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Abstract: - The interaction of the pro-apoptotic BaxAC with the excimer-forming lipid, 12-(pyrene-1-yl)-
dodecanoic acid (PDA) labeled isolated rat liver mitochondria, caused a decrease in PDA excimer-to-
monomer fluorescence emission ratio (E/M). This suggested that BaxAC caused mitochondrial membrane
lipid reorganization. These changes were dependent on the BaxAC protein-to-mitochondrial lipid ratio. The
changes in the fluorescence emission spectra were not attributed to overall changes in the bulk properties of
the mitochondrial suspensions or to fluorescence resonance energy transfer between the heme group of
cytochrome c¢ and pyrene. These data suggested that BaxAC increases mitochondrial membrane
“microviscosity”. Fluorescence anisotropy studies with DPH and TMA-DPH labeled mitochondria
independently show reduced rotational dynamics, further supporting this presumed increased membrane
“microviscosity”. The lifetimes of all probes did not change upon BaxAC interaction with the mitochondrial
membrane, verifying the changes in the dynamics of the probe mobility in the membrane. Another pro-
apoptotic protein tBid, a more potent inducer of cytochrome c¢ release, also caused an increase in DPH
anisotropy, yet to a lesser extent as compare with equal concentration of BaxAC. The observed increase in
DPH anisotropy caused by BaxAC-membrane interaction was inhibited by the anti-apoptotic protein Bcl-
2ATM. The effects of BaxAC on the mitochondrial membranes were correlated to cytochrome c release.
These findings reflect BaxAC interaction with the mitochondrial membrane, where the binding of BaxAC
lowers probe mobility and induces major reorganization of mitochondria membrane lipids, possibly a phase
transition associated with non-lamellar bilayer structures.

Key-Words:- apoptosis, tBid, Bcl-2ATM, cytochrome ¢, pyrene excimers, fluorescence anisotropy & lifetime,
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1 Introduction of cytochrome c¢ efflux from apoptotic
The pro-apoptotic protein Bax recruits mitochondria mitochondria  remains  unclear  although
into the apoptotic pathway by partitioning numerous models have been proposed [3-5],
exclusively into the mitochondrial outer membrane, including the activation of the permeability
releasing cytochrome ¢ and other small globular transition pore (PTP) or the formation of lipidic
proteins from the inter membrane space [1, 2]. pores [6-9].

Cytochrome ¢ assembles into the apoptosome, More recent work describes apoptotic pore
and this complex is responsible for caspase-9 formation as a process facilitated by Bax which
activation and the apoptotic proteolytic cascade induce lipid bilayer destabilization, through
resulting in cell death. The precise mechanism reduction of the linear tension of the membrane
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[10]. The induction of lipidic pores by the so-
called pore forming proteins such as the bee
venom melittin and the bacterial colicin toxins,
is thought to arise from a complex series of
interactions between the positively charged
amino acid residues on transmembrane inserting
alpha helices with negatively charged
phospholipid headgroups (i.e., cardiolipin) as
well as hydrophobic amino acid residues and
hydrophobic fatty acid acyl chains of the
phospholipids [11, 12]. Similar mechanisms
have been proposed for pro-apoptotic proteins,
although all of this work has been conducted on
model lipid bilayers [7-9, 13-15].

The present study follows the interaction of
the proapoptotic proteins, Bax with isolated rat
liver mitochondria labeled with a fatty-acid
conjugate  of pyrene, 12-(pyrene-1-yl)-
dodecanoic acid (PDA), 1, 6-diphenyl-1, 3, 5-
hexatriene (DPH), and 1-
[4(trimethylamino)phenyl]-6- phenyl-1,3,5-
hexatriene (TMA-DPH). The pyrene moiety
covalently bound to the end of the acyl chain in
PDA forms a very hydrophobic fluorophore that
readily partitions into the bilayer. A particularly
useful feature of pyrene is the ability of the
excited monomeric molecule to form a complex
with a ground-state pyrene, which results in an
excited dimer, i.e., excimer [16]. Since, the ratio
of excimer to monomer fluorescence intensities
(E/M) for pyrene-containing lipid derivatives
depends on the local concentration of the
pyrene moiety as well as the rate of lateral
diffusion [17-19], the rate of excimer formation
is greatly dependent on the viscosity of the
membrane lipid environment [20-22]. The
properties of these fluorophores are therefore
useful for measuring changes in mitochondrial
membrane microenvironment due to
interactions between apoptotic proteins and
mitochondrial membrane lipids. In order to
independently verify the observed changes in
mitochondrial membrane  “microviscosity”
obtained with PDA, fluorescence polarization
measurements employing DPH and TMA-DPH
were carried out [18-20]. DPH was found to be
located in the hydrocarbon core oriented mostly
(95%) parallel to the lipid acyl chain axis and
5% in the center of the lipid bilayer parallel to
the surface [23], while TMA —DPH is anchored
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at the interface between the membrane
phospholipid-head groups and the aqueous
phase, due to its positively charged amino
groups. The results obtained with these
fluorescent membrane probes are consistent
with a model in which BaxAC induces
reorganization of the mitochondrial membrane
lipids, resulting in the rigidification of the
membrane.

2 Methods

2.1 Materials

Cytochrome c (horse heart type VI), bovine serum
albumin (BSA), and other chemical reagents were
from Sigma, St. Louis, Missouri. PDA, DPH and
TMA-DPH were from Molecular Probes, Eugene
Oregon. The pro- and anti-apoptotic proteins
BaxAC20 [7] and tBid was a generous gift of Dr.
Bruno Antonsson, Serono Pharmaceutical Research
Institute, Geneva, Switzerland.

2.2 Isolation of Rat Liver Mitochondria
Mitochondria were isolated from livers of male
Witstar rats (200-300 gr) by standard differential
centrifugation according to the procedure used [24]
and described previously [25]. Livers (12-16 gr)
were homogenized in 40 mL of ice-cold
mitochondria isolation buffer (MIB, 250 mM
sucrose, 1 mM ethylenediaminetetraacetic acid
(EDTA), 0.1% BSA and 10 mM N-]2-
hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]
(HEPES)/KOH, pH 7.4). Homogenates were
centrifuged at 600 g for 5 min and mitochondria
were recovered from the supernatant by
centrifugation at 10300 g for 10 min, and washed at
8500 g for 10 min. Finally, the pellet was
resuspended to the original volume in buffer without
BSA, centrifuged at 12000 g for 10 min and re-
suspended in a minimal volume (1-2 mL) of MIB.
Protein concentration was determined using the
Biuret assay, with BSA as a standard. Mitochondrial
suspensions were stored on ice up to 4 hours.

2.3 PDA Labeling Procedure

Mitochondrial aliquots were diluted to a
concentration of 10 mg/mL with labeling buffer
(LB, 220 mM mannitol, 70 mM sucrose, 0.5 mM
EDTA, 5 mM succinate, ]| mM rotenone (to avoid
fluctuations in mitochondrial pyridine background
autofluorescence [26]), 2 mM HEPES/KOH, pH
7.4) [27, 28]. PDA was added at a final
concentration of 0.5% (v/v) dimethyl sulfoxide
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(DMSO) to minimize disruptions to the
mitochondria, and the initial molar ratio of PDA
relative to mitochondrial lipids was 1:100 [17, 29].
Following 15 min incubation on ice, excess probe
was removed by centrifugation (6500 g) for 10 min
in LB. The final lipid-to-probe ratio was calculated
by the use of a calibration curve. The molar
concentrations of the probe, 0.1-0.5 mol %, are
assumed not to perturb the mitochondria membrane
[17]. Mitochondrial labeling under these conditions
results in preferential incorporation of the probe into
the outer leaflet of the outer mitochondrial
membrane [30, 31]. Phospholipid concentration was
based on a literature value of a 200-nmol
phospholipid/mg mitochondrial protein [32].

2.4 Steady-State Fluorescence

Aliquots of labeled mitochondria were mixed in
high ionic strength buffer (HIB, 145 mM KCl, 2.5
mM potassium phosphate, 2.5 mM MgCl,, 5 mM

succinate, 1 uM rotenone, 2 mM HEPES/KOH, pH
7.4) [27], to a final volume of 1 mL. The
concentration of mitochondrial protein could be
varied to as high as 500 pg/mL without ill effects on
fluorescence measurements, since the optical
density (OD) was kept below 0.2, preventing inner
filter effects [26]. Under these conditions labeled
mitochondria samples yielded a good fluorescence
signal, with signal-to-noise ratio above 10:1.
Samples (I mL) were measured on the Spex
Fluorolog (Jobin Yvon Horiba, Edison, NJ) and
ISS-K2 (Urbana-Champagne, IL)
spectrofluorometer, in 4 mm internal light-path
quartz cuvette, which was thermostated at
30.0£0.1°C  with a Neslab RTE-111 bath
(Newington, NH) [33]. Label fluorescence was
obtained at excitation wavelength fixed at 347 nm.
For time dependent measurements of PDA
fluorescence, excitation and emission wavelengths
were fixed at 347 and 377 nm, respectively.
Changes in fluorescence were followed for 10 min
after the addition of the various agents. Then, 1%
(v/v) Triton-X 100 was added to obtain the total
fluorescence signal of the sample [34].

To enable a quantitative comparison between
fluorescence of samples from different preparations
the following equation was used [35]:

%AF = ((F-Fo)/(F»-F))*100% (1)
where, % AF is the normalized percent change in
fluorescence, F, is the fluorescence at time t, F, is
the initial fluorescence, and F, is the fluorescence
after the addition of Triton-X 100.

Samples of rat liver mitochondria (RLM,
50ug/ml) labeled with PDA were incubated in high
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ionic buffer (HIB) at presence and absence of
BaxAC at different concentrations and IgG
(1uM).The samples were centrifuged at 10000g for
10 min and pellet was resuspended in fresh HIB.
PDA spectra were measured before centrifugation
and in pellets and supernatants.

2.5 Time resolved Fluorescence

PDA lifetime measurements were carried out with a
single-photon counting spectrofluorometer (FLS
920; Edinburgh Instruments). The concentration of
mitochondrial protein in the samples was 150 pg/ml.
Samples were excited at 347 nm, the excitation
maximum and their emission was collected at 480
nm for excimer and 377 nm for monomer.

2.6 DPH Labeling Procedure

Mitochondria (0.05 mg protein/mL in HIB) were
incubated for 40 min at RT with 6-8 uM DPH at
stirring. These labeling concentrations are within the
predetermined range of concentrations, 2-8 uM, for
which a linear correlation with fluorescence
intensity was verified. DPH was added at a maximal
concentration of 0.1% (v/v) tetrahydrofuran (THF)
to minimize disruptions to the mitochondria. Under
these labeling conditions the noise to peak ratio was
not above 5 % and no self quenching was observed.

2.7 TMA-DPH Labeling Procedure
Mitochondria (1.0 mg protein/mL in the same buffer
used for PDA labeling) were incubated for 40 min
on ice with 4-6 uM TMA-DPH. These labeling
concentrations are within the predetermined range
of concentrations, 2-8 uM TMA-DPH, for which a
linear correlation with fluorescence intensity was
verified. TMA-DPH was added at a maximal
concentration of 0.5% (v/v) dimethyl sulfoxide
(DMSO) to minimize disruptions to the
mitochondria [36]. Under these labeling conditions
the noise to peak ratio amounted to 3-4 % and no
self quenching was observed.

2.8 Steady-State Fluorescence Anisotropy of
DPH or TMA-DPH Labeled Mitochondria
Iml samples of RLM were incubated at absence and
presence of various proteins. Samples with BaxAC
and Bcl-2 proteins together were pre-incubated with
Bcl-2 for 10 minutes and then BaxAC at 0.1 uM
concentrations was added.

The fluorescence anisotropy of either DPH or
TMA-DPH labeled mitochondria at 50 pug
protein/mL in HIB was measured on the Perkin
Elmer LS55 fluorometer at 30°C with excitation at
Amax = 355 or 350 nm, respectively, by vertically
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polarized light, and the emission followed at 430
nm, in parallel and perpendicular orientation relative
to the exciting light [36, 37]. The measured steady
state fluorescent anisotropy was calculated using the
following equation:
= Ly, — GI vH
1, +2GI,,

where, r is the anisotropy, I and [y are the
intensity measured in parallel and perpendicular
directions to the polarized excitation light,
respectively, and G was calculated as Iy/Iyy [38,
39].

The DPH anisotropy of the
calculated by following equation [40]:
appn = (AF - apyfy)/fppn  (3),
when A and a, are the total and blank anisotropy
respectively and the fluorescence of the DPH (fppy)
is the difference between the total fluorescence (F)
and the blank fluorescence (f}).

2

samples was

2.9 Lifetime Measurements of DPH and
TMA-DPH Labeled Mitochondria

TMA-DPH and DPH lifetime measurements were
performed by using the single-photon-counting
setup [41]. The experimental setup consisted of a
Ti—sapphire laser (Spectra-Physics, Mountain View,
CA), Tsunami laser pumped by Millennia X, which
was operated in its picosecond lasing mode (1 ps
pulses at 82 MHz). The fundamental train of pulses
was pulsed picked (Spectra-Physics, model 3980) to
reduce its repetition rate typically to 0.8—4.0 MHz
and then passed through a doubling lithium triborate
crystal to preserve the quality of the laser mode. The
laser was tuned on 360 nm using a Spectra-Physics
optics set. The detection system consisted of a
Hamamatsu-3809U 6m multi-channel plate (MCP).
The fluorescence light was focused onto the
entrance slit of the MCP after passing through a 1/8
meter double monochromator (CVI model CM 112,
using a bandwidth of 2 nm). The samples of TMA-
DPH labeled mitochondria in HIB, with S/N ratio
~20, in the presence and absence of BaxAC were
excited. Fluorescence lifetime decays were acquired
at 25 ns full scale range with 6.28 ps per channel.
Typical counting rates were below 1 kHz. The
number of counts was 4 K at the peak channel,
collected with the Tennelec PCA3 card.

2.10 Light scattering measurements

Swelling of mitochondria causes light scattering to
decrease (due to a decreased refractive index) [42,
43]. Light scattering was measured at 90° to the
incident beam by setting the spectrofluorometers’
excitation and emission monochromators both to
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600 nm. With this setup we were able to measure
fluorescence and swelling changes of the same
sample alternately. A linear dependence of the
scattered light on mitochondria concentration was
verified, suggesting a linear response of the PMT. A
linear dependence of mitochondrial swelling was
verified as a function of Ca®" concentration (0.05-1
mM) using light transmittance spectroscopy at 520
nm (Hewlett Packard 8452A Diode Array
spectrophotometer) [44].

2.11 Cytochrome c release assay

Samples of mitochondria (12.5 mg) were incubated
in HIB at a final volume of 1 mL with various
vectors for 15 min at RT. Following centrifugation
at 14000 g, the absorption spectrum of the
supernatant was recorded between 350-600 nm (HP
8452A spectrophotometer and Varioscan plate
reader (Thermo Electron Corporation)). This assay
makes use of the intense heme Soret peak (y band)
in the spectrum of cytochrome ¢ (¢ = 100 mM™cm™,
410 nm) [45]. To compare data between
experiments and preparates, the absorption curves
were normalized by subtracting the OD at 600 nm.

3 Results

3.1 BaxAC interaction with PDA-labeled
mitochondria results in increased monomer
emission

We utilized the excimer forming properties of the
lipid probe PDA to show dynamic changes in the
properties of mitochondrial membrane induced by
BaxAC.

We used BaxAC concentrations to include the
physiologically relevant range. IgG was taken as a
control that does not interact neither with the
mitochondrial membrane nor with the fluorophore
[46]. Fig. 1 shows that BaxAC causes an increase in
monomer emission intensity indicative of reduced
probe  mobility and increased membrane
"microviscosity", which is significant at 0.1 puM
concentration.

3.2 The effect of BaxAC did not result from
the redistribution of PDA

In order to ascertain that the observed change in
membrane dynamics does not result from the
redistribution of the probe between the membrane
pellet and the supernatant, we separated the
membrane pellet from the supernatant. Fig.2 shows
that at the examined Bax concentrations of 0.05 and
0.1 mM there is no redistribution of PDA caused by
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the addition of Bax. IgG does not interact with the
membrane [46] and also does not cause PDA
redistribution.
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Fig.1: Percent change of monomer intensity of
PDA after IgG or BaxAC addition to the
mitochondrial membrane. Samples of rat liver
mitochondria (RLM, 50pg/ml) labeled with PDA
were incubated in high ionic buffer (HIB) in the
presence and absence of BaxAC (0.05 and 0.1 pM)
and IgG (1pM) and the intensity of PDA monomer
fluorescence emission at Amax = 377nm are plotted.
* P-value <0.05 vs control sample. Error bars
indicate the standard error of at least three
measurements.
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Fig.2: No redistribution of PDA between the
pellet and the supernatant following incubation
of the mitochondrial membrane with either IgG
or BaxAC. The samples from the previous section
were centrifuged at 10000g for 10 min and pellet
was resuspended in fresh HIB. PDA spectra were
measured in pellets and supernatants following 10
min incubation with either BaxAC or IgG. The
percentage was calculated as a fraction of each
component from the sum of both supernatant (black)
and pellet(white). Error bars indicate the standard
error of at least three measurements.
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3.3 BaxAC reduced E/M values of PDA
labeled mitochondrial membrane.

As shown in Fig. 1 low concentrations of BaxAC
(0.05; 0.1 mM) significantly increased monomer
emission, which is not associated with probe
redistribution (Fig.2).

BaxAC interaction with PDA-labeled mitochondria
results in decreased E/M values indicating extensive
lipid reorganization and altered membrane dynamics
(Fig.3), suggesting that BaxAC induced membrane
rigidification. induced membrane rigidification

0.07 -
o 0.06
®
1S
s %
o 0.05 4
0.04 , -
0.00 0.05 0.10
BaxAC, pM

Fig.3: E/M ratio alterations induced by BaxAC.
E/M values were calculated from measurements of
PDA monomer (at 377 nm) and eximer (at 480 nm)
intensities in the pellet. Error bars indicate the
standard error of three measurements. * p=0.05.

3.4 E/M reduction is specific for BaxAC
induced changes in membrane dynamics
Processes such as changes in light scattering
properties of biological membrane preparations are
known to cause shifts in the fluorescent emission
profiles of probes such as PDA [47]. In order to rule
out such a possibility, we preformed time course
studies measuring in parallel the percentage changes
in monomer and excimer emissions, and the change
in light scattering (Fig.4A). Indeed, the 50%
increase in monomer fluorescence and the
concomitant decrease in excimer fluorescence were
accompanied with only a slight decrease in light
scattering. Control experiments with 62.5 and 200
pM of CaCl,, known to induce both cytochrome c
release and mitochondrial swelling [48, 49],
confirmed that although the treatment with calcium
resulted in a rapid decrease in light scattering (i.e.,
increased mitochondrial swelling) it did so without
changing the emission spectra of the probe.

Similar results of light scattering as a function of
Ca* concentration were obtained by
absorbance/transmittance spectroscopy (data not
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shown). Therefore, the changes in the fluorescence
emission spectra are not attributed to overall
changes in the bulk properties of the mitochondrial
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Fig.4. BaxAC induced changes in the fluorescence
emission profile of PDA-labeled mitochondria
are neither an artifact of mitochondrial swelling
nor a de-quenching mechanism due to FRET
from cytochrome c release. (A) The profiles show
the time dependence changes in monomer (m) and
excimer (A) fluorescence emission kinetic scans,
the monomer to excimer E/M fluorescence ratio ()
and 90° light scattering (x). BaxAC (2 pM) was
added to PDA-labeled mitochondria (50 pg
protein/mL) at t = 0 sec. Control experiments of
light scattering induced by 200 uM CacCl, (0). (B)
Fluorescence of PDA-labeled mitochondria (50 ug
protein/mL) was monitored in intact (e) or
hypotonically lysed cytochrome c-free mitochondria
(x) as described in Methods section, treated with 1
uM BaxAC.

suspensions but rather to specific changes in the
properties of the membrane, and hence, in the probe
microenvironment [26, 47].
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Another explanation for the changes induced by
BaxAC to the emission profile of PDA-labeled
mitochondria could be through fluorescence
resonance energy transfer (FRET). The heme group
of cytochrome c¢ is a good quencher of pyrene
fluorescence emission through FRET [50]. In order
to rule out the possibility that efflux of cytochrome
¢ induced by BaxAC contributed to the observed
fluorescence changes through a dequenching
mechanism, PDA-labeled mitochondria were lysed
by a hypotonic buffer pretreatment. Under these
conditions, cytochrome c is removed from these
mitochondria membrane preparations prior to the
addition of BaxAC [28, 51]. The observed PDA
monomer emission profile induced by the addition
of BaxAC to cytochrome c-free PDA-labeled
mitochondria is shown in Fig.4B. Compared to that
observed in intact mitochondria, the addition of
BaxAC to cytochrome c-free PDA-labeled
mitochondria resulted in increased monomer
fluorescence with similar overall kinetics to that
observed with intact mitochondria, but with slightly
decreased  saturation  fluorescence  intensity.
Therefore, the BaxAC-induced increase in the
monomer fluorescence appears to be independent of
the presence or absence of cytochrome c, excluding
dequenching effects (i.e., FRET-dependent emission
profile) by Bax-induced cytochrome c release as the
cause to PDA-monomer fluorescence increase.
Instead, these results suggest that the lysis treatment
disrupted the continuity of the membrane, and as
such, changed the diffusion properties of the lipids
(and of the lipid-conjugated probe) within the
bilayer plane [29]. This attenuated the increase in
the fluorescence intensity following BaxAC
treatment, but did not change the kinetics of the
interaction between the protein and the
mitochondria membrane (Fig.4B).

Changes in the fluorescence lifetime of the
mitochondrial membrane embedded probe can
potentially cause changes in the steady-state
fluorescence emission profile. Changes in the
lifetime of the probe have been observed in
mitochondrial membranes due to interactions with
molecular oxygen from the mitochondrial
respiratory chain which is known to decrease the
fluorescence lifetime of pyrene and its derivatives
[52]. The average (+SE) of three independent
measurements of excimer lifetime for PDA labeled
mitochondria was 42 + 5 ns both in the presence and
absence of BaxAC (p=0.9). Similarly, the monomer
species lifetime was 109 + 15 ns both in the absence
and the presence of BaxAC with no statistically
significant difference between the two (p = 0.8).
Therefore, it is suggested that the BaxAC-induced
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changes in the monomer and excimer fluorescence
are not attributed to changes in the fluorescent
properties of the probe but rather reflect changes in
the dynamics of the probe mobility in the
membrane.

3.5 BaxAC induced an increase in DPH-
labeled mitochondrial membrane-
"microviscosity" that is inhibited by the anti-

apoptotic protein Bcl-2ATM

In order to further verify the observed increase in
membrane —"microviscosity" based on increase
PDA monomer emission we independently studied
the rotational dynamics of DPH labeled membranes
which is another known fluorescence probe for
membrane dynamics. Changes in mitochondrial
membrane “microviscosity” can be followed by the
lipophilic DPH probe [53, 54], which is embedded
mostly parallel to the membrane phospholipids
chains [23] of both the inner and outer leaflets.
Fig.5A depicts the dose dependent increase in
anisotropy of DPH labeled RLM upon the addition
of BaxAC. Another pro-apoptotic protein tBid, also
caused an increase in anisotropy at 50 nM, yet to a
lesser extent. IgG at 1 uM, used as a control protein,
showed no increase in anisotropy. The anti-
apoptotic protein Bcl-2ATM caused only about 40%
increase in DPH labeled membrane-
"microviscosity" compared with BaxAC but
inhibited BaxAC-induced increase in mitochondrial
membrane- "microviscosity" (Fig.5B).

The observed increase in the steady state
fluorescence anisotropy values, following BaxAC
treatment, occurs with no concomitant changes in
DPH’s fluorescence lifetimes (Table 1). This
indicates restricted rotational motion of DPH in
BaxAC treated vs. untreated mitochondrial
membrane. It is thus concluded the observed
increase in anisotropy reflect a corresponding
increase in membrane "microviscosity".

3.6 BaxAC induced an increase in TMA-
DPH-labeled mitochondrial membrane-
"microviscosity"

Changes in mitochondrial membrane
“microviscosity” can be additionally followed by
the lipophilic TMA-DPH probe. It is an amphipathic
molecule, anchored into the  membrane
phospholipids' head groups-water interface (i.e., at
the outer leaflet of the outer mitochondrial
membrane) with the aliphatic chain parallel to the
lipid chains [36].

ISSN: 1109-9518

269

Natalia Tsesin, Elai Davicioni, Rivka Cohen-Luria,
llana Nathan, Abraham H. Parola

A 12 -
|
£ 10 -
5 5.
g
o 6
8 -
£ L
z o - | -
[a]
X 21 9 0025 005 0.1 g6 thid
BaxAC, pM
B _
192 - W -BaxAC
g I
= 10 A O +BaxAC
g |
> & %
o
2 6 -
8
'E 4 —
m
Z 2
(]
RO
0 0.1
Bcl-2, pM
Fig.5: The effect of pro-and anti-apoptotic

proteins on the fluorescence anisotropy of DPH
labeled RLM. A. BaxAC was added to
mitochondria suspension at indicated concentrations
and IgG and tbid proteins were added at 1 pM and
50 nM respectively. B. Bcl-2ATM  inhibits
anisotropy changes of DPH labeled RLM. Samples
were pre-incubated with 0.1 uM Bcl-2ATM for 10
min before BaxAC addition. Anisotropy change was
calculated as a difference between initial and final
anisotropy value shown as a percent of initial value.
* P-value <0.05 vs 0 uM Bcl-2ATM with BaxAC.
Error bars indicate the standard error of three
measurements.

Control experiments showed that BaxAC did not
lead to an increase in TMA-DPH fluorescence in the
buffer. The results in Table 2 showed ~6% increase
in the measured steady state fluorescence anisotropy
values, following BaxAC treatment, with no
concomitant changes in TMA-DPH’s fluorescence
lifetime. Those results imply restricted rotational
motion of TMA-DPH in BaxAC treated vs.
untreated mitochondrial membranes. Such a change
reflects about a 20% increase in membrane
“microviscosity” [53].
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- BaxAC + BaxAC
Lifetime (nsec)
T 7.6+0.1 7.5+0.1
o 0.7 0.7
T 0.7+0.1 0.7+0.1
o, 0.3 0.3
Table 1: Lifetime values of DPH in

mitochondria membrane. Samples of DPH labeled
mitochondria (50 pg/ml) in HIB, in the absence and
the presence of BaxAC (0.1 uM) were used. A two-
lifetime component analysis resulted in x> values of
1.09 & 1.05, for BaxAC untreated and treated
samples, respectively. The results of a representative
experiment are shown in the table.

- BaxAC + BaxAC
Fluorescence 0.232+0.004  0.245+0.003
Anisotropy*
Lifetime**(nsec)
T 0.13 0.13
o 0.40 0.40
T, 4.40 4.40
oy 0.42 0.45
T3 1.20 1.10
o 0.18 0.15

Table 2: Steady state fluorescence anisotropy
of TMA-DPH labeled mitochondria membrane.
Samples of TMA-DPH labeled mitochondria (50
pg/ml) in HIB, in the absence and the present of
BaxAC (1 pM) were used. * + standard error, n = 3;
** A three-lifetime component analysis resulted in
x> values of 1.10 & 1.15, for BaxAC untreated and
treated samples, respectively.

3.7 BaxAC-induced increase in membrane

“microviscosity” is correlated to cytochrome
c release
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In order to correlate the changes in the emission
spectra of the DPH labeled mitochondria to the
biological activity of BaxAC (i.e., cytochrome c
release) we utilized a spectrophotometric method to
determine the extent of cytochrome c release (Fig.
6). Spontaneous release of cytochrome c¢ was
detected in untreated mitochondria and this basal
level of cytochrome c release was subtracted from
measurements data [28]. Calcium (CaCl,, 150 pM)
was used as a positive control which induces release
of most of the cytochrome ¢ [49, 55]. Treatments
with the pro-apoptotic proteins BaxAC and tBid
resulted in cytochrome c release as well (Fig. 6A).
The anti-apoptotic protein Bcl-2ATM  inhibited
BaxAC-induced cytochrome c¢ release (Fig. 6B)
[56]. Thus, under these experimental conditions,
isolated rat liver mitochondria exhibit a
characteristic normal response to the pro- and the
anti-apoptotic stimuli [57].

The anti-apoptotic protein Bcl-2ATM  was
suggested to inhibit BaxAC pro-apoptotic activity
through heterodimerization and thus to prevent
BaxAC binding to the mitochondria membrane [52].

4 Conclusion

The present study was aimed at elucidating the
changes in lipid dynamics associated with the
interaction of Bax with intact mammalian
mitochondria. The observations made here in
functional rat liver mitochondria could shed further
light on the mechanism of cytochrome c release
from apoptotic mitochondria and further expand
observations made before with model lipid bilayer
systems [6, 7, 14, 58, 59, 60]. In our study we
utilized the excimer forming properties of the lipid
probe PDA and the rotational relaxation of both
DPH and TMA-DPH to report on dynamic changes
in the properties of mitochondrial membrane
induced by BaxAC. The use of these three
fluorophores enables the sensing of three different
membrane regions: the hydrophobic inter leaflet
region of the outer mitochondria membrane, in
which the pyrene end of PDA is situated, the
phospholipids head group-water interface anchored
TMA-DPH which senses the outer leaflet region
(parallel to the lipidic chains) as well as the inner
leaflet region sensed by DPH.

BaxAC was previously shown to penetrate
mitochondrial membranes through its a5 and a6
helixes, causing the release of cytochrome c [7].
With the fatty acid pyrene derivative, PDA, we
suggest that BaxAC lowers the mobility of the probe
in the membrane (Fig.1 & 3).
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Fig.6: BaxAC induced fluorescence changes of
mitochondria are correlated to cytochrome c
release. A. Normalized cytochrome c Soret peak
absorbance (410 nm) of supernatants after
centrifugation of the isolated rat liver mitochondria
(12.5 mg protein/mL) following 10 min incubation
with 0.025 uM, 0.05 uM or 0.1 uM BaxAC; 50 nM
tBid. B. Bcl-2ATM inhibits cytochrome c release
from mitochondria. Samples were pre-incubated
with 0.05 uM or 0.1 uM Bcl-2ATM for 10 min
before BaxAC addition. *P-value <0.02; ** p-value
<0.001 from control cells treated with BaxAC. Error
bars indicate the standard error of three
measurements.

In order to show that BaxAC interact with the
mitochondria through specific interactions, control
experiments were performed with the non-apoptotic
protein IgG which caused no increase in monomer
emission nor PDA redistribution. = No direct
interaction between PDA and BaxAC was evident at
BaxAC concentration up to 0.1 uM (Fig. 2). The
extent of mobility was affected by BaxAC-to-
mitochondrial phospholipid ratio (Fig.3) and reflects
increased local rigidification or “microviscosity”
when Bax binds to the mitochondrial membrane.
Control experiments showed that the observed
decline in E/M ratio was not associated with
significant changes in light scattering which could
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affect such fluorescence measurements [47, 61].
These results are consistent with previous reports
that Bax does not cause large amplitude swelling of
isolated mitochondria [49, 61]. Moreover, further
possible explanations for the observed changes in
E/M induced by BaxAC were excluded. Those
include changes in the lifetime of the probe caused
by molecular oxygen quenching [52] and probe
quenching due to resonance energy transfer between
the pyrene probe and the heme moiety of
cytochrome c [62]. Thus, time resolved fluorescence
measurements of PDA lifetime in labeled
mitochondria showed that the lifetime of the
monomer and excimer species were not altered
under the tested assay conditions. In addition, the
results obtained from control experiments with
cytochrome c-free mitochondrial ~membrane
preparations did not show any apparent fluorescence
resonance energy transfer by the release of
cytochrome c through a putative BaxAC induced
pore [27, 50, 62, 63]. Therefore, direct PDA-
cytochrome c interactions, were either excluded or
masked by the overwhelming BaxAC-induced
changes in membrane dynamics. But, our
fluorescence anisotropy studies combined with
lifetime measurements of DPH and TMA-DPH
labeled mitochondria (Fig.5A and Tables 1 & 2)
independently showed reduced rotational dynamics,
which further verified the claimed increased
membrane "microviscosity" upon interaction with
BaxAC.

In order to show that BaxAC interact with the
mitochondria through specific interactions, control
experiments were performed with the non-apoptotic
protein IgG, which, as indicated above did not
induce an increase in DPH anisiotropy, implying
again no change in membrane "microviscosity".
The pro-apoptotic protein, tBid, which at 50 nM
effectively induced cytochrome c release, caused
membrane “microviscosity” increase, yet to a lesser
extent as compare with equal concentration of
BaxAC  (Fig.6A). The  membrane-insertion
properties of different segments from proapoptotic
Bax and Bid correspond to defined o helices in the
structure of their soluble forms. It was shown that
BaxAC has an additional putative transmembrane
fragment made of helix al in comparison with tBid
[64]. tBid is known to promote the redistribution of
membrane lipids in model systems, inducing
changes in membrane curvature [7, 65, 66], but does
not undergo transmembrane insertion [67, 14],
which could account for the smaller effect observed
when compared with BaxAC. Furthermore, tBID
oligomerizes BAK which is largely associated with
outer mitochondrial membrane and with ER
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membranes in healthy cells [3] to release
cytochrome c¢ [68]. The addition of Bcl2-ATM
caused a slight increase in DPH anisotropy,
presumably due to its hydrophobicity, but its
addition together with BaxAC, results in inhibition
of the mitochondrial lipids reorganization caused by
BaxAC (Fig.5B).

Thus, the present decreased rate of

excimerization is most likely due to physical
constraints induced by BaxAC on probe mobility
acting as protein barriers to lipid diffusion [22, 69].
The increased membrane “microviscosity” could
represent the induction of local phase transitions,
leading to non-lamellar bilayer structures which are
known to promote lipid poration [6, 7, 70]. It is
proposed that this Bax-induced local rigidification
could lower the energetic barrier for lipid pore
formation as proposed for other lipid-pore
promoting proteins [11, 12].
The present study utilizing isolated rat liver
mitochondria supports studies on model membrane
systems that have found an important role for
membrane lipid dynamics in the mechanism of
cytochrome c¢ release [10]. Accordingly, the
destabilizing effects of Bax on the mitochondrial
membranes, which lead to cytochrome c release,
could be the result of Bax insertion and
reorganization of the bilayer phospholipids as was
previously documented [14, 71]. Cisplatin an anti-
cancer drug causing apotosis, was recently reported
to induce similar mitochondria membrane
rigidification [72]. The formation of a large pore
complex with endogenous mitochondrial proteins in
addition to Bax itself, cannot be excluded [73]. To
conclude, Bax-induced reorganization of the bilayer
phospholipids in the intact mitochondria, preceding
cytochrome c release, suggests a mechanism based
on protein-lipid interactions forming ‘apoptotic
pores’ as crucial components of the commitment to
cell death.
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