that migrate 
between 14 and 18 kD (15.16). Sequence 
analysis of the material migrating at 18 
kD identifies two homologous but dis- 
tinct sequences (7). One of these, PDGF- 
2, is highly homologous -to the protein 
(p285is) predicted by the nucleotide se- 
quence of the simian' sarcoma virus 
(SSV) oncogene (sis) (6). The homology 
begins at residue 67 and extends at least 
to residue 171 (1,2). Recently, the isola- 
tion and sequencing of a human c-sis 
clone extended this homology to the 
predicted carboxyl terminus (8). The 
open reading frame encoding the se- 
quenced PDGF-2 region continues u p  
stream, indicating that PDGF isolated 
from platelets is derived from a larger 
precursor, consistent with the 4.2-kb sis- 
related messenger RNA detected in vari- 
ous cell Lines (17). 

Synthetic peptides represqnting vari- 
ous regions of both PDGF sequences 
were made. The amino termini of PDGF- 
1 and PDGF-2 and the central and car- 
boxyl portions of PDGF-2 were synthe- 
sized, conjugated to the immunogenic 
carrier keyhole limpet hemocyanin 
(KLH), and injected into mice. The p e p  
tide representing the unique region of 
PDGF-2 contains the first 17 amino acids 

of this sequence and will be called 
PDGF-2-(1-17). The unique region of 
PDGF-1 is represented by a peptide, 
PDGF-1-(I-12), which contains the first 
12 amino acids of this sequence. Six of 
the 12 amino acids are shared with 
PDGF-2 but only three are consecutive. 
The third peptide, PDGF-2-(73-89), has 
been described elsewhere (51. It repre- 
sents the predicted residues 139 tp 155 of 
~28'" and contains an additional cysteine 
at its carboxyl terminus for coupling. It 
produces antibodies that recognize the 
reduced subunits of purified PDGF, pro- 
teins of 31, 30, 21, and 18 to 14 kD in a 
platelet extract, and a 56-kD protein in 
SSV-infected marmoset cells (5). The 
fourth peptide, PDGF-2-(126-143, was 
also predicted by the v-sis sequence (res- 
idues 192 to 21 1 of ~28~" ) .  

To analyze the specificity of the anti- 
sera generated against these synthetic 
peptide conjugates, PDGF was probed 
with these antisera. Purified PDGF was 
reduced and electrophoresed into a poly- 
acrylamide gel and onto nitrocellulose 
(lanes A to F in Fig. 1). Two antisera 
directed against PDGF-141-12) reacted 
with a protein of approximately 18 kD 
(lanes A and B).  Sequence analysis of 
purified PDGF~indicates that most of the 
PDGF-I chain migrates at this position 
(7). The weakness of the reactivity ob- 
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Fig. 2. Detection of p2W" and other PDGF- 
Like molecules in SSV-NRK cells. An extract 
of approximately lo6 SSV-NRK cells per lane 
was transferred to nitrocellulose (5). Antisera 
used to probe the extracts were against 
PDGF-2-(1-17) (lanes A and B), PDGF-2-(73- 
89) (lanes C and D), PDGF-2-(126-145) (lanes 
E and F), and PDGF-I-(1-12) (lanes G and H). 
These antisera were incubated for 60 minutes 
at 3TC with 100 ~g of PDGF-2-(1-17) (lanes B 
and G), PDGF-2-(73-89) (lanes D and E), 
PDGF-2-(126-145) (lanes C and F), or PDGF- 
1-(1-12) (lanes A and H) before being used to 
probe extracts. Longer exposure revealed a 
70-kD protein, which was the only band spe- 
cifically detected in lane G. 
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A B C D E  F G H I  J K L M N 0 Fig. 3. Detection of 
a 70-kD protein in 
three cell lines. An 
extract of approxi- 

f mately 1@ SSV-in- 
fected 3T3 cells (lanes 

I 
92 - A to E), TRDl cells 
6 7 -  - (lanes F to J), or 

o MSTF cells (lanes K 
k 4 5 -  - - to 0) per lane were 
m 
D 

transferred to nitro- 
o 31 - - .- cellulose (5). Antisera 
Y against PDGF-I-(I- 

21 - 12) (lanes A to C, F 
14 - *li a to H, and K to M) 

or PDGF-2-(73-89) 
a r. (lanes D, E, 1, J, N, 

and 0 )  were incubat- 
ed with 100 pg of PDGF-14-12) (lanes A, D, F, 1, K, and N), PDGF-2-(1-17) (lanes B, G, and 
L), or PDGF-2-(73-89) (Ides C, E. H, J. M, and 0) before being used to ptobe the extract. The 
minor 100-kD band detected in lanes G to I is more readily apparent in overexposed 
autoradiographs. 

served with these antisera suggests that 
the amino end of PDGF-1 may not be 
readily accessible for antibody binding. 
In contrast, antiserum against the amino 
end of PDGF-2 (lane C) readily detected 
protein migrating at 18 and 14 kD, con- 
sistent with sequence analysis of PDGF- 
2 (7). Since this antiserum was directed 
against the amino terminus of PDGF-2, 
proteins of this size would be consistent 
with cleavages in the carboxyl portion of 
the molecule. The antisera against 
PDGF-2473-89) produced the same ac- 
tivities (lanes D and E) as seen in lane C. 
In contrast, antisera against PDGF-2- 
(126145) did not have detectable activi- 
ty against purified PDGF. Since the se- 
quence of the peptide differs from c-sis at 
position 145 (8), it is possible that this 
amino acid change is contained in the 
binding site. This is unlikely, however, 
because the peptide is 20 amino acids 
long and the change is only in the car- 
boxyl terminal position used to couple 
the peptide to the KLH canier protein. 
The lack of activity is not due to genera- 
tion of only peptide-specific antibodies 
because this antiserum reacts with p20"' 
(as described below). The 14- to 18-kD 
size of the detected PDGF in purified 
preparations suggests that most of this 
material is missing the carboxyl end of 
the predicted sequence of p28"'. 

To further analyze the presentation 
requirements of the antisera, purified 
PDGF was tested under nonreducing 
c~nditions (lanes G to K in Fig. 1). None 
of the antisera recognized PDGF under 
these conditions, suggesting that these 
three regions in the nonreduced mole- 
cule are not readily accessible or recog- 
nizable by the antisera. 

Reactivities of the antisera with re- 
duced proteins of SSV-infected normal 
rat kidney cells (SSV-NRK cells) are 
shown in Fig. 2. An antiserum against 

PDGF-24-17) readily detected a 20-kD 
protein (lane A). The activity was specif- 
ically blocked by first incubating the 
antiserum with PDGF-241-17) (lane B). 
Others have also detected a 20-kD pro- 
tein in SSV-infected cells (3, 4). This 
protein is thought to be generated by 
cleavage of p28""t residue 67. In addi- 
tion, minor reactivities with proteins of 
31, 45, and 56 kD were blocked by the 
peptide while a stronger activity at 34 kD 
was only partially blocked. Probing this 
extract with an antiserum against PDGF- 
2473-89) produced similar results (lanes 
C and D). Antiserum against PDGF-2- 
(126145) also readily detected the 20-kD 
protein (lanes E and F), indicating that 
the carboxyl terminus of p20"s is not 
readily cleaved in the cell extracts, in 
contrast to PDGF isolated from plate- 
lets. It is not known whether isolation 
procedures (16) or the amino acid change 
at residue 145 of PDGF-2 is responsible 
for this difference. 

Incubation of the antisetum against 
PDGF-2(73-89), the peptide that cot?- 
tains this cysteine residue, resulted in 
blocking of the activity for the 20-kD 
protein and visualization of a new promi- 
nent band of about 54-kD (lane F in Fig. 
2). The conditions under which this band 
was seen suggest that it may represent a 
protein that can bind to the peptide 
PDGF-2-(126145). The cysteine residue 
may be important in this interaction be- 
cause binding of the antisera to this 
region was less if the extract was not 
reduced before electrophoresis. Probing 
the reduced extract with antisera against 
PDGF-241-12). which contains se- 
quences not found in the predicted sis 
gene product, did not detect the 20-kD 
protein (lanes G and H in Fig. 2). In- 
stead, only a minor band of 70 kD was 
detected by the antisera and blocked by 
the immunizing peptide. 

To determine whether PDGF-like pro- 
teins might be synthesized in other trans- 
formed cell lines, extracts were made 
and probed with various antisera against 
PDGF. SSV-transformed NIH cells were 
probed with an antiserum to PDGF-1-(I- 
12) and PDGF-2473-89) (Fig. 3). Of the 
two antisera against PDGF-2-(73-89) 
(lanes D and E in Fig. l), the serum used 
in lane D produced a weaker activity 
with purified PDGF, but, as seen in lane 
D of Fig. 3, a protein of approximately 70 
kD was seen that was blocked with the 
immunizing peptide, PDGF-2473-89) 
(lane E in Fig. 3), and not blocked by 
prior incubation of the antiserum with 
PDGF-1-(1-12). The protein was also 
detected by antiserum against PDGF-1- 
(1-12). Recognition was blocked by incu- 
bating the antiserum with the immuniz- 
ing peptide, but not with PDGF-2473- 
89) or PDGF-241-17). Thus the specific 
reactivity with these proteins by both 
antisera demonstrates that this is not a 
fortuitous cross-reactivity with a small 
region of PDGF but that the molecule 
contains sequences homologous to at 
least the amino end of PDGF-1 and the 
central region of PDGF-2. The amounts 
of p28sis and p20'iS were below the level 
of detection with antiserum to PDGF-2- 
(73-89). Similar results were obtained 
with other antisera, although overexpo- 
sure did occasionally show a 20-kD band 
that was specifically detected. 

Analysis of extracts of two other unre- 
lated transformed cells with the antisera 
gave similar results. The TRDl cell line 
is a spontaneously transformed BALB 
3T3 cell line (18). This line also ex- 
presses a 70-kD protein and a minor 
immunologically related protein of ap- 
proximately 100 kD (lanes G to I in Fig. 
3). A third cell line (MSTF), a mink lung 
line (CCL64) productively infected with 
feline leukemia virus subtype B, and the 
Snyder-Theilen strain of feline sarcoma 
virus, also expressed a protein of the 
same size (lanes K to 0 in Fig. 3). 
Another antiserum against PDGF-141- 
12) detected a protein of approximately 
53 kD. These proteins are not serum 
contaminants because they are detected 
in extracts of cells that have been grown 
for 1 month in the absence of serum and 
are found in serum-free media condi- 
tioned by the TRDl cell line. All cell 
lines tested contain these two PDGF-like 
proteins (19). Initial Northern blots of 
some of these cells, including those that 
secrete low levels of PDGF receptor- 
binding material, reveal the presence of 
messenger RNA that hybridizes to a sis 
complementary DNA probe (19, 20). 

Expression of PDGF-like molecules in 
a broad spectrum of cells, including cells 
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that are not oncogenically transformed 
(normal diploid rat smooth muscle and 
human lung fibroblasts), indicates that 
other processes are involved in transfor- 
mation. Although all the cell lines con- 
tained 70- and 53-kD proteins detected 
with antisera against PDGF-1, the cells 
were heterogeneous with respect to size 
and intensity of other proteins detected 
with antisera to determinants predicted 
by the sequence of the PDGF-2 region. 
The nature of these differences is un- 
known. Generation of monoclonal anti- 
bodies against defined regions of PDGF, 
combined with pulse chase and partial 
digestion experiments, should help to 
resolve structural questions about the 
higher molecular weight forms of the 
molecule. Since these cells differ greatly 
in the rate of secretion of material that 
competes for binding to the PDGF recep- 
tor (18, 21), there may be cell-specific 
differences in the processing of intracel- 
lular PDGF-like molecules to activate 
secreted PDGF. Alternatively, the larger 
intracellular proteins reported here, al- 
though antigenically related to PDGF, 
may have functions other than as precur- 
sors to low molecular weight forms of 
PDGF (22). 
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Pavoninins: Shark-Repelling Ichthyotoxins from the Defense 
Secretion of the Pacific Sole 

Abstract. A series of ichthyotoxic and hemolytic steroid aminoglycosides, pavon- 
inins-1 to -6, has been isolated from the defense secretion of the sole Pardachirus 
pavoninus, and their respective chemical structures have been established by 
spectroscopic studies and chemical conversions. The pavoninins exert repellent 
activity against sharks and are considered to be the factors responsible for the 
predator-repelling property of the sole. 

Certain fishes, called ichthyocrino- 
toxic fishes, secrete toxic substances 
that repel their predators (I). Among 
them, the Red Sea Moses sole Parda- 
chirus marmoratus repels sharks pre- 
sumably by emission of its toxic secre- 
tion at the moment when it is about to be 
bitten (2). Although isolation of an ichthy- 
otoxic protein, pardaxin, from the sole 
has been reported (S), the actual source 
of the shark-repelling property is vague. 
We report here isolation and full charac- 
terization of six shark-repelling ichthyo- 
toxins, pavoninins-1 to -6, from P.  pa- 
voninus, a kin of Moses sole, in the 
Western Pacific; this fish is also ichthyo- 
crinotoxic (4). 

Seven individuals of P. pavoninus (20 
to 30 cm long) were captured at the 
sandy bottom of a coral reef coast of 
Ishigaki Island, Ryukyu Archipelago, Ja- 
pan; they were milked, on two succes- 
sive days, by simply disturbing them. 
The secretion, collected along with some 
seawater, was lyophilized to yield 30 g of 
powder, which on resuspension in 0.1M 
aqueous ammonia and dilution with 10 
volumes of acetone gave 10.7 g of a 

precipitate consisting mainly of protein- 
aceous substances. The solvent was re- 
moved from the filtrate, and the residue 
was partitioned between ethyl acetate 
and water; the toxicity resided in the 
ethyl acetate layer. Removal of the ethyl 
acetate yielded an oil (1.3 g), which was 
chromatographed on silica gel with a 
methanol-chloroform gradient (10:25) to 
yield 992 mg of mixed ichthyotoxins. 
This mixture was lethal to Japanese killi- 
fish Oryzias latipes; the lethal dose (kill- 
ing 50 percent in 1 hour) was 8.5 kdml; 
and its hemolytic activity was compara- 
ble to that of saponin on rabbit erythro- 
cytes. The total activity of the mixture 
accounted for 40 percent of the ichthyo- 
toxicity and 80 percent of the hemolytic 
activity of the original lyophilized secre- 
tion, the remaining activity being present 
in the proteinaceous precipitate. Gel fil- 
tration of the precipitate has indicated 
that the activity is contained in the frac- 
tion having molecular weights of more 
than 10,000, possibly including pardaxin 
or related compounds. 

Further silica-gel chromatography of 
the lipophilic ichthyotoxins yielded two 
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