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Abstract The protein kinase C (PKC) family is a major transducer of several intracellular pathways. In confirmation of
this important role, PKCs exhibit high molecular heterogeneity, because they occur in at least 10 different isoforms
differing in biochemical properties and sensitivity to activators. In this report we focused on the ability of different redox
agents to induce modification of intracellular distribution of specific PKC isoforms in HeLa cells. To this end we utilized
a panel of green fluorescent protein (GFP) chimeras and a high-speed digital imaging system. We observed a re-
markable complexity of PKC signalling patterns occurring during redox stress with marked differences among PKC
isoforms also belonging to the same subgroup. Moreover our results suggest that modifications of the intracellular
redox state can modulate the responsiveness of specific PKC isoforms and, in turn, change the sensitivity of the

different isoforms to cell stimulation.

INTRODUCTION

Protein kinase C (PKC) is a ubiquitous family of enzymes
that consists of at least 10 structurally related serine/thre-
onine kinases. The various PKC isoforms have been sub-
divided into 3 classes: classical isoforms (cPKC: «, BI, BIL,
and v), which are activated by Ca?* and diacylglycerol
(DAG); novel isoforms (nPKC: 8, &, m and 6), which are
activated by DAG, but are Ca?* independent; and atypical
isoforms (aPKC: \ and (), which are insensitive to both
Ca2?* and DAG. These PKC isoforms are unique, not only
with respect to primary structure, but also on the basis
of expression patterns, subcellular localization, activation
in vitro, and responsiveness to extracellular signals. In-
active PKCs are present mainly in the cytosol, although
activated PKCs are found associated with the plasma
membrane, the nucleus, and other subcellular compart-
ments (Mellor and Parker 1998; Toker 1998).

This communication focuses on the effects of redox
stresses on the activation of classical and novel PKCs.
Classical PKC isoforms are activated sequentially by Ca?*
and DAG signals. Although Ca?* acts rapidly, DAG bind-
ing to PKC initially is prevented by a pseudosubstrate
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clamp, which keeps the DAG-binding site inaccessible
and delays Ca?* and DAG-mediated kinase activation. Af-
ter termination of Ca?* signals, bound DAG prolongs ki-
nase activity (Oancea and Meyer 1998).

In contrast, novel PKC isoforms are activated directly
by DAG without the Ca?*-priming because, in nPKCs, the
DAG-dependent domain binds membranes with suffi-
ciently high affinity to recruit nPKCs to membranes in
the absence of any other targeting mechanism (Dries et
al 2007). Many other intracellular mediators have been
proposed to play a key role for PKC intracellular distri-
bution, such as lipids (Nishizuka 1995), glucose (Gallo et
al 2005), apoptotic mediators (Pinton et al 2001), and ox-
idative stress (Gopalakrishna and Jaken 2000).

PKCs are regulated by 2 distinct mechanisms: phos-
phorylation, which regulates the active site and subcel-
lular localization of the enzyme, and second messengers,
which promote PKC’s membrane association and result-
ing pseudosubstrate exposure. Regulation by 2 indepen-
dent mechanisms provides exquisite fine-tuning for PKC
(Dries et al 2007). Redox stresses change the phosphor-
ylation state of PKC (Gopalakrishna and Jaken 2000) and
in turn may regulate the activity of PKCs.

A large number of proteins are known that are phos-
phorylated by PKCs. However, the knowledge of proteins
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Fig 1. Effects of oxidative stress on protein kinase C (PKC)a-GFP and PKCB-GFP in HelLa cells. (A, D) Effects of 100 pM H,O,; (B, E)
histamine 100 pM in H,O,-pretreated cells; (C, F) effects of histamine 100 wM in untreated cells. HelLa cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal calf serum (FCS), in 75-cm? flasks. The cells were seeded before transfection
onto 24-mm glass coverslips and allowed to grow to 50% confluence. At this stage, transfection with 8 g of the appropriate PKC plasmid
DNA was carried out by Calcium phosphate technique as described previously (Chiesa et al 2001). Microscope analysis (and cell stimulation)
were performed 36 h after transfection. To this end the medium was changed from DMEM + 10% FCS to KRB (125 mM NaCl, 5 mM KClI,
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that are selectively phosphorylated by a distinct PKC iso-
form is extremely scarce. Once activated, PKCs regulate
multiple physiological processes. In the cytosol, PKCs in-
teract with several different proteins, including receptors
for activated C kinase (RACKS), the product of the par-4
gene, zeta-interacting protein, lambda-interacting protein,
and A kinase—anchoring protein. PKCs also are involved
in remodeling the actin cytoskeleton, partly by phos-
phorylating specific PKC substrates such as the myristoy-
lated alanine-rich PKC substrate (MARCKS) protein and
pleckstrin. Thus, PKCs influence many distinct aspects of
cell function (Toker 1998).

The PKC family has been implicated in a wide range
of pathological processes ranging from cancer to degen-
erative disorders (Nishino et al 1989; O’Brian and Ward
1989; Pascale et al 1998). PKCs contain, both in the N-
terminal regulatory domain and in the C-terminal cata-
lytic domain, regions that are susceptible to redox mod-
ifications. Intracellular redox state is routinely subjected
to modifications during cell life. The changes on redox
state are due to the actions of reactive oxygen species and
alkylating agents that are produced during cell life (Fin-
kel 2003; Lindsay and Astley 2002). In several physio-
pathological conditions, the cells undergo redox stress, ie,
when the balance between oxidants, antioxidants, and al-
kylants is compromised. PKCs are part of cell-signaling
proteins that are particularly sensitive to redox stress be-
cause modification of their redox-sensitive regions inter-
feres with the activities of cellular PKCs (Gopalakrishna
and Jaken 2000).

Given that redox stress may be involved in the patho-
genesis of several diseases (Cross et al 1987; Li 2001;
Emerit et al 2004), the PKC family is a logical candidate
to mediate the pathological transduction of redox stress
in diseases. Recently, several lines of evidence demon-
strated a crucial role of PKC activity in several pathologies
(Nagpala et al 1996; Koya and King 1998; Nishikawa et
al 2000; Ways and Sheetz 2000). Interestingly, in relation
to redox stress, recent evidence suggests that PKC acti-
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vation also plays a key role in glucose-induced oxidative
stress inside the endothelial cell (Gallo et al 2005) and in
oxidative-dependent mitochondrial dysfunction (Pinton
et al 2007). In this scenario, dissecting the signalling path-
way in which PKCs are involved is a difficult task, given
the overlapping substrate specificity and the complexity
of the molecular machinery that regulates the specific
sorting of the various isoforms (Dekker and Parker 1994;
Parekh et al 2000). Partial and sometimes contrasting in-
formation is available on differential recruitment and/or
function of the various isoforms of PKC in the transduc-
tion of redox signals.

For all PKCs, translocation to the cell membrane is a
key step in the activation process. Therefore, an efficient
way to monitor the activation of PKC isoforms is to follow
their intracellular distribution. Traditionally, this was
achieved by subcellular fractionation and measurement of
protein sorting to the membrane fraction or in fixed cells
by immunofluorence. With the advent of GFP and the de-
velopment of imaging systems with high spatial and tem-
poral resolution, it is now possible to visualize the trans-
location process in living cells. In order to obtain a deeper
insight into the involvement of the PKCs during redox
stress, we utilized a panel of GFP chimeras, allowing us
to dynamically monitor the recruitment of the various
PKCs. In particular, the present study investigated the re-
dox-induced translocation of two classes of PKC, ¢PKC
(PKCa and PKCP), and nPKC (PKC8 and PKCe) in HeLa
cells.

RESULTS AND DISCUSSION

Oxidative and reducing stress have different effects on
cPKCs in HelLa cells

In order to analyze the effect of redox stresses on PKCs,
a panel of PKC-GFP chimeras was transfected in HelLa
cells and analyzed by imaging experiments (Rizzuto et al
1998). When expressed, each PKC-GFP chimera was

«—

1 mM MgSO,, 1 mM Na,HPO,, 5.5 mM glucose, 20 mM NaHCO,, 2 mM L-glutamine, 1 mM CaCl,, and 20 mM HEPES; pH 7.4). All the
stimuli (H,0O,, dithiothreitol [DTT], histamine, PMA, ascorbic acid) were added to the KRB at the time indicated in the figures. Images were
recorded using a digital imaging system based on a Zeiss Axiovert 200 fluorescence microscope equipped with a back-illuminated charge-
coupled device (CCD) camera (Roper Scientific, Trenton, NJ, USA). Rapid focussing in the z plane was guaranteed by excitation and emission
filterwheels (Sutter Instrument Company, Novato, CA, USA) and piezoelectric motoring of the z stage (Physik Instrumente, GmbH & Co.,
Karlsruhe, Germany). The data were acquired and processed using the MetaMorph analyzing program (Universal Imaging Corporation,
Downington, PA, USA). This allows the direct monitoring of fluorescence intensity. A high-resolution, 3D reconstruction of the distribution of
a GFP chimera can be obtained with the technique of digital image restoration, also called deconvolution or deblurring. In brief, a series of
20 optical section images, spaced at 0.5-pm intervals through the depth of the cell, was acquired. Each optical section image was acquired
in less than 1 second, and the entire through-focus series in less than 20 seconds. The image series then was deblurred using a constrained,
iterative restoration algorithm that incorporates an empirically determined optical point spread function. The deblurred images then were used
to visualize the 3D intracellular patterns. A more exhaustive description of this approach is presented in (Carrington et al 1995). In Figure
1Ci—v and Fi—ii, a larger magnification of the images is presented in the insets to allow a better appreciation of PKC translocation. The graphs
(A’-F") indicate the time course of plasma membrane translocation of PKC-GFP expressed as the increase in fluorescence ratio with respect
to time zero (calculated as ratio of plasma membrane: average intracellular fluorescence). In all experiments, the images and traces are
representative of at least 10 from 3 independent experiments, which gave similar results.
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brightly fluorescent throughout the cytoplasm, including
the nucleoplasm in the transfected PKC3-GFP cells (see
Figs 1-3), as previously reported by us and others (Sakai
et al 1997; Oancea and Meyer 1998; Ohmori et al 199§;
Chiesa et al 2001; Pinton et al 2002, 2007; Takahashi and
Namiki 2007). To induce oxidative stress we utilized 100
uM H,0,, a concentration that induced in HeLa cells only
5 + 2% of cell death (after 30 minutes of treatment). The
reducing stress was obtained using 2 mM dithiothreitol
([DTT], less than 3% cell death after a treatment of 30
minutes). Under those redox stress conditions, the GFP
fluorescence was practically unmodified (not shown). We
first examined the distribution of cPKC during H,O, treat-
ment. In Figure 1 the cellular distribution of PKCa and
isoform is shown. In resting conditions both kinases were
localized uniformly in the cytosolic compartment, as ex-
pected for inactive PKCs. Several images were taken at
different times after the addition of H,O,. It is apparent
that no change in the distribution of kinases is induced
by the oxidative agent (compare Fig 1Ai with 1Aii and
Fig 1Di with 1Dii). Interestingly, the treatment with H,O,
rendered PKCa insensitive to histamine stimulation, an
agonist coupled to the generation of DAG and inositol
1,4,5-trisphosphate (and thus the release of Ca?* from in-
tracellular stores with consequent increase of cytosolic
Ca?* concentration, [Ca2*],; Fig 1B).

On the contrary, in untreated cells, as expected for a
classical PKC, histamine-induced PKCa oscillations (ie,
different translocation to the plasma membrane and re-
translocation to the cytosol; Fig 1Ci—v). This inhibition
was specific for PKCa and not for all classical PKCs. In
fact, H,0, pretreatment did not modify the sensitivity to
histamine of PKCR. In this case, histamine induced the
typical translocation of part of the PKCB pool to the plas-
ma membrane (Fig 1Ei-v), as observed without H,O, pre-
treatment (Fig 1Fi—v; Chiesa et al 2001).

These observations provide evidence that oxidation of
the regulatory sites in PKCa causes a preconditioning
with a consequent lack of activation. Moreover, they high-
light a different behavior to oxidative stress between
PKCa and PKCB suggesting that each PKC isoform has a
spatially and temporally different targeting mechanism
that depends on the extracellular and intracellular sig-
nals, contributing to the isoforms-specific functions of
PKC.

In order to quantify the occurrence of PKC transloca-
tion, we calculated the increase in fluorescence ratio with
respect to time zero calculated as ratio of plasma mem-
brane: average intracellular fluorescence (Figs 1A'-F’,
2A'-C" and 3A’'-3C’). Similar results were obtained using
higher H,O, concentration (1 mM).

Afterwards, we analyzed the behavior of cPKC in HeLa
cells upon reducing stress induced by DTT (Fig 2). As
described above, HeLa cells were transfected with the ap-
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propriate cPKC-GFP chimera and analyzed by digital im-
aging microscopy. As for the H,O,-dependent oxidative
stress, the distribution of PKCa was unaffected by incu-
bation with DTT (Figs 2A,A"). However, in this case, the
PKCa maintained the ability to pulse between cytosol and
plasma membrane, after application of histamine (Fig
2Bi-iv,B").

PKCPB showed a different response to DTT. As shown
in Figure 2C, a clear translocation of the kinase to the
plasma membrane was observed after the application of
the reducing agent (Fig 2Ci-iii,C’), emphasizing an un-
expected role of PKCB during reducing stress and sug-
gesting its involvement in signal transduction associated
to DTT treatment.

In summary, it is apparent that 2 isozymes belonging
to the same class and exhibiting comparable molecular
structure (ie, with the same regulatory C1 and C2 do-
mains [Mellor and Parker 1998]) and biochemical prop-
erties (ie, with the same activators such as phosphatidyl-
serine, Ca?*, and DAG) show a completely different pat-
tern of responsiveness to changes in intracellular redox
state.

Effects of oxidative and reducing stresses on nPKCs

The distribution of PKC chimeras of the novel class was
investigated (Fig 3); 36 hours after transfection with the
appropriate chimera, the cells were analyzed on the mi-
croscope and the effects of H,0O, and DTT were assessed.
At rest, the nPKC analyzed are localized in the cytosol,
as for the cPKCs, but in this case also in the perinuclear
region corresponding to the Golgi apparatus (Fig 3A, C)
as previously reported (Lehel et al 1995; Chiesa et al 2001;
Pinton et al 2002; Dries et al 2007). Although histamine
stimulation induces in HeLa cells DAG generation, a clas-
sical activator of nPKC, under these conditions there was
no translocation of PKC8 in control cells. Conversely,
PKCe rapidly pulsed from the cytosol to the plasma
membrane after histamine stimulation (data not shown).
The different behavior during histamine stimulation be-
tween nPKCs suggests a greater sensitivity of PKCe com-
pared to that of PKC3. On the contrary, the stimulation
with phorbol ester phorbol 12-myristate 13-acetate (PMA)
(a Ca?*-independent DAG-like agonist) induces a drastic
translocation both of PKC8 and PKCe (Chiesa et al 2001).

As observed above for the cPKCs, it is apparent that,
upon stimulation with H,O,, also for nPKCs, 2 isozymes
belonging to the same class show a distinct pattern of
subcellular distribution. The cells expressing PKC8-GFP
showed the same localization of the protein before and
after H,0, addition (Fig 3Ai-ii,A"). Conversely, part of the
PKCe-GFP pool, after addition of H,O,, translocated and
remained associated to the plasma membrane (Fig 3Ci-
iii,C"). No retranslocation to the cytosol was observed
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Fig 2. Effects of reducing stress on classical protein kinase C (cPKC)-GFP («, B) in Hela cells. (A, C) Effects of 2 mM dithiothreitol (DTT).
(B) Histamine 100 wM stimulation in PKCa-GFP DTT-pretreated cells. All conditions as in Figure 1.

Cell Stress & Chaperones (2007) 12 (4), 291-298



296 Rimessi et al

PKC3

120 min

120 sec

+ PMA

189 189 1.0, 100uMPMA 400nM (B')
16] H0, 100uM (A) 164
1.44 1.44
1.24 1.24
1.0 1.0
0.8 0.8-.
0.0 . v . 0oF . . .

0 40 80 120 0 40 80 120
Time (min) 15 Time (sec)

1.6
| FL0. 100uM/PMA 400nM (B")

Ratio
(plasma membrane/cytosol)

Ratio
(plasma membrane/cytosol)

= Plasma membrane
1.24
1.04
0.8-.
0oF

PKCs 0 40 80 120

Time (sec)

Nuclear membrane

Ratio
(nuclear membrane/cytosol)

start

+ H202

-
(2]
3

H,0, 100um (C')

l

x
[N
.

Ratio
(plasma membrane/cytosol)

.O
©

-
2

Q
o

40 80 120
Time (min)

o

120 min

Fig 3. Effects of oxidative stress on novel protein kinase C (nPKC)-GFP (3, ¢) in HelLa cells. (A, C) Effects of 100 pM H,O,. (B) PMA 400
nM in PKC3-GFP H,O,-pretreated cells. All conditions as in Figure 1. The graph presented in Figure 3B’ reports both the time course of
plasma (upper panel) and nuclear membrane (lower panel) translocation.
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Table 1 Schematic summary of the results presented
H,O0, Histamine H,0,/Histamine PMA H,0,/PMA
Oxidative stress
PKCa No effect Plasma membrane Inhibition of translo- Plasma membrane Plasma membrane
translocation cation translocation translocation
PKCB No effect Plasma membrane Plasma membrane Plasma membrane Plasma membrane
translocation translocation translocation translocation
PKC3 No effect No effect No effect Plasma and nucleus Plasma and nucleus
translocation translocation
PKCe Plasma membrane Plasma membrane — Plasma membrane —
translocation translocation translocation
DTT Histamine DTT/Histamine PMA DTT/PMA
Reductive stress
PKCa No effect Plasma membrane Plasma membrane Plasma membrane Plasma membrane
translocation translocation translocation translocation
PKCB Plasma membrane Plasma membrane — Plasma membrane —
translocation translocation translocation
PKC3 No effect No effect No effect Plasma and nucleus Plasma and nucleus
translocation translocation
PKCe No effect Plasma membrane Plasma membrane Plasma membrane Plasma membrane
translocation translocation translocation translocation

Where a protein kinase C (PKC) translocation was observed after H,O, (PKCe) or dithiothreitol ((DTT], PKCp) treatment, any other stimulus

(histamine or PMA) was applied.

even after 2 hours, suggesting an irreversible H,O, effect.
Thus, the different behavior during oxidative stress be-
tween nPKCs confirms a greater sensitivity of PKCe com-
pared to that of PKC3. However, oxidative stress did not
block the typical PKC8-translocation to the plasma and
nuclear membrane triggered by PMA (Fig 3B,B’; Ohmori
et al 1998; Chiesa et al 2001; Pinton et al 2002), suggesting
insensitivity of this isoform to H,O,-challenge.

Finally, similar behavior has been observed between
PKCb and PKCe during DTT-reducing stress. Under those
conditions, no modifications in the distribution of nPKC
are present, and the sensitivity to PMA stimulation is the
same as the control cells. Moreover, the analysis of PKC
involvement during redox stress was carried out, verify-
ing the effect of an antioxidant agent, such as ascorbic
acid, on intracellular localization of the cPKCs and nPKC.
In all cases, treatment for 2 hours with ascorbic acid had
no effects on PKC distribution and on the activity of
agents inducing PKC redistribution such as histamine and
PMA (data not shown).

These results (summarized in Table 1) may be not ap-
plicable to all cell types. In endothelial cells (Gallo et al
2005) and in mouse embryonic fibroblasts (Pinton et al
2007) the PKCR isoform translocates to the plasma mem-
brane after H,O, treatment. Herein they clearly indicate
a remarkable complexity of PKCs signalling patterns oc-
curring during redox stress. Moreover, they suggest that
the intracellular redox state could control the selectivity
of PKC isoform activation and thus change the sensitivity
of the different isoforms to cell stimulation, as observed
in the case of PKCa during agonist stimulation after H,O,
pretreatment. These data thus could explain why stimuli

that in principle could activate a broad number of PKC
isoforms can become selective only for a specific isoform
by delivering either a reductive or an oxidative stress.
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