Chapter 8

Lipids in Regulation of the Mitochondrial
Outer Membrane Permeability, Bioenergetics,
and Metabolism

Tatiana K. Rostovtseva, David P. Hoogerheide, Amandine Rovini,
and Sergey M. Bezrukov

8.1 Introduction

Mitochondrial functions extend far beyond energy production in the form of
ATP. Mitochondria play a crucial role in Ca®* homeostasis, in steroid biosynthesis,
and in programmed cell death and as a source of the endogenous toxic reactive oxy-
gen species (ROS) in the cell. The involvement of mitochondrial membranes in all
these processes is well recognized, especially with regard to lipid synthesis and
trafficking or communication with other organelles. The two mitochondrial mem-
branes, the mitochondrial inner membrane (MIM) and the mitochondrial outer
membrane (MOM), play rather different roles in mitochondrial function, which are
intimately related to their different lipid compositions. The MIM’s signature is a
high cardiolipin (CL) content (up to 20%), while the MOM has high cholesterol
content (up to 10%) (de Kroon et al. 1997; Flis and Daum 2013). The MIM’s promi-
nent roles in oxidative phosphorylation, energy production, Ca** signaling, and
mitochondrial metabolism are well established. By contrast, the role of the MOM
was previously thought to be the simple confinement of proteins and metabolites in
the crowded intermembrane space. This viewpoint changed drastically in the mid-
1990s with the discovery of the MOM permeabilization (MOMP) process at the
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early stage of apoptosis. Since then, the role of the MOM as a platform for apoptosis
execution by Bcl-2 family proteins has been well documented (e.g., see Chipuk
et al. 2006). The involvement of MOM lipids in formation and promotion of supra-
molecular openings induced by the pro-apoptotic proteins Bax, Bak, Bid, and others
has been demonstrated (Basanez et al. 2002; Kuwana et al. 2002; Terrones et al.
2004; Yethon et al. 2003), leading to the proposal that together with the MOM lip-
ids, the pro-apoptotic Bax/Bak oligomeric complex is directly involved in the for-
mation of the so-called lipidic pores in the MOM (Landeta et al. 2011; Schafer et al.
2009; Terrones et al. 2004). Furthermore, lipid ceramide was itself shown to form
large, cytochrome c-permeable pores in the MOM and thus be sufficient to induce
MOMP and promote apoptosis (Colombini 2010; Siskind et al. 2002). The unique
MIM phospholipid CL is associated with all of the major players in oxidative phos-
phorylation. Due to its characteristic nonlamellar shape, with four poly-unsaturated
acyl chains, CL also plays a pivotal role in maintaining the curvature of the highly
bent cristae. In addition to its structural and protein-lipid interaction functions in the
MIM, CL is essential for anchoring pro-apoptotic tBid and thus promoting MOMP
(Gonzalvez et al. 2005; Shamas-Din et al. 2015). The formation of the apoptotic
“activation platform” composed of CL, caspase-8, and full-length Bid at the mito-
chondrial contact sites has been suggested (Gonzalvez et al. 2008), directly con-
necting mitochondrial lipids with Barth syndrome, a chromosome X-linked
cardioskeletal myopathy and neutropenia that is often fatal in infancy and early
childhood due to heart failure and bacterial infections (Schlame and Ren 2006).
This is just one of numerous cases in which mitochondrial lipids are involved in
human diseases.

The few examples mentioned above represent the conventional understanding of
the functional and structural roles of the MOM lipids in the mitochondrial apoptotic
pathway. In the current review, we discuss a different, complementary view of the
MOM as a platform for cytosolic proteins to regulate MOM permeability by their
direct functional interaction with the voltage-dependent anion channel (VDAC). We
focus particularly on the role of the mitochondrial lipids in this regulation.

8.2 VDAC Voltage-Gating and Regulation of ATP Flux

As the major channel and most abundant protein in the MOM, VDAC is responsible
for most of the metabolite flux in and out of mitochondria. VDAC was shown to be
involved in a wide variety of mitochondria-associated pathologies, from various
forms of cancer to neurodegeneration (Shoshan-Barmatz et al. 2010). It is therefore
not surprising that VDAC has emerged as a promising pharmacological target
(Shoshan-Barmatz and Ben-Hail 2012). The uniqueness of this large, passive,
weakly selective p-barrel channel arises mainly from its location at the interface
between the mitochondria and the cytosol (Colombini 2004), where it serves as a
pathway for all mitochondrial water-soluble respiratory substrates, such as ATP,
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ADP, and small ions (Colombini et al. 1996; DeHart et al. 2014; Rostovtseva et al.
2005). By contrast, there is a large variety of highly specified carriers and exchang-
ers to translocate these substrates across the MIM. The weak anionic selectivity of
the VDAC pore favors transport of negatively charged mitochondrial metabolites
(Colombini et al. 1996). It is generally believed that VDAC regulates metabolite
fluxes using its conserved ability to “gate” or adopt different conducting and, cru-
cially, ion-selective states (Colombini 2004; Hodge and Colombini 1997; Lemasters
and Holmuhamedov 2006; Lemasters et al. 2012; Rostovtseva and Colombini
1996). However, it is not yet known with certainty whether VDAC gating occurs
in vivo, since all electrophysiological data on VDAC function have thus far been
obtained using an in vitro system of VDAC reconstituted into planar lipid bilayers,
where gating is induced by the applied voltage (Colombini 1989).

One major dilemma is that the very existence of a significant potential across
MOM in vivo is uncertain. Conventional thinking holds that this potential is essen-
tially zero due to the high abundance of VDAC in the MOM (e.g., see discussions in
Colombini 2004; Lemeshko 2006; Rostovtseva and Bezrukov 2012 and Chap. 9 of
the current volume). In this view, the main source of the potential across the MOM
is the so-called Donnan potential, which arises from the large difference in the con-
centrations of VDAC-impermeable charged macromolecules (e.g., the 12-kDa cyto-
chrome c protein, which carries nine positive charges) in the mitochondrial
intermembrane space and in the cytosol (Colombini 2004). The few available esti-
mates of the MOM transmembrane potential range from 10 mV (Lemeshko 2006)
to as high as 46 mV (Porcelli et al. 2005) and even higher (Lemeshko 2014a, b,
2016). Recent work suggests that other biochemical processes can enhance the
Donnan potential considerably. Lemeshko (2014a, b, 2016 and Chap. 9 of the cur-
rent volume) proposes that VDAC complexes with hexokinases at the cytosolic side
and/or with mitochondrial creatine kinase in the intermembrane space could play
the role of “batteries,” generating a potential across the MOM as high as 50 mV. In
this picture, the Gibbs free energy of kinase reactions is the driving force.
Importantly, the cytoplasmic side of the MOM is negative relative to the potential of
the intermembrane space. Regardless of the source and magnitude of the MOM
potential in vivo, it has been experimentally demonstrated using reconstituted
VDAC that ATP passes readily through the open, weakly anion-selective VDAC
state, but essentially does not pass through its low-conducting, weakly cation-
selective states induced by the applied potential in the voltage-clamp mode
(Rostovtseva and Colombini 1996, 1997). Furthermore, using current noise analysis
on a single VDAC channel in the presence of relatively high molecular weight nega-
tively charged metabolites, it was found that VDAC could discriminate between
different adenine mono- and dinucleotides and also between similarly charged mol-
ecules, such as ATP and UTP (Rostovtseva et al. 2002a, b). These findings suggest
that VDAC has been evolutionary selected to regulate fluxes of metabolites by
dynamically adapting the electrostatic environment of its pore in favor of adenine
nucleotides (Noskov et al. 2016). It is then natural to expect the existence of endog-
enous cytosolic (and perhaps mitochondrial also) proteins that are able to efficiently
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regulate VDAC permeability for the major mitochondrial metabolites, especially
ATP and ADP.

It was only a matter of time before such endogenous VDAC regulators were
found. Two apparently unrelated cytosolic proteins, dimeric tubulin and a-synuclein
(a-syn), were discovered to reversibly block reconstituted VDAC with nanomolar
(nmol/l) efficiency and thereby control the fluxes of ATP, ADP, and other metabo-
lites through VDAC (Rostovtseva et al. 2008, 2015). Notably, while both a-syn and
tubulin are abundant cytosolic proteins with other functions (well known for tubu-
lin, but not as clear for a-syn, as discussed below), they appear to double as
membrane-associated proteins, displaying high affinity to mitochondrial mem-
branes. In this second role, they are potent regulators of VDAC.

8.3 VDAC Regulation by Tubulin and a-Synuclein

Tubulin is an abundant cytosolic protein known primarily for its role as the building
block of microtubules. It is a heterodimer with a- and f-subunits forming an acidic,
water-soluble, compactly folded 110-kDa protein with a well-defined crystal struc-
ture (Nogales et al. 1998). Each subunit has an unstructured C-terminal tail (CTT)
composed of 11-20 amino acids (Westermann and Weber 2003) exposed at the
protein surface (Fig. 8.1a). Both a- and f-tubulin CTTs are highly negatively
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Fig. 8.1 Both VDAC blockers, the o/p-tubulin heterodimer and a-synuclein, possess extended
disordered anionic C-terminal tails. Tubulin structure is adapted from (Nogales et al. 1998)



8 Lipids in Regulation of the Mitochondrial Outer Membrane Permeability... 189

charged and are essentially poly-Glu peptides. In microtubules, dimeric tubulin is
assembled in such a way that the exposed, growing end of the microtubule is always
the B-subunit. As a result, microtubule-targeting agents (MTAs) used in chemo-
therapy bind exclusively to the p-subunit (Field et al. 2014). Until recently, any
physiological role of unassembled, cytosol-solubilized dimeric tubulin, other than
as a supply for polymerization into microtubules, remained unknown.

a-Syn, by contrast, is a small, 14-kDa, 140-amino acid, intrinsically disordered
protein (Fig. 8.1b) highly expressed in the central nervous system and constituting
up to 1% of total cytosolic protein in normal brain cells (Kruger et al. 2000). It is the
major component of the Lewy bodies characteristically observed in the brains of
Parkinson’s disease (PD) patients (Spillantini et al. 1997). Based on the observation
that Lewy bodies consist primarily of fibrillary a-syn, most studies have focused on
the pathological role of a-syn aggregates. However, the precise role of a-syn in
normal brain cells and in a-synucleinopathies, particularly in its monomeric form,
remains largely mysterious.

What do these two genetically, structurally, and physiologically unrelated pro-
teins have in common? In this review, we discuss the following similarities: both
proteins (1) possess a disordered highly negative charged C-terminus; (2) induce
characteristic rapid reversible blockages of VDAC reconstituted into planar lipid
membranes with nanomolar efficiency; (3) are “amphitropic” proteins, i.e., water-
soluble proteins that are reversibly associated with cellular membranes under cer-
tain physiological conditions; (4) specifically bind to mitochondrial membranes in
live cells; and (5) modulate mitochondrial metabolism and respiration by regulating
VDAC permeability in a lipid-dependent manner.

8.3.1 Regulation of VDAC Permeability by Dimeric Tubulin
and Monomeric a-Synuclein

In these experiments, a single VDAC channel spans a planar bilayer lipid membrane
that separates and electrically isolates two buffer-filled compartments (Rostovtseva
and Bezrukov 2015). The ionic current through the VDAC channel is generated by
an applied transmembrane potential and is monitored for changes induced by the
addition of dimeric tubulin or a-syn. Single-channel recordings of VDAC reconsti-
tuted into planar lipid bilayers yield strikingly similar blockage events induced by
addition of dimeric tubulin and a-syn to the membrane-bathing buffer solution at
nanomolar concentrations (Fig. 8.2a, b). Two representative experiments in which
50 nM tubulin or a-syn added to one side of the membrane induce fast time-resolved
transitions (insets at a finer time scale) between VDAC’s high-conductance open
state and low-conductance blocked state are presented in Fig. 8.2a, b. Without these
inhibitors, the VDAC conductance at low applied potentials (<30 mV) is very stable
and essentially lacks transitions to the low-conductance state (left traces in Fig. 8.2a, b).
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Fig. 8.2 Dimeric tubulin (a) and a-synuclein (b) induce fast, reversible, partial blockages of
VDAC reconstituted into planar lipid bilayers, with kinetics that are dramatically different from
those of VDAC closure induced by applied voltage (voltage gating) (c). (a, b) Representative cur-
rent records of single VDAC channels before and after addition of 50 nM tubulin (a) or a-syn (b)
to one side of the membrane at —25 mV applied voltage (potential is more negative at the side of
tubulin or a-syn addition). The channel conductance fluctuates between the high-conducting,
“open,” and low-conducting, “blocked”, state with well time-resolved blockage events shown in
insets at the finer time scales. Long-dashed lines indicate the zero-current level, and short-dashed
lines show the open and blocked states. (¢) Typical VDAC voltage-induced gating under —50 mV
applied voltage. Under the applied potential, the channel conductance moves from a single open
state (dash-dot-dot lines) to various low-conducting or “closed” states (dotted lines). The medium
was 1 M KCI buffered with 5 mM HEPES at pH 7.4. VDAC was isolated from mitochondria of N.
crassa (a, ¢) or rat liver (b)

The channel can maintain the open state for up to a few hours at low potentials
under the experimental conditions represented by Fig. 8.2a, b. The conductance of
the open state in the presence of either inhibitor remains the same as in the control,
and the conductance of the blocked state is ~0.4 of the open-state conductance. This
is in striking contrast to the typical VDAC voltage-induced gating, which is charac-
terized by long (10-100 s) closures to multiple low-conductance (“closed”) states
(Fig. 8.2¢).
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Both tubulin and a-syn induce VDAC blockage in a concentration-dependent
manner. The number of blockage events increases with the blocker protein’s bulk
concentration (Rostovtseva et al. 2012, 2015). The concentration dependence of the
blockage on-rate is described by a simple ligand-binding equation with K, in the
10-50 nM range for both inhibitors, depending on the experimental conditions such
as the membrane lipid composition or pH. At low (<50 nM) tubulin or a-syn con-
centrations, the rates of interaction with VDAC can, to a first approximation, be
described by a first-order reaction, where the rate of blockage events (the “on-rate”)
linearly increases with blocker concentration, while the characteristic duration of
the blockages (the inverse “off-rate”) is concentration independent.

8.3.2 A General Model of VDAC Blockage, Requiring
a Channel Inhibitor to Have an Anionic Disordered
Domain and Lipid-Binding Domain

Figure 8.1 illustrates that the existence of a highly negatively charged unstructured
CTT is a common feature of tubulin and a-syn. Both tubulin and a-syn block VDAC
measurably only when a negative potential is applied from the side of protein addi-
tion (Rostovtseva and Bezrukov 2015; Rostovtseva et al. 2015). When the sign of
the potential is reversed, no blockage events are observed, and the channel open-
state conductance is as steady as in a control experiment without protein addition
(see Fig. 1.5 in (Rostovtseva and Bezrukov 2015). This observation, and the fact
that tubulin with proteolytically cleaved CTTs does not induce characteristic VDAC
blockages even at micromolar concentrations (Rostovtseva et al. 2008), suggest that
the negatively charged CTTs are responsible for the channel blockage by tubulin.
On the other hand, synthetic peptides of a- and p-tubulin CTTs do not measurably
block the channel, up to 10 pM concentration (Rostovtseva et al. 2008). Experiments
with a peptide consisting of the 45 C-terminal amino acids of a-syn likewise did not
reveal interaction with VDAC (Rostovtseva et al. 2015). Altogether, these observa-
tions suggest that while the disordered acidic C-terminal peptide of either tubulin or
a-syn is required for VDAC blockage, it should be attached to an “anchor” that
holds it at the channel entrance (Fig. 8.3), preventing free translocation through the
pore, which is expected to occur at time scales too fast to be experimentally
observed. Tubulin’s bulky body is about twice as large as the VDAC pore entrance
and cannot translocate; in the case of a-syn, its membrane-binding domain is
responsible for this anchoring function. In both cases, the increased applied nega-
tive voltage keeps the anionic CTT inside the positively charged pore longer
(Fig. 8.4c, d). Indeed, experiments show that the dwell time of tubulin- and a-syn-
induced blockages is highly voltage dependent and increases exponentially with the
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Fig. 8.3 Models of VDAC blockage by tubulin (a) and a-syn (b), in which the negatively charged
C-terminal tails of tubulin or a-syn partially block the channel by entering the net positive VDAC
pore in its open state under negative applied potentials. (a) Hypothetical structural models of
dimeric tubulin binding to the membrane. (@) For tubulin bound by the a-subunit, both CTTs of the
a- and p-subunits can reach the VDAC pore, while the vinblastine-binding site remains exposed.
(b) For tubulin bound to the membrane by the -subunit, only the f-subunit CTT is able to block
the channel, while the vinblastine-binding site is inaccessible. Intermediate binding configura-
tions, including the case where both subunits are responsible for membrane binding, are also pos-
sible and would in general present both CTTs to the VDAC pore (not shown). (b) Structural model
of membrane-bound a-syn with its a-helical N-terminal domain bound to the membrane and the
acidic disordered CTT blocking the VDAC pore. The VDAC f-barrel (3D model of mouse VDAC1
is adapted from Ujwal et al. (2008)) is shown embedded into lipid bilayer)
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applied voltage (Fig. 8.4c) (Rostovtseva et al. 2012). The steep voltage dependence
of the open probability yields the effective gating charge of 10-13 elementary
charges depending on the salt concentration of the membrane-bathing buffer
(Gurnev et al. 2012). Such a high gating charge is characteristic of the most sensi-
tive voltage-gated channels of neurophysiology to date (Swartz 2008).

Additional evidence that the tubulin CTT partitions into the VDAC pore was
obtained in experiments designed to probe the tubulin-blocked state using different
approaches (Gurnev et al. 2011) in combination with molecular dynamics (MD)
simulations (Noskov et al. 2013). It was shown that the small-ion selectivity switches
from anionic to cationic when the channel moves from the open state to the
tubulin-blocked state (Gurnev et al. 2011). These results indicate that the highly
negatively charged tubulin CTT, by entering a net positive pore, reverses the net
charge of the pore interior. By measuring nonelectrolyte polymer partitioning into
the ion channel, it was found that the dimensions of the blocked pore are signifi-
cantly smaller than those of the open state (Gurnev et al. 2011). MD simulations of
the a-tubulin-VDAC1 complex demonstrate that in the presence of the unstructured
CTT of a-tubulin in the VDACT pore, the pore conductance decreases by about 60%
and switches its selectivity from anion- to cation-preferring channels (Noskov et al.
2013), thus confirming electrophysiological data obtained on reconstituted
VDAC. The negatively charged C-terminus of the bound a-tubulin molecule is com-
plemented by the VDAC pore providing matching basic residues that form stable
salt bridges involving Argl5, Lys20, Lys12, and Lys32 of VDAC (Noskov et al.
2013). Finally, and most importantly, channel experiments and MD simulations
demonstrate that ATP is excluded from the tubulin-blocked state (Gurnev et al.
2011; Noskov et al. 2013). Altogether, these results provide strong evidence that
tubulin is a potent regulator of VDAC, which could efficiently modulate fluxes
of nucleotides through the channel and thus control mitochondria respiration.
Experiments with isolated mitochondria (Monge et al. 2008; Rostovtseva et al.
2008) and human hepatoma HepG2 cells (Maldonado et al. 2011, 2013) confirm
that the VDAC-tubulin interaction is functionally important for regulating mito-
chondrial respiration.

For intrinsically disordered a-syn, where the whole molecule can, in principle,
translocate through the channel because a single polypeptide strand fits comfortably
into the ~2.5 to 2.7 nm diameter VDAC pore, the relationship between dwell times
and applied voltages becomes more complex than for tubulin. In contrast to the
tubulin-induced blockages, the dwell time of a-syn-induced blockages exhibits a
biphasic dependence on the applied potential (Rostovtseva et al. 2015) (Fig. 8.4d).
At voltages lower than a certain value, the so-called turnover potential, (indicated as
V*in Fig. 8.4e) dwell time increases with voltage in a manner characteristic for the
blockage regime (Hoogerheide et al. 2016). At voltages higher than the turnover
potential, the dwell time decreases with voltage, signifying a predominance of
translocation (Fig. 8.4e). Based on these data, a model of a-syn interaction with
VDAC was proposed, where the anionic C-terminus partially blocks the positively
charged VDAC pore and the membrane-bound N-terminus holds it at the membrane
surface preventing complete translocation through the channel at voltages smaller
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Fig. 8.4 VDAC blockages by tubulin or a-syn are highly voltage dependent. (a, b) Log-binned
distribution of the time of blockage events induced by tubulin (a) or a-syn (b) obtained from sta-
tistical analysis of current records such as those shown in Fig. 8.2a, b. Distributions of the times
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than 30 mV (Fig. 8.4e) (Rostovtseva et al. 2015). Therefore, under certain condi-
tions, such as the applied potential, lipid composition, and ionic strength of buffer
solution, a-syn can either block VDAC in qualitatively similar manner to tubulin or
translocate through the channel (Fig. 8.4e). The latter process, if confirmed by
future experiments in live cells, implies that VDAC serves as a pathway for a-syn
into the mitochondrial space, where it could directly target electron transport chain
complexes of the inner membrane as in vivo experiments suggest (Devi et al. 2008;
Elkon et al. 2002; Ellis et al. 2005; Liu et al. 2009; Luth et al. 2014) as well as other
intermembrane space proteins.

Importantly, the proposed model of VDAC inhibition (Fig. 8.3) is quite general
and does not require any specific interaction between the VDAC pore and inhibitor.
This model explains satisfactorily how two such different proteins as tubulin and
a-syn induce qualitatively similar blockages of VDAC and suggests that other cyto-
solic proteins may also be involved. Generalizing based on these two examples, the
architecture of a VDAC inhibitor should fulfil two main requirements: have a nega-
tively charged disordered C- or N-terminus and a membrane-binding domain. Then,
it is natural to expect that the membrane lipid composition is an important factor in
interaction of both tubulin and a-syn with reconstituted VDAC.

8.4 Tubulin and a-Synuclein Interactions with VDAC
Strongly Depend on Membrane Lipid Composition

8.4.1 Effect of Membrane Lipid Composition on VDAC-
Tubulin Interaction

The characteristic on-rate constant, k,,, of VDAC-tubulin binding depends on both
the hydrophobic and polar parts of the phospholipid (Fig. 8.5a—c). The effect of
lipid charge is observed primarily at the physiologically low salt concentrations:
addition of the negatively charged diphytanoyl-phosphatidylserine (DPhPS) to the
neutral diphytanoyl-phosphatidylcholine (DPhPC) (PS:PC = 4:1) resulted in ~200

<
<

Fig. 8.4 (continued) spent by the channel in the tubulin-blocked state, 7,, require at least two
exponents for fitting, with characteristic times 7" and 7® ; shown by the solid line (a). The dis-
tribution of blockage events induced by a-syn, on the other hand, is satisfactorily described by
single exponential fitting (solid line) (b). Applied voltages were —25 mV (a) and —35 mV (b). (¢)
Both characteristic tubulin-induced blockage times exponentially depend on the applied voltage
and do not depend on the membrane lipid composition (indicated in the graph). (d) Voltage depen-
dence of the blockage time induced by a-syn has a biphasic character. (e) The turnover potential V*
separates the blocking regime, where the absolute applied potential IVl < V*, from the translocation
regime, where [Vl > V*. At relatively low voltages, when the CTT (red) is captured in the pore,
increasing the electrical field keeps it inside the pore longer, while the membrane-bound N-terminal
domain (green) prevents translocation of the molecule. This results in reversible capture of the
CTT and an exponential increase in the characteristic blockage time 7. Voltages higher than V*
detach the N-terminal domain from the membrane surface and allow the whole molecule to trans-
locate through the channel, resulting in a decrease of 7,; (Adapted from Rostovtseva et al. (2015))
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Fig. 8.5 Effect of lipid
composition on the on-rate
constants of VDAC
blockage by tubulin. (a)
Effect of charged lipids on
the on-rate constant of
VDAC blockage by tubulin
depends on salt
concentration. Membranes
were formed from pure
DPhPC or a DPhPC/
DPhPS (1:4) mixture in 0.1
or 1.5 M KCI buffered with
5 mM HEPES at pH 7.4.
(b) Acyl chain composition
affects the k,, of VDAC
blockage. Membranes were
formed from pure DPhPC
and DPhPC/DPhPS (1:1),
from pure DOPC and
DOPC/CL (1:0.08), and
from PLE with and without
cholesterol (10:1). (¢) The
ko, of blockages induced
by tubulin increases with
PE content in DOPC/
DOPE mixture. The data
were obtained at —25 mV
of applied voltage.
Medium consisted of 1 M
KCL and 5 mM HEPES,
pH 7.4 (b, ¢). VDAC was
isolated from N. crassa
mitochondria
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times decrease of k,, in 0.1 M KCI (Fig. 8.5a) (Rostovtseva et al. 2012), which may
suggest that the acidic regions of the tubulin globule may be sufficiently close to the
negatively charged membrane surface to be electrostatically repelled. At a high salt
concentration of 1.5 or 1 M KCI, the presence of DPhPS does not affect the on-rate
(Fig. 8.5a). Salt concentration affects the on-rate of the blockage in both neutral and
charged membranes: in 0.1 M KClI, the k,, was ~5 times higher than in 1.5 M KCI
for the neutral DPhPC membranes but ~50 times lower than in 1.5 M KClI in the
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negatively charged DPhPC/DPhPS membranes (Fig. 8.5a). The type of lipid hydro-
carbon acyl chains also significantly affects the blockage kinetics: when oleoyl
chains in DOPC have been replaced with phytanoyl in DPhPC, the on-rate of tubu-
lin blockage increased ~70 times (Fig. 8.5b). Surprisingly, the on-rates appeared to
be consistently different when planar bilayers were formed from the same lipid
composition but using different organic solvents, such as hexadecane or petroleum
jelly (Rostovtseva et al. 2012). A comparison of the k,, values obtained in DPhPC
membranes, formed after pretreatment of the orifice across which a planar mem-
brane is made from two opposing lipid monolayers (Rostovtseva and Bezrukov
2015), with hexadecane (Fig. 8.5a) (see details in Bezrukov and Vodyanoy 1993) or
petroleum jelly (Fig. 8.5b) (see details in Schein et al. 1976) is shown in Fig. 8.5a,
b. These data indicate that tubulin-VDAC interaction is sensitive to the hydrophobic
core of planar lipid bilayer, thus pointing out to a presence of the non-electrostatic
component in this interaction. Additional evidence of the involvement of a hydro-
phobic component in tubulin-VDAC binding is that k,, increases gradually with the
DOPE content of DOPC membranes and is ~200 times higher in a pure DOPE
membrane than in a pure DOPC membrane (Fig. 8.5¢) (Rostovtseva et al. 2012).
These observations point to tubulin binding to the membrane as an important
requirement for VDAC blockage, in which the on-rate depends on the surface con-
centration of tubulin.

The natural lipid composition of the rat liver MOM is a mixture of ~44 and 35%
of phosphatidylcholine (PC) and phosphatidylethanolamine (PE), respectively, with
~20% of charged lipids consisting primarily of ~14% CL and ~5% of
phosphatidylinositol (PI) (de Kroon et al. 1997) with cholesterol (~10% of total
MOM lipid). The soybean polar lipid extract (PLE) closely resembles rat liver
MOM lipid composition and therefore has been tested in tubulin-VDAC experi-
ments (Rostovtseva et al. 2012). In PLE membranes, tubulin blocked VDAC even
less effectively than in DOPC (Fig. 8.5b), perhaps due to the presence of ~25% of
the negatively charged PI and PA lipids in the mixture. Addition of 10% of choles-
terol to the PLE mixture did not affect the on-rate constant significantly (Fig. 8.5b).
CL also did not change VDAC-tubulin binding when added to the DOPC mem-
branes in 1 M KClI (Fig. 8.5b).

For all studied lipid compositions, the off-rate of VDAC blockage by tubulin was
not affected (Fig. 8.4c) (Rostovtseva et al. 2012). This is consistent with the picture
of VDAC-tubulin binding as a first-order reaction in which the on-rate is concentra-
tion dependent and the off-rate is not. In this view, the on-rate depends on the effec-
tive concentration of tubulin close to the channel entrance and thus on tubulin
binding to the membrane surface, which in turn depends on membrane lipid compo-
sition (see Sect. 8.5.2 below). The role of lipid composition, particularly charged
headgroups, on the concentration-independent off-rate of capture of the tubulin
CTT into the VDAC pore has not yet been determined. When the tubulin CTT enters
the VDAC pore, the strength of the binding, in terms of its residence time in the
pore, does not depend on the lipid composition. Thus, at a constant applied voltage
the equilibrium of VDAC-tubulin binding is predominantly defined by the on-rate.
Consistent with the proposed lipid-dependent step of VDAC blockage by tubulin,
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we can suggest that any modifications of tubulin association with mitochondrial
membrane induced by substantial lipid homeostasis in mitochondria in vivo would
result in the different on-rates of VDAC-tubulin binding and consequently in differ-
ent VDAC permeability to ATP or ADP.

8.4.2 Effect of Membrane Lipid Composition on VDAC-a-syn
Interaction

When a-syn blocks VDAC (Fig. 8.2b), the lipid membrane composition affects the
on-rates of VDAC blockage in a manner qualitatively similar to what was shown for
tubulin. Using a lipid mixture mimicking the MOM lipid composition, it was found
that the on-rate of a-syn-induced VDAC blockage is higher in non-lamellar DOPE
than in lamellar DOPC (Jacobs et al. 2016). In particular, the on-rate increases up to
tenfold with the increase of PE content in PC membranes. Remarkably, the off-rate
at high transmembrane potentials was also lipid dependent, as seen by a 5 mV
increase in the “turnover potential” which separates regimes of blockage and trans-
location with the increase of PE content (Jacobs et al. 2016). This lipid sensitivity
supports a model shown in Fig. 8.3b in which the binding of a-syn’s N-terminal
domain to the membrane is followed by C-terminal blockage of the VDAC pore
governed by transmembrane potential (Rostovtseva et al. 2015). Thus, similar to
tubulin blockage of VDAC, the lipid dependence of a-syn-VDAC binding can be
primarily attributed to the lipid sensitivity of a-syn molecule binding to the mem-
brane, a phenomenon that has been demonstrated by various in vitro biophysical
experiments (see Sect. 8.5.1 below).

At physiologically low salt concentrations of 150 mM KCI, the on-rates increase
more than tenfold compared to experiments performed in high salt of 1 M KCl,
while translocation of a-syn through VDAC is impeded (Jacobs et al. 2016). The
effect of ionic strength on the on-rate of VDAC blockages observed in neutral mem-
branes made of DOPE/DOPC mixture suggests that both electrostatic and hydro-
phobic components of a-syn-membrane association are involved in o-syn-VDAC
binding, thus confirming the previously suggested participation of electrostatic
forces in a-syn-membrane binding (Davidson et al. 1998).

It must be noted that despite the striking phenomenological similarity between
VDAC blockages by a-syn and tubulin, there are a number of significant quantita-
tive and qualitative differences between the two. For instance, the presence of PE
has ~10 times higher effect on the on-rate of tubulin-VDAC binding than on a-syn-
induced blockage; the characteristic time of blockage by a-syn is at least ten times
smaller than the shortest one for tubulin, 7V, (compare Fig. 8.4c with Fig. 8.4d);
anionic lipids significantly increase the on-rate of VDAC blockage by a-syn in low
and high salts but not by tubulin (Fig.8.5a, b).

Overall, these findings provide an example of lipid-controlled protein-protein
interactions where the choice of lipid species is able to change the equilibrium bind-
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ing constant by orders of magnitude. They also suggest a new regulatory role of both
charged and neutral mitochondrial lipids in the control of MOM permeability, and
hence mitochondria respiration, by modulating VDAC sensitivity to blockage by
tubulin and a-syn. Considering the substantial lipid homeostasis in mitochondria
during morphological changes such as fusion and fission (Furt and Moreau 2009),
under apoptotic stress (Crimi and Esposti 2011), or lipid oxidation by ROS produced
by mitochondria (Kagan et al. 2004; Pamplona 2008; Paradies et al. 2011), lipids
could be potent regulators of VDAC and therefore of MOM permeability in vivo.

8.5 Membrane-Binding Properties of a-Synuclein
and Tubulin

8.5.1 a-Synuclein-Membrane Binding

There are three distinctive regions of a-syn: the slightly net positively charged
N-terminal domain (residues 1-60), the central nonpolar “nonamyloid-f compo-
nent” (NAC) domain (residues 61-95), and the highly acidic C-terminal domain
containing 15 negative charges (residues 96—140) (Rochet et al. 2012) (Fig. 8.1b).
In solution, a-syn exists in the disordered form but can adopt an a-helical structure
in its N-terminal domain upon binding to lipid membranes. The structure of mem-
brane-bound a-syn is the subject of intense investigation and has been comprehen-
sively reviewed (Pfefferkorn et al. 2012b). One of the primary techniques used to
study adsorption of a-syn onto membrane surfaces has been circular dichroism
(CD). CD reveals that a-syn, while disordered in bulk media, adopts a secondary
structure with different helical content upon association with different lipid mem-
branes (Davidson et al. 1998). In particular, anionic lipids stabilize an amphipathic
helical structure in bound a-syn (Jiang et al. 2015). CD also shows an increase in
helicity for non-lamellar zwitterionic lipids such as PE (Jo et al. 2000).
Complementary techniques find that there is measurable association between
a-syn and membranes composed of lipids that do not induce helices. Specifically,
fluorescence correlation spectroscopy (FCS) uses fluorescently labeled a-syn to
determine the fractions of unbound «-syn, which diffuses freely in bulk solution, and
liposome-bound a-syn, which has a diffusion constant similar to the liposomes to
which it is bound (Rhoades et al. 2006). By this technique, it has been determined that
a-syn does in fact associate with PC lipids, and there is a strong variation in binding
to different anionic lipid species (Middleton and Rhoades 2010; Rhoades et al. 2006).
These results suggest a complex correlation between the secondary structure
adopted by membrane-bound a-syn and the measured binding affinity. In particular,
lipids with small and/or negatively charged headgroups enhance both binding affin-
ity and helix formation; these enhancements are highest for phosphatidic acid (PA)
headgroups and weakest for PC. Neutron reflectometry, which reports on membrane
structure, protein penetration depth, and protein extension outside the membrane, is
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a promising technique for examining the structure of a-syn and the membranes to
which it binds. Studies on anionic lipids have demonstrated that a-syn resides in the
membrane headgroup region without significant penetration into the hydrophobic
core of the membrane (Jiang et al. 2015; Pfefferkorn et al. 2012a).

a-Syn has also been demonstrated to show strong curvature sensitivity (Middleton
and Rhoades 2010) and in fact appears to have a strong effect on the morphology of
membrane surfaces to which it binds (Braun et al. 2014; Jiang et al. 2013; Shi et al.
2015). This is not surprising given a-syn’s affinity for binding nonlamellar lipids in
planar bilayers; indeed, the two phenomena are difficult to separate conceptually
(Cornell 2015). In highly curved micelles, a-syn forms a broken helix (Ulmer et al.
2005); on small unilamellar vesicles, it is thought that the helix can be either broken
or continuous (Lokappa and Ulmer 2011). Intriguingly, in membranes with lipid
compositions mimicking real systems, a multiplicity of membrane conformations
was confirmed in nuclear magnetic resonance (NMR) and computational studies
(Bodner et al. 2009; Fusco et al. 2014). Together, these observations suggest that the
degree of helix formation depends strongly on the lipid composition and other fac-
tors in vivo and may be a mechanism to fine-tune a-syn-lipid-binding affinities.

The propensity of a-syn to target anionic lipids with headgroups that are small
relative to the fatty acid chains and as a result to demonstrate strong curvature sen-
sitivity has significant in vivo implications. The mitochondrial outer membrane of
Saccharomyces cerevisiae is composed of 45% PC lipids; the rest are all small
headgroup (PE at 33%, CL at 6%, PA at 4%) and/or charged lipids (CL, PA, phos-
phoinositol (PI) at 10%, phosphatidylserine (PS) at 1%) (Zinser et al. 1991). In
addition, the mitochondrial network is highly dynamic; the fusion/fission processes
necessarily create regions of high curvature in MOM that may additionally enhance
(or be enhanced by) a-syn binding. In the absence of significant inhibition by pro-
teinaceous membrane components, a-syn can be expected to have substantial inter-
actions with the membranes of mitochondrial composition and topology.

8.5.2 Tubulin-Membrane Association

Tubulin has been known to bind to liposomes and membrane extracts for several
decades. These early results have been exhaustively compiled and reviewed (Wolff
2009). Unlike a-syn, however, few definitive statements can be made about the
structure of membrane-bound tubulin. CD experiments suggest that both the helical
character and the hydrophobic environment of membrane-bound tubulin increase
relative to solubilized protein (Kumar et al. 1981). While these results have been
interpreted as suggesting tubulin to be integrated into the hydrophobic region of the
membrane, they are intriguingly similar to observations for a-syn and may simply
indicate the formation of additional secondary structure upon association with the
membrane. Other features of tubulin-membrane association, particularly its revers-
ibility (Caron and Berlin 1980) and well-defined binding constant (Bernier-Valentin
et al. 1983), support the notion of a peripheral attachment.
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The lipid specificity of tubulin binding is not well studied. PE lipids appear to
increase microtubule assembly (Hargreaves and McLean 1988), possibly due to a
tubulin concentrating effect at surfaces containing PE lipids. This is supported by
fluorescence studies showing an increase in tubulin binding to PE-containing large
unilamellar vesicles (Rostovtseva et al. 2012). The effect of anionic lipids on micro-
tubule assembly appears to have more to do with microtubule associated proteins
than with tubulin itself (Wolft 2009).

Despite the known crystal structure of dimeric tubulin (Nettles et al. 2004;
Nogales et al. 1998), the binding mechanism of the tubulin dimer to the membrane
surface remains unknown, including the fundamental question of whether the a- or
[-subunit (or both) is proximal to the membrane (Fig. 8.3a). The most indicative
clue is the unchanged B-tubulin/vinblastine-binding affinity between membrane-
bound and solubilized tubulin (Bhattacharyya and Wolff 1975), suggesting that the
vinblastine-binding site remains exposed in membrane-bound tubulin (Fig. 8.3a, a).

The identification of the membrane-binding surface of tubulin is of critical
importance for two reasons. First, MTAs overwhelmingly bind to the P-subunit
(Field et al. 2014). If the B-subunit is responsible for membrane binding (Fig. 8.3a,
b), one might expect that pB-tubulin-bound MTAs would interfere with tubulin-
membrane binding (see below discussion in 8.6.1). If, on the other hand, the
a-subunit binds to membranes (Fig. 8.3a, a), new opportunities arise for drug devel-
opment targeting the membrane-binding surface of tubulin. Second, the detailed
mechanism of tubulin’s interaction with VDAC depends on the structure and orien-
tation of membrane-bound tubulin on the membrane surface. The relatively short
a-tubulin CTT (11 amino acids, ~4.4 nm long) is attached near one end of the dimer
(Fig. 8.1b) and would be unable to reach the membrane surface and be captured into
the VDAC pore for a variety of surface configurations, including nearly all in which
B-tubulin is bound (Fig. 8.3a, b). Conversely, the longer B-tubulin CTT (17 amino
acids, ~6.8 nm long), which is attached near the dimer interface (Fig. 8.1b), is likely
to be surface accessible for all reasonable binding configurations, including binding
via a-tubulin (Fig. 8.3a, a). Binding configurations for which both subunits simul-
taneously interact with the membrane are also possible. One would expect both
CTTs to be accessible to the VDAC pore in this case.

The multiple dwell times of the CTTs in the channel (Rostovtseva et al. 2008)
(Fig. 8.4a) argue for a distribution of either CTT isotypes (see discussion in part
8.6.1 below) or of the orientation of surface-bound tubulin dimer (Fig. 8.3a). The
simplest explanation is that both the a- and f-CTTs are captured into the channel;
however, the wide variety of mammalian CTT isotypes and post-translational modi-
fications which predominantly occur in the CTT (Westermann and Weber 2003),
such as polyglutamation (Sirajuddin et al. 2014), as well as the multiplicity of sub-
units and isoforms of each subunit, may as well be responsible.

The disambiguation of the role of the two tubulin subunits in binding to mito-
chondrial membranes would be an important step forward in understanding the
physiology of the tubulin-mitochondrial interaction and regulation of VDAC in
particular. The recent development of systems producing recombinant tubulin
(Minoura et al. 2013; Sirajuddin et al. 2014; Vemu et al. 2016) is likely to stimulate
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research in this direction. Biophysical studies of the lipid composition dependence
of tubulin binding to mitochondrial membranes, such as those described for a-syn,
would be particularly useful. The large, elongated structure of the tubulin dimer
makes it particularly suitable for in vitro structural techniques such as neutron
reflectometry (Heinrich and Losche 2014).

To summarize, the membrane-binding properties of tubulin and a-syn have a
number of similar features. Both are strongly sensitive to lipid-packing defects
caused by the presence of nonlamellar lipids in planar bilayers (PE vs PC). The
helical content of both proteins increases with binding, with a-syn’s amphipathic
helical binding domains stabilized by anionic lipids. These properties are well
suited for targeting the MOM and enhancing the availability of these molecules for
voltage-induced interaction with VDAC. In addition, if tubulin is shown to bind
peripherally, they appear to form a new and interesting class of peripheral mem-
brane proteins that target lipid-packing defects and/or curvature without (as best we
know) being directly involved in lipid-trafficking pathways (Cornell 2015). It
remains to be seen if this is a general property of peripheral membrane proteins
associated with the MOM.

8.6 Physiological Relevance of Tubulin and a-Synuclein
Interaction with Mitochondrial Membranes

8.6.1 Tubulin Association with Mitochondrial Membranes

The year 2017 marks the 50th anniversary of the discovery of tubulin, yet some topics
related to this protein remain underappreciated. One such topic is the nature of tubu-
lin association with cell membranes. As pointed out in Sect. 8.5.2, the presence of
tubulin in membranes isolated from various types of cells and tissues has been known
since the 1970s (Bhattacharyya and Wolff 1975; Feit and Barondes 1970) followed a
few years later by the demonstration of tubulin’s association with mitochondrial
membranes (Bernier-Valentin et al. 1983). A clear co-localization of p-tubulin with
MOM has been shown by (Saetersdal et al. 1990). Since then, only a few studies have
been dedicated to establish the nature of this “mitochondrial” tubulin.

Tubulin is found to be associated with mitochondrial membranes from a wide
range of cancerous and noncancerous human cell lines, namely, neuroblastoma
(SK-N-SH and IMR32), lung carcinoma (A549), breast adenocarcinoma (MCF-7),
nasal septum adenocarcinoma (RPMI 2650), cervix carcinoma (HeLa), ovarian
carcinoma (A2780 and OVCAR-3, Cicchillitti et al. 2008), and noncancerous breast
cells (HBL-100) (Carre et al. 2002). -Tubulin was also found associated with mito-
chondria from rat cardiomyocytes (Guzun et al. 2011). While the amount of
mitochondria-associated tubulin appears to differ between cell lines from which
mitochondria were isolated, Carre et al. estimated that it represents ~2% of total
cellular tubulin. Interestingly, in this study o- and pB-tubulins were present at com-
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parable levels in mitochondria, suggesting that mitochondrial tubulin is a heterodi-
mer. Noteworthy differences were found between cytosolic and mitochondrial
tubulins: mitochondria contain more tyrosinated and acetylated a-tubulin and also
more BIII isotype compared to cytosolic tubulin. In rat cardiomyocytes, pII-tubulin
was associated with mitochondria, while BIII-tubulin was colocalized with sarco-
meric Z-lines and PIV with polymerized microtubules (Guzun et al. 2011).
Interestingly, Cicchillitti et al. (2008) analyzed the migration pattern of BIII-tubulin
from ovarian cancer cells on two-dimensional gels and observed that BIII isotype
exists under two distinct isoforms that differ in their isoelectric point (pI). While
one PIII isoform was detectable only in the mitochondrial compartment, the other
BII isoform was present in both cytoskeletal and mitochondrial preparations.
Further characterization of PIII isoforms by separation of polymerized and free
tubulin fractions allowed finding the “mitochondrial” isoform in the pool of free
tubulin, while the “cytoskeletal” isoform was found mainly associated with the pel-
let containing assembled tubulin. Altogether these data suggest that tubulin associ-
ated with mitochondria is a dimer consisting of a-tubulin and one of the f-tubulin
isotypes, depending on cellular tissue. Whether there is PIII isotype specificity for
mitochondria has yet to be proven.

The fact that tubulin and VDAC could be co-immunoprecipitated (Carre et al.
2002) is of particular relevance for the in vitro findings described in previous sec-
tions. Tubulin interaction with mitochondrial membranes and VDAC is a promis-
ing direction for chemotherapy and, more specifically, for understanding MTA’s
mechanism of action. MTAs like vinorelbine and paclitaxel have been shown to
have a direct effect on mitochondria isolated from human neuroblastoma. They
notably induce cytochrome c release, PTP opening, and mitochondria swelling
(Andre et al. 2000). Mitochondria-associated tubulin has been proposed to be
responsible for the mitochondrial dysfunctions induced by both stabilizing and
destabilizing MTAs. Yet, the exact underlying mechanisms remain to be elucidated,
requiring a clear depiction of how MTAs bind to dimeric mitochondrial tubulin and
whether this binding modifies tubulin dimer conformation, as suggested by in vitro
experiments (Arnal and Wade 1995), and consequently affects tubulin-membrane
association (Fig. 8.3a). Another related question to explore is the impact of MTA-
tubulin binding on tubulin interaction with VDAC. This would bring a better under-
standing of MTA direct targets in cancer cells and also in neuronal cells, since
MTA treatment is associated with the development of peripheral neuropathies
(Ballatore et al. 2012).

Mitochondrial membrane composition and its maintenance are essential for nor-
mal mitochondrial function, structure, and biogenesis. Thus, changes in the phos-
pholipid composition affect mitochondrial functions and dynamics and have been
linked to a variety of human diseases such as Barth syndrome (Schlame and Ren
2006), heart failure (Sparagna et al. 2007), neurodegenerative diseases (Aufschnaiter
et al. 2016), and, more recently, cancer (Ribas et al. 2016). While lipid metabolism
in apoptosis and cancer together with lipid replacement therapies are emerging
fields (Huang and Freter 2015; Monteiro et al. 2013; Nicolson and Ash 2014), the
way mitochondrial tubulin could be affected by MOM lipid content changes is still
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an open avenue to be explored. Nowadays, profiling of mitochondrial lipids in path-
ological conditions is made possible through “lipidomics” studies. This term, coined
in the early 2000s (Wilson 2003), relates to novel mass spectrometry analytical
approaches to quantitatively define lipid compositions from many different sources.
Search for reliable procedures to standardize mitochondria isolation and minimize
contaminations by membranes from other organelles is now a point of focus
(Kappler et al. 2016). A future perspective is to discern whether tubulin binding to
mitochondria is affected by MTA treatment in cancer and neuronal cells.

Potentially, the key factor in modulating tubulin binding to mitochondrial mem-
branes is the increased generation of ROS, a common feature in aging and cancer
(Brieger et al. 2012; Minelli et al. 2009). Mitochondria are the source and also the
first target of oxidative products. Oxidation of mitochondrial phospholipids and
associated proteins triggers structural changes in lipid bilayer organization and con-
sequently alters membrane fluidity and permeability, leading inevitably to mito-
chondrial dysfunction (Paradies et al. 2014).

Future research will show if lipid peroxidation affects tubulin binding to mito-
chondria. So far, it is known that products of lipid peroxidation and especially
4-hydroxy-2-nonenal (HNE) disrupt the soluble/polymer tubulin equilibrium in
favor of free tubulin (Kokubo et al. 2008; Neely et al. 1999; Olivero et al. 1990).
Chemotherapy treatments, including taxanes and vinca alkaloids to a lesser extent,
generate oxidative stress and lipid peroxidation products (Conklin 2004; Panis et al.
2012). Cellular data confirmed a mitochondrial origin of ROS after MTAs treatment
(Le Grand et al. 2014) as well as an increased level of lipid peroxidation in an ani-
mal model of the chemotherapy-induced peripheral neuropathy (Greeshma et al.
2015). pHI-tubulin lacks the highly oxidizable Cys-239 found in I, pII, and BIV
isotypes (Joe et al. 2008), thus making BIII more resistant to free radicals. This
could be one of the plausible explanations why mitochondria are enriched for this
specific isotype. fIII-tubulin is of high interest in the cancer research field since this
isotype has been associated with tumor development and aggressiveness and also in
resistance to chemotherapy in tumors with poor prognosis (Mariani et al. 2015;
Seve and Dumontet 2010). In this context, it would be beneficial to investigate if
MTA-induced lipid peroxidation could regulate VDAC-tubulin interaction and thus
participate in affecting physiopathological conditions.

8.6.2 «a-Synuclein Association with Mitochondrial Membranes

Since the identification of dominant mutations in the SNCA gene, a-syn became the
subject of numerous investigations. It has been reported that a-syn localizes at both
the MOM and MIM from diverse models of dopaminergic neurons (Cole et al.
2008; Devi et al. 2008; Li et al. 2007; Parihar et al. 2008; Shavali et al. 2008) and
that accumulation of a-syn in mitochondria impairs complex I resulting in increased
oxidative stress (Devi et al. 2008; Parihar et al. 2008; Pennington et al. 2010).
However, other group showed the absence of the inhibition effect on complex I by
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Fig. 8.6 Proposed physiological implications of o-syn blockage and translocation through
VDAC. By reversibly blocking the VDAC pore, a-syn temporarily disrupts ATP/ADP fluxes
between mitochondria and the cytosol and thus regulates them. By translocating through VDAC,
a-syn reaches complexes of the electron transport chain (cI, cll, clIl, and cIV) in the MIM and
impairs their function. This leads to the loss of mitochondrial potential AY and enhanced ROS
production. ROS induces mitochondrial lipid peroxidation, which may modulate a-syn binding to
the MOM as well as monomeric a-syn oxidation, leading to amplification of toxic fibrillary a-syn
(Fa-syn) in the cytosol (Reprinted with permission from Rostovtseva et al. (2015))

a-syn accumulated in mitochondria isolated from mouse brain (Banerjee et al.
2010). While most of the studies agree on the inhibitory effect of a-syn on the oxi-
dative phosphorylation capacity and on the promotion of oxidative stress, the exact
mechanism(s) of a-syn effect on the mitochondrial bioenergetics remains largely
unknown. There is still no consensus about the molecular identity of the pathway
for a-syn to cross the MOM. A few studies suggested the translocase of the outer
membrane complex 40 (TOM40) as the a-syn pathway (Bender et al. 2013; Devi
et al. 2008). However, it seems very unlikely that acidic protein without a
mitochondria-specific precursor would translocate through the highly substrate-
specific and cation-selective Tom40 pore (Kuszak et al. 2015). On the contrary,
VDAC would nicely account for the translocation pathway of a-syn into the mito-
chondria and its access to complex I and probably to other electron transport com-
plexes (Fig. 8.6). Toxicity associated with such interaction has been shown in a
yeast PD model (Rostovtseva et al. 2015) and is currently under investigation in a
neuronal cell model.

a-Syn’s connection to mitochondrial lipid homeostasis in cells was proposed in
a study showing that a decreased level of mitochondrial PE found in yeast and worm
models of PD was correlated with accumulation of a-syn into cytoplasmic foci
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(Wang and Witt 2014). An earlier study showed a decreased level of the total PE and
PC content in brains from PD patients (Riekkinen et al. 1975). These results are
consistent with the in vitro data and model of a-syn-VDAC interaction discussed
above in Sect. 8.4.2. The role of CL in a-syn-induced mitochondrial dysfunctions is
now quite well documented (Ghio et al. 2016). In mouse models, the lack of a-syn
was associated with decrease in CL (Ellis et al. 2005). Remarkably, both interac-
tions between CL and a-syn and changes in CL content have been reported to have
deleterious effects on mitochondria. In addition, the direct association of a-syn and
CL has been correlated with disruption of mitochondrial dynamics in favor of frag-
mentation (Bueler 2009). On the other hand, altered CL content and expression
levels of a-syn have generated seemingly contradictory results. Some data report
that overexpression of the N-terminal domain of «-syn in neuronal models of PD is
correlated with a decline in mitochondrial CL content, alterations in mitochondrial
morphology, bioenergetics deficits, and decrease in mitochondrial membrane poten-
tial (Shen et al. 2014), while another study reported that a-syn knockout mice
showed a decrease in mitochondrial CL and CL precursors and consequently reduc-
tion of complex I/III activity (Ellis et al. 2005). The number of similarities between
the effects produced by the decrease of CL content and changes of a-syn expression
levels points to an intricate relationship between a-syn and CL that requires further
investigation.

There is strong evidence that oxidative stress is associated with PD pathology
(Borza 2014) (Dias et al. 2013) as well as with numerous other pathologies. Several
cellular models showed that oligomeric but not monomeric a-syn significantly
increases the rate of ROS production, subsequently inducing lipid peroxidation in
both primary co-cultures of neurons and astrocytes. Since inhibition of lipid peroxi-
dation protects cells from cell death induced by oligomeric a-syn, the authors con-
cluded that lipid peroxidation induced by misfolding of a-syn may play an important
role in the cellular mechanism of neuronal cell loss observed in PD (Angelova et al.
2015). But so far, details about the specific phospholipid species undergoing oxida-
tion and leading to mitochondrial dysfunction in PD are lacking. Given the high
vulnerability of CL to peroxidation and the overall role of CL oxidation products in
apoptosis and metabolic signaling (Kagan et al. 2014), CL is a promising candidate
for further investigation in a PD context. Recently, Tyurina and coauthors (Tyurina
et al. 2015) used a rat model of PD and lipidomics approach to identify oxygenated
molecular species of CL formed in dysfunctional mitochondria. This particular
study showed an increase in oxidized CL; therefore, a crucial point that remains
unanswered is to what extent a-syn still binds to a modified CL. More in vitro data
are needed to unravel the connections between a-syn and lipid peroxidation prod-
ucts in regard to a-syn conformational states and their relative binding to mitochon-
drial membranes.

The cartoon presented in Fig. 8.6 (Rostovtseva et al. 2015) illustrates how the
previously discussed array of data on ROS production, mitochondrial dysfunction,
lipid peroxidation, a-syn oxidation and fibrillation, and a-syn expression level can
be reconciled within a model of MOM permeability regulation by a-syn interaction
with VDAC and translocation through VDAC. By crossing the MOM through



8 Lipids in Regulation of the Mitochondrial Outer Membrane Permeability... 207

VDAC, a-syn is able to directly target complexes of the electron transport chain in
the MIM, which could lead to the loss of the mitochondrial potential, enhanced
ROS production, and mitochondrial lipid peroxidation followed by mitochondrial
dysfunction. ROS in turn could oxidize monomeric a-syn in the cytosol (and most
likely mitochondrial bound a-syn), causing a-syn oligomerization (Hashimoto et al.
1999) and consequently amplification of a-syn toxicity. ROS-induced mitochon-
drial lipid peroxidation could change monomeric a-syn binding to mitochondria
(Ruiperez et al. 2010) and thus affect the a-syn-induced mitochondrial toxicity
cycle. Depending on physiological conditions in the cell, such as a-syn expression
level (Devi et al. 2008), cytosolic pH (Cole et al. 2008), MOM lipid composition
(especially its CL and PE content Ellis et al. 2005), and potential across MOM,
a-syn could regulate a normal ATP/ADP exchange through VDAC or cause mito-
chondrial dysfunction. In general, the model in Fig. 8.6 illustrates how mitochon-
drial lipids could be intimately involved in regulation of MOM permeability and
mitochondrial function by cytosolic proteins as long as these proteins have the char-
acteristics identified in Sect. 8.3.

8.7 Future Perspectives

We have attempted to show that the voltage-activated interaction between VDAC
and charged cytosolic proteins is not specific in the traditional sense of ion channel
regulation. Rather, the complexity of the dependences of the interaction rate on salt
concentration, lipid composition, and protein concentration appears to arise entirely
from the crucial involvement of peripheral binding of the cytosolic proteins to the
lipid membrane. Thus, a complete characterization of this phenomenon requires a
dissection of each step of interaction by applying a number of biophysical and bio-
chemical techniques that report on various aspects of peripheral protein binding. As
we have shown here, the VDAC channel itself is a sensitive single-molecule probe
of the membrane-bound tubulin and a-syn. The planar bilayer approach is also well
suited for study of protein binding using the nonlinear electrical properties (e.g.
“second harmonics” techniques) of lipid bilayers (Peterson et al. 2002; Sokolov and
Kuzmin 1980). Due to the absence of intrinsic curvature, planar bilayers are com-
plementary to the liposome-based techniques (CD, FCS, gravimetric, electrokinetic
mobility). Other useful platforms include solid supported (Castellana and Cremer
2006) or tethered (He et al. 2005; Lang et al. 1994) bilayer lipid membrane systems.
Though these membranes have the disadvantages of steric hindrances and mem-
brane stresses due to proximity to a planar substrate, they nonetheless feature unpar-
alleled stability and have led to significant advances using neutron reflectometry,
surface plasmon resonance, and optical spectroscopy. We expect these experimental
techniques to be especially informative when complemented by in silico platforms,
including both atomistic and coarse-grained (e.g., MARTINI MD simulation
Marrink et al. 2007; Monticelli et al. 2008) models for protein binding to MOM-
mimicking membranes. Visualization of proteins interacting with VDAC in
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biological samples through the use of a dual-color super-resolution microscopy of
protein distribution in the MOM would provide a translation of in vitro data and
models into a live-cell context. Another important element to assay in cells is the
mitochondrial lipidomics and its modifications (remodeling, variation of content,
oxidative forms) since lipid changes have been related to numerous pathological
conditions and are even considered in some cases as biomarkers. Altogether, the
combination of electrophysiology with an array of biophysical, biochemical, and
computational methods is needed to reveal the role(s) of lipids in regulation of
MOM permeability and, consequently, in mitochondrial function.
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