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Abstract

Bax is a pro-apoptotic cytosolic protein. In this work native (unphosphorylated) and JNK3 phosphorylated Bax proteins are studied on
artificial bilayer membranes for pore formation. Phosphorylated Bax formed pore on the bilayer lipid membrane whereas native one does not. In
cells undergoing apoptosis the pore formed by the phosphorylated Bax could be important in cytochrome c¢ release from the mitochondrial
intermembrane space to the cytosol. The low conductance (1.5 nS) of the open state of the phosphorylated Bax pore corresponds to pore
diameter of 0.9 nm which is small to release cytochrome ¢ (~3.4 nm). We hypothesized that JNK3 phosphorylated Bax protein can form bigger
pores after forming complexes with other mitochondrial proteins like VDAC, t-Bid etc. to release cytochrome c.
© 2017 The Authors. Published by Elsevier B.V. on behalf of Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open
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1. Introduction

Bax is a pro-apoptotic cytosolic protein which is normally
present in inactive state [1]. An apoptotic stimulus can cause
activation of Bax by conformational rearrangement/s which is
followed by its translocation towards mitochondria. At the
mitochondrial outer membrane activated Bax promotes the
release of cytochrome c¢ (a mitochondrion intermembrane
space protein) into the cytosol. Cytochrome c activates caspase
proteases which degrade cytosolic proteins leading to apoptosis
[1]. Thus, activation of Bax is an important step in apoptosis.
Bax can be activated by different mechanisms [2—6]. One of
the mechanism of Bax activation is by its phosphorylation
[7—14]. c-Jun N-terminal Kinases (JNKs) are cytosolic stress
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activated protein kinases. Bax phosphorylation by JNKs have
been reported in a number of pathological states like lung
cancers, nervous system disorders, liver disorders, heart dis-
eases, muscular dystrophy, renal disorders and skin diseases
[15—24]. Furthermore, it is known that during apoptosis JNKs
phosphorylated Bax promotes the release of cytochrome c into
the cytosol but the mechanism how JNKs phosphorylated Bax
interacts with the outer mitochondrial membrane and release it
is not clear. One of the possibilities is that it forms mito-
chondrial membrane ion pores [25—28]. In vitro studies on
model membranes like artificial bilayer lipid membranes
(BLMs) provide an effective means to understand the mecha-
nism of action of membrane active molecules [29]. Keeping all
this in view in the present work we have tested the possibility
of ion pore formation by JNK3 phosphorylated Bax protein on
artificial BLM using bilayer electrophysiology method.

2. Materials

GST protein (25 kDa) tagged monomeric full length human
Bax protein (24 kDa) expressed in Escherichia coli was
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purchased from Signal Chem. Company, USA. Bax protein is
difficult to express in E. coli cells and subsequently more
difficult to purify as the protein is mostly in the inclusion
bodies and is highly toxic to the host cells. Cells produce
excess GST protein in order to protect themselves from the
pro-apoptotic Bax protein and thus the purity of the supplied
protein is only approximately 70%. Dually phosphorylated
active JNK3 enzyme (JNK3 isoform is predominantly found in
neurons) (human, recombinant) having more than 200 units/
mg activity was purchased from Enzo Lifesciences, USA. Calf
Intestinal Alkaline Phosphatase (CIAP) was purchased from
New England Biolabs, Inc., USA. Peppermint stick phospho-
protein molecular weight standard, Pro-Q Diamond phospho-
protein gel stain and destain were obtained from Molecular
probes, Inc. (Eugene, OR, USA). DPhPC lipid (1,2-
DiPhytanoyl-sn-glycero-3-PhosphoCholine, neutral lipid)
was purchased from Avanti Polar Lipids (Alabaster, AL, USA)
and dissolved in chloroform at 25 mg/ml concentration.

3. Methods

3.1. Detection of phosphorylation of Bax by JNK3
enzyme using Pro-Q diamond dye

Phosphorylation of Bax protein by JNK3 enzyme was
studied using the procedure standardized in our laboratory
[30]. Pro-Q Diamond dye binds to the phosphate groups
nonspecifically and thus identifies phosphorylated proteins
distinctly from the unphosphorylated ones. Three microtubes
were labeled as Negative Control (Bax protein + Mg”>"ATP),
Experimental Sample (Bax protein 4+ JNK3 + Mg*"ATP) and
Positive Control [Bax protein + JNK3 + Mg?"ATP + Calf
Intestinal Alkaline Phosphatase (added later)]. Bax protein
(8 ng), 0.5 ng of active JNK3 enzyme, ATP (Final concen-
tration 100 uM) 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 0.02 units of alkaline phosphatase was
added and incubated for another 30 min at 30 °C. All the
samples were precipitated by cold chloroform/methanol pro-
cedure. 30 pl of 1X sample buffer was added in all the tubes,
pellets were dissolved and boiled for 5 min at 100 °C along
with the phosphoprotein standard 2 pl in 12 pl of 1X sample
buffer. Then resolved on 12.5% SDS-Polyacrylamide Tris-
glycine gel (1.5 mm thickness). Staining of the gel was done
using standard protocol available at the website of Molecular
probes, Inc. (Eugene, OR, USA). Briefly, the gel was kept in a
fixative solution (50% methanol, 10% acetic acid, 40% Milli Q
water) for 30 min on a shaker. Then the fixative was replaced
with fresh one and left overnight. Next day, gel was washed
thrice with Milli Q water for 10 min each. It was stained using
fluorescent Pro-Q Diamond phosphoprotein gel stain for
approximately 1.5 h and then destained with Pro-Q Diamond
phosphoprotein destain for 1.5 h thrice for 30 min each time in
a dark room. The gel was washed thrice for 5 min each with
Milli Q water and visualized on FLA-9000 phosphoimager
(Fuji Fim Inc., Tokyo, Japan). After visualization, the gel was

stained with coomassie blue dye and then destained to confirm
the loading of equal amounts of Bax protein in all the lanes.

3.2. Bilayer electrophysiological studies of native
(unphosphorylated) and JNK3 phosphorylated Bax
proteins

Native and phosphorylated Bax proteins were tested for
pore forming ability on the bilayer lipid membrane (BLM) as
previously standardized in our laboratory [30]. Briefly, the
apparatus consisted of a Perfusion BLM Cup (Warner In-
struments Corp., Hamden, CT, USA) made up of polystyrene
with a thin wall separating two aqueous compartments (cis and
trans) of BLM chamber (Warner Instruments Corp.) contain-
ing BLM buffer [1 M KCIl, 10 mM MgCl,, 10 mM HEPES
(pH 7.4)]. The BLM Cup had a circular aperture with a
diameter of 150 pm. Aqueous compartments were connected
to Axopatch 200B amplifier (Axon Instruments, Sunnyvale,
CA, USA) through a pair of matched Ag/AgCl electrodes. The
voltage in the trans compartment was held at virtual ground
(0 mV) by the amplifier and the cis compartment was con-
nected to the headstage of the amplifier for applying the
voltage. Chloroform from the DPhPC lipid solution was
evaporated under nitrogen gas and the lipid was dissolved in n-
decane, 8:20 (lipid: n-decane) v/v ratio. BLM was prepared by
applying lipid solution to the BLM cup aperture. After for-
mation of the leak free BLM, it was clamped at 410 mV
holding potential and native or phosphorylated Bax protein
(2 ng) was added to the cis side of BLM chamber and the
solution was stirred slowly to promote protein insertion.
Native (unphosphorylated) Bax protein did not show any
current activity but phosphorylated Bax protein showed cur-
rent activity indicating ion pore formation by it. Currents
passing through phosphorylated Bax protein pore were filtered
at the amplifier output by a 4-pole low pass Bessel filter and
then by using an external low pass RC filter (Single pole) at
200 Hz frequency. Currents were acquired and digitized at
1 kHz sampling frequency using data acquisition pClamp 10.2
software (Clampex 10.2, Axon Instruments) through an analog
to digital converter (Digidata 1440A, Axon Instruments).

4. Results

Fig. 1A shows gel electrophoresis data after Pro-Q Dia-
mond dye staining and Fig. 1B shows coomassie blue dye
stained image of the same gel. In Fig. 1A. Lane I: Peppermint
stick Phosphoprotein molecular weight standard. It contains a
combination of six proteins, two are in the phosphorylated
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 phosphorylated proteins with molecular weights
23.6 kDa and 45 kDa in the phosphoprotein standard, which
authenticates the activity of the dye. Lane 2: Negative Control,
i.e. GST-Bax (49 kDa) + Mg**ATP. We did not observe any
dye binding to GST-Bax band in this lane which confirms Bax
protein is neither pre-phosphorylated nor it undergoes self-
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Fig. 1. A. Representative Pro-Q Diamond phospho-protein stained SDS-
Polyacrylamide (Tris-Glycine) gel image showing phosphorylation of Bax
protein (GST tagged) by JNK3 enzyme. Lane I: Phosphoprotein standard;
Lane 2: Negative Control, i.e. Bax protein + Mg>*ATP; Lane 3: Experimental
Sample, i.e. Bax protein + JNK3 + Mg”ATP; Lane 4: Positive Control, i.e.
Bax protein + JNK3 + Mg>"ATP + Calf Intestinal Alkaline Phosphatase. B.
Coomassie blue dye stained image of the same gel, no bands could be seen in
Lane 1 because of the low concentration of proteins in the phosphoprotein
standard. Mw marker: Color Burst electrophoresis Marker C1992 (Mol. wt.
8000 — 220,000 Da, Sigma Chem. Company, USA). The size of the gel in-
creases when stained with Pro-Q Diamond dye and then decreases to the
original size during coomassie blue staining.

phosphorylation in the presence of ATP without the JNK3
enzyme. Lane 3: Experimental Sample, i.e. GST-Bax + JNK3
enzyme + Mg?"ATP, dye binding was observed to the GST-
Bax band. A faint band around 25 kDa was also observed in
this lane indicating GST protein tag (as per the supplier's
report) but as the intensity of the bound dye is the same in
negative control and experimental sample, we concluded that
dye binding to GST protein was because of non-specific
interaction and not because of phosphorylation by JNK3
enzyme. As a whole, we conclude that Bax protein is phos-
phorylated by JNK3 enzyme. In this lane a band correspond-
ing to active JNK3 was also seen that is because the purchased
JNK3 enzyme is phosphorylated. We did not find any protein
band with molecular weight higher than phosphorylated
monomeric Bax in this lane which suggests neither JNK3
phosphorylated Bax formed oligomers nor it remained as Bax-
JNK3 complex in the solution after the phosphorylation re-
action was over. Lane 4: Positive Control, i.e. GST-
Bax + JNK3 enzyme + Mg®"ATP + Alkaline Phosphatase. A
decrease in the amount of the bound dye as compared to the
experimental sample after alkaline phosphatase treatment
shows that Bax protein phosphorylation by JNK3 is a

reversible reaction. As demonstrated by our repeated sets of
Pro-Q Diamond staining experiment (Fig. 1A) Bax protein
undergoes reversible phosphorylation by JNK3 enzyme.
Fig. 1B shows gel image after staining with coomassie blue
dye. Equal intensity of dye binding to GST-Bax band in all the
lanes confirms loading of equal amounts of Bax protein in all
the lanes.

Fig. 2 shows representative current—time traces and their
current amplitude histograms of the native (unphosphorylated)
and phosphorylated (by JNK3) Bax protein. We first tested the
native Bax protein for pore formation on BLM. We varied
various parameters like Bax concentration (5—500 nM), KCl
gradient (100 mM—1 M), addition of Bax to both sides of the
bilayer chamber to promote its insertion into the BLM. Bax
protein did not show any interaction with BLM under the
present experimental condition (Fig. 2 A& B). We then tested
JNK3 phosphorylated Bax protein for pore formation on BLM.
Interestingly, phosphorylated Bax (Phospho-Bax) protein got
inserted into the lipid bilayer and allowed ion passage through
it indicating pore formation as shown in Fig. 2 (C & D). The
conductance of the open state (O state) of the pore formed by
Phospho-Bax protein was estimated to be approximately
1.5 nS; and a state 1 (S1) corresponding to approximately 1 nS
was also identified. From the histograms we could make out
that the conductance of S1 state is not half to that of open O
state, thus S1 is a sub-state of the Phospho-Bax pore. Fig. 3
shows I—V plot of the full open state of the pore formed by
the Phospho-Bax protein. Phospho-Bax pore shows linear [-V
relation (ohmic behavior) at both the positive and the negative
voltages. Fig. 4 shows the open probability of the full open
state (O) of the phospho-Bax pore with respect to voltage. The
open probability of the full open state (O) of the pore increases
with the increase in voltage at both the positive and the
negative voltages. At low voltages the open-close transitions
or the gating events of the phospho-Bax pore are less frequent
and the channel remains in closed state resulting in low open
probability of the pore. As the voltage is increased the full
open state of the pore is stabilized and the transitions from the
open to the closed state becomes less frequent resulting in the
increase in the open probability of the pore. This could be due
to the fact that the electric field strength applied through the
membrane potential is helping Phospho-Bax ion pore to go
from the closed conformation to the open one and stabilize the
latter state. The open probability curve of the phospho-Bax
pore is U-shaped and it fits a second order polynomial
function.

5. Discussion

Bax consists of nine o helices («1—9), in inactive state, a5
helix constitutes the hydrophobic core of the protein and the
other eight amphipathic a helices surround the core [31]. o9
helix is important for mitochondrial targeting of bax, in inac-
tive state o9 helix is tethered to the a5 helix which prevents its
mitochondrial targeting [32]. Upon induction of apoptosis,
this a9—a5 helix interaction breaks leading to conforma-
tional rearrangements, which results in Bax activation and
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Fig. 2. Representative current-time traces of JNK3 phosphorylated Bax pro-
tein recorded on a DPhPC membrane with a symmetrical bath solution of 1 M
KCI, 10 mM MgCl,, 10 mM HEPES, pH 7.4 at 25 °C. A. Native Bax protein
at +60 mV showing no deviations from the baseline current (0 pA); B. Native
Bax protein at —60 mV showing no deviations from the baseline current; C.
Phosphorylated Bax protein at +60 mV showing ion pore activity with a full
open state (O), a sub-state 1 (S1) and a fully closed state (0 pA) which are
represented by peaks in the histogram; D. Phosphorylated Bax protein at
—60 mV showing pore activity with a full open state (O), a sub-state 1 (S1)
and a closed state which are represented by the peaks in the histogram. Data
shown is filtered at 200 Hz and sampled at 1 kHz frequency. Histogram
analysis was done using AxoGraph X (Version 1.5.4, AxoGraph Inc., CA,
USA).
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Fig. 3. Current—Voltage relation (I—V plot) of the full open state of the
Phosphorylated (by JNK3) Bax protein pore. Pore state showing the maximum
current value in the single-channel current—time traces was considered as full
open state of the Phospho-Bax pore. Full open state current values were ob-
tained from the current—time traces and their current amplitude histograms at
different voltages. Finally, mean of the current values of the full open state
obtained from three independent sets of experiments was shown by the I-V
plot. I-=V plot was obtained using pClamp 10.2 (Axon Instruments, Sunny-
vale, CA, USA) and Origin 5.0 (Origin Lab Corp., MA, USA) software. I-V
plot of the Phospho-Bax pore was fitted with a linear function. Best fit analysis
of the experimental data was done using Origin 5.0. Values are Mean + S.E. of
three independent sets of experiments.
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Fig. 4. Dependence of open probability (P,) of the full open state of phos-
phorylated (by JNK3) Bax pore on applied membrane voltage (V). The open
probability of the different states of the Phospho-Bax pore at a particular
voltage was determined by selecting the different current levels showing the
different states of the pore from single-channel traces. The scatter plot of the
open probability of the full open state of the pore at different voltages was
plotted using Origin 5.0 software and it fitted with a second order polynomial
function. Values are Mean + S.E. of three independent sets of experiments.

mitochondrial targeting [32]. The bulky hydrophobic side
chains of amino acid residues of amphipathic a5—a6 helices
interacts with the hydrophobic fatty acid chains of phospho-
lipid bilayers resulting in integration of these helices into the
BLM and formation of Bax pore by the a5—a6 helices
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[33—35]. In another study, Kim et al. replaced Threonine 167
with Aspartate (T167D) (phospho-mimetic mutant) by site
directed mutagenesis and these mutants were found to trans-
locate to mitochondria in these cells even without exposure to
cell death stimulant [24]. Kim et al. hypothesized that
hydrogen bonding between Thr'®” and Trp'’® might be
important in keeping Bax in the cytoplasm by preventing the
exposure of the a9 helix. It was proposed that the negatively
charged nature of aspartate might be playing an important role
in destabilising the interaction between o9—aS helix and
mitochondrial translocation.

In conclusion, we report that Bax can be phosphorylated by
JNK3 in vitro. Moreover, native (unphosphorylated) Bax does
not form ion pores on BLM and phosphorylation of Bax
protein by JNK3 enzyme leads to induction of ion pore
forming ability. JNKs are proline-directed Serine (S)/Threo-
nine (T) kinases [24]. Phosphorylation of Bax by JNK3 would
have transferred negatively charged phosphate groups on its
proline directed Serine (Ser) and Threonine (Thr) residues
which might be inducing ion pore formation. Although in our
phosphorylation detection pro Q diamond dye experiment no
oligomerization of Bax after phosphorylation by JNK3 was
observed still with our current data it is difficult to conclude
whether JNK3 phosphorylated Bax pore is formed by Bax
monomer or oligomer due to several reasons (i) In solution
organisation of Bax protein can be very different from its
organisation in the bilayer lipid membrane environment. In a
report it has been suggested that Bax might insert into the
membrane as monomers and then undergoes oligomerization
after inserting into the membrane [40]. This suggests that
JNK3 phosphorylated Bax might also be undergoing oligo-
merization after inserting into the BLM in our experiments.
(i) The reported conductance of the oligomeric Bax pore by
different groups varies from approximately 9 nS [41] and
1.5 nS [26] with the second one same as that JNK3 phos-
phorylated Bax pore conductance reported by us but unlike our
results they observed oligomerization in pro Q diamond
phosphorylation detection experiment. Thus, we think specific
experiments are required to conclude whether JNK3 phos-
phorylated Bax pore is formed by a monomer or an oligomer.

The size of the JNK3 phosphorylated Bax pore can be
calculated by assuming it a cylindrical structure and consid-
ering internal conductivity of the pore same as that in the bulk
phase buffer. In one study Bax pore diameter has been
calculated by considering these assumptions as 0.9 nm with
reported single-channel conductance of the Bax pore as
1.5 + 0.4 nS [26] which is same (conductance) as reported by
us. This Bax pore diameter (0.9 nm) is smaller than the size of
cytochrome ¢ (~3.4 nm). Thus, it is very likely that JNK3
phosphorylated Bax might also forms small pores, unable to
leak cytochrome c but it can form larger channels by forming
complexes with other outer mitochondrial proteins like Bak,
Bif-1, truncated Bid, voltage dependent anion channel
(VDAC) & AN Bclyy, etc. or after homo-oligomerization and
promote leakage of cytochrome ¢ [36—40]. It is proposed that
during stress-induced apoptosis under in vivo conditions JNK3
Phosphorylated Bax pore interacts with the other outer

mitochondrial membrane proteins forming large channels in
the outer mitochondrial membrane, there by releasing cyto-
chrome ¢ and hence cell death. This issue is under investiga-
tion. Formation of pores by JNK3 Phosphorylated Bax protein
during apoptosis will disturb the normal mitochondrial phys-
iological processes like ion and metabolite transport between
the cytosol and the mitochondria. Interaction of Bax with the
outer mitochondrial membrane is an important check point in
cellular stress-induced cell death. We believe these results
would be helpful in designing new strategies to treat disorders
involving cellular stress-mediated apoptotic death.
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