lation in normal embryos to that in embryos
that were UV-irradiated as zygotes to block
subcortical rotation. The IP; mass at the
256-cell stage was not significantly different
in UV-irradiated (100.2 = 10.8 fmol per
embryo) and control embryos (103.6 + 9.0
fmol per embryo) (16). Subcortical rotation
is therefore not a prerequisite for IP; accu-
mulation in the cleavage stage embryo, and
our data do not support the suggestion that
zygotic UV irradiation should globally en-
hance PI cycle activity during mesoderm
induction (7).

Combined with the demonstration of
rescue from Li*-induced teratogenesis by
provision of exogenous myo-inositol (6),
our data documenting PI cycle inhibition
and depression of IP; masses by teratogenic
Li* treatments strongly support the hypoth-
esis that the effects of lithium on Xenopus
development depend in large measure on its
ability to inhibit the PI cycle signal trans-
duction system. Lithium is also a docu-
mented teratogen in human embryos (17),
in which its mechanism of action remains
unknown.

The PI cycle probably functions in nor-
mal development, as suggested by both the
abrupt rise in IP; mass, which is coincident
with the onset of mesoderm induction, and
the effect of PI cycle inhibition on axis
determination. As we shall report (18),
when mammalian serotonin type 1C recep-
tors (which activate the embryonic PI cycle
when stimulated) are expressed dorsally and
are activated during mesoderm induction,
dorsoanterior specification is blocked in
intact embryos, and both convergent ex-
tension and transcription of the cardiac
actin gene (indicators of mesoderm induc-
tion) are inhibited in explants from the
animal pole treated with exogenous activin
A. Thus, the PI cycle seems to be part of a
complex suite of signal transducers involved
in induction. One role of the PI cycle,
which the data reported here and elsewhere
(6) suggest, could be as a mediator of the
negative feedback signal recently postulated
to modulate the induction process (19).
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Diacylglycerol-Stimulated Formation of Actin
Nucleation Sites at Plasma Membranes

Aneesa Shariff and Elizabeth J. Luna

Diacylglycerols, which are generated during phospholipase-catalyzed hydrolysis of phos-
pholipids, stimulated actin polymerization in the presence of highly purified plasma mem-
branes from the cellular slime mold Dictyostelium discoideum. The increased rate of actin
polymerization apparently resulted from de novo formation of actin nucleation sites rather
than uncapping of existing filament ends, because the membranes lacked detectable
endogenous actin. The increased actin nucleation was mediated by a peripheral mem-
brane component other than protein kinase C, the classical target of diacylglycerol action.
These results indicate that diacylglycerols increase actin nucleation at plasma membranes
and suggest a mechanism whereby signal transduction pathways may control cytoskeletal

assembly.

Changes in cell shape and rapid increases
in actin polymerization are early cellular
responses to stimulation by chemoattract-
ants or growth factors (I, 2). Although the
signaling pathway is unclear, it may include
phospholipid metabolism, especially phos-
phatidylinositide (PI) turnover. One theory
is that phosphatidylinositol bisphosphate

Cell Biology Group, Worcester Foundation for Experi-
mental Biology, Shrewsbury, MA 01545.
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(PIP,) in the plasma membrane (PM) di-
rectly controls actin assembly through in-
teractions with Pl-sensitive actin regulatory
proteins, such as profilin and gelsolin (3).
PIP, induces the dissociation of these pro-
teins from actin in vitro potentiating actin
assembly. One inconsistency of this mecha-
nism is that in vivo PIP, concentrations are
at a minimum shortly after chemotactic
stimulation when actin polymerization from
newly generated free barbed ends is increas-

245




ing (4). Also, changes in the amounts of
actin-gelsolin complexes do not always ac-
company PIP, turnover and actin assembly
).

Alternatively, PIP, could control actin
assembly through one or more second mes-
sengers. Second messengers generated from
PIP, during both chemotaxis and mitogen-
esis include inositol trisphosphate (IP;) and
diacylglycerol (DG). Although the in-
creased concentrations of cytoplasmic Ca®*
from IP; production are not required for
actin polymerization (6), DG could provide
the relevant signal. Membrane-permeant
DGs induce actin polymerization and cyto-
skeletal changes in lymphocytes, neutro-
phils, and basophilic leukemia cells (7, 8).
The increased amounts of F-actin are asso-
ciated with surface projections at the cell
periphery (7), suggesting an involvement of
the PM. Neutrophils stimulated with
chemoattractant produce two peaks of en-
dogenous DG, one at ~10 s after stimula-
tion and another, prolonged peak at 1 to 5
min (9). These peaks correspond temporal-
ly with peaks of actin assembly after chemo-
tactic stimulation (2) and may arise from
different signaling pathways (9, 10). DG
production from phospholipids other than
PIP, may account for observations that PI
turnover can be uncoupled from actin po-
lymerization (11).

We found that membrane-permeant
DGs also trigger actin polymerization in
living Dictyostelium amoebae. Both 1,2-
dioctanoyl-sn-glycerol (diC8) and 1-ole-
oyl-2-acetyl-sn-glycerol (OAG) transient-
ly increased the cellular F-actin content
with a sharp peak at 60 s (Fig. 1), about
the same time as the second peak of
chemoattractant-induced actin assembly
(2). The optimal DG concentration was
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Fig. 1. Time course of actin polymerization after
stimulation of log-phase D. discoideum amoe-
bae with 1.0 pM DG. The F-actin content of
fixed, permeabilized cells (2 x 10° per assay)
was determined with NBD-phallacidin (23) at
each time after addition of DG in 20 mM 1,4-
piperazinediethanesulfonic acid (pH 7.0). Cel-
lular F-actin content is the ratio of the fluores-
cence of DG-stimulated cells to that of unstim-
ulated cells (t = 0). Error bars represent the SD
for stimulated cells (24) and buffer controls (n
= 5).
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~1.0 pM, which increased the amount of
cellular F-actin to 162 = 12% (diC8) or
156 = 13% (OAG) of that in untreated
cells.

Actin-free Dictyostelium PMs (12) were
used to study DG-mediated actin assembly
in vitro. Micromolar concentrations of DGs
increased the rate of PM-mediated actin
polymerization by an average of 68%
(diC8) or 59% (OAG) over the increase of
1.8- to 1.9-fold observed with PM alone
(Fig. 2A). By contrast, the unphysiological
1,3-isomer of diC8 (1,3-diC8) had no appar-
ent effect. Unlike cells, purified PMs appear
not to degrade, or adapt to, exogenous DG
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Fig. 2. DG-mediated increases in the actin
nucleation activity of purified D. discoideum
PM. (A) Fold increases in nucleation activity as
a function of DG concentration were obtained
from curves such as those shown in (B). Actin
+ diC8 + PM (@); actin + OAG + PM (O); actin
+ 1,3-diC8 + PM (m). We obtained the fold
increase in actin nucleation activity by dividing
the maximal rate of actin polymerization of each
time course by the maximal rate of polymeriza-
tion observed for actin alone (75). (B) Time
course of actin polymerization after addition of
actin (3 pM, 10% labeled with pyrene) to actin
polymerization buffer with or without purified D.
discoideum PM (10 pg/ml) or diC8 (1.0 pM).
Actin + PM + diC8 (A); actin + PM (@); actin +
diC8 (A); actin only (O); actin + vesicles re-
constituted from Dictyostelium lipid + diC8 (0J);
actin + PM denatured by disulfide reduction
and alkylation + diC8 (M). Lipid vesicles from
Dictyostelium PM, PM, and reduced and alkyl-
ated PM were prepared as described (15). DG
was added to assay mixtures immediately be-
fore the addition of actin and measurement of
actin polymerization. Fluorescence of pyrene
actin was normalized on a scale from 0 to 10,
with 10 being the fluorescence value of each
sample after 24 hours (13).
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because the rate of actin polymerization was
unchanged after preincubation of PM with
DG for up to 10 min before assay.

Active DGs reduced the delay before
onset of actin polymerization and increased
the maximal rate of polymerization (Fig.
2B), indicating that the number of actin
nucleation sites had increased (13). There-
fore, DG may potentiate one of the two
rate-limiting processes associated with actin
assembly—activation of actin monomers or
monomer oligomerization into elongation-
competent nuclei (14). Alternatively, DG
might unmask ends from preexisting fila-
ments by releasing F-actin capping proteins
(2). Because DG did not promote actin
polymerization in the absence of PM (Fig.
2B), DG appears not to have a direct effect
on monomer activation or filament stabili-
ty. Thus, DG apparently affects actin nu-
cleation by enhancing either monomer oli-
gomerization or the dissociation of capping
proteins.

One or more functional membrane pro-
teins were required for the DG-mediated
increase of actin nucleation activity (Fig.
2B). No stimulation by DG was observed in
the presence of vesicles containing only
lipids from Dictyostelium PM. In addition,
reduction of disulfides with dithiothreitol
and alkylation with N-ethylmaleimide
eliminated both the DG-stimulated and
basal actin nucleation activities.

One of the proteins responsible for the
effect of DG appeared to be a tightly bound
peripheral membrane protein (Fig. 3). Al-
though extraction of loosely bound proteins
with 1 M KCl had little effect on either the
DG-mediated or basal activity, extraction

Nucleation activity (fold increase)
1.0 15 20 25 3.0 35

Fig. 3. Relation between the DG-mediated in-
crease in actin nucleation activity and prior
treatment of PM. The rate of actin polymeriza-
tion in the presence of PM (10 pg/ml) with or
without OAG (1.0 pM) was determined as
shown in Fig. 2. The plasma membranes were
extracted with 1 M KCI, pH 8.0 (12), 1 M
sodium carbonate (pH 10.5) (25), or 0.1 N
NaOH, 1 mM dithiothreitol, pH 12.5 (12, 15).
Asterisks indicate statistically significant differ-
ences between fold increases observed with
and without OAG; P < 0.01 (24). Similar results
were obtained in experiments performed with
and without diC8.
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the inhibition by 1.0 uM calphostin
C was significant (P < 0.02).

of more tightly bound proteins with basic
solutions, pH 10.5 or 12.5, essentially abol-
ished the response to DG. Consistent with
previous reports (15), membranes extracted
with basic solutions retained 90 * 4% of
the basal actin nucleation activity.

Because protein kinase C (PKC) is a
major intracellular target for DG (16), we
investigated the possibility that this pe-
ripheral membrane protein mediated the
DG-promoted actin assembly. However,
phorbol 12-myristate 13-acetate (PMA),
an activator of PKCs in Dictyostelium and
mammalian cells (17), did not stimulate
membrane-mediated actin nucleation ac-
tivity (Fig. 4). Furthermore, staurospo-
rine, a potent inhibitor of the catalytic
activity of both mammalian and Dictyo-
stelium PKCs (17, 18), did not block the
effect of DG. The DG-induced increase in
actin nucleation activity also was indepen-
dent of free Ca’* concentrations from
0.03 to 100 wM. Finally, we observed no
DG-mediated phosphorylation of actin or
PM proteins with y->*P-labeled adenosine
triphosphate (ATP), either under our
standard actin nucleation assay conditions
or in assay buffer containing the phospha-
tase inhibitors okadaic acid (I pM) or
phenylarsine oxide (10 wM). Thus, PKC
appeared not to be involved in the DG-
induced actin assembly response.

The peripheral protein mediating the ef-

W o o o

P2 o 3ndi 5056

Fig. 5. Protein blot probed with anti-actin. Mem-
brane proteins (40 ng per lane) were separated
on 10 to 20% gradient polyacrylamide SDS
gels, blotted to nitrocellulose, and probed with
a polyclonal antibody to actin from sea urchin
eggs and with '2%|—protein A (0.1 pCi/ml). Au-
toradiograph shows the signal generated
against (lanes 1 to 4) a dilution series of purified
Dictyostelium actin (1000, 100, 72, and 26 ng
per lane); (lane 5) PM with ~0.12% residual
endogenous actin (15); and (lane 6) PM. Plas-
ma membrane extracted with salt or basic
solutions also lacked detectable actin.

fect of DG may contain a DG-binding site
similar to that in PKC. Calphostin C, a
molecule that interacts with the lipid
binding site in the regulatory domain of
PKC (19), inhibited the DG-induced in-
crease in actin nucleation activity (Fig.
4). Further, the median inhibitory con-
centration (ICsy) for this inhibition
(~100 nM) was comparable to that re-
ported for calphostin C inhibition of
mammalian PKC (ICsq = 50 nM).

We also investigated whether the pe-
ripheral protein mediating the effect of
DG was residual membrane-bound actin or
a capping protein bound to actin. Both
possibilities were precluded because not
enough actin is present on the PM to
account for the observed increase in actin
nucleation activity. Consistent with pre-
vious observations (20), cross-linked actin
trimers (~25 ng/ml), the smallest effective
actin rnwuclei, increased the rate of actin
polymerization to about the same extent as
did PM (10 pg/ml) in the absence of DG.
Thus, at least 0.25% of the membrane
protein would have had to be actin trimers
to account for the basal activity, and
~0.15% would have had to be trimers to
support the DG-invoked increase. Protein
blots probed with an antibody to actin
(anti-actin) showed that the PM con-
tained <0.01% actin (Fig. 5). Therefore,
the membranes used in these experiments
contained less than 7% of the actin re-
quired for the observed DG-mediated in-
crease in actin nucleation activity, elimi-
nating the possibility that this activity is
caused by the uncapping of actin fila-
ments. Increased nucleation due to the
severing of actin filaments by proteins
such as Dictyostelium severin or gelsolin
(21) was ruled out because the DG effect
did not require micromolar concentrations
of Ca’* (Fig. 4). Thus, regulation of
membrane-mediated actin nucleation by
PIP,-binding proteins such as gelsolin and
profilin is likely to be indirect, through the
control of DG formation.

QOur observations indicate that DG, act-
ing through an unknown signal transduc-
tion pathway, promotes the generation of
new actin nuclei at (or near) the Dictyoste-
lium PM. DG might modulate the basal
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actin nucleation activity of ponticulin (15),
an integral membrane protein that binds
directly to F-actin (22). Alternatively, DG
might augment the activity of some other
actin-nucleating protein. In either case,
DG may be the common denominator by
which diverse signal transduction pathways
affect the organization of the actin-based
cytoskeleton.
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