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Both C1B domain and pseudosubstrate region are necessary for saturated fatty
acid-induced translocation of €PKC to the plasma membrane: Distinct role of
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It is well known that protein kinase C (PKC) shows different translocation depending on subtype and
stimulation, contributing to the physiological importance of the enzyme. However, molecular mechanism
causing the different translocation has been unknown. Therefore, using GFP-tagged mutant ePKC, we
attempted to identify the intramolecular domains required for saturated fatty acid-induced translocation
of ePKC to the plasma membrane, and compared with those necessary for unsaturated fatty acid-induced
translocation to the Golgi complex.

We found that, unlike in the case of unsaturated fatty-acid induced translocation, both C1B domain and
pseudosubstrate region are necessary for the saturated fatty acid-induced translocation of €PKC to the
plasma membrane. The results suggest that different domains of PKC mediate distinct translocation

depending on different stimulations, contributing to their subtype- and stimulation-specific functions.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Protein kinase C (PKC), was first described as a serine/threonine
kinase by Nishizuka and colleagues [1], and consists of at least 11
subtypes that are classified into three subfamilies based on their
structural difference and requirement for activators: classical PKCs
(PKCa, BI, BII and v), novel PKCs (PKCS, €, n and 0), and atypical
PKCs (PKCC and /1) [2].

PKC plays a key role in cellular responses such as neurotrans-
mission, gene expression, and cell growth and differentiation
[3,4]. All PKCs possess an amino-terminal regulatory domain and
a catalytic domain in the carboxyl terminus. The regulatory do-
main of classical PKCs (cPKC) contains a variable region 1 (V1), a
pseudosubstrate motif (PS), and a conserved region 1 and 2 (C1
and C2). The C1 domain has two cysteine-rich loops (C1A and
C1B) that are the binding sites for diacylglycerol (DG) and/or phor-
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bol esters [5,6], while the C2 region binds to Ca®'[6]. Novel and
atypical PKCs (nPKCs and aPKCs) lack the C2 domain [7-9] and
aPKCs have only one cysteine-rich loop in the C1 region [7,9,10].
Thus, nPKC and aPKC are not activated by Ca?* and aPKCs do not
depend on DG. These differences in the structure and enzymatic
properties strongly suggest specific functions of each subtypes .

In addition to the subtype-specific activators, each PKC subtype
has spatially and temporally different targeting sites depending on
stimulations [11-15]. For example, unsaturated fatty acid includ-
ing arachidonic acid (AA) induces rather slow and irreversible
translocation of €PKC from the cytoplasm to the Golgi complex,
while saturated fatty acids including tridecanoic acid (TDA) and
palmitic acid induce rapid and reversible translocation of ePKC to
the plasma membrane [16,17]. On the other hand, PKC cannot re-
spond to any fatty acids [18]. These results suggest that the stim-
ulation-dependent targeting site is important for the distinct
functions of PKC. However, the molecular mechanism to cause
the different translocation has not been clear.

Therefore, in a series of the experiments to investigate the
molecular mechanisms for the distinct translocation of PKCs, we
attempted to identify the intramolecular domains responsible
for the saturated fatty acid-induced translocation of ¢PKC to the
plasma membrane, and compared with the domain(s) required
for the unsaturated fatty acid-induced translocation to the Golgi
complex.
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2. Experimental procedures
2.1. Materials

Tridecanoic acid and 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) were purchased from Sigma. FUGENE™ 6 Transfection Re-
agent was obtained from Roche Molecular Biochemicals. All the
other chemicals used were of analytical grade.

2.2. Cell culture

COS7 and HEK293 cells were purchased from the Riken cell
bank (Tsukuba, Japan). Both of the cells were cultured in Dul-
becco’s modified Eagle’s medium (Invitrogen, Grand Island, NY)
at 37 °Cin a humidified atmosphere containing 5% CO,. The media
containing 25 mM glucose were buffered with 44 mM NaHCOs and
were supplemented with 10% fetal bovine serum, penicillin
(100 units/ml) and streptomycin (100 pg/ml). The fetal bovine ser-
um used was not heat-inactivated. For transfection experiments,
HEK293 cells were trypsinized and seeded at a density of 1 x 10°
cells/35-mm on glass-bottomed culture dishes (MatTek Corp., Ash-
land, MA) and incubated for 16-24 h before transfection.

2.3. Transfection of the GFP-tagged PKCs and mutants

HEK293 cells spread on 3.5 cm glass-bottomed dish (MatTek
Corp.) were transfected using 3 pl of FuGENE™ 6 Transfection Re-
gent and 1 pg of DNA according to the manufacturer’s protocol.
Transfected cells were cultured at 37 °C for 16-48 h prior for
imaging.

2.4. Construction of plasmids encoding the GFP-tagged PKCs and
mutants

The constructs encoding GFP-conjugated rat 8PKC (8PKC) and
€PKC (ePKC) were previously described [14,16]. The cDNA encod-
ing the various deletion mutants of ¢PKC and chimeras of ¢PKC
containing 5C1B (g(8C1B)) and 8PKC containing €C1B (5(eC1B))
were generated as previously described [18]. The chimera of
3-PKC containing €V1, PS, C1B (8(eV1, PS, C1B)) was produced by
PCR using two plasmids as templates at one reaction. We used
BS789 (rat 3-PKC containing €C1B in pCR™2.1) and BS797 (rat
€-PKC containing 8C1B in pCR™2.1) [18] as the templates with
8F475 (CACGAGTTCATCGCCACC)/eR507 (GCCGTTAACCTGGTGGAC)
as the primers using the ExSite™ PCR-based Site-directed Muta-
genesis Kkit.

2.5. Immunoblotting for GFP-tagged PKCs

COS7 cells were transiently transfected by electroporation and
cultured for 2 days. The transfected cells were harvested with
phosphate-buffered saline (PBS) and concentrated by centrifuga-
tion. The pellet was resuspended in 200 pl of homogenization buf-
fer containing 1% Triton X-100 (250 mM sucrose, 10 mM EGTA,
2 mM EDTA, 20 mM Tris-HCl, 20 pg/ml leupeptin, 1 mM phenyl-
methylsulfonyl fluoride, pH 7.4) and homogenized by sonication.
After centrifugation, 20 pg of protein was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on a 7.5% poly-
acrylamide gel, and transferred to polyvinylidiene difluoride filters
(Millipore, Bedford, MA). Nonspecific binding sites were blocked
with 5% skim milk in 0.01 M PBS containing 0.03% Triton X-100
(PBS-T) (18 h, at 4 °C). The blots were probed with anti-GFP poly-
clonal antibody (CLONTECH Laboratories, Inc., Palo Alto, CA) (di-
luted 1:1000) for 1 h at 25°C. After washing with PBS-T, the
blots were incubated with peroxidase-conjugated or anti-rabbit

IgG (1 h, at 25 °C). The immunoreactive bands were visualized with
an enhanced chemiluminescence detection kit (Amersham Biosci-
ences, Buckinghamshire, England).

2.6. Confocal microscopy

HEK293 cells transfected with the GFP-tagged PKCs and mu-
tants were cultured for 16-48 h for maximal GFP expression. The
media was then replaced with Ringer’s solution composed of
135mM NaCl, 54 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, 5 mM
HEPES, and 10 mM glucose, pH 7.3. Translocation of the GFP-
tagged mutant PKCs was triggered by the addition of the various
stimuli to the Ringer’s solution to obtain the appropriate final con-
centration. All experiments were done at 37 °C. The GFP fluores-
cence was monitored by confocal laser scanning fluorescent
microscopy (Carl Zeiss, Jena, Germany) at 488-nm argon excitation
with a 515-nm long pass barrier filter. Time series images were re-
corded before and after stimulation.

3. Results

3.1. PS is indispensable for the saturated fatty acid-induced
translocation of ¢PKC to the plasma membrane

In resting HEK293 cells, full-length ePKC-GFP (¢PKC) was ex-
pressed throughout the cytoplasm, but it was excluded from the
nuclei (Fig. 1, top left). After stimulation with tridecanoic acid
(TDA) at 100 uM, ePKC was translocated from the cytoplasm to
the plasma membrane within 20 s (Fig. 1, top center), and then it
was re-translocated to the cytoplasm within 3 min (Fig. 1, top
right). To identify the domains required for the TDA-induced mem-
brane translocation of ePKC, we first used a series of GFP-tagged N-
terminus deletion mutants of ePKC. Appropriate molecular weight
of each GFP-tagged mutants and no significant degradated prod-
ucts were confirmed [18]. All deletion mutants except for AV1-
PS were localized in the cytoplasm before the stimulation, similar
to the intracellular localization of full-length &-PKC. AV1-PS was
localized heterogeneously in the cytoplasm. When stimulated with
100 uM TDA, AV1 showed the same translocation pattern and time
course as full-length €PKC, indicating that V1 region is not neces-
sary for the TDA-induced translocation of ePKC. In contrast, further
deletion of psudosubstrate region (PS) abolished the translocation
(Fig. 1, third row). However, AV1-PS did not lost the ability to
translocate, because it showed the translocation to plasma mem-
brane in response to phorbol 12-myristate 13-acetate (TPA) (Ta-
ble 1). In addition, TDA did not changed distributions of AV1-PS-
C1A and AV1-PS-C1 (Fig. 1, forth and bottom row). These results
suggest an important role of PS in the TDA-induced membrane
translocation of €éPKC. To confirm the importance of PS, we further
used a mutant lacking only PS (APS). APS was localized heteroge-
neously in the cytoplasm before stimulation, and did not respond
to TDA (Fig. 2. top), confirming the necessity of PS for the TDA-in-
duced translocation of €PKC. In a case of palmitic acids at 100 pM,
all mutants showed similar translocation pattern to those by TDA
(data not shown). These results indicate that PS region is necessary
for the saturated fatty acid-induced transient translocation of ePKC
to the plasma membrane.

3.2. C1B is also involved in the saturated fatty acid-induced
translocation of ¢PKC

Previously, we found that C1B region is critical for the AA-in-
duced translocation of éPKC to the Golgi complex [18]. Therefore,
to check the importance of C1B in the fatty acid-induced transloca-
tion to the plasma membrane, we tested effect of TDA on the
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Fig. 1. Effects of tridecanoic acid on the translocation of N-terminus deletion mutants of ePKC. Various N-terminal deletion mutants of ePKC-GFP were expressed in HEK293
cells, respectively. Live cell images were taken as indicated times after stimulation by tridecanoic acid (100 uM). Bars, 10 pm.

Table 1
Diversity in translocation of ePKC deletion mutants and chimeras of ePKC and $PKC.
“+” and “—" reflect translocation and no translocation, respectively. N.T. means "not
tested".
TDA AA TPA
Wild type e-PKC + + +
AV1 + + +
AV1-PS - + +
AV1-PS-C1A - + +
AV1-PS-C1A, B - - -
APS - + +
ACIA + + +
ACI1B — — +
8(eV1,PS,C1B) + N.T +
8(eC1B) + + +
g(3C1B) - - +
Wild type §-PKC - - +

distribution of a mutant lacking C1B (AC1B). AC1B was localized
throughout the cytoplasm before stimulation, similar to full-length
€-PKC (Fig. 2). However, TDA did not induced rapid and reversible
translocation of AC1B to the plasma membrane. In contrast, AC1A,
which lacks C1A domain, showed similar translocation to that of
€PKC in response to TDA (Fig. 2). Importantly, both AC1A and
AC1B were translocated to the plasma membrane in response to
TPA (Table 1), indicating that not only PS but also C1B domain is
involved in the TDA-induced translocation of &-PKC. In the case
of palmitic acid stimulation, similar results were obtained.

3.3. PS of ¢PKC, but not C1B domain, is convertible to that of 5PKC in
the saturated fatty acid-induced translocation

There is a risk that the deletion mutants used in Figs. 1 and 2
may not form original three-dimensional structure of full-length
€PKC, because of the lack of some domains. Therefore, to further
confirm the involvement of PS and C1B domain in the saturated
fatty acid-induced translocation of €PKC, we used the chimeras
of ePKC and SPKC, as saturated fatty acids do not induce transloca-
tion of 3PKC [11].

3(eC1B) which is 8-PKC having ¢éPKC C1B domain and g(3C1B)
which is éPKC having 3PKC C1B domain were previously described
[18]. In addition to the constructs, we made an additional chimera
3(eV1, PS, C1B), which is 8-PKC having V1, PS and C1B regions of
ePKC. Appropriate molecular weight and no degradation products
of 8(eV1, PS, C1B) were confirmed (data not shown). In resting
cells, 5(eV1, PS, C1B) was expressed throughout in the cytoplasm
with slight accumulation in the perinuclear region (Fig. 3, top
row). TDA at 100 uM induced translocation of §(eV1, PS, C1B) to
the plasma membrane, although it did not come back to the cyto-
plasm (Fig. 3, top row), indicating that both PS and C1B domains of
€PKC are sufficient for the TDA-induced membrane translocation.
In contrast, €(3C1B) was localized heterogeneously in the cyto-
plasm and it did not significantly change the distribution in re-
sponse to TDA (Fig. 3, bottom row), confirming that importance
of C1B domain for the TDA-induced translocation of ePKC. Surpris-
ingly, 8(¢C1B) showed similar translocation pattern and time
course to that of full-length ePKC (Fig. 3, middle row), suggesting
that ePKC PS domain is convertible to that of SPKC.

In conclusion, both PS and C1B domains are important for the
saturated fatty acid-induced translocation of €PKC to the plasma
membrane. Especially, C1B domain is indispensable for subtype-
specific function of €PKC.

4. Discussion

Recent studies on PKC translocation using GFP-fusion protein
revealed that each PKC subtype has a unique targeting site that de-
pends on various stimulations. Specifically, targeting of ePKC by
fatty acid is diverse. Previously, we reported that effects of 11 fatty
acids including TDA and AA on the translocation of ePKC [16], and
showed the remarkable translocation of €éPKC by various fatty
acids. For example, saturated fatty acids including TDA induce a ra-
pid and transient translocation of éPKC to the plasma membrane,
while unsaturated fatty acids including AA evoke a rather slower
translocation to the Golgi complex [16]. Importantly, the fatty
acid-dependent translocation was observed in the purinergic
receptor stimulation [17], and these saturated and unsaturated
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Fig. 2. Effects of tridecanoic acid on the translocation of deletion mutants of each domain of éPKC. Deletion mutants, which is deleted each domain of ePKC-GFP, were
expressed in HEK293 cells, respectively. Live cell images were taken as indicated times after stimulation by tridecanoic acid (100 pM). Bars, 10 pm.
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Fig. 3. Effects of tridecanoic acid on the translocation of ePKC and §PKC chimeras. & (€V1, PS, C1B) is the mutant of SPKC having the V1, PS and C1B domain of ePKC. § (¢C1B) is
the mutant of SPKC having the C1B domain of ¢PKC. ¢ (8C1B) is the mutant of ePKC having the C1B domain of 3PKC. Cells expressing these chimers were stimulated by
tridecanoic acid (100 uM). Live cell images were taken as indicated times after stimulation by tridecanoic acid. Bars, 10 pum.

fatty acids potentiated the activity of ePKC [3,12,19]. These facts
suggest that diversity of translocation contributes to physiological
functions of ePKC.

Similarly, different translocation of 3PKC by phorbol esters and
related compounds were reported [20]. Two tumor promoters, TPA
and 12-deoxyphorbol 13-monoesters, induced plasma membrane
translocation of 3-PKC followed by slower nuclear translocation.
In contrast, only nuclear translocation of §-PKC was induced by
similar 8PKC activators, bryostatin and 12-deoxyphorbol 13-phen-
ylacetate that have anti-tumor promoting effects [20]. These re-
sults suggest that distinct pharmacological effects of the drugs
may be exerted due to the different translocation of the PKC
subtype.

However, molecular mechanism causing the different translo-
cation had been unknown. In this study, we showed for the first
time that PS, in addition to C1B domain, region is important for
the TDA-induced translocation of ¢PKC to the plasma membrane.
On the other hand, we have previously revealed that only C1B do-
main is indispensable for the AA-induced translocation of ePKC to
the Golgi complex ([18] and Table 1). The results implicate that dif-
ferent intramolecular domains have distinct roles in the respective
translocations. To speculate the function of each domain, we inves-
tigated localization of PS or C1B domains of ePKC. V1-PS was local-

eC1B-GFP eV1-PS-FLAG

Fig. 4. Localization of V1-PS and C1B domains of €PKC. (A) Localization of C1B
domain of ePKC. GFP-fused C1B domain of ePKC was expressed in HEK293 cells and
the image was taken by confocal microscope. Bar, 10 um. (B) Localization of V1-PS
domain of ePKC. FLAG-fused V1-PS domain of ePKC was expressed in HEK293 cells.
After fixation, the localization was visualized by mouse FLAG (SIGMA) and Texas-
red conjugated anti-mouse antibodies. Bar, 10 pm.

ized on the plasma membrane, while C1B accumulated in the
perinuclear region (Fig. 4). Based on the localization and the results
summarized in Table 1, we hypothesize that, in a case of fatty acid-
induced translocation, TDA interacts with C1B domain, resulting in
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conformational change. Finally, ePKC binds to the plasma mem-
brane through PS region. In the case of unsaturated fatty acid-in-
duced translocation, AA interacts with C1B domain and &PKC
binds to the Golgi complex through the C1B domain. In other
words, PS region is necessary for binding of €PKC to the plasma
membrane, while C1B is important for fatty acid binding itself. In-
deed, the ePKC mutants lacking C1B including AC1B and AV1-PS-
C1A, C1B lost the ability to respond to any fatty acids (Table 1). In
addition to specific domain, they may also include differences in
phosphorylation, interaction partners and/or specific conformation
changes of PKC. Further experiments are necessary.

In conclusion, saturated fatty acids induce the translocation of
€PKC to the plasma membrane via C1B domain and PS region, indi-
cating that different domains of PKC mediate translocation in re-
sponse to different stimulations. The present study is an
important step to comprehensively understand the molecular
mechanism of PKC translocation contributing to their subtype-
and stimulation-specific functions.
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