
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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fractions, 145 and 617 mg. Reversed- 
phase column chromatography (5) of the 
smaller and less polar fraction gave a 
single major component, pavoninin- 1 (1, 
11 1 mg) with a specific rotation at 20°C 
([a]% of + 19' (1.1 g per 100 ml; c, 1.1, 
chloroform). The same method with the 
larger fraction gave pavoninin-2 (2, 34 
mg), [ a ] r  1-3 lo  (c, 1.6, ethanol), pavon- 
inin-3 (3, 143 mg), [ a ] r  $15' (c, 0.7, 
ethanol), and pavoninind (4, 49 mg), 
[ a ] g  +36O (c, 0.8, ethanol), in order of 
elution. In addition, a mixture of two 
compounds eluted between 2 and 3 was 
separated by 10 percent silver nitrate- 
impregnated silica-gel chromatography 
eluted with a mixture of 15 to 20 percent 

methanol and ethyl acetate; the products 
were pavoninin-5 (5, 210 mg), [ a ] r  +21° 
(c, 0.7, ethanol), and pavoninin-6 (6, 44 
mg), [ a ] r  -25" (c, 2.5, ethanol). The 
ichthyotoxicity of individual pavoninins, 
all isolated as amorphous solids, were 
practically equivalent to that of the un- 
separated mixture. 

The structures of 1 to 6 were elucidat- 
ed by chemical degradation and conver- 
sion. 'H-~uc lea r  magnetic resonance 
('H-NMR) together with spectroscopic 
data of 1 indicated the presence of ace- 
tate and secondary acetamide groups (6, 
7), two tertiary and two secondary meth- 
yls, structural blocks A ,  with infrared; 
1660 cm-'; and ultraviolet in methanol, 
244 nm (log E ,  4. I ) ,  and B (6). These 
functional groups together with 13C- 

NMR (7) and secondary-ion mass spec- 
trum data (8): rnlz 662, (M + H)', led to 
a molecular formula C37H59N09 for 1. 
Acid methanolysis of 1 (with 5 percent 
hydrogen chloride in methanol, 65"C, 5 
hours) gave a ninhydrin-positive sub- 
stance in the hydrophilic portion, which 
was identified as methyl a-D-glucosa- 
minide by derivatization to its tri-p-bro- 
mobenzoate (9), circular dichroism (in 
methanol): A E ~ ~ ~ / ~ ~ ~  +9/-20 (10). The 
lipophilic portion of the methanolysis 
product gave (25R)-26-hydroxycholesta- 
4,6-dien-3-one (7); electron-impact mass 
spectrum: rnlz 398, base peak, M'; ultra- 
violet (in methanol): 285 nm (conjugated 
dienone); infrared: 3400 and 1660 cm-'. 
The structure 7, including the entire 
stereochemistry, was established by cat- 
alytic hydrogenation (PdlC) of the dien- 
one system to (25R)-26-hydroxy-5p- 
cholestan-3-one; which was tosylated at 
the 26-hydroxyl; the tosylate was re- 
duced with lithium aluminum hydride 
and subjected to Jones reoxidation at C-3 
to provide 5P-cholestan-3-one, which 
was identical with an authentic sample. 

Upfield shifts in NMR signals of pro- 
tons at C-26 from 3.85 to 3.94 pprn in 1 to 
3.43 to 3.50 pprn in 7 show that the 
acetate is attached to C-26. The sugar is 
thus attached to the axial oxygen on C-7 
(11). The C-25 configuration was deter- 
mined by pertinent difference between 
the lanthanide-induced shifts of respec- 
tive methoxyl peaks in the 'H-NMR 
spectrum of the diastereomeric (2R)- 
and (2S)-2-methoxy-2-phenyl-2-trifluoro- 
methylacetates (MPTA esters) prepared 
from 7 (12). 

The structure of pavoninin-2 (2), field- 
desorption mass spectrum (FD-MS): rnlz 
620, (M + H)', was indicated by the 
-0.5 pprn upfield chemical shifts of 26- 
protons, as compared to 1, and obtaining 
the identical peracetate from 1 and 2. 

'H-NMR studies of pavoninin-3 (3), 
FD-MS: mlz 664, (M + H)', clarified 
the presence of blocks C, in which 3-H 
appears at 3.95 (half-height width, 9 Hz), 
and D; in addition, as in 1, P-glcNAc, an 
acetate, and block B were also present. 
The shift of the 3-equatorial proton at 
3.95 to 4.98 pprn on peracetylation 
shows that the 3a-hydroxyl is free in 3; 
that is, the sugar is on C-15. Acid meth- 
anolysis of 3 yielded (25R)-cholest-5- 
ene-3a,l5a,26-triol, the 'H-NMR decou- 
pling studies of which made it possible to 
connect C-3 through C-17, including 
blocks C and D. Jones oxidation of 3 (13) 
followed by methanolysis to (25R)- 
15a,26-dihydroxycholest-4-en-3-one (8) 
and selective silylation (with t-butyldi- 
methylsilyl chloride, immidazole, and 
neopentyl alcohol in N,N-dimethylform- 

amide) gave 26-0-t-butyldimethylsilyl-8. 
Hydrogenation of the 26-0-silyl-8 (Pdi 
C), followed by dehydroxylation at C-15 
(with 0-phenyl chlorothioformate in pyr- 
idine, then with tri-n-butyltin hydride 
and a,a'-azobisisobutyronitrile in tolu- 
ene, 1 10°C, 12 hours) (14) and deprotec- 
tion of the 26-hydroxyl (with 5 percent 
hydrogen chloride in methanol) yielded 
aforementioned (25R)-26-hydroxy-5P- 
cholestan-3-one, that is, tetrahydro-7. 

The C-15 configuration for 3 was de- 
termined by application of the exciton 
chirality method (15) on the 26-0-silyl-8 
p-bromobenzoate. Namely, it gave a 
split circular dichroism (in acetonitrile): 

p-bromobenzoate. Namely, it gave a 
split circular dichroism (in acetonitrile): 
A E ~ ~ ~ ~ ~ ~ ~  +$I- 12, which was due to the 
negative chirality between the enone and 
the p-bromobenzoate chromophores. 

Spectroscopic similarities to 3 showed 
pavoninind (4), FD-MS: rnlz 666, 
(M + H)+, to be a dihydro analog of 3. 
'H- and 1 3 C - N M ~  spectra show its 10- 
methyl signals at 0.81 and 11.9 ppm, 
respectively, typical for 5a-steroids (7). 
The configuration of the 3-axial hydrox- 
yl, 'H-NMR: 3.94 pprn (half-height width 
8 Hz; 3-H), is thus a. 

The 'H-NMR spectrum of pavoninin-5 
(5) showed the 3-axial proton at 3.39 pprn 
(tt, 10, 4), but otherwise resembled that 

SCIENCE, VOL. 226 



of 3. Jones oxidation (13) and subsequent 
methanolysis gave 8 as in the case of 3, 
thus 5 is the epimer of 3 at C-3. 

The proton system for the moiety C-6 
to C-15 in pavoninin-6 (6) was clarified 
by 'H-NMR studies. As in 4, the 5a- 
proton and 3P-hydroxyl configurations 
are based on NMR data of 10-methyl, 
0.79 and 11.7 ppm, and 3-proton, 3.55 
ppm (tt, 10,4). Hydrogenation of 6 (over 
platinum in acetic acid) gave dihydro-6, 
which was identical with one of the two 
hydrogenation products of 5. Further- 
more, Jones oxidation and subsequent 
methanolysis of both dihydro-6 and 4 
gave the identical (25R)-15a,26-dihy- 
droxy-5a-cholestan-3-one. The conver- 
sions described above chemically corre- 
late all six pavoninins and thus establish 
their full structures (16). 

Exposure of the dog shark Mustelus 
griseus to pavoninins suggested that they 
are repellents that act on the shark's 
olfactory sense, whereas the protein- 
aceous toxin is possibly an antifeedant 
that acts on its gustatory sense. Tests 
based on termination of tonic immobility 
(TI tests) of the lemon shark Negaprion 
brevirostris, have been developed for 
screening potential shark repellents (17). 
According to preliminary TI tests, the 
pavoninins have been shown to be rela- 
tively strong repellents by acting on buc- 
cal receptors and possibly on the olfac- 
tory rosette at 5 mglml, a concentration 
well below that of pavoninins in the 
secretion discharged by the sole. In con- 
trast to pavoninins, the common steroi- 
dal saponins are only weakly active in 
these tests (18). Since the amount of 
pavoninins available from the sole fish is 
insufficient to carry out proper biological 
tests, pavoninin-4 and a simpler model 
are now being synthesized in gram quan- 
tities from diosgenin (19). Detailed bio- 
logical tests remain to be determined 
(20). 
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Growth Inhibitor from BSC-1 Cells Closely Related to 
Platelet Type P Transforming Growth Factor 

Abstract. Pur$ed growth inhibitor from BSC-1 cells and type P transforming 
growth factor from human platelets are shown to have nearly identical biological 
activity and to compete for binding to the same cell membrane receptor. These 
jindings suggest that the growth inhibitor and the type P transforming growth factor 
are similar molecules. The data also show that the same pur$ed polypeptide can 
either stimulate or inhibit cell proliferation depending on the experimental condi- 
tions. 

The regulation of the growth of cells in 
culture is a highly complex process in 
which the cells interact with growth- 
inhibitory and growth-stimulatory poly- 
peptides as well as with nutrients and 
ions. African green monkey kidney cells 
(BSC-1) produce a polypeptide growth 
inhibitor (GI) when arrested at saturation 
density (I) .  This GI has been purified 
from medium conditioned by these cells 
and shown to cause arrest of the same 
cells at low density in the GI  phase of the 
cell cycle (2). Similar effects of the GI 
have also been observed with certain 
lung and mammary cell lines but not with 
Swiss mouse 3T3 cells or human skin 
fibroblasts (2, 3). 

Transforming growth factors (TGF's) 
are operationally defined as polypeptides 
that stimulate anchorage-dependent cells 
to grow in soft agar and have been de- 
tected in neoplastic and non-neoplastic 
cells in culture and in tissues in vivo (4). 
Two types of TGF have been purified: 
TGFa, which binds to the epidermal 
growth factor (EGF) membrane receptor 
(3, shows significant sequence homolo- 
gy with both mouse and human EGF (6), 
and has biological activities similar to 
those of EGF when purified free of 
TGFP (7); and TGFP, a different mole- 

cule that is a potent growth stimulator of 
mouse embryo-derived AKR-2B cells in 
soft agar with or without added EGF (8) 
and of rat kidney-derived (NRK) cells 
when added in the presence of EGF (4). 
However, TGFP has been reported to 
have little or no mitogenic activity for 
NRK (9, 10) or AKR-2B (11) cells in 
monolayer culture. Recently, TGFP has 
been shown to have specific membrane 
receptors on responsive cells (12). 

Both the GI (2) and TGFP (9) were 
shown by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis to have 
apparent molecular weights in the 24,000 
to 26,000 range and, when reduced with 
P-mercaptoethanol, exhibit a single band 
at approximately 12,500. The apparently 
similar molecular weights and subunit 
composition of the GI and TGFP, the 
observation that TGFP occurs widely 
(4), and initial data indicating that TGFP 
is actually inhibitory for EGF- and insu- 
lin-stimulated mitogenesis in serum-free 
monolayer cultures of AKR-2B cells, 
suggest that the GI and TGFP may be the 
same molecule. We now show that GI 
purified from medium conditioned by 
BSC-1 cells and TGFP purified from 
human platelets have almost identical 
biological activities in stimulation of the 
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