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Stress activated c-Jun N-terminal Kinase-3 (JNK3) has been reported to act on mitochondrion to promote
neuronal cell death. Phosphorylation of mitochondrial Voltage-Dependent Anion Channel (VDAC) plays
an important role in mitochondria-mediated cell death. Keeping these in view phosphorylation of rat
brain VDAC by JNK3 has been studied in vitro. Pro Q Diamond phospho-protein staining experiment

Keywords: demonstrates VDAC is phosphorylated by JNK3. Bilayer electrophysiological experiments show that
;?AC lectrophysiol single-channel conductance of VDAC phosphorylated by JNK3 is significantly lower than that of the
P;}zz;;sr‘;a?opn ysiology native VDAC at a membrane potential. The opening probability of VDAC undergoes massive reduction
INK3 due to phosphorylation by JNK3. These indicate closure of VDAC due to phosphorylation by JNK3.

Treatment of phosphorylated VDAC with alkaline phosphatase reversed the VDAC functional activity as
shown by single-channel current and opening probability. The physiological consequence of closure of
VDAC as a result of phosphorylation has been attributed to JNK3 dependent mitochondria-mediated

Mitochondria-mediated apoptosis

apoptosis.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Post-translational modifications like phosphorylation, nitration,
acetylation and palmitoylation etc. of membrane proteins have
been known to be important in a number of biological processes
[1,2]. Especially ion channel proteins have been reported to be
functionally regulated by biochemical modifications like phos-
phorylation [3]. At the outer mitochondrial membrane Voltage-
Dependent Anion Channel (VDAC) controls the flux of ions, water
and essential metabolites between the cytosol and the mitochon-
drion by gating or opening-closing [4]. There are three isoforms of
VDAC and all three have been shown to undergo post-translational
modifications in biological systems [5,6]. VDAC phosphorylation
has been reported in many disorders like fatty liver disease,
ischemia-reperfusion injury and in cancer metabolism [7,8,15].
Different cytosolic protein kinases, such as Protein Kinase A, Protein
Kinase B (Akt), Protein Kinase C, Tyrosine Protein Kinase, Hexoki-
nase, Glycogen Synthase Kinase-3p (GSK3f), Nekl kinase also

Abbreviations: BLM, bilayer lipid membrane; VDAC, voltage-dependent anion
channel; kDa, kiloDaltons; JNK3, c-Jun N-terminal Kinase-3; PhosphoVDAC, phos-
phorylated VDAC; tBid, truncated Bid.
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known as NIMA Kinase (never-in- mitosis A related Kinase-1) and
p38 MAPK (Mitogen Activated serine—threonine Protein Kinase)
regulate outer mitochondrial membrane permeability by phos-
phorylating VDAC [9,10]. Phosphorylation of VDAC by Protein Ki-
nase A has been reported to partially close down the channel
[11,12]. The gating properties of VDAC and its role in cytochrome
¢ mediated apoptosis have been extensively studied by various
groups [13—16].

c-Jun N-terminal Kinases (JNKs) are cytosolic Stress/Mitogen
Activated serine—threonine Protein Kinases (SAPKs/MAPKs). JNKs
have been linked to numerous physiological and pathological
processes including neuronal cell death leading to neurodegener-
ative disorders like Alzheimer's disease, Parkinson's disease etc. by
the mitochondria-mediated pathway [17]. There are ten isoforms of
JNKs, all of those are found in human adult brain with JNK3 being
the principal neuron specific isoform. They are activated by dual
phosphorylation on their Threonine (Thr) and Tyrosine (Tyr) resi-
dues in the Thr-Pro-Tyr motif by upstream kinases [18]. Activated
JNKs phosphorylate Ser/Thr—Pro motifs in target proteins [18].
During stress activated JNKs translocate to mitochondria and
phosphorylate mitochondrial outer membrane associated proteins
[19,20]. It has been reported that arsenic oxide induces
mitochondria-mediated apoptosis in cervical cancer cells by the
activation of JNK pathway and dimerization of VDAC [16]. Ischemia/
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Reperfusion injury in kidney leads to apoptosis with increased
levels of caspase 12, cytochrome c, phosphorylated JNK and phos-
phorylated VDAC [21]. As per our knowledge there are no direct
reports on VDAC phosphorylation by JNK3. As mentioned earlier
VDAC phosphorylation plays an important role in many disorders.
Here we hypothesize that JNK3 phosphorylates brain mitochon-
drial VDAC, thus regulates its gating properties. In the present work
we have studied the phosphorylation of VDAC by JNK3 using
phospho-protein staining and bilayer electrophysiological experi-
ments towards establishing our hypothesis.

2. Materials and methods
2.1. Purification of VDAC

VDAC was purified in the micelles form from rat brain mito-
chondria using 3% Triton X-100 detergent by a standard method
[22]. Permission for this animal experiment was obtained from the
Committee for the Purpose of Control and Supervision of Experi-
ments on Animals (CPCSEA), India.

2.2. Detection of VDAC phosphorylation by JNK3 using Pro Q
diamond staining method

Purified VDAC (approximately 12 ml) was treated with washed
SM-2 Bio-Beads (Bio-Rad Laboratories, CA, USA) to remove the
unbound Triton X-100 so as to prevent detergent interference on
Pro Q Diamond dye binding (Pro Q Diamond dye binds to the
phosphate groups nonspecifically and thus identifies phosphory-
lated proteins distinctly from the unphosphorylated ones). As we
get low yield of VDAC from brain samples, VDAC was concentrated
using Amicon Ultra Centrifugation filter, 10 kDa (Millipore Corp.,
MA, USA) to approximately 600 pl. Then, it was divided equally into
three eppendorf tubes corresponding to Negative Control
(VDAC + Mg?*ATP), Experimental Sample (VDAC + JNK3 +
Mg?*ATP) and Positive Control [VDAC + JNK3 + Mg?*ATP + Alka-
line Phosphatase (added later)]. 0.32 ul (0.5 pg) dually phosphor-
ylated, human, recombinant, His-JNK3 enzyme having more than
200 units/mg activity (Enzo LifeSciences, USA), ATP (Final concen-
tration 100 pM) and MgCl, (Final concentration 10 mM) were
added to the respective tubes. Phosphorylation reaction was carried
out by incubating the cocktail at 30 °C for 30 min. In the Positive
Control, 0.5 pl (0.1 mg) of calf intestinal alkaline phosphatase pre-
pared in 10 mM HEPES-KOH buffer (pH 7.4) was added and incu-
bated for another 30 min at 30 °C. The samples were precipitated
using chloroform: methanol mixture. Protein pellets were air dried
and dissolved in 1X sample buffer. All the tubes were boiled for
5 min at 100 °C along with the peppermint stick phosphoprotein
molecular weight standards (Molecular probes, Inc., Eugene, OR,
USA), 2 pl in 12 pl of 1X sample buffer. Samples were resolved on
12.5% SDS-PAGE at constant voltage (100 V) and the gel was fixed in
50% Methanol and 10% Acetic acid for 30 min on a shaker. Fixative
was replaced with fresh one and left overnight. Next day, gel was
washed thrice with Milli-Q water for 15 min each. It was stained
using Fluorescent Pro Q Diamond phosphoprotein gel stain (Mo-
lecular probes, Inc., Eugene, OR, USA) for 2 h and then destained
with Pro Q Diamond phosphoprotein destaining solution (Molec-
ular probes, Inc., Eugene, OR, USA) for 1.5 h thrice for 30 min each
time in a dark room on the shaker. The gel was washed thrice for
5 min each with Milli-Q water and visualized on FLA-9000 phos-
phoimager (Fuji Fim Inc., Tokyo, Japan). After visualization, the gel
was Silver stained to show VDAC was loaded equally in the positive
and negative controls as well as in the experimental sample.

2.3. Reconstitution of VDAC on BLM

VDAC was reconstituted onto planar phospholipid bilayers as
standardized in our laboratory [12,13]. Briefly, the apparatus con-
sisted of a Perfusion BLM Cup made up of polystyrene (Warner
Instruments Corp., Hamden, CT, USA) with a thin wall separating
two aqueous compartments (cis and trans) of BLM chamber con-
taining BLM buffer [1 M KCl, 10 mM MgCl,, 10 mM HEPES (pH 7.4)].
The BLM Cup had a circular aperture with a diameter of 150 um.
Aqueous compartments were connected to an integrating patch
clamp amplifier (Axopatch 200B, Axon Instruments, Sunnyvale, CA,
USA) through a matched pair of Ag/AgCl electrodes. The cis
compartment was connected to the headstage (CV203BU) of the
amplifier and the trans compartment was held at virtual ground.
Lipid mixture containing DPhPE (1,2-DiPhytanoyl-sn-glycero-3-
PhosphoEthanolamine) and DPhPC (1,2-DiPhytanoyl-sn-glycero-
3-PhosphatidylCholine) (Avanti Polar Lipids, Alabaster, AL, USA)
(8:2 v/v ratio) in n-decane was freshly prepared such that the final
lipid concentration is 12.5 mg/ml. BLM was painted by applying
lipid mixture to the BLM cup aperture using a fire polished glass
capillary. After formation of the BLM, 2 pl of purified rat brain VDAC
solution (containing approximately 3—5 ng protein) was added to
the cis chamber and the solution was slowly stirred to promote
channel insertion onto BLM at + 10 mV applied potential. After
insertion of the first channel, buffer in the cis chamber was
perfused with fresh one devoid of VDAC using two peristaltic
pumps at the flow rate of 10 ml/min. Single-Channel currents were
filtered using an external low pass RC filter (Single pole) at 200 Hz
and then acquired and digitized at 1 kHz Sampling frequency using
data acquisition software Clampex (pClamp 10.2, Axon In-
struments, Sunnyvale, CA, USA) through an analog to digital con-
verter (Digidata 1440A, Axon Instruments, Sunnyvale, CA, USA).

2.4. Phosphorylation of VDAC on BLM

Single-channel currents were recorded through VDAC at
different clamping potentials in the range of +50 mV. After
recording VDAC current at different membrane potentials the
following additions were made to both the sides of the bilayer
chamber: (i) 1 ul Mg*ATP (Final concentration 50 pM); (ii) 0.32 pl
JNK3 (Final concentration 0.5 pg/ml); (iii) 1 pul Mg**ATP (Final
concentration 50 uM) and 0.32 pl JNK3 (Final concentration 0.5 pg/
ml) at room temperature. In each case, single-channel currents
were once again recorded at different clamping potentials in the
range of +50 mV. Also, in case (iii) after recording currents, alkaline
phosphatase (1—2 units) was added to both sides of the bilayer
chamber and currents were once again recorded.

2.5. Analysis of bilayer electrophysiological data

(i). Current was obtained from the single-channel current-time
traces and the current-amplitude histograms at different
voltages. Finally, a comparison of the mean of the current
values of three independent sets of experiments of native
and on BLM phosphorylated VDAC was made by the -V plot.
I-V plot was obtained using pClamp 10.2 (Axon Instruments,
Sunnyvale, CA, USA) and Origin 5.0 (Origin Lab Corp., MA,
USA) software. Best fit plots of the experimental data were
drawn using Origin 5.0. Histogram analysis was done using
pClamp 10.2 and AxoGraph X (Version 1.5.4, AxoGraph Inc.,
CA, USA).

(ii). The opening probability at a particular voltage was deter-
mined by calculating the fraction of total time it remained
fully open at that voltage out of total time of recording at that
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particular voltage. It was calculated using pClamp 10.2 soft-
ware and plotted using Origin 5.0.

3. Results

Fig. 1A shows the image of the Pro Q Diamond stained gel and
Fig. 1B shows the Silver stained image of the same gel. Lane 1:
Peppermintstick Phosphoprotein molecular weight standard. It
contains a combination of six proteins, two are in the phosphory-
lated form (23.6 kDa, 45 kDa) and the rest four are in the
unphosphorylated form (14.4 kDa, 18 kDa, 66.2 kDa, 116.25 kDa).
Pro Q diamond dye binding was observed for only two phosphor-
ylated proteins with molecular weight 23.6 kDa and 43 kDa in the
standard sample, which authenticates the activity of the dye. Lane
2: Negative Control, i.e. VDAC (35 kDa) + Mg?*ATP. We did not
detect any dye binding to VDAC in this lane which confirms that
VDAC is neither pre-phosphorylated nor it undergoes self-
phosphorylation in the presence of ATP without the enzyme.
Lane 3: JNK3 (52 kDa) enzyme. It was loaded to confirm that it is in
phosphorylated form, which is the active state of the enzyme. Dye
binding to the JNK3 band confirmed the same. Lane 4: Experi-
mental Sample, i.e. VDAC + JNK3 enzyme + Mg?*ATP, dye binding
was observed in the VDAC band which suggests VDAC is phos-
phorylated by JNK3. Lane 5: Positive Control, i.e. VDAC + JNK3
enzyme + Mg?*ATP + Alkaline Phosphatase. A decrease in the
amount of bound dye or no dye binding in this lane after alkaline
phosphatase treatment shows VDAC phosphorylation by JNK3 is
reversible. As demonstrated by our repeated sets of Pro Q Diamond
Staining Experiment (Fig. 1A) rat brain VDAC is phosphorylated by
JNK3. In Fig. 1B equal intensity of the VDAC monomer band in the
positive and negative controls as well as in the experimental
sample confirms equal loading of VDAC in these lanes.

Fig. 2(A, B, C, D, E and F) shows single-channel current-time
traces and their current amplitude histograms (representative) of
native (unphosphorylated), phosphorylated and phosphorylated
VDAC after alkaline phosphatase treatment at + 40 mV. The single-
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channel current traces of native VDAC showed different sub-states
as reported earlier [4,11]. However, in our analysis we have
considered the full open state only. It was observed that phos-
phorylation of VDAC by JNK3 leads to significant closure of the
channel (Fig. 2C and D) at all the voltages in the range of +£50 mV.
We did not observe channel closure at any voltage when only ATP
or only JNK3 was used. Fig. 3 shows the current vs. applied mem-
brane potential (I-V) of native VDAC and phosphorylated VDAC.
The figure indicates that single-channel current (full open state) of
phosphorylated VDAC is significantly lower than that of native
VDAC at both positive and negative clamping membrane potentials.
The I-V plot for native VDAC is sigmoidal whereas that for the JNK3
phosphorylated VDAC fits a third order polynomial function, both
being symmetric at positive and negative membrane potentials.
Fig. 4 shows the opening probability vs. membrane potential of
VDAC (native and phosphorylated). It is clear from Fig. 4 that
opening probability of VDAC is drastically lowered at both positive
and negative potentials due to phosphorylation by JNK3. When
phosphorylated VDAC was dephosphorylated with alkaline phos-
phatase, we found the opening probability and single-channel
current of the channel are reversed to those of native VDAC at
both positive and negative membrane potentials showing the
reversibility of the phosphorylation reaction. However, after de-
phosphorylation, the sub-states were less distinctly observed as
compared to native VDAC, which is evident from the current
amplitude histograms (Fig. 2E and F).

4. Discussion

As evident from Fig. 1, JNK3 phosphorylates rat brain mito-
chondrial VDAC in vitro. Our results show phosphorylation leads to
decrease in single-channel current (Figs. 2 and 3) and open prob-
ability (Fig. 4) at all the membrane potentials (+50 mV). These re-
sults suggest significant closure of the channel upon
phosphorylation by JNK3 at both positive and negative clamping
potentials.
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Fig. 1. A. Representative Pro Q Diamond stained SDS PAGE gel image showing phosphorylation of rat brain mitochondrial VDAC by JNK3. Lane 1: Phosphoprotein standard. Lane 2:
Negative Control, i.e. VDAC + Mg?**ATP. Lane 3: JNK3 enzyme. Lane 4: Experimental Sample ie. VDAC + JNK3 + Mg?*ATP. Lane 5: Positive Control i.e.
VDAC + JNK3 + Mg?*ATP + Alkaline Phosphatase. B. Gel image after Silver staining. Mw: Color Burst electrophoresis Marker C1992 (Mol wt. 8000—220,000 Da, Sigma Chem.
Company, USA). The size of the gel increases when stained with Pro Q Diamond dye and decreases to the original size during Silver staining.
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Fig. 2. Representative Single-Channel current traces and their Current Amplitude histograms of Rat brain mitochondrial VDAC on a DPhPE/DPhPC membrane (BLM) with a
symmetrical bath solution of 1 M KCl, 10 mM MgCl,, 10 mM HEPES, pH 7.4 at 25 °C. A. Native VDAC at +40 mV; B. Native VDAC at — 40 mV; C. Phosphorylated VDAC at +40 mV; D.
Phosphorylated VDAC at — 40 mV; E. Phosphorylated VDAC after alkaline phosphatase treatment at +40 mV; F. Phosphorylated VDAC after alkaline phosphatase treatment at —
40 mV.
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Fig. 2. (continued).
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JNK3 is a serine—threonine kinase; phosphorylation by JNK3
would transfer negatively charged phosphate groups in place of
uncharged —OH groups of serine and threonine residues. High
resolution 3D structure of VDAC-1 has been reported by three
groups based on the protein expressed and refolded in multiple
detergent micelles or lipid bicelles from inclusion bodies in E. coli
[23—25]. However, there is a great deal of controversy on whether
the above-mentioned structure can functionally and biochemically
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Fig. 4. Dependence of Opening Probability (P,) of full open state of Native and
Phosphorylated (by JNK3) VDAC on applied membrane potential (V). P, versus V (mV)
was calculated from Single-Channel current recordings according to the method
described in Material and Methods. Experimental conditions are the same as in Fig. 2.
The best fit lines were drawn using Origin 5.0 software as mentioned in the Materials
& Methods. Values are Mean + S.E. of three independent set of experiments.

mimic the VDAC's native conformation or not [26]. Given all the
controversies, the trans-membrane organization of VDAC is
believed, in general, to consist of a single N-terminal a-helix and
either 13 or 19 trans-bilayer B-strands [26,27]. The N-terminal o-
helix is believed to form the positively charged voltage sensor
(predicted within 1—26 residues in VDAC1) and the trans-bilayer §
barrel constitutes the positively charged pore lumen of the channel
[28]. The voltage sensor is flexible and shifts between the pore
lumen and the membrane surface during gating [29]. It contains
two threonine and one serine residues, hence likely to undergo
phosphorylation by JNK3. According to the crystal structure of
mouse VDACI, the loops which connect the B—strands of the
channel, are enriched with five serine and eight threonine residues
on one side. At the other side of the channel, there is one serine and
four threonine sites on the loops [24]. The loops on both sides could
be potential JNK3 targets. On the whole, the loops and the N-ter-
minal voltage sensor region in VDAC have the possibility to get
phosphorylated by JNK3. It may be noted that the first VDAC
molecule inserts into BLM in random orientation [30]. As we have
carried out VDAC phosphorylation from both the sides of the
bilayer chamber all the sites are accessible to JNK3 irrespective of
the orientation of the channel. However, sites accessible from the
cytosolic face are only biologically relevant because they can only
be accessed by JNK3 from cytosol in vivo. As per our view, phos-
phorylation of the voltage sensor would introduce negatively
charged phosphate groups that would make the sensor stick to the
positively charged pore lumen wall by strong electrostatic in-
teractions, thereby partially block the mouth of the pore and hinder
the ion flow leading to decrease in the single-channel current and
the opening probability.

As mentioned earlier alkaline phosphatase treatment of phos-
phorylated VDAC reverses the channel activity, but it does not
exactly reconvert it back to VDAC in its native state (Fig. 2E, F). The
observed differences from the native VDAC after de-
phosphorylation could be due to partial removal of the phosphate
groups from the sites of phosphorylation. The partially phosphor-
ylated VDAC is expected to have different sub-state levels and
current distribution. Partial removal of phosphates might have
taken place because we have used a non-specific phosphatase, i.e.
alkaline phosphatase, for de-phosphorylation experiments. How-
ever, experimental verification of the above-mentioned statement
has been kept pending for future work.

A significant consequence of VDAC closure due to phosphory-
lation could be reduction in ion, water and ATP transport from
mitochondrion to cytosol. This would lead to cell death due to
cytosolic ATP depletion. Further, accumulation of these substances
in the mitochondrion matrix as a result of VDAC phosphorylation,
can lead to swelling of the matrix, followed by rupture of the outer
mitochondrial membrane and cytochrome c release, hence cell
death [31]. It may be mentioned here that closure of VDAC by tBid
protein has been reported to cause apoptosis due to similar reason
[32].

We conclude that in vitro phosphorylation of VDAC by JNK3
leads to channel closure. This establishes our hypothesis as
mentioned in the Introduction. Subsequently, we predict that
closure of VDAC as a result of phosphorylation by JNK3 could be one
of the important ways by which neurons undergo stress-induced
apoptosis. The results presented here are on artificial lipid bilayer
membranes although facts under in vivo conditions could be very
different from those in vitro. We propose that in mitochondria-
mediated apoptosis the above mentioned mechanism of JNK3
dependent apoptosis holds good and hence the overall process of
neurodegeneration. Further verification of this proposed mecha-
nism in vivo is difficult at this junction and is kept for our future
plan.
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