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In Aplysia californica, the serotonin-mediated translocation of protein kinase C (PKC) Apl II to neuronal
membranes is important for synaptic plasticity. The orthologue of PKC Apl II, PKC�, has been reported to require
phosphatidic acid (PA) in conjunction with diacylglycerol (DAG) for translocation. We find that PKC Apl II can be
synergistically translocated to membranes by the combination of DAG and PA. We identify a mutation in the C1b
domain (arginine 273 to histidine; PKC Apl II-R273H) that removes the effects of exogenous PA. In Aplysia neurons,
the inhibition of endogenous PA production by 1-butanol inhibited the physiological translocation of PKC Apl II by
serotonin in the cell body and at the synapse but not the translocation of PKC Apl II-R273H. The translocation of
PKC Apl II-R273H in the absence of PA was explained by two additional effects of this mutation: (i) the mutation
removed C2 domain-mediated inhibition, and (ii) the mutation decreased the concentration of DAG required for
PKC Apl II translocation. We present a model in which, under physiological conditions, PA is important to activate
the novel PKC Apl II both by synergizing with DAG and removing C2 domain-mediated inhibition.

Protein kinase Cs (PKCs) are a family of lipid-activated
kinases that mediate a wide variety of cellular processes, in-
cluding the regulation of synaptic strength in the nervous sys-
tem (23, 42, 48). In Aplysia californica, behavioral sensitization
is mediated in part by an increase in the strength of the con-
nections between mechanoreceptor sensory neurons and mo-
tor neurons (19). This increase, called synaptic facilitation, is
mediated by the neurotransmitter serotonin (5HT), which in-
duces facilitation in isolated ganglia as well as in cocultures of
sensory neurons and motor neurons (5, 6). Sensitizing stimu-
lation causes the translocation of PKC to neuronal membranes
(39, 53). In the Aplysia nervous system, there are two phorbol
ester-regulated PKCs: PKC Apl I, which is homologous to the
Ca2�-activated PKC family in vertebrates (�, �1, �2, and �)
that are called conventional or classical PKCs (cPKCs), and
PKC Apl II, which is homologous to the Ca2�-independent
epsilon family of PKC in vertebrates (ε and �) that are called
novel PKCs (nPKCs) (21, 42, 43). PKC Apl I and PKC Apl II
translocate under different conditions to mediate distinct types
of synaptic facilitation (53). PKC Apl II, but not PKC Apl I, is
translocated by the application of 5HT to sensory neurons and
is required for 5HT-mediated facilitation at synapses that pre-
viously have been depressed (24). In contrast, combining 5HT
and the firing of the sensory neuron leads to the additional
translocation of PKC Apl I, and PKC Apl I is required for the
intermediate-term facilitation induced by the combination of
sensory neuron firing and 5HT (53).

Both cPKCs and nPKCs contain two C1 domains and one C2
domain. However, the C2 domain of nPKCs is located N ter-
minal to the C1 domains and lacks critical aspartic acid resi-

dues involved in coordinating Ca2� ions in cPKCs (29). The C2
domain of cPKCs mediates Ca2�-dependent binding to the
membrane lipid phosphatidylserine (PS) (30, 31). This binding
transiently recruits the enzyme to the membrane, where its
physiological activator, diacylglycerol (DAG), resides. Then, in
conjunction with the C1 domain interacting with DAG, the
binding of the C2 domain to PS induces a conformational
change that activates the enzyme (26, 32).

The function of the C2 domain of nPKCs is less clear. The
C2 domain of PKC� binds to phosphotyrosine, allowing for the
regulation of the kinase (2, 41, 51). However, the structure of
the C2 domain of the epsilon family of PKCs including PKC
Apl II is considerably different (11, 15, 33, 35, 45), and these
C2 domains do not bind phosphotyrosine (10, 42). It has been
reported that the C2 domain of PKCε can bind to phospho-
lipids, especially phosphatidic acid (PA), and that PA binding
to the C2 domain of PKCε is required for translocation (11,
18). However, the amount of PA required to bind to the C2
domain is high compared to that for the Ca2�-dependent bind-
ing of the C2 domains of cPKCs to PS (11, 16, 25, 45). In PKC
Apl II, the C2 domain binds poorly to lipids; however, the
phosphorylation of the C2 domain increases binding (38).
While lipid binding suggests a positive role for the C2 domain
in translocation, the removal of the C2 domain of PKC Apl II
allows for the activation of the enzyme at lower concentrations
of PS, implicating the C2 domain as a negative regulator of
kinase regulation (44). Moreover, the C2 domain of PKC Apl
II lowers the affinity of phorbol esters to bind to the C1 do-
mains, and this is removed by PA (37).

To clarify the role of PA and the C2 domain in the translo-
cation of PKC Apl II, we examined the translocation of fluo-
rescent protein-labeled PKC constructs for PKC Apl II, PKC
Apl II �C2, and a PKC Apl II-C1b mutant that does not
respond to PA. Our results demonstrate an important role for
PA in the physiological translocation of PKC Apl II.
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MATERIALS AND METHODS

Plasmid construction and mutagenesis. The pNEX3 enhanced green fluores-
cent protein (eGFP)-PKC Apl I and eGFP-PKC Apl II, as well as the pNEX3
monocistronic red fluorescent protein (mRFP)-PKC Apl II, have been described
previously (24, 53). eGFP-PKC Apl II �C2 was constructed by beginning with
PKC Apl II �C2 in the baculovirus vector (44). eGFP-PKC Apl II �C2 was
constructed in a manner similar to that for PKC Apl II, by first inserting a
hemagglutinin tag at the N terminus and then excising the insert with KpnI and
SacI and inserting it into the pNEX3 vector with Kpn and SacI (24). eGFP (N1)
(Clontech) then was amplified using PCR and inserted at XhoI, followed by
filling in the XhoI site (24). mRFP-PKC Apl II �C2 was constructed using
overlap PCR similarly to what had been described previously for mRFP-PKC
Apl II, except using KpnI and SphI to insert the modified mRFP-containing
DNA such that the linker in eGFP-PKC Apl II �C2 was identical to that in
mRFP-PKC Apl II �C2. The C1b constructs were generated using PCR to insert
the domains into the pNEX3-eGFP construct for expression or into pGEX2.1
(Amersham Pharmacia Biotech) to generate the glutathione S-transferase (GST)
fusion protein. Mutations in the C1b, PKC Apl II, and PKC Apl II �C2 con-
structs were accomplished using overlap PCR, as has been described already
(38). All constructs were verified by sequencing.

Fusion protein synthesis and purification. Maltose-binding protein (MBP)-C2
and GST fusion proteins GST-C1b and GST-C1b-R273H were expressed in DH5
Escherichia coli in Luria-Bertani medium containing 0.1 mM ampicillin. The
MBP and GST fusion proteins were purified by affinity chromatography on
amylose (New England Biolabs) or GST resins (Amersham Pharmacia Biotech),
respectively, by following the recommendations of the manufacturer, with the
exception that the MBP-C2 domain was purified in the presence of 0.3 mg/ml
ovalbumin to prevent nonspecific binding to the column. The MBP-C2 domain
was eluted from the beads using 10 mM maltose in ovalbumin-containing buffer,
and the pure protein was kept at 4°C until use. To test for the binding of PKC Apl
II-C1b and PKC Apl II-C1b-R273H domains to the PKC Apl II-C2 domain,
GST-C1b and GST-C1b-R273H bound to glutathione-Sepharose beads were
incubated with pure MBP-C2 protein in 10 mM HEPES, pH 7.4, and 150 mM
NaCl for 2 h with shaking at room temperature. The beads were washed five
times with 1 ml of phosphate-buffered saline, and the bound proteins were eluted
with Laemmli sample buffer and used for Western blot analysis. The primary
antibody directed against MBP clone MBP-17 was purchased from Sigma-Al-
drich (Oakville, Ontario, Canada). Immunoblotting was performed by following
the recommendation of the manufacturer.

Sf9 cell culture. The Sf9 cells were purchased from Sigma-Aldrich. Sf9 cells
were grown in Grace’s medium (Invitrogen, Burlington, Ontario, Canada) sup-
plemented with 10% fetal bovine serum (Cansera, Etobicoke, Ontario, Canada)
as a monolayer at 27°C. For transfection, cells were plated on MatTek glass-
bottom culture dishes (MatTek Corporation, Ashland, MA) with a glass surface
of 14 mm and a coverslip thickness of 0.16 to 0.19 mm at a density of 0.11 � 106

cells/35-mm dish. Cells were transfected using the Cellfectin reagent (Invitrogen,
Burlington, Ontario, Canada) by following the recommendation of the manu-
facturer. Live imaging on the confocal microscope was performed 48 to 72 h
posttransfection. Cells were serum starved for 6 h before imaging sessions.
1,2-Dioctanoyl-sn-glycerol (DOG) and 1,2-dioctanoyl-sn-glycero-3-phosphate
(DiC8-PA) were purchased from Avanti Polar Lipids (Alabaster, AL). DOG and
DiC8-PA were dissolved in dimethyl sulfoxide and diluted to the final concen-
tration with Grace’s medium shortly before the experiment. During the experi-
ment, the cells were not exposed to dimethyl sulfoxide concentrations of 	1%.
All of the experiments were performed in a temperature-controlled chamber at
27°C on at least two different occasions, and in each experiment recordings were
obtained from two to six cells.

Confocal microscopy in Sf9 cells. Cells expressing eGFP-PKC and mRFP-
PKC constructs for PKC Apl II were examined using a Zeiss laser-scanning
microscope (Zeiss, Oberkochen, Germany) with an Axiovert 200 and a �63 oil
immersion objective. During imaging, DOG and/or DiC8-PA was added to the
dish after 30 s, and a series of 20 confocal images was recorded for each
experiment at time intervals of 30 s. Aggregates (or pigmentation) observed in
Sf9 cells in the red channel were not due to mRFP, since those aggregates were
visible in the red channel even in nontransfected cells (control cells).

Aplysia cell culture preparation. Sensory neuron cultures and sensory-motor
neuron cocultures were prepared by following published procedures with slight
modifications (53). Adult Aplysia californica (76 to 100 g; University of Miami
Aplysia Resource Facility, RSMAS, FL) organisms were anesthetized by an
injection of 50 to 100 ml of 400 mM (isotonic) MgCl2. Abdominal and/or
pleuropedal ganglia were removed and digested in L15 medium containing 1%
protease type IX (Sigma). L15 medium was purchased from Sigma and supple-

mented with 0.2 M NaCl, 26 mM MgSO4 � 7H2O, 35 mM dextrose, 27 mM
MgCl2 � 6H2O, 4.7 mM KCl, 2 mM NaHCO3, 9.7 mM CaCl2 � 2H2O, 15 mM
HEPES, and the pH was adjusted to 7.4. Following digestion, siphon (LFS)
motor neurons and/or tail sensory neurons were isolated and plated in L15
medium containing 50% Aplysia hemolymph on MatTek glass-bottom culture
dishes (MatTek Corporation, Ashland, MA) with a glass surface of 14 mm and
a coverslip thickness of 0.085 to 0.13 mm. The dishes were pretreated with
poly-L-lysine (molecular weight, 	300,000; Sigma). For sensory-motor neuron
cocultures, sensory neurons were manually paired with motor neurons to allow
for synapse formation.

Microinjection of plasmid vectors. On day 1 after isolation, solutions of plas-
mids in distilled water containing 0.25% fast green were microinjected into
neurons from back-filled glass micropipettes. The tip of the micropipette was
inserted into the cell nucleus, and short pressure pulses (10 to 50 ms in duration;
20 lb/in2) were delivered until the nucleus became uniformly green. The cells
were incubated for 4 to 5 h at room temperature and then kept at 4°C until use.
Because the fast green was still visible in the red channel in live imaging studies,
only eGFP-tagged vectors were used in Aplysia neurons.

Confocal microscopy of Aplysia neurons. For live cell imaging, neurons ex-
pressing eGFP-PKC constructs for PKC Apl II were imaged on a Zeiss laser-
scanning microscope (Zeiss, Oberkochen, Germany) with an Axiovert 200 and a
�40 oil immersion objective with a 25-mW argon laser with 25% laser output.
The laser line was attenuated to 4% transmission output prior to live imaging.
Confocal images were acquired before and after the addition of 5HT (10 
M) to
the dish. 5HT then was washed away with artificial seawater (ASW; 10 mM
HEPES, pH 7.5, 0.46 M NaCl, 10 mM KCl, 11.2 mM CaCl2 � 2H2O, 55 mM
MgCl2 � 6H2O). All experiments were performed at room temperature (20 to
23°C).

Drug treatment. 1-Butanol, 2-butanol, U-73122, and U-73433 were purchased
from Sigma-Aldrich. Propranolol hydrochloride and the diacylglycerol kinase
inhibitor I R59022 were purchased from Calbiochem (San Diego, California).
The drugs were used at the following concentrations: 1% 1-butanol, 1% 2-
butanol, 10 
M U-73122, 10 
M U-73433, 100 
M propranolol, and 20 
M
R59022. In neurons, 1-butanol and 2-butanol were present in the medium 10 min
prior to the addition of 5HT (10 
M) to the dish. U-73122 and U-73433 were
present in the medium 1 min prior to the addition of 5HT (10 
M) to the dish.
In Sf9 cells, 1-butanol and R59022 were present in the medium 10 min prior to
the addition of DOG to the dish, and propranolol was present in the medium 10
min prior to the addition of DiC8-PA to the dish. 1-Butanol can replace water in
the reaction catalyzed by phospholipase D (PLD) to produce choline and phos-
phatidylbutan-1-ol instead of PA and choline; however, 2-butanol does not com-
pete in this reaction and, thus, can be used as an appropriate control for the
inhibition of the PA generated by PLD. Vehicle controls were always performed
when drugs were used in Sf9 cells and in neurons.

Image analysis. The same quantification technique was used for both Sf9 cells
and neurons. The time series was analyzed using NIH Image J software as
previously described (53). An individual analysis of protein translocation for each
cell was performed by tracing three rectangles at random locations at the plasma
membrane and three rectangles at random locations in the cytosol. For synapses,
the entire membrane and cytoplasm of varicosities that adjoined the motor
neuron were traced using NIH Image, and the intensity was measured. The
translocation ratio was measured as the average intensity (membrane)/average
intensity (cytosol) (Im/Ic) normalized to the degree of translocation before the
addition of pharmacological agents (Post/Pre). The Student’s t test or one-way
analysis of variance was used to compare translocation ratios in Sf9 cells and in
neurons. When two fluorescent proteins were coexpressed within a single cell in
Sf9 cells, a paired Student’s t test was used. Since there was an a priori expec-
tation that the C2 domain would inhibit translocation, one-tailed tests were used
for these comparisons. All data are presented as means � standard errors of the
means.

RESULTS

PA translocates PKC Apl II through its C1b domain. To
study the mechanism by which PA contributes to the plasma
membrane localization of PKC Apl II, Sf9 cells were trans-
fected with either eGFP-PKC Apl II or eGFP-PKC Apl II �C2
and treated with a cell-permeable phosphatidic acid called
DiC8-PA, which can enter the cell but then partitions into
membranes (14). The translocation ratio was measured as
Im/Ic and was normalized to the degree of translocation before
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the addition of pharmacological agents. No translocation for
either eGFP-PKC Apl II or eGFP-PKC Apl II �C2 was seen
when the cells were treated with a concentration of 5 
g/ml
DiC8-PA (Fig. 1C). However, when this concentration was
increased to 10, 25, or 50 
g/ml DiC8-PA, translocation takes
place for both proteins (Fig. 1A). Translocation induced by
DiC8-PA is slow, with maximal translocation ratios reached

only after 300 s of imaging (data not shown). There were no
differences at any time point (data not shown) or any concen-
tration of DiC8-PA (Fig. 1C) between the translocation of
PKC Apl II and that of PKC Apl II �C2. Thus, the transloca-
tion of PKC Apl II by DiC8-PA alone neither requires the C2
domain nor is inhibited by the C2 domain. However, translo-
cation to DiC8-PA is specific, in that DiC8-PA could not in-

FIG. 1. PA binding domain in PKC Apl II is located in the C1b domain. (A) Confocal fluorescence images of Sf9 cells expressing eGFP-PKC
Apl II, eGFP-PKC Apl II �C2, eGFP-PKC Apl I, eGFP-PKC Apl II-R273H, eGFP-PKC Apl II �C2-R273H, the eGFP-PKC Apl II-C1b domain,
the eGFP-PKC Apl II-C1a domain, the eGFP-PKC Apl II-C2 domain, the eGFP-PKC Apl I-C1b domain, eGFP-PKC Apl II-C1b-R273H, and
eGFP-PKC Apl II-C1b-R256G/R257S at different points of the time-lapse experiment (Pre DiC8-PA was 0 s and Post DiC8-PA was 300 s, when
translocation to DiC8-PA was maximal). For all of the constructs shown in this figure, except for those of eGFP-PKC Apl II and eGFP-PKC Apl
II �C2, DiC8-PA (50 
g/ml) was added to the dish after 30 s of recording. For eGFP-PKC Apl II and eGFP-PKC Apl II �C2, DiC8-PA (25 
g/ml)
was added to the dish after 30 s of recording. P, pseudosubstrate sequence. (B) The translocation ratios at 300 s of the constructs cited in panel
A are shown in the presence of DiC8-PA (50 
g/ml). PKC Apl II, PKC Apl II �C2, and the PKC Apl II-C1b domain show significant translocation
in the presence of DiC8-PA (50 
g/ml). ��, P � 0.001; �, P � 0.01; both were determined by two-tailed paired Student’s t tests. n 	 8 for each
construct. (C) Dose-response of PKC Apl II (diamonds), PKC Apl II �C2 (squares), and PKC APl II-C1b domain (triangles) translocation at 300 s
at different concentrations of PA. The translocation ratio for PKC Apl II was similar to that of PKC Apl II �C2 and to that of the PKC Apl II-C1b
domain at all concentrations of DiC8-PA examined (5, 10, 25, and 50 
g/ml, respectively). n 	 5 for each concentration of DiC8-PA.
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duce PKC Apl I translocation (Fig. 1A and B). Furthermore,
translocation to DiC8-PA did not require PA to be converted
to DAG, because the addition of DiC8-PA in the presence of
propranolol, which inhibits DAG formation from PA by inhib-
iting phosphatidate phosphohydrolase (20, 22, 28), did not
affect translocation (data not shown).

To identify the domain of PKC Apl II that allowed DiC8-
PA-mediated translocation, we generated fusion proteins of
eGFP coupled to the PKC Apl II C2 domain alone, the C1a
domain alone, or the C1b domain alone. These constructs were
individually expressed in Sf9 cells, and their ability to translo-
cate from the cytoplasm to the plasma membrane in response
to DiC8-PA (50 
g/ml) was examined (Fig. 1A and B). Note
that unlike the full-length enzymes, the smaller eGFP fusion
proteins partitioned into the nucleus as well. eGFP-PKC Apl
II-C1b was the only construct to exhibit translocation in re-
sponse to DiC8-PA (50 
g/ml), suggesting that the PA inter-
action site was located in the C1b domain of PKC Apl II (Fig.
1B). The amount of PA required for the translocation of the
isolated C1b domain was similar to that of the full-length
enzyme (Fig. 1C). Translocation to DiC8-PA was specific, in
that the eGFP-PKC Apl I-C1b domain did not translocate in
response to DiC8-PA (Fig. 1A and B). These results are con-
sistent with results from in vitro experiments that showed that
the C1 domain, but not the C2 domain, of PKC Apl II could
bind PA (36).

Identification of residues required for translocation to
DiC8-PA. To identify the residues involved in PA binding to
the C1b domain, we compared the C1b domain among differ-
ent PKCs (Fig. 2A). We chose residues to mutate by using the
following criteria: (i) the residues should have the ability to
interact with the membrane adjacent to the DAG/phorbolester
(DAG/PE) binding site based on the structures of the C1b
domain of PKC� and PKC� (50, 52); (ii) the residues should be
positively charged and, thus, be more likely to interact with PA;
and (iii) the residues should be related in the nPKCs similarly
to PKC Apl II but distinct from the residues in the C1b domain
of cPKCs like PKC Apl I that do not appear to interact with
PA. Based on these criteria, Arg 256, Arg 257, and Arg 273
were the most promising. Indeed, an examination of the three-
dimensional structure of the C1b domain based on PKC� (50)
suggests that these residues (Fig. 2B) are positioned close to
the DAG/PE binding site (Fig. 2B) and face the membrane.
Since the C1b domain of PKC Apl I did not translocate in
response to DiC8-PA, the arginines in the PKC Apl II-C1b
domain were mutated to the residues present in PKC Apl I, as
these should minimize structural alterations to the C1 domain.
As shown in Fig. 1A and B, eGFP-PKC Apl II-C1b-R256G/
R257S and eGFP-PKC Apl II-C1b-R273H mutants did not
translocate in response to DiC8-PA (50 
g/ml). Similar results
were obtained when full-length eGFP-PKC Apl II-R273H or
truncated eGFP-PKC Apl II �C2-R273H or eGFP-PKC Apl
II-R256G/R257S translocation was examined in response to
DiC8-PA (50 
g/ml); (Fig. 1A and B and data not shown).
Taking the above results together, the PA interaction site in
PKC Apl II is located in the C1b domain and Arg 256, Arg 257,
and Arg 273 are required for PA-mediated translocation.

To rule out the possibility that the lack of translocation is
due to the misfolding of the proteins or an inability to interact
with other cofactors, such as DAG and PS, we next examined

the effect of the mutations on the translocation of the C1b
domain in response to a cell-permeable analog of DAG,
termed DOG, that can enter the cell but then partitions into
membranes. Sf9 cells were transfected with eGFP-PKC Apl
II-C1b, eGFP-PKC Apl II-C1b-R273H, or eGFP-PKC Apl
II-C1b-R256G/R257S, and translocation from the cytoplasm to
the membrane was examined following the treatment of the
cells with DOG. Figure 3A shows that while eGFP-PKC Apl
II-C1b and eGFP-PKC Apl II-C1b-R273H translocated to the
plasma membrane to a similar extent after DOG addition,
eGFP-PKC Apl II-C1b-R256G/R257S was not translocated to
the plasma membrane by DOG, although this protein did
translocate to internal membranes (Fig. 3A). Specific translo-
cation to the plasma membrane may indicate specificity for PS
(27, 45, 46), and thus this mutation may affect binding to PS as
opposed to PA (see Discussion); therefore, this mutation was
not studied further.

DiC8-PA synergizes with DOG for translocation. If PA in-
teracts directly with the C1b domain next to the DAG/PE
binding domain, it suggests that the two lipids act synergisti-
cally to translocate PKC Apl II. Indeed, when Sf9 cells were
transfected with eGFP-PKC Apl II or eGFP-PKC Apl II �C2
and treated with a combination of small amounts of DOG and
DiC8-PA that caused no translocation on their own, translo-
cation was observed (Fig. 4A and B). Consistent with the
synergism being due to the PA interaction site in C1b, DOG
and DiC8-PA also could synergistically translocate the isolated
eGFP-PKC Apl II-C1b domain (Fig. 4A). Similarly to the
binding to PA alone, the R273H mutation abolished synergism
in both the isolated C1b domain and the full-length enzymes
(Fig. 4A and B). Furthermore, consistent with the specific
PA-dependent translocation of eGFP-PKC Apl II, no syner-
gism was observed for eGFP-PKC Apl I (data not shown).

Interconversion between DiC8-PA and DOG was not im-
portant for synergism, since the presence of propranolol, an
inhibitor of phosphatidate phosphohydrolase, or that of
R59022, a DAG kinase inhibitor (12), in the media did not
affect synergism (data not shown).

Both PI-PLC and PLD contribute to the translocation of
PKC Apl II by 5HT in Aplysia sensory neurons. 5HT applica-
tion leads to the translocation of PKC Apl II but not PKC Apl
I in isolated sensory neurons (53). To investigate the contri-
bution of DAG and PA to the plasma membrane localization
of PKC Apl II following the treatment of sensory neurons with
5HT, we used inhibitors of the signaling pathways involved in
the generation of DAG and PA. Thus, we used U-73122, which
is known to inhibit phosphatidylinositol-specific phospholipase
C (PI-PLC) (4) and to impede DAG synthesis from phospha-
tidylinositol and 1-butanol, which can replace water in the
reaction catalyzed by PLD and can inhibit the production of
PA (9). Control experiments were performed with 2-butanol,
which is an isomer of 1-butanol that does not have an effect on
PLD (1), and with U-73433, which is an inactive analog of
U-73122. It should be noted that the amount of translocation
of PKC Apl II significantly varied with sensory neurons iso-
lated from different batches of animals; thus, comparisons in
the figures described below were made only between experi-
ments performed on sensory cells isolated from the same batch
of animals.

Aplysia sensory neurons were microinjected with plasmid
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FIG. 2. Sequence alignment of the C1b domains and a representation of the overall structure of the C1b domain in nPKCs. (A) Comparison
of the C1b domains of the nPKC epsilon family, the nPKC delta family, the cPKCs, and yeast PKCs. Gray shaded residues are conserved in at least
10 isoforms. Red arrows point to arginine residues that were mutated in the C1b domain of PKC Apl II (residues shaded in yellow). Arginines
in positions 256 and 257 were mutated to a glycine and a serine, respectively, and arginine in position 273 was mutated to a histidine. The black
arrow points to a tyrosine residue in position 269 that was shown to tune the affinity of the C1b domain for DAG-containing membranes (13). C.
elegans, Caenorhabditis elegans; S. pombe, Saccharomyces pombe; S. cerv, Saccharomyces cerevisiae. (B) Three-dimensional representation of the
structure of the C1b domain based on the C1b domain of PKC� (50). The ribbon diagram shows conservation between the C1b domain of PKC�
and the C1b domain of PKC Apl II (red ribbons are conserved, blue ribbons are not). Residues colored in green (S111, T113, F114, L122, Y123,
and G124 in PKC�) are involved in phorbol ester binding. Residues colored in yellow were mutated in the C1b domain of PKC Apl II. These
residues are R256, R257, and R273 in PKC Apl II, and the corresponding residues in PKC� (shown in the diagram) are S109, S110, and H126.
The structure was generated using CN3D 4.1 (produced by the National Center for Biotechnology Information; http://www.ncbi.nlm.nih.org).
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DNA encoding eGFP-PKC Apl II, and the experiments were
performed on the next day (53). In resting cells, eGFP-PKC
Apl II was localized in the cytosol (Fig. 5A). Upon the treat-
ment of the cells with 5HT, the fluorescence shifts from the
cytosol to the membrane (Fig. 5A). This translocation reverts
to control conditions when 5HT is removed (data not shown).
When the neurons are treated for 1 min with the PI-PLC
inhibitor U-73122 prior to 5HT treatment, translocation is
significantly reduced (Fig. 5A and B). Similar results are ob-
tained when the cells are treated for 10 min with the PLD
inhibitor 1-butanol prior to 5HT treatment (Fig. 5A and B).
However, U-73433 and 2-butanol did not inhibit translocation
(Fig. 5A and B). These results suggest that both DAG gener-
ated through the PI-PLC pathway and PA generated through
the PLD pathway are required for the translocation of PKC
Apl II to the plasma membrane in response to 5HT in Aplysia
sensory neurons.

We also could detect translocation in sensory neuron vari-
cosities adjoining motor neuron processes in cocultures (Fig.
5C and D). These varicosities have been shown to have a high
probability of being synapses (17). When the cocultures are
treated with 1-butanol prior to 5HT treatment, translocation is
inhibited (Fig. 5C and D), demonstrating that PA also is re-
quired for translocation at synapses.

To confirm that 1-butanol was acting through the production
of PA, we examined the translocation of eGFP-PKC Apl II-
R273H in the absence or presence of 1-butanol. As shown in
Fig. 6A and B, the translocation of this isoform was completely
resistant to 1-butanol, consistently with 1-butanol acting
through the inhibition of PA production. Thus, while PA is
involved in the translocation of PKC Apl II, the mutant that
does not interact with PA translocates in a PA-independent
manner.

To further investigate the translocation mechanism of the
PKC Apl II-R273H mutant, below we examine the effects of
this mutation on (i) the C2 domain-mediated inhibition of
translocation and (ii) the translocation of the kinase to DAG.

C2 domain-mediated inhibition is removed in the R273H
mutant, and the binding affinity to DAG is increased. Earlier
we had reported that the C2 domain of PKC Apl II lowers the
affinity of phorbol esters to bind to the C1 domains (37). A
comparison of the translocation of PKC Apl II and PKC Apl II
�C2 in Sf9 cells revealed that at low concentrations of DOG
(0.5 and 2.5 
g/ml), PKC Apl II �C2 translocated more effi-
ciently than PKC Apl II, demonstrating that the negative effect
of the C2 domain also could be observed in translocation
experiments (Fig. 7A and B). At higher concentrations of
DOG (10 
g/ml), the difference between the kinases was not
significant (Fig. 7A and B). In these experiments, we compared
the translocation of different tagged forms (e.g., eGFP-PKC Apl
II and mRFP-PKC Apl II �C2) in the same cell. Differences
between the two kinases were not due to the type of fluorescent
tag, since similar results were obtained with mRFP-PKC Apl II
and eGFP-PKC Apl II �C2 (data not shown). The results also are
not due to competition between the two kinases, since similar
results are seen when the kinases are translocated individually
(data not shown). Furthermore, translocation to DOG did not
require DOG to be converted to PA, because the addition of
DOG in the presence of the DAG kinase inhibitor R59022 did
not affect translocation (data not shown).

We next examined the effect of different concentrations of
DiC8-PA on translocation using low concentrations of DOG
(0.5 
g/ml) in which the difference between the translocation
of PKC Apl II and that of PKC Apl II �C2 was maximal (Fig.
7B). We measured the paired ratio, defined as the Im/Ic ratio
for PKC Apl II (normalized to time zero) divided by the Im/Ic

FIG. 3. Characterization of DAG binding to the PKC Apl II-C1b mutated constructs. (A) Confocal fluorescence images of Sf9 cells expressing
eGFP-PKC Apl II-C1b, eGFP-PKC Apl II-C1b-R273H, and eGFP-PKC Apl II-C1b-R256G/R257S at different points of the time-lapse experiment
(Pre DOG being 0 s and Post DOG being 180 s). Cells were treated with DOG (2.5 or 5 
g/ml), which was added to the dish after 30 s of imaging.
The white arrowheads point to unidentified internal membranous compartments in the cell. (B) Comparison of the translocation ratios of
eGFP-PKC Apl II-C1b, eGFP-PKC Apl II-C1b-R273H, and eGFP-PKC Apl II-C1b-R256G/R257S at a DOG concentration of 2.5 
g/ml. The
translocation ratio presented is an average of the translocation ratios at 120, 150, and 180 s, since translocation to DOG was maximal at these time
points; n 	 8 for each construct.
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FIG. 4. DiC8-PA synergizes with DOG for the translocation of PKC Apl II and PKC Apl II �C2, and this synergism is a property of the
C1b domain. (A) Confocal fluorescence images of Sf9 cells expressing eGFP- or mRFP-PKC Apl II, eGFP- or mRFP-PKC Apl II �C2,
eGFP-PKC Apl II-R273H, eGFP-PKC Apl II �C2-R273H, the eGFP-PKC Apl II-C1b domain, and eGFP-PKC Apl II-C1b-R273H at
different points of the time-lapse experiment (Pre DOG being 0 s and Post DOG being 180 s). Cells were treated with DOG alone, DiC8-PA
alone, or a combination of DOG and DiC8-PA, which were added to the dish after 30 s of imaging. The DOG concentration used varied
between constructs and corresponded to the highest concentration at which no translocation was observed. For PKC Apl II and PKC Apl
II �C2, this concentration was 0.25 
g/ml. For PKC Apl II-R273H, PKC Apl II �C2-R273H, and PKC Apl II-C1b, the DOG concentration
used was 0.03 
g/ml. For PKC Apl II-C1b-R273H, the concentration of DOG was 0.1 
g/ml. For all of the constructs shown, the
concentration used for DiC8-PA was 5 
g/ml, which corresponded to the highest concentration at which no translocation was observed.
(B) The translocation ratio (which corresponds to an average of the translocation ratios at 120, 150, and 180 s) of the constructs shown in
panel A is presented in the presence of a combination of DiC8-PA and DOG at the concentrations cited above (#, P � 0.005; two-tailed
unpaired Student’s t test). n 	 7 for each observation. NS, not significant.
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FIG. 5. Both PI-PLC and PLD contribute to the translocation of eGFP-PKC Apl II by 5HT in living sensory neurons. (A) Representative
confocal fluorescence images of Aplysia sensory neurons expressing eGFP-PKC Apl II before (Pre 5HT) or 5 min following treatment with 5HT
(Post 5HT) in the presence or absence of 10 
M U-73122 (PLC inhibitor), 10 
M U-73433 (inactive analog of U-73122), 1% 1-butanol (PLD
alternative substrate), and 1% 2-butanol (inactive analog of 1-butanol). (B) The translocation ratio (Post 5HT/Pre 5HT) is shown for the different
conditions cited in panel A. Error bars represent standard errors of the means; n � 8 for each condition. One-way analysis of variance was used
to compare the treatments. The translocation ratio of control cells was significantly higher than that of the U-73122-treated cells and the
1-butanol-treated cells (#, P � 0.001). Similarly, the translocation ratio of the U-73433-treated cells and that of the 2-butanol-treated cells also
were significantly higher than that of the U-73122-treated cells and the 1-butanol-treated cells (P � 0.05). We also used one-tailed paired Student’s
t tests to determine if there was a difference between translocation after 5HT treatment compared to that before 5HT treatment for each condition
(���, P � 0.0001; ��, P 
 0.003; and �, P 
 0.05; one-tailed paired Student’s t test). (C) Translocation of eGFP-PKC Apl II in synaptic regions.
The left panels show the bright-field images of cocultures of sensory neurons (SN) expressing eGFP-PKC Apl II and motor neurons (MN). The
right panel shows a detail of confocal fluorescence images before and 1 min after the application of 5HT in the absence (control) or presence of
1-butanol (1%). (D) Summary plot showing the translocation ratio of eGFP-PKC Apl II at synaptic regions measured in the absence or presence
of 1-butanol (1%) (���, P 
 0.0005; two-tailed unpaired Student’s t test). Error bars represent standard errors of the means; n 
 15 varicosites
from 	3 cocultures for each condition.
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ratio for PKC Apl II �C2 (normalized to time zero), in the
same cell. DiC8-PA concentrations of 1 
g/ml were sufficient
to remove any difference between the translocation of PKC
Apl II and PKC Apl II �C2, bringing the paired ratio close to

1 (Fig. 7C). Thus, in the presence of DiC8-PA, C2 domain-
mediated inhibition was not observed.

Since mutating R273H removed the effects of exogenous
DiC8-PA (Fig. 1), we initially expected to see a similar or even

FIG. 6. Blocking PA production has no effect on PKC Apl II-R273H translocation. (A) Confocal fluorescence images of the translocation of
eGFP-PKC Apl II-R273H in the absence or presence of 1-butanol (1%). Pictures shown represent translocation after 5 min of treatment with 5HT.
(B) Summary plot showing the translocation ratio of eGFP-PKC Apl II-R273H measured in the absence or presence of 1-butanol (1%). Error bars
represent standard errors of the means; n � 7 for each condition; NS, not significant.

FIG. 7. PA removes C2 domain-mediated inhibition. (A) Confocal fluorescence images of Sf9 cells coexpressing mRFP-PKC Apl II and eGFP-PKC
Apl II �C2 at different points of the time-lapse experiment (Pre DOG being 0 s and Post DOG being 60 s). DOG (0.25, 2.5, and 10 
g/ml) was added
to the dish after 30 s of recording. (B) Dose-response of PKC Apl II (diamonds) translocation and PKC Apl II �C2 (squares) translocation at different
concentrations of DOG. The translocation ratio of PKC Apl II �C2 is significantly higher than that of PKC Apl II at DOG concentrations of 0.5 and
2.5 
g/ml, respectively (�, P � 0.04; ��, P 
 0.005; one-tailed paired Student’s t test; n 	 8 for each concentration of DOG). (C) The paired ratio (at
60 s), which represents the translocation ratio for PKC Apl II divided by the translocation ratio for PKC Apl II �C2, is shown at different concentrations
of DiC8-PA in the presence of DOG (0.5 
g/ml). The translocation ratio of PKC Apl II �C2 was significantly higher than that of PKC Apl II when DOG
(0.5 
g/ml) was combined with DiC8-PA (0.2 
g/ml). �, P � 0.05 by one-tailed paired Student’s t test. This difference was no longer significant when DOG
(0.5 
g/ml) was combined with either DiC8-PA (1 
g/ml) or DiC8-PA (5 
g/ml); n 	 8 for each concentration of DiC8-PA.
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FIG. 8. Characterization of DAG binding to the R273H and Y269W mutants. (A) Confocal fluorescence images of Sf9 cells expressing
eGFP-PKC Apl II-R273H and eGFP-PKC Apl II �C2-R273H, respectively, at different points of the time-lapse experiment (Pre DOG being 0 s
and Post DOG being 180 s). Cells were treated with DOG (0.25 
g/ml), which was added to the dish after 30 s of imaging. (B) Comparison of
the dose-response of eGFP-PKC Apl II-R273H (diamonds) to that of eGFP-PKC Apl II �C2-R273H (squares) at different concentrations of
DOG. The translocation ratio shown is an average of the translocation ratios at 120, 150, and 180 s. The translocation ratios of eGFP-PKC Apl
II-R273H and eGFP-PKC Apl II �C2-R273H are not significantly different at any time point examined; n 	 8 for each concentration of DOG.
(C) Top, confocal fluorescence images of Sf9 cells expressing eGFP-PKC Apl II, eGFP-PKC Apl II-Y269W, and eGFP-PKC Apl II �C2-Y269W,
respectively. Bottom, summary plot showing the basal translocation ratio (Im/Ic) of eGFP-PKC Apl II, eGFP-PKC Apl II-Y269W, and eGFP-PKC
Apl II �C2-Y269W (�, P � 0.04 by two-tailed unpaired Student’s t test). Error bars represent standard errors of the means; n � 15 for each
condition. (D) Confocal fluorescence images of Sf9 cells expressing eGFP-PKC Apl II-Y269W and eGFP-PKC Apl II �C2-Y269W, respectively,
at different points of the time-lapse experiment (Pre U-73122 being 0 min and Post U-73122 being 5 min). Only cells with a strong basal
translocation for eGFP-PKC Apl II-Y269W and eGFP-PKC Apl II �C2-Y269W were used for this experiment; thus, the initial translocation is
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larger difference in comparisons of eGFP-PKC Apl II-R273H
to eGFP-PKC Apl II �C2-R273H because of C2 domain-
mediated inhibition. Figure 8A shows a representative exam-
ple of the translocation of eGFP-PKC Apl II-R273H and
eGFP-PKC Apl II �C2-R273H in response to DOG at 0.25

g/ml. At this concentration of DOG and all of the other
concentrations tested, these proteins translocated similarly
(Fig. 8B). Thus, this mutation has the same effect as exogenous
PA, removing the effect of C2 domain-mediated inhibition.

During the course of these experiments, we also noted that
eGFP-PKC Apl II-R273H required less DOG for translocation
than did eGFP-PKC Apl II. The minimal concentration re-
quired for translocation was lowered from 0.5 to 0.10 
g/ml
(Fig. 8B). This also was true for eGFP-PKC Apl II �C2-
R273H (Fig. 8B) and, thus, cannot be explained by removing
C2 domain-mediated inhibition. To determine if the increased
affinity for DAG could explain the lack of C2 domain-mediated
inhibition, we tested another mutant of PKC Apl II Y269W.
This residue is found in chordate nPKCs (Fig. 2A) and has
been reported to increase affinity for DAG (13). Indeed, we
found that this mutation in the context of PKC Apl II was
sufficient to increase association with membranes even in the
absence of added DOG or PA (Fig. 8C). However, even with
the higher affinity for membranes, there still was significantly
more membrane association with eGFP-PKC Apl II �C2-
Y269W than with eGFP-PKC Apl II-Y269W (Fig. 8C). The
higher membrane affinity of the Y269W kinase was at least
partly due to higher affinity for DAG, since U-73122, an in-
hibitor of PI-PLC that impedes DAG production in cells (4),
decreased the basal translocation of both eGFP-PKC Apl II-
Y269W and eGFP-PKC Apl II �C2-Y269W (Fig. 8D and E).
Thus, increasing affinity for DAG is not sufficient to remove C2
domain-mediated inhibition, and the loss of C2 domain-medi-
ated inhibition in the R273H PKC cannot be attributed to its
higher affinity for DOG.

C2-mediated inhibition has been shown to be due to direct
intermolecular interactions between the C2 domain and the C1
domain (40). To verify this in PKC Apl II, we constructed
MBP-C2, GST-C1b, and GST-C1b-R273H fusion proteins.
The proteins were expressed in bacteria and purified as de-
scribed in Materials and Methods. There was significantly
more binding of the MBP-C2 domain to the GST-C1b domain
compared to that of GST alone (Fig. 8F). However, the intro-
duction of the R273H mutation into this fusion protein did not
reduce this binding (Fig. 8F). Thus, the removal of C2 domain-
mediated inhibition by this mutation is not due to a decreased
interaction between the C1b and the C2 domains.

PA both removes C2 domain-mediated inhibition and syn-
ergizes with DAG to assist in the translocation of PKC Apl II
in sensory neurons. We have shown that PA can activate PKC

Apl II by two mechanisms: (i) the removal of C2 domain-
mediated inhibition and (ii) the synergistic activation with
DAG. To determine the contribution of these two mechanisms
in sensory neurons, we first examined the 5HT-mediated trans-
location of eGFP-PKC Apl II and eGFP-PKC Apl II �C2 in
the absence and presence of 1-butanol. Since PKC Apl II �C2
is not affected by C2 domain-mediated inhibition, any effect of
1-butanol must be due to a synergistic role of PA. 1-Butanol
inhibited the translocation of eGFP-PKC Apl II �C2, which is
consistent with an important role for the synergism of DAG
and PA in the activation of PKC Apl II and independent of an
effect of the C2 domain (Fig. 9A and B). 1-Butanol had no
effect on the translocation of eGFP-PKC Apl II �C2-R273H,
which is consistent with 1-butanol acting through reducing
levels of PA (Fig. 9A and B). There also was a role for PA in
removing C2 domain-mediated inhibition in sensory cells.
There was no significant difference between the translocation
of eGFP-PKC Apl II and eGFP-PKC Apl II �C2 by 5HT in
sensory cells (Fig. 9C), when PA presumably was present.
However, in the presence of 1-butanol, eGFP-PKC Apl II �C2
translocated better than PKC Apl II (Fig. 9C), consistent with
an inhibitory contribution of the C2 domain that is normally
removed by PA. Thus, our results suggest that PA acts in
sensory neurons both to remove C2 domain-mediated inhibi-
tion and to synergize with DAG to translocate PKC Apl II to
the membrane.

The C2 domain has been postulated to increase the trans-
location of the PKC Apl II orthologue, PKCε, through binding
to lipids or through binding to receptors for activated C kinase.
The R273H mutation allows us to determine whether there is
any positive role for the C2 domain, since this mutation re-
moves C2 domain-mediated inhibition but the C2 domain is
still present. A comparison of eGFP-PKC Apl II-R273H to
eGFP-PKC Apl II �C2-R273H suggests a small positive effect
of the C2 domain, since there is a slightly better translocation
of eGFP-PKC Apl II-R273H than eGFP-PKC Apl II �C2-
R273H (Fig. 9C), but this is of borderline significance (P 

0.11 by a two-tailed unpaired Student’s t test).

DISCUSSION

The present results lead us to propose a model in which PA
binding to the C1b domain is important for two purposes: (i) to
remove C2 domain-mediated inhibition and (ii) to facilitate
the binding of DAG to the C1 domain, allowing for the syn-
ergistic translocation of the protein (Fig. 10A�, B�, and D�).
The R273H mutation both removes C2 domain-mediated in-
hibition and blocks the ability of the kinase to interact with PA
in the plasma membrane (Fig. 10A�, C�, and D�). This is con-
sistent with PA and the C2 domain normally competing for

larger than that seen in panel C. (E) Summary plot showing the basal translocation ratio (Im/Ic) of eGFP-PKC Apl II-Y269W and eGFP-PKC Apl
II �C2-Y269W in the absence or presence of U-73122 (��, P 
 0.001; �, P 
 0.01; two-tailed paired Student’s t test). Error bars represent standard
errors of the means; n 
 8 for each condition. (F) Left, purified MBP-C2 protein (�69 kDa) was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the gel was stained with Coomassie. The band shown between the 37- and 50-kDa molecular mass
standards is the ovalbumin that was used to avoid nonspecific binding to the beads. Right, MBP-C2 was incubated with GST alone, GST-C1b, and
GST-C1b-R273H bound to glutathione-Sepharose beads as described in Materials and Methods. The presence of the GST proteins was confirmed
by staining the membrane with Ponceau red (bottom). The presence of the MBP-C2 domain was revealed using an antibody against MBP (clone
MBP-17).
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binding to the region around R273 and explains how PA can
remove C2 domain-mediated inhibition. However, since the
GST-C1b-R273H protein still binds to the C2 domain, it sug-
gests that binding can be dissociated from inhibition (Fig.
10B�). One possibility is that the binding of the C1b domain to
one region of the C2 domain is important for allowing the
inhibitory interaction through a distinct domain. The R273H
mutation does not block the binding, but the inhibitory inter-
action is no longer present. The R273H mutation also

strengthens the interaction of the C1 domain with DAG in the
plasma membrane (Fig. 10D�), either by altering the DAG
binding site or perhaps by allowing stronger interactions with
other lipids, such as PS. It is possible that once binding to the
C1 domain is removed, the C2 domain also contributes to
membrane binding (Fig. 10D� and D�).

PA binding to the C1 domain and not to the C2 domain. Our
results suggest that PA does not act by binding to the C2
domain directly but by binding to the C1b domain. This is

FIG. 9. PA removes C2 domain-mediated inhibition and synergizes with DAG to assist the translocation of PKC Apl II in sensory neurons.
(A) Confocal fluorescence images of the translocation of eGFP-PKC Apl II, eGFP-PKC Apl II �C2, and eGFP-PKC Apl II �C2-R273H in the
absence or presence of 1-butanol (1%). Pictures shown represent translocation after 5 min of treatment with 5HT. (B) Summary plot showing
the translocation ratios for control cells expressing eGFP-PKC Apl II �C2 and eGFP-PKC Apl II �C2-R273H. The ratios were measured in the
absence or presence of the PLD inhibitor 1-butanol (1%). Error bars represent standard errors of the means; n � 7 for each condition. eGFP-PKC
Apl II translocation ratios used in this plot are the same as those used for Fig. 5. As mentioned above, the translocation of eGFP-PKC Apl II was
significantly inhibited in the presence of 1-butanol (���, P 
 0.0001 by two-tailed unpaired Student’s t test). There was also an inhibition of
eGFP-PKC Apl II �C2 translocation in the presence of 1-butanol (�, P 
 0.05 by two-tailed unpaired Student’s t test). There was no effect of
1-butanol on the translocation of eGFP-PKC Apl II �C2-R273H. (C) Summary plot showing the translocation ratios of cells expressing eGFP-PKC
Apl II �C2 compared to those of cells expressing eGFP-PKC Apl II in the absence or presence of 1-butanol (1%). The translocation ratios of cells
expressing eGFP-PKC Apl II-R273H and eGFP-PKC Apl II �C2-R273H in the absence or presence of 1-butanol were pooled together, since there
was no effect of 1-butanol on the mutants. Error bars represent standard errors of the means; n � 7 for each condition. Translocation ratios shown
in this plot are the same as those shown in Fig. 5. There is a significant difference between the translocation ratios of eGFP-PKC Apl II and those
of eGFP-PKC Apl II �C2 in the presence of 1-butanol (�, P 
 0.03 by one-tailed unpaired Student’s t test). There is also a small difference between
the translocation ratios of eGFP-PKC Apl II-R273H and those of eGFP-PKC Apl II �C2-R273H, but this is of borderline significance (#, P 

0.11 by two-tailed unpaired Student’s t test).
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consistent with in vitro data with isolated C1 and C2 domains
of PKC Apl II, in which PA binds to the isolated C1 domains
better than to the C2 domain (36, 37). The vertebrate homo-
logue of PKC Apl II, PKCε, also has been shown to be syner-
gistically activated by DAG and PA, but in this case it was
suggested that synergism was due to PA binding to the C2
domain (18). The main justification for this model was the in
vitro binding of the C2 domain of PKCε to PA and the lack of
translocation when residues in the C2 domain responsible for
PA binding were mutated. While these mutations decreased
the affinity of the C2 domain for PA, they also could have
strengthened C2-C1 domain interactions, and this could be the
reason for their effect on translocation. It is striking that in
these two very different systems, PKCε and PKC Apl II both
demonstrated a requirement for the combination of DAG and
PA for physiological activation, suggesting a highly conserved
role for PA in the activation of this class of PKC isoform.

Moreover, R273 is conserved in PKCε (Fig. 2A). Nevertheless,
it is still possible that the enzymes are activated differently;
indeed, there are significant differences between the translo-
cation of PKC Apl II and that of PKCε (see below).

Comparison between PKC� and PKC�. Giorgione and co-
workers reported that the deletion of the C2 domain did not
affect the ability of PKCε to bind to PS/DAG membranes (16).
However, in this study, saturating amounts of DAG were used,
and this might have compensated for the lack of the C2 do-
main. Another study by Stahelin and coworkers reported that
the deletion of the C2 domain of PKCε induced a faster mem-
brane translocation in HEK293 cells (45). Furthermore, the
C2-deleted construct had a higher affinity (�60%) for PS/
DAG membranes and a higher level of activity (�50%) than
the PKCε wild type. These results suggest that C2-mediated
inhibition is conserved during evolution.

C2 domain-mediated inhibition is a general feature of

FIG. 10. Model for nPKC membrane translocation and activation. Our present results lead us to propose a model in which the C2 domain of
PKC Apl II binds to the C1b domain in the wild type (A�) and the R273H mutant (A�) but only inhibits DAG binding to the C1b domain in the
wild type. P, pseudosubstrate. (B�) PA binding to the C1 domain would remove the C1-C2 domain interactions in the wild-type protein and allow
translocation in conjunction with PS at high concentrations. (B�) PA does not interact with the R273H mutant. On the other hand, low
concentrations of DAG would be sufficient to translocate the R273H mutant (C�) in the absence of PA but not the wild-type protein (C�) due to
the higher affinity of the R273H kinase for DAG and the loss of C2 domain-mediated inhibition. For the wild-type protein, PA would remove C2
domain inhibition and synergize with DAG to translocate the enzyme (D�). The R273H mutant does not bind to PA but has a higher binding affinity
to DAG (D�). It is not clear from the present study whether the C2 domain contributes to membrane binding at this step (??).
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nPKCs. One recent study by Melowic and colleagues (27)
reported that the deletion of the C2 domain of PKC� greatly
enhanced its affinity to PS/DAG-containing membranes. Fur-
thermore, the authors proposed that the C2 domain of PKC�
is involved in keeping the enzyme in an inactive conformation,
presumably by interacting with the C1a and C1b domains (27).
Interestingly, PKC� also has an arginine in position 273
(Fig. 2A).

PS specificity may be encoded in the C1b domain of PKC
Apl II. PKCε does not specifically translocate to the plasma
membrane and is reported not to show specificity for PS (11,
25, 45). Indeed, specificity for PS in both cPKCs and nPKCs
has been attributed to C1-C2 domain interactions (3, 8, 27,
45–47). PKC Apl II shows specificity for PS in in vitro kinase
assays (36) and specifically translocates to the plasma mem-
brane after 5HT or DOG addition. In contrast to other studies
that indicate that specificity for PS is conferred by the C1-C2
domain interactions (3, 8, 27, 45–47), the C1b domain of PKC
Apl II appears to be sufficient to confer PS specificity, at least
as far as specific translocation to the plasma membrane is an
assay for specificity for PS. Interestingly, mutating Arg256/257
to the residues present in PKC Apl I Gly/Ser allowed DOG-
dependent translocation to internal membranes, suggesting
that these residues were involved in the specificity for PS.
Interestingly, these residues are not conserved in PKCε, in
which the arginines are replaced by lysine and valine (Fig. 2).

PKC Apl II translocates better than PKC Apl I to DOG
alone (53). In mammalian PKCs, the higher affinity of nPKCs
for DAG has been attributed to a tryptophan residue in their
C1b domains as opposed to a tyrosine residue in cPKCs (13).
However, PKC Apl I and PKC Apl II both contain a tyrosine
residue in this position (Fig. 2A), suggesting that other differ-
ences in the C1b or C1a domain also mediate the different
responses to DAG. Interestingly, the tryptophan residue is
present in all chordate nPKCs of both the delta and the epsilon
family but not in most nonchordate nPKCs (Fig. 2A), including
prechordate deuterostomes such as Ciona intestinalis and sea
urchins (data not shown). The presence of this change in both
the delta and epsilon family must be due to convergent evolu-
tion in chordates, since these two kinases initially diverged
before the bilaterian ancestor (42). Introducing this mutant
into PKC Apl II greatly increased its basal translocation, and
this was due to increased affinity for DAG.

Source of PA in Aplysia neurons. We show that both DAG
produced by PI-PLC and PA produced by PLD are required
for the translocation of PKC Apl II to the plasma membrane in
sensory neurons. The production of DAG probably is induced
by acting through Gq protein-coupled 5HT receptors, leading
to the activation of PLC and the production of DAG from
phosphatidylinositol. However, the signaling pathway leading
to the production of PA is less clear. 5HT might be activating
members of the Rho family GTPases, leading to the activation
of PLD (7, 34). Indeed, Aplysia Rho GTPases (ApRho,
ApRac, and ApCdc42) were shown to be highly conserved and
expressed in sensory neurons (49). It also was shown that 5HT
can activate ApCdc42 in Aplysia sensory neurons (49). It also is
possible that PLD is constitutively active in Aplysia neurons
and that 1-butanol inhibits this constitutive activity. The clon-
ing of Aplysia PLDs and determining their mechanism of ac-
tivation will be required to answer this question.

Summary. In summary, we propose a model in which PA is
required in addition to DAG for the translocation of PKC Apl
II. Moreover, we show that PA acts through the C1b domain.
These results suggest that the regulation of PLD is important
for the physiological activation of PKC Apl II and possibly
other nPKCs. Moreover, while in sensory neurons 5HT is suf-
ficient to activate PKC Apl II, our results suggest that in some
cases the requirement for both DAG and PA allows these
kinases to act as coincidence detectors between stimuli that
activate PLC and those that activate PLD, similarly to cPKCs,
such as PKC Apl I, that act as coincidence detectors for stimuli
that activate PLC and those that cause calcium entry.
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