
perature often varies erratically, particularly 
in the intertidal zone, the bloom may be a 
more reliable signal of impending favorable 
temperatures than temperatures at the time 
of spawning. Density of zooplankton is at an 
annual minimum at the onset of the spring 
phytoplankton outburst (1 7, 18); therefore, 
larval mortality due to zooplankton preda- 
tors may be minimized. In addition, during 
the bloom when many species are spawning, 
larval mortality is likely reduced because 
feeding by predators has attained a maxi- 
mum (19). In conclusion, a major advantage 
of phytoplankton as a spawning cue is that it 
integrates various environmental parameters 
indicating favorable conditions for larval 
success. In many species mechanisms may 
have evolved that directly couple their larval 
phase with phytoplankton abundance. 
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Inhibition of Serum- and Ras-Stimulated DNA 
Synthesis by Antibodies to Phospholipase C 

Several immunologically distinct isozymes of inositol phospholipid-specific phospho- 
lipase C (PLC) have been purified from bovine brain. Murine NIH 3T3 fibroblasts 
were found to  express PLC-y, but the expression of PLC-P was barely detectable by 
radioimmunoassay o r  protein immunoblot. A mixture of monoclonal antibodies was 
identified that nt&&z.es the biological activity of both endogenous and injected 
purified PLC-y. When co-injected with oncogenic Ras protein or  PLC-y, this mixture 
of antibodies inhibited the induction of DNA synthesis that characteristically results 
from the injection of these proteins into quiescent 3T3 cells. However, when 
oncogenic Ras protein o r  PLC-y was co-injected with a neutralizing monoclonal 
antibody to  Ras, only the DNA synthesis induced by the Ras protein was inhibited- 
that induced by PLC was unaffected. These results suggest that the Ras protein is an 
upstream effector of PLC activity in phosphoinositide-specific signal transduction and 
that PLC-y activity is necessary for Ras-mediated induction of DNA synthesis. 

A CTNATED ras GENES ARE FOUND I N  

a significant fraction of malignant 
human tumors (I) ,  and it has been 

postulated that these genes are responsible 
for tumor development (2). Genetic muta- 
tions that transform the ras proto-oncogene 
into a gene that actively induces tumors 
result from amino acid substitutions at criti- 
cal positions, such as ~ l y "  (3) and Gln6' (4, 
4, in the primary sequence of the Ras 
protein. All members of the Ras protein 
family bind guanine nucleotides (6, 7), have 
intrinsic guanosine triphosphatase (GTPase) 
activity (4, 8) that is enhanced by interaction 
with GTPase-activating protein (GAP) (9), 
and have sequence homology to signal- 
transducing G proteins (10). These observa- 
tions suggest that the biological role of Ras 
proteins may be to couple cell surface recep- 
tor activation to a variety of intracellular 
enzymes and ion channels that modulate 
cellular activity (1 1). Microinjection of bac- 

vine brain (14) into quiescent NIH 3T3 
fibroblasts induces morphologic transforma- 
tion and DNA synthesis. Induction of DNA 
synthesis in resung fibroblast cells is also a 
property of serum growth factors. Thus, 
PLC and Ras proteins may be intermediates 
in the biochemical pathways used by serum 
growth factors to Hctivate proliferation of 
cells. 

Several growth factors have been shown 
to require a functional Ras protein for activ- 
ity by microinjection experiments with neu- 
tralizing antibodies to Ras (anti-Ras) (15). 
The position of Ras participation in signal- 
transduction pathways was partially identi- 
fied by injection of anti-Ras into various 
oncogene-transformed 3T3 cells (16). Injec- 
tion of the anti-Ras monoclonal antibody 
Y13-259 blocked serum-induced cell divi- 
sion in NIH 3T3 cells (15) and caused the 
morphological phenotype of ras-trans- 
formed 3T3 cells to revert to that of the 

terially synthesized oncogenic Ras proteins parental cell line (17, 18). These results 
(12, 13) or inositol phospholipid-specific suggested an absolute requirement for Ras 
phospholipase C (PLC) purified from bo- proteins for 3T3 cell growth. 

Bombesin (19) and platelet-derived 
M. R. Smith and Y:l. Liu, Biological Carcinogenesis and growth factor (PDGF) (20) increase the 
Development Program, Program Resources Inc., Na- intracellular concentration of several inositol 
tional Cancer InstituteFrederick Cancer Research Facil- 
ity, Frederick, MD 21701. phospholipids. PLC-?/ is directly phosphotyl- 
H. Kim and S. G. Rhee, Laboratory of Biochemistry, ated on tyrosine and serine residues by the 
National Heart, Lung and Blood Institute, National 
Institutes of Health, Bethesda, MD 20892. PDGF receptor after PDGF treatment of 
H.-f. Kung, Laboratory of Biochemical Physiolo quiescent 3T3 mouse fibroblasts (21), and 
logical Response Modifiers Program, Division o & A z  
Treatment, National Cancer Institute-Frederick Cancer further> a 
Research Facility, Frederick, MD 21701. specific for phosphatidylinositol 4,5-bis- 

SCIENCE, VOL. 247 



Taw 1. Comparison and uantitation of PLC 
isqmes in bovine brain an! csrablished murinc 
cell lines by radioimmunoassay. Bovim brain and 
murinccellswerehomogcnizedin2OmMaiS- 
HCI (pH 7.4) containing 0.2% sodium dcoxy- 
cholate. The homogcnatcs were cenuifugcd at 
120,oOOg, and radioimrnunoassay was p e r f o d  
on the supematants as described (27). One PLG 
specific antibody was absorbed onto 96-wdl 
plates and blocked with bovine senun albumin 
afta which PLC stuldards, crude homogenates, 
or bu%k was added, and the plate was incubated 
for 2 hours. A different PLCspacific 'UI-labeled 
antibody was then added and the plate was incu- 
bated for a finther 2 hours. The platc was W y  
washed and the bound 'zl-radioactivity of each 
wdl was measured. C6 Bul is a continuous rat 
ghom cdl line; PC-12 is a mouse ncuroblastoma 
cell line; and NM 3T3 fibroblasts arc fiom 
mouse. Values are means + SD from mplicate 
~ t i o m .  

Amount of PLC isoym 

h p k  (nglmg P&) 
P W $  PLCy 

Bnin 1500+106 640+58 
C6 Bul 13 2 2 250 + 28 
PC12 15 + 2 230 + 21 
3T3fibrobh 4 + 1  220 2 17 

phosphate (PI&) blocks bombesin- and 
PDGF-induced mitogebesis (22). Similarly, 
in rar-transformed cells the rate of inositol 
phospholipid turnover is three times as fast 
as in u n m e d  cells (23). NIH 3T3 
cells expressing mutant ras genes have in- 
creased basal rates of inositol phosphate (23, 
24) or diacylglycerol (29  production, im- 
plying a chronic stimulation of PLGdcpen- 
dent PIPz turnover (23,24). 

It is possible to synchronize cultures of 
NIH 3T3 fibroblasts in the G, phase of the 
cell cycle by depriving the d l s  of serum 
growth factors. Afia 24 hours, only 2 to 
5% of the cells incorporate [3~]thymidine 
into nuclear DNA during a 3-hour labeling 
period. Microinjection of activated Ras pre  
tein (12) or P K  (14) induces resting cells to 
enter the S phase of the cell cycle and 
incorporate [3~]thymidine into their nucle- 
ar DNA. Induction of [3~]thymidine u p  
take into nudear DNA a h  microinjection 
of putative oncogenic proteins has become 
an established method of idenafymg the 
oncogenic potential of a protein (26). Be- 
cause proteins that induce DNA synthesis 
afier injection usually also morphologically 
transform NIH 3T3 cells (12-14), activation 
of DNA synthesis is a reliable indicator of 
proliferative responses and may suggest on- 
cogeniaty. 

The hybridoma cell lines that produced 
the monoclonal antibodies used in this study 
were derived from spleen cells of BALBIc 
mice immunized with PLGp or PLGy 
p d e d  from bovine brain (27, 28). Each 
antibody binds to a different epitope on the 

F l g . l . ~ i m m u a o b 1 0 t ~ t h e a r p r e s -  A 1  2 3 k ~ B f  2 3 
sion ofPLG$ (A) and PLcq (B) in established 
cdl lina (Table 1). Lane 1, C6 Bul, lane 2, PG - 225 - 
12; and lane 3, NIH 3T3 fibroblasts. The posi- PLC-13 -PLC-y 
tions of PLG$ and PLGy are indicated. Cdl 
~ w a ~ d i s r u p a e d b y ~ a n d  -110 - 

a#- C p -  - 
4 

o c a ~ a t 1 2 , ~ , a n d 2 0 0 ~ l g o f l y s a t c w a s  ' " 4  
lo;Pckd on 8% acrylamide gels. Puri6ed P I G  P - 72 - 9 

$ and PLGy ave been used to standardize the 
immunobl~t~ and show that PLG$ and PLC-y * - 4 5 -  
prescntinthelysatcsmigntcatappr0Xlm;lnlythc - 
samcntcas enymc.h4ixmcsofantibodies 
(10 p g / d  with *t epitopic spati- 
ties were uscd for immunoblouing: anii-PLG$ 
antibodies induded K32-3, K82-3, and K92-3 
and anti-PLCy antibodies included B64, B23, D77-3, B2-5, ES4, aad E9-4 (27). Antibodies ofthc 
same immunoglobulin (Ig) subclass as anti-PLGP and anti-PLcq (IgG1 and IgG2a) were uscd to 
control for speufiaty in the immunoblots. In addition, PU;y fbm 3T3 cells docs not aoss-ma with 
antibodies spcafic for PLG$, as previously dcscribcd (27). 

PLC molecules, and antibodies made to 
P E P  and PLGy do not cross-react with 
each other. A spcuiic and sensitive tandom 
radioirnmunoway fbr quantitating PLGp 
and PLGy was developed with these anti- 
bodies (27) (Table 1). On the basii of the 
ability of an antibody to inhibit the in viao 
bioaaivity of inositol phospholipicCspeci6c 
PLC (27), several monoclonal antibodies 
with di&rent epitopic specificities were 
mixed to maximize inhibition. We have used 
microinjection to evaluate the biological sig- 

nificance of adding PLC to a resting all and 
to examine the result of depleting intracellu- 
lar PLC with n a  antibody during 
growth activation by serum factors. PLC is 
thought to be constitutively expressed and 
to paniapate in the promotion of growth 
signals in cultured cells (24) and brain tissue 
(29). 

Bovbe brain was h d  by radioim- 
munoway to express large amounts of 
PLGp and PLC-y, whereas several estab- 
lished cell lines express laser amounts of 

Trvbk2E~ofantibodiestoPU:andRasonthestimulationofDNA~~~isinquicsccntNIH 
3T3 fibroblasts induced by microinjection of PLC. NIH 3T3 cells (4 x 106) were platcd on glass cova 
slips in 35-mm culture dishes and allowed to grow to confluency for 1 to 2 days in Dulbcccoys modified 
essential medium (DMEM) with 10% calf saum. The medium was then replaced with DMEM 
amainhg 0.5% calf serum, and the cells wcre incubmi for 24 hours befbre microinjection (lo-" ml) 
of coded sampks into 150 to 200 & within a dcfiwd area on the cova slips. Injeaed cells were 
maintained in DMEM with 0.5% calf-; [3H]thymidine (1 pCi/d, Amasham) was added fbr the 
pcriod 18 to 24 hours af ta  injection. were washed with isatonic phosphate-Mired saline 
(pH 7.4) and fixed in 3.7% (v/v) fomddchyde. Cover slips were mounted onto glass mi-pc slides, 
coated with nudcar track emulsion (NTB2; Easanaa Kodalr), and autoradiographed for 24 hours. 
Slides wcre stained with Gcimsa and photographed, and lab& cells were counted. Backgmund 
thymidine uptake was cakulated by dividing the number of& that had incorporated [3H]thymidinc 
in an area of uninjectcd cells by the total number cells in that area Thymidine uptake was similarly 
calculated fbr the i n j d  cells in a ddined area. Fold induction (mcan 2 SD; n > 3) was calculated by 
dividing the percentage thymidinc uptake ofinjared cells by that of uninjcctcd cells. PLG$ and PLGy 
wcre purified from bovine brain (28). h4ixmcs of anti-PLG$ and anti-PCGy antibodies were as 
described in the kgcnd to Fig. 1. Anti-Ras mowclonal antibodies Y13-259 and Y13-238 are specific 
for Ras protein (17): Y13-259 neuaalizes intracellular Ras activity aftcr microinjection but Y13-238 
does not (15,16). BSA, bovine saum a l w ,  H-Ras, Harvey Ras protein. Concentrations: BSA, 2 
mg/rnl; PLG$, 225 pg/d, antibodies 5 mg/ml; PLCy, 225 pg/d, and H-Ras, 2.5 mg/ml. 

uninjcctui ~njared- F O I ~  
cells cells induction 

BSA 
P W P  
PLG$ + anti-PLG$ 
PLG$ + antidPLcq 

PLCr 
PLGy + anti-PLcq 
P m  + Y 13-259 
PLc., + Y13-238 
PLGy + anti-PLG$ 
H-Ras 
H-Ras + anti-PLcq 
H-Ras + Y13-259 
H-Ras + Y13-238 
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Fig. 2 Rcquirrmnt for PLCy in m - s t i m u -  
lved DNA synthesis in NIH 3T3 fibroblasts. 
M d o n a l  antibodies to P U j y  (A) or PLGf3 
(B) were microinjected into cvery quiescent NIH 
Tr3 cell contained within the circle. Antibody 
mixnues were the samc as described in Pig. 1. 
Afta injection, cultures were incubated with sc 
rum for 18 hours, labeled with ['Hlthymidim (1 
pcilrnl; Amersham) for 3 hours, and subjected to 
aumradiography for 2.4 hours. 

PLGy and very little P E P ,  with 3T3 
fibroblasts exoressine PLGB in amounts 
slightly high& than "kgro;nd (Table 1). 
Protein immmblotting also revealed that 
the expression of PLGp was low in glima 
and neuroblastoma cell lines and was barely 
detectable in NIH 3T3 fibroblasts (Fig. 
1A). Large amounts of PLGy expression 
were detected in rat glioma, mouse neuro- 
blastoma, and mouse NIH 3T3 fibroblast 
cell lines (Fig. 1B). The PLGy present in 
the cell line extracts migrated at a position 
conrsponding to a size of -145 kD on 
SDS-polyacrylamide gels. PLGP h m  glio- 
ma and neuroblastoma cell lines migrated as 
a doublet on immunoblots, with the top 
band migrating at -150 kD and a smaller 
degradation product b e i i  evident below it. 

Mixturrs of PLGP and PLGy monodo- 
nal antibodies were found to inhibit the in 
vim biochemical activity of inositol phos- 
pholipid-speafic PLC by 75 and 89%, re- 
spectively. Combined inhibition is greater 
than that caused by any one antibody alone. 
We have determined that the P L G w d -  

with antibodies to PLGy (anti-PLGy) 
were inhibited fiwn synthesizing DNA 
(Fig. 24, in contrast to the uninjected cells. 
Anti-PLG~pccific monodonal antibod- 
ies did not inhibit the growth of NIH 3T3 
cells after microinjection (Fig. 2B). Perhaps 
the reason that anti-PLGp has no e f k t  on 
serum-induced 3T3 cells is that these cells 
do not contain PLGp (Table 1 and Fig. 1). 

Results h m  several microinjection ex- 
periments are summarized in Table 2. Injec- 
tion of a control nonspeci6c protein, bovine 
s a u m  albumin, did not induce DNA syn- 
thesis in serum-starved NIH 3T3 cells. In- 
jection of PLGp or PLGy into resting ceUs 
resulted in a 23-fold average increase in the 
number of cells synthesizing DNA (54% of 
injected cells incorporated [3~]thymidine 
into DNA compared to 2% in control in- 
jected or uninjected cells). Injection of Ras 
protein resulted in an 18-fold inaease in 
DNA synthesis. When PLGy or Ras pro- 
tein was co-injected with neutralking anti- 
PLGy monodonal antibodies, an antibody- 
dependent reduction of DNA synthesis was 
observed (Fig. 3, A and B). When PLGy or 
Ras protein was co-injected with the neu- 
tralizing anti-Ras monodonal antibody 
Y13-259, PLGyinduced DNA synthesis 
was not inhibited (Fig. 3C); the Ras pro- 
tebinduccd DNA synthesis was reduced to 
background levels, as previously described 
(1 7). Co-injection of PLGy or Ras protein 
with a nomeutralking anti-Ras monodonal 

antibody, Y13-238, had no effect on in- 
duced DNA synthesis in either case (Fig. 
3D). Injection of PLGP resulted in the 
activation of DNA synthesis in resting 3T3 
cells (14), even though it is not normally 
expressed in this cell (Table 1 and Fig. l),  
and co-injection of PLGP with anti-PLGP 
monodonal antibodies blocked PLGpin- 
d u d  DNA synthesis (Table 2). Speafiaty 
of the inhibition of DNA synthesis by the 
anti-PLGy antibody mixture was validated 
by co-injecting quiescent cells with either 
PLGy plus anti-PLG&speci6c monodo- 
nal antibodies or PLGp plus anti-PLC-y- 
speci6c monodonal antibodies: no inhibi- 
tion of the DNA synthesis induced by PLC- 
P or PLGy was observed (Table 2). 
Afm it was first shown that microinjec- 

tion of a neutralizing monodonal antibody 
to Ras could block serum-stimulated growth 
of fibroblast cells (IS), several studies have 
used antibodies to oncogene products (16) 
and signal-transduction intermediates (22, 
30) to dissect the molecular events of mern- 
brane signal transduction. The binding site 
of the Y13-259 antibody to Ras has been 
mapped to a highly conserved region (ami- 
no acids 63 to 73) of the protein (31); 
antibody binding does not directly interfere 
with known in vim biochemical functions, 
such as guanosine aiphosphate (GTP) bind- 
ing, GTPase activity, or autophosphoryl- 
ation activity (32). The Y13-259 antibody 
does interfere with the nudeotide-exchange 

. n 

ic mixture of monodond antibodies neutral- Flg. 3. E%ixt of co-injection of H-Ras protein or PLCq mgcther with monoclonal antibodies on DNA 
izps the biological activity of both cellular synthesis in NIH ST3 fibroblasts. Microinjection of PLGy plus anti-PLGy monoclonal antibodies 
and p d e d  p m y .  ~ i h j e c t i ~ ~  of this (A); mn&onning H-Ras protein plus anti-PLGy monoclonal antibodies (6); PLGy plus Y13-259 

' ' g anti-Ras monoclonal antibody (C); and H-Ras plus Y13-238 anti-Ras monodonal mfmur the voplrw. of =D). W m the right aide of each photomicrograph were injected with oncoprotein plus 
proliferating 3T3 cells inhibited DNA SYn- antibody, and cdls on the I& side of the scratch were uninjected connois. The microinjection assay was 
thesis (Fig. 2). The major* of cells injected pa-brmcd as described in the legend m Table 2. 
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reaction between bound and exogenous 
guanine nucleotides (33) and blocks GAP 
interaction with ras (34), which may explain 
why this antibody blocks serum-induced 
growth in 3T3 cells (15). Microinjection of 
this antibody showed that the transforming 
signals generated by several growth-factor 
receptor-like oncogenes @s, fes, and src) 
were dependent on the cellular Ras protein. 
In contrast, the transforming signal generat- 
ed by cytoplasmic oncogenes (raf and mos) 
were not dependent on Ras protein for 
activity because induction of DNA synthesis 
by these oncogenes was not blocked by the 
Y13-259 antibody (16). These injection ex- 
periments established a hierarchy within sig- 
nal-transducing biochemical pathways for 
the oncogenes and showed that a down- 
stream block could stop the transforming 
signal of an upstream oncogene. The anti- 
body to PIP2 that inhibits bombesin- and 
PDGF-induced DNA synthesis (22) also 
blocks mitogenesis when injected into ras, 
src, and erbB oncogene-transformed NIH 
3T3 cells, whereas myc-transformed cells are 
not affected (30). 1n summary, our data 
indicate that PLC--y activity is necessary for 
Ras-mediated induction of DNA synthesis 
in NIH 3T3 fibroblasts and that Ras mav 
function as a G protein-like molecule in 
inositol phospholipid signal transduction. 
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Translation Initiation and Ribosomal Biogenesis: 
Involvement of a Putative rRNA Helicase and RPU6 

Cold-sensitive mutations in the SPB genes (spbl-spb7) of Saccharomyces cerevisiae 
suppress the inhibition of translation initiation resulting from deletion of the poly(A)- 
binding protein gene (PABI). The SPB4 protein belongs to a family of adenosine 
triphosphate (ATP)-dependent RNA helicases. The aberrant production of 25s  
ribosomal RNA (rRNA) occurring in spb4-1 mutants or the deletion of SPB2 (RPL46) 
permits the deletion of PABI. These data suggest that mutations affecting different 
steps of 60s  subunit formation can allow PAB-independent translation, and they 
indicate that further characterization of the spb mutations could lend insight into the 
biogenesis of the ribosome. 

T HE FUNCTION OF PROTEINS NECES- 

sary for the processing and assembly 
of ribosomal components can be ex- 

plored through mutational studies. Muta- 
tions in these proteins could result in an 
improperly assembled ribosome capable of 
bypassing steps normally required for trans- 
lation to be initiated. The spb genes (spbl 
through spb7) represent one class of such 
mutations since they suppress the require- 
ment for the poly(A)-binding protein 
(PAB) in translation initiation (1, 2). This 
requirement could prevent the efficient 
translation of partially degraded mRNAs 
lacking their poly(A) tail and its associated 
PAB. The 60s ribosomal subunit probably 
mediates the PAB requirement because the 
spb mutations affect the amounts of this 
particle, and one of them (SPB2) encodes 
ribosomal protein L46 (2). The identifica- 
tion of the site of action of these mutations 
suggested that different alterations in the 
native form of the 605' subunit could lead to 
a basal level of PAB-independent translation 

initiation. Here we report that these alter- 
ations can result from the aberrant produc- 
tion of 25s rRNA or the deletion of RPL46. 

The gene encoding SPB4 (suppressor of 
pabl-F364L) was identified and isolated 
from a yeast genomic library (2, 3) by its 
ability to rescue the recessive cold-sensitive 
phenotype of a spb4-I mutant (YAS165) (2), 
and the nucleotide sequence of the 2349-bp 
fragment containing the complementing ac- 
tivity was determined (Fig. 1). Genetic anal- 
ysis showed tight linkage between this frag- 
ment and spb4-I. DNA and RNA blot analy- 
sis revealed SPB4 to be a single-copy gene 
encoding an mRNA of approximately 2.1 
kb (Fig. 2, lanes 1 to 4). A diploid strain 
heterozygous for a replacement of SPB4 
with TRPl and homozygous for tvpl 
(YAS325) produced up to 50% viable 
spores (compared with >95% for controls), 
and all such spores were tryptophan auxo- 
trophs. Furthermore, a haploid strain con- 
taining this genomic replacement could only 
grow in the presence of SPB4 on a plasmid 
( Y ~ ~ 3 5 6 ) .  These experiments shdw that 

Depamnent of Biochemistry, Stanford Medical Center, SPB4 is essential for growth, and they imply Stanford, CA 94305. 
that at the nonrestrictive temperature spb4-I 
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