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a b s t r a c t

Protein kinase C (PKC) agonists including phorbol 12-myristate 13-acetate (PMA) not only

induce the redistribution of cytosolic PKC to various subcellular compartments but also

activate the kinase domain of the protein. In the present study we have investigated the

nature of mitochondrial PKC pool and its effects on mitochondrial function in cells treated

with PMA. Treatment of C2C12 myoblasts, C6 glioma and COS7 cells with PMA resulted in a

dramatic redistribution of intracellular PKCa pool, with large fraction of the protein pool

sequestered in the mitochondrial compartment. We also observed mitochondrial PKCd

accumulation in a cell restricted manner. The intramitochondrial localization was ascer-

tained by using a combination of protection against protease treatment of isolated mito-

chondria and immunofluorescence microscopy. PMA-induced mitochondrial localization of

PKCa was accompanied by increased mitochondrial PKC activity, altered cell morphology,

disruption of mitochondrial membrane potential, decreased complex I and pyruvate dehy-

drogenase activities, and increased mitochondrial ROS production. All of these changes

could be retarded by treatment with PKC inhibitors. These results show a direct role for

PMA-mediated PKCa translocation to mitochondria in inducing mitochondrial toxicity.
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1. Introduction

Protein kinase C is composed of a family of serine/threonine

kinases that modulate a variety of physiological functions

such as cell proliferation, differentiation and apoptosis. PKC

isoforms are divided into three subgroups: (1) the conven-

tional PKCs, namely a, bI, bII and g isoforms that are

activated by Ca2+, phosphatidylserine (PS) and diacylglycerol

(DAG), or phorbol 12-myristate 13-acetate (PMA). (2) The

novel PKC isoenzymes consisting of the PKCd, e, h, u and m,

that are activated by PS and DAG or PMA but insensitive to

Ca2+. (3) The atypical isoforms, z and i/t that are not affected
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by Ca2+, DAG or PMA, but are dependent on PS for activation

[1,2].

Protein kinaseC isozymesare distributedthroughout thecell

with a distinct cell specific difference in the pattern of

distribution. Additionally, the functional role of a specific PKC

isoform can be different from one cell type to another. It is

generally believed that PKCs exist in inactive state and are

activated in response to specific stimuli. A key regulator of PKC

function is thought to be its pattern of subcellular distribution

upon stimulation, and theavailability of appropriate substrates.

Thus, translocation (redistribution) of PKC within intracellular

compartments is an important indicator of its activation. In rat
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skeletal myocytes, PMA and insulin induce tyrosine phosphor-

ylation and translocation of PKCbII and d to plasma membrane,

which supports increased glucose uptake [3]. Physiological

mitogens induce the nuclear translocation of PKC and the

phosphorylation of nuclear lamine B by nuclear PKCbII, which is

implicated in cell cycle control and mitosis [1]. Furthermore, the

mode of activation of PKC may vary depending on the cell type,

and stimulus, which make the function of PKC very complex.

Reports show that the novel PKC forms such as PKCd, e but not

the conventional PKCa, were activated upon mitogenic stimu-

lation of quiescent rat 3Y1 fibroblasts [4]. Insulin is also known

to induce the PKCd translocation to plasma membrane in L6

cells [5] but not in 3T3-L1 adipocyte [6] although both cell lines

are insulin-responsive.

The presence of PKC in the mitochondrial compartment

has been known for some time [7], but its function remains

unclear. A recent study showed that PMA-induced mitochon-

drial accumulation of PKCd is associated with cytochrome c

release and apoptosis in human U937 cells, thus suggesting a

mitochondrial function for this isoform [8]. Since then, a

number of studies showed that mitochondrial PKCd, induced

by different effectors is related to apoptosis in different cell

lines [8,9]. It is known for some time that PKCe plays important

role in cardiac function, though the mechanism remained

unclear until recent observations, which suggested that

mitochondrial PKCe and MAPK form signaling modules that

are associated with cardioprotection [10]. The distribution of

PKCa appears ubiquitous, but the effect of PKCa activation on

mitochondrial function is paradoxical. In myeloid leukemia-

derived HL60 cells, mitochondrial PKCa has been implicated in

the suppression of apoptosis and resistance to chemotherapy

[11] through phosphorylation of Bcl2. However, in renal cells,

activated PKCa mediates mitochondrial dysfunction,

decreased Na+ transport and cisplatin-induced apoptosis [12].

In the present study, we found that in C2C12 skeletal

myocytes, COS7 and C6 glioma, PKCa is the major PKC subtype

that is translocated to mitochondria when treated with PMA.

PMA-induced mitochondrial translocation of PKCa caused

disruption of mitochondrial transmembrane potential (Dcm),

decreased complex I activity, increased mitochondrial ROS

production, and inhibition of PDH activity. Furthermore, PMA

treatment and associated increase in mitochondrial PKCa

activity caused a visible change in the morphology of C2C12

myocytes.
2. Materials and methods

2.1. Cell lines and culture

Murine C2C12 skeletal myoblast, C6 glioma, COS7 cells were

grown in Dulbacco’s minimum essential medium (DMEM)

supplemented with 10% heat inactivated fetal calf serum,

gentamycin 50 mg/ml.

2.2. Cell fractionation and Western blot analysis

Mitochondria were isolated as described before [13]. Cells were

homogenized in sucrose–mannitol buffer, 70 mM sucrose,

210 mM mannitol, 2 mM HEPES, 2 mM EDTA, pH 7.4, and 50 mg
protease inhibitor (Roche Molecular Biochemicals, Indianapo-

lis, IN, USA) in a Dounce homogenizer and fractionated into

nuclear, post-mitochondrial and mitochondrial fractions.

Resultant mitochondria were purified by sucrose density

banding as described before [13]. Digestion of mitochondria

with trypsin was carried out as described before [13]. Briefly,

mitochondria (2.5 mg/ml) suspended in sucrose–mannitol

buffer were treated with trypsin (100–300 mg/ml) for 20 min

on ice and the reaction was stopped by adding 300 mg/ml of

trypsin inhibitor. Mitochondria were re-isolated from trypsin-

treated samples by sedimentation through 0.8 M sucrose and

were washed twice with sucrose–mannitol buffer and mito-

chondrial proteins were analyzed by Western blot. Mitoplasts

were prepared treating freshly isolated mitochondria with

digitonin (Wako Chemicals, Richmond, VA) at a final con-

centration of 75 mg/mg of protein, at 4 8C for 2 min and washed

three times with the homogenization buffer [14]. Post-

mitochondrial fraction was centrifuged at 100,000 � g for 1 h

to get the cytosol (supernatant) and endoplasmic reticulum

(pellet) fraction. Protein fractions solubilized in Laemmli’s

sample buffer were resolved on polyacrylamide gels and

subjected to immunoblot analysis. Antibody for PKCa was

purchased from BD transduction laboratories (Lexington, NY).

Antibodies for PKCd and b-tubulin from Santa Cruz Biotech-

nology (Santa Cruz, CA). Immunoblots were developed using

the Pierce Super signal West Femto maximum sensitivity

substrate kit (Pierce Biotechnology Inc., Rockford, IL) imaged

and quantified in a Bio-Rad Fluor-S imaging system.

2.3. Immunofluorescence and light microscopy

C2C12 cells were grown on cover slips and treated with 100 nM

PMA or DMSO as control. The cells were then processed for

antibody staining essentially as described before [15] except

that after permeabilization with 0.1% Triton X-100, cells were

blocked with 5% goat serum for 1 h at room temperature. Cells

were immunostained with 1:50 dilution of mouse antibody to

the PKCa and 1:50 dilution of rabbit antibody to mitochondrial

CcO I protein (Santa Cruz Biotechnology, Inc.) for 1 h at 37 8C.

Cells were washed repeatedly with PBS, and sequentially

incubated with Alexa 488-conjugated anti-mouse donkey IgG

(Molecular Probes, Inc., Eugene, OR) for the detection of PKCa

followed by Alexa 4594-conjugated anti-mouse goat IgG

(Molecular Probes, Inc.) for the detection of CcO I for 1 h each

at 37 8C at 1:100 dilution. Unbound secondary antibodies were

removed by repeated washing with PBS. Fluorescence micro-

scopy was carried out under a TCS laser scanning microscope

(Leica Inc., Deerfield, IL).

For light microscopy cells grown on cover slips were treated

with PMA (100 nM for 1 h). Control and treated cells were

stained with hematoxylin/eosin (Fluka Biochemicals) for

20 min at room temperature, and washed three times with

1� PBS for 15 min each. The cover lips were mounted on slides

using Permount mounting medium (Fisher Scientific) and

viewed under bright field using Olympus BX61 microscope.

2.4. Measurement of mitochondrial membrane potential

Measurements were carried out spectrofluorometrically in cell

suspension essentially as described before [15,16] with minor
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modifications. Briefly, cells were harvested and washed with

ice-cold extracellular medium (ECM) containing 120 mM NaCl,

5 mM KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1 mM EGTA, 20 mM

HEPES–Tris, pH 7.2. Non-permeabilized cells (1.2 � 106) were

suspended in 1 ml intracellular medium (ICM) containing

20 mM HEPES–Tris pH 7.2, 120 mM NaCl, 5 mM KCl, 1 mM

KH2PO4. The membrane potential was measured as a function

of mitochondrial uptake of MitoTracker Orange CM-H2TMROS

(50 nM) added to the cell suspension. Fluorescence was

monitored in a multiwavelength-excitation dual wavelength-

emission Delta RAM PTI spectrofluorometer at 525 nm excita-

tion and 575 nm emission.

2.5. Assay for PKC activity

The PKC activity was measured using the PKC Assay System

kit from Life Technologies (Grand Island, NY), which employs

a PKC specific pseudosubstrate peptide inhibitor. The Ca2+

sensitive kinase activity was assayed by adding 5 mM EGTA to

the assay mix, PKC enzyme was partially purified by

chromatography on DEAE Sephacel microcolumns by a

protocol described in the kit and assays were carried out in

50 ml volumes using 1 mCi of [g32 P] ATP.

2.6. Enzyme assays for mitochondrial respiratory chain
complexes

The activity of complex I (NADH:ubiquinone oxidoreductase),

and complex II (succinate:ubiquinone oxidoreductase) activ-

ities were assayed as described [17]. Complex I specific activity

was measured by following the decrease in absorbance due to

the oxidation of NADH at 340 nm, with 425 nm as the reference

wavelength (e = 6.81 mM�1 cm�1). NADH (0.13 mM), ubiqui-

none 1 (65 mM) and antimycin A (2 mg/ml) were added to the

assay medium and the absorbance change was recorded for 1–

2 min. Mitochondria (50 mg) were added, and the NADH:ubi-

quinone oxidoreductase activity was measured for 3–5 min

before adding rotenone (2 mg/ml), after which the activity was

measured for an additional 3 min. Complex II activity was

measured by following the reduction of 2,6-dichloropheno-

lindophenol at 600 nm (e = 19.1 mM�1 cm�1). Mitochondria

(50 mg) were pre-incubated in the assay medium (potassium

phosphate, 25 mM, pH 7.2; MgCl2, 5 mM) plus succinate

(20 mM) at 30 8C and the baseline rate was recorded for

3 min following the addition of antimycin A (2 mg/ml),

rotenone (2 mg/ml), KCN (2 mM) and dichlorophenolindophe-

nol (50 mM). The reaction was started by adding ubquinone

(65 mM), and the enzyme-catalyzed reduction of dichlorophe-

nolindophenol was measured for 3–5 min. Complex II–III

(succinic–cytochrome c reductase) was assayed as described

by Tisdale [18]. Assays of enzymatic activity were carried out

at 38 8C in a Beckman Model DU spectrophotometer equipped

with a photomultiplier. The final reaction mixture contained

10 mM phosphate buffer, 1 mM NaN3, 0.2 mM EDTA, 5 mg BSA,

10 mM potassium succinate, pH 7.0, 0.3 M sucrose, 2 mM

succinate and 50 mg mitochondrial protein and the assay

mixture was pre-incubated for 2 min at 38 8C. The reaction

was initiated by adding 1 mg ferricytochrome c and the

change in absorbancy was measured at 550 nm and followed

at 10 s intervals over the first 2 min (e = 18.5 � 106 M�1 cm�1).
Cytochrome c activity (complex IV) was assayed spectro-

photometrically by the method described by Smith [19],

wherein the rate of oxidation of ferrocytochrome c was

measured as decrease in absorbance at 550 nm. Assays were

performed in 1 ml reaction volume containing 50 mM PO4
�2

(pH 7.0), 0.05% lauryl maltoside, 1 mM EDTA and 1–5 mg

mitochondrial protein. The reaction was initiated by the

addition of 80 mM ferrocytochrome c. Ferrocytochrome c

concentrations were determined using an absorbance coeffi-

cient (reduced � oxidized) at 550 nm of 21.1 mM�1 cm�1. The

COX activity is expressed in mol min�1 mg protein�1.

2.7. Assay of ROS production in isolated mitochondria

Mitochondrial ROS production was assayed as described

before [20,21]. The lucigenin-enhanced chemiluminescence

method was used by using Turner Designs TD-20/20 lumin-

ometer. Briefly, freshly isolated mitoplasts (100–200 mg pro-

tein) swollen by suspension in 10 mM potassium phosphate

buffer (pH 7.8) was used in 200 ml assay system containing

0.5 mM NAD(P)H for the assay of ROS. Production of

chemiluminiscence was initiated by adding 5 mM lucigenin

(N,N0-dimethyl-9,90-biacridinium dinitrate, Sigma Chemical

Co.) and light emission was recorded every 60 s for 5–10 min

and was expressed as mean arbitrary luminiscence unit per

min per mg protein [21].

ROS generation was also measured by a modified DCF-DA

fluorescence method described before [20,21]. Stable non-

fluorescent DCFH-DA (1 mM in methanol) was used in 1 ml

assay mixture containing freshly isolated mitoplasts. DCFH-

DA is hydrolyzed by cellular esterases to a non-fluorescent

DCFH. Recent unpublished results show that mitochondria

from various cells and tissues contain enzyme activity for the

hydrolysis of DCFH-DA. DCFH is then rapidly oxidized by

peroxy radicals to highly fluorescent DCF. In some cases, the

ROS were also measured in presence of SOD (30 U/ml) or

catalase (10 U/ml), both from Sigma, St. Louis, MO. The

fluorescence was recorded in a Delta RamP71 spectrofluo-

rometer from Photon Technology International at an excita-

tion 488 nm and emission 525 nm for 20 min.

2.8. Measurement of pyruvate dehydrogenase activity

The PDH activity was assayed by measuring the release of
14CO2 from [1-14C] pyruvic acid (PerkinElmer, Life Science) [22]

in total assay volume of 125 ml using a final protein

concentration of 90 mg/ml. For these assays, cells were

incubated for 10 min at 37 8C in DMEM medium in the

presence of 250 nM PMA. Cells were harvested in the

200 mM NaF, 10 mM dichloroacetic acid, 2 mM EDTA, 2 mM

DTT, 0.2% Triton X-100 in 50 mM HEPES, pH 7.7. Incubations

were carried out in tubes sealed with rubber caps that

contained a center well (Kontes Glass Company, NJ). Enzyme

was added to the assay medium (2 mM NAD+, 0.6 mM

coenyme A, 0.5 mM cocarboxylase, 1 mM DTT, 1 mM MgCl2,

0.1% Triton X-100, 200 mM Tris–HCl, pH 8.0) and preincubated

for 4 min in 37 8C water bath. The assay was started by

addition of pyruvate (100 mM pyruvate; 200,000 DPM [1-14C]).

Incubations were stopped with 0.4 ml 0.2 M H2SO4, b-pheny-

lethylamine (0.2 ml) was injected into the center well and
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14CO2 collected for 90 min. Filters were removed and counted

with scintillation fluid in Beckman Scintillation counter.
3. Results

3.1. Increased mitochondrial localization of PKCa in C2C12
cells in response to PMA treatment

Immunoblot analysis of soluble (100,000 � g supernatant) and

membrane (100,000 � g pellet) fractions (Fig. 1A) showed that

PKCa, d, e are the major PKC subtypes expressed in C2C12 cells.

In unstimulated cells, PKCa and PKCd were mostly in the

cytosolic (100,000 � g supernatant) fraction while PKCe was

mostly in the membrane fraction. Furthermore, in unstimu-

lated C2C12 cells, PKCa was mostly localized in the soluble

cytosolic fraction with modest amount also detected in the

mitochondrial fraction (Fig. 1B). However, in cells stimulated

with 100 nM PMA for 2 h, the content of cytosolic PKCa was

drastically reduced while that of ER, plasma membrane,

nuclear and mitochondrial fractions was increased as shown

before [23,24]. It should also be noted that in PMA stimulated

cells, mitochondria were the predominant site of PKCa

accumulation, only next to the plasma membrane fraction

(Fig. 1B). In this study therefore, we focused our investigation

on the mitochondrial levels of PKCa and d isoforms in C2C12

myocytes and used C6 glioma and COS7 cells in limited

number of experiments for comparison.

As shown in Fig. 2A, after PMA treatment, PKCa decreased

rapidly in the cytosol with simultaneous increase in the

mitochondrial fraction. In contrast, PMA had no detectable

effect on the PKCd level in the cytosol and mitochondria of

C2C12 cells. The level of mitochondrial PKCa increased at 1 h
Fig. 1 – Detection of different PKC subtypes in the cytosolic and

(100,000 � g supernatant) and membrane (100,000 � g pellet) fra

analysis using antibodies to PKCa, PKCd and PKCe as indicated. (

2 h at 37 8C were fractionated into cytosol, ER, plasma membrane

Protein fractions (30 mg each) were subjected to immunoblot an

developed using the Pierce Super signal West Femto substrate k

and PKCe as indicated.
and peaked at 3 h of PMA treatment. At 6 h time point the

mitochondrial level decreased substantially. This decrease

may be due to the down-regulation since after 9 h, PKCa levels

decreased to near control level in both mitochondria and the

whole cell lysate (data not shown).

Experiments using different doses of PMA (0–250 nM)

showed that at 10 nM concentration, the mitochondrial PKCa

content increased only marginally (Fig. 2B). At 100 nM and

250 nM concentrations, however, a progressively increasing

amount of PKCa was observed in the mitochondrial fraction

(Fig. 1B). However, the mitochondrial PKCd levels did not

increase significantly by PMA treatment. The blots were co-

developed with antibodies to tubulin and mitochondrial

encoded CcO subunit I (CcO I) to assess the levels of proteins

loaded on the gel. Furthermore, results show that the

mitochondrial protein fraction interacted minimally with

tubulin antibody, while the cytosolic protein did not show

detectable interaction with CcO I antibody, indicating negli-

gible cross-contamination. As seen from Fig. 2C, PMA

treatment (100 nM for 1 h) also caused a change in the

morphology of C2C12 myocytes. The treated cells were more

elongated with pseudopodia-like membrane extensions.

To ascertain the intramitochondrial localization of PKCa in

PMA-induced cells, we carried out a series of control

experiments. In the first series, limited digestion with trypsin

and also stripping of outermembrane by digitonin treatment

were carried out. Immunoblot in Fig. 2D shows that cytosolic

PKCa is highly sensitive to trypsin treatment. Mitochondrial

PKCa was relatively resistant to digitonin treatment, which

strips nearly 75% of the outermembrane under the conditions

used, and also to digitonin + trypsin. Lysis of mitochondrial

membrane with Triton-X100, on the other hand, rendered

mitochondrial PKCa more sensitive to trypsin digestion. These
membrane fractions of C2C12 myocytes. (A) Total soluble

ctions (30 mg protein each) were subjected to immunoblot

B) Control C2C12 cells or cells treated with PMA (100 nM) for

, nuclei and mitochondria using a standard procedure [44].

alysis using antibody to PKCa. The immunoblots were

it as described in Section 2 using antibodies to PKCa, PKCd
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Fig. 2 – Increased mitochondrial PKCa content in response to PMA treatment. (A) C2C12 myoblasts were treated with 100 nM

PMA for 0–6 h as indicated. Cytoplasmic (left panel) and mitochondrial (right panel) protein fractions (30 mg each) were

subjected to immunoblot analysis using anti-PKCa and PKCd antibodies. (B) Cytosolic and mitochondrial protein fractions

from C2C12 myocytes treated with increasing amounts of PMA (from 0 to 250 nM) were subjected to immunoblot analysis

as in ‘A’. (C) Morphology of C2C12 myocytes treated with 100 nM PMA for 1 h. Control and treated cells were stained with

hematoxylin/eosin (Fluka Biochemicals) and viewed under a bright field microscope (10� lense, Olympus BX61). (D)

Intramitochondrial localization of PKCa was ascertained using trypsin and digitonin treatment. Mitochondria and cytosol

from C2C12 cells treated with 100 nM PMA for 1 h were isolated in isolation buffer without added protease inhibitor. Freshly

isolated mitochondria and cytosol were treated with trypsin (lanes 2, 5 and 6) and or digitonin (lanes 4 and 5) as described

in Section 2 and subjected to immunoblot analysis using PKCa antibody. In lane 6, mitochondria were treated with 0.1%

Triton-X100 before adding trypsin. In ‘A’ and ‘B’, the blots were stripped and developed again with antibody to tubulin

(cytosol) and antibody to CcO (mitochondria) to assess the level of protein loading.
results suggest that the PKCa subunit is indeed localized inside

the mitochondrial innermembrane compartment.

In the second series of experiments, mitochondrial

localization of PKCa was visualized by immunohistochemical
co-localization with mitochondria specific CcO (Fig. 3A). The

PKCa specific staining in control cells showed a homogeneous

staining suggesting a predominantly cytosolic distribution. In

PMA treated cells, the PKCa stain was associated with
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Fig. 3 – Mitochondrial localization of PKCa in response to PMA treatment. (A) C2C12 myocytes grown on cover slips were

sequentially stained with mouse antibody to PKCa and Alexa 488 conjugated secondary antibody to mouse IgG (a and d)

followed by mouse antibody to CcO I and Alexa 594 conjugated secondary antibody to mouse IgG as described in Section 2.

PMA treatment (100 nM) was carried out for 1 h. Cells were subjected to confocal fluorescence microscopy. Images in c and f

represent overlaid images of a and d with those in b and e, respectively. (B) A cartoon showing the map of the GFP fusion

construct. (C) Immunoblot analysis of protein fractions from C2C12 cells stably transfected with GFP fusion cDNA construct

with and without PMA treatment. The mitochondrial and cytosolic proteins (30 mg each) were subjected to immunoblot

analysis using PKCa antibody. (D) Immunofluorescence microscopy of C2C12 cells stably transfected with PKCa-GFP fusion

cDNA construct. Stably transfected cells were sequentially stained with mouse antibody to CcO I and Alexa 594 conjugated

anti-mouse IgG. Images in a and d represent green fluorescent images of control (SPMA) and PMA treated cells. Images in b

and e represent patterns of CcO I antibody stained patterns. Images in c and f are overlaid images of a with b and d with e,

respectively. Details of staining and microscopy were as described in ‘A’ above.
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Fig. 5 – Classical and Ca2+ sensitive PKC activities in the

cytosolic and mitochondrial fraction of PMA treated cells.

C2C12 cells were treated with 100 nM PMA and PKC

activity in the cytosol and mitochondria were assayed as

described in Section 2. (A) PKC activity that is sensitive to

pseudosubstrate inhibitor (PKCa, b, g-specific) peptide. (B)

Ca2+-sensitive activity assayed on the basis of inhibition

by 10 mM EGTA. *Significantly different from control,

p < 0.05; **means highly significant p < 0.001. (n = 4–5

assays.)
punctuate membranous structures, which co-localized with

mitochondria-specific stain (CcO I antibody). These results

provide further support for mitochondrial translocation ofPKCa

in cells treated with PMA (Fig. 3A). We also generated a PKCa-

GFP fusion cDNA construct (see Fig. 3B) to study the intracellular

distribution of PKCa in PMA treated C2C12 cells. C2C12 cells

were transfected with the GFP-fusion construct and the

mitochondrial and cytosolic proteins from PMA treated and

untreated cells were subjected to immunoblot analysis with

PKCa antibody. Immunoblot in Fig. 3C shows that both the

ectopically expressed GFP-fusion protein (109 kDa) and the

endogenous PKCa protein (82 kDa) are detected in the cyto-

plasmic fraction in cells not treated with PMA. In PMA-treated

cells, however, the levels of antibody reactive proteins (both

82 kDa and 109 kDa) increased in the mitochondrial fraction. In

Fig. 3D, cells transfected with the GFP-fusion cDNA construct,

and treated with or without PMA, were stained with primary

antibody to CcO I subunit and Alexa 594 conjugated secondary

antibody, and subjected to fluorescence microscopy. It is seen

that in control cells not treated with PMA, the green

fluorescence was distributed uniformly through out the cells

suggesting mostly a cytoslic distribution. In these cells, a

relatively small fraction of green fluorescence was co-localized

with CcO I specific stain. In PMA treated cells, the green

florescence was distributed in particulate membrane structures

including punctuate structures, reminiscent of mitochondria.

Substantial part of green florescence associated with the

particulate structures co-localized with the CcO specific stain.

3.2. PMA-mediated mitochondrial translocation of PKCa
and PKCd in other cell lines

The generality of PKC subunit translocation to mitochondria in

response to PMA treatment was investigated using C6 glioma

and COS7 cells that are derived from different tissues, namely

brain and kidney, respectively. Immunoblot in Fig. 4 shows that

both in C6 glioma and COS 7 cells, the cytosolic PKCa contents

were reduced after PMA treatment. As observed in C2C12 cells,

the mitochondrial PKCa contents were markedly increased in

cells treated with PMA. Nevertheless cell specific differences

were observed in both the levels and size of mitochondrial PKCd
Fig. 4 – PMA-induced mitochondrial PKCa and PKCd

proteins in C6 glioma and COS7 cells. Mitochondrial and

cytosolic protein fractions from control and PMA treated

(100 nM for 1 h) cells (30 mg each) were subjected to

immunoblot analysis using PKCa and PKCd antibodies as

shown. Details of immunoblot analysis were as described

in Section 2 and figure.
protein (Fig. 4). In C6 glioma cells, PMA treatment did not affect

the cytosolic level of PKCd, and also no antibody stainable

protein was seen inthe mitochondrial fractionsof either control

or PMA treated cells. These results are in accordance with the

observation in C2C12 myocytes that PMA induces the translo-

cation of PKCa but not PKCd to particulate fraction [25,26]. In

COS7 cells, there was no change in the cytosolic PKCd following

PMA treatment. Interestingly, the antibody reacted with a faster

migrating protein in the mitochondrial compartment of control

cells which was increased three to five-fold in PMA treated cells

(Fig. 4). The faster migrating component was not seen in the

cytsolic fractions of either cell types. These results suggest that

while there is negligible mitochondrial translocation of PKCd in

C6 glioma and C2C12 cells, a truncated PKCd is translocated to

mitochondria in COS7 cells.

3.3. Mitochondrial PKC activity in control and PMA treated
cells

We ascertained if PMA induced increase of mitochondrial

PKCa protein level correlates with PKC activity. The total PKC

activity was measured using a specific peptide substrate and

the classical PKC activity was determined using a pseudosub-

strate inhibitor peptide (Fig. 5A). Ca2+-sensitive PKC activity

was assayed based on the extent of inhibition by 10 mM EGTA

(Fig. 5B). As shown in Fig. 5A and B more than 70% of the

activity was Ca2+ dependent based on sensitivity to EGTA. Both

the classical and Ca2+ sensitive activities were markedly

reduced in the cytosolic fraction following PMA treatment,

while there was a marked increase in activity in the

mitochondrial fractions of C2C12 cells. Since PKCa is a Ca2+
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sensitive enzyme, it is likely that much of the increase in

mitochondrial activity was due to increased PKCa. In support

of this, polyclonal antibody to PKCa effectively inhibited PMA

dependent increase of mitochondrial activity (results not

shown).

3.4. Increased mitochondrial PKCa causes disruption of
mitochondrial membrane potential

Since mitochondrial transmembrane potential (Dcm) is an

important indicator of mitochondrial function in situ, we

determined the state of mitochondrial Dcm after PMA

treatment (100 nM for 1 h). We used cationic fluorescent probe

MitoTracker Orange CM-H2TM ROS (MTO) (Molecular Probes,

Inc.) whose mitochondrial accumulation is directly propor-

tional to the transmembrane potential [15]. The reduced form

of the dye is taken up by actively respiring cells. Inside the

cells, the dye is oxidized to mitochondrial-selective form,

which sequesters inside the mitochondrial membrane matrix

compartment and is converted to fluorescent form (extinction

525 nm and emission 576 nm). As shown in Fig. 6, the

fluorescence units at emission 576 nm increased linearly up

to 20 min in control cells. Consistent with a change in cell

morphology (Fig. 2C), in PMA treated cells, there was no

significant time dependent increase suggesting disrupted

membrane potential. Cells treated with PMA plus PKC

inhibitor GF109203X, on the other hand, showed time

dependent increase in fluorescence, although at a level lower

than control cells. Since the fluorescence change in these cells

is reverted back to about 60% of control cells by treatment with

PKC inhibitors, we conclude that PKC activity is directly

involved in the collapse of Dcm in PMA treated cells. Although

not shown, pretreatment with cyclosporine A had no

significant protection against PMA-induced disruption of

Dcm. The latter results suggest that opening of permeability

transition pore may be a downstream event of Dcm collapse in

C2C12 myocytes.
Fig. 6 – Disruption of mitochondrial membrane potential by

PMA treatment. C2C12 cells were treated with (100 nM) or

without PMA for 1 h in serum-free DMEM medium. In the

case of PKC inhibitor GF109203X, cells were treated with

2 mM GF109203X for 30 min before the addition of 100 nM

PMA. Spectrofluorometric patterns of mitochondrial

uptake of MTO (50 nM), was recorded as described in

Section 2 using excitation at 525 nm and emission at

575 nm.
3.5. Effects of PMA treatment on mitochondrial respiratory
chain enzyme activity and ROS production

Recent studies showed that mitochondrial cAMP activated

kinase (PKA-like) modulates CcO activity [20,29]. We therefore

evaluated the effect of increased mitochondrial PKC activity in

PMA treated cells on the activities of mitochondrial electron

transport chain complexes. PMA treatment caused significant

inhibition of complex I (NADH–ubiquinone oxidoreductase

activity (Fig. 7A), which was markedly reversed by pretreat-

ment with PKC specific inhibitor GF109203X. The activities of

other three complexes (complexes II, III and IV) were not

significantly affected (Fig. 7B–D).

Pyruvate dehydrogenase serves as an important connecting

link between glycolysis and citric acid cycle. It is well

established that pyruvate dehydrogenase activity is modulated

differently by glucagon and insulin through subunit phosphor-

ylation/dephosphorylation. A kinase activity designated as PDH

kinase has been implicated in glucagon-mediated inhibition of

PDH activity. We therefore evaluated the effects of PMA

treatment for 10–15 min on PDH activity. PDH activity was

assayed by the release of 14CO2 from [1-14C] pyruvic acid. Fig. 7E

shows that PDH activity was significantly inhibited in PMA

treated cells. The PMA-mediated inhibition appears to involve

PKC-dependent subunit phosphorylation since PKC inhibitors

GF109203X and Go6976 both reversed the PMA-mediated

inhibition. These results suggest that PKCa is either directly

involved in subunit phosphorylation or it activates a kinase that

may be involved in subunit phosphorylation.

We determined the level of ROS production in mitochon-

drial isolates from control and PMA treated cells using two

different assay systems. Fig. 8A shows the ROS production

using the lucigenin method, which measures the O2
��

(superoxide radicals). Lucigenin is known to produce non-

specific signal due to redox recycling, which can be effectively

controlled by using levels less than 10 mM [20]. In support of

this, Fig. 8A shows that 5 mM lucigenin alone (or with added

NADH, marked as basal activity) yielded very low signal.

Swollen mitoplast with added NADH showed significant

activity which could be inhibited by added superoxide

dismutase (SOD) but was unaffected by catalase. This control

indeed suggests that the assay method measures O2
��.

Mitoplasts from cells treated with PMA for 1 h and 3 h yielded

increasing levels of ROS production. Furthermore, addition of

PKC inhibitor Go6850 significantly reduced the activity. The

PMA-mediated ROS production was also ascertained using a

more reliable DCF-DA method, which was recently modified

for isolated mitochondria (Prabu K, Raza H and Avadhani N,

unpublished). DCF-DA is a stable, non-fluorescent molecule,

which needs to be deesterified by cellular enzyme to a form

that can react with H2O2 and other peroxide radicals and

produce fluorescence signal. As shown in Fig. 8B, DCF-DA with

added NADH yielded very low signal. Mitoplasts added to the

complete assay system yielded high activity which was

inhibited by added catalase. Addition of SOD did not increase

the signal possibly because mitochondrial SOD level is

sufficient to convert O2
�� to H2O2. The results from both of

these assay methods show that PMA treatment induces

mitochondrial ROS production which is effectively reversed

by Go6976. We believe that the partial reversal by PKC inhibitor
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Fig. 7 – Effects of PMA treatment on the activities of mitochondrial respiratory chain complexes. Cells were incubated for 1 h

in serum-free DMEM in the presence of PMA (250 nM) or DMSO as control. (A) Complex I activity, *p < 0.05; (B) complex II

activity; (C) complex II and III activity; (D) complex IV (cytochrome c oxidase) activity (n = 5–6); (E) PMA-induced inhibition of

PDH activity in C2C12 cells. Cells were incubated in serum-free DMEM in the presence of PMA (100 nM for 1 h) or DMSO as

control. Treatment with PKC inhibitor GF109203X was initiated 20 min prior to the addition of PMA. Mitochondrial isolates

were assayed for PDH activity as described in Section 2. **Significantly different from control, p < 0.001, n = 6.
may be due to inefficient transport of the inhibitor into the

mitochondrial compartment.
4. Discussion

In this study we show that mitochondria are the major

subcellular sites for PKCa translocation in response to PMA

stimulation in C2C12, C6 glioma and COS-7 cells. Although not
shown, other PKCa agonists also caused increased mitochon-

drial accumulation of PKCa. The mitochondrial translocated

PKCa in PMA treated cells was localized in the mitochondrial

innermembrane-matrix compartment causing reduced mito-

chondrial complex I and PDH activities, increased mitochon-

drial ROS production and disruption of mitochondrial

transmembrane potential, Dcm (Figs. 6–8). All these changes

were reversed by PKC inhibitors GF109203X, indicating the

direct role of PKCa in modulating mitochondrial function. In
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Fig. 8 – PMA-induced mitochondrial ROS production in C2C12 cells. Cells were incubated for 1 h in serum-free DMEM in the

presence of PMA (100 nM) or DMSO alone as control. Treatment with PKC inhibitor GF109203X was carried out in whole cells

for 20 min prior to addition of PMA or DMSO. Freshly isolated mitochondria from control and treated cells were suspended

in 10 mM KH2PO4 buffer and used for the assay as describe in Section 2. Catalase and SOD were added to the reaction tubes

before starting the reaction. Basal activity represents fluorescence or luminescence signal with the appropriate probe plus

NADH. (A) Assay of peroxi radical production using the DCF-DA method. (B) Assay of O2
S production by using the lucigenin

method. n = 4–5.
this regard, results of this study provide mechanistic insights

into PMA-induced mitochondrial injury and/or apoptosis,

previously reported to occur in various cell systems

[1,3,4,8,30,31].

Functional difference between various PKC isozymes and

marked cell-specific differences in their response to PMA has

been ascribed to the tight control of subcellular localization

[26]. Among the many subtypes, PKCa (classical subtype) and

PKCd (novel subtype) are widely distributed in various tissues

at relatively high abundance. PKCa largely resides in the

cytosol under resting state but when cells are exposed to

different stimuli the enzyme localizes to different subcellular

compartments including the plasma membrane, nuclear

membrane, endoplasmic reticulum and Golgi apparatus

[23,24]. In this study we show that in C2C12 myoblasts, C6

glioma and COS7 cells, mitochondria are important cellular

destination of PMA-mediated PKCa translocation. Recently,

translocalization of PKCd by the action of different inducers

such as PMA, analogs of DAG and H2O2 have been implicated in

apoptosis. However, in C2C12 myoblasts and C6 glioma cells,

we failed to detect significant PKCd in the mitochondrial

fraction following PMA treatment. The latter results are in

accordance with observations in human glioma cells [25]. This

may be related to the presence or absence of specific PKC

binding proteins in different subcellular compartments,

which may be cell and tissue specific [26].

To understand the functional or toxicological role of

mitochondrial PKCa, we felt that it was important to know

its precise submitochondrial location. Mitochondria contain

two membranes (inner membrane and outer membrane) and

two soluble compartments (intermembrane space and

matrix). It is suggested that Bcl-2, an outer membrane resident

protein, targets protein kinase Raf-1 to mitochondrial outer

membrane, allowing this kinase to phosphorylate BAD and

possibly other protein substrates involved in apoptosis [27].

PKAa catalytic subunit is localized to the inner membrane-

matrix compartment following treatment with cAMP or
forskolin and the kinase is implicated in the phosphorylation

of a 18 kDa subunit of complex I and three different subunits

(subunits I, IV and Vb) of complex IV, CcO [21,28,29]. Present

results show that both trypsin and digitonin treatment did not

substantially reduce the mitochondrial PKCa level indicating

that the protein subunit is located inside the inner membrane-

matrix compartment. These results are consistent with

immunocytochemical data in the Müller cells of the carp

retina [32]. We therefore reasoned that similar to what has

been shown for mitochondrial PKA, PKCa may have role in

regulating the activity of mitochondrial electron transport

chain complexes or mitochondrial TCA cycle enzymes.

The mitochondrial Dcm is critical for mitochondrial mem-

brane function and oxidative phosphorylation. Some studies

suggest that collapse of Dcm may have a role in the opening of

PTP (mitochondrial permeability transition pore) which in turn

is an important contributing factor in mitochondria-mediated

pathway of apoptosis. A previous study of our laboratory

showed that the mitochondrial stress signaling defined by the

collapse of Dcm initiates stress signaling and causes a change in

cell morphology [16,33]. Interestingly, we also observed a

change in cell morphology in response to PMA-mediated

disruption of Dcm (Fig. 2C). PKC inhibitor GF109203X was able

to retard the PMA-induced disruption of membrane potential

and change in the cell shape suggesting that PKC plays a direct

role in these processes. Thus, one mechanism of PMA-induced

mitochondrial dysfunction and apoptosis reported in different

cell systems may involve translocation of activated PKCa into

mitochondrial compartment.

PKC and PKA-mediated phosporylation is known to regulate

the function of ion channels [12,34,35]. It is also known that

impaired function of mitochondrial respiratory chain com-

plexes cause the disruption of Dcm [36,37]. Our results show a

significant inhibition of complex I and PDH activity in PMA

treated cells. In view of this, we postulate that disruption of

mitochondrial transmembrane potential in PMA treated cells

may either be due to mitochondrial PKCa-mediated inhibition
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of complex I activity or altered permeability of mitochondrial

ion channels. Although the precise mechanism remains

unknown, inhibition of mitochondrial complex I, PDH and

disruptionof transmembrane potentialare all reversedpartlyor

completely by PKC inhibitors suggesting that mitochondrial

PKCa plays a direct role in these processes.

Mitochondrial electron transport chain complexes (com-

plexes I, II and IV) are important sites of ROS production

[21,38,39] and mitochondrial ROS has been widely implicated in

the physiological function and pathological injury. In con-

gestive heart failure, decreased complex I enzymatic activity

and impairment of electron transfer are implicated in deleter-

ious production of ROS and resultant myocyte injury [40]. In

cells subjected to hypoxia and hearts subjected to global or focal

ischemia PKA-mediated subunit phosphorylation has been

suggested to cause inhibition of CcO activity and increased ROS

production [21]. TNF-a and interferon-g induced ROS which

cause oxidative damage to macromolecules and in contributing

to tissue degeneration in target organs of autoimmune diseases

[31]. Furthermore, PKC activator PMA is known to induce ROS

productionand apoptosis insometypes ofcells [31]. Wepropose

that mitochondrial PKCa contributes substantial amount of

PMA-induced ROS production.

In 3T3-L1 adipocytes, PKCa and PKCd are implicated in PMA-

stimulated glucose uptake [41]. PKCd translocated to the

mitochondrial compartment is also thought to be involved in

insulin-stimulated pyruvate dehydrogenase activity [5,42,43].

In C2C12 myocytes, PKCa is the major form translocated to the

mitochondrial compartment following PMA treatment.

Furthermore, PKC inhibitors reverse the PMA-mediated inhibi-

tion of PDH activity. These observations lead us to conclude that

PKCa plays a direct role in the modulation of PDH activity.

Although the precise mechanism remains unknown, it is likely

that mitochondrial PKCa may be involved in the inactivation of

PDH kinase or induction of specific phosphatase.

Studies on mitochondrial proteome analysis suggest that

mitochondria from unicellular eukaryotes may contain well

over 1000 proteins, while those from mammalian sources may

contain up to 2000 protein. More than 50% of these proteins

appear to lack canonical mitochondrial targeting signals. PKCa

and PKCd belong to this latter class of proteins since both of

them lack recognizable mitochondrial targeting signals. Recent

studies from our laboratory showedthat a number of xenobiotic

inducible cytochrome P450s that are predominantly targeted to

ER, cytosolic GSTs, plasma membrane targeted APP are also

targeted to mitochondria by virtue of their N-terminal or C-

terminal chimeric signals [13,44,45]. The cryptic mitochondrial

targeting signal in these cases need to be activated either by

endoproteolytic cleavage at the N-terminal sites [13] or

phosphorylation of nascent chains at an internal site [45,46].

It is likely that PKA and PKCs are targeted to mitochondria

through activation of chimeric signals, although the precise

mechanism of activation currently remains to be elucidated.
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