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 (17, 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

MaRrk R. SMrTH, YA-LUN Liu, Hyun KiMm, SUE GOO RHEE,

Hsiang-Fu KUNG

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-v, but the expression of PLC-B was barely detectable by
radioimmunoassay or protein immunoblot. A mixture of monoclonal antibodies was
identified that neutralizes 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 or 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-vy activity is necessary for Ras-mediated induction of DNA synthesis.

CTIVATED ras GENES ARE FOUND IN

a significant fraction of malignant

uman tumors (1), 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 Gly'? (3) and GIn®' (4,
5), 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 (11). Microinjection of bac-
terially synthesized oncogenic Ras proteins
(12, 13) or inositol phospholipid—specific
phospholipase C (PLC) purified from bo-
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vine brain (14) into quiescent NIH 3T3
fibroblasts induces morphologic transforma-
tion and DNA synthesis. Induction of DNA
synthesis in resting 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 activate 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
parental cell line (17, 18). These results
suggested an absolute requirement for Ras
proteins for 3T3 cell growth.

Bombesin (19) and platelet-derived
growth factor (PDGF) (20) increase the
intracellular concentration of several inositol
phospholipids. PLC-vy is directly phosphoryl-
ated on tyrosine and serine residues by the
PDGF receptor after PDGF treatment of
quiescent 3T3 mouse fibroblasts (21), and
further, injection of a monoclonal antibody
specific for phosphatidylinositol 4,5-bis-
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Table 1. Comparison and quantitation of PLC
i in bovine brain and established murine
cell lines by radioimmunoassay. Bovine brain and
murine cells were hy ized in 20 mM tris-
HCI (pH 7.4) containing 0.2% sodium deoxy-
cholate. The homogenates were centri at
120,000¢, and radioimmunoassay was rmed
on the supernatants as described (27). One PLC-
specific antibody was absorbed onto 96-well
plates and blocked with bovine serum albumin
after which PLC standards, crude homogenates,
or buffer was added, and the plate was incubated
for 2 hours. A different PLC-specific '>*I-labeled
antibody was then added and the plate was incu-
bated for a further 2 hours. The plate was finally
washed and the bound '»I-radioactivity of each
well was measured. C6 Bul is a continuous rat
‘glioma cell line; PC-12 is a mouse neuroblastoma
cell line; and NIH 3T3 fibroblasts are from
mouse. Values are means = SD from triplicate
determinations.

Amount of PLC isozyme

PLCB PLC-y
Brain 1500 +106 640 + 58
C6 Bul 13+2 250 + 28
PC-12 15+2 230 =21
3T3 fibroblasts 41 220+ 17

phosphate (PIP,) blocks bombesin- and
PDGF-induced mitogefiesis (22). Similarly,
in ras-transformed cells the rate of inositol
phospholipid turnover is three times as fast
as in untransformed cells (23). NIH 3T3
cells expressing mutant ras genes have in-
creased basal rates of inositol phosphate (23,
24) or diacylglycerol (25) production, im-
plying a chronic stimulation of PLC-depen-
dent PIP, turnover (23, 24).

It is possible to synchronize cultures of
NIH 3T3 fibroblasts in the G, phase of the
cell cycle by depriving the cells of serum
growth factors. After 24 hours, only 2 to
5% of the cells incorporate [*H]thymidine
into nuclear DNA during a 3-hour labeling
period. Microinjection of activated Ras pro-
tein (12) or PLC (14) induces resting cells to
enter the S phase of the cell cycle and
incorporate [*H]thymidine into their nucle-
ar DNA. Induction of [*H]thymidine up-
take into nuclear DNA after microinjection
of putative oncogenic proteins has become
an established method of identifying the
oncogenic potential of a protein (26). Be-
cause proteins that induce DNA synthesis
after 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-
cogenicity. :

The hybridoma cell lines that produced
the monoclonal antibodies used in this study
were derived from spleen cells of BALB/c
mice immunized with PLC-B or PLC-y
purified from bovine brain (27, 28). Each
antibody binds to a different epitope on the
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Fig. 1. Protcin immunoblot showing the expres-
sion of PLC-B (A) and PLC-y (B) in established
cell lines (Table 1). Lane 1, C6 Bul; lane 2, PC-
12; and lane 3, NIH 3T3 fibroblasts. The posi-
tionsofPLC-BandPLC--y;yten'ﬂmndamd.Cdl
suspensions were disrupted and
centrifuged at 12,000¢, and 200 pg of

loaded on 8% E;)vlyacrylamidc gels. Puri
B and PLC-y have been used to standardize the
immunoblots and show that PLC-8 and PLC-y
present in the lysates migrate at approximately the
same rate as enzyme. Mixtures of antibodies
(10 pg/ml of cach) with different epitopic specifi-
ties were used for immunoblotting: anti-PLC-8
antibodies included K32-3, K82-3, and K92-3
and anti-PLC-y antibodics included B64, B23, D77-3, B2-5, E8-4, and E9-4 (27). Antibodics of the
same immunoglobulin (Ig) subclass as anti-PLC-B and anti-PLC-y (IgGl and IgG2a) were used to
control for specificity in the immunoblots. In addition, PLC-y from 3T3 cells does not cross-react with
antibodies specific for PLC-B, as previously described (27).

= PLC-y

PLC molecules, and antibodies made to
PLC-8 and PLC-y do not cross-react with
cach other. A specific and sensitive tandom
radioimmunoassay for quantitating PLC-8
and PLC-y was developed with these anti-
bodies (27) (Table 1). On the basis of the
ability of an antibody to inhibit the in vitro
bioactivity of inositol phospholipid—specific
PLC (27), several monoclonal antibodies
with different epitopic specificities were
mixed to maximize inhibition. We have used
microinjection to evaluate the biological sig-

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

Bovine brain was found by radioim-
munoassay to express large amounts of
PLC-B and PLC-y, whereas several estab-
lished cell lines express lesser amounts of

Table 2. Effect of antibodies to PLC and Ras on the stimulation of DNA synthesis in quiescent NIH
3T3 fibroblasts induced by microinjection of PLC. NIH 3T3 cells (4 X 10°) were plated on glass cover
slips in 35-mm culture dishes and allowed to to confluency for 1 to 2 days in Dulbecco’s modified
essential medium (DMEM) with 10% serum. The medium was then replaced with DMEM
containing 0.5% calf scrum, and the cells were incubated for 24 hours before microinjection (10~ ml)
of coded samples into 150 to 200 cells within a defined area on the cover slips. Injected cells were
maintained in DMEM with 0.5% calf scrum; [*H]thymidine (1 pCi/ml; Amersham) was added for the
period 18 to 24 hours after injection. Cultures were washed with isotonic phosphate-buffered saline
(pH 7.4) and fixed in 3.7% (v/v) formaldehyde. Cover slips were mounted onto glass microscope slides,
coated with nuclear track emulsion (NTB2; Eastman Kodak), and autoradiographed for 24 hours.
Slides were stained with Geimsa and p! and labeled cells were counted. Background
thymidine uptake was calculated by dividing the number of cells that had incorporated [*H]thymidine

in an area of uninjected cells by the total number cells in that area.

Thymidine uptake was similarly

c
calculated for the injected cells in a defined area. Fold induction (mean + SD; n > 3) was calculated by

dividing the percentage thymidine uptake
were
descril
for Ras

in the

of injected cells by that of uninjected cells. PLC- and PLC-y
from bovine brain (28). Mixtures of anti-PLC-B and anti~PCL-y antibodies were as
to Fig. 1. Anti-Ras monoclonal antibodies Y13-259 and Y13-238 are specific
protein (17): Y13-259 neutralizes intracellular Ras activity after microinjection but Y13-238
does not (15, 16). BSA, bovine serum albumin; H-Ras,

Harvey Ras protein. Concentrations: BSA, 2

mg/ml; PLC-B, 225 pg/ml; antibodies 5 mg/ml; PLC-y, 225 pg/ml; and H-Ras, 2.5 mg/ml.

Thymidine uj %
njced . ymidine uprake (%)
sample Uninjected Injected Fold

cells cells induction
BSA 5.2 41 1.3+04
PLC-B 24 55.8 23.3+42
PLC-B + anti-PLC-B 21 7.6 3621
PLC-B + anti-aPLC-y 3.0 60.5 215+5.1
PLC-y 23 51.5 224 +48
PLC-y + anti—PLC-y 2.6 34 1.3+06
PLC-y + Y13-259 25 59.0 23637
PLC-y + Y13-238 2.3 55.9 243 +40
PLC-y + anti-PLC-8 22 57.8 26.3+52
H-Ras 2.6 45.8 176 £ 3.6
H-Ras + anti-PLC-y 3.2 42 1.3+06
H-Ras + Y13-259 34 41 12+0.7
H-Ras + Y13-238 2.8 51.0 182+ 33

REPORTS 107§



Fig. 2. Requirement for PLC-y in serum-stimu-
lated DNA synthesis in NIH 3T3 fibroblasts.
Monoclonal antibodies to PLC~y (A) or PLC-8
(B) were microinjected into every quiescent NIH
3T3 cell contained within the circle. Antibody
mixtures were the same as described in Fig. 1.
After injection, cultures were incubated with se-
rum for 18 hours, labeled with [*H]thymidine (1
n.Ci/ml; Amersham) for 3 hours, and subjected to
autoradiography for 24 hours.

PLC-y and very litle PLC-B, with 3T3
fibroblasts expressing PLC-B in amounts
slightly higher than background (Table 1).
Protein immunoblotting also revealed that
the expression of PLC-B was low in glioma
and neuroblastoma cell lines and was barely
detectable in NIH 3T3 fibroblasts (Fig.
1A). Large amounts of PLC-y expression
were detected in rat glioma, mouse neuro-
blastoma, and mouse NIH 3T3 fibroblast
cell lines (Fig. 1B). The PLC-y present in
the cell line extracts migrated at a position
corresponding to a size of ~145 kD on
SDS-polyacrylamide gels. PLC-B from 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 being evident below it.

Mixtures of PLC-B and PLC-y monoclo-
nal antibodies were found to inhibit the in
vitro biochemical activity of inositol phos-
pholipid—specific PLC by 75 and 89%, re-
spectively. Combined inhibition is greater
than that caused by any one antibody alone.
We have determined that the PLC-y—specif-
ic mixture of monoclonal antibodies neutral-
izes the biological activity of both cellular
and purified PLC-y. Microinjection of this
mixture of antibodies into the cytoplasm of
proliferating 3T3 cells inhibited DNA syn-
thesis (Fig. 2). The majority of cells injected
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with antibodies to PLC-y (anti-PLC-y)
were inhibited from synthesizing DNA
(Fig. 2A), in contrast to the uninjected cells.
Anti-PLC-B—specific monoclonal antibod-
ies did not inhibit the growth of NIH 3T3
cells after microinjection (Fig. 2B). Perhaps
the reason that anti-PLC-B has no effect on
serum-induced 3T3 cells is that these cells
do not contain PLC-B (Table 1 and Fig. 1).
Results from several microinjection ex-
periments are summarized in Table 2. Injec-
tion of a control nonspecific protein, bovine
serum albumin, did not induce DNA syn-
thesis in serum-starved NIH 3T3 cells. In-
jection of PLC-B or PLC-y into resting cells
resulted in a 23-fold average increase in the
numbser of cells synthesizing DNA (54% of
injected cells incorporated [*H]thymidine
into DNA compared to 2% in control in-
jected or uninjected cells). Injection of Ras
protein resulted in an 18-fold increase in
DNA synthesis. When PLC-y or Ras pro-
tein was co-injected with neutralizing anti~
PLC-y monoclonal antibodies, an antibody-
dependent reduction of DNA synthesis was
observed (Fig. 3, A and B). When PLC-y or
Ras protein was co-injected with the neu-
anti-Ras monoclonal antibody

Y13-259, PLC-y—induced DNA synthesis
was not inhibited (Fig. 3C); the Ras pro-
tein—-induced DNA synthesis was reduced to
background levels, as previously described
(17). Co-injection of PLC-y or Ras protein
with a nonneutralizing anti-Ras monoclonal

antibody, Y13-238, had no effect on in-
duced DNA synthesis in either case (Fig.
3D). Injection of PLC-B 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. 1),
and co-injection of PLC-B with anti-PLC-B
monoclonal antibodies blocked PLC-B—in-
duced DNA synthesis (Table 2). Specificity
of the inhibition of DNA synthesis by the
anti-PLC-vy antibody mixture was validated
by co-injecting quiescent cells with either
PLC-y plus anti—PLC-B—specific monoclo-
nal antibodies or PLC-B plus anti—PLC-y—
specific monoclonal antibodies: no inhibi-
tion of the DNA synthesis induced by PLC-
B or PLC-y was observed (Table 2).

After it was first shown that microinjec-
tion of a neutralizing monoclonal antibody
to Ras could block serum-stimulated growth
of fibroblast cells (15), several studies have
used antibodies to oncogene products (16)
and signal-transduction intermediates (22,
30) to dissect the molecular events of mem-
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 vitro biochemical functions,
such as guanosine triphosphate (GTP) bind-
ing, GTPase activity, or autophosphoryl-
ation activity (32). The Y13-259 antibody
does interfere with the nucleotide-exchange

Fig. 3. Effect of co-injection of H-Ras protein or PLC-y together with monoclonal antibodies on DNA
synthesis in NIH 3T3 fibroblasts. Microinjection of PLC-y plus anti-PLC-y monoclonal antibodies
(A); transforming H-Ras protein plus anti-PLC-y monoclonal antibodies (B); PLC-y plus Y13-259

izing anti-Ras monoclonal antibody (C); and H-Ras plus Y13-238 anti-Ras monoclonal
antibody (D). Cells on the right side of each photomicrograph were injected with oncoprotein plus
antibody, and cells on the left side of the scratch were uninjected controls. The microinjection assay was
performed -as described in the legend to 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 (fins, 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 PIP, that inhibits bombesin- and
PDGF-induced DNA synthesis (22) also
blocks mitogenesis when injected into ras,
sre, and erbB oncogene—transformed NIH
3T3 cells, whereas myc-transformed cells are
not affected (30). In summary, our data
indicate that PLC-y activity is necessary for
Ras-mediated induction of DNA synthesis
in NIH 3T3 fibroblasts and that Ras may
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 RPL46

A. B. SacHs* AND R. W. Davis

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 (PAB1). 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 PAB1. 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.

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 (spb1
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 146 (2). The identifica-
tion of the site of action of these mutations
suggested that different alterations in the
native form of the 60S subunit could lead to
a basal level of PAB-independent translation
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initiation. Here we report that these alter-
ations can result from the aberrant produc-
tion of 255 rRNA or the deletion of RPL46.
The gene encoding SPB4 (suppressor of
pab1-F364L) was identified and isolated
from a yeast genomic library (2, 3) by its
ability to rescue the recessive cold-sensitive
phenotype of a spb4-1 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 spb4-1. 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 TRP! and homozygous for trp1
(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
(YAS356). These experiments show that
SPB4 is essential for growth, and they imply
that at the nonrestrictive temperature spb4-1
encodes a partially functional protein.
SPB4 is a 69,430-dalton basic protein
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