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Sommario

I mitocondri sono organelli essenziali per le cellule eucariotiche poiché sostengono I'enorme richiesta
energetica, necessaria per mantenere l'omeostasi cellulare. La comunicazione tra il citosol e i
mitocondri ¢ consentita dalle porine mitocondriali, note anche come Voltage-Dependent Anion
Selective Channels (VDAC:s), localizzate nella membrana mitocondriale esterna di tutti gli eucarioti.
Le proteine VDAC permettono gli scambi di metaboliti e partecipano a numerose vie cellulari grazie
all'interazione con specifici enzimi citosolici e fattori apoptotici. Nei mammiferi esistono tre diverse
isoforme, conosciute come VDACI, VDAC2 e VDAC3. Pur condividendo un'alta omologia di
sequenza, le tre isoforme presentano funzioni e caratteristiche diverse.

La prima parte di questa tesi di dottorato si focalizza sull'analisi elettrofisiologica delle proteine
VDAC prodotte utilizzando un sistema di espressione cell-free associato a nanodisc. Questo nuovo
metodo di espressione rappresenta una potente alternativa per evitare le procedure di ripiegamento in
vitro delle proteine. In questo lavoro, il sistema di sintesi proteica in vitro ¢ stato usato per la prima
volta per esprimere le tre isoforme VDAC. In particolare, ¢ stato investigato se il sistema cell-free
associato ai nanodisc, mantenesse inalterate le caratteristiche elettrofisiologiche dei canali VDAC.
Inoltre, ¢ stato valutato l'impatto sulle caratteristiche biofisiche di VDAC3 in seguito a pre-
trattamento della proteina con agente riducente (DTT) e dopo la rimozione dei residui di cisteina nella
sequenza amminoacidica mediante mutagenesi sito-diretta. I nostri risultati hanno dimostrato che
questo nuovo sistema mantiene immutate le caratteristiche elettrofisiologiche delle proteine VDAC
e inoltre ha convalidato I'estrema importanza dei residui di cisteina sull’attivita canale di VDACS3.

La seconda parte della tesi riguarda l'indagine del contributo di VDAC3 nella risposta allo stress
ossidativo. VDACS3 rappresenta la meno abbondante e la piu enigmatica isoforma ed ¢ stata a lungo
l'argomento di ricerca del gruppo di De Pinto. L’isoforma 3 presenta proprieta biofisiche atipiche che
sono state attribuite allo stato ossidativo dei suoi residui di cisteina. Inoltre, alcune evidenze in
letteratura hanno suggerito che VDAC3 potrebbe essere un sensore redox, sottolineando il suo
coinvolgimento nell'omeostasi mitocondriale delle specie reattive dell'ossigeno. Una prova diretta,
tuttavia, manca. Lo scopo di questo lavoro ¢ stato quello di valutare il ruolo di VDAC3 sulla
funzionalita mitocondriale utilizzando la linea cellulare umana HAP1 knock-out di VDAC3. Questo
lavoro ha rivelato che VDAC3 previene il deterioramento mitocondriale indotto dallo stress
ossidativo. Inoltre, ¢ stato dimostrato, per la prima volta, che 1 residui di cisteina di VDAC3 sono

responsabili della capacita della proteina di contrastare 1’eccesso dei ROS mitocondriali.
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Abstract

Mitochondria are crucial organelles for eukaryotic cells since they support the huge energy demand
required to maintain cellular homeostasis. Communication between cytosol and mitochondria is
allowed by mitochondrial porins, also known as Voltage-Dependent Anion selective Channels
(VDAC:S), localized in the outer mitochondrial membrane of all eukaryotes. VDACs allow metabolite
exchanges across the organelle and participate in numerous cellular pathways due to the interaction
with cytosolic enzymes and apoptotic factors. There are three different isoforms in mammals:
VDACI, VDAC2, and VDAC3. Although sharing a high sequence homology, the three isoforms
present different functions and characteristics.

The first part of this Ph.D. thesis focuses on the electrophysiological analysis of VDAC proteins
produced using a cell-free expression system associated with nanodiscs (NDs), which offer a native-
like environment. This new expression method represents a powerful alternative to avoid protein
refolding procedures. In this work, the in vitro protein synthesis system was used for the first time to
express the three human VDAC isoforms. After their reconstruction into Planar Lipid Bilayer, the
electrophysiological features were compared with those obtained by canonical expression protocol.
Furthermore, we analyzed the impact of both reducing agents in the buffer and cysteine removal on
the biophysical characteristics of human VDAC3. Our results showed that this new system did not
change the electrophysiological features of VDACs, and additionally validated the extreme
importance of cysteine residues in the channel functionality of VDACS3.

The second part of the thesis concerns the investigation of human VDAC3 contribution in oxidative
stress response. Among the three isoforms in mammals, VDAC3 has long been the research topic of
De Pinto’s group as it represents the least abundant and the most enigmatic one. It features untypical
biophysical properties that have been attributed to the specific oxidative status of its cysteine residues.
Moreover, clues within the literature have suggested VDACS3 as a putative redox sensor, stressing its
involvement in mitochondrial reactive oxygen species homeostasis. A direct proof, however, is
missing. This work aimed to evaluate the role of VDAC3 on mitochondrial functionality using the
near-haploid human HAPI1 cell line devoid of VDAC3. This work revealed that VDAC isoform 3
prevents mitochondrial impairment induced by oxidative stress. For the first time, we have also
proved that cysteine residues of VDAC3 are responsible for the ability of the protein to counteract

mitochondrial ROS overload.
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1. Introduction

1.1 Mitochondria

Mitochondria are critical organelles in eukaryotic cells due to their essential role in
regulating several processes and pathways. They are considered the cell’s powerhouse
since they supply the cells with more than 90% of the required ATP energy [1]. They also
play a crucial role in the biosynthesis of required molecules for proliferation, production
of reactive oxygen species (ROS), calcium signaling, apoptotic activation, and cell death
[2—4]. Given the different functions, it is not surprising that the mitochondria are involved
in various disorders and diseases, including cancer [5-7]. Mitochondria resemble a-
proteobacteria, from which they are speculated to have originated by endocytosis about
1.6 billion years ago [8]. The most unmistakable evidence of this evolutionary relationship
is the closely related homology of the bacterial and mitochondrial respiratory chain
complexes [9]. Mitochondria also have their genetic system (known as mitochondria DNA
or mtDNA), which uses a distinct DNA code that differs from their bacterial ancestors and
their eukaryotic hosts [10]. During evolution, they have transferred up to 99 % of their
genes to the nucleus [9]. The vast majority of mitochondrial proteins are produced in the
cytoplasm and imported into the organelle by specific protein translocases. In mammals,
only 13 mitochondrial proteins are encoded by the mtDNA; most of the hydrophobic
subunits of respiratory chain complexes or the ATP synthase [10,11].

Structurally, mitochondria are organelle with a diameter of about 0.75-3 pm and
bounded by a double membrane [12]. Their peculiar structural conformation allows
distinguishing five different compartments: the outer membrane, intermembrane space,
inner membrane, cristae, and matrix [ 13—16]. The outer membrane separates mitochondria
from the cytoplasm (see below). The inner mitochondrial membrane (IMM) is a tight
diffusion barrier to all ions and molecules. These can cross the IMM thanks to specific
membrane transport proteins, each highly selective for a particular ion or molecule.
Because of its ion selectivity, an electrochemical membrane potential of about 180 mV
accumulates across the inner membrane [17]. Unlike the outer membrane, the inner
membrane has a very high protein/phospholipid ratio due to the large number of proteins
required for the metabolic pathway [18,19]. Moreover, the inner membrane forms
invaginations (called cristae) that extend deeply into the matrix, defining the third
mitochondrial compartment, which contains most electron transport chain complexes and
the ATP synthase [14,16,20]. Outer and inner mitochondrial membranes delimit the

intermembrane space, which is biochemically similar to the cytosol. This space also



contains enzymes that utilize ATP and different cell death-promoting factors, including
caspases, apoptosis-inducing factor (AIF), and cytochrome C [21,22]. The displacement
of these proapoptotic factors from the intermembrane space to the cytosol is the critical
function of mitochondria to trigger the cell death cascade. The mitochondrial matrix,
bounded by the IMM, is considered the innermost compartment. Matrix is characterized
by a high pH value required to create the transmembrane electrochemical gradient that
drives ATP synthesis [17]. In the mitochondrial matrix is placed the mtDNA (estimated 2-
10 copies per organelle) [23], which is compacted by the mitochondrial transcription factor
into supramolecular assemblies called nucleoids [24]. The matrix is also the site of
organellar DNA replication, transcription, protein biosynthesis, and numerous enzymatic

reactions (including the citric acid cycle) [10,15].

1.2 The Outer Mitochondrial membrane

The outer mitochondrial membrane (OMM) mediates numerous interactions between the
mitochondrial and the rest of the cell. It typically contains ~ 8% of the total proteins of the
organelle. Unlike the IMM, the outer membrane is more homogenous in structure and
contains less cardiolipin and a lower proportion of proteins [25,26]. All proteins in the
outer membrane encode in the nucleus and synthesize by cytosolic ribosomes. The
insertion of these proteins into the outer membrane is promoted by internal targeting
sequences and the activity of specific proteins [23]. OMM proteins include various
enzymes, components of precursor protein translocation and insertion machinery, pore-
forming proteins, and proteins mediating mitochondrial fusion and fission [27]. Hence, the
outer membrane plays a crucial role in the biogenesis, metabolism, and morphology of the
organelle.

Two different types of integral outer membrane proteins exist, proteins embedded by a
single or multiple a-helices and proteins with a transmembrane -barrel [23], as shown in
Fig. 1. Most of these proteins are anchored to the membrane by a single helix, which
crosses the membrane and can be located either at the N- or C-terminus of the polypeptide
chain. Generally, most of these proteins are exposed to the cytosol, and only a short
segment is located in the IMS (Fig.1 A and B). Tom22 and Mim1 belong to the second
group of proteins with a single transmembrane segment; they have an orientation in which
the N-terminal domain is in the cytosol, and the C-terminal part faces the IMS (Fig. 1C).
In yeast, two different proteins were found anchored in the membrane through multiple a-
helices: Fzol, a GTPase involved in mitochondrial fusion, displays the largest part of the

protein directed toward the cytosol, and the two helices embedded in the membrane are
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connected via a short loop in the IMS (Fig. 1D); and Ugol1, an interaction partner of Fzol,
is organized as a multi-pass membrane protein and has been suggested to possess at least

three transmembrane helices (Fig. 1E) [28,29].
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Figure 1. Topologies of proteins in the mitochondrial outer membrane. Integral outer membrane proteins
are anchored either by a transmembrane B-barrel or single or multiple a-helices. A and B: proteins are
inserted with the bulk of the polypeptide is exposed to the cytosol, and only a minor C- or N-terminal segment
crosses the outer membrane. C: proteins traverse the outer membrane once, with an N-terminal domain
localized to the cytosol and a soluble C-terminal domain to the intermembrane space. D and F: proteins span
the membrane twice or several times. F: proteins cross the outer membrane as a series of antiparallel 3-
strands, forming a B-barrel structure. (Picture modified from: [23])

B-barrel proteins are exclusively found in the outer membranes of Gram-negative bacteria
and in eukaryotic organelles of endosymbiotic origin. Unlike the other proteins mentioned
above, they form a cylindrical structure consisting of antiparallel B-strands that are
interconnected by loops (Fig. 1 F). Individual filaments are usually 9-11 amino acids long
and are inclined at approximately 45° to the membrane plane. The pore structure is
stabilized by hydrogen bonds between the peptide backbones of neighboring B-strands
[23]. Compared to bacteria, the number of known mitochondrial B-barrel proteins is
relatively small. Six proteins are predicted to form B-barrel structures in yeast, including
two isoforms of porin. Regarding porins, in mammalian cells, they are also known as

Voltage-Dependent Anion-Selective Channel [30].

1.3 Voltage-Dependence Anion-Selective Channels (VDAC:S)
VDAC s are the most abundant pore-forming proteins of the OMM. In mammals, high

conserved through evolution, three distinct genes encode for three different VDAC

isoforms, known as VDACI1, VDAC2, and VDAC3 [31]. The isoforms are characterized



by similar molecular weight (28-32 kDa) and by approximately 70% of sequence
similarity. Despite the high sequence homology, VDAC isoforms display different roles in
physiological and pathological conditions, expression levels, and tissue-specificity [32].
VDAC channels are required for the metabolic cross-talk between cytosol and
mitochondria, allowing the exchanges of many Krebs's cycle intermediates, ATP & ADP,
NAD*/NADH [33-35], also regulate the flux of small ions (CI-, K*, Na*, and Ca®"),
participate in fatty acid transport and cholesterol distribution in mitochondrial membranes
[36]. Furthermore, VDACs maintain the physiological level of cytosolic calcium and are
considered the main escape route for mitochondrial superoxide anion (O?) to the cytosol.
[37]. Beyond the metabolic functions, the peculiar position of VDACs, at the interface
between cytosol and mitochondria, makes them the mitochondrial docking site for several
cytosolic proteins (e.g., hexokinases, glycerol kinase, glucokinase, and creatine kinase),
including molecules involved in the regulation of cell life and death [38]. The main

VDAC:s cellular functions are summarized in Fig. 2.
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Figure 2: Schematic representation of VDAC functions. VDACs allow metabolite and ions exchanges
across the OMM. VDACs mediates cellular energy production by transporting ATP/ADP, NADH, and Krebs
cycle's intermediates. VDACT1 controls the flux of Mg?, Cl- and K* ions across the OMM and maintains
cytosolic Ca?* levels in the physiological range. Furthermore, VDAC proteins are responsible for superoxide
anion release to the cytosol. VDACs participate in numerous cellular pathways thanks to interacting with
cytosolic enzymes and apoptotic factors. It has been shown that many cytoskeleton proteins, such as Actin
(Act) or Tubulin (Tub), bind VDAC and regulate channel permeability. (Picture from: [39]).

1.4 Structure and electrophysiological features

Structure

In 2008, the 3D structure of VDAC1 was determined simultaneously in three independent
laboratories using NMR spectroscopy [40], X-ray crystallography [41], or a combination



of both techniques [30] (Figure 3A, 3B, and 3C). All three structures showed a 19-
stranded B-barrel, with the N-terminal tail positioned inside the pore, confirming the
dimensions of the VDAC pore previously observed by electron microscopy. Although the
three structures differed in some details (e.g., the NMR structure did not fully resolve the
alpha-helix), the number and tilt of B-strands and overall dimensions were almost identical.
The B-strands are arranged in an antiparallel bunch strengthened by hydrogen bridges
between each couple, albeit, the odd number of B-strands causes Bl and 19 to run in
parallel (Figure 3D). This structural shape is a peculiarity of mitochondrial VDACs since
bacterial porins form complete antiparallel B-barrels [42]. An odd number of beta-strands
is also shared by Tom40, indicating that this superfamily is evolutionarily relatively young,
and this peculiar feature has emerged in the context of mitochondrial evolution [43]. The
N-terminal segment of VDAC is a sequence of 25-36 amino acids predicted to form an a-
helix in a whole B-strands structure. It is considered to play an essential role in protein
stability and functionality. Indeed, the N-terminal domain is crucial for channel
stabilization in the open state and in the molecular mechanism that drives the gating of
VDAC. The structure of VDAC2 is very similar to that of VDACI, as shown by X-ray
crystallography and solid-state NMR spectroscopy [44,45]. However, VDAC2 shows a
unique 11-12 amino acid extension at the N-terminal. This extension is not conserved in
other chordates and could only be necessary for some functions confined to mammals. The
structure of VDAC3 has not yet been obtained. Nonetheless, several bioinformatic
predictions have been proposed based on the extensive sequence similarity; VDAC3

showed B-barrel almost identical to other VDAC isoforms [46].



Figure 3: 3D structure of VDACI. A: The structure of human VDACI determined by the combination of
NMR spectroscopy and X-ray crystallography; B: the structure of mouse VDACI determined via X-ray
crystallography; C: The structure of human VDACI as determined by NMR spectroscopy. The structures
are colored according to secondary structural elements (helix: red, B-strand: blue, unstructured region:
green). D: The structure of hVDAC side view (PDB code: 2jk4). The parallel orientation of the first (B1,
blue) and last (819, red) B-strands is clearly visible. (Picture modified from: [47])

Electrophysiological features

Electrophysiological technics are designed to evaluate ion channels' physical properties
and features. Planar lipid bilayer (PLB) is one of the unique electrophysiological
techniques that is developed to analyze specific channels features in a controlled artificial
system [48,49]. This technique allows the analysis of ion channels behavior at the single-
molecule level, monitoring the transport of ions across membranes through incorporated
ion channels. Furthermore, this method is widely useful for analyzing protein-protein
interaction or investigating the direct effects of drugs on the electrophysiological
properties of VDAC channels. PLB set up consists of a chamber made of cis- and trans-
compartments that are separated by a small aperture with a diameter ranging from ~50 to
250 pm and connected by Ag-AgCl electrodes. Cis and trans compartments are filled with
symmetric saline solution (e.g., I M KCl), and pure or mixtures of lipids are applied to the
small aperture with subsequent formation of a planar bilayer membrane on the hole.
Synthetic phosphatidylcholine DPhPC (di-phytanoyl-phosphatidyl-choline) is widely used
because of its high purity and chemical stability [50,51]. The lipid bilayer represents a



capacitor capable of storing charge in the electric field. Capacitance (C) of the bilayer
formed across circular aperture is directly proportional to its surface area and dielectric
constant (g), and it is inversely proportional to the thickness of the bilayer (d). The
capacitance can be calculated using the following formula C= ¢ nr2/d (where r is the radius
of the bilayer) [52] (e.g., a phospholipid membrane dissolved in n-decane should have a
capacitance in the range of 0.3-0.6 pF/cm2). The capacitance should also be monitored
frequently during the electrophysiology experiment to confirm that the membrane area
remains constant. After that, ion channel proteins can be reconstituted into the artificial
lipid membrane directly from lipid membrane mimics such as detergent micelles,
lipid/detergent mixtures, and liposomes. The ion current (with pico-amperes (pA)
amplitude) through incorporated VDAC channels is measured upon application of a
membrane potential (Vm). Conductance (G) of ions at a single-channel level is obtained
from the ratio between the recorded current (I) value and the voltage (V) applied (I/V); it
is usually measured in a range of 10 to 1000 pico-siemens (pS). Generally, ion selectivity
analysis of VDAC proteins is performed in the presence of an asymmetric salt solution
across the membrane (e.g., a ten-fold KCI concentration ratio (1M (Trans)/ 0.1 M (Cis))
and applying a potential range of + 50 mV. Under these experimental conditions, it is
possible to calculate the reversion potential (Vrev), corresponding to the potential value at
which there is no net flux through the channel (I=0). A negative Vrev value indicates an
anion selectivity, while a positive value corresponds to cation selectivity. Starting from
reversion potential values it is possible to calculate with the Goldman-Hodgkin-Katz
equation the permeability ratio of anions over cations (Pcr/ Px+) [53]. The permeability
ratio (Pcr/ Px+) provides information about the propensity of ion channels to promote the
passage of one ion species over another. In addition, it can be used to assess differences in

ion selectivity between VDAC isoforms [54] or between different mutants [55].
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Figure 4: Schematic representation of planar lipid bilayer and channel activity. Schematic
representation of PLB reconstitution (left) and the channel conductance assay system (right) for assessing
the single-channel activity. Channel activity is measured following its reconstitution into a PLB and
measuring the current passing through the channel when a salt concentration gradient or voltage is applied
across the bilayer. The membrane serves as a capacitor, whereas the ions carry the current. Currents can be
recorded under voltage-clamp by using a bilayer clamp amplifier. (Picture modified from: [56]).

Planar Lipid Bilayer is widely used to characterize the electrophysiological features of
VDACs from many organisms [54,57-60] (Fig.5A). Different conductance values
characterize VDAC proteins according to the applied voltage, and this phenomenon is
known as voltage-dependence. Accordingly, at low membrane voltages (0 + 20 mV)
VDACs exhibit a high-conductive state (known as “open” state) with an average
conductance value of about 3.5-4.0 nS in 1 M KCI [58] (Fig 5B). In this conductive state,
VDAC:Ss show a slight preference for anions over cations (Pcr/ Px* > 1), and the channel is
also permeable to large anions, such as ATP. However, at increasing membrane potentials
of >+ 30 mV, conductance drops to about half [58] (Fig B). In this low-conductive state
(known as “closed state”), the channel remains permeable to small ions, with a moderate
preference of cations over anions (Pci/ Px™ < 1) [34,58], but no longer permeable to ATP
[61]. There are different ways to display the voltage dependency of VDAC protein in
single-channel recordings. One of these is the G/Gmax (or G/Go) ratio, where G denotes
average conductance at a given Vm and Gwmax denotes average conductance values
calculated in the presence of the lowest applied potential (Fig. 1C) [62]. Whereas the open
channel shows a conductance of Gmax = 4 nS, the conductance decreases gradually at
values below 2 nS (referred to as 'closed' states), if the transmembrane potential exceeds +
30 mV. In the example shown in Fig. 1B, G/ Gmax = 1.6 nS/4.0 nS = 0.4. However, the
bell-shaped curve (G/Gwmax) depends on the preparation details, including lipid [63]. VDAC

channels from yeast to human have remarkably conserved biophysical properties.
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Mammalian VDACI1 [64,65] and VDAC?2 insert into membranes readily and present
similar voltage dependence and ion selectivity [66], while VDAC3 has a low propensity

for membrane insertion and distinctive features (see below) [67—69].
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Figure 5: Electrophysiological features of VDACI1. A: Representative trace of recombinant hVDACI
insertion in artificial membrane measured at the PLB. The trace indicates that VDACI1 can easily form
channels of about 4 nS in 1 M KCI. The experiment was performed at the constant voltage of + 10 mV, in |
M KCI. B: Representative triangular curve of recombinant VDAC1 showing changes in channel conductance
upon application of a voltage ramp between £ 50 mV. As shown, VDACI remains in a stable high-
conductive state at low voltages, between + 30 mV; conversely, at higher voltages, VDACI switches into
low-conductive states. The slopes show the difference between the open state conductance of Go=4.0 nS
(green dotted line) and a ‘closed’ state conductance of Gc= 1.6 nS (red dotted line). The experiment was
performed in 1 M KCI. C: Bell-shaped curve of hWVDACI voltage dependence, showing the channel's open
probability (G/Gmax) in relation to the voltage applied. The experiment was performed in 1 M KCl in a
voltage range of + 60 mV. (Picture modified from: [39,47,61]).

VDAC Voltage-gating

As previously reported, recombinant and native VDAC exhibits voltage gating in lipid
bilayers. Nevertheless, the underlying mechanism of voltage gating of VDAC is not yet
fully understood, although several models exist. Early electrophysiology studies of VDAC



reconstituted in artificial lipid bilayers suggested changes in channel diameter during
gating, from ~3 nm to 1.8 nm [70,71]. More than two decades ago, mutagenesis studies
identified several residues throughout the protein sequence that appear to influence gating
behavior. Song et al. proposed a model according to which the gating of VDAC is achieved
by a complex rearrangement of the protein that involves the movement of a large region
(called the voltage sensor) whit consequence in pore reduction [72]. Since the publication
of the high-resolution structure of VDAC, several models for gating have been proposed.
Early models suggest pore closure would occur by moving the N-terminal helix from the
barrel wall toward the center of the channel, reducing the pore diameter. The movement
could involve the entire a-helix (residues 1-20) [41] or, as suggested by Hiller et al. only
a few residues (from 11 to 20) could be involved in porin voltage gating [73]. Otherwise,
Zachariae et al. proposed that the movement of the N-terminal domain could include
unwinding of the helix (Fig. 6 C) [74]. Finally, the Villinger et al. model suggests more
extensive conformational rearrangements that also involve the B-barrel structure without
dislodging of the helix [75] (Fig. 6 D). However, there are still many controversies

regarding the mechanism of voltage gating.

Figure 6: Models for VDAC’s voltage gating mechanism. A: Voltage gating by the movement of the helix
to the center of the pore [41]. B: Voltage gating thorough dislodging of the 02-helix from the barrel wall
[73]. C: Unwinding of the helix upon gating [74]. D: Voltage gating upon elliptic deformation of the barrel
without dislodging the helix [75]. (Picture from: [47])
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1.5 Nanodisc technology

In all the major bilayer methods, the proteins of interest are either isolated directly from
cells [76] or produced as recombinant proteins [67,68,77]. Escherichia coli is the most
frequently used bacterial system because of its rapid growth and cost-effectiveness.
Despite its wide use, this technology has limitations related to protein folding failure,
especially for highly hydrophobic membrane proteins that can aggregate into inclusion
bodies [78]. Since functional and structural studies need bioactive proteins, numerous
strategies have been established to counteract any denaturation process. Regarding VDAC
proteins, these methods include column refolding [77] or droplet dilution in the presence
of detergents [40,67]; all these procedures are well established and have been extensively
used for structural/functional study of VDAC proteins. However, an alternative strategy to
a heterologous expression is provided by recent progress in the cell-free translation of
proteins (CFPS), which represent a valid and powerful alternative to avoid protein
refolding procedures. Initially used for solely producing soluble proteins, CFPS systems
emerged as tools for the expression of membrane proteins [79] thanks the development of
lipid membrane mimics. Nanodiscs (NDs) are the most recent class of model membrane
systems, and they generate a biomimetic phospholipid bilayer environment for
incorporating transmembrane proteins [80—82]. NDs conceptually derive from high-
density lipoprotein particles, especially Apolipoprotein 1 (Apo-1). Structurally, they are
formed of a discoidal patch of a lipid bilayer that is stabilized by two amphipathic helical
membrane scaffold proteins (MSPs) [83], which emulate the function of Apo-1; the
hydrophobic side of the helix interacts with the hydrocarbon tails of the bilayer, while the
hydrophilic side of the helix interacts with the aqueous solution [84]. Fig. 7 illustrated a

3D representation of nanodisc.

Figure 7: Nanodisc representation. Nanodiscs are discoidal lipid bilayers stabilized by encircling
amphipathic helical scaffold proteins termed membrane scaffold protein (MSP). Model of Nanodiscs
structure viewed (A) perpendicular to the bilayer and (B) in the bilayer plane. (Picture modified from: [85]).
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The original Apo-1 sequence was modified, removing single or multiple helices, to obtain
a series of scaffold proteins of different lengths [84]. In Fig. 8, various MSPs are reported
based on the original human Apo-1 sequence. The size of the NDs is controlled not only
by the length of the MSPs but especially by the stoichiometry of the lipid/MSP-protein
ratio used in the self-assembly process. The most popular synthetic lipids used for nanodisc
assembly include phosphatidylcholine (PC- lipids) DMPC, DPPC, POPC, and mixtures of
PC with charged phospholipids as PS, PG, PE [84].
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Figure 8: Modularity of the MSP helices. The MSPs consist of a series of helices that can be treated as
modular units, and these units can be removed or repeated to change the length of the protein. The figure
shows the architecture of MSP2N2, MSP1D1, and some mutants where single or multiple helices have been
removed to make smaller particles. (Picture from: [84]).

The classical application of nanodisc technology remains the stabilization of membrane
proteins in an aqueous solution for structural analysis and electrophysiological recordings
in PLBs. Several membrane proteins from different protein families with various
transmembrane domains have already been successfully incorporated into nanodiscs and
analyzed [86-95]. In the specific case of VDAC, the literature already contains some
examples of ND-stabilized VDACs, which concern only the characterization of functional
and structural properties of human VDACI and VDAC?2 reconstituted in nanodisc using

solution NMR spectroscopy [96,97].

1.6 Mammalian VDACs
In mammals, the genes encoding VDAC isoforms are located in different chromosomes
and share a similar exon organization, conserved among the whole eutherian group.

Specifically, the genes have the same number of coding exons, characterized by the same
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size [32]. VDAC?2 represents an exception since it contains an additional first exon
encoding for the short pre-sequence of 11 amino acids, as shown in Figure 9. The three
isoforms of mammalian VDAC are expressed ubiquitously, although at varying levels in
different tissues [31,98], and they are considered functionally distinct, despite they show

high sequence and structure similarity.
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Figure 9: Structure of genes coding for VDAC isoforms in humans. VDAC1, VDAC2, and VDAC3
show similar gene organization. The genes have the same number of coding exons, characterized by the same
size. VDAC?2 represents an exception since it contains an additional first exon encoding for the short pre-
sequence of 11 amino acids. (Picture from: [32]).

VDACI

VDACI is the most abundant and best-characterized isoform. Its location allows the
control of metabolic cross-talk between mitochondria and cytosol, playing a crucial role in
regulating mitochondrial metabolic and energetic function (Fig 10A). VDACI deficiency
indeed reduces mitochondria metabolism in vdac”- mice [99], confirming the importance
of this protein as a carrier of metabolites across the OMM. Mitochondria are essential for
both intrinsic and extrinsic pathways of apoptosis. VDACs participate in the regulation of
mitochondrial-mediated apoptosis in different ways. VDACI is widely considered a pro-
apoptotic protein due to its binding to Bax (Fig 10 B). Notably, this interaction influences
channel activity [100] and leads to the formation of VDACI1-Bax hetero-oligomers
involved in releasing Cytochrome C (Cyt ¢). In addition, apoptotic stimuli can induce
oligomerization of VDACI, likewise participating in the passage of Cyt c to the cytosol.
The two main isoforms of hexokinases (HK), known as HK1 and HK2, bind to VDAC1
with a different level of affinity to obtain direct access to mitochondrial ATP [38].
Specifically, HKs compete with Bax for binding to VDACI by reducing the formation of
VDACI1-Bax complexes [101,102]. Apoptosis stimuli result in the detachment of HKs
from VDACI, increasing the propensity of the porin to bind Bax, thereby initiating the
apoptotic process. [101,102]. Overall, it is not surprising that VDACI has become
interesting from a pharmacological point of view, and recently many molecules targeted

to VDACI have been developed [39,103].
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Figure 10: VDACI1 functions in physiological condition and apoptosis. Schematic representation of
VDACI functions in the cell and its involvement in apoptosis. A: VDACI1 mainly participates in the transport
of ions and small hydrophilic molecules. Furthermore, VDACI is the principal mitochondrial receptor of
HK1. The binding VDACI1-HKI impairs the interaction with Bax (a pro-apoptotic factor). B: VDACI
participation in apoptosis. In the presence of apoptotic stimuli, the detachment of HK1 from VDACI leads
to the recruitment of Bax in the OMM and its interaction with VDACI. The active Bax can also associate
with Bak, forming hetero-oligomers that increase the OMM’s permeability. In Addition, VDAC1 homo-
oligomers participate in the cytochrome ¢ (Cyt C) release to the cytosol. (Picture modified from: [103]).

VDAC also interacts with TSPO to contribute to mitochondrial quality control [104]. The
translocator protein (TSPO) is a highly hydrophobic 18 kDa protein located in the OMM.
TSPO is involved in various functions, such as cholesterol import and regulation of the
mitochondrial membrane potential, mitochondrial metabolism, apoptosis, cell
proliferation, immunomodulation, inflammation, Ca*" signaling, and oxidative stress
regulation [104-107]. Specifically, VDACI1-TSPO interaction inhibits mitophagy
downstream of the PINK1/PARK?2 pathway, thus preventing essential ubiquitination of
VDAC proteins [108]. TSPO has also been suggested to activate the mitochondrial
permeability transition pore (PTP) opening, representing a non-specific pore activated by
ROS, Ca?" overload, and other agents, leading to mitochondrial swelling and the release
of Cyt ¢ into the cytosol [109]. Changes in VDAC1-TSPO interactions have been observed
in several pathological conditions, so much so that it has become a possible

pharmacological target [104].

VDAC-Tubulin interaction: the impact on mitochondrial respiration
Mitochondrial outer membrane permeability regulation is essential in normal metabolite
and energy exchange between mitochondria and cytoplasm. Indeed, the balance in the

closing/opening mechanism of VDAC plays a critical role in proper mitochondrial
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function. It is known that the mitochondrial porin permeability strongly depends on the
applied electrical potential. However, the outer mitochondrial membrane potential
generation mechanisms are not known yet, except for the Donnan potential (i.e., the
difference in ions and chemicals across a semipermeable membrane, such as the OMM
[110,111]. A Donnan potential of 43 mV was measured between the cytosol and IMS,
which shows potential for a closed VDAC conductance state [112]; but this measurement
depends on the conditions of the cell. It is more likely that proteins and metabolites (e.g.,
NADH) bind to the inside of VDAC’s pore, promoting reversible porin closure. This
closure due to ligand binding is more physiologically relevant than voltage-only dependent
closure [110].

Nevertheless, numerous studies have reported interactions of some proteins with VDACs,
which could lead to a reversibly closed channel, resulting in some disease conditions.
Rostovtseva and coworkers found that the cytoskeletal protein tubulin plays a crucial role
in regulating OMM permeability [113,114]. Furthermore, the authors established that
nanomolar concentrations of dimeric af-tubulin close VDACI reconstituted into planar
lipid bilayers and suppressed respiration of isolated mitochondria and permeabilized cells
[113,114]. The tubulin dimer of 100-kDa molecular mass is far too large (approx.
dimensions of 8 nm x 4.5 nm X 6.5 nm), and it cannot permeate through the VDAC pore
of 2.5- to 3.0-nm diameter [41]. Hence, it has been proposed as permeation blocking site
the anionic C-terminal tails (CTTs) of tubulin that both sterically and electrostatically fit
in the positively charged VDAC lumen [115]. Furthermore, experimental evidence
supports the requirement of intact CTT on the tubulin body for blocking VDAC. Tubulin
with truncated CTTs does not block VDAC [116], demonstrating that CTTs induce the
characteristic VDAC blockage. A model of VDAC-tubulin interaction has been proposed,
wherein a negatively charged tubulin CTT partially blocks the positively charged VDAC
lumen, making the net channel charge more negative, thus shifting channel ion selectivity
towards more cationic (Fig. 12 A) [113,115]. However, as reported in [115] tubulin-
induced closed state is different from voltage-induced closed. In fact, untreated VDACI
exhibits a wide variety of closed states after applying high potentials (Fig 12 B and D). On
the contrary, tubulin induces a single closed state of VDAC, as shown Fig. 12 C and D.
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Figure 12: Model of tubulin-VDACT interaction and impact on electrophysiological features. A. Model
of tubulin—-VDAC interaction. The CTT tubulin domain partially blocks channel conductance by entering
the VDAC pore. B. Tubulin at nanomolar concentrations induces reversible blockage of VDAC. Single-
channel representative current record after adding 50 nM tubulin to the cis side (at =25 mV). C. VDACI
voltage gating in tubulin-free solution under periodically applied —50 mV voltage impulses. In this
experimental condition, porin conductance moves from a single high-conducting open state to various low-
conducting closed states. D. Distribution of conductances. Tubulin induces a single well-resolved closed
state of VDACI. In contrast, untreated VDAC] exhibits a wide variety of closed states. The experiment was
performed in 1 M KCI buffered, 5 mM Hepes, pH 7.4. (Picture modified from: [115]).

The immediate implications of VDAC blockage by tubulin is its potential involvement in
metabolism and multiple cells signaling pathway. VDAC in an open state maintains
efficient ATP/ADP exchange across the OMM, thus promoting normal mitochondrial
functioning. On the contrary, when VDAC is blocked by tubulin, fluxes of ATP/ADP
across the outer mitochondrial membrane are restricted, reducing mitochondrial
metabolism and contributing to the Warburg effect. Sheldon et al. showed that VDAC
blockage by tubulin is extremely sensitive to the state of VDAC phosphorylation
[113,117]. Indeed, phosphorylation of VDAC in vitro by PKA (protein kinase A) and
GSK3pB (Glycogen synthase kinase 3-beta) resulted in an increased VDAC-tubulin-
binding rate. In detail, reconstitution experiments into PLB showed that VDAC was
blocked symmetrically when tubulin is added to both sides of the membrane (cis and trans
side). However, VDAC phosphorylation with PKA and GSK3f changes its behavior. The
sensitivity of VDAC to tubulin increases when tubulin is added to the cis side of the
channel [117], suggesting that the phosphorylation sites are positioned on one side of the
channel only. Hence, activation or inhibition of kinase activity might modulate VDAC
blockage by tubulin and consequently affect OMM permeability.

Overall, VDAC—tubulin interaction might represent a hallmark of cancer cells. It has been

hypothesized that the state of VDAC phosphorylation and the intracellular distribution of
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B-tubulin isoforms could be different in normal and cancer cells, which might modulate
VDAC-tubulin interaction and, as a consequence the mitochondrial activity and cell death
[113,115,117]. Therefore, some molecules target the VDAC-tubulin interaction, such as
erastin, a VDAC-binding small molecule selectively lethal to some cancer cells [118].
Maldonado et al., evaluated the role of specific VDAC isoforms in mitochondrial
metabolism by HepG2 cells and the effect of erastin on tubulin-VDAC interactions. Their
results showed that erastin prevents and reverses tubulin-induced VDAC blockage, thus it

promotes mitochondrial metabolism and antagonizes Warburg metabolism [119].

VDAC2

Aside from transporting metabolites across the OMM, VDAC2 exhibits peculiar and
distinct functions. Several proofs indicate an anti-apoptotic function for VDAC2. Genetic
studies have shown that vdac2”" mice are embryonic lethal, whereas both vdacl” and
vdac3” mice are viable [120—123]. Furthermore, the effect of VDAC2 knockout on
embryonic lethality cannot be compensated by overexpression of VDACI1 and 3 [120]. In
2003, Cheng et al. showed that VDAC2 binds the pro-apoptotic protein Bak (Bcl-2
homologous antagonist/killer) in the OMM and prevents its oligomerization, inhibiting
Bak-dependent mitochondrial apoptosis [123]. Therefore, VDAC?2 is considered essential
for cell survival. Mitochondria play a significant role in Ca?>* homeostasis in eukaryotic
cells; VDAC?2, in particular, has been shown to regulate Ca?>" homeostasis in cardiac cells
[124-126]. In cardiomyocytes, co-localization studies indicated an interaction between
VDAC2 and ryanodine receptor type-2 (RyR2) at the sarcoplasmic reticulum (SR)-—
mitochondrial junctions in the sub-sarcolemmal regions. These junctions are indispensable
for Ca?* transfer from the sarcoplasmic reticulum to the mitochondria [126]. Moreover,
human VDAC?2 shows higher cation-selectivity than VDACI [46]; the less affinity to C1™
ions might increase the affinity for Ca?" ions, allowing this isoform to play a major role in
Ca®" homeostasis [127]. VDAC2 is also involved in steroidogenesis via interaction with
steroidogenic acute respiratory protein (StAR) in the mitochondria-associated endoplasmic
reticulum (ER) membrane (MAM) [128]. Several other VDAC2-interaction partners have

been implicated in multiple cellular functions [129], summarized in Fig. 12.
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Figure 12: Function and interaction of VDAC2. Schematic representation of VDAC2 function and
interaction partners in the cell. Apoptosis: VDAC?2 plays a crucial role in apoptosis. In the healthy cells,
VDAC2 sequesters Bak into the OMM in an inactive conformer, while Bax is present in the cytosolic
fraction. When apoptosis is induced, truncated Bid form (tBid) translocates into OMM, where it displaces
Bak from VDAC2 [123] (tBID shows stronger affinity to VDAC2 as compared to Bak [130]). Both Bax and
Bak can homo- or hetero-oligomerize in the OMM to produce pores large enough for the release of
cytochrome c. Caz+ homeostasis: In cardiac cells, VDAC?2 plays a major role in transferring Ca?" from SR
to the mitochondria by interacting with RyR2. Steroidogenesis: Cholesterol is the substrate for steroid
hormones, and it needs to be transported from ER to IMM for the first step of steroidogenesis. The transport
of cholesterol in a hydrophilic environment is facilitated by stAR. Prasad et al., showed that stAR interacts
with VDAC2, thus increasing the residence time of StAR at the MAM before it is transported across the
mitochondrial membranes. (Picture modified from: [129]).

VDAC3

VDACS is the least known isoform. Unlike VDAC1 and VDAC2, which are ubiquitously
expressed in all eukaryotes, VDAC3 exhibits a restricted organ distribution, and it prevails
in the cerebral cortex, liver, heart, testes, and spermatozoa [122]. Isoform 3 is essential in
sperm mobility since VDAC3 knockout mice show an ultrastructural modification in the
epididymal axoneme [122] and disassembly of cilia during the cell cycle by targeting Mps1
protein kinase to centrosomes [131]. Literature available to date reveals that VDAC3
considerably differs from isoforms 1 and 2. The complementation assay in Saccharomyces
cerevisiae strain devoid of endogenous porin (dporl) has been extensively exploited for
functional studies on VDAC proteins [68,132—134]. Aporl cells are unable to grow on
glycerol-based media at elevated temperature (37°C), a condition where the yeast cells are
mitochondrial-dependent for its survival. As reported, the heterologous expressions of

mammalian VDAC1 and VDAC2 fully complement the growth defect associated with
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gene loss, while VDAC3 only partially rescues the porin-less phenotype [68,132] (Fig.
13).
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Figure 13: Yeast growth phenotype analysis of Aporl cells overexpressing human VDAC (hVDAC)
isoforms. A representative panel of drop-serial dilutions assay of WT or Aporl yeast, transformed with
empty vector (pYX212) or constructs carrying the three VDAC isoforms (pYX212+hVDACI,
pYX212+hVDAC2 and pYX212+hVDAC3). Yeast samples were plated on YPD (Glucose) or YPY
(Glycerol) and incubated at 28 °C or 37 °C. As shown, no significant difference between the strain WT and
those transformed with different constructs is detected in glucose as substrate (28 °C). On glycerol, while
Aporl transformed with pY X142 vector shows a significative impairment of the growth rate, the addition of
the plasmid expressing hVDAC1 and hVDAC?2, but not hVDACS3, restores the yeast growth defect. (Picture
modified from: [132])

Initially, VDAC3 was considered unable to form channels since its pore-forming activity
has long been quite hard to be detected [65]. Subsequently, Checchetto et al. reported that
under non-reducing conditions, VDACS3 inserts into artificial membranes as small and
ungated channels with an average conductance of about 0.09 nS in 1 M KCI [67].
Nevertheless, when refolded under highly reducing conditions [55] or pre-treated with
reducing agent (e.g., DTT) [56,69], VDAC3 forms typical voltage-dependent pores
displaying similar channel behavior with VDAC1 and VDAC2 (Fig. 14). As reported in
[68,69], replacement of specific cysteine residues in human VDAC3 (as well as the
replacement of all cysteines to alanine [55]) affects both electrophysiological features and
its ability to complement the growth defect in dporl yeast cells. Overall, these results

suggest that the cysteine residues of VDAC3 are involved in modulating channel activity.
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Figure 14: Voltage-dependence of VDAC isoforms. Representative triangular curves of recombinant
VDACI, VDAC2, VDAC3, and VDACS3 treated with DTT. VDAC1 and VDAC2 remain in a stable high-
conductive state at low voltages, between + 20-30 mV; conversely, at higher voltages, VDACI and VDAC2
switch into low-conductive states. VDAC3 has no voltage sensitivity. However, the treatment of VDAC3
with 5 mM DTT makes it similar to the other two isoforms. (Picture modified from: [69])

1.7 Cysteine oxidation in VDAC isoforms

Cysteine residues are reactive amino acids that, through their redox-reactive thiol group (-
SH), can undergo various oxidative post-translational modifications (Ox-PTMs), as
reported in Fig. 15; except for sulfonic acid, all the others reported modifications are
reversible and ruled by specific enzymes [135—137]. Mitochondria are responsible for
maintaining cellular redox homeostasis through the continuous generation and wasting of
ROS. Under physiological conditions, ROS generated by mitochondria regulates
mitochondrial protein interactions and activity via oxidative modification of cysteine

residues [138].
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Figure 15: Oxidative post-translational modifications (Ox-PTMs) on cysteine. Cysteines are amino acids
characterized by the property to undergo reversible redox reactions. At physiological pH, cysteine sulfur
shows a pKa value > 8.0, which means that the sulfur is present in the protonated state or reduced, —SH. The
cysteine sulfur can be deprotonated, becoming a highly reactive —S— in the presence of factors lowering the
cysteine pKa, like proximity of basic residues or a general oxidative environment. Cys residues are likely
subjected to various Ox-PTMs including: S-nitrosylation (SNO), sulfhydration (SSH), S-acylation, S-
glutathionylation (SG), disulfide bonds (RS-SR), sulfenylation (SOH), sulfinic acid (SO2H), and sulfonic
acid (SOsH). Except for sulfonic acid, all the reported Ox-PTMs are readily reversible and ruled by specific
enzymatic activities [135-138].

VDAC isoforms differ in number and distribution of cysteine residues: in humans,
VDACI1, VDAC2, and VDAC3 have two, nine, and six cysteines, respectively [139].
VDACS3 is considered the oldest isoform. In this regard, it has been hypothesized that
evolution has reduced cysteines number in VDACI due to its ubiquitous expression and
pro-apoptotic function and concurrently increased Cys content in VDAC2, possibly to
favor anti-apoptotic functions [139]. Many of these residues are located in protein loops
exposed to IMS (Fig. 16A), which is known to be one of the most oxidizing environments
in the cell. Therefore, it has been speculated that the redox status of VDAC cysteine
residues exposed to IMS might be affected by the abundance of radical species in this
compartment [68]. Recently, mass spectrometry (MS) analyses have shown that all these
cysteine residues follow an evolutionarily conserved redox modification pattern. In both
human and rat VDACs (rVDACS), indeed, some cysteine residues are exclusively found
in the reduced form, while others are constantly and irreversibly overoxidized to sulfonic
acid (as shown in Fig 16B) [139-141]. Specifically, in hVDACI, Cys 127 (located in 8
and exposed towards the hydrophobic layer of the OMM) was consistently detected in the

trioxidized form of —SO3H, whereas Cys 232 (embedded in B16 facing the water-accessible
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side of the channel) was found exclusively in the reduced and carboxyamido-methylated
form [142]. In rVDACI, both these residues have been moderately oxidized [121,122]. As
mentioned above, VDAC2 possesses the highest cysteine content: 11 and 9 in rat and
human, respectively. This difference is due to two additional cysteines in the N-terminal
domain of rat isoform [140]. In hVDAC?2, cysteines in positions 8, 13, and 133 (all exposed
to the IMS) were reported in the reduced form [139]. Interestingly, the corresponding
residues in the rat ortholog (Cys9, Cys14, and Cys134) have also been identified as wholly
reduced or not determined (Cys134). Moreover, in r'VDAC?2, the additional Cys4 and Cys5
in the N-terminal domain were also found in the reduced form; thus, VDAC2 presents a
cluster of cysteines oriented towards the IMS, which are available to reversible oxidation
[140]. Cys227 was detected exclusively in the carboxyamido-methylated form, similar to
Cys228 in rVDAC?2. Unlike the other residues, Cys227 is the only cysteine predicted to be
in a cytosol-exposed loop, so it has been hypothesized to be a docking site for possible
interactors [142]. On the contrary, hVDAC2 cysteine residues 47, 76, 103, and 210 (all
located in IMS loops) were identified as partially oxidated to —SO3H, likewise to Cys 48,
77, 104, and 211 in rVDAC2. Finally, hVDAC2 Cys138, which faces the lipid
environment of the OMM, was found fully trioxidized to sulfonic acid as the homologous
residue in hVDACI1 (Cys127) [139,140]. As reported in [139,141,142], the preferred
redox state of cysteines is also conserved between rat and human VDAC3 [139,141,142].
Except for Cys8, located within the pore, all cysteine residues of VDAC3 protrude toward
the IMS. In particular, Cys2, Cys8, Cysl122, and Cys229 were identified in the
carboxyamido-methylated form, while the N-terminal Cys2 was found acetylated. Cys36
and Cys65 were detected in the reduced form and trioxidized to sulfonic acid. Hence, MS
data demonstrate that, at least in mammals, the oxidative state of cysteine reflects a
physiological condition and could be correlated to a specific structural or functional role

of the protein [138,142].
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Figure 16: Cysteine residues in VDAC isoforms. A: Structure of human VDAC isoforms highlighting
cysteine residues and their oxidation states. Top view and side view of hVDACs. The cysteine residues are
highlighted (in red), and colored sparks indicate their oxidative state: green (totally reduced), red (totally
oxidized), or yellow (red/ox, i.e., partially oxidized). There are no VDAC cysteines exposed toward the
cytosol. B: Cysteine localization in the aligned sequences of human and rat VDACs. The N-terminal a-helix
is shown in yellow, and B-strands are in light blue. The loops exposed to the intermembrane space are
indicated with I. The loops exposed to the cytosol are indicated with O. (Picture modified from: [138]).

1.8 VDACS3 involvement in mitochondrial quality control

In order to guarantee efficient energy provision and proper integration of intracellular
signaling, mitochondria are subject to quality control systems, by means of which cells
eliminate defective organelles to maintain cellular homeostasis. The mitochondrial-
lysosomal axis is recognized as the main actor in the deployment of mitochondrial quality
control, where the single affected organelle is targeted to lysosomes and destroyed [143].
An alternative degradative pathway identifies slightly damaged mitochondrial components

(such as proteins or membrane patches) and destroys them by a process involving the
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formation of mitochondrial-derived vesicles (MDVs) that are subsequently targeted to
lysosomes. This mechanism contributes to organelle homeostasis before triggering total
mitochondrial degradation [144]. As reported above, post-translational modifications of
VDACS3 cysteines have been precisely determined. Since these amino acids have never
been detected as totally oxidized, it has been speculated that changes in their redox status
could be regulated by ROS-levels in the intermembrane space [145]. Hence, thought
cysteines, VDAC3 could “perceive” and “buffer” the excess of mitochondrial ROS,
playing a role in mitochondrial quality control [138,145]. In this regard, cysteine at the N-
terminal domain is subjected to the so-called “N-end rule pathway”, a destructive process
wherein the presence of an oxidized N-terminal cysteine in several mammalian proteins is
required for arginylation by ATE1 R-transferases and subsequent ubiquitin-dependent
degradation [146,147]. In VDAC3, post-translational modification deletes the first
methionine (Metl) in the sequence, replacing the first amino acid with the second cysteine
(Cys2) [139,141] . Because the oxidized form of Cys2 was never detected, it is plausible
that the Cys2-oxidized could function as a marker for VDAC3 removal from OMM and
degradation. Hence, it has been supposed that small amounts of mitochondrial ROS might
oxidize some cysteine residues of VDAC3 (including Cys2) and lead to eliminating the
protein by the N-end rule pathway [138]. In these terms, VDAC3 could buffer the ROS
excess and “sacrifice” itself in an early step of mitochondrial control quality [138,145].
However, due to mitochondrial stress, the progressive accumulation of ROS increases the
amounts of oxidized cysteines in VDAC3, which could modify the channel structure or the
mobility of the N-terminus. These modifications might signal the redox state of the
mitochondria to the rest of the cell, leading to the incorporation of individual damaged
proteins (or membrane patches containing damaged proteins) into MDVs or the
elimination of the mitochondria through mitophagy [145]. Until now, some studies support
the idea that VDAC3 may function as a redox-sensing protein [148—151]; however, the

involvement of its cysteine residues has not yet been established.

1.9 Interactome of VDAC3

Messina and coworkers defined the VDAC3 interactome in vivo by a TAP-Tag
immunoprecipitation strategy and mass spectrometry identification [152]. VDAC3 was
found associated with proteins from the endoplasmic reticulum (Grp75, Hsp70, GRP, and
calreticulin) and MAM, proteins correlated with the response to oxidative stress (GSTO-
1, PRDX, and GSTK-1), proteins involved in response to misfolded or unfolded proteins

(YWHAAQ, KCIP1, or SFN), proteasomal components and chaperons (PDI and Erp5), and
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proteins related to ribosome contact and control [151]. It has recently been reported that
the main difference between VDAC3 and the other VDAC isoforms concerns associations
with cytosolic proteins involved in mitochondrial metabolism, especially alpha-synuclein
(a-syn) and the dimeric tubulin [55,115,153]. Data from PLB analysis shown that
monomeric a-syn reversibly blocks VDACI1 conductance in a voltage-dependent manner
already at very low concentrations and reverses its ion selectivity from anionic to cationic
[153]. Specifically, the C-terminal domain would appear to be the specific domain of a-
syn responsible for the interaction with VDACI. The C-domain could be due to the high
content of negatively charged amino acids at the C-terminus of a-Syn [55,153]. a-Syn can
induce two distinct blocked states: a blocked state with a conductance of about 40% the
open state and a second deeper state with a conductance of 17% the open state (> +30 mV)
[55]. Furthermore, data has shown that similarly to VDACI, a-syn interacts with VDAC3
10-100 times less effectively (Fig. 17 A) [55]. This indicates that, despite the high
similarity between the two isoforms, slight differences in cytosolic-exposed domains of
VDACS3 could change the lipid-VDAC interface and, consequently, the ability of the pore
to capture a-syn [55]. The different affinity of VDAC3 towards a-syn could also be
explained by the different content, position, and oxidation pattern of cysteine residues.
Indeed, data obtained using a cysteine-less human VDAC3 mutant showed that the
cysteine residues do not significantly affect VDACS3 stability or functionality, but they are
responsible for the voltage asymmetry in the on-rate of a-syn/VDAC3 interaction (Fig. 17
B) [55]. This result reinforces the concept that cysteines play a crucial role in regulating
VDACS3 function and that modification of cysteines oxidation state might interfere with
the interaction of the physiological binding partners. In addition to a-syn, VDAC interacts
with other cytosolic proteins such as dimeric tubulin, implicated in mitochondrial
metabolism [115]. Queralt-Martin reported that VDAC3 is blocked by tubulin 10 times
less effective than VDACI1(Fig. 17 C), supporting the hypothesis that VDAC3 is primarily
open when VDACI is closed via tubulin interaction [55]. In this regard, Gurnev [118]
proposed that VDACS3 is critical for maintaining mitochondrial metabolism in cancer cells.

However, further investigations are needed to better understand the VDAC isoform 3 roles.
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Figure 17: VDACS3 interaction. A. a-Syn blocks hVDACS3 less efficiently than mVDACI. Representative
current traces of hVDAC3 and mVDACI before and after addition of 10 nM a-syn (at +30 mV). Nanomolar
concentrations of a-syn, added to either side of the membrane, induce rapid transitions of VDAC from the
high-conductance open state to the low-conductance blocked state. The difference between hVDAC3 and
mVDACI is in the frequency of a-syn—induced blockage events B. Cysteines affect hVDAC3 interaction
with a-syn. Representative current traces of hVDAC3 WT and hVDAC3-Ac after adding 20 nM a-syn (at +
42.5 mV). 0-Syn is capable of blocking hVDAC3-Ac from both sides of the channel, similarly to WT protein,
but the on-rate of a-syn-hVDAC3-Ac interaction is approx. 10 times higher than the WT hVDAC3 at
negative voltage polarities. C. Tubulin blocks hVDACS3 less efficiently than mVDACI. Representative
current traces of hVDAC3 and mVDACI before and after adding of tubulin (at -25 mV). Tubulin induces
characteristic blockage events for both mVDAC3 and mVDACI. The efficiency of tubulin interaction with
mVDACS3 is significantly lower than with mVDACI. 85 nM of tubulin led to fewer blockage events in
mVDACS3 compared to the number of blockages induced by 45 nM of tubulin in mVDACI (Picture modified
from: [55]).

VDACS3 is also involved in the recruitment of the PINK1/Parkin pathway, which
regulates mitochondrial quality control and promotes the selective autophagy of
depolarized mitochondria [154,155]. Loss of mitochondrial quality control regulation
causes morphological and functional alterations in the organelles, associated with the
pathogenesis of Parkinson's disease. Sun et al. proposed that VDACs are part of the
machinery that recruits Parkin to the organelle [156]. The authors observed that in the
absence of all three VDAC isoforms, the recruitment of Parkin to defective mitochondria
and mitophagy was compromised [155]. Furthermore, Reina and coworkers hypothesized
that changing mitochondrial ROS amount could lead to the over-oxidation of cysteines or

other modifications, which can modify the structure of the pore or mobility of the N-
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terminus of VDAC3 [145]. Hence, these conformational changes might recruit the
PINK/Parkin system that ubiquitinates VDAC3. Another relevant VDAC3-interactor is the
VCP (TER-ATPase), a member of the ERAD pathway [152]. It is involved in extracting
proteins from the OMM to be directed to ubiquitination and degradation through ER [157].
VCP alterations are implicated in numerous neurodegenerative disorders. Overall, these
interactions have significant implications for mitochondrial bioenergetics and may pave

the way for discovering new specific functions for VDAC isoform 3.

1.10 Voltage Dependence Anion Channel 3 in diseases

Due to its crucial role in cellular metabolism and apoptosis, VDACs are implicated in
several diseases, including cancer [39,158,159] and neurodegenerative disorders
[103,153,160]. However, the knowledge about VDAC3 involvement in pathologies is very
restricted. For example, Zhang et al. [161] proposed a role of VDAC3 in the
hepatocarcinogenesis induced by HBV (Hepatitis B virus) infection. In particular, the
authors reported that a specific miRNA (miR-3928v) directly targets and down-regulates
VDAC3 expression and promotes hepatocarcinoma malignancy, but the molecular
mechanism is still not completely clear. VDAC3 also seems to be involved in HHV-8
(Human Gamma-herpesvirus 8) infection, an oncogenic human herpesvirus that has been
identified in all types of Kaposi’s sarcoma [162]. Furthermore, Wang and coworkers [163]
showed that the HHV-8 K7 protein could interact with VDAC3. Recently, Jozwiak [149]
reported a remarkable change in VDAC3 expression in non-metastatic endometrial
cancers. In detail, the authors displayed an increase of VDAC3 in non-metastatic
endometrial cancers compared to normal cells. On the contrary, a reduction of VDAC3
expression in endometrial tumors with metastasis has been shown [149]. However, some
reports in the literature show alterations in VDAC isoform 3 mRNA levels in diseases
different from cancer. Indeed, variations in VDAC3 expression levels have also been
reported in cerebral malaria [164], the most severe neurological complication of infections
by Plasmodium falciparum. The over-expression of VDAC3 is also accompanied by
alterations of many other genes whose dysfunction is associated with neurological
disorders. However, the brain injury mechanisms are still unclear [164].

Furthermore, Chronic Unpredictable Stress (CUS), one of the most clinically relevant
stress in rodents, mimics several behavioral characteristics of patients affected by
depression, anxiety, and mood disorders [165]. In a zebrafish model of CUS, Chakravarty

et al. showed a remarkable variation in VDAC3 expression. The authors hypothesized that
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the increase in mRNA VDAC3 levels in the stressed fish brain might increase the
efficiency of bioenergetic metabolism or protection against ROS [165].

In conclusion, a peculiar expression of VDAC3 was observed in cells and tissue in the
germinal lines of different organisms. Genetic variants of VDAC3 are correlated with
infertility [166]. Indeed, male mice lacking VDACS3 are infertile. It has also been assumed
[98] that VDAC3 might affect the energy supply for spermatogenesis and Leydig cell
steroidogenesis so that it affects spermatogenesis. Very recently, the group of De Pinto
performed a systematic analysis of human VDAC genes [167]. The authors found several
factors that binding sites in the VDAC3 promoter involved in developing germinal tissues,
organogenesis, and sex determination, confirming the experimental evidence of its crucial
role in fertility. However, the molecular mechanisms in which VDAC3 is involved in
pathophysiological conditions are not fully understood. Therefore, in the future, the study
of this protein could allow the acquisition of deeper basic knowledge to develop diagnostic

and therapeutic approaches for different diseases.
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2. Aim of the Ph.D. thesis

The first part of this Ph.D. thesis concerns the electrophysiological measurements of
human VDAC:s incorporated into nanodiscs and reconstituted into planar lipid bilayers.
For this purpose, I spent six months in the laboratory of Prof Dr. Gerhard Thiel at the
Technical University of Darmstadt (Germany), during which I successfully performed a
protocol for in vitro translation of different members of the VDAC family directly into
nano-membranes scaffold (Conti Nibali et al. Biophys Rep. 2021; Article 1). In this work,
the in vitro protein synthesis system with the Nanodisc (ND) technology was used for the
first time to express and reconstitute the three human VDAC isoforms into artificial lipid
membranes, and their electrophysiological features were compared with those obtained by
canonical recombinant production and protein isolation protocols. In addition, the impact
of reducing agents in the buffer and replacement of cysteines on the biophysical features
of human VDAC3 were analyzed.

The second part of the thesis focuses on investigating the involvement of VDAC isoform
3 in mitochondrial ROS homeostasis (Reina, Conti Nibali et al. Submitted to Redox
Biology; Article 2). As reported above, it has been recently reported that VDAC3 cysteines
were never detected in totally oxidized states: changes in oxidation/reduction states of
these residues could be regulated by intermembrane space ROS levels. The aim of this
project was to evaluate the role of VDAC3 cysteine residues in mitochondrial functionality
and their buffering capacity to prevent the excess of mitochondrial ROS. For this work,
near-haploid human HAPI cell line devoid of VDAC3 (HAP1-AVDAC3) was compared
to VDACI1 knockout (HAP1-AVDACI1) and wild-type cell lines to test VDAC3
contribution in oxidative stress response. In addition, the HAP1-AVDACS3 cell line was
transfected with a cysteine null (COA) VDAC3 to analyze the involvement of these

residues in mitochondrial redox-regulating networks.
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3. Results and Discussions

This Ph.D. thesis includes two different papers, each of which deserves its paragraph
summarizing the results obtained. The two articles (“Cell-free electrophysiology of human
VDAC:s incorporated into nanodiscs: An improved method” and “Voltage-Dependent
Anion Channel 3 (VDAC3) protects mitochondria from oxidative stress”) are annexed to

the thesis.

3.1 Cell-free electrophysiology of human VDACSs incorporated into nanodiscs: An
improved method.

In this work, human VDAC proteins were expressed using the Cell-Free protein expression
system in the presence of a ND, namely MSP2N2. After purification, the VDAC-NDs
complexes were reconstituted into PLBs to test whether this new procedure retained the
electrophysiological properties of VDACs as reported in [60,67,68,168]. VDAC-NDs
complexes were therefore added to the trans side of a PLB, and their channel-forming
activity was analyzed. Channel insertion was studied in an ionic buffer (1 M KCI, 10 mM
Hepes, pH 7.4) by applying an electric potential of +10 mV to the membrane. At this
voltage, hVDACI1 and hVDAC2 were inserted quickly into Diph-PC membranes as fully
open-state pores, displaying the same conductance values obtained with conventional
expression and reconstitution systems. Nonetheless, VDAC channels registered a higher
probability to insert into artificial membranes when compared with VDAC proteins
expressed via the heterologous system.

In addition, the new expression system maintained the same characteristics of voltage
dependence and ion selectivity reported in the literature. Human VDAC isoform 3 deserves
a separate discussion: in the absence of any reductants (as observed with protein refolded
according to the traditional protocols [67—69]), hVDAC3 indeed adopted a lower
conductance state compared to hVDAC1 and hVDAC2. Furthermore, VDAC isoform 3
did not show any voltage dependence in this experimental condition. The untreated
hVDAC3, due to insensitivity to the voltage applied, exhibited cation selectivity
exclusively; this could be conceivable from the fact that a channel with a small
conductance promotes the passage of cations (K+) over anions (CI-). On the other hand,
pre-incubation with DTT, before bilayer reconstitution, as well as the removal of all
cysteine residues and their substitution by mutagenesis with alanine (hVDAC3 COA
mutant) made VDAC3 channels almost indistinguishable from VDAC1 and VDAC2; the
mean current through hVDAC3 indeed increased both in hVDACS3 pre-treated with 5 mM
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DTT and COA mutant. Under the aforementioned experimental conditions, hVDAC3
displayed sensitivity to the voltage applied and ion selectivity similar to the other two
isoforms. Overall, these results showed that the proposed new expression protocol
perfectly replicates the data obtained with the traditional method. In addition, data obtained
from the reconstitution of hVDACS3 using the new expression method strongly support the
essential role of cysteine residues in channel gating, as has been previously demonstrated

by conventional protocols. [55,67-69].

3.2 Voltage-Dependent Anion Channel 3 (VDAC3) protects mitochondria from
oxidative stress.

In this work, human HAP1 cells lacking VDAC3 were compared whit VDACI knock-out
and parental cell lines to analyze the contribution of isoform 3 in mitochondrial ROS
metabolism and signaling. The preliminary characterization of HAP1-AVDACI1 and
HAP1-AVDACS3 cells demonstrated a remarkable decrease in VDACI1 and a concomitant
increase in VDAC2 expression when VDAC3 is knocked out, whereas the lack of VDACI
does not significantly affect the expression of the other two isoforms. Moreover, both
knock-out cell lines significantly reduced mitochondrial content compared to the parental
cell line. It is reasonable to assume that the cells entirely reorganize their mitochondrial
asset in response to the lack of proteins primarily involved in mitochondrial permeability
and functionality. Under physiological conditions, our human VDAC3 knock-out model
exhibited a severe increase in the amount of ROS, accompanied by a remarkable
overexpression of main antioxidant enzymes. In addition, we found the extreme
susceptibility of VDAC3-deficient cells to treatment with different ROS-inducing factors
(i.e., Rotenone, Menadione, and Paraquat), suggesting the enormous role of VDAC3 in
oxidative stress response. Furthermore, after exposure of the parental HAP1 cell line to the
aforementioned drugs, the relative quantification of VDAC isoforms revealed the highest
increase in VDAC3 expression compared with isoform 1, demonstrating that VDAC3
expression is mainly affected by reactive oxygen species. Maurya et al. have speculated a
role for VDAC2 cysteines in regulating mitochondrial ROS, although no experimental
evidence has yet demonstrated this [169]. However, our results showed that, following the
above treatments, the increase in expression of VDAC3 is more remarkable even than
isoform 2, which has the highest number of cysteines. Overall, these data support the
hypothesis that VDAC3 and not VDAC?2 plays a role in maintaining mitochondrial ROS

homeostasis.
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In order to analyze the involvement of VDAC3 cysteines in modulating
mitochondrial ROS content, HAP1-AVDAC3 cells were transiently transfected with
plasmids encoding VDAC3 or VDAC3 COA (a mutant where all cysteine residues were
replaced with alanine residues). Our results showed that, after treatment with 50 and 100
UM of rotenone, only the expression of VDAC3 induced a significant increase in the
viability of HAP1-AVDACS3 cells. In contrast, VDAC3 COA did not affect the sensitivity
of VDACS3 knock-out cells to the drug. These results are notable because neither VDAC3
nor VDAC3 COA transfections altered mitochondrial content and VDACI protein level,
covering the lack of VDAC3. Finally, we tested the ability of VDAC3 to protect
mitochondrial function during rotenone exposure, which increases mitochondrial ROS
production by inhibiting the activity of complex I [170,171]. To this purpose, High-
Resolution Respirometry was used to assess the oxygen consumption of HAP1 cell lines
exposed to a low dose of rotenone (10 nM). We found that at the nanomolar concentration
of the drug, there is only partial inhibition of complex I activity, with limited impact on
cell functionality, in the parental HAP1 cell line. However, the lack of VDAC3
significantly impacted mitochondrial function in the HAP1 cells after treatment with 10
nM rotenone. Under these experimental conditions, only HAP1-AVDACS3 cells transfected
with a plasmid encoding VDAC3 exhibited recovery of the main analyzed parameters
roughly to the levels measured in the parental HAPI cell line. On the other hand,
complementation experiments with the VDAC3 mutant provided evidence that the
antioxidant feature of the protein is related to its cysteines. VDAC3 COA has not been able
to recover the oxygen flux like wild-type protein. Overall, the results suggest that cysteine

depletion suppresses the protective effect of VDAC3 against mitochondrial oxidative

injury.
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4. Conclusions

In conclusion, the data obtained in the present Ph.D. work concern the electrophysiological
measurements of nanodisc-embedded human VDACs reconstituted in artificial membrane
and the analysis of the involvement of human VDAC isoform 3 in mitochondrial ROS
homeostasis. In the first part, we introduced a new protocol for VDAC expression and
reconstitution into the artificial membrane, based on cell-free expression combined with
nanodisc technology, which allowed to obtain human VDAC isoforms directly integrated
into a native-like bilayer. Our results revealed that measurements (conductance, voltage
dependence, and ion selectivity) of the three human VDACs, obtained by cell-free
expression and incorporated into the planar lipid bilayer, completely reproduced and even
improved the results reported in conventional expression and reconstitution systems
[60,67,68,168]. In addition, the electrophysiological characteristics of human VDAC3
were studied through a mutant without cysteine, validating the extreme importance of these
residues in pore function. The new method also displayed extraordinary advantages in
reproducibility and experimental effectiveness. It is quicker and easier than the previous
protocols [60,67,68,168] because it takes only a few hours from the expression of VDACs
to their reconstitution in PLB; this is mainly due to the lack of all those complex and
lengthy steps necessary for the refolding of the channels. In addition, VDAC channels
presented excellent stability, more than what was obtained with previous protocols
[60,67,68,168] (i.e., exhibiting higher insertion efficiency into the artificial membrane).
We believe that this new protocol will open up new opportunities in the electrophysiology
of VDAC channels. The future perspective is that a combination of cell-free protein
expression with NDs may lead the way for site-specific incorporation of non-canonical
amino acids, which could be used in functional and structural studies.

The second part concerns the investigation of the human HAP1 cell lines devoid of
VDACI or VDACS3 in response to oxidative stress. The three VDAC isoforms exhibit
different electrophysiological properties, and in particular, the importance of VDAC3
cysteine residues in channel functionality has been validated [55,56,67—69]. According to
mass spectrometry investigation, these residues follow an evolutionarily conserved redox
modification pattern [139,141]. Notably, the entire set of cysteine residues was never
detected as fully oxidized [139], suggesting that specific residues may be subjected to
continuous oxidation-reduction cycles, which could be regulated by IMS ROS levels
[138]. We found that VDAC3 depletion makes cells extremely sensitive to drugs that
promote the buildup of mitochondrial superoxide, enhancing the hypothesis that VDAC3
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plays a crucial role in protecting mitochondria from induced oxidative stress. For the first
time, we have also demonstrated that the functional antioxidant feature of VDAC3 is
linked to its cysteines. Indeed, transient transfection experiments of the HAP1-AVDAC3
cell line, with the VDAC3 Cys-less mutant, revealed that the lack of cysteines abrogates
the protective action of this protein against the damaging effects of mitochondrial oxidative
stress. Therefore, we assume that VDAC3 could perceive changes in the amount of
mitochondrial ROS through its cysteines. Specifically, the modification in the redox state
of these residues could be used as a marker that promotes the elimination of defective
mitochondria to counteract the damaging effects of oxidative stress.

Finally, our results also revealed an over-expression of VDAC3 in response to
mitochondria-originated ROS, highlighting the importance of isoform 3 in countering
oxidative stress. Regardless, the molecular pathway that induces VDAC3 up-regulation
has not yet been determined. Hence, the most exciting perspective is to investigate the
mechanism by which VDAC3 is up-regulated, studying the potential involvement of a non-
canonical initiation site, called the TCT motif (polypyrimidine initiator) identified in the
VDAC3 promoter [167], which is a target for oxidative and metabolic stress translation
regulation. Furthermore, it is interesting to note that the expression of VDAC3 varies in
some forms of cancer. J6zwiak et al. demonstrated for the first time that changes in
VDAC3 expression are significantly associated with the progression of endometrial
cancer. Their results indicated a significant increase in VDAC3 expression in moderately
and poorly differentiated endometrial cancers compared to normal tissue [149]. However,
a decreased level of VDAC3 expression in endometrial tumors with metastasis has been
reported. Metastasis involves the spread of cancer cells from the primary tumor to the
surrounding tissues and to distant organs [45]. Studies reveal that tumor metastasis is not
an autonomous program but a complex and multifaceted event, where an increase of ROS
plays an essential role in the migration and invasion of cancerous cells [172]. Therefore, it
could be speculated that endometrial cancer cells might reduce VDAC3 expression by
promoting a remarkable increase in mitochondrial ROS, promoting the spread of malignant
cells. Overall, variation in VDAC3 expression might depend on the physio-pathological
state of the cell to respond appropriately to a change in mitochondrial ROS. Thus, further

studies are needed to explain the mechanisms of regulation of VDAC3 expression.
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5. Other activities

During my Ph.D., I joined the team and performed the electrophysiological
characterization of the recombinant protein Voltage-Dependent Anion Channel isoform 2
of the yeast Saccharomyces cerevisiae (yVDAC2), which was believed for many years to
be devoid of channel activity. Recently, yVDAC2 has been isolated directly from yeast
mitochondria and showed channel-forming activity in the planar lipid bilayer system [157].
This work described an alternative strategy for yVDAC?2 isolation through heterologous
expression in bacteria and refolding in vitro (described in Article 3). I also worked on the
review that recapitulates known information about VDAC isoforms in yeast S. cerevisiae
(Article 4) and on the review summarizing data on post-translational modifications of
VDAC proteins obtained using nano-Reversed Phase Ultra-High Performance Liquid
Chromatography and ultra-sensitive High-Resolution Mass Spectrometry methods

(Article 5).
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ABSTRACT Voltage-dependent anion-selective channel (VDAC) is one of the main proteins of the outer mitochondrial membrane
of all eukaryotes, where it forms aqueous, voltage-sensitive, and ion-selective channels. Its electrophysiological properties have
been thoroughly analyzed with the planar lipid bilayer technique. To date, however, available results are based on isolations of
VDACs from tissue or from recombinant VDACs produced in bacterial systems. It is well known that the cytosolic overexpression
of highly hydrophobic membrane proteins often results in the formation of inclusion bodies containing insoluble aggregates. Pu-
rification of properly folded proteins and restoration of their full biological activity requires several procedures that considerably
lengthen experimental times. To overcome these restraints, we propose a one-step reaction that combines in vitro cell-free protein
expression with nanodisc technology to obtain human VDAC isoforms directly integrated in a native-like lipid bilayer. Reconstitu-
tion assays into artificial membranes confirm the reliability of this new methodological approach and provide results comparable
to those of VDACs prepared with traditional protein isolation and reconstitution protocols. The use of membrane-mimicking nano-
disc systems represents a breakthrough in VDAC electrophysiology and may be adopted to further structural studies.

WHY IT MATTERS This work demonstrates the extraordinary advantages in terms of reproducibility and experimental
effectiveness in combining in vitro VDAC translation with nanodisc technology. Accordingly, single-channel recordings as
well as voltage dependence and selectivity measurements of the three human VDAC isoforms in planar lipid bilayer

completely reproduced and even improved results obtained with conventional expression and reconstitution systems. In
particular, electrophysiological features of human VDAC3 were in-depth investigated by means of a cysteine-less mutant

that validated the extreme importance of cysteine residue in pore functionality, as already reported in literature.

INTRODUCTION

VDACs (voltage-dependent anion-selective channels)
are aqueous pore-forming proteins that mediate
communication across the outer mitochondrial mem-
brane of all eukaryotes (1). Interactions with cytosolic
enzymes (2,3) and both antiapoptotic and proapoptotic
factors make VDAC a key protein in regulating mito-
chondrial metabolism and apoptosis (4-7). In mam-
mals, evolution led to three isoforms: VDAC1, VDAC?2,
and VDAC3, encoded by three genes located on
different chromosomes (8). Although sharing ~70%
sequence homology, VDAC isoforms fulfill distinctly
different physiological roles. VDAC1 is the main iso-
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form responsible for membrane permeability and addi-
tionally interacts with Bcl-2 proapoptotic proteins and
with hexokinase (9,10); VDAC2 was initially considered
an antiapoptotic protein (11) before later contrasting
evidence showed that it interacts with Bax, a proapopto-
tic protein (12). However, there is no doubt that they
play a relevant role in the control of cell death. VDAC3
has been proposed to be involved in reactive oxygen
species (ROS) homeostasis and mitochondria quality
control (13,14). According to the three-dimensional
structure, VDACT1 exhibits a transmembrane g-barrel ar-
chitecture composed of 19 amphipathic 3-strands
together with a N-terminal «-helix moiety folded inside
the pore (15-17). The a-helix is part of the voltage
sensor and is essential for channel gating (18). Electro-
physiological properties of VDACs have been exten-
sively examined exploiting the planar lipid bilayer
(PLB) technique (19-21). VDACs spontaneously insert
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into PLBs, where they form pores with an average
conductance of ~4 nS in 1 M KCI. Low membrane po-
tentials (0 = 20 mV) maintain channels in a full con-
ducting “open state” that features a considerable
preference for anions over cations. Potentials
exceeding +30 mV mediate transition to multiple
cation-selective “closed states” with a drastic drop in
pore conductance (22-24). VDAC1 and VDAC2
routinely show this prototypic behavior, whereas
VDAC3 reconstitution into PLB has been challenging
(25). Checchetto and co-workers first, to our knowledge,
described human isoform 3 as a low-conducting pore
(conductance ~100 pA) with no voltage-dependence
(26). Further studies uncovered the critical role of
cysteine residues in VDAC3 modulating channel activity
(14,27,28). Data available so far were derived from the
successful membrane incorporation of VDACs isolated
from tissue mitochondria (29) or from reconstitution of
recombinant proteins (14,26,30). For the latter
approach, Escherichia coli is the host of choice because
of its fast growth and cost-effectiveness, albeit heterol-
ogous protein folding failure is not uncommon espe-
cially for highly hydrophobic membrane proteins that
can aggregate into inclusion bodies (31). Cell-free
(CF) protein synthesis (CFPS) systems represent a valid
and powerful alternative to avoid protein refolding pro-
cedures (32,33). They were initially employed for the
exclusive production of soluble proteins (34-36):
CFPS systems have subsequently emerged as a suit-
able tool also for the high-throughput expression of
membrane proteins thanks to the development of lipid
membrane mimics (e.g., detergent micelles, lipid/deter-
gent mixtures, liposomes, and nanodiscs (NDs))
(37,38). NDs are the most recent class of model mem-
brane systems, structurally composed of a discoidal
phospholipid bilayer which is stabilized in solution by
two pairs of amphipathic helical membrane scaffold
proteins (MSPs) (39). In the last decades, useful appli-
cation of NDs for CF expression of membrane proteins
has been reported. NDs offer a native-like environment
for maintaining the structure and functionality of
membrane proteins in solution (40), providing a worthy
condition for functional analysis in PLBs (41-44). ND-
embedded VDAC1 and VDAC2 were already investi-
gated in (45) and (46) for structural studies by solution
NMR and functional assays with PLBs, respectively. In
both cases it appeared that the structural and func-
tional properties of the VDACs in NDs were not different
from micelle-embedded VDACs. To date, however, re-
ports about the use of the CFPS-NDs binomial tech-
nique in VDAC electrophysiology are missing. In this
work, we combine for the first time the in vitro protein
synthesis system with the ND technology to express
and reconstitute the three human VDAC isoforms
(VDACcg/np) into artificial lipid membranes. In addition,
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we compared the impact of reducing agents in the
buffer and the removal of cysteines on the biophysical
properties of hVDAC3 from the combined in vitro trans-
lation/ND method (hVDAC3ck/np) With those obtained
by canonical recombinant production and protein isola-
tion protocols (14,28). Our results clearly indicate that
this innovative method keeps the electrophysiological
properties of VDAC unchanged, although it reduces
experimental times and increases production yield.
Despite a vast literature with detailed biophysical anal-
ysis of functional properties of VDAC channels, the
technical approach proposed here represents a novel,
to our knowledge, and promising method for an easier,
quicker, and more reliable investigation of VDAC func-
tion in PLBs.

MATERIALS AND METHODS

CF cloning of hVDAC1, hVDAC2, hVDAC3, and
hVDAC3 COA

The coding sequence of human VDAC1, VDAC2, VDAC3, and VDAC3
COA obtained from pET21a vector (Novagen) were amplified by PCR
and cloned into the pET24Alac vector (Merck, Darmstadt, Germany)
with the NEBuilder HiFi DNA Assembly Master Mix (New England
BioLabs). The following pairs of primers were used for cloning
(Table 1).

Protein expression and purification

Heterologous expression of recombinant human VDAC1 cloned in
pET21a vector was performed as already reported in (14,26,47).
The C-terminal His-tagged VDAC1 was purified by a single-step affin-
ity chromatography using a Ni-NTA agarose (Qiagen, Hilden, DE)
packed column according to the manufacturer's instructions and
then refolded as described in (14,26,47). CF expression of human
VDAC1, VDAC2, VDAC3, and VDAC3COA was achieved using the
MembraneMax HN Protein Expression Kit (Invitrogen, Carlsbad, CA)
in the presence of NDs with a DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) bilayer. The scaffold proteins of the NDs contained

TABLE 1 List of primers used for cloning
Primer Sequence
Fw hVDAC1 5-GTTTAACTTTAAGAAGGAGATATACATA
TGGCTGTGCCACCCACGT-3'
Rev hVDAC1 5-CAGCATGGACCACAGCAGTCGACCTATGCT
TGAAATTCCAGTCCTA-3
Fw hVDAC2 5-GTTTAACTTTAAGAAGGAGATATACATA
TGGCGACCCACGGACAGACT-3
Rev hVDAC2 5-CAGCATGGACCACAGCAGTCGACCTAAG
CCTCCAACTCCAGGGCGA-3
Fw hVDAC3 5-GTTTAACTTTAAGAAGGAGATATACATA
TGTGTAACACACCAACGT-3
Rev hVDAC3 5-CAGCATGGACCACAGCAGTCGACCTAAG
CTTCCAGTTCAAATCCCA-3
Fw hVDAC3 COA 5-GTTTAACTTTAAGAAGGAGATATACATAT
GGCTAACACACCAACGT-3
Rev hVDAC3 COA 5-CAGCATGGACCACAGCAGTCGACCTAAGC
TTCCAGTTCAAATCCCA-3
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a His-tag for purification. Briefly, 35 uM of MSP2N2-his or MSP1D1-
his NDs (Cube Biotech, Monheim, DE) were added to the CFPS
mixture and incubated at 37°C for 3.5 h in an orbital shaker at
1000 rpm. VDAC-ND complexes were then purified using Ni-NTA af-
finity chromatography and every purification step was carried out in
the absence of any reductant. After the addition of 400 uL of equili-
bration buffer (10 mM imidazole, 300 mM KCI, 20 mM NaH,POQ,,
pH 7.4) the whole reaction mix was loaded onto a pre-equilibrated
0.2 HisPur Ni-NTA agarose spin column (Thermo Fisher Scientific,
Rockford, IL) and incubated for 1 h at room temperature at
200 rpm. Afterwards, the buffer was removed by centrifugation at
700 x g for 2 min and the column was washed three times with
400 ulL of washing buffer (20 mM imidazole, 300 mM KCI, 20 mM
NaH,PO,, pH 7.4) to remove unspecific binders. The His-tagged
NDs containing VDAC were eluted with 600 uL of elution buffer
(250 mM imidazole, 300 mM KCI, 20 mM NaH,PO,4, pH 7.4) and
collected in three 200 wL fractions. Purified hVDACs assembled
into NDs were diluted in NuPage LDS buffer with reducing agent, heat-
ed at 95°C for 5 min and separated onto a 4-12% NuPage Bis-Tris gel
(Thermo Fisher Scientific, Carlsbad, CA) in MES running buffer at 200
V. Samples were stored at 4°C for up to 12 days.

PLB

Electrophysiological analysis of recombinant hVDAC1 was per-
formed as previously described (14,26,47,48). Briefly, an artificial
PLB made of 1% DiPhPC (Avanti Polar Lipids, Alabaster, AL) in
n-decane was formed on an aperture of 200 um in a Derlin cuvette
(Warner Instruments, Hamden, CT). Membrane capacitances of
110-150 pF were accepted for proper lipid bilayers. Channel insertion
was obtained by addition of ~40 ng of refolded protein solution to the
cis side of the cuvette containing 3 mL of KCI solution. Data were ac-
quired using a Bilayer Clamp amplifier (Warner Instruments) at 100
us/point, filtered at 300 Hz and analyzed using the pClamp software
(Ver-10; Molecular Devices, San Jose, CA). Electrophysiological anal-
ysis of human VDACck,nps Was performed using the Innovation
setup. An artificial PLB was formed on a hole with a diameter of
100 um in a 25-um thick Teflon foil separating two Teflon chambers
with a volume of 2.5 mL each. First, the rim of the hole was treated
with 1 uL of 1% hexadecane in n-hexane and both chambers were
filled to the lower edge of the hole with an electrolyte solution. Subse-
quently, 35 uL of 15 mg/mL phospholipids dissolved in n-pentane
were added to each side of the chamber and bilayers were built using
a folding technique that consists in elevating the buffer level of each
chamber as reported in (49). Both chambers were connected to the
amplifier via Ag/AgCl electrodes. All measurements were performed
at RT in 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC; Avanti
Polar Lipids) membranes with symmetrical KCI solution (1 M KCI,
10 mM Hepes, pH 7.0). Membrane capacitances of 100-140 pF
were accepted for proper lipid bilayers. Reconstitution of VDAC pro-
teins was observed after the addition of ~5 ulL of the purified chan-
nel-ND complex directly below the bilayer in the trans compartment
with a bent 25 uL Hamilton syringe. The currents were acquired
with a sampling frequency of 10 kHz after low-pass-filter at 3 kHz
and digitized using an EPC 7 Patch Clamp Amplifier and Patchmaster
software (HEKA). Channel conductance (G) was calculated from cur-
rent () measurements in the presence of the applied constant voltage
(V) of +10 mV, according to the following equation: conductance
(G) = current (I)/voltage (V).

Voltage dependence analysis

VDAC voltage dependence was measured in symmetrical KCI solu-
tion (1 M KCI, 10 mM Hepes, pH 7.0) by applying 10 mHz triangular
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voltage waves of =50 mV, time 100 s. At least three independent ex-
periments were performed for each protein. Plots of the average
VDAC conductance as a function of voltage were obtained by the
application of a voltage range of +50 mV with discrete steps of
+5 mV for 15 s. The relative conductance was calculated as G/Gy,
where G denotes average conductance at a given Vm and G denotes
average conductance values calculated in the presence of the lowest
applied potential. Three independent experiments were performed for
each protein. Data are shown as the mean + SEM and graphited us-
ing prism 8.0 software (GraphPad Software).

lon selectivity measurement

lon selectivity measurements were performed in 0.1 M/1 M cis/trans
gradient of KCl and permeability ratios of cation K* (Px.) over anion
Cl~ (P¢ ™) was calculated from the reversal potential (V) using the
Goldman-Hodgkin-Katz equation. Channel insertion was initially
achieved in symmetrical 1 M KCI. After the insertion of at least one
channel, solution in cis was changed perfusing ~10 chamber vol-
umes and 10 mHz triangular voltage wave (+50 mV; time, 100 s)
was applied. The channel conductance in 0.1 M/1 M cis/trans
gradient of KCI was calculated from the current measurements
when a voltage Vm is applied, using equation: | = G (Vm — V,e,).

RESULTS

Human VDACcg/np isoforms insert into membrane
with typical channel conductance

NDs are widely used to mimic a native-like bilayer envi-
ronment for membrane proteins, thus rendering them
soluble in aqueous solutions for structural and func-
tional analysis (50). NDs conceptually arise from high
density lipoprotein particles, in particular the apolipo-
protein 1 (Apo-1). They consist of a discoidal lipid
bilayer which is stabilized and made highly soluble by
two pairs of amphipathic membrane scaffold proteins
(MSPs), which mimic the function of Apo-1 (51). The
length of the MSPs and the stoichiometry of lipid/
MSP ratio used in the self-assembly process control
the size of the ND structure (39). In recent years, NDs
with different lipid composition and size have been
developed. In this work, human VDAC proteins were ex-
pressed using the CF expression system in the pres-
ence of two different commercially available NDs:
MSP1D1 and MSP2N2. They share the same dimyris-
toylphosphatidylcholine (DMPC) bilayer but differ in
diameter from ~9.7 to ~17 nm, respectively, as
measured by solution x-ray scattering (52,53). After
the CF expression in the presence of NDs, hVDACck,
npS were eluted from Ni-NTA columns. The samples
were analyzed by NuPAGE (Fig. 1). As shown in
Fig. 1, the treatment with the anionic detergent LDS pro-
vided two most relevant bands at ~30 kDa (monomeric
hVDACs) and ~45 kDa (the scaffold protein of
MSP2N2 NDs). hVDAC1, hVDAC2, hVDAC3, and
hVDAC3 COA were thus successfully incorporated
into MSP2N2 NDs. The experiment was intended to

Biophysical Reports 7, 100002, September, 2021 3

52



Conti Nibali et al.

[}
2
5
Q fa) 2 <
(] 2 Z z
2 ¢ =T =¥ 8
- Nu Mu e
2 O O QO Q
8§ & & &
KD (]
a ™ w > > > >
70
55
— — il e
35 —
25 —
15
FIGURE 1 Incorporation of human VDACs into MSP2N2 NDs.

4-12% NuPAGE gel of hVDACck,np isoforms eluted from Ni-NTA col-
umns. The first lane is loaded with 0.5 uL of empty NDs as a control.
Lanes 2-5 were loaded with MSP2N2-hVDAC1, -hVDAC2, -hVDAC3,
and -hVDAC3 COA, respectively. In each lane, the protein bands corre-
sponding to the scaffold protein of MSP2N2 NDs (~45 kDa) and
those of monomeric human VDACs (~30 kDa) are visible. As ex-
pected, VDAC3 wild-type and COA proteins migrate faster than iso-
form 1 and 2.

verify the ability of VDAC proteins to incorporate as
functional pore into the PLB. The successful electro-
physiological recording of typical VDAC channel activ-
ity reported below underpins proper assembly and
folding of hVDACs produced by the CF protocol in
NDs (called from here on hVDACcg/np)- Fig. 1 shows
the presence of all three VDAC isoform in the ND prep-
arations, together with the scaffold protein. Hence, the
concentration of functional channels in the NDs result-
ing from this protocol is ideal for reconstituting single
VDAC channels into a PLB and for recording its electro-
physiological properties. Although the functional
reconstitution of human VDACs in MSP2N2 NDs was
successful, the same procedure did not generate any
channel activity when VDACs were translated in the
presence of the smaller MSP1D1 NDs. The absence
of channel activity in these experiments can be traced
back to the failure of incorporation of VDAC proteins
into the smaller MSP1D1 NDs. This is demonstrated
by electrophoresis, where in this case exclusively the
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protein band corresponding to the scaffold protein
was detected indicating that these empty NDs did not
contain VDACs (data not shown). It is reasonable to
speculate that MSP1D1 may form NDs with a diameter
too small for hosting a folded VDAC pore.

Next, we examined the efficiency of the purification
protocol and the membrane insertion procedure
described above and we tested whether these prepara-
tions have the same functional properties of hVDACs
prepared by the traditional protocol as in (14,26,47).
The VDAC isoforms in NDs were therefore added to
the trans side of a PLB at a concentration of 100 ng/
uL and their channel forming activity analyzed by elec-
trophysiological methods. Channel insertion was
studied by applying an electric potential of +10 mV
to the membrane. At this voltage, hVDAC1cg,np and
hVDAC2ck,np inserted as fully open state pores with
discrete current steps of 3.47 + 0.43 nS (n = 35) and
3.28 + 0.36 nS (n = 30), respectively (Fig. 2, A, B, and
F). Fig. 2, C and F show that, in the same experimental
conditions, hVDAC3cr/np channels adopted a lower
conductance state of 0.64 + 0.28 nS (n = 29), as
already noticed in (26). It is worth noting that this state
is more frequently observed upon VDAC isoform 3
reconstitution in PLB (14,26,27) and totally differs, as
demonstrated below, from the canonical high-con-
ducting state recorded most of the time for VDAC1
and VDAC2 (23,54). Preincubation with 5 mM DTT
before bilayer reconstitution significantly increased
the mean current through hVDAC3cg/np (i€, 3.01 +
0.47nS (n = 30)), albeit the incorporation rate, as empir-
ically observed, was still far below that of isoform 1 and
2 (Fig. 2, D and F). Removal of all cysteine residues and
their substitution by mutagenesis with alanine (COA)
also causes hVDAC3¢g/np to form channels with the
typical VDAC conductance (3.57 nS + 0.64 (n = 33)),
and improves the rate of insertion (Fig. 2, E and F).
These results confirm what was previously reported
about the influence of the oxidative state of cysteine
residues in VDAC3 on channel conductance (14,26,27).

NDs preserve the voltage dependence of human
VDAC isoforms

VDAC pores show a typical feature, from which their
name derives, in that they are voltage dependent. For
VDACs this means that, after reconstitution in artificial
membranes, the channel conductance does not
proportionally raise but begins to decay in response
to voltages above 20—30 mV. This phenomenon corre-
sponds to a partial closure of the pore: indeed, such
partial “closure” does not allow the passage of large
molecules such as ATP and the ion selectivity is
modified (24). It is hypothesized that VDAC closure
might have relevant functional consequences on the
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mitochondria activity (1,7,55,56). We aimed to check
whether such electrophysiological feature was kept
by hVDACCF/ND.

After successful incorporation of VDAC channels
from NDs into a host bilayer, we monitored their
voltage dependence by applying a triangular voltage
ramp from 0 to =50 mV in 100 s (Fig. 3). At low mem-
brane potentials, hVDAC1¢g/np and hVDAC2¢g/np CUT-
rent traces increased linearly with voltage. Higher
voltages of either polarity induced step-like transitions
to a single and stable closed substate in hVDAC1cg/np.
hVDAC2¢cr/np WasS more responsive to positive volt-
ages than to negative ones: during the short time of
the voltage ramp, the channel rapidly shifted to a stable
lower conductance substate already at +20 mV. At
negative potentials, the channel exhibited first some
fast fluctuations at voltages more negative than
—30 mV before reaching a steady closed substate be-
tween —40 and —50 mV). As found with protein re-
folded in the traditional way (26), hVDAC3¢k/np did
not display any voltage dependence in the absence of
reductants. In Fig. 3 G, it can be appreciated how cur-
rent constantly increases and decreases as a function
of the driving force (voltage) without showing any
gating events. The addition of DTT, as well as the
removal of all cysteine residues, made hVDAC3cg/np

COAck/np (E) recorded at +10 mV in 1 M KCI/
10 mM HEPES, pH 7.0. (F) Distribution of chan-
nel conductance events as a function of (G).

o hVDACT cemp

O hVDAC2¢enp

B hVDAC3gp N0 DTT
8 hVDAC3¢epp + DTT
8§ hVDAC3 COAceno

sensitive to the membrane potential. As shown in
Fig. 3, I and K, the application of voltages higher than
+30 mV elicited closures of hVDAC3crnp in the
presence of 5 mM DTT. The same was observed in
the CyS-free hVDAC3 COACF/ND-

These results, obtained by reconstituting recombi-
nant hVDAC3 from membrane mimetic NDs, support
the essential role of cysteines in channel gating, as
was previously shown by conventional protocols.
Within the applied voltage range +20/-30 mV
and +20/-40 mV, hVDAC1CF/ND, and hVDACZCF/ND,
respectively, are fully open; the linear trajectory of the
current follows the voltage ramp. As expected for sym-
metrical buffers, both in the cis and trans side the cur-
rent reverses at 0 mV. At voltages positive and negative
outside these windows, partial channel closures can be
observed. The voltage-dependent reduction in channel
open probability reduces the slope of the I/V curve
which translates into a decreased conductance;
the decrease in conductance becomes evident at volt-
ages +20 to 30 mV for hVDAC1CF/ND (Flg 3 D)
hVDAC2cr,np SwWitched to a stable lower conductance
substate at positive potentials (+25 mV), whereas at
negative potentials, ranging from —30 to —40 mV, the
channel exhibited fast open-closed transitions before
going into a permanent partially closed substate at
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FIGURE 3 Voltage dependence of human VDAC isoforms analyzed by triangular voltage ramps in PLB in different reconstitution methods. In
each experiment, current traces were obtained by applying to the reconstituted VDAC a triangular voltage protocol. The corresponding |-V plots
were obtained by plotting the current as a function of clamp voltage. The experiments were performed in symmetrical 1 M KCl solution. (A and B)
hVDAC1: channel refolded and reconstituted as in (14,26,47). (C and D) hVDAC1¢g/np: channel incorporated in NDs as described in Materials and
methods. (E and F) hVDAC2¢g/np: conditions as in (C and D). (G and H) hVDAC3¢g,np NO DTT: multichannel analysis in the absence of
any reducing agent; other conditions as in (C and D). (I and J) hVDAC3¢r/np + DTT: channel analyzed in the presence of 5 mM DTT; other
conditions as in (C and D). (K and L) hVDAC3 COAcr/np: mutagenized hVDAC3 lacking any cysteine, mutated in alanine; other conditions as

in (C and D).

voltages higher than —40 mV (Fig. 3 F). The I/V plot of
hVDAC3cg/np Sshows that the channels do not display
dependence on the entire voltage range tested because
no conductance decrease was recorded. (Fig. 3 H).
Channel closures at positive and negative voltages
are only observed after preincubating hVDAC3 with
DTT or after removing its cysteines from the sequence.
Under these conditions hVDAC3¢r/np exhibits distinct
partial closures at extreme positive and negative
voltages. Such closures are evident applying more
than +£30 mV to incorporated hVDAC3cg/np + 5 MM
DTT and more than +35 to 40 mV to hVDAC3
COAcr/nD, respectively (Fig. 3, J and L). All data were
compared with an experiment in which the triangular
voltage wave was applied to hVDAC1 reconstituted
by canonical recombinant production and purification
from E. coli as in (14,26,47) (Fig. 3, A and B). The exper-
imental traces of human VDAC isoforms conductance
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in response to 15 s voltage steps of 10 mV over a
range of +50 mV, are also shown (Fig. 4). When the
normalized conductance G/Gq is plotted as a function
of Vi hVDAC1 CE/ND» and hVDACZCF/ND exhibit the char-
acteristic bell-shaped curve. This result indicates a
symmetrical voltage-dependent channel closure at
both positive and negative potentials (Fig. 4, A, B, and
F). In the same plot the G/G ratio of hVDAC3¢g/np re-
mains nearly constant over the entire voltage window
(Fig. 4, C and F). When the latter channel was incubated
under reducing conditions (+DTT) before reconstitu-
tion in the bilayer, also hVDAC3¢g/np exhibited a similar
bell-shaped voltage dependence as the two other iso-
forms hVDACT ¢g/np and hVDAC2 cr/np; even though
the voltage dependence of hVDAC3 crnp Was less
steep than for the other isoforms (Fig. 4, D and F). An
almost perfect overlap of the voltage dependence be-
tween all three isoforms was obtained only when the
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cysteines were removed from the hVDAC3 sequence
(hVDACB COACF/ND) (Flg 4, E and F)

lon selectivity of VDAC isoforms reconstituted in
NDs

A typical feature of VDACs is that they have a slight
preference for anions over cations in the so-called
“open state” (20,21) but a cations over anions prefer-
ence in the “closed state” (24,25). Here, the ion selec-
tivity of the three human VDAC isoforms has been
investigated using a 10-fold KCI gradient, as described
in Materials and methods. When cis and trans sides of

the membrane contain buffers with different concen-
trations, the I/V curve of a “selective” channel reverses
at a voltage different from zero. The “reversal potential”
(Vyev) at which the current changes its direction is diag-
nostic for the ion species that carries the current. The I/
V plots of hVDACck,np shown in Fig. 5, A—E clearly indi-
cate negative V,e-values, which underpin the anion
selectivity of the “open state.” The “closed state,” in
contrast, reveals positive Ve -values corresponding to
cation selectivity. The permeability ratio of ClI~ to K*
(Pci™/Pk4) in the “open” and “closed” conformations
of human VDAC isoforms was determined from the
reversal potential using the Goldman-Hodgkin-Katz
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equation. In agreement with the literature (20,21,23,24),
hVDAC1cg/np featured a mild anion selectivity in the
open state (P¢ /Py, = 1.39 + 0.06, Vo, = —6.60 +
0.98 mV). This preference for anions is reversed to a
preferred movement of K over CI- (Pg /Py, =
0.45 + 0.02, Vey = 17.10 + 1.05 mV) when the chan-
nel adopted the lower conducting conformation
(“closed state”) (Fig. 5 A; Table 2). For hVDAC2¢k/np,
the calculated V,.,-values were —5.4 + 1.18 mV in
the open state, corresponding to a permeability ratio
Pci /Pk. = 1.31 + 0.08, and 16.8 = 1.40 mV in the
closed state, which is equivalent to a P¢ /Pk.. ratio
of 0.43 + 0.03 (Fig. 5 B; Table 2). hVDAC3 deserves
a separate discussion.

As demonstrated in the previous paragraph, un-
treated human hVDAC3cg/np is voltage-insensitive,
which provides the possibility to determine the reversal
potential exclusively for the conformation in which it in-
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serted. In Fig. 5 C, it is indicated that the channel has a
Viev-value of 5.7 = 1.57 mV. This corresponds to a
permeability ratio P¢,"/Pk.. of 0.76 + 0.06 indicating
cation selectivity (Table 2). This finding, however, is
not surprising: it is conceivable that a channel with a
very small conductance (~0.64 nS) promotes the pas-
sage of K" over Cl~ also because of steric hindrance.

TABLE 2 Permeability ratio of hVDACcg/np complexes

Pci /Py, (A) Pci /Pk, (C)
hVDAC1cr/nD 1.39 = 0.06 0.45 = 0.02
hVDAC2¢r/nD 1.31 + 0.08 0.43 = 0.03
hVDAC3CF/ND no DTT - 0.76 = 0.06
hVDAC3ce/np + DTT 1.24 = 0.12 0.66 = 0.06
hVDAC3 COAGk/nD 1.27 = 0.13 0.64 = 0.10

The permeability ratio (P /Pk.) of hVDACcr,np complexes calcu-
lated from corresponding Ve, using the Goldman-Hodgkin-Katz equa-
tion. Data are means of at least three independent experiments + SD.
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Preincubation with DTT, which confers the large
conductance state, then makes the fully open
channel anion-selective with a P /Py = 1.24 +
0.12 (Viey = —3.7 = 1.75 mV). The low conductance
state reverses in this condition at V., = 6.7 *
1.38 mV translating into a cation selectivity of Pg ™/
Pk, = 0.66 = 0.06 (Fig. 5 D; Table 2). The fact that
the large conductance promotes anion selectivity was
further supported by selectivity measurements of
hVDAC3COAck/np. The reversal potential values of
this mutant (V,ey, = —5.8 + 1.25 mV) are in the fully
open state more similar to hVDACTcenp and
hVDACZCF/ND, than to hVDACSCF/ND no DTT. This
reversal voltage translates into a permeability ratio
Pc /P, = 1.27 = 0.13 in the large-conducting
open conformation. The lower conducting closed
state of this mutant exhibits a reversal voltage of
Viev = 10.4 £ 1.50 mV indicating a cation selectivity
with P¢~/Pk, ratio of 0.64 + 0.10 (Fig. 5 E; Table 2).

DISCUSSION

The first attempt to reconstitute VDAC into a PLB dates
back to 1976 (19), when Schein and co-workers
accidentally discovered a voltage-dependent and
anion-selective channel in the mitochondria extract of
Paramecium Aurelia. Since then, VDAC electrophysi-
ology has been thoroughly investigated exploiting
PLB measures. Today, well-established protocols exist
for VDAC incorporation into artificial membranes and
all of them involve the use of proteins isolated from tis-
sue mitochondria (20,21,57) or protein produced by mi-

crobial systems (26,47). Escherichia coli is undoubtedly
the most widely used expression platform for the highly
efficient production of heterologous proteins. Despite
its wide utilization, this technology has limitations
that mainly concern the intracellular accumulation of
improperly folded proteins in insoluble inclusion bodies
and, possibly, the lack of physiological posttransla-
tional modifications. Because functional and structural
studies, however, need bioactive proteins, numerous
strategies were established to counteract any denatur-
ation process. In the specific case of VDAC, these
methods include on-column refolding (30) or drop-
wise dilution (14,16,26) in the presence of detergents,
along with gel filtration, ion exchange, and size exclu-
sion chromatography (17). Overall, the reported pro-
cedures circumvent the difficulties associated with
the transmembrane nature of VDAC though, at the
same time, substantially prolonging the protein prepa-
ration workflow. Furthermore, the presence of contam-
inants, i.e., channel proteins of the bacterial host, is not
absolutely abolished. In the last decades, CFPS has
proven to be an excellent platform for in vitro protein
expression that avoid all complications associated
with living cells. Here, we report, for the first time, CF
production of human VDACs and their insertion into
NDs. Subsequent reconstitution into PLBs confirms
that this procedure maintains the channel function of
the proteins. Unlike detergent micelles and liposomes,
NDs provide a native-like membrane environment that
overcomes heterogeneity and aggregation (58,59).
The ND also provides a greater stability for the
membrane protein compared with liposomes (60).
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Furthermore, this technology paves the way for a more
accurate control of the local lipid compositions around
the integral protein, that, besides, results more active
(67). The literature already contains some examples
of ND-stabilized VDACs (in particular, VDAC1 (45) and
VDAC2 (46)), but all of them still involved the use of
conventional bacterial protein expression systems.
On the contrary, the results presented in this manu-
script indicate the extraordinary advantages in terms
of experimental effectiveness in combining in vitro
VDAC translation with ND technology. To give a prac-
tical example, in vivo VDAC expression systems often
require from 4 to 5 days to obtain active recombinant
proteins, whereas CF/ND technology extremely cuts
down working time to few hours (Fig. 6). The electro-
physiological data confirm that human VDAC1 g/,
VDAC2ck/np, and VDAC3cr,np form pores with robust
channel properties. In this regard, VDACcr/npS regis-
tered a higher probability to insert into artificial
membranes when compared with VDAC proteins ex-
pressed via heterologous system (~90-70%). The
functional features of these channels are undistin-
guishable from those obtained from recombinant pro-
teins analyzed by canonical PLB protocols. We also
checked the influence of PLB lipid composition on the
pore-forming activity, by reconstituting hVDAC1cr/np
in a membrane made of 1:1 DiphPG/DiphPC as in
(62). There was no difference between the protein
produced with the new protocol presented here and
the result reported in (62) (data not shown). Accord-
ingly, at low membrane potentials hVDAC1cg/np and
hVDAC2cg/np €asily inserted into Diph-PC membranes
as fully “open” channels with average conductance
values between 3.47 + 0.43 nS (n = 35) and 3.28 +
0.36 nS (n = 30), respectively. An analysis of the
voltage-dependence demonstrated that membrane po-
tentials higher than +30 mV switched both isoform 1
and 2 to the low-conducting “closed” conformation.
Also, the analysis of ion selectivity of channels ob-
tained from the combined CF synthesis/ND system
resembled data obtained with conventional methods
(63). In both experimental systems the channels pro-
vide a weak preference for anion over cations in the
high-conducting state that shifts to a distinct cation
selectivity in the low conductance state. As expected,
human hVDAC3¢k,np exhibited the same peculiar elec-
trophysiological features previously reported for this
channel (14,26,28). In the absence of any reductants,
the average conductance of reconstituted channels
was much lower than those of hVDACTce,np and
VDAC2cr/np. Furthermore, the open probability of
hVDAC3cr/np Was insensitive to voltage over a wide
voltage range. This condition allowed measurements
of ion selectivity in a unique channel conformation
that emerged as cation-selective. Addition of DTT or
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replacement of cysteines by alanine (hVDAC3 COA
mutant) converted the human VDAC3cg/np into the
same functional mode of the other two isoforms: the
mean current across the hVDAC3¢k,np channel consid-
erably increased both in DTT-treated (3.01 = 0.47 nS
(n = 30)) and Cys-less protein (3.57 nS + 0.64
(n = 33)) although with different incorporation rates.
Under the aforementioned experimental conditions,
hVDAC3cr/np acquired a voltage-dependence and
anion selectivity in the open conformation similar to
that of the two other isoforms. The results of these ex-
periments further corroborate the importance of
cysteine redox state in pore function (14,26) and they
foster the hypothesis that the selectivity of the channel
is correlated to the size of the unitary conductance. On
the other hand, these experiments show that the new
protocol for expression and reconstitution of VDAC
pores can perfectly replicates the “classical” one also
in altered conditions. In conclusion, we presented
here a new protocol of expression and reconstitution
of VDAC pores, based on CF expression of the protein
and incorporation into NDs, that has the following ad-
vantages over the previous methods: 1) it is quicker
because it takes only few hours from the expression
to the reconstitution in PLB. This is mainly due to the
lack of a dedicated refolding procedure, which is quite
long and complex for bacterially expressed proteins; 2)
consequently it is cheaper; 3) it is easier because the
expression and NDs incorporation do not need any
complex step in the laboratory; 4) the most interesting
future perspective is that a combination of CFPS and
reconstitution of active VDACs in NDs paves the way
for site-specific incorporation of noncanonical amino
acids. This will be interesting for studying structure/
function correlations in these channel proteins and
for understanding the effects of specific labeling (64).
Finally, VDAC forming pores are more stable than those
obtained with previous protocols, lasting many days at
4°C without loss of activity or precipitation and are
more active in terms of ease of insertion in the
PLB and incorporation of undamaged pore-forming
protein. All these factors make our protocol an
even better strategy than the liposome-fusion pro-
posed by Liguori et al. (65). These authors set up a
method for CF production of VDAC within liposomes
that, however, requires much longer preparation times
because of the need of preventing aggregation of the
integral proteins.

The flowcharts in Fig. 6 summarize step by step pro-
tocols for the combined in vitro translation and ND
reconstitution of VDACs and the conventional
approach comprising recombinant VDAC synthesis
and purification with advantages and disadvantages
of both techniques. In the light of these findings, and
of the successful confirmation of full activity recovery
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showed by the three VDAC isoforms in PLB, which over-
laps and even improves recordings of the functional
properties reported in conventional system, we believe
that our new protocol, combining CF synthesis with
NDs reconstitution, will open up new opportunities in
VDAC electrophysiology.
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ARTICLE INFO ABSTRACT

Keywords: Unraveling the role of VDAC3 within living cells is challenging and still requires a definitive answer. Unlike
VDAC3 VDAC]1 and VDAC2, the outer mitochondrial membrane porin 3 exhibits unique biophysical features that suggest
Cysteine unknown cellular functions. Electrophysiological studies on VDAC3 carrying selective cysteine mutations and
ROS .. . . . . .

Mitochondria mass spectrometry data about the redox state of such sulfur containing amino acids are consistent with a putative
Complex 1 involvement of isoform 3 in mitochondrial ROS homeostasis. Here, we thoroughly examined this issue and

provided for the first time direct evidence of the role of VDACS3 in cellular response to oxidative stress. Depletion
of isoform 3 but not isoform 1 significantly exacerbated the cytotoxicity of redox cyclers such as menadione and
paraquat, and respiratory complex I inhibitors like rotenone, promoting uncontrolled accumulation of mito-
chondrial free radicals. High-resolution respirometry of transiently transfected HAP1-AVDACS3 cells expressing
the wild type or the cysteine-null mutant VDAC3 protein, unequivocally confirmed that VDAC3 cysteines are

High-resolution respirometry

indispensable for protein ability to counteract ROS-induced oxidative stress.

1. Introduction

Mitochondria are a major source of reactive oxygen species (ROS) as
well as a critical target of the harmful effects of oxidative stress [1-3]:
because of this they are equipped with multiple defense mechanisms [4].
These range from antioxidants enzymes, able to directly quench radical
species (i.e. superoxide dismutases (SODs), glutathione peroxidase
(GSH-Px) and peroxiredoxin/thioredoxin (PRX/Trx) systems [5,6]) to
complex pathways including mitophagy and mitochondrial unfolded
protein response (mtURP) [7,8]. Mitochondria communicate their redox
state to targets located in the cytosol and in the nucleus (retrograde
redox signaling) via mechanisms that are not fully understood but
mostly rely on the modulation of redox sensitive proteins such as protein
kinases [9,10]. In 2016, the Voltage Dependent Anion Channel isoform 3
(VDAC3) was suggested as a putative sensor of mitochondrial ROS levels
[11,12]. Hitherto, VDAC1 had been considered a key player in
ROS-induced apoptosis [13] as the responsible for the translocation of

superoxide anion from mitochondria to cytosol [14]. Located in the
outer membrane of eukaryotes mitochondria, VDACs form large
aqueous channels that mediate metabolites exchange across the organ-
elle [15,16]. They also participate in a wide range of pathways thanks to
the interaction with cytosolic enzymes and both pro-apoptotic and
anti-apoptotic factors [17,18]. The three VDAC isoforms (VDACI1,
VDAC2 and VDAC3) that exist in mammals are considered functionally
distinct, despite showing a high sequence similarity [19]. VDAC1 and
VDAC2 are mainly involved in the regulation of bioenergetic and of
mitochondria-mediated  apoptosis, and also, they feature
well-established electrophysiological properties which have been thor-
oughly investigated in artificial membranes [20]. Knowledge about
isoform 3 is limited and its biophysical characteristics are still debated.
The group of Colombini first reported that VDAC3 rarely inserted into
planar lipid membranes as fully open pores that did not exhibit typical
voltage-dependent gating [21]. Subsequently, Checchetto et al.
described very small and ungated channels upon VDAC3 reconstitution
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under non-reducing conditions [22]. The addition of reductants to the
refolding procedures [23] or pre-incubation with DTT before electro-
physiological analysis [24] significantly increased the current through
VDAC3 which behaves as canonical voltage-gated VDAC pores albeit
with a much lower insertion rate than isoform 1 and 2. Swapping ex-
periments had previously suggested the involvement of cysteine resi-
dues in VDAC3 pore-activity [25]: the replacement of the VDAC3
N-terminus, containing two cysteines, with the homologous sequence of
VDACI, which has none, allowed isoform 3 to completely rescue the
porin-less yeast temperature-sensitive phenotype [25]. However, the
proof about the key function of these residues in the gating modulation
of VDAC3 channels came later in Refs. [26,27]. The diverse content in
cysteines is, indeed, a distinctive feature of the three isoforms: e.g. in
human, VDACL1 has two, VDAC2 has nine and VDAC3 has six cysteines
[28,29]. According to mass spectrometry analysis [30,31], all of these
residues follow an evolutionarily conserved redox modification pattern,
being oxidated or reduced probably depending on their location with
respect to cytosol or IMS. In particular, the observation that the whole
cysteine content of the isoform 3 is never detected as totally oxidized
suggests that specific residues may undergo continuous
oxidation-reduction cycles and strengthens the idea that they might be
regulated or regulate intracellular ROS levels. However, experimental
evidence is still missing. Clues from literature support the idea that
VDAC3 may function as a redox-sensing protein. To date, a compre-
hensive proteomic analysis listed stress sensors and redox-mediating
enzymes among the cytosolic proteins associated with VDAC3 [32]
and a redox DIGE proteomic study performed on rat heart mitochondria
identified VDAC3 as a preferred target of mitochondrial ROS generated
by the complex III [33]. Furthermore, in a VDAC3 knock out mice, Zou
et al. associated the lack of this isoform with the increase of mitochon-
drial ROS following a high-salt diet [34]. In another work [35], the
authors speculated that the substantial increase of VDAC3 expression in
non-metastatic endometrial cancers may correlate with dyslipidemia, a
metabolic risk factor associated with the development of this type of
tumor. Dyslipidemia could stimulate VDAC3 up-regulation through fatty
acids and amine synthesis pathways responsible for ROS production
within mitochondria. Very recently, VDAC3 was identified as severely
oxidized in HEK293T and HeLa cells exposed to a photosensitizer
compound that substantially increases mitochondria-specific oxidative
stress [36].

In this work, near-haploid human HAP1 cells devoid of VDAC3
(HAP1-AVDAC3) were compared to VDAC1 knock out (HAP1-AVDAC1)
and parental cell lines to test VDAC3 contribution in oxidative stress
response. Along with a greater basal ROS production and a remarkable
increase in the expression of the main antioxidant and detoxifying en-
zymes, the absence of VDAC3 considerably worsened cell resistance
against mitochondrial ROS inducers. As confirmation, transfection of
HAP1-AVDACS3 cell line with a cysteine-null (COA) VDAC3 showed that
cysteines are essential for the cell oxidative homeostasis. We here pro-
vide compelling evidence of the involvement of VDAC3 in mitochondrial
redox-regulatory networks.

2. Results
2.1. VDACS3 knock out down-regulates mitochondrial biogenesis

HAP1 are a near-haploid cell line, of human leukemia origin,
harboring a single copy of each chromosome, except for a disomic
fragment of chromosome 15. Haploidy renders these cells a powerful
tool for functional studies as genome editing ensures the full knock out
of the target gene. In this work, HAP1 cells, devoid of VDAC1 or VDAC3,
were exploited to analyze the contribution of isoform 3 in mitochondrial
ROS metabolism and signaling. To this aim, we initially performed a
phenotypic and molecular characterization of the novel cell lines. As
shown in Supp. Fig. 1A, B and C, no appreciable differences were
observed in morphology, proliferation (at least within the first 72 h) and
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survival rate among HAP1-AVDACI, HAP1-AVDAC3 and parental cells.
However, the quantification of both mRNA and protein levels demon-
strated a significant dysregulation in the expression profiles of the other
two isoforms in the absence of VDAC3: compared to the parental cell
line, HAP1-AVDAC3 displayed an approximate 50% decrease and a
concomitant approximate 70% increase of VDAC1 and VDAC2 proteins,
respectively (Fig. 1A and B). VDACI knock out, conversely, did not
considerably alter the expression levels of VDAC2 and VDAC3 (Fig. 1A
and B). As changes in VDAC function/expression have been related to
mitochondrial biogenesis dysfunction [37], the effects of VDAC1 and
VDAC3 depletion on mitochondrial content were assessed by investi-
gating the PGC-1la (peroxisome proliferator-activated receptor gamma
coactivator la) signaling cascade. PGC-la controls mitochondrial
respiration and biogenesis by coactivating numerous transcription fac-
tors, including the nuclear respiratory factors NRF-1. PGC-lua also
indirectly regulates the mtDNA transcription by modulating the
expression of the mitochondrial transcription factor A (TFAM), which is
coactivated by NRF-1. As illustrated in Fig. 1C, the expression of all these
genes is significantly reduced in both HAP1 K.O. cell lines, although the
lack of VDACS3 is associated with the greatest variations (more than 50%
reduction in mitochondrial biogenesis markers). However, mtDNA copy
number quantification by determining the mtDNA/nDNA ratio and
western blot analysis of Succinate Dehydrogenase Complex Flavoprotein
Subunit A (SDHA) (Fig. 1D-E) demonstrated a similar effect of VDAC1
and VDAC3 knock out on mitochondrial deregulation. The significant
fall in the mitochondrial mass of both K.O. cell lines was accompanied
by a considerable hyperpolarization across their inner mitochondrial
membranes (Fig. 1F, G and 1H), which was more pronounced
(approximately 38%) in cells devoid of VDAC1 and could be related to
ADP exhaustion [38].

2.2. VDACS3 depletion weakens cellular defenses against ROS and
stimulates expression of antioxidant enzymes

Clues about the involvement of VDAC3 in ROS homeostasis have
been reported elsewhere [32,34-36]. To examine whether or not the
absence of VDAC3 can influence the intracellular redox state, we
measured the relative abundance of three antioxidant enzymes. As
shown in Fig. 2A, catalase, superoxide dismutase 1 (SOD1) and thio-
redoxin (TRX) were significantly overexpressed in HAP1-AVDAC3
compared to parental cell line (0.59 + 0.15, 1.18 + 0.10 and 1.10 +
0.11-fold increase, respectively). HAP1-AVDAC1 also exhibited an
increment in catalase and TRX expression (0.74 + 0.13 and 0.58 +
0.12-fold increase, respectively) with respect to control cells, whereas a
reduction of SOD1 (0.30 + 0.14-fold decrease) was observed, in agree-
ment with [39]. Overall, the expression pattern of these major antioxi-
dant enzymes demonstrates that cells devoid of VDAC3 experience a
greater oxidative stress. MitoSOX-Based Flow Cytometry, which spe-
cifically detect mitochondrial superoxide, confirmed the highest basal
level of mitochondrial ROS in HAP1-AVDACS3 cells with respect to the
parental cell line and to cells lacking VDAC1 (Fig. 2B) [40-43]. Inter-
estingly, both VDAC1 and VDAC3 depletion led to a diminished amount
of cytosolic ROS with respect to control cells, as revealed by flow
cytometry quantification with DCFH probe (Fig. 2C). These findings
could be a consequence of the enhanced expression of antioxidant en-
zymes that quickly remove the excess of ROS from the cytosol or
otherwise be explained by the minor permeability of superoxide across
the outer membrane of VDAC1 and VDAC3 K.O. mitochondria.

2.3. Challenge with ROS producing drugs reveals the importance of
VDACS3 in fighting oxidative stress

The impact of drugs that trigger mitochondrial superoxide accumu-
lation (i.e. rotenone, menadione and paraquat) was evaluated in HAP1
cells devoid of VDAC1 or VDAC3. The results suggest that VDAC3 has a
role in oxidative stress response. According to Fig. 3A, cell survival of

64



Redox Biology 51 (2022) 102264

@ Parental
AVDAC1

2 Parental
7z AVDAC1
O AVDAC3

S. Reina et al.

e, e ()

8O0

c L

288 -

” ..l@mw% %AA
O 5eS . n__.u,
DI £ sz3 ¢ 8 3
> B NDO -

(eBueyo pjog)
5 : ) (%) Aususiul 9oUSS8I0N|) UBSIN

1.5+
0
5

0.0

o«
(=1

- o
(sBueyo piof)
uoissaidxe uijoid anneey

Hokok

VDAC2

= Parental
= AVDAC1
= AVDAC3

O AVDAC3

- - o
(8bueyo pioy)
uoissaldxe uigjoid aaneey

2.0
5_
sekok
0_
SH |J_‘
0.0 LANE:
VDAC1
g O &
§F & &K
N AN
>
v v
10’ 102
FL3

- (4
T 3
& w @
bo, L
“1p e
z 8 @ 2 3 s
QVQQ G ; - wno)
/e g 5803
A 558
O o @moe 4 £33 558
= =05 °eo 558 g
> > > @ © o o = $33
ic = P o § SO
a (abueyo pioy) &
VYNQAU/NYNQWW Bnjejey L2
(sBueyo pioy)
(%) Aysusju @ousosalon|y UES|N
3
x| £ S o8 a
> 3y N\ 523
* =2 “o
) 11 - -
5 1 = 599
= i Hi AMMIMIMmmm m - & mm
* T o
m 55 9 _ = ENO |
3 5538 £ 2 e H ..
> £33 # mf Q i AAA NI
rT 0, _.h_.V & O NDO * _ o ¥
N - " ° 4 S & S & < P S
(ebueYo plo}) - 2 P s 3 S B
uopeayiuenb sape(el YNHW Q (abueyo pioy) Ay S T T 2% (aBueyd poy)
uonesyuenb aAnejel YNYW L = = E:roo ° T (%) Ausuayul 9ousosalony UBS

(caption on next page)
65



S. Reina et al. Redox Biology 51 (2022) 102264
Fig. 1. Molecular characterization of HAP1 cell lines. A. Relative quantification of VDAC1, VDAC2 and VDAC3 mRNAs in HAP1-AVDAC1 and HAP1-AVDAC3.
Data are normalized to the B-actin and expressed as means + SEM (n = 3) and compared to HAP1 parental cells (equals one). B. Western blot illustration and relative
quantification of VDAC1, VDAC2 and VDACS3 protein levels in HAP1-AVDAC1 and HAP1-AVDAC3. Data are normalized to the p-tubulin, expressed as means + SEM
(n = 3) and compared to HAP1 parental cells. C. Relative quantification of PGC-1a, NRF1 and TFAM (mitochondrial biogenesis markers) mRNAs in HAP1-AVDAC1
and HAP1-AVDACS. Data are normalized to the p-actin and expressed as means + SEM (n = 4) and compared to HAP1 parental cells. D. Quantification of mito-
chondrial DNA (mtDNA) in HAP1 cell lines devoid of VDAC1 or VDAC3. mtDNA amount was measured by Real-Time PCR of the mitochondrial gene COXII and
normalized to the nuclear gene APP. Data are expressed as means = SEM (n = 3) and compared to HAP1 parental cells. E. Quantification of mitochondrial content.
Western blot illustration and relative quantification of mitochondrion-specific protein SDHA level in HAP1-AVDAC1 and HAP1-AVDACS3. Data are normalized to the
B-Actin, expressed as means = SEM (n = 3) and compared to HAP1 parental cells. F. Measurement of mitochondrial mass using MitoTracker Green. Representative
fluorescence profiles of cells populations for the three cells lines. Histogram reports the average of fluorescence intensity measured by flow cytometry for the three
HAP1 cell lines after proper gating of fluorescence. Gates were established based on negative and positive controls. Data are indicated as means + SEM (n = 3) and
compared to HAP1 parental cells. G. Detection of mitochondrial membrane potential by Mitotracker Red and measured by flow cytometry in each population of the
three HAP1 cell lines. Histograms show the average fluorescence intensity measured for each gated cell population analyzed. Data are indicated as means + SEM (n
= 3) and compared to HAP1 parental cells. H. Quantification of mitochondrial membrane potential normalized for mitochondrial mass in HAP1 cell lines devoid of
VDAC1 and VDAC3. Data are expressed as means = SEM (n = 3) and compared to parental cell line. Data were analyzed with One-Way or Two-Way ANOVA; with *p
< 0.05 **p < 0.01 and ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

A Fig. 2. Analysis of mitochondrial superoxide
content and quantification of the expression

levels of the main antioxidant enzymes in HAP1
cell lines. A. Representative immunoblot and relative
protein quantification of antioxidant enzymes (Cata-
lase, superoxide dismutase 1 (SOD1) and Thioredoxin
(TRX)) in HAP1-AVDAC1 and HAP1-AVDAC3. Data
are normalized to the f-actin, expressed as means +
SEM (n = 3) and compared to HAP1 parental cell line.
B. Mitochondrial superoxide determination by Mito-
SOX red probe. Representative MitoSOX Red fluo-
rescence profiles evaluated by flow cytometry in each
population of HAP1 cell lines (left). Quantitative
SOD1 TRX analysis of the mean fluorescence intensity MitoSOX
B Red in each population of HAP1 cell line. Results are
expressed as the mean + SD (n = 3) and compared to
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wild type HAP1 following paraquat, rotenone and menadione exposure,
(MTT assay), ranged from 50 to 80%. VDAC3 knock out significantly
reduced the percentage of viable cells by approx. 15% after paraquat
and menadione treatments and by 40% upon rotenone administration.
VDACI1 depletion did not affect cell sensitivity to rotenone and mena-
dione, albeit, enhanced cell resistance to paraquat toxicity in accordance

with Shimada et al. [44]. Relative quantification of protein levels in the
parental cell line revealed that exposure to rotenone, menadione and
paraquat mainly affected the expression profile of VDAC3 which is
substantially up-regulated compared to VDAC1 and VDAC2 (Fig. 3B). To
examine the endogenous mitochondrial superoxide production after a
drug challenge in HAP1, control and K.O. cells were loaded with the
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Paraquat Fig. 3. Effect of mitochondrial ROS-inducers on
cell viability, VDAC isoforms expression and

o Parental  mitochondria functionality. A. Cell viability of

. ﬁxgﬁg; HAP1 cell lines treated with different concentrations

of mitochondrial ROS-inducers (i.e., rotenone,
menadione and paraquat). Data are indicated as the
mean + SE (n = 6) and expressed as the percentage
ratio of the treated cells to the untreated ones. B.
Relative quantification of VDAC1, VDAC2 and
VDACS3 protein levels in HAP1 parental cells treated
with increasing concentrations of rotenone, mena-
dione and paraquat. All values are normalized to the
B-tubulin endogenous control and expressed as
means + SEM (n = 3). C. Measurement of mito-
chondrial superoxide production via staining with
MitoSOX Red after treatments with drugs. Data are
expressed as mean + SD (n = 3) and compared to
HAP1 parental cell line. D. Mitochondrial membrane
potential estimated by TMRM fluorescence measured
with flow cytometry in HAP1 cell lines after drug
administrations. Quantifications of percentage of cells
with collapsed Aym are indicated as means + SEM (n
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MitoSOX probe: following treatment with rotenone and menadione,
flow cytometry measurements detected a significant increase (1.1 +
0.10 and 0.65 + 0.12-fold increase, respectively) in the amount of
oxidized probe within HAP1-AVDACS3 cells with respect to the parental
cell line (Fig. 3C). These same drugs did not remarkably enhance
mitochondrial ROS production in VDAC1 K.O. cell line, where, on the
contrary, a conspicuous reduction (0.68 + 10 - fold decrease) in su-
peroxide content was observed upon paraquat administration,
compared to parental cell line (Fig. 3C). To this regard, unvaried ROS
production in VDAC3-free cells compared to the wild-type cell line
following treatment with paraquat may be explained by the down
regulation of VDAC1, which mediates PQ toxicity. Consistent with the
fact that oxidative stress caused by ROS can promote the rapid

depolarization of the inner mitochondrial membrane potential, rotenone
and menadione, but not paraquat, markedly increased the percentage of
HAP1-AVDACS3 cells with collapsed AWm (Fig. 3D). As expected, the
mitochondrial membrane potential of parental and VDAC1 K.O cells was
similarly affected by rotenone and menadione, whereas paraquat
induced a considerable hyperpolarization of HAP1-AVDAC1 mitochon-
dria compared to the other cell lines (Fig. 3D).

2.4. Cysteine residues are responsible for the ability of VDAC3 to
counteract mitochondrial ROS overload

Previous reports led us to speculate that VDAC3 can modulate
mitochondrial ROS content through the redox modifications of its
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cysteine residues: most of them are indeed exposed towards the inter
membrane space, an acidic and oxidative environment where ROS are
released by Complex I [28]. To confirm this, HAP1-AVDACS3 cells were
transiently transfected with plasmids encoding HA-tagged VDAC3 or
VDAC3 COA (i.e. a mutant where all cysteine residues were replaced
with alanine residues), together with the mitochondrial-targeted Red
Fluorescent Protein (mtDsRed) used as transfection reporter and as a
mitochondrial marker. Before transfections, Mito Tracker Red DsRed
staining allowed to portray the characteristic of mitochondrial network
in parental and VDAC3 K.O. cells (Suppl. Fig. 2A). Flow cytometry and
western blot confirmed the expression of the exogenous genes and
revealed an approx. 70% transfection efficiency for both VDAC3 and
VDAC3 COA, which were also properly targeted to mitochondria (Fig. 4
A, B and Suppl. Fig. 2B). Strikingly, expression of VDAC3 induced nearly
a 40% increase in HAP1-AVDACS3 cell survival after 24h exposure to 50
and 100 pM rotenone (Fig. 4C). Under the same experimental condi-
tions, VDAC3 COA did not considerably affect the susceptibility of
VDAC3 knock out cells to the drug. These results are particularly
impressive since neither VDAC3 nor VDAC3 COA transfections altered
mitochondrial content (Fig. 4D and E); furthermore, they did not stim-
ulate a compensatory increase in VDAC1 protein level which could
eventually disguise VDAC3 depletion (Suppl. Fig. 3). The boost in cell
survival registered upon transfection with the wild type VDAC3 isoform
is therefore unequivocally due to its cysteine residues that can coun-
teract rotenone-induced mitochondrial injury. In support of these data,
VDAC3 down-regulated catalase, thioredoxin and SOD1 expression
more than the cysteine-null mutant, suggesting once again that restoring
the wild-type protein expression is sufficient and necessary to reduce
oxidative stress (Fig. 4F).

2.5. VDACS3 preserves mitochondrial respiration upon oxidative stress
conditions

Rotenone is a powerful inhibitor of the mitochondrial electron
transport system (ETS) complex I and exerts its toxicity by increasing
mitochondrial ROS in the presence of NADH-linked substrates, through
a mechanism not completely understood [45,46]. Given previous re-
sults, we queried whether VDAC3 could protect the mitochondrial
respiration upon rotenone exposure. To this aim, High-Resolution
Respirometry (HRR) was used to assay oxygen consumption of HAP1
cells.

Fig. 5A displays a representative respirometric curve of untreated
parental HAP1 cells along with the specific protocol used herein. Briefly,
oxygen consumption was first measured in intact cells, i.e., in the
presence of endogenous substrates (ROUTINE state). Then, cells were
permeabilized and the oxidative phosphorylation sustained by complex
I was achieved in the presence of NADH-linked substrates (N-pathway, i.
e. the contribution of complex I to the oxidative phosphorylation).
Finally, the maximal electron transport (ET) capacity was obtained by
the complete dissipation of the proton gradient through uncoupler
titration.

In order to identify a sublethal rotenone dose, parental HAP1 cells
were first exposed to increasing concentration of the toxin. In parallel,
experiments were repeated using myxothiazol as a control. Myxothiazol
blocks the ETS specifically acting on complex III [47] but without
exerting any significant effect on ROS level [48,49]. As reported in
Suppl. Fig. 4A-B, both drugs promoted a similarly significant decrease of
parental HAP1 oxygen consumption in all the analyzed respiratory
states in a dose-dependent manner starting from 100 nM, with the effect
of rotenone being more pronounced than that of myxothiazol. On the
other hand, no significant variation was observed at 10 nM rotenone.
Additionally, this concentration did not affect cell viability (Suppl.
Fig. 4C) nor in the case of rotenone neither upon myxothiazol treatment.
Contrariwise, while the exposure of HAP1 cells to 10 nM rotenone
correlated with an increase of about 58% in Mitosox signal in compar-
ison to the untreated control, upon myxothiazol the Mitosox signal
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decreased (Suppl. Fig. 4D), suggesting a reduction of ROS production
upon blockage of the ETS, in accordance with previous observations
[50]. HRR experiments were also performed in HAP1-AVDAC3 cells
transfected with constructs encoding VDAC3 or VDAC3 COA, and
exposed to the sublethal doses of rotenone and myxothiazol. While the
transfections per se did not change respiration in any analyzed state
(Suppl. Fig. 5), the absence of VDAC3 made HAP1 extremely sensitive to
10 nM rotenone: not only did the toxin halve cell viability (Fig. 5B) but
significantly affected the respiration. As shown in Fig. 5C, VDAC3 knock
out cells underwent a significant reduction of about 40% in the oxygen
consumption during ROUTINE state, and of 65% and 70% in N-pathway
and ET capacity, respectively. In contrast, absence of VDAC3 had no
impact for cell viability or respiration of HAP1 (Fig. 5D-E) when cells
are exposed to myxothiazol, since no significative variations were
observed in all the conditions tested here. In any case, the
re-introduction of VDAC3 with transient transfection almost nullified
the harmful effect of rotenone, restoring cell survival and oxygen con-
sumption in all the analyzed states (Fig. 5B-C). The expression of the
cys-null mutant also improved both cell survival (Fig. 5B) and respiration
(Fig. 5C) although the oxygen consumption levels never reached those of
cells expressing VDAC3 WT. Again, no significative variations were
observed upon VDAC3 WT or COA mutant expression in VDAC3 knock
out cells exposed to 10 nM myxothiazol (see Supplementary Table S1 for
raw data).

Overall, these results indicate that VDAC3, and particularly the
cysteine residues, is pivotal in maintaining mitochondrial functionality
upon oxidative stress conditions.

3. Discussion

VDACS is the most recently discovered VDAC isoform [50]. Its ex-
istence raised questions about porin redundancy in the outer mito-
chondrial membrane. As for gram-negative bacteria, where many outer
membrane porins absolve to specialized functions [51], mammalian
VDAC isoforms accomplish distinct roles within the cell [52]. In
particular, VDAC3 has recently been proposed to function as a sensor for
the oxidation-reduction potential present in the mitochondrion [26,28].
To challenge this hypothesis, we deeply investigated the behavior of the
human HAP1 cell lines devoid of VDAC1 or VDACS3 in response to ROS.
Indeed, VDACI has been suggested to be involved in ROS homeostasis as
well [41,53,54]: however, unlike VDAC3, isoform 1 would promote
oxidative stress as speculated by Maldonado et al. [55] and demon-
strated by Yang et al. [56]. The near haploid chromosomal status of
HAP1 ensures the complete removal of the target gene: notwithstanding,
in the particular case of VDAC, the remaining isoforms can potentially
compensate for the knockout of a specific isoform and hence mask the
effects of its depletion. For instance, in mouse embryonic stem (ES) cells,
upon VDACs knock out a compensatory increase in VDAC1 expression
was registered in VDAC2~/~ and VDAC3 ™/~ [56].

The preliminary characterization of HAP1-AVDAC1 and HAP1-
AVDACS3 cells revealed no significant changes in the protein levels of
VDAC2 and VDAC3 in HAP1-AVDACI1, whereas a simultaneous down-
regulation of VDAC1 and up-regulation of VDAC2 was registered in
HAP1-AVDACS3 cells. Interestingly, these data are in agreement with the
positive association between VDAC1 and VDAC3 protein expression and
the negative correlation of VDAC2 with VDAC1 detected in endometrial
cancer cells [35]. Both knock out cell lines exhibited a considerable
reduction in mitochondrial content with a concomitant increase in
mitochondrial membrane potential. In other words, cells lacking VDAC1
or VDAC3 share a fewer number of mitochondria that, however, are
more polarized. In accordance with our data, Magri et al. previously
reported that the absence of the endogenous yeast VDAC1 induces a
metabolic rewiring through the down-regulation of mitochondria [37].
On the other hand, explaining the reasons for mitochondrial hyperpo-
larization upon VDACs knock out is arduous: one hypothesis is that it
could be correlated to ADP depletion and loss of FoF; ATPase activity,

68



S. Reina et al. Redox Biology 51 (2022) 102264

A B mtDsRED DAPI - Merge
150+ )
e E Parental O
VDAC3 | - IS O +VDAC3 <
- @ O + VDAC3 COA o
HA — — gA >
5 083,100—
B-ACT | o S (s s £ ®
25 <
NS So o
IS O 5 501 o
~ZYQ§Q' >(Q(J L & > 8
R x % © <
©
E =
HAP1 AVDAC3 0-

O pCMS
O + VDAC3 o pCMS
100+ NS O +VDAC3 COA COXIV | e 9 amm . 157 ™ o+voacs
s,k Kook he o ns NS O +VDAC3 COA
80- T ﬁ-Act —— el —— g E—
<o\ sk KoKk 0] i
o _— e i -
< o O o ST
= . F ¢ O x 8 1.09 —
2 60+ &) QV' QV' N o2
el L X O c®
° ® 25
> 40 53
2 HAP1 AVDAC3 295 54
o) o= U
O =
20+ ©
[ D
[h'4
0 0.0

T T
50 pM 100 pM

E F

1.5 O pCMS 1.2
ns P -

B eVDaGs Catalase
NS NS g +VDAC3COA

l SOD1 [N A

kkk %k skkk o pCMS

Rk k R sxx  sx O +VDAC3
—— 0O + VDAC3 COA

T

-—
T

1

o
i

(fold change)

o
q

Relative mtDNA/nDNA
(Fold change)
o
1
_‘
>
>
Relative protein expression
o
i

0.0

T I T
HAP1 AVDAC3 CATALASE  SOD1 TRX
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with mitochondria. C. Cell viability of HAP1-AVDAC3 upon transfection with an empty vector (pCMS) or plasmid encoding either for the VDAC3 (+VDAC3) or the
VDAC3 COA (+VDAC3 CO0A) and treated with different concentration of rotenone. Data show the mean + SE (n = 3) and are expressed as a percentage ratio of the
treated cells to the untreated ones. D. Quantification of mitochondrial content. Immunoblot illustration and relative quantification of mitochondria-specific protein
COX IV level in HAP1-AVDAC3 upon transfection. Data are normalized to the p-Actin, expressed as means + SEM (n = 3) and compared to HAP1-AVDAC3
transfected with empty vector. E. Quantification of mtDNA in HAP1-AVDAC3 upon transfection. mtDNA amount was measured by Real-Time PCR of the mito-
chondrial gene COXII and normalized to the nuclear gene APP. Data are expressed as means + SEM (n = 3) and compared to HAP1-AVDAC3 transfected with empty
vector. F. Quantification of the main antioxidant enzymes in HAP1-AVDAC3 upon transfection. Representative immunoblot and relative protein quantification of
Catalase, superoxide dismutase 1 (SOD1) and thioredoxin (TRX). Data are normalized to the B-Actin, expressed as means + SEM (n = 3) and compared to HAP1-
AVDACS3 transfected with the empty vector. Data were analyzed with One-Way or Two-Way ANOVA; *p < 0.05 **p < 0.01 and ***p < 0.001.
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Fig. 5. Oxygen consumption analysis upon rotenone and myxothiazol exposure. A. Representative curve displaying the respirometry profile of untreated HAP1
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specific addition of substrates and inhibitors, as following: PMG, pyruvate, malate and glutamate; Dig, digitonin; CCCP, carbonyl cyanide 3-chlorophenylhydrazone;
AZ, sodium azide. B. Cell viability of HAP1-AVDAC3 upon transfection with an empty vector (pCMS) or plasmid encoding either for the VDAC3 (+VDACS3) or the
VDAC3 COA (+VDAC3 CO0A) and treated with 10 nM rotenone. Data show the mean + SE (n = 3) and are expressed as a percentage ratio of the treated cells to the
untreated ones. C. Quantitative analysis of the oxygen consumption in the analyzed states of HAP1-AVDAC3 transfected with empty vector (pCMS) or construct
carrying VDAC3 (+VDAC3) or VDAC3 COA mutant (+VDAC3 COA) attained after the exposure to 10 nM rotenone. Data are indicated as the mean + SE (n = 3) and
expressed as the ratio of the treated cells to the untreated ones. D. Cell viability of HAP1-AVDAC3 upon transfection with an empty vector (pCMS) or plasmid
encoding either for the VDAC3 (+VDAC3) or the VDAC3 COA (+VDAC3 COA) and treated with 10 nM myxothiazol. Data show the mean + SE (n = 3) and are
expressed as a percentage ratio of the treated cells to the untreated ones. E. Quantitative analysis of the oxygen consumption in the analyzed states of HAP1-AVDAC3
transfected with empty vector (pCMS) or construct carrying VDAC3 (+VDAC3) or VDAC3 COA mutant (+VDAC3 COA) attained after the exposure to 10 nM
myxothiazol. Data are indicated as the mean + SE (n = 3) and expressed as the ratio of the treated cells to the untreated ones. Data were analyzed by one-way
ANOVA, with *p < 0.05, **p < 0.01 and ***p < 0.001.
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which in turn decreases the utilization of the electrochemical gradient
[38]. An alternative interpretation may involve the so-called “incom-
plete mitochondrial outer membrane permeabilization (MOMP)” which
occurs under caspase-inhibited conditions. As widely reported, VDAC1
is essential for mitochondria-mediated apoptosis [18]: for instance, it is
required for full processing and activation of caspase-8 [57]. Hence,
cells totally devoid of VDAC1 (AVDAC1) or carrying a 50% reduction in
the expression level of this protein (AVDAC3) likely fail to undergo
mitochondrial permeabilization. Accordingly, depletion of VDAC1 or
VDAC2 by small interfering RNA have been reported to prevent mito-
chondrial membrane potential dissipation in H460 cells exposed to the
cytotoxic isoflavone ME-344 [43]. Moreover, it is worthy of note, that
the hyperpolarization of the mitochondrial inner membrane has been
demonstrated to anticipate excessive ROS generation [58]. VDAC3
knock out cells effectively disclosed a significant boost in mitochondrial
ROS under physiological conditions, as previously observed in H460
cells where VDAC3 was reduced by silencing [43]. This finding perfectly
matches with changes in the expression levels of the main intracellular
antioxidant enzymes that were all up-regulated within HAP1-AVDAC3
cells: this is evidence of an enhanced imbalance between production and
accumulation of intracellular ROS. The absence of VDAC1 also increased
catalase and thioredoxin expression, although, differently from VDAC3
depletion, down-regulated SOD1 and lowered the basal level of mito-
chondrial ROS.

Treatments with drugs triggering mitochondrial ROS generation
clearly pointed out the extreme vulnerability of cells lacking VDAC3
compared to the control and to the cells devoid of VDACI. Consistent
with these observations, the parental cell line drastically overexpressed
VDACS3 in response to prolonged exposure to rotenone, menadione and
paraquat, stressing the importance of this specific VDAC isoform in
fighting oxidative stress. To this regard, it should be outlined that, under
physiological conditions, VDAC3 transcript is the less abundant isoform,
despite its promoter retains the greater transcriptional activity
compared to those of VDAC1 and VDAC2 [59]. As proposed by Zing-
hirino et al. [59], this discrepancy could be related to the minor stability
of VDAC3 transcripts. Alternatively, cells would maintain the activity of
VDAC3 promoter constitutively high in order to promptly increase
protein expression upon specific stimuli [59]. However, the mechanism
by which VDACS3 is up-regulated following oxidative insults needs to be
elucidated: in the light of above, we speculate that this mechanism may
include both an increase of mRNA stability and the modulation of gene
expression, through the use of a polypyrimidine stretch localized within
VDACS3 promoter and identified as a target of oxidative and metabolic
stress [60].

Furthermore, HAP1-AVDAC3 mitochondria showed the highest
increment in superoxide content, upon rotenone and menadione chal-
lenge, which proves they failed to counterbalance the overproduction of
free-radical species. Rotenone and menadione also induced a sharp
collapse of A%y, in these cells suggesting a severe impaired mitochon-
drial function. Paraquat did not generate the same output, presumably
because of VDAC1 down-regulation associated to VDAC3 depletion.
VDACI1 is indeed fundamental for paraquat-mediated cytoxicity as, upon
toxin-mediated redox cycling, VDAC1-deficient mitochondria experi-
ence the lowest amount of superoxide [43]. The role of rotenone,
menadione and paraquat-generated mitochondrial ROS in apoptosis has
been confirmed [45,61,62]. Our MTT assays proved that, after drug
treatments, VDAC3 depletion yields the lowest cell viability compared to
the other cell lines. These data, at first suggesting just a greater pro-
pension of VDAC3 K.O. cells to apoptosis, are particularly meaningful as
removal of isoform 3 is accompanied by the down-regulation of the
pro-apoptotic VDAC1 and the up-regulation of the anti-apoptotic
VDAC2. Complementation of HAP1-AVDAC3, by reintroducing the
wild type protein, restored most of the analyzed parameters approxi-
mately to levels measured in the HAP1 parental cell line. Interestingly,
removal of all cysteine residues abolishes the protective effect of VDAC3
against mitochondrial oxidative damage, leaving only the canonical
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pore-forming activity [22,23,25,26]. This undoubtedly implies that the
involvement of VDAC3 in mitochondrial ROS-sensing is strictly depen-
dent on its cysteine content. HRR measurements of HAP1 cells chal-
lenged by ROS producing drugs additionally supported our conclusions.
VDAC3 knock out significantly affected mitochondrial respiration of
HAP1 cells exposed to rotenone, even at sublethal doses. Interestingly,
we found that at nanomolar concentration rotenone promotes only a
partial and not significant inhibition of complex I activity, with no effect
on cell viability, but a still significative impact for mitochondrial ROS
production. 10 nM rotenone had a negligible impact on oxygen flow of
HAP1 parental or HAP1-AVDAC3 cells transfected with a plasmid
encoding VDAC3, while dramatically affecting oxygen consumption of
cells transfected with the empty vector. This suggests that VDAC3 is
essential for the proper functioning of mitochondria upon oxidative
stress. This finding is reinforced by two distinct aspects. First, no com-
parable effects were observed upon exposure to myxothiazol. Similarly,
to rotenone, myxothiazol promoted a significant inhibition of ETS in a
dose-dependent manner without increasing mitochondrial ROS pro-
duction. In this case, the absence of VDAC3 had no effect for oxygen
consumption, once again underlining the pivotal role of VDAC3 in
counteracting ROS triggered by rotenone. Second, the expression of the
cys-null VDAC3 in HAP1-AVDACS3 cells did not restore the physiological
oxygen flow in presence of endogenous substrates, while partially
improved oxygen consumption of permeabilized VDAC3 knock out cells.
This indicates that the absence of cysteine residues makes VDAC3 un-
able to efficiently counteract the rotenone effect. The partial improve-
ment in oxygen flows here observed could depends on the cys-null
mutant ability to form canonical VDAC-like channels [23,26]. It has
been recently shown that VDAC overexpression counteracts mitochon-
drial respiratory impairment by increasing the availability of adenylates
and substrates. As a result, the respiration was overall improved [63].
Anyhow, cys-null VDAC3 is not able to fully recover oxygen flow as
VDAC3, and this strengthens once again the pivotal role exerted by
cysteine residues.

In conclusion, as hypothesized before [29-31], we demonstrate that
VDAC3 protects mitochondria from oxidative stress-induced impair-
ment, although the underlying molecular mechanism remains elusive. In
particular, experimental results obtained with the VDAC3 mutant
completely devoid of cysteine residues suggest that these amino acids
are crucial for the protein ability to perceives changes in the amount of
mitochondrial reactive oxygen species. Accumulation of oxidative
modifications within VDAC3 cysteines may be used indeed as a redox--
state marker of mitochondria by inducing conformational changes
which, in turn, could signal the ROS load of the single mitochondrion to
other proteins or organelles. Accordingly, VDAC3 could contribute to
mitochondrial quality control in two ways: i) over-oxidated VDAC3 may
undergo ubiquitination [64] and promote the clearance of defective
mitochondria or, ii), ROS-induced conformational changes could drive
protein incorporation into membranous structures secreted by mito-
chondria under oxidative stress called mitochondria-derived vesicles
(MDVs), that participate in maintaining a healthy and functional mito-
chondrial network. Another possible explanation is that, in response to
increased levels of mitochondrial ROS, VDAC3 is “sacrified” through the
retro-translocation pathway (N-end rule pathway) which translocates a
protein containing an oxidated N-terminal cysteine (i.e. VDAC3 contains
a cys in position 2 which becomes the actual N-terminal residue
following removal of the starting methionine) to the cytosolic protea-
some for its degradation [12]. The lack of evidence of VDAC3 cys2
oxidation, suggests, that indeed, each protein containing this altered
amino acid residue could be immediately destroyed by the N-end rule
pathway. To this regard, Messina et al. [32], identified the
valosin-containing protein (VCP) also known as transitional endo-
plasmic reticulum ATPase (TER ATPase) or p97 in mammals, as a
VDACS interactor. VCP is part of the ubiquitin-proteasome system [65]
and is also required for the proper functioning of the lysosomal system
and autophagy [66], hence it is involved in the “extraction” of proteins
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from the outer mitochondrial membrane (OMM) and other membranes
to be subsequently ubiquitinated and degraded.

4. Methods
4.1. Cell culture and treatment

Near-haploid human HAP1 cell (C631), and derived cell lines HAP1
VDACI knock out (HZGHC005706c002) and HAP1 VDAC3 knock out
(HZGHCO005689c006) cells were obtained from Horizon Discovery.
Knockout clones were edited by CTRISPR/Cas system. VDAC1 knock out
clone contains a 2 pb deletion in exon 6 while, VDAC3 knock out clone
contains a 17 bp deletion in exon 7. HAP1 cell lines were maintained at
37 °C in the presence of 5% CO2 in Iscove’s modified Dulbecco’s media
(IMDM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/
ml penicillin and 100 pg/ml streptomycin. Each cell line was treated
with different compound: Menadione (15 or 25 pM dissolved in 0,01%
DMSO) for 3 h; Rotenone (50 or 100 pM dissolved in 0,01% DMSO) for
24 h and Paraquat (50, 100 or 500 puM dissolved in H,0) for 24 h.
Subsequently, the cells were used for cell viability assay describe below.

4.2. Cell viability assay

Cell viability was evaluated by 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazoliumbromide (MTT) assay. HAP1 cell lines were plated
in 96-well plates at 10,000 cell/well and after 24 h received the indi-
cated treatment. Subsequently, MTT was added to the culture medium to
reach final concentration of 5 mg/ml. After incubation at 37 °C for 3 h,
the medium was removed and the formazan crystals produced were
dissolved by adding 100 pl of dimethyl sulfoxide. The absorbance at 590
nm was determined using the microplates reader Varioskan (Thermo
Scientific). Data were statistically analyzed by two-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test.

4.3. Quantitative Real-time PCR

Quantitative Real-time PCR was used to analyze the level of
expression of the following genes: VDAC1, VDAC2, VDAC3, NRF-1,
TFAM, PCG-la. Total RNA was extracted using TRIzol® Reagent
(ThermoFisher Scientific) according to manufacturer’s instructions.
RNA concentration and purity were measured by a spectrophotometer
and 1 pg was used to synthesize cDNA by QuantiTect Reverse Tran-
scription kit (Qiagen). For each experiment, three independent Real-
Time PCR runs were performed in triplicate using the QuantiTec SYBR
Green PCR Kit (QIAGEN). Analysis was performed in the Mastercycler ep
realplex (Eppendorf) in 96-well plates. Thermocycling program con-
sisted in a first activation at 95 °C for 15 min, followed by 40 cycles at
95 °C for 15 s, annealing at 57 °C for 15 s, extension at 68 °C for 15 s and
a final step at 72 °C for 10 min. Analysis of relative expression level was
performed using the housekeeping f-actin gene as internal calibrator by
the AACt method [67]. Data were statistically analyzed by one-way
ANOVA followed by Dunnett’s multiple comparisons test.

4.4. Mitochondrial DNA analysis

To determinate the relative amount of mitochondrial DNA in the
HAP1 cell lines, total DNA was extracted as described in Ref. [68].
Briefly, total DNA (20 ng) was used as a template in real-time PCR with
primers for the COXII gene in mitochondrial DNA and nuclear gene for
APP. Analysis of mtDNA/nDNA ratio was calculated by following the
classical AACt method. Data were statistically analyzed by one-way
ANOVA.
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4.5. Measurement of the mitochondrial membrane potential,
mitochondrial mass and mitochondrial superoxide

AY, was measured using alternatively two different probes suitable
for determining mitochondrial membrane potential changes:
tetramethyl-rhodamine methyl ester (TMRM), and Mito Tracker red.
Both probes accumulate into active mitochondria due their positive
charge whereby the reduction of A¥y, leads to the release of them.
Conventional fluorescent stains for mitochondria, such as TMRM, are
readily sequestered by functioning mitochondria and they are subse-
quently washed out of the cells once the mitochondrion’s membrane
potential is lost. This characteristic makes TMRM very useful in exper-
iments where sudden changes must be detected. However, when using
dual staining of mitochondria, TMRM should be used paying attention to
its spectral features. Here we used the Mito Tracker Green (Thermo-
Fisher) probe that allow measurements of mitochondrial mass being a
probe that accumulates into mitochondria independently of the mito-
chondrial membrane potential status. Thus, when using flow cytometry,
values measured for mitochondrial membrane potential could be
normalized to the mitochondrial content per cell. In this case, to avoid
false interpretation of results due to the overlap between Mito tracker
Green emission spectrum and TMRM excitation spectrum, we used Mito
tracker red, because of its spectral properties which allow a better signal
detection when using simultaneously to others green probes.

After treatments, adherent cells were washed with PBS and then
incubated for 30 min at 37 °C with Krebs Ringer Buffered Saline (130
mM NaCl, 3.6 mM KCl, 10 mM HEPES, 2 mM NaHCOs, 0.5 mM
NaH3PO4, 0.5 mM MgCly, 1.5 mM CaCly, 4.5 g/1 glucose, pH 7.42)
supplemented with mitochondrial probes (either 200 nM TMRM or 300
nM Mito tracker Green and 300 nm Mito tracker Red). In all cases 20 pM
verapamil were added as a multi drug-resistant pump inhibitor (Sigma).
Cells were then detached by a short treatment with trypsin—-EDTA, re-
suspended in the above described buffer, supplemented with 1% FCS
to neutralize the trypsin and immediately analyzed on a CyFlow® ML
flow cytometer (Partec) in FL3 and FL1 log mode. Only viable cells
detected by reading the scattering indicated as FSC and SSC, were
considered for our analysis.The threshold physiological value of A¥p,
was estimated by using cells exposed to 10 pM of the uncoupling agent
FCCP as a negative control. Compensation algorithms were applied
between FL1 and FL3 channels, when signals from Mito tracker Green
and Mito tracker Red were read in the same cells, to normalize AY;,/
mitochondrion/cell.

Mitochondrial superoxide, was measured by using MitoSOX Red
(ThermoFisher) whose specificity for superoxide has been shown by the
manufacturer. Briefly, cells were stained with 5 pM MitoSOX Red in
Krebs Ringer Buffered Saline for 10 min at 37 °C, and FL2 median
fluorescence intensity was measured by flow cytometry.

4.6. Growth curve

The day 0, 80000 cells from each HPA1 cell lines (parental, DVDAC1
and DVADC3) were seeded in 12 well plates. Then cells were collected
and counted each 24h for 5 days by using flow cytometry. The CyFlow®
ML analyses concentrations of any particle or cell subpopulations of
interest using True Volumetric Absolute Counting. This unique method
is solely based on the fundamental definition of absolute counting
respectively the particle concentration (c) which is equal to the counted
number (N) of particles (e.g. cells) in a given volume (V), c = N/V. In the
CyFlow® ML, the volume is measured directly by mechanical means,
rather than by calibration with expensive beads eliminating any errors
related to varying bead concentrations or bead aggregation. The
CyFlow® ML allows the analysis of a fixed volume as defined by the
distance between two platinum electrodes reaching into the sample tube
with a given diameter.
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4.7. Flow cytometry

20,000 cells per sample were analyzed using a CyFlow® ML flow
cytometer (Partec) system equipped with three laser sources and 10
optical parameters with dedicated filter settings and a high numerical
aperture microscope objective (50 x NA 0.82) for the detection of
different scatter and fluorescence signals. The cells were excited by an
air-cooled argon 488 nm laser and then the signal from Mitotracker
Green was read on FL1, Mitosox on FL2, detectors while the signal from
TMRM, Mitotracker Red DsRed on FL3 detector. Data obtained were
acquired, gated, compensated, and analyzed using the FlowMax soft-
ware (Partec) and FCS Express 4 software (DeNovo). Data reported were
obtained for three sets of independent experiments, each performed in
triplicate and based on 20,000 events for each group. Cytometric pro-
files reported in each Figure are representative of one of the three sets of
measurements. Data were statistical analyzed by chi-square test. A p <
0,001 was taken as significant.

4.8. Western blots

1 x 108 cells for each line were collected and lysed in extraction
buffer (50 mM Tris pH 7.4, 150 mM NaCl, EDTA 1 mM, 1% TRITON X-
100 and protease inhibitors). After lysis, the supernatant was collected
and the protein content was measured in triplicate using the Bradford
reagent with bovine serum albumin (BSA) as a standard. 50 pg of total
protein of each sample were separated using SDS/PAGE electrophoresis,
transferred to a PDVF membrane (Amersham Hybond P 0.45; GE
Healthcare Life Sciences) and blocked in 2,5% BSA at room temperature
for 1h. The membranes were incubated overnight at 4 °C with primary
antibodies against VDAC1 (1:1000, ab34726, Abcam), VDAC1 (1:200,
ab154856, Abcam), VDAC2 (1:300, ab37985, Abcam), VDAC3 (1:100,
ab130561, Abcam), COX IV (1:3000 #3E11, Cell Signaling Technology),
HA-Tag (1:1000, #3724, Cell Signaling Technology), Oxidative Stress
Defense (Catalase, SOD1, TRX, smooth muscle Actin) western blot
cocktail (1:1000, ab179843, Abcam), SDHA (1:000, ab14715, Abcam),
B-Actin (1:1000, #3700, Cell Signaling Technology), p-Tubulin (1:2000,
#2146, Cell Signaling Technology) and after the washing step with
secondary antibodies IRDye® 800CW Donkey anti-Mouse IgG (1:20000,
926-32212, Li-Cor Biosciences), IRDye® 680RD Donkey anti-Rabbit IgG
(1:20000, 926-68073, Li-Cor Biosciences) and IRDye® 800CW Donkey
anti-Goat IgG (1:20000, 926-32214, Li-Cor Biosciences). The mem-
branes were scanned using the Odyssey CLx imaging system (Li-Cor
Biosciences). Data were analyzed with ImageStudioLite software (Li-Cor
Biosciences) and -Tubulin or p-Actin was used as an internal control for
normalizing protein loading. Data were statistically analyzed by one-
way ANOVA followed by Dunnett’s multiple comparisons test.

4.9. Cell transfection

HAP1 AVDACS cells were transfected with the pCMS-MtDsRed [69]
carrying the encoding sequence of human VDAC3 or VDAC3 COA in
frame with the HA-tag at the C-terminus. The empty pCMS plasmid was
used as control. Cells were seeded in a 6-well or 96-well plates and
transfected using 5 pg DNA per well by Lipofectamine 3000 (Life
Technologies) according to manufacturer’s instructions. Further ana-
lyzes were performed after 48 h.

4.10. Indirect immunofluorescence of adherent cells

In order to detect the expression of VDAC3, following transfection
with pCMS-MtDsRed-VDAC3-HA, we used indirect immunofluores-
cence. 48h post-transfection, cells growth on coverslips, were fixed in
4% formaldehyde, washed three times in PBS 1x, and incubated 10 min
in 50 mM NH4CI. Cells were then permeabilized by using 0.3% Triton X-
100. Unspecific binding was blocked by 30 min in 0.2% gelatine in PBS.
To detect the expression and localization of VDAC3-HA in mtDsRed
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overexpressing cells, coverslips were incubated overnight with anti-HA
(rabbit 1:100, Santa Cruz Biotechnology, Inc.). After PBS washing, cells
were exposed for 1h at RT to the secondary anti-rabbit antibody Alex-
aFluor 488. After PBS washing, cells were exposed for 1 h at RT to the
secondary antibody (anti-rabbit 1:2000, ThermoFischer). Coverslips
were mounted by using DAPI-Fluoromount-G to stain nuclear DNA. Co-
localization with mitochondria was obtained by merging the HA signal
with the signal from the fluorescent reporter mtDsRed. A Leica DMI
6000B epifluorescence inverted microscope with Adaptive Focus Con-
trol was used. This system is outfitted with a controllable X-cite mercury
lamp and an extensive collection of filter cubes (360, 488, 560, 604 nm
excitation) for fluorescent microscopy, and a halogen lamp for bright
field and DIC. It is equipped with 4 bright lenses (10, 20, 40, 63x), a
high-resolution Hamamatsu Orca R2 CCD camera (1344 x 1024 pixels),
and motorized stage (XY only). Images were obtained by using the Leica
LAS Extended Annotation software.

4.11. High-Resolution Respirometry

Effect of rotenone and myxothiazol for the respiratory capacity of
parental or AVDAC3 HAPI1 cells was investigated by High-Resolution
Respirometry using the two-chamber system O2k-FluoRespirometer
(Oroboros Instruments). Parental HAP1 were exposed for 24 h to
increasing concentration of rotenone or myxothiazol ranging from 10
nM to 10 pM. 24 h transfected AVDAC3 HAP1 cells were incubated with
10 nM rotenone, 10 nM myxothiazol or DMSO for additional 24 h and
the respiratory states were then determined by a specific substrate-
uncoupler-inhibitor titration (SUIT) protocol modified from Ref. [58].
Briefly, oxygen consumption in intact cells was first analyzed. Next,
plasma membranes were permeabilized with 4 pM digitonin, without
disturbing mitochondrial membranes, and the oxygen flow related to
oxidative phosphorylation driven by the complex I activity (N-pathway)
was attained by the addition of pyruvate (5 mM), glutamate (10 mM),
malate (2 mM) and ADP (2.5 mM). The maximal capacity of electron
transport (ET) was finally determined by titration with the uncoupler
carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 0.5 pM) up to the
complete dissipation of the proton gradient. The activity of the respi-
ratory chain enzymes was inhibited by the addition of 100 mM sodium
azide. All substrates were purchased by Sigma Aldrich.

At least three independent experiments for each condition tested
were performed in mitochondrial respiration buffer Mir05 (Oroboros
Instruments) at 37 °C under constant stirring of 750 rpm. Instrumental
and chemical background fluxes were calibrated as a function of the
oxygen concentration using DatLab software (Oroboros Instruments).
Oxygen consumption in intact cells or correspondent to N-pathway and
maximal ET capacity in cells exposed to rotenone or myxothiazol was
expressed as pmol/s per million cells and normalized to their respective
untreated controls.

4.12. Statistical analysis

Data are presented as mean + standard error of the mean (SEM).
Dependent variables were analyzed by one-way or two-way ANOVA
followed by Dunnett’s multiple comparisons test using GraphPad Prism
version 9.0.0 (GraphPad Software, San Diego, California USA). A value
of P < 0.05 was considered significant. In particular, * indicates a P <
0.05, ** indicates a P < 0.01, *** indicates a P < 0.001.
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HAP1 garental cell line

10 nM
Untreated Myxothiazol Untreated 10 nM Rotenone
Routine 61.18 £2.32 60.32+ 1.8 40.08 £ 1.27 35.99 +£3.39
Leak 44.16 £1.58 42.64 £ 1.65 21.75+1.25 23.89 £1.20
N-Pathway 75.36 £2.65 72.79 £2.52 50.57 £ 2.38 42.60 = 2.55
ET-capacity | 130.6+7.2 120.18 + 8.2 1174+ 1.79 111.4+4.57
ROX 2.06+0.18 3.63 £0.89 2.43 +2.30 3.79+£ 1.78

HAP1-AVDAC3 + emgtz vector

10 nM
Untreated Myxothiazol Untreated 10 nM Rotenone
Routine 49.80 £ 3.51 43.15+3.86 46.33 £6.42 28.56 +2.35
Leak 30.98 £2.95 31.38+£2.74 39.50 £ 7.26 22.34+£3.09
N-Pathway 64.16 £4.71 49.19 +£10.01 56.66 + 11.30 23.35+£6.64
ET-capacity | 102.1 +3.89 83.26 + 12.37 99.02 + 18.53 32.95£1.69
ROX 2.18+1.54 7.09 +£3.06 2.05+0.40 6.51 +1.23
HAP1-AVDAC3 + pCMS + VDAC3
10 nM
Untreated Myxothiazol Untreated 10 nM Rotenone
Routine 49.13 £3.89 44.84+4.3 43.36 £1.66 43.02 £5.64
Leak 27.81 £4.33 27.75 £3.38 34.01 +£7.30 39.52 +£7.31
N-Pathway 59.35 £4.66 58.16 +3.03 55.88 £5.99 55.03 +6.17
ET-capacity 1182 +7.5 10440+ 114 105.51 +£20.44 96.84 + 10.37
ROX 1.96 + 2.58 2.54+1.99 2.17+£2.02 1.59+2.61
HAP1-AVDAC3 + pCMS + VDAC3 C0A
10 nM
Untreated Myxothiazol Untreated 10 nM Rotenone
Routine 57.87+3.67 51.68+5.8 40.49 +7.49 30.69 + 8.83
Leak 28.98 £3.38 29.86 £2.77 35.33 £8.53 26.28 £6.91
N-Pathway 70.08 + 4.65 64.73 £7.52 50.71 £ 5.50 35.71 £4.75
ET-capacity | 121.06 £5.6 110.11 +9.27 99.24 £9.92 59.58 £4.78
ROX 0.43£09.11 1.06 +2.88 1.66 +0.89 2.98 +1.74

Table S1. Respirometry flux row data. Oxygen flux calculated for each respiratory
state in untreated and treated cells. Data are reported as mean + standard
deviation of independent experiments.
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Sup. Figure 1 Reina et al.
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Fig. S1. Phenotypic characterization of HAP1 cell lines. A. Bright field images of
HAP1 Parental, AVDAC1 and AVDACS cell lines seeding 48 before the pictures were taken. B.
Proliferation of HAP1 cells measured over the time (5 days, each 24h) by flow cytometry true
volumetric counting. C. Formazan absorbance expressed as a measure of the three cell lines

in basal conditions. Data are expressed as mean + SE (n = 3) and analyzed by one-way
ANOVA.
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Sup. Figure 2 Reina et al.
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Fig. S2. Mitochondrial morphology of parental and AVDAC3 HAP1 cell lines and flow
cytometric determination of transfection efficiency. A. Fluorescence microscopyimaging of
parental and AVDAC3 HAP1 mitochondria stained with the mitochondrial marker Mito
Tracker Red DsRed. B. Representative fluorescence profiles evaluated by flow cytometry in
HAP1- AVDACS upon cell transfection (left panel). Transfection yield of HAP1-AVDACS cells
estimated by flow cytometry as the percentage of cells in FL3, based on the fluorescent
emission of the transfection marker DsRed. Data are expressed as mean + SE (n = 3).
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Sup. Figure 3 Reina et al.
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Fig.  S3.Analysis of VDAC1 protein __expressionin ~ HAP1-AVDAC3  upon  cell
transfection. Immunoblot and densitometry quantification of VDAC1 protein level in HAP1-
AVDAC3 upon transfection with empty vector (pCMS) or plasmid carrying VDAC3 (+VDAC3)
or VDAC3 CoA mutant (+VDAC3 CoA). Data are normalized to the B-Actin, expressed as
means + SD (n = 3) and compared to HAP1-AVDACS3 transfected with empty vector. Data
were analyzed by one-way ANOVA.
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Fig. S4. Characterization of HAP1 parental cell line treated with rotenone and myxothiazol. A.
Quantitative analysis of the oxygen consumption in the analyzed states of HAP1 parental cells
before and after the exposure to different concentrations of rotenone. Data are expressed as
means + SD (n = 3) and compared to untreated cells. B. Quantitative analysis of the oxygen
consumption in the analyzed states of HAP1 parental cells before and after the exposure to
different concentrations of myxothiazol. Data are expressed as means + SD (n =3) and
compared to untreated cells. C. Cell viability of HAP1 cell lines treated with 10 nM rotenone
or 10 nM myxothiazol. Data are indicated as the mean + SE (n = 3) and compared to untreated
cells. D. Measurement of mitochondrial superoxide production via staining with MitoSOX Red
after treatments with 10 nM rotenone or 10 nM myxothiazol. Data were expressed as
mean + SD (n = 3) and compared to untreated cells. Data were analyzed by one-way ANOVA,
with *p < 0.05, **p < 0.01 and ***p < 0.001.
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Sup. Figure 5 Reina et al.
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Fig. S5. Impact of cell transfection on the respirometry profile of HAP1-AVDAC3
cells. Quantitative analysis of the oxygen consumption performed by HRR in the respiratory
states Routine, N-pathway and ET capacity upon cell transfection with empty vector (pCMS)
or construct carrying VDAC3 (+VDAC3) or VDAC3 CoA mutant (+VDAC3 CoA). Data are
expressed as means + SD (n = 4) and analyzed by one-way ANOVA.
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Voltage-dependent anion channel isoform 2 of the yeast Saccharomyces
cerevisiae (yVDAC2) was believed for many years to be devoid of channel
activity. Recently, we isolated yVDAC?2 and showed that it exhibits chan-
nel-forming activity in the planar lipid bilayer system when in its so-called
native form. Here, we describe an alternative strategy for yVDAC?2 isola-
tion, through heterologous expression in bacteria and refolding in vitro.
Recombinant yVDAC2, like its native form, is able to form voltage-depen-
dent channels. However, some differences between native and recombinant
yVDAC2 emerged in terms of voltage dependence and ion selectivity, sug-
gesting that, in this specific case, the recombinant protein might be
depleted of post-translational modification(s) that occur in eukaryotic cells.

The voltage-dependent anion channel (VDAC) pro-
teins, also known as mitochondrial porins, are the
most abundant proteins in the mitochondrial outer
membrane (MOM) of all eukaryotes. Characterized by
a molecular mass of 30-32 kDa, VDAC proteins allow
for the continuous exchange of metabolites (ATP/
ADP, NAD "/NADH, Krebs cycle intermediates) and
jons (Na™, ClI™, Mg>", Ca’>") between mitochondria
and cytosol. Therefore, they play a crucial role in
mitochondrial bioenergetics [1-3]. In mammals, where

Abbreviations

three different but conserved isoforms are expressed
(VDACI, VDAC2 and VDAC3) [4], evolution has
conferred to each isoform peculiar additional functions
beyond the metabolic role. For example, VDACI and
VDAC?2 participate differently in the regulation of cell
death [5-8], while recent literature suggests the involve-
ment of VDAC3 in reactive oxygen species (ROS)
homeostasis [9,10]. The three-dimensional structure of
mammalian VDACI1 has been shown to involve a
transmembrane [-barrel structure, formed by 19

LDAO, lauryldimethylamine oxide; MOM, mitochondrial outer membrane; PLB, planar lipid bilayer; PTM, post-translational modification;
ROS, reactive oxygen species; VDAC, voltage-dependent anion channel; yVDAC2, yeast voltage-dependent anion channel isoform 2.
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amphipathic, mostly anti-parallel B-strands, with the
exception of the N-terminal domain, which is struc-
tured as an o-helix and partially exposed to the cytosol
[11-13]. A similar result was obtained for zebrafish
VDAC?2 [14] and for other species by homology mod-
eling studies [15], suggesting a conserved structure of
VDAC across evolution.

Differently from mammals, the budding yeast Sac-
charomyces cerevisiae has only two distinct VDAC
genes, PORI and POR2, encoding two different
VDAC isoforms. However, only yVDACI is widely
considered essential for mitochondrial metabolism.
Indeed, the inactivation of the PORI gene, as in the
Aporl mutant strain, resulted in a strong inhibition of
cell growth in non-fermentable conditions, especially
at the restrictive temperature of 37 °C [16]. On the
contrary, the inactivation of the POR2 gene resulted
in an undetectable phenotype, since Apor2 cells were
able to grow in a comparable way to the wild-type
[16]. Overall, the channel-forming ability of yeast voltage-
dependent anion channel isoform 2 (yVDAC2) has
been questioned for many years. Contrasting results
were indeed obtained upon POR2 overexpression;
namely, a complete recovery of Aporl yeast growth on
glycerol was detected [16,17], suggesting a channel
activity for yVDAC?2, at least under particular condi-
tions. Only recently, an electrophysiological analysis
has clearly shown that yVDAC?2 is able to form chan-
nels in artificial membranes, with features resembling
many other members of the VDAC family [18].

In a previous work, we purified yVDAC2 directly
from mitochondria extracted from Aporl cells overex-
pressing POR2, under native conditions [18]. In paral-
lel, the same protein was prepared by heterologous
expression in a bacterial system, purified and refolded
as previously performed for many other VDAC iso-
forms and mutants [19-22]. In this work, we analyzed
the electrophysiological features of the recombinant
yVDAC2. Our results indicate that the protein is able
to form channels in artificial membranes, with similar
features to native one but, at the same time, with dif-
ferences in terms of voltage sensitivity and ion
selectivity.

Materials and methods

Cloning of yVDAC2

The sequence encoding yVDAC2 was obtained by reverse
transcription from the total RNA previously extracted from
S. cerevisiae BY4742 (EUROSCARF, Frankfurt, Ger-
many). Reverse transcription was performed by using the
AffinityScript Multi-Temp RT and RT-PCR system

Characterization of recombinant yVDAC2

(Agilent, Santa Clara, CA, USA) according to the manu-
facturer’s protocol. The corresponding cDNA was ampli-
fied by PCR using the following primers: forward 5'-
TTTTGCTAGCATGGCACTACGATTTTTCAACGAT-3
and reverse 5-TTTTCTCGAGGGGCGAGAACGATA-
GAGACCA-3'. The yVDAC2 cDNA was cloned in the
bacterial expression vector pET-21b (Novagen, Madison,
WI, USA) by Nhel/Xhol digestion, in frame with the His-
tag at the C-terminal part. The construct was verified by
sequencing.

Expression, purification and refolding of yVDAC2
protein

Escherichia coli BL21 (DE3) cells were transformed with
pET-21b plasmid containing the yVDAC2 sequence. Trans-
formed cells were grown to an optical density
(A =600 nm) of 0.6, and the protein expression was
induced by addition of 0.4 mm isopropyl-B-p-thiogalacto-
pyranoside (IPTG) (Sigma-Aldrich, Saint Louis, MO,
USA), for 3 h at 30 °C. Cells were harvested by centrifuga-
tion and lysed in buffer B (8 M urea, 1 mm NaH,POy,,
0.01 mm Tris/HCI, pH 8.0) overnight at 4 °C. The total
protein lysate was clarified by centrifugation and loaded
onto Ni-NTA agarose (Thermo Fisher Scientific, Waltham,
MA, USA) packed column, previously equilibrated with
buffer B. The column was then washed twice with five vol-
umes of buffer C (8 M urea, phosphate buffer, pH 6.3), and
proteins were purified by elution with five volumes of buf-
fer E (8 m urea, phosphate buffer, pH 3.5). The eluted pro-
tein was refolded by incubation at 4 °C in a 10-fold
volume of refolding buffer [25 mm Tris, 100 mm NaCl,
1 mm EDTA, 1% (v/v) lauryldimethylamine oxide (LDAO,
Sigma-Aldrich), pH 7.0]. Then, the protein solution was
dialyzed against 100 volumes of a dialysis buffer (25 mm
Tris, 1 mm EDTA, 0.1% LDAO, pH 7.0) with Thermo Sci-
entific Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher
Scientific) (3.5 K MWCO). The solution containing the
refolded proteins was clarified by centrifugation (60 000 g,
1 h) and loaded into a size exclusion chromatography col-
umn (Superdex 200 Increase 30/100, GE Healthcare, Chi-
cago, IL, USA) in SEC buffer (150 mm NaCl, 20 mm Tris/
HCI, pH 8.0, 1 mm DTT 0.1% LDAO) to separate aggre-
gates from monomers. Elution fractions, corresponding
exclusively to the monomer peak, were collected.

Electrophysiological analysis of recombinant
yVDAC2

The refolded yVDAC2 was reconstituted into a planar lipid
bilayer (PLB) system as previously described in [20-22].
Bilayers of approximately 80-100 pF capacity made of aso-
lectin from a soybean phospholipid mixture (Sigma-
Aldrich) at a concentration of 20 mgmL™" in n-decane
were used. Channel insertion was obtained by addition of
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0.5-5 pL of protein solution to the cis side of the cuvette
containing approximately 3 mL of aqueous solution (1 m
KCI, 10 mm Hepes, pH 7.0). Data were acquired using a
Bilayer Clamp amplifier (Warner Instruments, Hamden,
CT, USA) at 100 ps per point, filtered at 300 Hz and ana-
lyzed offline using the pcLamp program set (version 10;
Molecular Devices, San Jose, CA, USA). Channel conduc-
tance (G) was calculated from current (/) measurements in
the presence of an applied constant voltage (V) of
+10 mV, as the I/V,, ratio. Distribution of conductance
was obtained from six independent reconstitution experi-
ments, each showing several channel insertions.

Voltage dependence analysis of yVDAC proteins

Analysis of voltage dependence of recombinant yVDAC2
was performed in 1 m KCI, 10 mm Hepes, pH 7.0, by
application of two distinct voltage ramps including positive
and negative potentials (amplitude £90 mV, time 100 s).
At least three independent multi-channel experiments were
performed. Values of G and G, indicating respectively
the conductance value at a given V7, and the maximal con-
ductance, were calculated for the recombinant yVDAC2.
Control experiments were performed using the native
yVDACI1 and yVDAC2 produced as previously described
[18]. The relative conductance was calculated as the G/G,ax
ratio and plotted as a function of the voltage using PriSM 7
software (GraphPad Software Inc., La Jolla, CA, USA).
Three independent experiments were performed for each
protein and data are shown as the mean + SEM.

lon selectivity measurement of yVDAC2

Selectivity measurements were performed for the recombi-
nant YVDAC2 in a 0.1 M/1 M cis/trans gradient of KCl in a
voltage range of £90 mV, by increasing V,, with discrete
steps of £5 mV for 45 s. Values of conductance were plot-
ted as a function of Vy,, and linear regression was applied
with prisM 7 software. The permeability ratio of cation K
(Pc) over anion CI™ (P4) was calculated from the reversal
potential (V) using the Goldman-Hodgkin-Katz equation,
according to [23]. Six independent selectivity measurements
were performed with both a single- and a multi-channel
approach.

Results

Reconstituted recombinant yVDAC2 forms
channels of conductance similar to the native
protein

To analyze the electrophysiological properties of
recombinant yVDAC2, the corresponding encoding
sequence was introduced into E. coli BL21 (DE3) cells

A. Magri et al.

and the protein expression was achieved by IPTG
induction, as verified by SDS/PAGE (Fig. 1A). The
recombinant protein was extracted directly from inclu-
sion bodies and purified by nickel affinity chromatog-
raphy, exploiting the 6xHis tag (Fig. 1B). Since the
heterologous expression of membrane proteins in bac-
terial systems leads to loss of proper conformation and
activity, the purified yVDAC2 was refolded and dia-
lyzed. In order to avoid the presence of aggregates in
the final protein solution, size exclusion chromatogra-
phy was performed and the elution fractions, corre-
sponding to the monomers (Fig. 1C), were collected
and used in our study. Finally, the electrophysiological
features of recombinant yVDAC?2 were analyzed at the
PLB.

The representative current trace displayed in Fig. 2A
clearly shows that recombinant yVDAC2 was able to
form channels in artificial membrane, since insertion
of three different channels of similar size in a short
time was obtained after the addition of the protein
solution to the cis side of the cuvette. The histogram
in Fig. 2B shows the distribution of conductance val-
ues calculated for n = 36 channels. The analysis, per-
formed in 1 m KCI, 10 mm Hepes, pH 7, in the
presence of an applied constant voltage of +10 mV,
allowed for calculation of the average conductance,
estimated as 3.76 + 0.94 nS (SD, n = 36). This value
perfectly overlaps our previous measurements showing
an average conductance for the native yVDAC2 of
about 3.6 nS in the same experimental conditions [18].
Overall, our results indicate that, in artificial mem-
brane, recombinant yVDAC2 forms channels of con-
ductance similar to the native protein.

Recombinant yVDAC?2 is less sensitive to the
applied voltage than the native protein

It is known that the conductance of VDAC proteins
changes depending on the applied voltage. This fea-
ture, well conserved through evolution from yeast to
human, is known as voltage dependence. In general,
yeast or mammalian VDACI persists at low potentials
in a stable highly conductive state, called the ‘open’
state. However, as the applied voltage rises (starting
from £+20-30 mV), VDACI switches to several low-
conducting states, called ‘closed’ states [24-27]. We
demonstrated previously that the native yVDAC2
shows a less pronounced voltage dependence in com-
parison to yVDACI, because yVDAC2-formed chan-
nel closure began from +40-50 mV of applied voltage
[18].

In order to analyze the effect of voltage on recombi-
nant yVDAC2 conductance, PLB experiments were

1186 FEBS Open Bio 9 (2019) 1184-1193 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 1. Expression and purification of yVDAC2 in bacterial system. (A) SDS/PAGE analysis of whole Escherichia coli BL21 (DE3) lysate from
cells transformed with the pET-21b-yVDAC2 construct, obtained in the presence of 0.4 m IPTG (I, induced). As a control, a sample that was
not induced (NI) was used. Addition of IPTG allowed the expression of recombinant yVDAC2 as demonstrated by the strong band of the
expected molecular mass (28-32 kDa) exclusively found in the induced sample. ‘"M’ indicates the molecular mass marker. (B) SDS/PAGE of
eluate (E) obtained after Ni-NTA chromatography of the total induced lysate. As shown, a predominant band of the expected molecular
mass was detected. (C) Elution profile obtained by size-exclusion chromatography of refolded protein. ‘A" indicates the peak corresponding
to aggregated proteins; ‘M’ indicates the peak corresponding to the monomeric protein. Only fractions corresponding to monomeric protein
were collected and used going forward.

Frequency
S

5 4
0 pA --
+10mv o """
J 1 15 2 25 3 35 4 45 5
omVv

Conductance (nS)

Fig. 2. Pore-forming activity analysis of recombinant yVDAC2 in artificial membranes. (A) Representative trace of yWVDAC2 activity recorded
at the PLB. Channels insertion was achieved after addition of 0.5-5 puL of protein solution into the cis side of the cuvette, in presence of a
lipid bilayer. Discrete steps indicate single channel insertion. Experiment was performed in 1 m KCI, 10 mm Hepes, pH 7, at a constant
applied voltage of +10 mV. (B) Distribution of conductance values obtained for n = 36 channels inserted in the membrane. Most of the
channels showed conductance values between 3.5 and 4 nS, resulting in an average conductance value of 3.76 4+ 0.94 nS (SD, n = 36).

performed by the application of voltage ramps from 0
to £90 mV. The curves, displayed in Fig. 3A, indicate
that recombinant yVDAC2 is completely insensible to
low positive and negative voltages, since no closure
was detected either at potentials that normally close
yeast or mammalian VDACI or at voltages able to
close native yVDAC2. Only the application of high
voltages, starting from £70-80 mV, induced a channel
closure, which occurred symmetrically at both positive
and negative potentials, suggesting that recombinant
yVDAC?2 is significantly less voltage sensitive than the
native protein. Furthermore, current across recombi-
nant yVDAC2 was monitored upon application of the

constant voltage +90 mV. As shown in the representa-
tive trace in Fig. 3B, a complete closure of the chan-
nels occurred only after a prolonged exposure to high
potential, highlighting the recombinant yVDAC2 lim-
ited sensitivity to voltage.

The electrophysiological behavior of the native pro-
tein was then analyzed in the presence of similar high
voltages, by applying a voltage ramp from 0 to +90 mV.
According to our previous data [18], native yVDAC2
began to close around +40-50 mV, as shown by the trace
in Fig. 4A. However, the application of higher poten-
tials (i.e. +80 mV) promoted a further channel closure,
similarly to that previously shown by the recombinant
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Fig. 3. Voltage dependence of recombinant yVDAC2. (A) Representative traces of yWDAC2 activity at the PLB in presence of voltage ramps
from 0 to +90 mV (upper trace) and from 0 to —90 mV (lower trace). Traces show that no change in the conductance was obtained at low
positive or negative potentials. A significant reduction of channel conductance was obtained starting from +80 mV. Experiments were
performed in 1 m KCI, 10 mm Hepes, pH 7. (B) Representative trace of recombinant yWVDAC2 recorded at the constant voltage of +90 mV
for a prolonged time; n = 3 different channels inserted in the membrane. It is clear that application of high voltage promotes a step-by-step
closure of yWVDAC2 channels. The experiment was performed in 1 m KCI, 10 mm Hepes, pH 7.

protein (see Fig. 3A). To deeply analyze this aspect, the
values of conductance (G) obtained at each applied volt-
age for both native and recombinant proteins, as well as
for the native yVDACI, were normalized relative to the
maximal conductance (Gn.x). Then, as shown in
Fig. 4B, relative conductance values (G/Gpay) Were plot-
ted as a function of the applied voltage (amplitude of
+90 mV). As expected, yVDACI1 conductance (pale
green circles) significantly decreased starting from +20-
30 mV, reaching a stable level of closure characterized
by a decrease at about 50% of the maximal conductance.
Native yVDAC?2 (orange circles) began to close around
+40-50 mV and its conductance at these voltages
showed a decrease of about 20%, in a similar manner to
that shown previously [18]. It is clear that this channel is
not able to reach a channel closure similar to that
observed for yVDACI. However, the application of high
voltages, up to +£80-90 mV, promoted a further 10—
15% decrease of its relative conductance.

The results shown in Fig. 4B also confirmed the
overall attenuation of voltage dependence in the case
of recombinant yVDAC2 (red circles) observed in
Fig. 3. Furthermore, the application of voltages up to
+60-70 mV did not promote any significant decrease
in the channel conductance. Conversely, the applica-
tion of potentials +80-90 mV caused channel closure,
as G/Gnax values almost overlap those calculated for
both native yVDAC1 and yVDAC2 at similar volt-
ages. Although the recombinant yVDAC?2 still shows
voltage dependence, our results suggest a decrease of
voltage sensitivity even with respect to the native form.

Recombinant yVDAC2 displays exclusively
cation-selective states

It is known that VDAC displays an anionic selectivity
in the high-conducting ‘open’ state and a less anionic
or more cationic selectivity in the low-conducting
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Fig. 4. Comparative analysis of relative conductance for yVDAC proteins. (A) A representative trace of native yWVDAC2 activity in presence of
voltage ramps from 0 to +90 mV. The trace shows that the protein undergoes to partial closure at +40-50 mV and, as the voltage
increases, channels become noisy. However, a stable reduction of channel conductance was obtained starting from +80 mV. Experiments
were performed in 1 m KCI, 10 mm Hepes, pH 7. (B) Analysis of relative conductance (G/Gay) (2SEM) of n = 3 independent experiments
showing the different voltage-dependent features of yVDAC proteins. Pale green circles refer to yWVDAC1, orange circles refer to native
yVDAC?2 results, and red circles refer to recombinant yVDAC2. As reported, both native and recombinant yVDAC2 remain in an open state
up to application of high voltages, starting from +80-90 mV, when they switch to the closed state. Experiments were performed in 1 m

KCI, 10 mm Hepes, pH 7.

‘closed’ state [28,29]. In the previous work, the pres-
ence of 1 and 0.1 m KClI in the cis and trans side of
the cuvette, respectively, allowed for detection of the
presence of different selectivity states, three in total for
native yVDAC2. Two of them appeared to be high-
conducting states but with an opposite selectivity,
while the third was a very low-conducting state char-
acterized by an extremely pronounced cation selectiv-
ity [18]. In order to analyze the ion selectivity of
recombinant yVDAC2, current values, measured in a
10-fold gradient of KCI and obtained upon applica-
tion of discrete voltages in the range of £90 mV, were
plotted as a function of the applied voltage. Linear
regressions of the obtained data (Fig. 5) indicated the
presence of only two distinct states of recombinant
yVDAC2, ie. a main high-conducting state (called
state 1 in Fig. 5) and a low-conducting state (state 2
in Fig. 5) and that both states displayed a cation
selectivity.

The Goldman-Hodgkin—Katz equation was then
used to calculate the ratio between permeability of
cations over anions (Pc/Pa) for the two states of
recombinant yVDAC?2, using a reversal potential cor-
responding to the voltage at zero current [23]. The P¢/
P4 value obtained for state 1 was 1.94 £+ 0.19 and the
value obtained for state 2 was 11.2 £ 2.8. For com-
parison, the corresponding Pc/Pa values obtained for
native yVDAC2 were 2.17 £ 0.11 and 16.24 + 6,
respectively [18]. This clearly indicates that recombi-
nant and native yVDAC2 are very similar in terms of
cationic strength. In particular, the lowest conducting
state determined for both variants of yVDAC2 is

pA

600

P/PA(1) = 1.94 £ 0.19
P/Pa(2)=11.2%2.8

(1)

400

200

T T T T T
-100 -80 -60 -40 _

-
-
-
-

-600+

-800-

Fig. 5. lon selectivity of recombinant yVDAC2. Representative
graph of current-voltage relationship of yVDAC2 recombinant
protein performed in 10-fold gradient of 1 m KCI obtained by
application of voltage steps for a prolonged time. The conductance
(slope) and the reversal potentials were calculated from the
extrapolated regression lines of the different conducting states of
the channel. The multi-channel experiment shown was performed
with n = 8 channels inserted in the membrane. Numbers indicate
the different states: 1, cationic high-conducting state; 2, cationic
low-conducting state.

characterized by a pronounced selectivity for cations
over anions, a feature found exclusively for yVDAC2.
At the same time, a significant difference between
native and recombinant protein emerged, since no
anionic state was found for the recombinant one.
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Discussion

So far, the second VDAC isoform of the yeast S. cere-
visiae has been considered to be one of the most elu-
sive members of the VDAC family. Indeed, since the
POR?2 gene discovery, the story of yVDAC2 has been
controversial. Differently from PORI, the genetic inac-
tivation of POR2 has no consequence for yeast growth
on non-fermentable carbon sources [16]. Furthermore,
no data about yVDAC2 reconstitution in liposomes
and/or artificial membranes were available for a long
time, raising the suspicion (now proved wrong [I8])
that the yVDAC2 protein was completely devoid of
channel function. On the contrary, the overexpression
of the POR2 gene in Aporl cells promoted the restora-
tion of the yeast wild-type growth phenotype. This
effect can be achieved when the POR2 sequence is
transcribed under the control of a strong promoter
[16] or is activated by an external factor, such as the
serendipitously found human SODI1, which stimulates
POR?2 overexpression [17]. These findings in turn sug-
gest that the contribution of yVDAC2 to the perme-
ability of the yeast MOM is a consequence of its
expression level, providing a logical explanation for
the recovery of Aporl cell growth [16] and of the mito-
chondrial functionality [17]. To definitively clarify the
functional properties of yVDAC2, we have recently
analyzed the electrophysiological features of this pro-
tein reconstituted into artificial membranes by using
two parallel approaches. As shown in our previous
work, we isolated yVDAC2 directly from Aporl
mitochondria, after yeast cell transformation with
an expression plasmid carrying the corresponding
yVDAC?2 cDNA sequence. This strategy allowed us to
increase POR2 transcript concentration and conse-
quently the corresponding protein amount, which sim-
plified the protein isolation under the native condition
[18]. Alternatively, yWVDAC2 was produced as a recom-
binant protein in E. coli cells, a procedure commonly
used for large-scale protein production, since it allows
a high yield of protein to be obtained in a relatively
short time with minimal cost and effort. The same
approach was previously used by our group for the
characterization of human VDAC3 [20] and its cys-
teine mutants [21], and for the production of human
VDACI suitable for interaction studies with proteins
involved in neurodegenerative diseases [22,30]. Fur-
thermore, an identical approach was used by Hiller
and coauthors to obtain the human VDACI prepara-
tion for NMR studies aimed at identifying its three-
dimensional structure [11,31] and by Abramson’s
group to purify the mouse VDACI, later crystalized
[13], confirming the strength of this method. With this
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perspective, the yVDAC2 cDNA was cloned into a
specific expression vector and the protein was
expressed in bacterial cells. Since membrane proteins
localize into inclusion bodies, bacterial lysis occurred
upon denaturing conditions, with the loss of the native
conformation. Therefore, once isolated, in order to
obtain a perfectly active protein, the recombinant pro-
tein must undergo a refolding procedure using a well-
established protocol [11,19-22].

Recombinant yVDAC2 was then characterized by
reconstitution in a PLB system and previous data were
used as a reference. Our reconstitution experiments
clearly indicate the ability of the recombinant protein
to form channels in artificial membranes, with an aver-
age conductance value identical to that previously
found for the native protein. This result confirmed also
the appropriateness of our refolding method. The anal-
yses of voltage dependence indicate that the recombi-
nant yVDAC?2 is less sensitive to voltage than native
yVDACI and yVDAC?2, although the voltage depen-
dence of the latter is also weaker than that of the for-
mer. Accordingly, only application of a high potential
is able to promote a strong attenuation (approximately
halving) of relative conductance of native yVDAC2,
allowing the protein to reach a similar closure level to
that displayed by yVDACI. Similarly, the recombinant
yVDAC2 undergoes a complete and stable closure
exclusively at high potentials, such as £80-90 mV.

Another significant difference among native and
recombinant yYVDAC2 concerns ion selectivity. In our
previous work, we found that native yVDAC?2 displays
the anion-selective state typical of most VDAC pro-
teins, and two different cation-selective states [18].
Importantly, both cation-selective states are observed
for recombinant yVDAC2 as indicated by values of
Pc/PA, but no anion-selective state was found for the
recombinant protein. Although the presence of the
highly conductive cationic state was already observed
in VDACI1 extracted from Neurospora crassa or rat
liver mitochondria [32], such a difference between
native and recombinant VDACI from yeast or human
has not been detected so far; rather many papers agree
with the fact that both samples behave similarly upon
PLB analysis in terms of conductance, voltage depen-
dence and selectivity. Conversely, specific functional
differences were noticed in the case of human VDACS3.
The first electrophysiological characterization of
VDAC3 was obtained by heterologous expression in
bacteria, which produced proteins able to form pores
in artificial membranes with a very low conductance
(100 pS in 1 m KCI, channels about 35-40 times smal-
ler than both VDACI and VDAC2) [20]. However,
the work by Okazaki et al. showed that the
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recombinant VDAC3 could form channels with con-
ductance similar to the other isoforms [33]. In this
work, although the proteins were obtained with very
similar protocols, the presence of reducing agents in
preparation buffers and in PLB experiments led to the
formation of channels of normal conductance. More-
over, channels of regular conductance were also
obtained by using human VDAC3 directly extracted in
the same conditions from yeast mitochondria [27]. At
variance was that VDAC3 purified in the absence of
reducing agents showed different electrophysiological
features [21]. The reason for such differences was later
attributed to the presence of specific post-translational
modifications (PTMs), in particular to irreversible oxi-
dation states of cysteine residues, as demonstrated by
electrophysiological characterization in [21] and
recently confirmed by high-resolution mass spectrome-
try [34,35].

We thus hypothesize that also the differences
between native and recombinant yVDAC2 could be
explained by naturally occurring PTMs. While the
native protein is isolated directly from yeast mitochon-
dria under native conditions, the recombinant protein
is produced in a heterologous system lacking any
eukaryotic PTMs. Beyond oxidation, VDAC proteins
undergo phosphorylation of specific amino acid in
both physiological and pathological conditions [36,37],
which could be responsible for modulation of voltage
sensitivity, as well as other electrophysiological param-
eters, as has been recently proposed [38,39]. Further-
more, it is known that modifications of amino acid
residues change VDAC features. For instance, the
treatment of VDACI with succinic anhydride abolishes
the voltage dependence and changes its selectivity from
an anionic to a cationic one [40].

In conclusion, the slight functional differences found
in the specific case of S. cerevisiae VDAC2 between the
native and recombinant proteins do not affect the bio-
logical significance of our findings, indicating that
yVDAC?2 is definitely another member of the VDAC
family, being able to form voltage-dependent channel of
about 3.6 nS conductance under our experimental
conditions. The behavior of the recombinant protein
supports our hypothesis of the presence of specific
PTMs in the native one. As a further, intriguing conse-
quence, our results indicate that such differences could
be associated to the still unknown role of yVDAC2.
Its encoding gene is under-expressed in normal
conditions. It is not the first time, indeed, that an under-
expressed isoform of VDAC was noticed, as was
recently found in Drosophila melanogaster: in that case,
a regulatory function has been associated to the alterna-
tive isoform [41].

Characterization of recombinant yVDAC2
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Mitochondrial porins, also known as voltage-dependent anion selective channels
(VDACs), are pore-forming molecules of the outer mitochondrial membranes, involved
in the regulation of metabolic flux between cytosol and mitochondria. Playing such an
essential role, VDAC proteins are evolutionary conserved and isoforms are present in
numerous species. The quest for specific function(s) related to the raise of multiple
isoforms is an intriguing theme. The yeast Saccharomyces cerevisiae genome is
endowed with two different VDAC genes encoding for two distinct porin isoforms,
definitely less characterized in comparison to mammalian counterpart. While yWDACH1
has been extensively studied, the second isoform, yWVDAC?2, is much less expressed,
and has a still misunderstood function. This review will recapitulate the known and poorly
known information in the literature, in the light of the growing interest about the features
of VDAC isoforms in the cell.

Keywords: porin, VDAC, mitochondria, electrophyiology, yeast, outer mitochondrial membrane

INTRODUCTION

The passive diffusion of small hydrophilic molecules throughout outer membranes (OM) of Gram-
negative bacteria, mitochondria and chloroplast is provided by the presence of integral membrane
proteins commonly named porins. Characterized by a cylindrical shape, porins were firstly
discovered in prokaryotes (Nakae, 1976) and subsequently in mitochondria (Schein et al., 1976;
Colombini, 1979) and chloroplast (Smack and Colombini, 1985), supporting the endosymbiotic
theory. Porins are generally arranged in a conserved B-barrel structure, with polar amino acids
facing the hydrophilic compartments counterbalanced by non-polar residues in the hydrophobic
membrane core (Benz, 1989; Rosenbusch, 1990; Zeth and Thein, 2010).

The first mitochondrial porin was identified in the unicellular ciliate Paramecium tetraurelia by
Schein et al. (1976). In artificial membranes, the protein showed a maximal conductance at the
transmembrane potential close to zero, which decreased as a function of both positive and negative
voltage applied (Schein et al., 1976). Furthermore, the channel exhibited a slight preference for
anions over cations in the high-conducting state (Schein et al., 1976; Benz et al., 1988). Given these
electrophysiological features, mitochondrial porin was then named Voltage-Dependent Anion
selective Channel (VDAC).

VDACs are ubiquitously expressed proteins of about 28-32 kDa, with an
estimated pore dimension of ~3-3.5 nm in diameter and ~4-4.5 nm in height. The
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number of VDAC isoforms varies significantly in many species,
ranging from one or two in yeast, three in mammals and up
to five in plants (Young et al., 2007). Anyway, they represent
the most abundant protein family of the outer mitochondrial
membrane (OMM), accounting for ~50% of the total protein
content (Mannella, 1998; Gongalves et al., 2007). This confers the
typical sieve-like aspect to the OMM, as revealed by atomic force
microscopy experiments (Gongalves et al., 2007, 2008).

While human and murine VDACs were extensively studied,
the same was not for the Saccharomyces cerevisiae counterpart.
S. cerevisiae, also known as the Baker’s yeast, is a unicellular
organism widely employed as a eukaryotic model. Its genome
was completely sequenced in 1996 (Goffeau et al, 1996),
making the genetic manipulation simpler through recombination
techniques. Furthermore, most of the metabolic and cellular
pathways, especially those involving mitochondria biogenesis
and function, are conserved. This has led to define yeast “a
smaller but not lower eukaryote” (Rine, 1989).

In the lights of these considerations, in this review we
summarized all the literature information available so far about
the structure, the electrophysiological features and the peculiar
functions of the two VDAC isoforms expressed by the yeast
S. cerevisiae.

THE STRUCTURE AND FUNCTIONS OF
VDAC PROTEINS

From the time of their discovery, many hypotheses were
formulated about VDAC three-dimensional structure. The
alternation of hydrophobic and hydrophilic residues, as revealed
by the sequence analysis, and a set of single-point mutagenesis
experiments allowed the development of the first model,
consisting in a transmembrane barrel made of 12 antiparallel
pB-strands and one amphipathic is a-helix (Blachly-Dyson et al.,
1990; Thomas et al, 1993). In the early 2000s, by using
computational approaches, Neurospora crassa and S. cerevisiae
VDACs were modeled onto bacterial porins structures available
at that time, predicting a 16 P-strands barrel structure with
a globular a-helix corresponding to the first amino acid
residues of the N-terminal domain (Casadio et al., 2002). The
specific structure of N-terminus, already predicted by the first
studies (Blachly-Dyson et al., 1990; Thomas et al., 1993), was
experimentally confirmed by circular dichroism experiments
performed by independent groups (Guo et al., 1995; Bay and
Court, 2002; De Pinto et al., 2007). However, only several years
later the three-dimensional structures of murine and human
VDACI (Bayrhuber et al., 2008; Hiller et al., 2008; Ujwal et al.,
2008) and zebrafish VDAC2 (Schredelseker et al., 2014) were
determined by NMR spectroscopy, X-ray crystallography or a
combination of these two techniques.

The B-barrel pore structure of VDAC proteins is built by 19
pB-strands connected to each other by short turns and loops.
This makes mitochondrial porins significantly different from
bacterial general porins, which have an even, variable number of
B-strands, commonly between 14 and 18 (Achouak et al., 2001;
Nikaido, 2003). In VDAC, strands are anti-parallel except for the

first and the last one, showing instead a parallel orientation. As
predicted, in the first 26 N-terminal residues two short a-helix
stretches were found. Although there are several differences in
the specific location among the models, all authors agree that
N-terminus does not take part in the barrel formation, as evinced
also from the superposition of human and murine VDACI1 (Zeth
and Zachariae, 2018). According to Bayrhuber et al. (2008) the
sequence 7-17 (at the N-terminal end) is horizontally oriented
inside the barrel and the sequence 3-7 contacts the pore wall.
Similar findings have been found in the other models, where the
presence of N-terminus within the channel lumen was justified
by the presence of a specific hydrogen-bonding pattern between
it and several specific residues located in different strands of the
barrel (Ujwal et al., 2008) and/or by hydrophobic interactions
(Hiller and Wagner, 2009).

As farther detailed, a putative role in the channel gating was
assigned to the N-terminus (Shuvo et al,, 2016). In fact, the
domain is connected to the barrel by a glycine-rich motif, which
confers flexibility. It is thus believed that N-terminal domain
is capable to leave the lumen and to partially expose itself to
the cytosolic environment, possibly mediating the interaction
with the membrane or other proteins (Geula et al., 2012; Manzo
et al., 2018). This hypothesis is supported by the transmission
electron microscopy work by Guo et al. (1995) and, more
recently, by the definition of VDAC topology within the OMM
(Tomasello et al., 2013).

The pore allows the passive diffusion through the OMM of
small ions (Na*, CI™, and K*) and metabolites up to ~5,000
Da, including ATP/ADP and nucleotides, intermediates of Krebs’
cycle (glutamate, pyruvate, succinate, malate) and NAD+/NADH
(Benz, 1994; Hodge and Colombini, 1997; Rostovtseva and
Colombini, 1997; Gincel and Shoshan-Barmatz, 2004). Other
small molecules are instead capable to modulate the pore
activity and/or interaction of VDACs with cytosolic proteins
and enzymes. By binding the channel, cholesterol preserves the
structural integrity of VDAC and facilitates its insertion in lipid
bilayers (De Pinto et al., 1989a; Popp et al., 1995; Hiller et al.,
2008). Being a component of the OMM, cholesterol amount
may vary according to the conditions, affecting in turn VDAC
functionality (Baggetto et al., 1992; Pastorino and Hoek, 2008).

In this perspective, VDACs are widely considered essential
for the maintenance of the mitochondrial bioenergetic and the
communication between the organelle and the rest of the cell (as
reviewed in Shoshan-Barmatz et al., 2010; De Pinto, 2021).

VOLTAGE-DEPENDENT ANION
SELECTIVE CHANNELS HAVE
ISOFORM-SPECIFIC FUNCTIONS

Both VDAC genes and proteins are evolutionary conserved.
The three different mammalian VDAC isoforms are encoded
by independent genes, each characterized by a similar intron-
exon organization. VDAC2 gene has an additional pre-sequence
placed upstream of the first exon that confers to the protein
a ll-amino acids longer N-terminus (Messina et al., 2012).
Furthermore, the proteins are characterized by high intra- and
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inter-species sequence conservation. For instance, mammalian
isoforms show up to ~75% of sequence similarity, while yeast
and human VDACI share about 70% of similar sequence (Young
et al.,, 2007; Messina et al., 2012). This implies that all VDAC
proteins should have similar structure/functions, as arises from
computational simulations made for all the proteins for which the
three-dimensional structure is not available yet (De Pinto et al,,
2010; Guardiani et al., 2018). Accordingly, VDACs from mice,
yeast, fruit fly, and human can substitute for each other in the
regulation of metabolic fluxes if expressed in yeast mitochondria,
as demonstrated by complementation assays performed in porin-
less strain(s) on non-fermentable carbon sources (i.e., glycerol)
at the restrictive temperature of 37°C (Sampson et al., 1997;
Xu et al., 1999; Reina et al., 2010; Leggio et al., 2018). At the
same time, the simultaneous presence of different isoforms has
raised the question of distinct and non-redundant functions for
each VDAC. While this issue is unexplained for yeast, several
hypotheses have been put forward for high eukaryotes.

In mammals, VDACs show a tissue-specific distribution in
which VDACI is the most ubiquitous (Cesar and Wilson, 2004;
De Pinto et al., 2010). While controlling the overall permeability
of OMM (Tomasello et al., 2009) and participating in Ca?t
homeostasis (De Stefani et al., 2012), VDACI1 interacts with
proteins of Bcl-2 family and hexokinases, playing a crucial role
for the activation of apoptosis (Shimizu et al., 2001; Abu-Hamad
et al., 2008; Huang et al., 2013). Upon specific stimuli, VDAC1
undergoes oligomerization allowing MOM permeabilization, as
well as the release of cytochrome ¢ and/or mitochondrial DNA
fragments (Keinan et al., 2010;. Kim et al., 2019).

VDAC?2 was initially indicated as a pro-survival protein, being
able to prevent the activation of the pro-apoptotic protein Bak
(Cheng et al.,, 2003). In the last years, however, a mechanism in
which VDAC2 is necessary for the activation of Bax, another pro-
apoptotic member of Bcl-2 family, was proposed (Ma et al., 2014;
Chin et al., 2018).

On the contrary, the specific role of VDAC3 remains not
completely clarified yet. This isoform has specific and peculiar
features: for example, in non-reducing conditions it forms
small pores of about 90 pS in artificial membranes (Checchetto
et al,, 2014) while, in yeast devoid of endogenous porins, it
complements the growth defect only partially (Sampson et al.,
1997; Reina et al., 2010). In the last years, our group carried out
site-direct mutagenesis experiments on human VDAC3 aimed
at replacing cysteine with alanine residues. Cysteines, indeed,
can undergo oxidation/reduction according to the environment.
Mutations of single or multiple cysteines significantly increased
the conductance of VDAC3 up to similar or identical values
to those shown by the other isoforms (Reina et al, 2016a;
Queralt-Martin et al., 2020), suggesting that the pattern of post-
translational modifications (PTMs) modulates VDAC3 activity
(Okazaki et al., 2015; Reina et al., 2016a). This hypotesis was
later confirmed by mass spectrometry (Saletti et al., 2017; Pittala
et al., 2020). Given also the specific interaction of VDAC3 with
stress sensor and redox-mediating enzymes (Messina et al., 2014),
this isoform was indicated as a putative mitochondrial sensor of
the oxidative stress (De Pinto et al., 2016; Reina et al., 2016b,
2020).

The pattern of cysteine oxidation was never studied in
yeast. Isoform 1 has only two cysteines similar to mammal
VDACI. The same holds for yVDAC2, whose PTMs study by
mass spectrometry is practically hindered by its paucity in the
usual yeast strains.

THE VDAC GENES AND PROTEINS IN
YEAST

Differently from mammals, S. cerevisiae genome is endowed with
two different genes encoding for two distinct porin isoforms.
As summarized in Table 1, the so-called POR genes are located
in different chromosomes and they are very similar in length.
A comparative genomic analysis has suggested that isoforms have
been originated from genome duplication during the evolution.
This phenomenon was postulated for S. cerevisiae and Candida
glabrata but not for other Saccharomycetales fungi such as
Kluyveromyces lactis or S. pombe in which VDAC paralogs were
not detected (Kellis et al., 2004). At the same time, in C. glabrata
the gene encoding for the second VDAC isoform is highly
degenerate, raising the specific question about the maintenance
of both POR copies in S. cerevisiae (Young et al., 2007).

Being encoded by the nuclear genome, all VDACs are
synthesized by cytosolic ribosomes and subsequently imported
into the OMM by specific evolutionary conserved protein
complexes (Ulrich and Rapaport, 2015). This process was in-
depth studied using the yeast as a cellular model. Briefly,
the translocase of outer membrane (TOM) complex recognizes
VDAC precursors onto OMM surface and drives the protein
translocation through the main TOM complex subunit, Tom40
(Pfanner et al., 2004; Chacinska et al., 2009), which is itself a
B-barrel protein (Araiso et al., 2019; Tucker and Park, 2019).
The signal allowing the mitochondrial targeting is a hydrophobic
p-harpin motif that interacts with Tom20, another subunit of
TOM complex (Jores et al., 2016). The final assembly of VDAC
into the OMM is achieved by the presence of a second complex,
the sorting and assembly machinery (SAM) complex (also known
with the acronym of TOB complex). Again, the main SAM
complex subunit is the p-barrel protein Sam50/Tob55 (Kozjak
et al., 2003; Takeda et al., 2021).

The expression levels of the two yeast VDAC isoforms
appears profoundly different. A recent determination of the
mitochondrial proteome at high-confidence identified an
average copy number of 16,000 for yVDACI and 1-2 copy
for yVDAC2 per single mitochondria (Morgenstern et al,
2017). This difference was attributed to the promoter strength,
as hypothesized immediately after POR genes discovery
(Blachly-Dyson et al, 1997). In fact, if POR2 sequence
is cloned downstream PORI promoter, YVDAC2 protein
levels resemble those of yVDACI in physiological condition
(Blachly-Dyson et al., 1997).

The primary sequences of yVDACs were determined
after their identification. Multialigment analysis shown in
Figure 1A revealed less than 50% of sequence identity
between the two VDAC isoforms of S. cerevisize. However,
the computational analysis indicates high similarity in term
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TABLE 1 | Main features of POR genes and proteins.

Gene ORF Location Position Size (bp) Protein length (aa)
POR1 YNLO55C chrXIv 517.994-518.845 852 283
POR2 YIL114C chriX 149.143-149.988 846 281

Genetic information about POR genes and the coorrespondent proteins. Data were taken from Saccharomices Genome Database (https.//www.yeastgenome.org).

A
yVDAC1 1 MSPPVYSDISRNINDLLNKDFYHATPAAFDVQTTTANGIKFSLKAKQPVKDGPLSTNVEA
yVDAC2 1 MALRFFNDISRDVNGLFNRDFFHTNPLSLNISTTTENGVNFTLKAKQGVTEGPIQTSVEG
yVDAC1 61 KLNDKQTGLGLTQGWSNTNNLQTKLEFANLTPGLKNELITSLTPGVAKSAVLNTTFTQPF
yVDAC2 61 RFYDRKEGVSLSQSWSNQNRLNTRIEFSKIAPGWKGDVNAFLTPQSIKNAKFNLSYAQKS
yVDAC1 121 FTARGAFDLCLKSPTFVGDLTMAHEGIVGGAEFGYDISAGSISRYAMALSYFAKDYSLGA
YyVDAC2 121 FAARTSIDI-LQPKDFVGSVTLGHRGFVGGTDIAYDTAAGLCARYAMSIGYLAREYSFIL
YyVDAC1 181 TLNNEQITTVDFFQNVNAFLQVGAKATMNCKLPNSNVNIEFATRYLPDASSQVKAKVSDS
yVDAC2 180 STNNRQCATASFFQONVNRYLQVGTKATLQSKT-SSNMNIEFVTRYVPDSISQVKAKIADS
yVDAC1 241 GIVTLAYKQLLRPGVTLGVGSSFDALKLSEPVHKLGWSLSFDA
YyVDAC2 239 GLTTLSYKRNLNKDISLGVGMSFNALQLTEPVHKFGWSLSESP

B

FIGURE 1 | Structural features of yeast voltage-dependent anion selective channel (VDAC) isoforms. (A) Multi-alignment analysis of the amino acid sequences of
yVDAC1 and yVDAC? (source: GeneBank). Colors highlight the conserved (orange) or similar (yellow) residues. (B) Lateral and top view of the superposition of
yVDACs. The predicted structure of yWDACT (in brigthorange) and yVDAC? (in teal) were obtained by homology modeling using MODELLER 9.24 software and the
human VDACT structure (PDB ID: 2JK4) as template. Final figures were drawn using PyMol software.

of three-dimensional structures, as strengthened by homology
modeling predictions (Guardiani et al., 2018) displayed in
Figure 1B. Despite this, many substantial differences exist
in the electrophysiological features, as fully described in the
next paragraphs.

YEAST VDAC1: FROM THE DISCOVERY
TO THE ELECTROPHYSIOLOGICAL
CHARACTERIZATION

The first evidence of porin existence in yeast was observed by
Mihara et al. (1982). They described a porin-like activity in

isolated OMM fractions attributed to the presence of a single
predominant ~29 kDa protein comparable to that previously
found in rat liver mitochondria (Mihara et al., 1982). This protein
was generically called “porin” by analogy to the other similar
proteins of Gram-negative bacteria. Only after the discovery of a
second porin isoform it was formally named yVDACI or PORI.

The primary structure of yVDAC1 was deduced from
the nucleotide sequence, revealing a 283 amino acid long
molecule (Mihara and Sato, 1985). In comparison to the human
homologous, it has similarity and identity values of 67 and 24%,
respectively (Hiller et al., 2010).

The electrophysiological properties of yVDAC1 were then
investigated after protein isolation from mitochondria and
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incorporation into planar lipid bilayer (PLB). The protein
showed a high propensity to form pores in artificial membranes,
characterized by an average conductance of ~4 nS in 1 M
KCI solution (Forte et al., 1987a). In a similar manner to
what previously observed for VDACs extracted from N. crassa
(Freitag et al., 1982), rat brain (Ludwig et al., 1986), and other
mammalian tissues (De Pinto et al., 1987), the application of
increasing positive and negative voltages, from 0 to 60 mV,
promoted a significative reduction of yVDAC1 conductance.
In particular, a high-conducting or open state was observed at
low voltages. Conversely, the application of potential, starting
from £10-20 mV, resulted in a symmetrical switch toward low-
conducting or closed state(s) (Forte et al., 1987a). Notably, these
data were recently confirmed by our group. In particular, we
observed an average value of yVDACI conductance of ~4.2 nS
and a voltage-dependent behavior starting from £20-30 mV
(Guardiani et al., 2018).

The ion selectivity of yVDACI was also investigated. The
protein prefers anion over cations in the open state, while in
the closed state it becomes less anionic or more cation selective
(Schein et al., 1976; Forte et al., 1987b; Colombini, 2016). These

observations are in agreement with our recent report showing
a ratio CI:K™ of 2:1 in the open state and 1:4 in the closed
state (Guardiani et al., 2018). Similar electrophysiological features
were detected for human VDACI (Reina et al,, 2013) and for
Drosophila melanogaster VDACI (De Pinto et al., 1989b).

A summary of the main electrophysiological features, as well
as a comparison with those of yVDAC2, is shown in Figure 2.

Particularly  interesting for the maintenance of
electrophysiological features of VDACs is the N-terminal
domain, as revealed by mutagenesis experiments. E.g., the
mutations of Asp 15 to Lys or Lys 19 to Glu modified the
sensitivity of yVDACI to the voltage applied, as well as the ion
selectivity (Blachly-Dyson et al., 1990; Thomas et al., 1993).
Remarkably, these residues are conserved in mammalian VDACs
suggesting that they are essential for the proper functioning and
gating of the channel. Also truncation or substitution of specific
part of the N-terminus has similar effects. E.g., the truncated
yVDACI, missing the first 8 amino acids, showed an abnormal
channel activity and a pronounced instability of the open state,
which rapidly switched toward multiple low-conducting states
(Koppel et al., 1998).

A B
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& . 9 B yVDAC2
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FIGURE 2 | Comparative analysis of the electrophysiological features of native yWVDAC1 and yWVDAC2 at the Planar Lipid Bilayer. (A) Analysis of conductance after
yVDAGCs reconstitution into the artificial membrane. Experiments were performed with an applied constant voltage of +10 mV in 1 M KCI solution. (B) Analysis of the
voltage-dependence of yWDACs isoforms. Experiments were performed by gradually increasing the voltage from 0 to £100 mV. Data are expressed as mean of the
relative conductance + SEM. The relative conductance was calculated as the G/Gg, where G is the conductance at the given voltage while Gy is the conductance
values calculated at 0 mV applied. (C) Analysis of current-voltage performed in a 10-fold gradient 1/0.1 M cis/trans KCl in a voltage ramp with amplitude + 60 mV.
Values of reversal potential were used to estimate the permeability ratio of cations (Px) over anions (P¢)) by using the Goldman-Hodgkin-Katz equation in the three
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The importance of the N-terminus for the channel function
was demonstrated also for human VDAC isoforms. It is known
that VDACS3 is the less active one in complementation assay
of porin-less yeast performed on glycerol at 37°C or in the
presence of acetic acid (a cell death inductor, Reina et al., 2010).
Swapping experiments in which the first 20 N-terminal residues
of VDAC3 were replaced with those from VDACI or VDAC2,
showed increased life span and resistance to oxidative stress than
porin-less yeast transformed with plasmids carrying wild-type
VDACS3 sequence (Reina et al., 2010).

YEAST VDACH1 IS ESSENTIAL FOR THE
PROPER MAINTENANCE OF
MITOCHONDRIA

VDAC1 is by far the most abundant protein of yeast
mitochondria, accounting for 7,000-19,000 copies per organelle,
as for growth on glucose and glycerol, respectively (Morgenstern
et al, 2017). Notably, this number overcomes of one and
two orders of magnitude the copy number of the second
and the third OMM most represented proteins, Tom40 and
Sam50. From this study, we tried to estimate the overall OMM
conductance, given by all the B-barrel proteins, and the specific
contribution of yVDACI. In this calculation, we included the
putative pore-forming proteins recently discovered by Kriiger
et al. (2017), such as Mim1, Aryl, OMC?7, and OMC8 as well
as the B-barrel component of TOM and SAM complexes that
can mediate small molecules exchanges across the OMM (Kmita
and Budzinska, 2000; Antos et al., 2001). From this analysis
emerged that the outer membrane of a single mitochondrion
has an estimated permeability of ~30 WS, 27 of which are
provided by yVDACI (Magri et al., 2020). It thus is clear that this
isoform is mainly involved in the metabolic exchanges and in the
maintenance of the communication between mitochondria and
the rest of the cell.

Many information about yVDACI1 function arose from
the study of Aporl mutant, in which PORI was genetically
inactivated. The strain was still viable, but it showed a marked
growth impairment on media containing non-fermentable
carbon sources (i.e., substrates which are mainly metabolized
in mitochondria) at temperature of 37°C (Blachly-Dyson et al.,
1990). More recently, our group performed an extensive
characterization of Aporl yeast in order to expand the
knowledge of this model. Our results indicate that mitochondrial
respiration is dramatically compromised in the absence of
yVDACI, since the expression of the respiratory chain subunits
encoded by mtDNA, but not nuclear DNA, was completely
abolished, as a consequence of the dramatic reduction of
mtDNA (Magri et al., 2020). In this context, the metabolites
commonly addressed to the mitochondria, as pyruvate, are
pushed toward a cytosolic utilization and the whole cell
metabolism undergoes a complete rearrangement aimed to by-
pass mitochondria. To survive in the absence of yVDACI,
the cells enhance the biosynthesis of phospholipids, which are
then stored into lipid droplets (as an energy reserve) or in
the plasma membrane, as schematized in Figure 3 (Magri

et al, 2020). Overall, these results revealed once again the
irreplaceable role of yVDACI for the OMM permeability and for
mitochondrial metabolism.

An increasing body of evidence suggests an equally important
function of yVDACI1 in mitochondrial biogenesis. It is known
since many years that the inactivation of PORI affects the
expression of specific subunits of TOM and SAM complexes
(Galganska et al., 2008; Karachitos et al., 2009). However, only
recently a direct involvement of yVDACI in this mechanism
was demonstrated. The assembly of TOM complexes requires the
presence of the constituent protein Tom40 and Tom22 (Model
et al.,, 2001). Sakaue et al. (2019) demonstrated that yVDACI
interacts with Tom22, preventing the transition from a dimeric
to a trimeric form of the complex, essential for the import
of specific proteins. Furthermore, yVDACI antagonizes Toms6,
another regulator of TOM assembly (Sakaue et al., 2019). At
the same time, yVDAC1 modulates also the Translocase of the
inner membrane (TIM) complex activity, by its direct interaction
with Tim22. In this contest, yVDAC1 was individuated as a
coupling factor for protein translocation of carrier precursors
into the inner mitochondrial membrane (IMM) (Ellenrieder
et al., 2019). Notably, both these works supported this brand
new role of yVDACI independent of its metabolic function
(Edwards and Tokatlidis, 2019).

As a last point, the role of yVDACI in the regulation of
yeast redox homeostasis is less characterized than in mammals.
VDAC are intrinsically sensitive to oxidation (Saletti et al., 2017,
2018) and during the exponential and/or stationary growth
phases they undergo oxidation/carbonylation (O’Brien et al,
2004). However, this effect is exacerbated in yeast strains devoid
of the antioxidant enzymes superoxide dismutase (SOD), as
expected. The cytosolic Cu/Zn SOD (SOD1), however, not only
protects yVDACI from oxidation but it is required for the proper
channel activity and expression of yVDACI1 (Karachitos et al.,
2009). At the same time, the inactivation of PORI affects the
expression of the mitochondrial Mn-SOD (SOD2) (Galganska
et al., 2008, 2010), suggesting a mutual regulation between the
two proteins.

THE CONTROVERSIAL STORY OF
YVDAC2

Until 1996, yVDACI1 was believed the only porin isoform of
S. cerevisiae. Two different events contributed to the discovery
of the second VDAC: the availability of yeast genomic sequences
and the increasing use of recombinant techniques aimed to
inactivate specific genes. By the insertion of a functional LEU2
gene in the PORI sequence, yVDAC1 was knocked-out and the
Apor]l mutant was obtained (Dihanich et al., 1987). The mutant
showed normal levels of other OMM proteins but reduced levels
of cytochrome ¢; and cytochrome oxidase subunit IV (Dihanich
et al., 1987). Surprisingly, Aporl strain was still viable, even
if it grew slower than the wild-type at 30°C (Dihanich et al,
1987). This result suggested the existence of some unknown
alternative pathway through which small metabolites and ions
could cross the OMM.
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FIGURE 3 | Metabolic and phenotypic changes occurring in Apor1 cells. Schematic representation of the main changes occurring in yeast upon PORT gene
inactivation. Metabolic down-regulated, upregulated or unchanged pathways are displayed in red, green and white, respectively. The absence of yWVDAC1 reduces
the nucleotides trafficking within mitochondria, affecting the replication/expression of the mtDNA. The mitochondrial utilization of pyruvate, TCA cycle and the
functioning of the electron transport system are strongly compromised. On the other hand, the cytosolic conversion of pyruvate into acetyl-coA is enhanced (PDH
by-pass). The latter is addressed toward the synthesis of phospholipids, which are then stored into lipid drops (an energy reservoir). Furthermore, the newly
synthetized phospholipids contribute to build plasma membrane and to increase the vacuole dimension. As a consequence, the size of Apor1 cells is increased of

The analysis of Aporl growth on glycerol at the elevated
temperature of 37 °C has revealed a specific defect (Blachly-
Dyson et al., 1990). Glycerol, indeed, is a non-fermentable
carbon source that forces the utilization of mitochondria
(Gancedo et al., 1968). By screening a genomic S. cerevisiae
library, Blachly-Dyson et al. (1997) identified a second VDAC
isoform through its ability to correct this Aporl growth defect.
Then, a second porin gene, called POR2 and encoding for
yVDAC2, was individuated.

yVDAC2 was immediately indicated as a potential yVDACI1
substitute, even if some peculiarities emerged. For instance, the
second yeast VDAC isoform was able to restore the growth
defect of Aporl only upon specific conditions. If POR2 is
present in low copy number (one or two copies per cell) it
fails to substitute yVDACI. Conversely, when POR2 sequence
is cloned downstream the PORI promoter it can successfully
restore the yeast growth as in wild-type (Blachly-Dyson et al.,
1997). Notably, Aporl transformation with single copy plasmid,
carrying the encoding sequences of mouse VDAC isoforms 1
and 2, completely recovers the yeast growth on glycerol at
37°C (Sampson et al, 1997). This suggested that yVDAC2
had pore-forming activity but such compensation was strictly
depended on its concentration. However, all the efforts made
by Blachly-Dyson et al. (1997) to isolate and incorporate
yVDAC2 in artificial membrane failed, prompting the scientific
community to question the pore-forming ability of yVDAC2
and its involvement in mitochondrial bioenergetics. This idea

was supported by the low level of similarity between VDAC
isoforms, consisting in only 49% (see Figure 1A). Also, not many
information was obtained from deletion studies: differently from
Aporl, the genetic inactivation of POR2 gene does not affect yeast
growth in any condition, while the simultaneous absence of both
endogenous porins, as in the double mutant AporlApor2, only
exacerbates the yeast growth defect on glycerol typical of Aporl.

YEAST VDAC2 HAS PORE FORMING
ACTIVITY AND A PECULIAR ION
SELECTIVITY

After its discovery, the interest in yVDAC2 has waned for almost
two decades. However, in 2016, investigating the role of human
SOD1 in yeast, we casually noticed a complete recovery of
Aporl growth defect on glycerol at 37°C in the presence of
overexpressed hSODI. In this condition, the expression level of
POR2, as well as of other genes encoding for OMM B-barrel
proteins (Tom40 and Sam50), was found significantly increased
(Magri et al., 2016b). Since the same results did not appear in
Aporl Apor2 yeast, we hypothesized that yWVDAC2 might re-
establish the OMM pore activity.

To definitely clarify this aspect, we established a collaboration
with the group of prof. Hanna Kmita (Poznan, PL), aimed
at purify with high yield yVDAC2. In the first attempt
Aporl strain was transfected with a plasmid carrying POR2
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sequence and the protein was purified from AporI mitochondria,
avoiding yVDACI contamination (Guardiani et al., 2018). It
was called native yVDAC2. The second strategy applied the
heterologous expression of a 6xHis-tagged yVDAC2 in E. coli
(Magri et al,, 2019). Being a membrane protein, yVDAC2
localized in the inclusion bodies and needed high concentrations
of denaturant to be purified, followed by a refolding step
in presence of specific detergents (Engelhardt et al., 2007).
Remarkably, this refolding method was successfully applied many
times and by different groups, producing VDAC proteins with
indistinguishable features from those native (Ujwal et al., 2008,
Checchetto et al., 2014; Okazaki et al., 2015; Magri et al., 2016a;
Reina et al., 2016a; Queralt-Martin et al., 2020).

The electrophysiology at the PLB revealed that both native
and recombinant proteins were able to form pores with the
same, typical VDAC-like conductance of ~3.6 nS in 1 M KCI,
as displayed in Figure 2A) (Guardiani et al., 2018; Magri et al.,
2019). As for voltage-dependence, native yVDAC2 resembled
yeast or human VDACI, even if it began to close at £40-50 mV.
This suggests that yVDAC?2 is slightly less sensitive to the applied
voltage (Figure 2B). However, this specific aspect was amplified
in the recombinant protein, which began to close only at & 80-
90 mV (Magri et al,, 2019). The difference between the native and
recombinant forms of yVDAC?2 raises the interesting question of
whether the native yVDAC2 was subject to specific PTMs, not
occurring in the heterologous expression in E. coli. The influence
of PTMs in VDAC activity is indeed a rather unexplored subject.

Ion selectivity of yVDAC2 was particularly interesting.
The computational analysis revealed a similar tridimensional
structure for the two yeast VDAC isoforms but a net charge of
+11 in the case of yVDAC2, in comparison to +1 of yVDACI.
Thus, anion selectivity was expected for yVDAC2 in the open
state, as also predicted by bioinformatic analysis, with a chloride
selectivity estimated 2-3 times higher than that displayed by
isoform 1 (Guardiani et al., 2018). The analysis of native yVDAC2
at the PLB allowed the identification of up three states with
different parameters of ionic selectivity: two of them appeared
to be high-conductance states but with opposite selectivity
(Guardiani et al., 2018; Magri et al., 2019). In the open state, the
ratio C1™: KT for yVDAC2 was 3:1, definitely more anionic than
the corresponding state displayed by yVDACI. The second high-
conducting state showed a prominent cation selectivity (Cl™:
K* =1:2) (Guardiani et al., 2018). This oddity is not entirely new
with VDACs: a similar state was already observed for VDAC1
from mammals (Pavlov et al., 2005). The third state detected by
studying yVDAC?2 ion selectivity was a low-conducting and very
cation-selective state (Cl7: Kt = 1:16, Guardiani et al., 2018).
Such state was previously unseen in any studied VDAC. The ion
selectivity of yVDAC isoforms is detailed in Figure 2C.

WHAT IS YVDAC2 FUNCTION?

Despite its demonstrated pore-forming activity, all evidences
suggest that yVDAC2 plays only a marginal role in mitochondria
bioenergetics. Indeed, the deletion of POR2 does not significantly
affect yeast growth on glycerol at 37°C although its simultaneous

inactivation with PORI aggravates the growth defect (Blachly-
Dyson et al., 1997). The involvement of yVDAC2 in mediating
the OMM permeability to small molecules, such as NADH, was
studied in Aporl cells. Here, NADH permeability was found
20 times lower than in wild-type (Lee et al.,, 1998). However,
similar results were obtained for the double mutant Aporl Apor2,
excluding definitely the involvement of yVDAC?2 in this pathway.
Later, Tom40 was indicated as a valid substitute of yVDACI in
Aporl cells (Kmita and Budzinska, 2000; Antos et al., 2001).

A vparticipation in the maintenance of energy homeostasis
was also proposed for yVDAC2. SNF1 protein kinase is the
orthologue of the mammalian AMP-activated protein kinase
(AMPK), both important players in the regulation of cell growth
and glucose metabolism in response to the energy limitation
(Hedbacker and Carlson, 2008; Mihaylova and Shaw, 2011). It
was shown that SNF1 co-precipitated with both yeast VDACs and
SNF1 function was significantly affected only when both porin
genes are simultaneously inactivated (Strogolova et al., 2012).
For this reason, yVDAC2 was identified as a “co-sensor” of a
stress signal upstream of SNF1, even if the precise mechanism
was still unclear.

Anyway, given the pacucity of literature information, the
residual hypothesis is that yVDAC?2 acts as a rescue permeability
mitochondrial pathway, expressed in presence of some undefined
stimulus. In fact, the absence of yVDACI per se is not able
to activate POR2 gene expression (Magri et al., 2020). On the
contrary, the co-presence of an additional factor, such as the
overexpressed hSOD1, induces POR2 expression and restores the
yeast growth defect of Aporl cells (Magri et al., 2016Db).

APOR1 YEAST, AN OPPORTUNITY TO
STUDY VDAC ROLE IN HUMAN
PATHOLOGIES

Despite the obvious absence of a nervous system in yeast,
basic mechanisms and pathways underlying neurodegenerative
diseases, such as mitochondrial dysfunction, transcriptional
dysregulation, trafficking defects and proteasomal dysfunction,
are extremely well conserved between humans and yeast,
enabling detailed studies of the molecular events involved in
those conditions.

Mitochondrial ~ dysfunctions, along with defects in
proteasomal activity and misfolded protein aggregations,
are well-known molecular hallmarks of neurodegenerative
disorders that can be easily recapitulated in a relatively simple
system as the yeast. This is made possible by the presence of
disease-associated human orthologues or by the introduction
of a human protein directly linked to the disease of interested
with easy manipulation techniques. For instance, yeast has been
successfully used to investigate TDP43 and FUS dysfunction
in amyotrophic lateral sclerosis (ALS), amyloid-f peptide and
Tau in Alzheimer’s disease, a-synuclein (aSyn) and Lrrk2 in
Parkinson’s disease, and Huntingtin in Huntington’s disease
(as reviewed in Miller-Fleming et al., 2008; Bharadwaj et al.,
2010; Pereira et al., 2012; Rencus-Lazar et al.,, 2019). In this
contest, VDAC proteins (and VDACI in particular) play a
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crucial role in mediating mitochondrial dysfunction. In fact,
most of the previously cited proteins are able to aggregate
onto the cytosolic surface of mitochondria using VDAC as an
anchor point (Magri and Messina, 2017). Thus, the use of Aporl
mutant, transformed or not with plasmids carrying encoding
sequences for human VDAC isoforms or mutants, represents an
important opportunity to clarify the specific roles of porins in
pathological contexts.

The involvement of human VDAC1 in mediating aSyn
toxicity in Parkinson’s disease was demonstrated for the first time
in yeast. Rostovtseva et al. (2015) introduced aSyn expression in
the Aporl mutant, noticing a yeast growth defect on galactose
only when the protein was expressed together with the human
VDACI. This finding supports the idea that mitochondrial
dysfunction mediated by aSyn occurs through the modulation of
VDACI permeability (Rostovtseva et al., 2015). Also, the specific
ability of the three VDAC isoforms to counteract oxidative stress
was investigated in yeast (Galganska et al., 2008), as well as the
antibiotic minocycline specificity to interact with VDACs. These
last studies revealed that minocycline interacts in a different
manner with VDAC proteins and only isoform 3 is able to
mediate the cytoprotective effect counteracting H,O,-mediated
toxicity (Karachitos et al., 2012, 2016).

In the light of the emerging consideration of VDAC proteins
as a pharmacological target in many diseases (Magri et al., 2018;
Shoshan-Barmatz et al., 2020), these few examples highlight
the potential usage and the versatility of Aporl cells for
biotechnological and biomedical application.

CONCLUSION

Along with the increased interest of the scientific community
in understanding VDACs role in apoptosis and mitochondrial
dysfunctions, many studies have been carried out on mammalian
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Abstract: VDAC (voltage-dependent anion selective channel) proteins, also known as mitochondrial
porins, are the most abundant proteins of the outer mitochondrial membrane (OMM), where they play
a vital role in various cellular processes, in the regulation of metabolism, and in survival pathways.
There is increasing consensus about their function as a cellular hub, connecting bioenergetics functions
to the rest of the cell. The structural characterization of VDACs presents challenging issues due to their
very high hydrophobicity, low solubility, the difficulty to separate them from other mitochondrial
proteins of similar hydrophobicity and the practical impossibility to isolate each single isoform.
Consequently, it is necessary to analyze them as components of a relatively complex mixture. Due
to the experimental difficulties in their structural characterization, post-translational modifications
(PTMs) of VDAC proteins represent a little explored field. Only in recent years, the increasing number
of tools aimed at identifying and quantifying PTMs has allowed to increase our knowledge in this
field and in the mechanisms that regulate functions and interactions of mitochondrial porins. In
particular, the development of nano-reversed phase ultra-high performance liquid chromatography
(nanoRP-UHPLC) and ultra-sensitive high-resolution mass spectrometry (HRMS) methods has
played a key role in this field. The findings obtained on VDAC PTMs using such methodologies,
which permitted an in-depth characterization of these very hydrophobic trans-membrane pore
proteins, are summarized in this review.

Keywords: voltage dependent anion channel; cysteine overoxidation; deamidation; hydroxyapatite;
high-resolution mass spectrometry; post-translational modifications

1. Introduction
1.1. VDAC Isoforms: A Family of Hub Proteins

VDAC (voltage-dependent anion selective channel) proteins, also known as mito-
chondrial porins, are the most abundant proteins of the outer mitochondrial membrane
(OMM) where they play a vital role in various cellular processes, in the regulation of
metabolism, and in survival pathways. They mediate the ions and metabolites exchange
between mitochondria and the rest of the cell, ensuring good functionality of mitochondrial
complexes and energy production [1].

In higher eukaryotes, there are three VDAC isoforms (VDAC1, VDAC2, VDAC3)
encoded by separate genes located on different chromosomes [2]. These pore-forming
proteins have a similar molecular weight (30 kDa) and highly conserved sequences of
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about 280 amino acids with the exception of VDAC2 which has the N-terminal moiety of
11 residues longer than the other isoforms.

The evolutionary analysis indicates VDACS3 as the oldest isoform, while VDACT is
considered the youngest mitochondrial porin [34].

The experimental 3D structures of mouse and human VDACI isoform have been
determined using X-ray crystallography and NMR [5-7]. These analyses revealed a struc-
ture constituted by 19 (3-strands arranged to form a trans-membrane (3-barrel and by a
region containing «-helix at the N-terminus of the protein. The barrel is organized as a
regular antiparallel array of (3-strands with the exception of strands 1 and 19 that run
in parallel. The amphipathic o-helix tail is located inside the pore. However, the exact
position and local structure of this segment are still elusive since these features are not
perfectly overlapping in the available X-ray and NMR structures [5-7].

Recently, the structure of zebrafish VDAC2 was solved at a high resolution, confirm-
ing the same B-barrel arrangement as VDAC1 [8]. Zebrafish VDAC2 has one cysteine
residue in the sequence and lacks the 11 amino acid longer N-terminal sequence present in
mammalian VDACs.

The VDACS structure has not yet been determined. Several bioinformatic predictions,
based on the large sequence similarity, proposed a barrel core such as the other VDAC
isoforms [9]. Despite the high sequence similarity and structural homology, VDAC isoforms
display different functional properties within the cell.

Analysis of the expression levels of human VDAC isoforms in HeLa cells, determined
by real-time PCR, suggests that VDAC1 is the most abundant isoform, ten times more
abundant compared to VDAC2 and hundred times more abundant compared to VDACS3,
the least characterized of the isoforms. In addition, the overexpression of each single
VDAC isoform affects the mRNA levels of the other two isoforms, suggesting that the ratios
between VDAC isoforms are subjected to a reciprocal control that avoids an imbalance
among these proteins [10].

Although the three isoforms show a common involvement in cellular bioenergetics
maintenance, VDAC1 and VDAC2 have specialized functions in programmed cell death.
For VDACS3 isoform, recent studies indicate a central role in ROS metabolism and in
mitochondprial quality control [11].

The functions of VDACs are several-fold and some of these depend on, or are affected
by, interaction with other cytosolic and mitochondrial proteins. Due to their localization at
the OMM, VDACSs are considered to be hub proteins, interacting with over 200 proteins
in order to integrate mitochondrial functions with the rest of the cellular activities [12,13].
Thus, VDAC isoforms appears to be a junction for a variety of signals associated with
different pathways related to cell survival or programmed death. Furthermore, the function
of VDACs and their interactions with other proteins are affected by post-translational
modifications (PTMs) [14]. Unfortunately, PTMs of VDAC proteins represent a little
explored field, mainly because discovery and characterization of PTM in these proteins is
very challenging, due to their poor solubility and impossibility to isolate single isoforms.
Only in recent years has the increasing number of tools aimed at identifying and quantifying
PTMs increased, improving the knowledge in this field and in the mechanisms that regulate
functions and interactions of mitochondrial porins. In particular, the development of nano-
reversed phase ultra-high-performance liquid chromatography (nanoRP-UHPLC) and
ultra-sensitive high-resolution mass spectrometry (HRMS) methods has played a key role
in this field. The findings obtained on VDAC PTMs using such methodologies, which have
permitted an in-depth characterization of these very hydrophobic trans-membrane pore
proteins, are summarized in this review.

1.2. VDACs as Main Players in Mediating and Regulating Mitochondrial Functions with
Cellular Activities

The location in the OMM allows the VDAC proteins to act as anchor points for diverse
sets of molecules that interact with mitochondria. In this way, VDACs are able to mediate
and regulate the integration of mitochondrial functions with cellular activities.
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The VDAC interactome includes proteins located in OMM, inner mitochondrial mem-
brane (IMM), intermembrane space (IMS), cytosol, endoplasmic reticulum, plasma mem-
brane and nucleus that are involved in metabolism, apoptosis, signal transduction, protec-
tion against ROS, binding to RNA or DNA, and more.

Mobility of VDAC N-terminal «-helix region is important for channel gating but
also for interactions with both pro-apoptotic and anti-apoptotic proteins such as Bax, Bak,
and Bcl-xL [15-17]. VDACI1 is involved in the release of apoptotic factors located in the
intermembrane space due to its ability of oligomerizing in dimers, hexamers, and higher-
order structures, to form a large pore that allows the passage of cytochrome c and apoptosis
inducing factor (AIF) to the cytosol and consequently the activation of programmed cell
death. Instead, VDAC2 functions as anti-apoptotic factor and it is upregulated in several
debilitating diseases including Alzheimer’s and cancer [18]. This property is probably due
to the unique ability of VDAC2 to sequester the pro-apoptotic protein Bak in the OMM
and maintain it in the inactive state [11].

VDACI displays binding sites, located in its cytosolic moiety, for many metabolic
enzymes, such as glyceraldehyde 3-phosphate dehydrogenase, creatine kinase, glycerol ki-
nase, glucokinase, c-Raf kinase, and hexokinase isoforms (I and II), which need preferential
access to mitochondrial ATP [19].

Hexokinase interacts through its hydrophobic N-terminal sequence with Glu”? of
VDACI, a binding site localized on one side of the barrel wall, buried in the hydrophobic
environment of OMM [20].

It has been demonstrated that treatment of mitochondria with dicyclohexylcarbodi-
imide (DCCD) inhibits hexokinase—~VDAC interaction due to selective chemical modifica-
tion of Glu”3 [21].

Glu”? residue is also the binding site for ceramides, tumor suppressor lipids able to act
directly on mitochondria to trigger apoptotic cell death. It is interesting that both VDAC1
and 2 own, in a similar position, a cysteine residue (Cys'?” in human VDAC1 and Cys!% in
human VDAC2) in the form of sulfonic acid with a strong negative charge resembling that
of the glutamate acid residue [22]. Instead, VDAC3 isoform does not show any residue
homologous to Cys'?”/138 or Glu”® embedded in the hydrophobic moiety of the OMM.

VDACT1 presents a cholesterol binding pocket formed, in human isoform, by Ile!?3,
Leul*4, Tyr146, Ala’®! and Val'”! residues [23].

Mitochondrial porins form complexes with other proteins, such as the adenine nu-
cleotide translocase (ANT), the translocator protein (TSPO), also known as the peripheral-
type benzodiazepine receptor (PBR), mitochondrial HSP70, and several cytoskeletal pro-
teins such as tubulin, actin, dynein light chain, and gelsolin [11].

The translocator protein interacts directly with all VDAC isoforms. In particular, inter-
action between TSPO and VDAC1 contributes to regulate the efficiency of mitochondrial
quality control mechanisms and inhibits mitophagy, preventing ubiquitination of proteins
through downregulation of the PINK1/Parkin pathway [24]. The GxxxG motif presents
both in VDAC and in TSPO, and is necessary for this interaction [25]. Moreover, VDAC1
and TSPO, in association with StAR (steroidogenic acute regulatory protein), form the
transduceosome, a multi-protein complex involved in cholesterol transport. In a former
hypothesis, VDAC1 and TSPO in OMM, ANT in IMM, and Cyclophilin D in the mito-
chondrial matrix were candidates to constitute the permeability transition pore (PTP), a
high conductance and non-specific pore that allows mitochondrial swelling and release of
apoptogenic proteins. More recently, it was proposed that PTP could be formed by dimers
of the ATP synthase complex [26].

Recent studies have focused attention on the role of VDAC proteins in mitochondrial
dysfunction typical of many pathological conditions including stroke, cancer, mitochondrial
encephalomyopathies, and aging, as well as neurodegenerative disorders [27,28].

Mass spectrometry analysis revealed the association between VDACSs and the ubiqui-
tin ligase Parkin. In presence of damaged mitochondria, as in Parkinson’s disease, Parkin is
phosphorylated by PINK1 and consequently ubiquitinates proteins that reside on the OMM,
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targeting the mitochondria for degradation. Parkin is a cytosolic protein but translocates
to the mitochondria to participate in mitochondrial quality control mechanisms. VDAC
proteins represent a docking site of Parkin on defective mitochondria [29].

Moreover, VDAC1 represents the main docking site at the mitochondrial level for
misfolded and aggregated proteins, a common feature of neurodegenerative disorders
known as proteinopathies, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Creutzfeldt-Jacob disease (CJD), dementia with Lewy bodies (DLB), Huntington disease
(HD), and amyotrophic lateral sclerosis (ALS) [30].

For example, in AD post-mortem brains, in neuroblastoma cells and in an AD mouse
model, a direct association was demonstrated between VDACI, specifically its N-terminal
region, and hyper-phosphorylated Tau but also with amyloid beta (Af), both in its
monomeric and oligomeric forms [31]. These interactions can have a dramatic effect
on mitochondrial functions in AD neuron because they block the PTP formation, disrupt
the transport of mitochondrial proteins and metabolites, and impair gating, conductance,
and physiological interactome of VDACs [32].

In Parkinson’s disease, «-synuclein directly interacts with mitochondria, blocks
VDACI, and impairs metabolite fluxes leading, consequently, to an energetic crisis able to
compromise cell viability [33].

In ALS, several SOD1 mutants are able to bind VDACI [34]. This interaction im-
pairs ATP/ADP exchange, VDACI conductance and mitochondrial membrane potential.
Recently, the competition between SOD1G93A and HK1 was demonstrated in binding
VDACI, in NSC34 motor-neuron cell lines [35].

In literature, the role of VDAC1 in neurodegeneration is rather well known; however,
the involvement of the other two isoforms in these pathways remains poorly defined. This
is likely associated with the relative abundance of VDAC1 compared to other isoforms
which are more difficult to isolate in pure form.

Recent studies demonstrated that Cytoskeleton-associated protein 4 (CKAP4), a palmi-
toylated type II transmembrane protein localized to the endoplasmic reticulum (ER),
regulates mitochondrial functions through an interaction with VDAC2 at ER-mitochondria
contact sites [36].

VDAC2 binds inositol trisphosphate receptors (IP3R) and regulates the release of Ca%*
from the ER. In addition, several other interaction partners have been reported for VDAC2
isoform, which imply its effect in multiple cellular functions. Specifically, VDAC2 has
been linked to many cellular proteins, including apoptotic factors as Bak and Bax, StAR,
Metaxin2, eNOS (nitric oxide synthesize), GSK3, tubulin, and Mcl1 [19]. In addition,
VDAC2 and RACKI1 (receptor of activated protein kinase C1) function as receptors for
lymphocystis disease virus (LCDV) and for bursal disease virus in host cells [37].

VDAC?2 together with VDACS3 binds Erastin, the activator of ferroptosis, a new path-
way that regulates cell death characterized by the iron-dependent accumulation of lipid
hydroperoxides. Interaction between VDAC2/3 and Erastin results in degradation of the
channels following activation of ubiquitin protein ligase Nedd4 [38].

Finally, the VDACS3 isoform is associated with cytosolic proteins as tubulins and
cytoskeletal proteins, stress sensors, chaperones, and proteasome components, redox-
mediating enzymes such as protein disulfide isomerase [39].

2. MS-Based Techniques for Protein Analysis

The development in the late 1980s of the two “soft” desorption/ionization MS techniques
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) [40],
which are able to convert large molecules, such as proteins, DNA, and carbohydrates, into gas-
phase ions without affecting their integrity, has greatly broadened the applicability of MS to
biology and revolutionized the analysis of biomolecules, making possible the high-throughput
identification of thousands of proteins in only one experiment.

With respect to the ESI method, MALDI MS is commonly used for the characterization
of relatively simple mixtures of peptides or proteins; it is quite resistant to interference with
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targeting the mitochondria for degradation. Parkin is a cytosolic protein but translocates
to the mitochondria to participate in mitochondrial quality control mechanisms. VDAC
proteins represent a docking site of Parkin on defective mitochondria [29].

Moreover, VDAC1 represents the main docking site at the mitochondrial level for
misfolded and aggregated proteins, a common feature of neurodegenerative disorders
known as proteinopathies, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Creutzfeldt-Jacob disease (CJD), dementia with Lewy bodies (DLB), Huntington disease
(HD), and amyotrophic lateral sclerosis (ALS) [30].

For example, in AD post-mortem brains, in neuroblastoma cells and in an AD mouse
model, a direct association was demonstrated between VDACT1, specifically its N-terminal
region, and hyper-phosphorylated Tau but also with amyloid beta (Ap), both in its
monomeric and oligomeric forms [31]. These interactions can have a dramatic effect
on mitochondrial functions in AD neuron because they block the PTP formation, disrupt
the transport of mitochondrial proteins and metabolites, and impair gating, conductance,
and physiological interactome of VDACs [32].

In Parkinson’s disease, a-synuclein directly interacts with mitochondria, blocks
VDACI, and impairs metabolite fluxes leading, consequently, to an energetic crisis able to
compromise cell viability [33].

In ALS, several SOD1 mutants are able to bind VDACI1 [34]. This interaction im-
pairs ATP/ADP exchange, VDAC1 conductance and mitochondrial membrane potential.
Recently, the competition between SOD1G93A and HK1 was demonstrated in binding
VDACI, in NSC34 motor-neuron cell lines [35].

In literature, the role of VDACI in neurodegeneration is rather well known; however,
the involvement of the other two isoforms in these pathways remains poorly defined. This
is likely associated with the relative abundance of VDAC1 compared to other isoforms
which are more difficult to isolate in pure form.

Recent studies demonstrated that Cytoskeleton-associated protein 4 (CKAP4), a palmi-
toylated type II transmembrane protein localized to the endoplasmic reticulum (ER),
regulates mitochondrial functions through an interaction with VDAC2 at ER-mitochondria
contact sites [36].

VDAC?2 binds inositol trisphosphate receptors (IP3R) and regulates the release of Ca®*
from the ER. In addition, several other interaction partners have been reported for VDAC2
isoform, which imply its effect in multiple cellular functions. Specifically, VDAC2 has
been linked to many cellular proteins, including apoptotic factors as Bak and Bax, StAR,
Metaxin2, eNOS (nitric oxide synthesize), GSK3f3, tubulin, and Mcl1 [19]. In addition,
VDAC2 and RACKT1 (receptor of activated protein kinase C1) function as receptors for
lymphocystis disease virus (LCDV) and for bursal disease virus in host cells [37].

VDAC2 together with VDAC3 binds Erastin, the activator of ferroptosis, a new path-
way that regulates cell death characterized by the iron-dependent accumulation of lipid
hydroperoxides. Interaction between VDAC2/3 and Erastin results in degradation of the
channels following activation of ubiquitin protein ligase Nedd4 [38].

Finally, the VDACS3 isoform is associated with cytosolic proteins as tubulins and
cytoskeletal proteins, stress sensors, chaperones, and proteasome components, redox-
mediating enzymes such as protein disulfide isomerase [39].

2. MS-Based Techniques for Protein Analysis

The development in the late 1980s of the two “soft” desorption/ionization MS techniques
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) [40],
which are able to convert large molecules, such as proteins, DNA, and carbohydrates, into gas-
phase ions without affecting their integrity, has greatly broadened the applicability of MS to
biology and revolutionized the analysis of biomolecules, making possible the high-throughput
identification of thousands of proteins in only one experiment.

With respect to the ESI method, MALDI MS is commonly used for the characterization
of relatively simple mixtures of peptides or proteins; it is quite resistant to interference with
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buffers commonly used in protein chemistry (e.g., phosphate, Tris, urea) and produces
mass spectra that are simple to interpret because of the tendency of the method to generate
predominantly singly charged molecular ions [41]. On the contrary, the most important
feature of the ESI is the generation of multiply charged molecular ions. This feature allows
the detection of proteins also using analyzers with limited mass range (e.g., quadrupoles
and ion traps). ESI gained immediate popularity because it can be easily coupled on-line
with high-performance separation techniques such as capillary electrophoresis and HPLC
and currently represents the most used MS-based method in protein analysis [42,43].

In particular, chromatographic separation represents an essential step during protein
analysis because highly complex samples, such as a total cellular protein fraction, may
contain hundreds of components that must be, at least partially, separated before the MS
analysis. Analogously, when a biological sample is digested, the complexity of the protein
mixture increases because each protein component yields many peptides and a high-
performing separation step is needed. A variety of liquid chromatographic (LC) separation
methods, including reverse phase ultra-high-performance liquid chromatography (RP-
UHPLC), strong cation exchange (SCX), affinity chromatography (AC), and size exclusion
(SEC), have been developed [44]. Recently, UHPLC, operating with stationary phases
consisting of small particles (size < 2 um), was introduced for more efficient and faster
peptide separation [44]. In order to improve the chromatographic resolving power, it is also
possible to combine several separation techniques (i.e., multidimensional separation), in
which each technique utilizes different physicochemical properties of molecules as a basis
for separation (e.g., SCX joined with RP-HPLC) [45]. On the other hand, the development of
high-resolution ion mobility mass spectrometry (IMMS), which allows ions to be separated
on the basis of their size/charge ratios and their interactions with a buffer gas, adds a
degree of orthogonality to MS, and it is now emerging as new powerful tool in the MS
arena for the investigation of complex biological samples [46].

The implementation of separation techniques in miniaturized formats coupled on-line
with high-performance mass spectrometers and the development of miniaturized ESI
sprayers (nanoESI) have reduced the amount of analyte required for complete and routine
sequence characterization below the attomole (10! mol) range. Moreover, the improved
performance and versatility of the mass spectrometers nowadays allow to measure the
molecular mass of proteins and peptides with high accuracy and to determine additional
structural features, which include the primary structure or PTMs. In this respect, the mass
analyzer plays a fundamental role in the mass spectrometer technology, together with its
key parameters such as sensitivity, resolution, mass accuracy and the ability to generate
MS/MS spectra.

Fundamentally, the mass analyzers currently used in protein studies are five: quadrupole
(Q), ion trap (IT), time-of-flight (TOF), Fourier transform ion cyclotron resonance (FTICR),
and Orbitrap. These mass analyzers differ considerably in design and performance, each with
its own strength and weakness.

Ion trap, routinely coupled with ESI source, represents the unique analyzer which
alone allows to perform both MS and tandem mass spectrometry (MS/MS) analysis. It is
robust, sensitive, and moderately inexpensive, but shows a relatively low resolution and
mass accuracy. TOF analyzer has a high sensitivity and high mass detection range that
represent the main strengths of this type of analyzer in comparison with others [47]. This
type of analyzer is dedicated for pulsed ionization methods, such as MALDI or secondary
ion mass spectrometry (SIMS), whereas it cannot be directly interfaced with ESI sources.
On the other hand, coupling quadrupole or ion trap analyzers with TOF (Q-q-TOF and
LTQ-TOF, respectively) permits not only a direct interfacing with ESI but also allows
MS/MS analysis.

Currently, FTICR MS [48] offers the highest resolution (more than 500,000 full width
at half maximum, FWHM), resolving power, and accuracy greater than any other mass
analyzer. Orbitrap [49], the unique mass analyzer developed during the last 20 years, uses
the Fourier transform algorithm to obtain mass spectra with very high mass resolution
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(FWHM > 150,000 at m/z 600) and mass accuracy (<2 ppm) [50]. In particular, in these in-
struments, detection is based on the production of an induced alternating current (AC) with
the same frequency as that of the oscillation of the ions inside the instruments. The complex
signal produced must be mathematically processed by the Fourier transform algorithm.

Stand-alone FTICR and Orbitrap analyzers cannot perform ion fragmentation re-
quiring additional fragmentation devices. The most common MS platforms equipped
with these mass analyzers are the LTQ-FTICR and the LTQ-Orbitrap. In these systems,
the LTQ mass analyzer is used for ion isolation, ion storage, and ion fragmentation in
MS/MS experiments.

Although the resolution and accuracy of Orbitrap analyzer is not as high as in the case
FTICR -MS spectrometer discussed above, Orbitrap offers higher scan rate, is more compact,
less costly, easier to maintain, and does not require expensive cryogenic liquids. For these
reasons, the LTQ-Orbitrap is becoming the universal solution when high resolution and
mass accuracy are required in protein research.

The development of many early hybrid instruments was also motivated by the desire
for MS/MS spectral acquisition, which represents one of the most important and effective
analytical techniques among MS methodologies. MS/MS usually couples two MS steps
and this enables to obtain information about the sequence of peptides.

During MS/MS procedure, a selected ion is isolated and fragmented. Fragmenta-
tion occurs along the polypeptide chain in a precisely defined manner. Each resulting
fragment has its own mass-to-charge ratio (m/z) related to the m/z of the parent ion.
By interpreting the MS/MS data, it is possible to reconstruct the sequence of peptides
so obtaining structural information. Consequently, tandem MS plays a key role for pro-
tein or peptide sequencing and for the characterization of their PTMs. For this purpose,
different fragmentation methods were introduced, such as collision-induced dissociation
(CID), electron-capture dissociation (ECD), electron-transfer dissociation (ETD), and higher-
energy C-trap dissociation (HCD). CID is the most widely applied fragmentation method
for MS/MS in proteomics, mainly resulting in cleavage of amide bonds [51,52]. CID is
more effective for small, low-charged peptides, whereas it is not suitable for fragmentation
of intact proteins and peptides with labile PTMs. In addition, in spite of its prevalence,
CID provides limited sequence coverage when applied to peptide sequences carrying
many basic residues. The recent development of the new fragmentation techniques of
ECD, ETD, and HCD has greatly enlarged the capabilities of tandem MS strategies [53-55],
providing data highly complementary to the conventional CID, better sequence coverage
for small-sized to medium-sized peptides, and more comprehensive characterization of
PTMs. Therefore, taking into account the complementary fragmentation information that
can be obtained by these methods, the use of CID, ETD, or HCD alone, in alternating
acquisition or by a decision-tree regulated combination, can provide the best performance
for the analysis of distinct peptide populations [56].

Because a detailed description of the capabilities of the different mass analyzers,
hybrid instruments, and fragmentation methods is out of the purpose of the present
chapter, the reader is referred to a recently published review [57].

3. Proteomics of VDAC Isoforms
3.1. Sample Preparation

Sample preparation has a profound effect on the final results of a proteomic workflow.
Protein extraction methods and protein separation techniques should provide an unbiased
and reliable map representative of all proteins present in a specific sample. The different
extraction and fractionation approaches are based on proteins physicochemical and struc-
tural characteristics, such as molecular weight, solubility, hydrophobicity, and isoelectric
point. A specific protocol has to be optimized for each particular sample, to maximize
protein recovery and minimize the possible proteolysis and amino acid modifications. For
these reasons, there is no universal extraction protocol and not a unique buffer composition.
Regarding the extraction method, the different strategies available need to bgf 1czpmpa’cible
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with both the amount of the processed material and the subsequent analytical approach
(i.e., separation or MS).

The structural characterization of VDACs presents challenging issues due to their
very high hydrophobicity, low solubility, and the impossibility to separate them from
other mitochondrial proteins of similar hydrophobicity and to easily isolate each sin-
gle isoform. In fact, isolation of VDACs has been possible exclusively for plant VDAC
isoforms by chromatofocusing, thanks to the absence of phosphorylation sites in their
structure [58]. Consequently, it is necessary to analyze them as components of a relatively
complex mixture.

A bottom-up proteomic approach was used to investigate the VDAC3 from rat liver mi-
tochondria (rVDACS3) [59]. According with a standard procedure [60], mitochondria were
extracted and lysed with a buffer containing 3% Triton X-100 at pH 7.0. The VDAC proteins
were partially purified by hydroxyapatite (HTP) chromatography, which allows to obtain a
VDAC:s enriched fraction which comprises also other mitochondria hydrophobic proteins.
After precipitation with cold acetone, the protein pellet was solubilized in SDS buffer and
loaded on a 17% polyacrylamide gel (1D-SDS-PAGE). The bands in the range 30-35 kDa
were manually excised from the gel, cut in small pieces, and subjected to reduction with
DTT and alkylation by addition of IAA. Finally, the reduced and carboxyamidomethylated
proteins were in gel-digested using trypsin and chymotrypsin, and the resulting peptide
mixtures were analyzed by nUHPLC/HRMS [59]. MS data showed that r'VDAC3 was
found in the whole range 30-35 kDa, together with other proteins, mainly VDAC1, VDAC2,
and several other mitochondrial proteins. The reason for VDAC3 electrophoretic hetero-
geneity probably stems from (i) the different pattern of cysteine oxidations that can modify
the protein mobility; (ii) the different amount and quality of cysteine oxidations in various
molecules (“redox isomers”).

The gel-digestion procedure shows some disadvantages: (i) larger peptides can get
trapped between the gel meshes and lost during the extraction phase of the peptides
from the gel; (ii) the electrophoretic procedure itself could damage the samples and alter
the redox state of the sulfur amino acids (due to possible over heating generated by the
applied voltage and to the presence of residual quantities of the catalysts used for the
polyacrylamide polymerization). Furthermore, electrophoresis requires a greater amount
of sample and the utilization of dyes and detergents: These last molecules could interfere
with subsequent MS analyses because these compounds are difficult to eliminate from
the sample.

2-DE could potentially represent a useful alternative to 1-DE to improve the separation
of VDAC isoforms, but its utilization presents other problems. Actually, this kind of
proteins has been under-represented in 2-DE gels due to difficulties in extracting and
solubilizing them in the isoelectric focusing sample buffer. In fact, the most effective
solubilizing agent for highly hydrophobic membrane proteins is SDS, but this detergent is
incompatible with 2-DE. In addition to the difficulties in entering IPG (immobilized pH
gradient) gels, membrane proteins tend to precipitate at their isoelectric point during IEF.
Furthermore, their tendency to absorb the IPG matrix prevents their migration into the
SDS-PAGE gel.

An improvement in the rVDAC3 mass spectrometric analysis was obtained following
the introduction of a gel-free shotgun proteomic approach [59]. According to this procedure,
to avoid any possible artefact due to air exposure and manipulations, reduction/alkylation
was carried out before VDACs purification from the mitochondria. Afterwards, all the
proteins present in the HTP eluate, without previous electrophoretic separation, were
purified from non-protein contaminating molecules with the PlusOne 2-D Clean-Up kit,
and the desalted protein pellet was then re-dissolved in ammonium bicarbonate containing
RapiGest SF to improve the solubility. In fact, this surfactant makes the proteins more
susceptible to enzymatic cleavage without modifying the sample or inhibiting endoprotease
activity. Furthermore, the RapiGest SF is compatible with enzymes such as trypsin or
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chymotrypsin and does not influence subsequent MS analysis because it can be easily
removed in acidic conditions.

Separate aliquots of reduced and alkylated proteins were then subjected to digestion
with modified porcine trypsin and chymotrypsin. In this experiment, every protein in the
HTP eluate was digested, producing a very complex peptide mixture, which was finally
analyzed by nUHPLC/HR nESI-MS/MS.

The new “in solution-digestion” protocol associated with nUHPLC/HR ESI-MS/MS
allowed to extend the coverage of the rat and human VDACs sequences with respect to
that obtained with the previous procedure [61], so that it was possible to completely cover
the rat and human VDAC1 sequences and almost completely the rat and humanVDAC2
and VDACS3 sequences [22,59,62]. It should be noted that the short regions not identified
in VDAC2 and VDACS3 correspond to small tryptic or chymotryptic peptides or even to
single amino acids, which cannot be detected in LC/MS analysis.

Moreover, by means of this new procedure a detailed characterization of PTMs of the
three VDACs was obtained (see next paragraphs).

3.2. Mass Spectrometry Analysis of Post-Translational Modifications

The mammalian proteome is vastly more complex than the related genome. The
reasons for this difference reside both in the molecular mechanisms that allow a single
gene to encode for multiple proteins (genomic recombination, transcription initiation at
alternative promoters, differential transcription termination, and alternative splicing of
the transcript) and in the post-translational modifications (PTMs) which represent a wide
range of chemical changes that proteins can undergo after synthesis. They include the
specific cleavage of protein precursors, the covalent addition or removal of low-molecular
groups (i.e., acetylation, glycosylation, hydroxylation, phosphorylation, ubiquitination)
and the formation of disulfide bonds or other redox modifications [63-65].

PTMs play crucial roles in cell biology since they can change protein physical or
chemical properties, activity, localization, and/or stability. Traditionally, PTMs have been
identified by Edman degradation, amino acid analysis, isotopic labeling, or immuno-
chemistry. Within recent years, MS has proven to be extremely useful in PTM discovery.
Post-translationally modified amino acids always have a different molecular mass than the
original, unmodified residues and this mass increment or deficit is usually the basis for the
detection and characterization of PTM by MS (commonly by LC-ESI-MS/MS).

MS has several advantages for characterization of PTMs, including (i) very high
sensitivity; (ii) discovery of novel PTMs; (iii) ability to identify PTMs and the modified
sites, even in complex protein mixtures; and (iv) ability to quantify the relative changes in
PTM occupancy at distinct sites. None of the other techniques provide all these features, so
the greater majority of the known PTMs have been described by MS [66].

To improve sensibility, several methods have been developed to enrich the samples
in proteins or peptides with specific PTMs prior to MS/MS analysis, such as anti-pY
antibodies, IMAC (immobilized metal affinity chromatography) and TiO, for phosphoryla-
tion [67,68], affinity capture with lectins for glycosylated proteins [69], and resin coupled
with anti-acetyl-lysine for acetylated proteins [70]. Although, as previously described,
isolation of single isoforms of VDACs cannot be obtained, application of combined HPLC
and high-resolution ESI-MSMS analysis has resulted in the identification of several PTM
in these proteins. In the following, a summary of the MS-based PTMs characterized in
VDAC:s is reported and the respective biological significance discussed. These results are
resumed in Table 1 and Figure 1.
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Table 1. Post-translational modifications in VDAC isoforms obtained using mass spectrometry. PTM type, mass shift (Da),

source of the sample, modified residue, MS method and relative reference are reported. Studies are described by listing first

author + year.

ISOFORM PTM Type AMass (Da) Source Residue Method Study
Protein 12,0106 Rat liver Ala?2 nUHPLC /high resolution Saletti et al., 2018
N-terminal : nESI-MS/MS in a Q-QT-qIT MS s
acetylation HAP1 cells Ala2 Pittala et al., 2020
. Lys 33, 41, 74, 234 nHPLC MS/MS in an LTQ MS Kim et al., 2006
Mouse liver
Lys 41,122, 132 nHPLCMS/MSinanLTQ2D g or et al,, 2009
ion-trap MS
Acetylation 42.0106 ;
4 Mouse liver Lys 237 UPLC Velos-FT MS Yang et al., 2011
and heart
. LC/LC-MS/MS in an
Human liver Lys 28 FTICR/MS Zhao et al., 2010
VDAC1 AR Guan et al., 2003
L Rat liver Met 155
Oxidation 15.9949 Saletti et al., 2018
HAP1 cells Met 129, 155 nUHPLC /high resolution Pittala et al., 2020
Rat liver Cys 127,232 nESI-MS/MSina Q-QT-qITMS  gyjetti et al., 2018
ioxidati 47,9847
Trioxidation % HAP1 cells Cys 127 Pittala et al., 2020
Rat liver Ser 12, 136 HPLC MS/MS in an LTQ MS Distler et al., 2007
Mouse liver Ser 117 nHPLC MS/MS in an LTQ MS Lee et al., 2007
Phosphorylation  79.9663 Ser 101, 102, 104, nHPLC MS/MS in an
HelLa cells The 107 LTQ-Orbitrap MS Olsen et al., 2006
Mouse brain Tyr 80, 208 LC-MS/MS in an LTQ FT MS Ballif et al., 2008
Protein £.0106 Rat liver Ala?2 nUHPLC/high resolution Saletti et al., 2018
N-terminal : nESI-MS/MS in a Q-QT-qIT MS N
acetylation HAP1 cells Ala2 Pittala et al., 2020
. Lys 32,75 nHPLC MS/MS in an LTQ MS Kim et al., 2006
. 12010 Mouse liver
Acetylati . 6 i
cetylation Lys 121 nHPLC MS /MS in an LTQ 2D Schwer et al., 2009
ion-trap MS
Rat liver Met 167 Saletti et al., 2018
Oxidation 15.9949
HAP1 cells Met 12, 166 Pittala et al., 2020
Rat li Cys 48,77, 104, 211 nUHPLC/high resolution Saletti et al., 2018
Tioxidat 179847 aver s NESI-MS/MS in a Q-QT-qITMS o &2
rioxidation .
VDAC2 HAPlcells V47 Z?o 103, 138, Pittala et al., 2020
. LC-nESI-MS/MS in an L
Mouse brain Cys 48,77 LTQ-Orbitrap MS Piroli et al., 2016
Succination 116.0110 Rat li Cvs 48 nUHPLC /high resolution Saletti et al. 2018
arhver ys nESI-MS/MS in a Q-QT-qIT MS crretal,
nHPLC MS/MS in an
HelLa cells Ser 115, Thr 118 LTQ-Orbitrap MS Olsen et al., 2006
. SCX-RP-MS/MS in an
Phosphorylation  79.9663 Rat liver Thr 109 LTQ-Orbitrap MS Deng etal,, 2010
Rat liver Tyr 237 HPLC MS/MS in an LTQ MS Distler et al., 2007
Mouse brain Tyr 207 LC-MS/MS in an LTQ FT MS Ballif et al., 2008
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Table 1. Cont.

ISOFORM PTM Type AMass (Da) Source Residue Method Study
Protein Rat liver Cys 2 nUHPLC /high resolution Saletti et al., 2016
N-terminal 42.0106 nESI-MS/MS in a Q-QT-gIT MS N
acetylation HAP1 cells Cys2 B Pittala et al., 2020
. Lys 20, 61, 226 nHPLC MS/MS in an LTQ MS Kim et al., 2006
Mouse liver
. nHPLC MS/MS in an LTQ 2D
Acetylation 42.0106 Lys 63, 109 ion-trap MS Schwer et al., 2009
Human liver Lys 28 LC/LC-MS/MS in an FTICR-MS Zhao et al., 2010
VDAC3 Rat liver Met 26, 155 Saletti et al., 2016
Oxidation 15.9949
HAP1 cells Met 26, 155, 226 Pittala et al., 2020
Rat li Cys 36, 65, 165, 229 DUHPLC/high resolution Saletti et al., 2016
at liver s 36, 65, 165, 5 : _OT. aletti et al.,
Trioxidation 47.9847 Y nESI-MS/MS in a Q-QT-qIT MS
HAP1 cells Cys 36, 65 Pittala et al., 2020
Succination 116.0110 Rat liver Cys 8, 36, 229 Saletti et al., 2018
. Rat liver Ser 241, Thr 33 HPLC MS/MS in an LTQ MS Distler et al., 2007
Phosphorylation  79.9663
Mouse brain Tyr 49 LC-MS/MS in an LTQ FT MS Ballif et al., 2008
Cytosol

IMS

3 Cys 138
O Met 166

A N-term Ala

Met 26

Met 226 O

Y% Cys 65

Cytosol

93 Cys 139

A N-term Ala AN term Cys

Y Cys 36

IMS ¥ Cys65
ﬁ Cys partially oxidized to sulfonic acid /A N-terminal amino acid acetylated (G Cys partially succinated
Key * Cys totally oxidized to sulfonic acid O Met partially oxidized to methionine sulfoxide PX4 Cys not determined

OMM outer mitochondrial membrane  IMS intermembrane space hVDACs Homo sapiens rVDACs  Rattus norvrgicus

Figure 1. Post-translational modifications of human (upper panel) and rattus (lower panel) VDAC isoforms. The image
shows only the modified amino acids and their positions with respect to the cytosol, the outer mitochondrial membrane
(OMM), and the intermembrane space (IMS). In the rVDAC1 Cys?3? faces the aqueous inside of the pore; in the r'VDAC3

Cys? is located inside of the pore.

118



Int. J. Mol. Sci. 2021, 22, 12833

11 of 22

3.2.1. Deletion of N-Terminal Methionine and Acetylation of Lysines

In all rat and human VDACs the HRMS data confirmed that the N-terminal Met,
reported in the SwissProt database sequence, is missing in the mature proteins and that the
N-terminal amino acid is always acetylated [22,59,62]. Although N-terminal acetylation is
widespread in eukaryotes, the biological relevance of this modification is only known for a
few substrates [71,72]. Unlike e-lysine modification, N-terminal acetylation, catalyzed by N-
terminal acetyltransferases, is irreversible and occurs co-translationally [73,74]. It has been
suggested that co-translational N-acetylation modifies protein—protein interaction, affects
accumulation of the mature protein(s) in target organelles [75], confers metabolic stability
to the protein by providing general protection from peptidases and against irreversible
oxidation, and seems to act as a degradation signal in the Ac/N-degron pathway [76].
Consequently, any dysregulation of N-terminal acetylation, leads to serious pathological
conditions including neurodegenerative diseases, cancers, hypertension, and X-linked
genetic disorders [77-79].

All data regarding the acetylation of the three different VDAC isoforms were obtained
from proteomic studies of acetyl-lysine enriched fractions.

In liver of fed and starved mice, lysines 33, 41, 74, and 234 of VDAC1 were de-
tected acetylated by immunoprecipitation enrichment of acetylated peptides with an
anti-acetylated lysine antibody and nanoHPLC MS/MS in an LTQ mass spectrometer [70].
Analogously, using mass spectrometry and label-free quantitation, Schwer et al. found that,
in mouse liver tryptic digest immunopurified with acetyl-lysine affinity matrix, lysines 41,
122, and 132 in VDAC1 were found acetylated during calorie restriction [80]. However,
no significant quantitative difference in VDAC1 acetylation was highlighted between fed
and starved and fed and calorie restricted animals, respectively. In addition to the above-
mentioned sites, lysine 237 was also acetylated in mouse liver and heartVDAC1 analyzed
with a built-in-house Velos-FT mass spectrometer [81].

Acetylation of lysines 32 and 75 [70] and 121 [80] was observed in mouse liver VDAC2.
Again, no differences in acetylation between fed and starved and fed and calorie-restricted
mice were revealed.

In contrast to VDAC1 and VDAC2, VDAC3 showed acetylation of lysines 20, 61, and
226 only in livers of starved but not of fed mice [70]. In addition, lysines 63 and 109 were
identified acetylated in mouse liver, with no differences between fed and calorie-restricted
animals [80]. However, none of the above studies addressed the potential physiological
effect of VDAC acetylation.

In human liver mitochondria, VDAC1 and VDAC3 were found acetylated in posi-
tion 28 after purification with an antibody to acetyl lysine and analysis by tandem liquid
chromatography-tandem mass spectrometry (LC/LC-MS/MS) [82]. The amino acid se-
quence of the acetylated dodecapeptide in human VDAC1 and 3 (GYGFGLIK*LDLK and
GYGFGMVK*IDLK, respectively) differs in three amino acid residues.

3.2.2. Oxidation States of Methionines

Even in mild conditions, methionine residues are highly susceptible to oxidation
mediated by reactive oxygen (ROS) and nitrogen species (NOS) to generate in vivo Met
sulfoxide (MetO), which can be further oxidized to methionine sulfone (MetO,) under
stronger oxidizing conditions [83]. MetO exists as a mixture of S and R diastereomers
and its production is tightly regulated in vivo by ubiquitous sulfoxide reductases, which
catalyze the thioredoxin-dependent reduction of MetO into methionine [84]. Conversely,
MetO, cannot be reduced in vivo.

Cyclic Met oxidation/MetO reduction leads to consumption of ROS and thereby
acts as a scavenging system to protect proteins from oxidative damage [85,86]. Moreover,
MetO formation seems to have little or no effect on protein susceptibility to proteolytic
degradation [87,88]. Numerous studies reported that MetO levels in proteins increase
during aging and in certain disease, in particular in the neurodegenerative ones [89].
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Evidence for an additional role of certain methionines as oxidation sensors in the redox
regulation of enzyme activity is accumulating [90-92].

In rat and human VDAC isoforms, methionines oxidized to sulfoxide were detected
by nUHPLC/HRnESI-MS/MS [22,59,62].

Considering the VDAC1 sequence, one methionine residue (Met'*®) is conserved in rat
and human. The mass spectral data indicated that among the peptides identified, besides
the fragments containing Met!> in the normal form, peptides with this residue in the form
of methionine sulfoxide (MetO) were also identified [93].

Although from these data a precise determination of the ratio between Met and Met
sulfoxide could not be obtained, a rough estimation of their relative abundance was derived
from the comparison of the absolute intensity of the multiply charged molecular ions of
the respective peptides. These calculations demonstrated that in rat VDAC1 (rVDAC1) the
conserved Met!® is oxidized to MetO in a remarkable higher amount (Ox/Red ratio 65:1)
than in the human VDAC1 (hVDAC1) (Ox/Red ratio 0.8:1), while the Ox/Red ratio for the
Met'??, which is present only in hVDACT, resulted 1.5:1.

Analogously, VDAC2 sequence contains one internal conserved methionine, Met'®” in
rat and Met!'%® in human, respectively. Both the amino acid residues are partially oxidized
to MetO in approximatively equal amount (Ox/Red ratio 3.2:1 in rVDAC2, and 1.4:1 in
hVDAC?2). On the contrary, the other Met!? in hVDAC2 is mainly in the oxidized form
(Ox/Red ratio about 10:1).

Finally, in the hVDACS3 the Ox/Red ratio of the three methionines 26, 155, and 226
was about 0.1:1, 1:1, and 3:1, respectively. In particular, Met?® showed an oxidation state
comparable to that of the analogous rVDAC3 methionine (Ox/Red ratio about 0.6:1),
whereas the oxidation rate of Met!®® , the latter conserved methionine, was not determined
in the rat isoform.

Literature has highlighted a key role of VDACs in mitochondrial dysfunction typical of
many neurodegenerative disorders. In particular, the principal isoform VDACT represents
the main mitochondrial docking site of many misfolded proteins, such as amyloid-f and
Tau in Alzheimer’s disease, x-synuclein in Parkinson’s disease, and several SOD1 mutants
in ALS. The interaction of misfolded proteins with VDACI has a strong impact on both
cellular bioenergetics and apoptosis” pathways alteration. Therefore, VDACs represent a
promising therapeutic target in neurodegenerative diseases [28].

Very recently, by HRMS/MS analysis, possible signs of oxidative damage in VDAC1
from the NSC34-SOD1G93A cell line, a suitable ALS motor neuron cell model line, were
investigated [94].

Interestingly, a higher amount of methionine sulfoxide and sulfone was observed
for Met!% in the mutated line (MetO/Met ratio 61:1 and MetO, /Met 4.7:1, respectively)
in comparison with NSC34 and NSC34-SOD1WT cell lines (MetO/Met ratio 3-5:1 and
MetO, /Met0.1:1, respectively).

3.2.3. Oxidation States of Cysteines

Because of their redox-reactive thiol (-SH) side chain, cysteine residues are easily
subjected to various Ox-PTMs including S-nitrosylation (or S-nitrosation, SNO), sulfhy-
dration (SSH), S-acylation, S-glutathionylation, sulfenylation (SOH), and oxidation to
sulfinic acid (SO,H) and sulfonic acid (SOsH) [65]. Except for sulfonic acid, all the reported
Ox-PTMs are readily reversible and ruled by specific enzymatic activities. Moreover, cys-
teine oxidation has a structural relevance for proteins, since it can support the disulfide
bridge formation (RS-SR), a physiological protein cross-linking, which is an essential PTM
involved in protein folding and in the stabilization of tertiary and quaternary structure.
Disulfide formation depends on the spatial proximity between two cysteines and can also
occur through a reaction with sulfenic acid in the presence of high concentrations of ROS.
They indeed convert SOH groups into thiol radicals (RS) which, in turn, react with other
thiolates to form a disulfide bond [65].
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In a recent paper, mitochondrial enrichment and subsequent cysteine-targeted MS
analysis allowed to identify ~1500 reactive cysteine residues on ~450 mitochondrial pro-
teins in HEK293T cells, and additionally, 22 highly S-nitrosoglutathione (GSNO)-sensitive
cysteines also in VDAC proteins [95].

Through UHPLC/HR nESI-MS/MS analysis, cysteine PTMs were characterized in
detail, and it was discovered that such cysteines can be subject to different oxidization
degrees, ranging from the disulfide bridge to the most oxidized, the sulfonic acid one, an
irreversible and permanent protein modification, and even harmful in the cell. In fact, as
mentioned above, there are no known enzymes that can reverse this form back to any of
the lower sulfur oxidative states (sulfenic and sulfinic forms) [96].

Interestingly, the insertion of a strong negative charges by -SO3H formation can mod-
ify the protein conformation by electric repulsions inside the chain or toward phospholipids.
Some authors suggested that these conformational changes can initiate protein incorpora-
tion into mitochondria-derived vesicles (MDVs), later targeted to lysosomes. MDVs, whose
production is induced by mitochondrial stress [97], contain numerous oxidized proteins
derived mainly from the OMM.

Recent findings revealed a precise and evolution conserved pattern in oxidative status
among human and rat VDACs [22,59,62].

VDACI1 presents only two cysteines in position 127 and 232, located far from each
other. In r'VDAC1 both these residues are moderately oxidized, with a ratio Ox/Red in the
range of 0.1-0.26 [62]. Instead, in hVDAC1, Cys127 (in the B-strand 8), which protrudes
in the hydrophobic, phospholipidic milieu, is totally trioxidized as ~SO3H, while Cys?3?
(in B-strand 16) facing the water-accessible side of the channel [5-7], is exclusively in the
reduced and carboxyamidomethylated form [22].

VDAC?2 is the longer isoform, with an N-terminal extension of 11 amino acids in
mammals and is the richest in cysteines: 11 and 9 in rat and human, respectively. This
difference is due to the presence of two additional Cys residues in the N-terminal sequence
of the rat isoform.

In hVDAC2 Cys8, Cys!?, and Cys!3 were exclusively in the reduced form; these
residues are exposed to the IMS and correspond to Cys’, Cys!#, and Cys!'** in rVDAC2,
which have also been found to be reduced or not determined (Cys'34).

Cysteines in position 47, 76, 103, and 210, all in IMS loops, were instead identified
as partially oxidized to ~SO3H. Among them, Cys’® was detected in the form of sulfonic
acid with an Ox/Red ratio of about 0.1:1, similarly to the homologue Cys’” in rVDAC2.
Cysteines 47, 103, and 210 are found partially trioxidized but with a lower Ox/Red ratio
(about 0.1:1-0.01:1), reproducing the trend observed for the homologous cysteines 48, 104,
and 211 of rVDAC2.

Cys??’, which is instead the only cysteine predicted to be in a hydrophilic turn exposed
to the cytosol, resulted exclusively reduced, analogously to the Cys??® in rVDAC2, whose
trioxidized form was detected in very low amount (rough ratio of 1:100 oxidized /reduced).
It is tempting to speculate that it can be involved in some kind of docking function of
this protein.

In rVDAC2, the additional Cys* and Cys® in the N-terminal moiety are also reduced;
thus, VDAC2 has a cluster of cysteines oriented towards the IMS that are available to
reversible oxidation.

Finally, hVDAC2 Cys!3, situated in a position similar to that of Cys'?” in hVDACI,
and therefore embedded in the hydrophobic environment of the OMM, was found fully
trioxidized to sulfonic acid as the homologous residue in hVDACI.

It is important to underline that the preferred redox state of cysteines in general is
conserved between rat and human VDAC3 [22,59]. Accordingly, Cys36 and Cys65 were
detected in a reduced form and trioxidized to sulfonic acid in a similar extent in both
organisms. Cys? and Cys'??, which are also facing the IMS, were identified entirely
reduced, as Cys8 which is inside the channel. In rat, the oxidation state of Cys122 remained
undetermined because peptides containing this residue were not detectable. The only
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exception was Cys?? that in hVDAC3 is completely reduced, whereas in the rat isoform
was totally trioxidized.

Overoxidation can be required to target a protein to degradation. In particular, in the
so called “N-end rule pathway”, the presence of an oxidized N-terminal cysteine in certain
mammalian proteins is required for arginylation by ATE1 R-transferases and subsequent
ubiquitin-dependent degradation [98]. In VDAC3, Cys? becomes the N-terminal end after
the elimination of Met! during the protein maturation [22,59]. Because the oxidized form
of Cys? was never detected, this can mean that the potentially Cys?-oxidized, if existing, is
a marker used to remove the protein from the membrane for degradation.

On the contrary, the groups of Cys residues always in reduced form in all the three
VDAC isoforms could have another function: The persistence of their reduction, together
with the exposition to the IMS, an oxidative environment, prompts to speculate their in-
volvement in disulfide bridge(s) formation, with conformational consequence for the pore.

In conclusion, it is important to underline that most of the HRMS data obtained for
the oxidation states of cysteines in human VDACs are the same as those obtained for the
rat ones, thus demonstrating that they do not depend on the type of organism, at least in
mammals, but reflect a physiological condition.

Furthermore, the power of the deep mass spectrometric analysis reported us a list of
other proteins present in the HTP eluate from Triton X-100 solubilized rat liver mitochon-
dria. Among them, no evidence of over-oxidized cysteines was discovered, demonstrating
that the overoxidation is a peculiarity of the VDAC isoforms [62]. Another validation of
these data is that the application of the same methodologies to different kind of sources,
living tissue from organism (rat liver), or cultured cells (human HAP cell) resulted in
remarkably similar results.

3.2.4. Phosphorylation

Phosphorylation of VDACs was reported in pathological conditions and is associated
with degradation and pro-apoptotic pathways [14,99]. Indeed, some results suggest that
VDAC1 phosphorylation is involved in the genesis of apoptosis in brain of Alzheimer
disease (AD) and Down syndrome (DS) patients [100]. In this work, the authors described
protein levels of VDACs in individual post-mortem brain regions of patients with DS
and AD using two-dimensional electrophoresis (2-DE) and MALDI TOF-MS. VDAC1 and
VDAC2 were unambiguously identified and quantified, but VDAC3 was not found. It was
noted an increase in the content of three VDAC1 isoforms, which differed in their isoelectric
points, probably caused by post-translational modifications as, e.g., phosphorylation.
However, no information regarding the type and site of phosphorylation was presented.

Through proteomic analysis followed by Western blotting and immunohistochemical
techniques, it was demonstrated that VDACT1 is overexpressed in the hippocampus from
amyloidogenic AD transgenic mice models [101]. VDAC1 was also overexpressed in post-
mortem brain tissue from AD patients at an advanced stage of the disease. Interestingly,
amyloid-f (A) soluble oligomers were able to induce upregulation of VDACI in a human
neuroblastoma cell line, further supporting a correlation between Af levels and VDAC1
expression. In hippocampal extracts from transgenic mice, a significant increase was ob-
served in the levels of VDAC1 phosphorylated at an epitope susceptible to phosphorylation
by glycogen synthase kinase-33 [101].

Protein phosphorylation is catalyzed by a family of protein kinases, with serine, threo-
nine, and tyrosine side chains being the most frequently modified [102]. The reverse reac-
tion is catalyzed by specific protein phosphatases, i.e., phosphoserine/phosphothreonine-
specific and phosphotyrosine-specific families of phosphatases [103].

To study the PTMs of rVDACsSs, a method based on enrichment of the proteins by
harvesting high-purity outer membrane from rat liver mitochondria, followed by isolation
of the proteins of interest by semipreparative SD-PAGE/ electroelution was developed [104].
Following this approach, all three isoforms were found phosphorylated at one or more
sites, in particular, VDACI at serine 12 and 136, corresponding to CaM-II/GSK3 and PKC
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consensus sites, respectively. Employing an improved IMAC method to examine mouse
liver mitochondrial phosphoproteome, it was documented also the phosphorylation of
serine 117 [105]. By a shotgun approach, phosphorylation of serine 101, 102, and 104, and
of threonine 107 in HeLa cells were determined [106] as well as of tyrosine residues 80 and
208 in mouse brain [107].

VDAC?2 phosphorylation of serine 115 and threonine 118 was demonstrated in HeLa
cells [106]; in rat liver mitochondria Deng et al. reported that VDAC2 is phosphorylated
at threonine 109 [108], whereas Distler et al. found phosphorylation at tyrosine 237 [104].
Subsequently, in mouse brain Ballif et al. documented tyrosine phosphorylation of residue
207 [107].

Finally, in VDACS3 from rat liver mitochondria, phosphorylation of serine 241 and
threonine 33 was shown [104]. These sites correspond to PKA and PKC consensus sites. In
mouse brain, VDACS3 is also tyrosine-phosphorylated at residue 49 [107].

Again, the phosphorylation of Ser!% in VDAC1 was evidenced in the three cellular
lines (NSC34, NSC34-SOD1WT, and NSC34-SOD1G93A) recently investigated by nUH-
PLC/HR ESI-MS/MS, even though in low amounts (Table 2 and Figure 2) [94].

Table 2. Post-translational modifications in VDAC1 from NSC34, NSC34-SOD1WT, and NSC34-SOD1G93A cell lines
obtained using mass spectrometry. PTM type, mass shift (Da), cell line, residue, and modified /normal ratio are reported.

PTM Type AMass (Da) Cell Line Residue Modified/Normal
Ratio
NSC34
Protein N-terminal 42,0106 NSC34-SOD1WT Al Totally acetylated
acetylation : az y y
NSC34-SOD1G93A
NSC34 5:1
Oxidation 15.9949 NSC34-SOD1IWT Met 155 4:1
NSC34-SOD1G93A 60:1
NSC34 0.1:1
Dioxidation 31.9898 NSC34-SODIWT Met 155 0.111
NSC34-SOD1G93A 5:1
NSC34 Cys 127 Totally trioxidized
Trioxidation 47.9847 NSC34-SOD1IWT Cys 127 Totally trioxidized
NSC34-SOD1G93A Cys 127 30:1
NSC34 0.01:1
Phosphorylation 79.9663 NSC34-SODIWT Ser 104 0.01:1
NSC34-SOD1G93A 0.01:1
NSC34 / /
NSC34-SOD1IWT / /
Deamidation 0.9840 Asn 37,106, 207, 214, Asn =0.01-0.6:1
NSC34-SOD1G93A 239 GIn = deamidated in
Gln 166, 226 trace amount
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Cytosol

Ser 104 X

VDAC1
NSC34
SODIWT

/A N-term Ala

IMS
7;*( Cys partially oxidized to sulfonic acid & Met partially oxidized to methionine sulfoxide [  Asn/GIn deamidated
Key j‘.‘: Cys totally oxidized to sulfonic acid {  Met partially oxidized to methionine sulfone X Ser phosphorylated
A N-terminal amino acid acetylated OMM outer mitochondrial membrane IMS intermembrane space

Figure 2. Post-translational modifications of VDAC1 from NSC34 (left), NSC34-SOD1WT (middle), and NSC34-SOD1G93A
(right) cell lines. The image shows only the modified amino acids and their positions with respect to the cytosol, the outer
mitochondrial membrane (OMM), and the intermembrane space (IMS).

3.2.5. Succination, Deamidation, Ubiquitin, Ubiquitination, and Presence
of Selenocysteines

Elevated fumarate concentrations as a result of Krebs cycle inhibition lead to in-
creases in protein succination, an irreversible post-translational modification that occurs
when fumarate reacts with cysteine residues to generate S-(2-succino)cysteine (2SC). It has
been verified in some mitochondrial diseases [109], cancer (with fumarate hydratase (FH)
deficiency) [110], and diabetes [111].

Using the Ndufs4 knockout (Ndufs4 KO) mouse, a model of Leigh syndrome, it was
demonstrated that protein succination increased in the brainstem (BS). 2D-SDS-PAGE
followed by immunoblotting for succinated proteins and MS/MS analysis of BS proteins
allowed to identify VDAC1 and 2 as specific targets of succination: in particular, Cys”” and
Cys*® were identified as endogenous sites of succination in VDAC2. Given the important
role of the VDAC:s in the exchange of ADP/ATP between the cytosol and the mitochondria,
and the already decreased capacity for ATP synthesis in the Ndufs4 KO mice, the authors
proposed that the increased protein succination observed in the BS of these animals would
further decrease the already compromised mitochondrial function [109].

Identification of succinated cysteines in rVDAC2, but not in rVDAC1, was also re-
ported [62]. In r'VDAC2 only Cys*® was succinated in very low amount with a ratio
succinated /normal about 0.04.

Selenocysteines were not observed in any of the rVDAC isoforms. In the nUHPLC /HRESI-
MS/MS analysis of the PTMs of VDAC1 in ALS-SOD1 model cells [94], succinated cysteines
were not found, as well as no evidence of ubiquitin and ubiquitination.

Notably, in the same work, the deamidation of five specific asparagine (Asn®, Asn!°,
Asn?Y, Asn?1*, and Asn?*?) and two glutamine (GIn'®® and GIn??°) residues was revealed
exclusively in VDAC1 purified from NSC34-SOD1G93A cells but not in NSC34-SOD1IWT
or NSC34 cells. Deamidation is a non-inheritable PTM that introduces negative charges
by removing amino groups from asparagine and, with a much lower frequency and rate,
glutamine [112,113].

Because deamidation alters both peptide and protein structure and charge, it is sus-
pected to contribute to the aging proteome in stability and to protein folding disorders
such as those observed in Alzheimer’s, Parkinson’s, and many other degenerative dis-
eases [114-118]. In particular, it has been found that deamidation is one of the most
abundant modifications in long-lived proteins and can serve as disease biomarkers. More-
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over, abnormal level of deamidation has also been associated with disease-related proteins
in type 2 diabetes and cancers, and therefore, in-depth characterization of deamidation is
of great biological significance [119].

The deamidation level of the Asn?”” residue was much higher than for any other
residue converted to aspartate. This residue is indeed located in the center of the 3-strand
14 and is preceded and followed by non-bulky amino acid residues. As a consequence, the
amido group of Asn??” can be particularly sensitive to ROS at the IMM, which are strongly
increased in ALS, as well as being affected by the aggressive action of peroxidized lipids in
the OMM.

Interestingly, the different charge distribution due to deamidation must have an
impact on the physiological interactivity of VDAC1 and consequently on the functionality
of the protein itself and of the whole mitochondrion.

In conclusion, these post-translational changes in VDAC1 may be involved in its
specific interaction with ALS-related SOD1 mutants and it is reasonable to hypothesize
a role of the modified isoform in the disease and as a biomarker of irreparably damaged
mitochondria, and at the same time for the early diagnosis of this pathology.

4. Conclusions

The remarkable difficulties in the analysis of VDAC are related to their very high
hydrophobicity, low solubility and the impossibility to separate them from each other.
Currently available combination of nUHPLC and HRMS provides a powerful and indis-
pensable tool for the detailed structural characterization of a single protein in a complex
mixture without previous isolation, including the fine characterization of PTMs. Future
advances in technology are expected in the next years. New instrumentation able to
performs faster scanning speeds and higher mass accuracy will allow for more peptide
identifications and ultimately higher proteome coverage which will facilitate the analysis
of membrane proteins.

Presently, the association of an originally developed “in-solution” protocol with
nUHPLC/HRMS for the analysis of an enriched VDACs fraction has permitted a fine
determination of a number of PTMs in these proteins. As a result, the use of specific PTMs
as possible biomarkers for an early diagnosis of degenerative diseases can be envisaged.

The assignment of a functional role to these modifications of VDACs will be a further
step towards the full understanding of the roles of these proteins in the cell, leading to an
even more detailed knowledge of the molecular basis of the degenerative disorders which
are still poorly understood.
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