











Imaging Protein Kinase C o Activity in Live Cells

FIGURE 2. Screening of isotype selectivity of candidate sequences. A, COS7 cells were co-transfected with the candidate constructs of PKC &-selective
CKAR and RFP (blue), PKC a-RFP (purple), PKC BI-RFP (cyan), PKC BII-RFP (green), PKC y-RFP (orange), PKC 8-RFP (red), or PKC e-RFP (pink). The FRET ratio was
quantified following the addition of PdBu. The arrow indicates the point of PdBu (200 nwm) addition. C/Y, CFP/YFP. B, selectivity of the various constructs for
PKC 6 was assessed by taking the ratio of the area under the phosphorylation curve (phosphorylation index) obtained using 8CKAR to the area obtained

using the original CKAR. Mock indicates the expression of RFP only.

pendent on phorbol ester-mediated activation. Because
Par-1B « is also phosphorylated by PKC ¢ (30), we tested
whether 8CKAR Par-1B «a version 12 was phosphorylated by
PKC ¢ in cells. The Western blot in Fig. 5D shows that the
reporter was not phosphorylated by PKC ¢, the constitutively
active PKM ¢, or the constitutively activated A119E construct
of PKC ¢. In contrast, another reporter we have generated,
version 1, is phosphorylated by PKM ¢ and the A119E mutant
of PKC {. The above data validate SCKAR Par-1B « version 12
as a highly selective reporter for PKC & signaling in cells.
Henceforth, this reporter will be referred to as SCKAR. Note
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that while we were optimizing reporters, we used the con-
struct with the eEF1 « sequence (version 2 in Table 2) to
study PKC 8 activity at a protein scaffold (41); this reporter
will be referred to as SCKAR(eEF-1) henceforth. SCKAR is
improved because of its higher specificity.

With a reporter for PKC 5, we set out to address the rate,
amplitude, and duration of PKC & activity at various cellular
locations. To this end, we targeted the reporter to plasma
membrane, Golgi, mitochondria, and nucleus by fusion of
appropriate targeting sequences, described previously (21,
23). First, we examined whether the reporter was sensitive
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FIGURE 2—continued

overexpressed RFP-tagged PKC 6 and examined PKC 6 acti-

enough to read out endogenous PKC 8 activity. Fig. 64 shows
that phorbol ester stimulation of COS cells caused a robust
increase in endogenous PKC § activity at the plasma mem-

vation in cells expressing comparable levels of kinase (deter-
mined by RFP fluorescence). Mirroring the behavior of en-
dogenous PKC §, the rate and magnitude of activity of

brane (red circles) and a modest increase in activity at Golgi

overexpressed enzyme were highest at the plasma membrane.
The rate of activation at the Golgi was equally fast (half-time

(green circles). No activity was detectable in the cytosol (un-
targeted reporter, blue circles), at mitochondria (orange cir-

of 1 min) but of much lower amplitude. The rate of activation

cles), or in the nucleus (pink circles). To amplify the signal, we
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TABLE 2

Mutations of substrate sequences in candidate PKC §-selective
reporters, Par-1B ¢, and eEF1 -1

Par-1B a version 1 and eEFla-1 version 1 are the sequences of candidate
reporters Par-1B « and eEF1la-1 as shown in Table. 1, respectively. Bold letters
indicate the amino acids mutated from versions 1 and 3 in Par-1B « and versions
1,2,4,5,and 6 in eEFla- 1. ver., version.
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of cytosolic PKC 6 was considerably slower (half-time of ~4
min) but of comparable amplitude as that at the Golgi. Activ-
ity was also detected on the outer membrane of mitochondria;
the kinetics of activation were comparable with the cytosolic
reporter. No activity was detected in the nucleus. In summary,
the maximal agonist-evoked activation of PKC & occurs at the
plasma membrane, followed by Golgi, then cytosol, and then
mitochondria.

We next examined the basal PKC § activity at various cellu-
lar locations by measuring the effect of the PKC inhibitor
G066983 on the base-line FRET ratio of SCKAR. Fig. 6C shows
that treatment of COS cells with the inhibitor resulted in a
decrease in the activity of PKC 8 at the plasma membrane
(red circles), at the Golgi (green circles), and at mitochondria
(orange circles) but did not reduce the activity of either cyto-
solic or nuclear PKC 8. Thus, basal activity is greatest at the
plasma membrane and Golgi, followed by mitochondria.

We also examined the phosphatase suppression at each
cellular location by examining how much activity was un-
veiled by the addition of the phosphatase inhibitor calyculin
A. Fig. 6D shows that calyculin most effectively unmasked
activity at the Golgi (green circles) and cytosol (blue circles),
followed by plasma membrane (red circles) and, importantly,
nucleus (pink circles). No phosphatase suppression was ob-
served at mitochondria. Thus, phosphatases robustly suppress
PKC 6 activity in the cytosol and Golgi and moderately sup-
press PKC & activity in the nucleus and at the plasma mem-
brane. Note that the range of the FRET change at each loca-
tion differed (unlike that of CKAR, which is constant at all
locations except mitochondria (21)), suggesting that phospha-
tase suppression is not accurately measured using calyculin A
as an inhibitor.

We next addressed the ability of natural agonists to activate
endogenous PKC 6 at various cellular locations (Fig. 7A4). UTP
treatment caused a rapid activation of PKC & at the plasma
membrane (half-time of 1 min) that was relatively robust and
decayed with a half-time of ~4 min. Surprisingly, small but
reproducible activation of PKC & was observed in the nucleus
(pink circles). The kinetics of activation/inactivation were
comparable with those observed at the plasma membrane, but
the amplitude was significantly smaller. Activation at Golgi
was similar in kinetics and magnitude to that in the nucleus.
The signature of activation of overexpressed PKC & was simi-
lar to that of endogenous PKC §, differing only in an ~2-fold
increase in magnitude. Specifically, PKC 6 activity was great-
est at the plasma membrane, followed by nucleus and Golgi.
UTP did not cause a detectable increase in PKC & activity at
mitochondria (Fig. 7B). The activity at both plasma mem-
brane and Golgi was sustained, with 50% activity still ob-
served 30 min after UTP treatment (Fig. 7C).

We further explored the mechanism of activation of PKC
in the nucleus by monitoring the translocation of RFP-tagged
PKC & into the nucleus. UTP caused PKC & to translocate into
the nucleus (Fig. 8, A and B) by a mechanism inhibited by the
Src inhibitor SU6656. Interestingly, deletion of the C2 domain
of PKC & impaired the agonist-evoked translocation of PKC &
into the nucleus (Fig. 8B, orange circles). Quantitative analysis
of the ratio of RFP-PKC 6 in the nucleus when compared with
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FIGURE 3. Screen of candidate PKC &-selective reporters, Par-1B « and eEF1a-1. A, upper panel, COS7 cells were co-transfected with 6CKAR candidate
Par-1B « versions 1-25 (ver.1-ver.25) and RFP (blue), PKC BII-RFP (green), or PKC 8-RFP (red). The FRET ratio was quantified following the addition of PdBu
(200 nm), and then the CKAR phosphorylation index was calculated as shown under “Experimental Procedures.” Lower panel, quantification for PKC & selec-
tivity of candidate reporter Par-1B « versions 1-25 when compared with PKC BlI. B, upper panel, COS7 cells were co-transfected with 6CKAR candidate
eEF1a-1 versions 1-31 and RFP (blue), PKC BII-RFP (green), or PKC 8-RFP (red). The FRET ratio was quantified following the addition of PdBu (200 nm), and
then the CKAR phosphorylation index was calculated as described under “Experimental Procedures.” Lower panel, quantification for PKC & selectivity of can-
didate reporter eEF1a-1 versions 1-31 when compared with PKC BllI.
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FIGURE 4. Candidate reporter Par-1B « version 12 is selective to novel PKC. A, COS7 cells were co-transfected with candidate reporter Par-1B « version
12 (ver.12, blue) or candidate reporter Par-1B « version 12-T/A (red) and RFP (open circle) or PKC 8-RFP (closed circle). The FRET ratio was quantified following
the addition of PdBu (200 nm). C/Y, CFP/YFP. B, COS7 cells were transfected with candidate reporter Par-1B « version 12 (red) or AKAR (blue). The FRET ratio
was quantified following the addition of forskolin (10 um). C, COS7 cells were co-transfected with candidate reporter Par-1B « version 12 (red) or BKAR (blue)
and PKB-RFP. The FRET ratio was quantified following the addition of EGF (50 ng/ml). D, COS7 cells co-transfected with candidate reporter Par-1B « version
12 and RFP (open circles) or PKC 8-RFP (closed circles) were treated with DMSO vehicle (blue), G66983 (red), or G66976 (green) for 30 min. At this point, the
FRET ratio was measured before and after the addition of PdBu (200 nm). Data represent the average =+ S.E. from at least three independent experiments.

that in the cytosol for cells overexpressing PKC 6 or the con-
struct lacking the C2 domain, before or after treatment with
UTP, and with or without pretreatment with SU6656, con-
firmed that UTP increased the amount of PKC & in the nu-
cleus, that this increase was abolished in cells treated with the
Src inhibitor, and that deletion of the C2 domain caused
slightly more accumulation of PKC & in the nucleus, but this
construct of PKC was insensitive to UTP (Fig. 8C). Note that
nuclear targeting of a diacylglycerol reporter (21) revealed no
changes in nuclear diacylglycerol following UTP stimulation
of cells (data not shown).

The sensitivity of translocation of PKC 6 into the nucleus to
the Src inhibitor led us to ask whether nuclear activity was
also sensitive to Src inhibition. Fig. 8D shows that the UTP-
induced activation of PKC & in the nucleus (read-out by nu-
clear-localized 6CKAR) was suppressed by SU6656 to basal
levels (i.e. that observed in cells not overexpressing PKC 6).

41904 JOURNAL OF BIOLOGICAL CHEMISTRY

Similar data were obtained for endogenous PKC 6 (Fig. 8E).
Similarly, deletion of the C2 domain abolished the ability of
UTP to increase PKC § activity in the nucleus (Fig. 8D). These
data reveal that the activation of PKC & in the nucleus de-
pends on Src kinase activity and the C2 domain of PKC é.
Because Src controls the translocation of PKC 6 into the
nucleus, we next asked whether PKC 6 already present in the
nucleus is sensitive to Src inhibition. To this end, we moni-
tored the UTP-dependent activation of nuclear-targeted PKC
8 using nuclear-targeted SCKAR. Fusion of an NLS onto the
C terminus of the C-terminally RFP-tagged PKC & results in
constitutive sequestration in the nucleus (supplemental Fig.
1), as reported previously by Reyland and co-workers (4) for
GFP-tagged PKC & with an additional NLS. Fig. 94 shows that
the activity of PKC 6 already sequestered in the nucleus was
inhibited by SU6656 (pink circles). To validate the specificity
of the inhibition, we compared the effects of the Src inhibitor
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FIGURE 5. Candidate reporter Par-1B « version 12 is selective for PKC &. A, COS7 cells were co-transfected with SCKAR candidate Par-1B « version 12
and RFP, PKC a-RFP, PKC BI-RFP, PKC BII-RFP, PKC y-RFP, PKC 8-RFP, or PKC e-RFP. The FRET ratio was quantified following the addition of PdBu (200 nm) and
then the PKC inhibitor G66983 (500 nm). Data represent the average = S.E. from at least three independent experiments. C/Y, CFP/YFP. B, quantification of
candidate reporter Par-1B « version 12 phosphorylation. The CKAR phosphorylation index was calculated from the result of Fig. 4A. Mock indicates the ex-
pression of RFP only. C, COS7 cells were co-transfected with CKAR candidate Par-1B « version 12 and RFP, PKC a-RFP, PKC BI-RFP, PKC BII-RFP, PKC y-RFP,
PKC 8-RFP, or PKC e-RFP. Phosphorylation of Par-1B « version 12 was detected before or after stimulation with PdBu (200 nm) using anti-phospho-Par-1 (a-
P-Par1) antibody. Immunoblot of the 8CKAR candidate Par-1B « version 12 or PKC-RFP was detected using anti-GFP antibody (a-GFP) or anti-RFP antibody
(a-RFP), respectively. D, COS7 cells were co-transfected with SCKAR candidate Par-1B « version 1 (ver.1) or version 12 and RFP, PKC {-RFP, PKM ¢-RFP, or PKC
L(A119E)-RFP. Phosphorylation of these reporters was detected at 24 h after the transfection using anti-phospho-Par-1 (a-P-Par1) antibody. Immunoblot of
the reporters or PKC-RFP was performed using anti-GFP antibody (a-GFP) or anti-RFP antibody («a-RFP), respectively.
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FIGURE 6. Spatiotemporal dynamics of PKC 6 activity induced by PdBu in COS7 cells. A, COS7 cells were transfected with the indicated targeted constructs of
SCKAR, and the CFP/YFP (C/Y) emission ratio was quantified as a function of time following PdBu (200 nm) treatment: CKAR (blue), PM-6CKAR (red), Golgi-6CKAR
(green), Mito-8CKAR (orange), and Nuc-8CKAR (pink). B, COS7 cells were co-transfected with the indicated targeted constructs of SCKAR and PKC 8-RFP, and the
CFP/YFP emission ratio was quantified as a function of time following PdBu (200 nm) treatment: CKAR (blue), PM-8CKAR (red), Golgi-8CKAR (green), Mito-SCKAR
(orange), and Nuc-8CKAR (pink). These data reveal the magnitude of the phorbol ester-stimulated response. C, COS7 cells were co-transfected with targeted 6CKAR
constructs and PKC 8-RFP. The FRET ratio was monitored following treatment with G66983 (500 nwm), an inhibitor of conventional and novel PKC isozymes. These
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and after the addition of calyculin A (100 um) to inhibit cellular phosphatases. The magnitude of the calyculin A-stimulated response reveals the phosphatase-sup-
pressed PKC activity at each region. Data represent the average =+ S.E. from at least three independent experiments.

PP2 and its non-inhibiting counterpart PP3; the active inhibi-
tor PP2 suppressed the activity of nuclear PKC & (yellow cir-
cles), whereas the inactive control compound, PP3, had no
effect (green circles). The Src dependence for activation was
specific for PKC 8 in the nucleus; neither plasma membrane-
(Fig. 9B) nor Golgi- (Fig. 9C) tethered SCKAR was affected by
the Src inhibitors. These data establish that Src is required for
PKC & in the nucleus to be activated.

DISCUSSION

We have developed an activity reporter for PKC & that al-
lows measurement of the spatiotemporal dynamics of this
isozyme, specifically, in lipid second messenger signaling in
live cells. We show that PKC & is most active at the plasma
membrane, both basally and following agonist stimulation,
with limited activity at Golgi and at the mitochondrial outer

41906 JOURNAL OF BIOLOGICAL CHEMISTRY

membrane. Additionally, we show that the nucleus serves as a
hub for PKC & signaling following treatment of cells with a
G-protein-coupled receptor agonist, UTP, but not phorbol
esters. This nuclear activation depends on the activity of Src
family kinases, which control not only the entry of PKC 6 into
the nucleus, as established previously (1) but, additionally, the
catalytic activity of PKC 6 in the nucleus. Thus, PKC 6 signals
by two distinct mechanisms following agonist stimulation: 1)
signaling that depends only on the presence of a C1 ligand
(diacylglycerol or phorbol esters) and that is primarily at the
plasma membrane but also at the Golgi and mitochondrial
surface and 2) signaling that requires Tyr phosphorylation
and that is constrained to the nucleus.

CKAR and 8CKAR—The first generation reporter for PKC
activity, CKAR, was designed to measure bulk PKC activity in
cells (20, 42). Here we show that, indeed, CKAR faithfully
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least three independent experiments.

reads out the activity of conventional and novel PKC family
members without significant discrimination among isozymes.
Specifically, overexpression of conventional (PKC e, I, BII,
7) or novel (PKC 5, €) isozymes in COS7 cells revealed that
the rate of phorbol ester-stimulated phosphorylation of
CKAR was comparable for all isozymes, with half-times for
maximal phosphorylation ranging from 0.5 (PKC BII) to 1.5
min (PKC §). Interestingly, the magnitude of the response
differed for the various isozymes. Because the dynamic range
of the reporter would be the same regardless of the isozyme
co-expressed in cells, the magnitude serves as a measure of
the basal activity of each of these kinases. Thus, the basal ac-
tivity of the isozymes ranks PKC € > PKC «/6 > PKC BI/
BI1/7y. Consistent with this ranking, the addition of the PKC
inhibitor G66983 reversed activity to considerably below base
line for PKC € and PKC « and reversed activity to base-line
levels for the other isozymes. Thus, previous studies using
CKAR present an average of the contribution of conventional
and novel isozymes, which are all effectively read out by the
reporter.

DECEMBER 31, 2010+VOLUME 285+-NUMBER 53

Replacement of the phosphorylation sequence of CKAR
with that of 11 sequences previously identified as selective for
PKC & allowed us to identify a sequence that was phosphory-
lated by PKC & and functional in a reporter that uses FHA2
as the phospho-peptide binding module (23). Optimization
of this sequence resulted in a new version of CKAR, 6CKAR,
that is highly selective for PKC 6 over all other isozymes
tested. Importantly, the reporter selectively reads out the ac-
tivity of PKC & when compared with other PKC isozymes and
is not a substrate for the related basophilic kinases Akt/PKB
and PKA.

Targeted SCKAR—W e have previously shown that G-pro-
tein-coupled receptor agonists cause rapid activation of con-
ventional PKC isozymes primarily at the plasma membrane,
an event driven by a rapid spike in Ca**; this is followed by
slower activation of novel PKC isozymes primarily at Golgi
that is driven by diacylglycerol. Activity at both membrane
locations is sustained by the persistence of diacylglycerol.
Taken together, the net PKC activity is highest at the Golgi,
followed by plasma membrane. Here we show that, surpris-
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copy. Pseudo-color images were analyzed by the LSM 510 META software. Bar, 10 um. B, Hela cells were transfected with the PKC 6-RFP or C2-deleted PKC
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with UTP (100 um). The fluorescence intensity of RFP was detected using confocal laser scanning microscopy. Then the fluorescence intensity ratio (Nucleus/
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(100 um). Cells were fixed at the point of 0 or 10 min after UTP stimulation. The fluorescence intensity of RFP was detected using confocal laser scanning
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then stimulated with UTP (100 um). The CFP/YFP (C/Y) emission ratio was quantified as a function of time following UTP (100 um) treatment. Data represent
the average = S.E. from at least three independent experiments. E, HeLa cells were transfected with Nuc-8CKAR. Cells were then pretreated with DMSO ve-
hicle or 2 um SU6656 for 30 min and then stimulated with buffer control or UTP (100 um). The CFP/YFP emission ratio was quantified for 10 min following

UTP (100 um) treatment, and the CKAR phosphorylation index was calculated as described under “Experimental Procedures.”

ingly, the novel PKC isozyme PKC § is considerably more ac-
tive at plasma membrane than Golgi. Its activation kinetics at
both membrane locations mirror those for the production of
diacylglycerol (see Ref. 21), with a half-time of approximately
1 min. Phosphatase suppression of SCKAR phosphorylation is
relatively modest at the plasma membrane, consistent with
findings using CKAR that there is very little phosphatase sup-
pression of net PKC activity at the plasma membrane. In con-
trast, PKC & activity at Golgi and in the cytosol is strongly
opposed by phosphatases, whereas bulk PKC activity is really
only strongly suppressed by phosphatases in the cytosol and
nucleus. Basal activity of PKC & is highest at the plasma mem-
brane, consistent with the read-out from CKAR that net PKC
activity has high basal levels at this location. In addition, we
found some agonist-evoked activity of PKC & at the outer
membrane of mitochondria. This supports several reports
showing that PKC & phosphorylates mitochondrial proteins
(6, 43—45). Taken together, these data reveal that the plasma

41908 JOURNAL OF BIOLOGICAL CHEMISTRY

membrane is the primary site of action not only of Ca®"-regu-
lated PKC isozymes but also of the novel isozyme PKC 8.

The Nucleus as a Hub of PKC & Activity—PKC & is a pro-
apoptotic kinase (1, 3), exerting many of its biological func-
tions in the nucleus. However, there is no evidence to date
that this isozyme signals in the nucleus in the absence of apo-
ptotic stimuli. Here we show that G-protein-coupled receptor
agonists effectively activate PKC 6 in the nucleus. This activa-
tion is not triggered by phorbol esters, which cause robust
activation of PKC 6 at non-nuclear locations such as plasma
membrane, Golgi, and mitochondria. Rather, nuclear activity
depends on activation of Src family kinases. Reyland and co-
workers (5) have previously shown that PKC 6 has an NLS
that becomes unmasked following Tyr phosphorylation at
Tyr®® in the C2 domain and Tyr'*” in the C1 domain. These
phosphorylations are required for the nuclear translocation
triggered by apoptotic stimuli and are catalyzed by Src family
kinases. Here we show that the UTP-mediated translocation
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FIGURE 10. Model showing two mechanisms of activation of PKC 8. Stim-
ulation of cells with UTP causes the activation of PKC & by the canonical
phospholipase C (PLC)-mediated hydrolysis of phosphatidylinositol 4,5-
bisphosphate (PIP,) to generate diacylglycerol (DAG) in the plasma mem-
brane and Golgi (1) and activation of Src, which in turn activates PKC § in
the nucleus (2). The active species of PKC & is denoted by the hydrolysis of
ATP. Note that we have previously shown that stimuli received at the cell
surface use Ca®* as the mediator to elevate diacylglycerol levels at the
Golgi (50). In the first mechanism, diacylglycerol directly binds and activates
PKC 6 at the plasma membrane, primarily, and at the Golgi, to a lesser ex-
tent. This ligand-dependent activity is insensitive to Src and can be fully
induced by phorbol esters. In the second mechanism, the activity of Src is
necessary for the activation of PKC 8 in the nucleus; this activity cannot be
induced by phorbol esters. GPCR, G-protein-coupled receptor.

of PKC & into the nucleus is also prevented by Src inhibitors.
However, in addition, the activity of PKC & that is already in
the nucleus depends on Src kinases; UTP causes activation of
PKC & that is sequestered in the nucleus by an additional NLS

DECEMBER 31, 2010+VOLUME 285+-NUMBER 53

sequence, and this activation is prevented by two different Src
inhibitors, PP2 and SU6656, but not the inactive PP3. These
data reveal that PKC 6 is activated in the nucleus following
G-protein-coupled receptor agonist-triggered signaling, re-
vealing that its nuclear activation is not restricted to apoptotic
stimuli. Note that phorbol esters effectively activate other
PKC isozymes in the nucleus, although this activity is only
unveiled in the presence of phosphatase inhibitors (21).

Our data support a model in which PKC 6 signals by two
mechanisms: a Src kinase-independent mechanism at non-
nuclear locations that can be initiated by phorbol esters/dia-
cylglycerol and a Src kinase-dependent mechanism in the nu-
cleus that cannot be activated by phorbol esters (Fig. 10). The
ability of UTP to stimulate nuclear activity suggests that P2Y
receptors couple to Src kinase. Indeed, P2Y receptors have a
PXXP motif that binds the SH3 domain of Src, an event that
activates the kinase (46). Consistent with activation of Src by
P2Y receptors, the ability of P2Y receptors to activate the
MAP kinase pathway is prevented by inhibition of Src (47—
49). Our data are consistent with UTP activating two path-
ways that differentially control PKC &: 1) phospholipase C-
mediated hydrolysis of phosphoinositides to generate
diacylglycerol, which activates PKC & at intracellular mem-
branes by a mechanism independent of Tyr phosphorylation,
and 2). Src-mediated activation of PKC § in the nucleus. The
mechanism by which nuclear PKC & is activated by Src re-
mains to be resolved, but the inability of phorbol esters to
activate PKC & in the nucleus suggests that modification of
either the PKC or a binding partner is essential for catalytic
activity in this compartment.
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SUPPLEMENTAL FIGURE 1. Localization of PKC 8-RFP, C2-deleted PKC §-RFP, and
nuclear-localized PKC §-RFP.

PKC &-RFP, C2-deleted PKC 8-RFP (PKC 8(AC2)-RFP), and nuclear localized PKC 8-RFP
(Nuc-PKC 8-RFP) were expressed in HeLa cells and observed using confocal laser scanning
microscopy. Bars, 10 um.
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