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Abstract

The Voltage Dependent Anion Channel (VDAC) is a well ctzed
mitochondrial porin, known to participate in multiple cellular processes, enghang
transpot of ions, ATP, ADP andproteins of the respiratory chain between
intermembrane space (IMS) and the cytosol. Hence, their abundance and strategic
localization in the Outer Mitochondrisdembrane (OMM) cast them agjatekeeper

for the transit of ions and metabolites between the mitociem@ad the cytosol.
These channels were shown to exhibit a strong response to a variation of, current
with frequent opmring and closure of the channahd the conservation in their three
dimensional structure attest to their essential role. The styolamtf VDACs could

offer interesting insights into the cellular and sddlular functions of the channel,

as the importace of VDACSs in plant development, fertility and physiology, was only
recently been uncovered. Filling ttkeowledgegapon plant VDACcould greatly
enrich our understanding of VDAC physiology in all eukaryotes.

Here, we reporthe successful purificatiaof native and mutamrabidopsis thaliana
VDACL1 proteins. We highlight micelembedded AtVDAC structures by Small
Angle X-Ray Scatteng in 0.1 % (v/iv) LDAO and show tham vitro refolded
AtVDACL1 is mostly composed of beta sheetshw#é small helicity m circular
dichroism experiments, in harmony with previous observations on eukaryotic
VDACs. We demonstrate that the AtVDAC1 channel ea&hibit voltagemediated

gating activity when incorporated into a lipid bilayer, with an open state SO
conductance of.64 nS and at least two closed states, S1 and S2, with conductances
of 0.43 nS and 0.31 nS, respectively, close to those reported for other VDACs in
similar salt concentrains. Wealso attempto understand its sensing ability and
denote a currennediate& preference for S1 state-20 mV. Finally, we introduce a

new parameter for the electrophysiological characterisation of the channel, the
S SRZHUKRUFH™ DQG UHSRUW VLPL@D WWidBOQWMHU R
despite the lower gating activity assated with the S2 state.

In parallel, a potential AtVDACbinding partner, mKip2&'er (a truncated version

of a mitochondriarestricted kinesilike protein from A. thaliana), was also
heterologously expressed, purified and characterised. We repoghi#vibur in
solution using SAXS, and preliminary functional characterizatiorisbthermat
Titration Calorimetry (ITC),highlighting an ability to bindzinc ions. These first
steps constitute the groundwork for future binding studies focusing on AtVDAC1
interaction with cytosolic partners, and the molecular and elptiysiological
consequences of these interactions.

Total word coun¥7577
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1. Chapter 1: Introduction

Originally discovered in the late #@entury and called bioblast by Richard Altm#&mster and Schatz

1981) the mitochondrion is onef the main organelles in eukaryotic cells. Early observations lead to

believe it was composed of proteib QG OLSLGY 6RPHWLPHYVY FDOOHG 3JUDQL
SPLWRFMREGRDUO %HQGD LQ ,W E thE &rgane|BVassaBsddie WithH D U O\ W

respiration in cells.

The process of respiration was demonstrated first in 1939 by using nmnsste cell{Belitserand
Tsybakova 1939)Two years later, Alfred Lipmann elaborated the concept that energy was being
associated with Adenosine plptiate molecules (ADP and ATR)ipmann 194 1)Further investigation

and theories were elaborated during the next decade, but the involvement of the mitochondrion in this

cellular process was stilhllnown(Ernster and Schatz 1981)

The introduction bnewer methods of tissue fractionation by Albert Claude allowed mitochondria to be
isolated (Claude and Fullam 1945)This helped greatly in the biochemical characterization of
mitochondia alone. Consequently, many enzymes such as the cytocorodase were proven to be
restricted exclusively to mitochondriBrnster and Schatz 1981y 1948, discoveries highlighted the

mitochondrion a the site of oxidative phosphorylation in eukaryotes (l€dgandLehninger 1948).

Over the past 50 years, great progress has been in the description, composition and characterization of
mitochondria. In summargFigure 1.1) the outermitochondrial memtame surrounding the organelle

was measured at 60 to 75 amgms (A) thick and has a proteio-phospholipid ratio like that of the

cell plasma membrane(1:1 weight). It comprises two bilayers, probably resulting from the

endosymbiosis of a proteobacteriiumto another bacteriurfThrash, Boyd et al. 2011)

$V WKH 3HQHUJ\ IDFWRULHV" RI WKH FHOO PLWRFKR&&WLD DUH |
of ATP, via the citric acid cycle (Krebs cycle) ath@ oxidative phosphorylatioin cell development,

the mitochondrion is essential, providing the necessary energy for cellular gi@ibira, Sanchez et
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al. 2015) Furthermore, mitochondria are involved in numerous pathways in the cell such as those of the
fatty acid metabolism, as well #sse of calcium storage, programmed cell death (apopsosisthe

defence against pathogéBseenberg 1996)

Figure 1.1 Schematic representation of a mitochondrion with itessential featuresComposed of two bilayers,

the outer mitochomihl membrane (OMM) and inner mitochondrial membrane (IMi¢, mitochondriorserves

as the energy factory of the cell. ATP (red dots) is produced via the oxidative phosphorylation of ABiP and
(yellow dots)catalysed by the ATP synthaggellow). The diferent elements necessary for this reaction are
produced via the Krebs Cycle (red), and series of complexes in the IMM such as the Cytochrome C (black). The
transport across the membrane ¢hiaved through specific channels (VDAC, in blue) for small retsyeor
translocases (green) in the case of bigger proteingpnoteins and complexes. Most of its mitochondrial DNA
(mtDNA) has been transferred to the nucleus, except for few genes.

Structurally, the mitochondriorcontains large numbers of membranetgins called porins, amongst
which the most abundant and major trafficking protein is the voliegendent anion channel (VDAC)
(Colombini, BlachlyDyson et al. 1996)Additional proteins such a translocases (Figure 1.1) can also
be found but in a much lower concentratidhe VDAC is tle primary transporter of nucleotides, ions
and metabolites betweethe cytosol and the intermembrane spé@mchly-Dyson and Forte |,

Hoogenboom, Suda et al. 200Earger proteins generally enter the mitochondrion with the help of a
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N-terminus signal sequence, often bindingsfmecific protein complexes called translocaébe
complex TIM/TOM being the most famaoysvhichwill facilitate their transport across the membrane

(Herrmann and Neupez000.
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The programmed cell death (PCDJ apoptosis is a process involving multiple cascadéh
fundamental cellular consequencssch as DNA degradation(Bortner, Oldenburg et al. 1995)
proteolysis(Solary, Eymin et al. 1998nd membrane permeabilizatifHenry-Mowatt, Dive et al.
2004) It can be initiated by two signalling pathways, extrinsically or intrinsi¢&linore 2007)Figure

1.2)

On one hand, the extrinsic pathway is characterized by thanginflextracellular signals, such as the
tumour necrosis factor (TNF), the tumour necrosis faatated apoptosisducing ligand (TRAIL)

and the apoptosiantigenl ligand (FASL), to specific receptors (death receptors), like the tumour
necrosis factoreceptor 1 (TNFR1) and the apoptosis antifigfAS(Igbal, Ataur Rahman et al. 2015)

The binding of the ligand tas receptor will induce the recruitment of an adaptor protein as well as the
initiating procaspas@ to the cytoplasmic domain of the death receptor. Upon formation of this complex
named the deatimducing signalling complex (DISC), the procaspase 8 wdllastivated (by auto
proteolysis), converting it into a matucaspase Kantari and Walczak 2011 he latter will then
activate additionataspases (namely 3 and6) (Slee, Adrain et al. 200)riggering apoptosis, which

will result in aproteolysisandDNA degradationn the cel| ultimately leading to cell death

On theother hand, the intrinsic pathway can be triggered by intracellular stress signals, most notably by
oxidative stress or DNA damag®tt, Gogvadze et al. 20Q70hen, the mitochondrial stress widlad

to mitochondral permeabilization and the subsent release ahter-membraneapoptogenic proteins

such as th€ytochromeC (CytC), the Second Mitochondrderived Activator of Caspases/direct IAP
binding protein with low pl complexSmac/DIABLO andthe apoptosis inducing facto®A(F) (Li,
Nijhawan et al. 1997, Verhagen, Ekert et al. 2000, Li, Srinivasula et al. 2002, Suen, Norris et al. 2008)
As a result, the CytC will then interact with the apoptotic proteasgating factor 1 (Apat) in the
cytosol, to ehanceoligomerizationand formation of an apoptosori&ang 2001) The apoptosome is
formed with precaspase 9, which will then activate caspases 3 amtli¢ing cell deatlfKroemer,

Galluzzi et al. 2007)
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Figure 1.2 Schematic representation of the extrinsiand intrinsic pathway of the PCD. The extrinsic pathway is characterized by the binding of extracellular signals, such
as the tumour necrosis factalated apoptosimducing ligand TRAIL) to specific receptors (death receptors). The binding of the ligand to its receptor will induce the
recruitment of the initiating procaspase 8 to the cytoplasmic domain of the death receptor, and its activation intcspagar®. dehe latter witbnvert then activate additional
caspases (namely 3 and 6), triggering apoptosis, which will result iprateolysisandDNA degradatiorin the cell.On the opposite, the intrinsic pathway can be triggered
by intracellular stress signals, most notably by oxidative stress or DNA damage, that will lead to the nritopleomeabilization and the subsequent release of intermembrane
apoptogenic proteins such as the Cytochrome c (CytC). As a result, the CytC will then interact with the apoptotiaptivetasgfactor 1 (Apal) in the cytosol, to enhance
oligomerizationand formation of an apoptosome. The apoptosome is formed witappase 9, which will then activataspases 3 and 7, inducing cell death.
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The mitochondrion indirectly plays a key role in the regulation of the intrinsic patkwkagh is
modulated at different level®vang 2001) For examplethe release o€ytC and caspases from the
mitochondria can be enhanced by members oBthell lymphoma2 (Bcl-2) family of proteins(Cory
and Adams 20023nd by thdnhibitor of ApoptosigIAP) family of proteingAltieri 2010) respectively.
Furthermore it has been proposed that the releaSgtGffrom mitochondria coultbe regulated via the
phosphorylation oits Tyr48in vivo(Yu, Lee et al. 2008)ndeed, a mutant of a phosphmmetic CytC
homolog (which lost itsnimetism)failed to induce downstream caspase activeiretina, Borisenko

et al. 2010)

Additionally, the Apoptosis Inducing FactofAlF) released from the mitochondria also acts as an
effector of the programmed cell deg8usin, Lorenzo et al. 1999pon release and cleavagieAlF

by calpainsandcathepsinsAlF is then translocated to the nuclewere i will the induce chromatin
condensatioffYuste, Moubarak et al. 2008hd the fragmentation of the nuclear DBusin, Lorenzo

et al. 1999)

Interestingly the caspase-8ediated cleavage &HS3 interactingdomain death agast (Bid) into tBid
(truncated Bid), ad the subsequent translocation of itse@ninal fragment will cause (either directly

or indirectly) the release of CytC, inducing apoptosome formation, caspase activation and cell death
(Wei, Lindsten et al. 2000Consequently, the extrinsic pathwegn be linked to the intrinsic pathway

through apoptotic signals initiated by death receptors.

In summary the cell deaths anessentiaprocesdor the development and growthh many organisms
involving multiple interactions and cascades, thus multipletagonistsFor example PCD mainly
allows the formation of a mechanical support for the plant to de@ogenberg 1996, Vanyushin,
Bakeeva et al. 2004)Vithout thissupport, the plant could not sustain itgnoweight and would not be
able to reach light, thus its development would be greatly aff§@Geeenberg 1996, Vanyushin,

Bakeeva et al. 2004)
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Any damage or dysfunctionf mitochondra cancompromisetheir integrity. These alterations of the
mitochondrigplay an important role in many human diseases, because of thesrtoipationof the

organelle on the overall cell metabolism.

As a result, mitdeondrial disorders often induce urelogical disordergGriffiths and Levy 2017)
myopathy, diabetes, multiple endocrinopathy, and a wide range of systemic di¢dedesai and Di
Donato 2004)One of the causdor the loss ofmitochondrialintegrity can arise from mutations in the
MtDNA, and is a known factor in senat diseases such as the Leber's hereditary optic neuropathy, the
MELAS syndrome and the KeanSayre syndromgraylor and Turnbull 208) (example in Figure 1.3)

Since the mitochondrial DNA in the zygote is coming from the maternal ovum, a lot of deficiencies are
materndly inherited Typically, mitochondrial DNA integrity is compromised by some large mtDNA
rearrangements in the case of Keg®ayre syndrome, or pointutations in the case of the MELAS®d

the KearnsSayresyndrome (Zeviani and Di Donat 2004, Taylor and Turnbull 2005)

'3 |
RS

Figure 13 Typical symptom in KearnsSayre syndrome. People withKearnsSayre
syndrone haveprogressive external ophthalmoplaga weakness or paralysis of the eye muscles that impairs ey
movement and causes drooping eyelftegig.

Similarly, defects in nuclear genes can also lead to the malfunction of mitochondrial pestditisese

are associated with seveth$ease such as Friedreich's ataxjglcCormack, Guttmann et al. 2000)
Wilson's diseas@Chinnery and Schon 20Q3jortunately, these diseases are generally recessive as they
can affect vital proteins such the enzymes of the oxidativepgbtowylation, likethe coenzyme Q10

deficiency(Zeviani and Di Donato 2004Dverall, the list of diseases is rarkably broad anahcludes
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devastating pathologies such as the Parkinson's disease, epilepsy, stroke, cardiovascular disease,
schizophrenia, dementia, Alzheimer's disease and dia@f@tezenik and Neustadt 2007, Rhein

et al. 2010)

Considering the central rotd themitochondrion irthe production of energy necessary for cell survival,
development and growth, its involvement in cellular aging process has been fomtstadesA

number of changes can occur to mitochondria during the aging p(étarssan 1972)

The main hypothesi€ommonly referred as the mitochondrial free radical theory of agimglves
possibleleakage of thdnigh-erergy electrons in the respiratory chain to form reactive oxygen species
(see section 1.8), resuling in significant oxidative stress in the mitochondtitarman 1956, Harman
1972) This will lead to ehigh mutation ratem themitochondrial DNA (mtDNA) ultimately causing

its degradatiofiBugger and Abel 2010As a result, mutated mtDNA can only be found in about 0.2%
of very old cellsg(Boffoli, Scacco et al. 1994)n addition, large deletions in the mitochondrial genome

have ado been strongly linked to neudegenerate dsHDVHY VXFK 3D U KDeGhR2OMY GLVHD\
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Originally discovered in the mi@d0s(Colombini and Mannella 2012)heVDAC drew attention from
the start. Indeed, they are most abundaotepmsin the outer mitochondrial membrane (OMM)

(Burdman, De Mot R FauVanderleyden et al.)

The abundance and strategic location of VDACs in the OMM, casts them in the salie &kepeof
mitochondrial function, as their opening and closure define the route that mitochondtchfshow:
normal respiration or suppression of mitochondrial metabolism leading to apoptosis and cell death

(Madesh and Hajn6czky 2001)

VDACs are ubiquitous among eukaryotesl drave been characterized in several eukaryotic species,
across all kingdoms. Interestingly, the number of isoforms is variable, ranging from one to six, but
remains consistent in certain clades such as man{Blalshly-Dyson and Forte 2001For example,
Saccharomyces cerevisihas two isoforra (POR1/YVDAC1 and POR2/YVDACZCherry, Hong et

al. 2012) but most plant species have 4 {&&yers, Barrett et al. 200M) S.cerevisiaethe two knowns
isoforms (POR1 and POR2) have been atterazed so far, with POR1 being the essential porin and

POR2 function still to bexplained.

Conversely, mammalian VDAGsomprisethree diffeent isoforms (VDAC1, VDAC2 and VDAC3).

These isoforms already display structural difference in their mRNAs desotes counts (9 exons for

VDAC1 and VDAC3 as opposed to 10 exons for VDAC?2). However, they all have their start codon in

the second exon, theLUVW RQH EHLQJ SDUW R ling\niRNA (Pagers BRTeEtRUUHV SR Q

2009)

Overall VDACs are part of a highly conserved family, with above 90 % nucleotide sequence identity
between mice and human variants for exanipempson, bvell et al. 1997, Blachipyson and Forte

2001). Consequently, VDACs ofteshare highly conserved featgreuch as their core structure (section
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1.8) with some minor differencels terms of evolution, DNA sequences suggest the difféseforms
arose by gene duplication and evolved later totheitr functiongYoung, Bayet al. 2007) To this day,
some of the main differences rem&o be explained or attributed to a specific functidke the N-
terminal extension(around 10 to 12 amino acids) at the endWdDAC2 protein likely required for
NADH permeability(Bauer, Gieschler et al. 2011)terestingly hVDAC2 well agructured Neerminus
and its enrichment ithiols conferto this isofom additionalregulatory functions, ansgoptotic features
and contribubn to gametogenesi®Maurya and Mahalakshmi 2013, Maurya and Mahdiak2016)
Nevertheless, it was proven that all VDACs share condesmeestral features, and could mostly be
inter-changeable, as highlightég rescueexperiments iryeast In fact, POR2 was actually discovered
by suppression of POR1 & cerevisiaéBlachly-Dyson, ®ng et al. 1997)t was further demonstrated
that POR2 did not confer additional activity but rather a possible involvement in additional cellular
procesgBlachly-Dyson, Song et al. 199 verall, t seems that the number of isoforms correlates with

the complexity bthe cells and hece the complexity of the organigidomblé, Krammer et al. 2012)

So far, numerous experiments have demonstrated the presence of all isoforms is not always essential for
cell survival. For example, mice lackirtigetVDAC2 gene (VDA2' ) would die in the embryonic stage,

as opposed to those lacking VDAC1, and could not be rescued bgxpresssion of VDAC1Shoshan

Barmatz, De Pinto et al. 2010, Shostigarmatz and Mizrach2012, Reddy 2013)}urthermore, there

are several examples showing a differential location of the various isoform within one or(eatisda,

Watanabe et al. 2011)

In mice, VDACL1 is the most highly expressadddisplays a homogenous and high expression pattern
compared to the other two isoforms, namely VDAC2 and VBA8Bampsonlovell et al. 1997) This
is a clear example of differential expression and it suggests a potential variation in the role and

importance of the different isoforms. Associated with the different expression pattern is the variable
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localization of thee isobrms. IndeedVDACs are not only be restricted to the OMM, but can be

exported to different compartmer{ampson, Lovell et al. 1997)

This hypothesis was later confirmed whHa&/#DAC1, thought to be located exclusly in the OMM,

was reported to be d¢alized in other cell compartments via immunofluorescence, flow cytometry and
EM immunogold labellingDe Pinto, Messina et al. 201@imilarly, hWVDAC3 was shown to be located

in the centriole of certain cel(®e Pinto, Guarino et al. 201Mloreover, these alternate compartments
would differ depending on the cell typethe plasma membrane of various célle Pinto, Messinat

al. 2010) the sarcoplasmic retittum of skeletal musclegShosharBarmatz, Hadad et al. 199@he
endoplasmic reticulum (ER) of rat cerebell(®hosharBarmatz, Zalk et al. 2004)vere all identified

as VDAC locatiors. Following this discovery, the plasma membrane localized VDAC was named
plasmalemmal VDAC1 ((plYDAC1). Besids, the targeting of the channel to the plasma memlisane
thought to be induced by atdrminal signal peptide on the (B)DAC1 (Buettner, Papdsoglou et al.
2000) Even though this isoform hakearly been identified in other vicinities than the OMM, its function
and relevance are still questionélkanda Tofighi et al. 2008) Its proposed roles includie
rectification of thedepolarizatiorinduced chloride channel compl¢iReymann, Florke et al. 1995)
being involved in brain tissue volume regulati@ermietzel, Hwang et al. 1994and contribting to

ATP release and the regulation of the cell volf@kada, Neal et al. 2004)
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Plant VDACs have been understudied for many years due to their limited impact iratheapeutical
industry. However, they have been ddsed to act in plant mediation of development, growth or
defence against pathogef@reenberg 1996)n consequence, they could potentially be used as tools

for the modulation of the growth or the defence agaiaiiogens, or an alternative to pesticides.

Whenthe protein sequencestbefour Arabidopsis thalian& DAC isoforms(AtVDACSs) arecompared

to each otherthe degree of homology between sequencegisbla (from 62% to 83%, see Table 1.1)
AtVDACL1 is ahousekeeping protein and its deletion preveptant growth; whereas the other three
seem to display variable s@lellular location and functiofT ateda, Watanabe et al. 201Ajh additional
pseudegene called AtVDACS has been identified but lacked essential structural elements of the channel

(a number obetastrandsare missiny hence its relevance remained to be erpldi

Table 11 AtVDACs phylogeny. Similarity percentagebetween the protein sequenadrabidopsis thaliana
VDAC isoforms AtVDAC1, AtVDAC2, AtVDAC3 and AtVDACA4.

AtVDAC1 AtVDAC?2 AtDAC3 AtVDAC4
AtVDAC1 69% 83% 63%
AtVDAC?2 69% 65% 64%
AtVDAC3 83% 65% 62%
AtVDACA4 63% 64% 62%

The N-Terminal sequerss of the AtVDACsareremarkably well conserved (Figuredl suggesting
conservation of their pmary function orstructure.lt has been demonstrated thia¢ N-Terminal part
of the sequenceould be either located within or outside of the gee® section 6) and that thalpha
helical tailis known to be essential for ion trafficking in other organigMertins, Psakis et al. 2@).
Therefore, the higgequencénomology could arise from a conservatioregherthe interactions with

cytosolic parters, ortheir ion gating properties
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AtVDAC1 1 IVKGPGLYTEIGKKARDLLYKDHNSDQKFSITTFSPAGVAITSTGTKKGDLLLGDVAFQSRRKMITTDLKVCTDSTFLIT 8@
AtVDAC3 1 IVKGPGLYTEIGKKARDLLYRDYQGDQKFSVTTYSSTGVAITTTGTNKGSLFLGDVATQVKNNNFTADVKVSTDSSLLTT 8@
AtVDAC?2 1 ISKGPGLFTDIGKKAKDLLTROYNSDQKFSISTYSASGVALTSTALKKGGVHAADVATQYKYKNALFDVKIDTDSSVLTT 8@
AtVDAC4 1 GSSPAPFADIGKKAKOLLNKDYIFDHKFTLTMLSATGTEFVATGLKKDDFFFGDISTLYKGQNTIVDLKIDSHSSVSTK 8@

Figure 1.4 N-Terminal tail sequence alignment of AtVDACsProtein sequence alignment of the first 80 amino
acids of theArabidopsis thaliana/DAC isoforms 1 to 4. Amino acids shared by all AtVDACs are shown in red.
Isoforms are sorted out by the degree of similarity they share. Hence AtVDAC1 and AtVDAC3 ayesimilalr

in their Nterminal sequence, and share a common feature known as the mitochondrial porin signal (MPS) later in
the sequence (not shown).

In plants, e.gA. thaliana, some of its isoforms are restricted strictly to the mitochondrion (AtYDAC1
ard AtVDAC3) whereas AtVDAC2 and 4 can also be exported in other comparinstatsing a
uniform cellular expressiofTatedh, Watanabe et al. 201 Moreover,AtVDAC3 is weakly expressed
and only found in leaf tips of seedlings, shoot meristems, and anthers, whereti®er three isoforms
areexpressednore ubiquitously(Tateda, Watanabe et al. 201A)though AtVDAC1 and AtVDAC3
share a common mitochondrial porin signal (MPS) in theife@minal region, which allows their
restriction to hemitochondrial compartmelTateda, Watanabe et al. 20,1dnly AtVDAC1 is essential

for plant growth This suggest AIDAC3 might play a different role in plant metabolism, whereas
AtVDAC1, AtVDAC2 and AtVDAC4 are already known to also play important roles in the reproductive

stage(Tateda, Watanabe et al. 2011)

In summary, plant VDAC isoforms must be exported to the right compartment (by the inclusion of
targeting signals) so that they can interact with their cytoplasmic partners. ptodsigrprotein
interactions may differ from one compartment to another. &fter, the VDACs fromA. thaliana
(AtVDAC1, AtVDAC2, AtVDAC3 and AtVDAC4) could provide interesting insights into Voltage
dependent& KDQQHOVY SDQHO RI |XQmdletuRabiMeraQiols Kbt diivéEhebiddheg W K H

of different partners.
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In the past 35 yearsiumerous experiments have been conducted to probe the structure of VDACSs.
Noticeably, he predicted structure of VDAC:(all kingdoms) always consists of a core of tth20

beta strands and ax-terminal tail (Figure 15, yellow and blue respectivelyThis great degree of
structural conservation is reflected in all kingdoms, as illustrated by the comparison of theegredic

secondary structures 8t cerevisae, Homo sapieasdA. thaliana(Figure 15).
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Figure 15 Core structure of Voltage-dependant anion channels (VDACSs)2D representation of VDACs
structure in different organismsS: cerevsae, H sapiensandA. thaliana This structure are based on structural
simulations from JpredDrozdetskiy, Cole et al. 2015nd Forte webservefTomii and Akiyama 2004)
Intermembrane segments (béi@rrels) are shown in yellow, whereas théekminaltail is circled in blue.

Different structural experiments have been conducted over the years. In 2008, tdertbns@nal
structure of VDAC isoform 1 was characterized at the atomic resolution by three different experimental
methods(Bayrhuber, Meinset al. 2008, Hiller, Garces et al. 2008, Ujwal, Cascio et al. 2008)e

precisely, the structure of the human VDAC1 (hVDAC1) was solved by nuclear magnetic resonance
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spectroscopy (NMR(Hiller, Garces et al. 20083s well as a combined approach using rarcteagnetic

resonance spectroscopy andaay crystallographyBayrhuber, Meins et al. 2008)

Figure 1.6 Three-dimensional structure of mouse mVDAC1Crystal structure of the mouse VDAC1 3EMN at
2.3 A resolution. Residues N55, V130, S161 ¥8a7, different from the human hVDAC1, are represented in red
(displayed using PymdL DelLano 2002).

Recently, another mammalian VDAC, the mouse VDAC1 (mVDAC1), had its strusaiwedby X-
ray crystallographyUjwal, Cascio et al. 2008)The mouse mVDACL1 is highly similar to hVDAC1,
with the exception of four amino acilE55N, M130V, A161S and 1227V all located within or in close

proximity of the loops (Figuré.6, red).
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Figure 1.7 Three-dimensional structures of VDACs.Known threedimensional structures of VDAC proteins
from multiple specis (displayed using PymdL DelLano 2002). (A) Solution NMR structure ofiVDAC1 in
green. B) Crystal structure of the mouse VDAC1 3EMN at 2.3 A resolution, in bt)eC¢ystal structure of the
zebrafish VDAC2 zfVDAC?2 at 2.8 A resolution, in oranged) Dimer structure of hVDAC1 5XDO (in C222
space group) at 3.1 A resolutianlight green.

The VDAC crystal structures are fairly identical and feature the expectatrdi®dedcbetabarrel and

the Nterminalalphahelix, positioned horizontally midway within the pditdjwal, Cascio et al. 2008)

This odd number of strands is characteristic of VDAC proteins, unlike other known transmembrane
betabarrels (Omp channels for exal®p Hence the barrel closure is dependent on parallebbgdr
bonding between strands 1 and 19, which constitute a weak point in the barrel s{Bayuhelber,

Meins et al. 2008, Hiller, Abramson et al. 2018)ditionally, the Nterminal helix is necessary for the

preservation of a cylindrical barrel structure in hVDAC1, as well as fundamental functions such as ion
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gating(Geula, BerHalil et al. 2012) Later studies further improved our understanding of the VDAC1
structure and allowed the identification of structurally or functionally important amino acid residues
(Shanmugavadivuhpell et al. 2007, Aram, Geula et al. 2010, Deniaud, Liguori et al. 2010, Reina,
Palermo et al. 2010)or example, replacinglycine residues in the -dérminal domain provides the
flexibility needed for Nterminal translocation from the internal poreth® channel face, to allow
interaction with antapoptotic partners such as Bc{Geula, BerHail et al. 2012)On the opposite

two cysteines residues were invgated in rat VDAC1, but were shown to be required neither for

apoptosis nor for VDAC1 oligomerizatighram, Geula et al2010)

In contrast to VDAC1, the thredimensional structure of VDAC2 and 3 have not been yet fully
determinedn human or muse Recently, the structure of zebrafish VDAC2 was resolved af 2.8
resolution in solution, using double electretectron esonance spectroscopy and cHigsng
experiments. A surprising outcome of this study was the concrete evidence that VDACBetmind

as a dimerSchredelseker, Paz et al. 2014dlfhough the nature of the experiment (crystallography)

might enhance this phenomenon

The crystal or NMR structures of VDACs (Figur&)lconfirmed the grdddentity and the associated
high degree of conseation of the structurahotifs. Beyond the conservation of their core structure, the
local content displayed a similar degree of homology (Figwke. Betasheetform the main core of
the channel, whd multiple loops are responsible for linking the various transmembtiamals Located

in the lumen of the pore, the-tdrminal domain forms a relatively short alpha helikose flexibility

is highly enhanced in solutiqlcompared to its structure in atals) as shown by hVDAC1 solution

NMR structure (Figure 1.8A
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Figure 1.8 Organisation of secondary structure elements in the solvedDAC structures. Known three
dimensional structures of VDAC proteiftiem multiple speciesand displayed using Pym@l DeLano 2002)and
coloured depending on theecondary structureomposition bet-sheets ( yellow), loops ( green) and alpha helix
( red). @) Solution NMR structure of hVDAC1.B) Crystal structure of the mouse VDAC1 3EMN at 2.3 A
resolution. €) Crystal structure of the zebrafish VDAC2 zfVDAC2 a8 A resolution. D) Crystallograpic
dimer structure of hVDAC1 5XDO (in C222 space group) at 3.1 A resolution.

The mouse mVDAC1 3EMN was used to illustrate the overall charge distribution within the protein
(based oramino acidcomposition Figure 19). In fact, a great concentration diiarges jjositiveand
negativé can be found within the pore of mVDACL, on the inner layer of thelmetel as well as on

the alpha helical Nerminal domainAs expectedthe external side of the pore is exposed tdifingic

environment of the OMM andoes display a much greater concentration of hydrophobic ciiNons.
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surprisingly the loops exhibit a relatively high concentration of charges, potentially helping directing

ions through the pore or serving as bindiragtfoirm for potential binding partners.

Figure 1.9 Charge distribution of mVDACL1. Known threedimensional structure of Mouse mVDAC1 (3EMN)
displayed using PymdL DelLano 2002)and coloured dependirgdectrostatic charg®ositive(in red),negative
(in blue) andneutral(in white). (A) Side view and Topiew (B) of the crystal structure of the mouse VDAC1
3EMN at 2.3 Aresolution coloured as described above.

Considering the residues after theeédminal region are mostly involved in the formation of the core
channel (with the exception of the loops)¢ctlis has been greatly directed toward theihinal 25
residues oVDAC1, to understand the functional implications of this domain. So far studies suggested
this domain can position itself in various manners, such as being exposed to the cytDpld&into,
Messina et al. 2003)rossing the membrar(€olombini 2004) or lying on the membrane surface

(Reymann, Florke et al. 1995)

The great flexbility of the N-terminal domain contrasts with the crystal structures obtained to this date.
In fact, all threedimensional structures of VDAC1 confirmed that théekiminal region is mokt alpha
helical and located inside the pore. It is thought to Hg weakly bound to the channel wall, thus
retaining a high flexibility even within the channel pdBayrhuber, Meins et al. 2008, Hiller, Garces

et al. 2008, Ujwal, Cascio et al. 2008his is achieved mainly through sevdrmatirogen bonds between

the N-terminaldomain and the betaarrels(Ujwal, Cascio et al. 2008 Noticeably, the stable alpha
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helical regionof this domain is relatively short (around 10 to 15 amino acids) and is poditidtien

the barrel, approximately halfway through the channel (®agrhuber, Meins et al. 20Q08)

The positon and organisation of the helix was similaccigstal structure of mouse VDAC1, with the
helical region &mino acids 6 to 20) formed by two segmetResidues 120 were difficult to observe

by NMR, confirming the expected flexibility of this segmé@Hiller, Garces et al. 2008)

Another mportant feature ofhe N-terminal helix of VDAC1 is the presence of a great number of

glycine residues 2GlyTyrGlyPheGly?) (Colombini and Mannella 2012, ShoskRAarmatz and

Mizrachi 2012) which is thought to mvide the flexibility required for Merminal domain translocation

out of the internapore of the channdiGeula, BerHail et al. 2012) Furthermore, the portiorhat

connects the Nerminal domain to the first bettrand of the barrel is highly neerved among
mammalg{Summers and Court 201®owever, HVSLWH WKH 3*O\7\U*O\3KH*O\" PRWLI
in mammalian VDAC1gUjwal, Cascio et al. 2008ps well as inCaenorhabditis eleg#), it is not

present in yeast, indicating an evolutionary divergé8cenmers and Court 2010)

Further investigations suggestibet the Nterminal region of VDAC1 exhibits a dynamic equilibrium,
being either located within the pore or outside of the channel, on the cytoplasmic side of the OMM
(Geula, BerHail et al. 2012)For example,hte use of artiVDACL1 antibodies targeting the-términal

region highlighted an interaction withembraneboundVDAC1, indicating this pdion can also be
accessible, thus possibly located outside the (firecel, Silberberg Sd FauShosharBarmatz et al. ,

Junankar, Dulhunty et al. 1995, Alblamad, Sivan et al. 2006)

Moreover, the mobility anbcation of the Nterminal domain has been proven to be essential in multiple
processes such as interacting with the-aptiptotic and go-survival factors, hexokinase Bcl2, (HK)

and HK:Il (Abu-Hamad, Arbel et aR009, Geula, BeHlail et al. 2012)pr voltage gatingPopp, Court

et al. 1996, Mannella 1997, Koppel, Kinnally et al. 1968)§l. For example, frminattruncated
murine VDAC1 exhibited no voltage dependence #filt displayed high conductance at different
membrane potential®opp, Court et al. 1996, Koppel, Kinnally et 898, AbuHamad, Arbel et al.

2009) Supporting evidencevas also offered froomutagenesis expenents, wherenutations in the
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alphahelix of the Yeast VDAC led to a modulation the voltagamsing mechanism of the channel

(Thomas, BlachiyDyson et al. 1993)

In summary, Voligedependent anion channels generallgmprise 19 betastrands forming
transmembrane domains and an alpbblx at the beginning of the sequen inserting itself into the
lumen of the barrel protein (FigureBL.When predicting the structure of a VDASIng bioinformatics,

the number of transmembrane domains can vary from 18 to 19 depending on the software flexibility
(Figure 15). Typically, NMR experiments and/or-Xay crystallography experiments are conducted to
finally uncover the structural feature$ a specific VDAC, thus leading to changes in the structural

paradigm of these proteins.

To this date, no crystal structure lyas been published for any plant VDAGnN the case oA.thaliana

the comparison of the predicted structures alesirates the high degree of sequence and structural
homology. It is defined mainly by the pore, consisting obé&&strands, whereas mosffdrences are
concentrated on the loops (or the edges of thedistad$, which are expected to form potentiahding

sites for interactions with cytosolic partneks.example is given in FigurelD, with predicted structure

of AtVDAC1, generated by homology modelling using SWH88del workspace (Artimo,
Jonnalagedda et al. 20)2)ith 3EMN (mouse VDAC) as templatdhe amino acids diffemig in
AtVDAC2 were highlighted (Figure 10, green) on the AtVDAC1 model, and proved to be mostly on

the loops between the intermembrane domains or in their vicinity.
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Figure 1.10 Predicted 3D-model comparisors of AtVDAC1 and AtVDAC?2. Structure of AtVDAC1 obtained
using the Expasy server for structural modelling by homology (SWWM8&el workspacéArtimo, Jonnalagedda
et al. 2012) with 3EMN (mouse VDAC) as templatend shown using Pym¢L DeLano 2002) Common amino
acids between AtVDAC1&2 aréhswn in red. Different amino acids are in green.

In parallel, all four AtVDAC structures were obtained aboveby homology modelling using
mVDAC1 3EMN as a templatand compared (Figure11l). No dramatic changes could be observed
when superposing thstructures. Minor conformational changesostly in the loops linking the
transmembrane domainsan be distinguished, but again not to a dramexitert. These minor

differencegmay facilitate interactions with different protein partners
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Figure 1.11 Predicted 3D-models of AtVDAC 1-4 by homology modelling.Structure of the four AtVDACs
were obtained using the Expasy server for structamalelling by homology (SWIS#&lodel workspacéArtimo,
Jonnalagedda et al. 20} 2yith 3EMN (mouse VDAC) as template, and shown using Pyin@elLano 2002)
AtVDAC1, AtVDAC2, AtVDACS3 and AtVDAC4 are shown in green, blue, red and yellow respectively.
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The main role of the Voltage dependent anion channélisegulation of mitochondrial osmosis by
ensuring the transport of ions across the memij@al®mbini 1989) The characterization of VDACs
conductance has been in progress for over 30 years, with numerous examples. In humans, the three
isoforms shee structural and functional similarities despite different expression and loqetiters

(see section 1.5.2Engelhardt, Meins et 22007, De Pinto, Guarino et al. 2010, Yu, Raschle et al. 2012,
Maurya and Mahlakshmi 2013) The Planar Lipid Bilayer assay (PLB), or Black Lipid membrane

(BLM), is a powerful method used to probe the electrophysiological behaviour of VDAC channels.

Such experimestwereundertaken for hWDAC1 and hVDAC2 and demonstrated chantieitgaupon

reconstitution into lipid bilayeréXu, Decker et al. 1999Morerecently, the third isoform (hVDAC3)
was also characterized by BLM but exhibited only slightly voldgeendent conductan@@hecchetto,
Reina et al. 2014)Additional assays were performed on other orgasisuchas the mouse mVDAC1

(Mertins, Psakis et a2012) to improve our understanding of the channdirgabehaviour.

Overall, VDAC channels are highly dependent on the voltage across the membrane, as the latter
modulates the ioselectivity of the channéHodge and Colombini 1997Fhis phenomenon isnown

as voltage dependence and is defined by a respdribe channel to the application of a membrane
potential. Typically, the channel will open and close upon application of a voltage, allowing the passage
of ions in the directions of the currewr in the opposite directioMhis last parameter is depentden

the ability of the channel to eitheonduct cations, anions or bathodge and Colombini 1997)

In the main open conductance state, VDACL1 selectivity shifatds anions as opposed to cations,
whereas the close state can exhibit a preferenceatarns and a diminished selectivity for anions
(Colombini, BlachlyDyson et al. 1996)The closedVDACL1 is mostlypermeable to small ions (e.qg.
ClI', K*, Na&) but to large anions as well, such as glutani@iacel, Silberberg et al. 2000ADP and

ATP (Rostovtseva and Colombini 199Marge cations, such as acetylcholine, dopanf@iacel,
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Silberberg et al. 2000nd Tris(Benz, Kottke et al. 199(ave also been shown to be transported in

some cases.

Overall, VDACs are known to exhibit a linear response to the application of a voltage (Figure 1.12.,
instantaneou®/DAC), with an increasén absolute current recorded upon increase of the absolute
voltage.Nevertheless, a decrease in the observed current can sometimes be observed at high voltages
applied, ultimately corresponding to the closure of the whlander these conditions (Figutel2,
SteadystateVDAC). Structural elementas well as modification to the channel (phosphorylation for

example)FDQ DOVR LQIOXHQFH WKH FKDQQHOYV UHVSRQVH WR WKH

Figure 1.12 Typical current recording of VDAC. I/V (Ohm) plot for VDAC, under instantaneous (short pulse,
empty dots) or whole cell current (steashate, black dots). The decreasing trend at higher voltages is a result from
a complete closure from the chann@hbirov ¢ al. 2001).

The Nterminal regiorof VDAC1, considered a 25 residdmng sequence containing at leastdpha

helical structure, seems to have an obvious role in the voltage gating of the channel. Over time, this
hypothesis has been demonstrated in several s{irdiag, BlachlyDyson et al. 1992, Thomas, Blachly

Dyson et al. 1993, Popp, Court et al. 1996, Koppel, Kinnally et al. 1998Hamad, Arbel et al. 2009,

Geula, BerHail et al. 2012)

In S. cerevisiagVDACL1 (scVDAC) mutants were alsedted. It was shown that mutations in the alpha

helix (Aspl16 and Lys2Moth highly conserved residues) and in bst&v UD Q G V WR I\V I\
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Lys65 and Lys84) all affected the voltagensing mechanism of the chanfi@iomas, BlachiyDyson

et al 1993) A wide range of suggestions have already been proposed to explain the flexibility of the
domain. Possibly, the #&rminal domain could be part (to some extend) of the channel wall but act as
well as a voltage sensor. Finally, its ideal locatidgthiw the centre of the pore can either allow or
prevent the passage of ions and other metabolites through the VDAC cl@aloehbini, Blachly

Dyson et al. 1996, KoppeKinnally et al. 1998)

For example, the Jtage dependence of the channel was abolishedtarNinaltruncated mutant of
WKH PRXVH 9'$& g vslkages(D¥Pinto, Reina et al. 2008, Atbtamad, Arbel

et al. 2009)
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An example of a typicaBLM recording is given in Figure 122%or the mVDAC1(Mertins, Psakis et al.
2012) Briefly, the protein is inserted into a lipid bilayer between two compartments filled with either
symmetric or asymmetric solutions of salt.voltageis then applied, creating mibrane potential,
resulting in gating activity for the channel. In this instanse, thambers (CP2A and a bilayer chamber
BCH-22A from Warner Instruments) were both filledtkvt0 mM Tris/HCI (pH 7.4), 1 M KCl and 5

mM CaCl2.Protein (7.515 pg resuspened in DMPQ was added to one of tltempartmentdeside

the planar lipid layer and a membrane potentiascreated Current was recorded using a Myatch

700B patckclampamplifier connected to a Digidata 1440A A/D converter and traces were visualized

through the pClamp 10.2 software (Axon Instruments). Data were collected at 5 kHz and sampled at

200 Hz for analysis.

A B %
+10 mV 10 oA ‘a,:')‘
p Fa
L 5
2s O
+40 mV
S0 50 pA
S1
S2 10s

Voltage (mV)

Figure 1.13 Typical current recording of mVDACL. A. Representative traces of thecorded current during a

BLM assay on mVDACL1 (Mertins, Psakis, 2012). Different gating activities could be observed at +10 mV and
+40 mV, and three states could be identified, namely the operS§tgtenductance = 3.94 nB blue), and two
closed state S1 ¢onductance = 2.61 n8 red) and S2donductance = 1.90 n#\, green).B. Corresponding I/V
(Ohm) plot for mVDACL. Colour for the different states (SO, S1 anch2as above.

The native bannel mVDACL1 exhibited an expected gating behaviour,espanding to a linear
response to the application of both positive and negative potdfriiglse 1.12B)Noticeably, the porin

sequentially alternated between its open s@é@otedSO and at lest two closed states of various
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conductancg denotedS1 and S2. This type of behaviour is typical of VDAC, and perfectly illustrates
the variety of responseéhe channel can exhibit when voltage is applied. For reference, the conductance
calculated of th@pen state, called SO, was characterized at 3.94 nSeaghtre two closed states S1
and S2 were reported to be 2.61 nS and 1.90 nS respe¢iaiyns, Psakis et al. 2012)hese values

were in close proxnity to the previously published VDAC conductance of various organisms (see
chapter 7, Table 7.lusually around 4 nS for the open state, andoafodd lower conductance (around

2 nS) for the closed staté3lachly-Dyson, Peng et al. 1990, Colbmi 2016)
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As mentioned previously, the voltagependent anion channel is responsibleondy for the traffic of
ionsacross the OMMbut also other metabolites. In fact, VDACdstbeen shown to mediate the influx

of metabolitesuch adNADH, pyruvate, succinate and malate imiochondia and the efflux of newly
formed molecules stemming from mitochondrial processes such as (&mekarBarmatz, De Pinto

et al. 2010) In the open state, ATP and ADP molecules can transit through VDAC1, allowing the
exchange of newly produced ATP aggti ADP from the cytosqRostovtseva and Colombini 1997)
The latter will then be converted to ATP via thédative phosphorylatigrwhereaghe former will be
utilized as energy supply in multiple cell reactigB®nora, Patergnani et al. 2012, Lu, Huangle
2014) Furthermore, the role of VDACL1 in the cell heastasis has been demonstrated by down
regulation of VDACL1 expression, resulting in reduced metabolite exchange between the mitochondrion
and the cytosol. This greatly inhibitedll growth and confirmed the previous findings and hypothesis
(Abu-Hamad, Sivan et al. 2006)\n additional layer of regulatiocomes from the VDAC itself as it is
capable of limiting the flux of metabolites from and to the mitochor{f@amder Heiden, Chandel et al.

2000, Holmuhamaov and Lemasters 2009)

In addition b channelling ATP and ADP, VDAC1 supposedly acts as a binding platform for kinases
from the cytoplasm. By allowing a close proxintitgtween the enzymasd their substratethie VDAC
enhances the use of the metalesliby the Hexokinase(HK 1) and the creatine kinase (CrK) to produce
glucose6-phosphateand cratine phosphate in brain amduscle, respectivelyDolder, Wendt et al.
2001) This hypothesis involves therfmation of a complex between VDACL1, the creatine kinase and a
phosphenucleotide carrier, thadeninenucleotidetranslocas€ANT) (Dolder, Wendt et al. 2001)n
parallel, the interaction of VDAC1 withIK1 allows for a crossalk between glycolysis and oxidative
phosphorylatiorfDolder, Wendt et al. 2001, Sun, Shukair etal. 2008)JH FH QW O\ -t@buliRwWadd L F .
shown to block VDACL1 conductance, regulating its permeability to fG#rnev, Rostovtseva et al.

2011) adding an additional level of regulation to the cell osmosis via VDAC1.
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Reactive oxygen species (ROS) such as hydrogen perodesdperoxide anions,0and hydrayls

are known to be produced during the respiratory chain reactions, taking place in the mitochondria. In
human mitochondria, ROS represent up to 2 % of the consumed oxygen cofiMenteldy 2009)

When released to the cytosol, ROS are highly reactive molecules that will attack everything from lipid
to protein and DNAOtt, Gogvadze et al. 20Q7)ypically, around 99 percent of the ROS isitzined

ard process by mitochondrial enzymes such as the Manganese superoxide dismutase (MnSOD) and
Copper/zinc superoxide dismutase (Cu/ZnSQI3lko, Rhodes et al. 2006, Mailloux, McBride et al.

2013) but the remaining peent still represent atbat to the cell survival, especially when enhanced

by a sudden release of ROS from the mitochondria.

However, the mechanism of transport of ROS from the mitochondria is yet to be unveiled, although a
hypothesis involving VDAC1 rebeen formulated, wherkee latter would mediate the release of ROS
from the Intermembrane space (IMS) to the cyto@dhn, Antunes et al. 200Furthermore, the closure

of VDAC1 seemed to cause oxidative stress in the mitochondria, thus reinforcing thigThleanypv,

Johnson et al. 2010)

ROS are a welknown contributor t@ell proliferationand cell deatfButtke and Sandstrom 1994, Patel,
Day et al. 1996, Fiskum 2000, Yuan and Yankner 20RQS have been linked the release of CytC
from the mitochondridPetrosillo, Ruggiero et al. 2001, Petrosillo, Ruggiero et al. 200@Yestingly,
the apoptosis induced by superoxide anignsvas greatly affected when using antibadiargeted at
VDACL1 or channel inhibitor§ShosharBarmatz, Hadad et al. 1996, Madesh &fanéczky 2001,

Simamura, Hirai et al. 2006)

Finally, the interaction between kinases and VDAC1 was shown to have droaffbe release of ROS
from the mitochondrigSun, Shukair et al. 2008Ylore precisely, oveexpressed hexokinase Hkand

HK-1l bound to VDACL1 induced a decrease in ROS release in HEK(édilead, Ahmad et al. 2002,
Bryson, Coy et al. 2002, egilva, GomezPuyou et al. 2004)as well as protection agaircsll death
(Bryson, Coy et al. 2002) Hence, the interaction between hexokinases and VDAC1 might act as a

mediator and regulator of ROS release fronntitechondria, and ultimately cell death or apoptosis.
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VDACL1 is a necessary component ofpeotein complexensuring the cholesterol distribution and
transpot to mitochondrigRone, Fan et al. 20097 herefore, it plays amportant role in the altered

level ofcholesteroln Morris hepatoma cell&Campbell and Chan 2008hdeed, the cholesterol import

into the mitochondrion is ediated by a&omplex FDOOHG WKH 3WR&ane WiE2ak etRIVRPH”
2012) This multi-proten complexis composed by a combination ifoteins from thecytosolic and

from the Outer mitochondrial membrane, namitlg steroidogenic acute regulatory protedAR),
translocator proteinl(SPQ, and VDAC1(Papadopoulos, Liu et al. 2007, Aghazadeh, Rone et al. 2012,

Rone, Midzak et al. 2012)

Moreover, high concentration of cholesil has been shown to reduce the overall activity of membrane
associated proteins. Indirectly, this attribute is oasjble for the inhibition of a decent number of
metabolic functions of VDACICampbell and Chan 20Q8n addition, it was suggested that higher
concentratiomf cholesterol found in the mitochondria of cancer cells affected the binding of hexokinase
HK to VDAC1 (Baggetto, Clottes et al. 1992, Pastorino and Hoek 260&lly, it was suggested that

the glycine rich reipn the Nterminal region of VDACL1 could contain the binding site for cholesterol

(position 22 to 24§Thinnes and Burckhardt 2012)

It wasrecently shown that VDAC1 might act as a lipid sensor and associate with additional proteins to
form a complex allowing the transport of fatty acids through the OMM in rat liver mitochothdyéa
Kerneret al. 201, Martel, Allouche et al. 2013k this theory, VDAC could be described as an anchor
between the outer surface of the OMM dhdintermembrane spac@roteins such as tlaeylCoA
synthetase (ACSL) and the cainé palmitoyttransferase la (CPT1a) are thought to be part of the

complex and work closely to convert acybenzymeA into acyhrnitine(Lee, Kerner et al. 2011)
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Finally, the biological synthesis of cholesterchlled cholesterogenesis, displayed elevated level in
various cancer cell@MaresPerlman and Shrago &8). Noticeably, cancer cells usually display a two
to tenfold increase in mitochondrial cholesterol content, mainly in tMMQin comparison to liver

mitochondria(Pedersen 1978, Baggetto, Clottes et al. 1992 G6ng et al. 2005)

Calcium is a known cellular efactor implicated in many cellular processes, such amtuulationof
cytosolic calcium signal@Gunter, Buntinas et al. 20Q@he secretiorfMaechler, Kennedy et al. 1997,
Lee, Miles et al. 2003}he control of oxidative phosphorylati@@ox and Matlib 1993, Maack, Cortassa
et al. 2006)the indirect modulation of the glycolysis and the Kregcle(Nichols and Denton 1995,

Martinovich, Golubeva et al. 2013nhd the cell deat{Giacomello, Drago et al. 20Q7)

The transporof calcium into the mitochondria can also be linked to the apoptotic cell death. The high
level of calcium will enhance the rekmsof the @tC, leading to apoptosis. In cancer cells, calcium can
also be associated with the high content of reactive oxggecdies (ROS[Martinovich, Golubeva et

al. 2012)

However,all known mitochondrial calcium transporters are located within the inner mitochondrial
membrandGincel, Zaid et al. 2001These transporters apaly accasible through thparticipationof
VDAC1 in the OMM(Gincel, Zaid et al. 2001, Rapizzi, Pinton et al. 2002, Tan and Giho2007)
Besides, VDAQ has been shown txertan actual control of the permeability @MM to calcium
(Rapizzi, Pinton et al. 2002, Bathori, Csordas et al. 20@@restingly, both open and closed states of
VDACL1 exhibited different permeability to calcium, with the closed showing a preferenciefor

divalent cation(Gincel, Vardi et al. 2002, Tan and Colombini 2007)

More recently, an additional mechanism involving protein/protein interactions beBateth and
VDAC isoforms 1 and 3 was discovered. This interaction can modulate the transfer of calcium into the

mitochondrion by increasing calcium transfer asrthe OMM, andsi one of manyieces ofevidence
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for the involvement of VDACL1 in the crosalk between mitochondria and the endoplasmic reticulum

(ER) (Huang, Hu et al. 2013)
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Early experimats such as thewer-expression of VDAC1vere key in demonstrating the ability of the
channelto induce apoptotic cell deafhegardless of cell typgGodbole, Varghese et al. 2003, Zaid,
Abu-Hamad et al. 2005, Ghosh, Pandey e2@.7,L{, Dong et al. 2007, Abtlamad, Zaid et al. 2008)
More precisely, ti has been shown that VDAC1 owexpression in endothelial cells enhanced the
activation of caspase 9eading the overproductionf ROS thus resulting in an increase of the

endostatifinduced apoptosié’uan,Fu et al. 2008)

Conversty, several functions of the VDAC confahis channel aentral role as a gateway to the
mitochondria, as welisfrom the mitochondria to the cytosol. Indeed, the release of apaptdaiEng
proteins from mitochondria to theytosol seems to always irlve the VDAC channel directly or
indirecty (Tsujimoto and Shimizu 2002, De Pinto, Messina et al. 2003, Shd&dramatz and Gincel
2003, ShoshaBarmatz, Israelson et al. 2006, ShosBamnmatz, De Pinto et al. 2010, Golan 2012,

ShosharBarmatz and Beiail 2012).

Mainly, the involvement of VDACL1 in theultiple processes regulating the release ffeytC or its
maintenance in the mitochondria are a testament to the VDAC1 function asdaaaegf apoptosis via
the mediation of cytochrome C release. Not only WB$\C1 shownto be responsible for the transit
andrelease oCytC from proteoliposomes vitro (Shimizu, Narita et al. 1999, Madesh dt@ndoczky
2001, Zalk, Israelson et al. 200%)ut the use of specific arfMDAC1 antibodiesresulted in the
inhibition of CytC releasethe interaction betweeBax(Bcl-2-associated Xand VDAC1 and ultimately
cell death (Madesh and Hajn6czky 2@, Shimizu, Matsuoka et al. 2001, Zheng, Shi et al. 2003)
Similarly, in mutant yeast, VDACHeficient mitochondria also displayed a lack of CytC release
(Shimizu, Narita et al. 199%himizu, Shinohara et al. 20Q0@)us confirming the central role of VDAC

in mitochondrial CytC osmosis.

Ultimately, therestrictionof CytC into the mitochondria has been further charesté to include
additional mediators, such as the Hexokinasd&cbproteins, and highlighted again the central role of

VDAC1 in providing a platform for apoptosis inducers or repressors. For exathpléjteraction
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betweemmVDAC1 and HexokinasklK1 wasprevented in mVDAC1 mutants E72Q, E65Q and E188Q
overexpressing dih recombinant proteins in HEK cell8aid, AbuHamad et al. 2005, AbHamad,
Zaid et al. 2008)This abolition of the interaction between the VDAC channelHik1 ledto a decrease

of CytC release and cell dedthbu-Hamad, Zaid et al. 2008 other cases, the overexpression of HK1
would indeed protect against apoptq@aid, AbuHamad et al. 2005, AbHamad, Zaid et al. 2008
Similarly, recombinant BekL was shown tenaintain VDACIn its opernconfiguration thus promoting

its permeability to AP andbetaNADH and preventing CytC releaféander Heiden, Li et ak001)

In addition, thenteraction between BetL andmVDAC1 and mVDAC3was also shown tpromote
matrix Cdcium accumulation by increasinthe transit of calciumacross the outer mitochondrial

membran€Huang, Hu et al. 2013)

Although he diameter of the VDACL1 pore in idpenstate is about 8.nm (Hiller, Garces et al. 2008,
Colombini 2016)which issufficient to allowthepassage asmall moleculesuch as ions, ATBr other
nucleotides in or out of the mitochondriaoteins such as Cyt@re likely to require an additional

transport mechasm (Colombini 2016)

Theoligomerizationof VDACL1, leadirg to the formation of a large flexible paiseeFigure 113), has
been proposed to explain the ability of CytC to transit between the cytoplasm and thgZaMM
Israelson et al. 2005, Abdamad, Arbel et al. 200¥Keinan, Tyomkin et al. 2010, ShoshBarmatz,
De Pinto et al. 2010, Keinan, Pahima et al. 2013, SheBhamatz, Mizrachi et al. 2013nterestingly,
apogposis induction ihumancells lead to VDAC oligomerizatiofiKeinan, Tyomkin et al. 2010t was
shown thalvDAC1 can shift in from thenonomeric toward the oligomeric form in response to various
apoptosis inducersregardless of theell type or apoptosis inducer, includiragsenic trioxide,

staurosporingetoposide, curcumin, cisplatigelenite H-O,, tumournecrosis factor. RU VLP SO\ 89
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light. In that instancepligomerizationwasenhanced up to 2fbld, confirming the preference for an

oligomeric state during apoptogSolombini 2016)

Figure 1.14 VDAC oligomerization as a gateway for CytC release from the mitochondrialhe monomeric
VDAC (left, in green) will oligomerize to form a supnaolecular assembly allowing theansit of cytochrome
(CytC) from the IMS to the cytoplasm.

So far,VDACL1 has been demonstrated to be able to exikigigerorder oligomerssuch agdimers,
trimers, tetramers,n@ hexamergShi, Chen et al. 2003, Zalk, Israelson et al. 2005, Goncalves,
Buzhynskyy et al. 2007, Hoogenboom, Suda et al. 2007, Malia and Wagner 2007, Keinan, Tyomkin et
al. 2010, ShoshaBarmatz, De Pinto et @010) FRET &periments highlighted the dynamicity of the
oligomerization process, defined by an equilibrium between monomeric and oligomeric(Zaiys
Israelson et al. 2005Wwhereas atomic force microscopy (AFM) experiments on native VDAC1 and
chemical crosdinking experiments using both purified and membrantedded VDAC1 confirmed

the assembly of dimers, trimers, tetramers agtdr VDAC1 olgomers(Zalk, Israelson et al. 2005,
Goncalves, Buzhynskyy et al. 2007, Hoogenboom, Suda et al.. Fa@)y, electron microscopypased
analysis of crystallized OMMighlighted the propensity of WAC1 channels to berganized into

ordered array®f hexamerswith inter-channel contact§Guo, Smith et al. 1995)Recently it was
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suggested that the particuldipid composition of the OMM, significantly enhances VDAC1

oligomerization(Betaneli, Petrov et al. 2012)

In additionto the oligomerization of VDAC channelan additional theory involving tleigomerization

of Bax and Bakand the subsequent formation cfedective large cmnel sufficient for GitC release
across the OMMhas been propos€dntonsson, Montessuit et al. 2000, Eskes, Desagher et al. 2000,
Antonsson, Montessuit et al. 2001, Reed 20B@efly, Bax is normally found as monomer in the
cytosol of cells and its oligomerization is prevented by another regulator rash2dUpon apoptosis
indudion and activation by tBidLovell, Billen et al. 2008)Bax will form large complexes (between
96 kDa and 26@Da) that will associate with the mitochara] and insert into thenitochondrial
membrangBleicken Classen et al. 2010, Zhang, Zhu et al. 204llwing the transit of CytC from the
mitochondria to the cytosol. Again, its association with VDAC1 to fbwetereoligomersallowing
CytC releasewas also suggeste(Banerjee and Ghosh 2004Although multple pathways and
mechanisms of CytC release has been proposed, the possibility of tesistoty within a single model

of cell death is reasonable, and thattivation might depend on the cell type and the nature of the

stimulus(Gogvadze, Orrenius et al. 2006, Galluzzi and Kroemer 2007)
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In normal cells, aumber ofpro-apogotic factors such as CytC, Smac/DIABLO and AIF resides in the
mitochondria most notably in intemembrane space (IM$phosharBarmatz, Israelson et al. 2006,
ShosharBarmatz, De Pinto et al. 2010, Shostgarmatzand Mizrachi 2012)The mechanism allowing
the release of these factors durimgochondriamediated apoptosis still remains unclear, especially

concerning their transition through the OMM.

Different models havbeenproposedeitherinvolving a disrupbn of OMM integrityby osmotic matrix
swellingor anincrease in OMM permeability due to the formation tdirge supramolecular assembly

allow for the release of proteins, such as@gee section 1.8.1).

The osmotic ratrix swelling involves closure of/DAC1 channel which will cause a defect in
mitochondrial ATP/ADP exchange in the mitochondrial, which will in turn lead tdidraption of the
OMM and the subsequerglease of intemembrane proteins into the cyto§dbnder Heign, Chandel

et al. 2000, Vander Heiden, Li et al. 2001)

Nevertheless,hie main hypothesis involves the formation of a large mputitein complex called the
Permeability Transition Pore or PTP. This supramolecular assembhas been demmstrated to

participate in many cell death scenarmsd to serve as @&alcium release channetegulating the

matrixial level of calcium viats transientor persistenbpening the lattedeading to an uncontrolled

release of calciunfRasola and Bernardi 201High concentratiomf calcium will in turndepolarizes

the mitochondria byopening the PTP 7KH RSHQLQJ WKLV 3PHJDSRUH"™ ZLOO DO
proteins such as CytCrompton 1999, Baumgartner, Gerasimenko et al. 20@8)dng apoptosignd

possibly necrotic cell deats well(Rasola and Bernardi 2011)
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Figure 1.15 Simplified model for the Permeability Transition Pore (PTP).Schematic representation of the
core complex called the PTP, which allows the free exchangrealf and large metabolites, papoptotic factors

(CytC) or water between the cytoplasm, the intermembrane space (IMS) and the mitochondrial matrix. The
different contributor to this supnaolecular complex are VDAC1 at the OMM, adenine nucleotide treasto

(ANT) in the IMM, andcyclophilin D (CypD) in the mitochondrial matrix.

The proposed PTP complex is likelgmposed of VDAC1 at the OMM, adenine nucleotide translocase
(ANT) in the IMM, andcyclophilin D (CypD), which ispresent in the mitochondrial matiihoshan
Barmatz and Gincel 2003, Tsujimoto and Shimizu 200RHe PTP isthought to form ahigh-
conductance neapecificpore linking the inner and outer mitochondrial membrafégute 114). Its
opening is likely to occun response to ovasroduction of ROS atalcium in the cytosol and will allow
freetransitof water andow-molecular weighmetabolitesnto themitochondrial matrix This influx of
substrates will ultimately provokenitochondria swellingand the release giro-apoptotic faabrsinto

the cytosol(Halestrap, Doran et al. 2000, ShostBgarmatz and Gincel 2003, Tsujimoto agdimizu

2007)
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Voltage dependent anion channels (VDACS) are the eukamgtiivalent of bacterial cetmembrane
porins (Zeth 2010. Located in the outemitochondrial membrane (OMM(ShosharBarmatz and
Gincel 2003) VDACs allow the exchange different metabolites, such as ions, AT&, ADP, Pi and
other respiratory substrates (e.g. pyruvate, malate) into the mitocho(daoyushin, Bakeeva et al.

2004, Tan and Colombini 20Q7)

Moreover, VDACs are capable of mediating the flux of*Gd@an and Colombini 200%r superoxide
aniong(Han, Antunes et al@®?2), and influence the uptake of cholestef@hosharBarmatz and Gincel

2003) essential for multiple signalling cascades in young, nbraged and diseased cells. This
exchange is dependent on the ability of the channel to switch between open and closed states with the
later state being impmeable to substrates like ADP and AT¥hosharBarmatz ad Gincel 2003,
Colombini 2016) The open state of the channel confers predominately anion selectivity and the partially
or fully closed forms of VDACs conduct catiofldladesh and Hajndczky 2001j is believed hat

transient potentials across the OMM (metabolically or inner mitochondrial membrane driven) are

VXIILFLHQW WR VXSSR id WoV\\eHInE, REakieHaD J0L2) DW L QJ

The abundare and strategic location of VDACs in the OMM, casts them in theof@esafekeepeauf
mitochondrial function, as their opening and closure define the route that mitochondria should follow:
normal respiration or suppression of mitochondriatabelism leding to apoptosis and cell death

(Madesh and Hajnéczky 2001)

The strategic location of VDACs in the OMM implies that there might act as binding partners for
cytosolic proteins. Mmmalian hexokinases have long been described to interact with VDACS, resulting

in a shift in the susceptibility of mitochondria to gapoptotic signalg§John 2003, Pastorino and Hoek
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2008) This can lead to supgssion of apoptosis, a mechanism patrticularly interesting in the study of

tumours(John 2003)

In plants,studies using virughduced gene silencing (VIGS) of a hexokinaseodingHxk1caused
necrotic lesions on leaves, abnormal leaf morphology, and retarded plant groMitotiana
berthamiana It was further demonstted that the Hexokinase 1 Hxkl was associated with the

mitochondria, and this association required thiehhinal membrane anch@fim, Lim et al. 2006)

An interesting discovery concexdthe interaction between VDACs and tubulin, the latter acting as an
inhibitor of VDACs (Rostovtseva and Bezrukov 2012hesefindings shovedthat not only does the
mitochondria bind to the cytoskeleton (for movement across the lmal there are other interactions
involved in the process, leading to a different casaddeactons Indeed,VDAC interaction with
tubulin at the mitochondrizytosol interfaceenhances. mechanism of regulation of mitochondrial

energetics, limitinghe uptake of ATP and other metaboli(B®stovtseva and Bezrukov 2012)

Another member of the cytoskeleton, the kinesins, has been described to interact with VDACSs in plants.
Indeed, theA. thalianakinesin KP1 specifically interacts with AtVDAC3egulating the respiration
during seed germination at low temperatupéang, Chen et al. 2011An exampleof this interaction

is given inFigure 115 with the calocalization of AtVDAC3 and KP1 using YFRgged recombinant
proteins expressed iA.thaliana Both proteins colocaéed in the mitochoné of the protoplasts,
confirming the interaction between the channel and the kinEsis feature casts as well both VDACs

and associated kinesins as potential regulators of energy supply within the plant cells.
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KP1-tail-YFPN+YFPS-VDAC3  Mitochondria Merge Bright

GFP-VDAC3 Mitochondria Merge Bright

Figure 1.16In vivo interaction between AtVYDAC3 and Kpl.Taken from Yang et al. (201(Mang, Chen et al.
2011)(A) Co-localisation of the KP1 and VDAC3 complex with mitochondngrabidopsisthalianamesophyll
protoplasts transforngewith the construct KP1-tail-YFPN and YFPCGVDAC3. The mitochondria were stained
by MitoTracker And the scale is given by grewts( B. (B) Co-localisation of VDAC3 withmitochondria.
Arabidopsismesophyliprotoplasts transiently overexpressing @APAC3 were staineés above

Finally, some of the VDACs features, including specific interactions, are conserved amongst species.
For example recent studies showed that members of the tapigpregulator BelB-cell lymphoma
family, which are not present in plants, can interact with plant VDAMaader Heiden, Li et al. 2001,

Godbole Varghese €al. 2003)

In summary, members of thexokinase family, Bcl family and kinesin family all displayed a direct or
indirect (via the mitochondria) interaction with the VDAC channel fdsthaliana These families of
protein can constitute a great foundatfor the characterization of potential AtVDAC binding partners
and their molecular interactions with the chaniire specifically, th&inesinfamily of protein will

be a subject of terest in this study in parallel to the VDAC channel.
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Kinesins represent a superfamily of microtublbidéesed motor proteins that are essential in the cell. They

perform various functions, the most common being the transport of organelldsléHdJHQW 3FDUJRY
such as vesicles, supepmplexes of proteinsnd even chromosomes during the mitosis across the cell
(Lawrence, Dawe et al. 2004, Hirokawa, Noda et al. 2008¢y can contribute to the regulation of
microtubules (important for mitosigHirokawa, Noda et al. 2009j)ranscription factor (example of

Kif7/Gli transcription factoCheung, Zhang et al. 20Q09r other proteins such as VDAFang, Chen

et al. 2011)but the mechanism of action is still unclébtirokawa, Noda et al. 2009)n plants, a

Kinesinlike protein, called KIN7D, MKRP2 or mKlp2 (accessionumber; Q8W5R5), contains an

extended region in itsNerminal motor domain that has been proven to act as an MTS (mitochondrial
targeting signalfltoh, Fujiwara et al. 2001}hus implying the possibility of AtVBC protein acting as

a binding platform for this kinesin.

Kinesins conventionally comprise leavy chain dimer and two light chains. The heavy chains are
responsible for the overall structure of the complex; mventional kinesin can be described as an
elongated protein, with the head comprising the motor domains that bind to microtubules\aimdg all

the movement of the protein, and the tail doméitisokawa, Noda et al. 2009The tail domains, in
association with the light chains, are responsible factrgo recognition and bindifigirokawa, Noda

et al. 2009) The region linking both main domains (head and tail) is called the stalk domain and allows

thedimerization of the two heavy chains (Figur&g).
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Tail Stalk Head

Figure 1.17 Schematic representathn of conventional Kinesins structure.The motor domains (blue) are
contained within the headhereas the cargo binding sites (red) reside in the tail domain. The stalk is shown as a
coiled structure (black) formed by the two heavy chains. Light chasearshown here but are part of the tail,
enabling substrate specific recognition and binding.

In kinesins, the motatomain is responsible for the movement along the microtuthdelsquring both

the ATR and microtubulébinding adivities (Cross 2004)Several crystal structures have hebtained

of the motor domain alone and revealed strong structural similarities to the catalytic domain of the actin
based motemyosin(Kull, Sablin et al. 1996)Briefly, the motor domain consists primarily of a single
alpha/beta arrowheashaped domain, with a relativelwide nucleotidebinding cleft (Marx,
Thorméahlen et al. 1998l contains four motifs that are commda P-loop conaining proteins with a
Walker fold (Walker, Saraste et al. 1988)ich as myosiand G-proteins. The Walker moti€an be
described a$sxxxxGKT/S, which forms a phosphate binding loop-igdp) betweerthe thirdbeta

strand andhe secon@lpha helix, allowing nucleotide binding via the phosphate qiWdaiker, Saraste

et al. 1982)An example is given in Figure1l7, with the bound to ADBigure 1.17, blue).
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Figure 1. 18 Three-dimensional structure ofthe human ubiquitous kinesin motor domain Crystal structure
of thehuman ubiquitous kinesin motor domain 1B&21..8 A resolution, shown from the frort)(or the sideB)
of the nolecule. A bound ADP molecule is shown in blue (displayed using PgtirivéLano 2003).

The molecular movement, calledotility, has been described previously summarykinesin takes
eightnanometresteps each time alternatingetweerits twoheadgAsbury, Fehr et al. 200;3to move

along microtubule protofilamen{Svoboda, Schmidt et a@l993) The presence of ADP or ATP in the
active site will dictate the conformation adoplbgdhe kinesin motor domain ongtimicrotubule¢Cross

2004) Indeed, kinesin are strongly attached to the protofilaments in the presence of ATP or absence of

nucleotides, and weakly bound when ADP is present in the catatgt{€soss 2004)

64



Figure 1.19 Kinesin moving alongside a microtubuleSchematic representation of kinesins moving alang
microtubule protofilament (in blue). The binding of ATP (in red and black circle) on the first motor domain will
induce a rotation of the neck linker, displacing seeond motor domains upfront. The release of ADP (red dot)
from the latter will allow tis motor domain to strongly bind the microtubule. Finally, the hydrolysis from ATP to
ADP and the release of pyrophosphate (Pi, black dot) will enhance the detaohtherftrst motor domain from

the protofilament, creating movement of the cargo (grakmygside the microtubule

The catalytic movement of kinesins alongside microtubules protofilaments is also associated the
conformational changes of the neck linkerl5 amino acid peptide at thet€@minal end of the motor
domains(Rice, Lin et al. 1999)This peptide will adopta welldefined structure as it docks onto the
motor domain core, and will switch its orientation from tReer{d towad the microtubule (+)end

(Asenjo, Krohn et al. 2003)

Whereas the head domain is well defined as the microtubindini and interacting region, the tail

domain is intrinsically disorderg@®eeger and Rice 2012)

This tail domain is rally variable due to the different type of cargos the kinesins have to transport
(Hirokawa, Noda et al. 2009or example, the Kiesirl has beedemonstrated to be involved on the
intracellular transport of protein&Xia, Robets et al. 2003)ribonuclear protein complexd&anai,
Dohmae et aR004)and cellular compartment such@slgi (Echard, Jollivet et al. 1998tndoplasmic
Reticulum vesiclegStauber, Simpson et al. 200@ndosomeg¢imamura, Huang et al. 2008y the

mitochondriag(Nangaku, Sat oshitake et al. 1994, Wozniak, Melz=ral. 2005)
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The variety ofcargothe kinesins can recognize is mainly achieved thrabghkinesin light chains
(Hammond, Griffin et al. 20085 pecific motifs known aketratricopeptide repeat domaifD'Andrea
and Regan 2003 versatile protein interaction platforhrave been identified #xplain this great range

of adaptative interactions.

Thus, alternative biridg partners (aside from conventional cargos mentioned previously) can be
identified. The example of KIFC&inesin family member C3 fronMus musculyshighlight this
feature; this kinesin can interact with the ubiquijecific protease USP47, a protetsst removes
ubiquitin chains from substrates and inhibits proteasoradiated proteolysi&SakeKubota, Tanka et

al. 2014) The interaction of KIFC3 with USP47 will prevent the latter to remove ubiquitin chains from
the Ecadherin and recruit it to the adbas junction of the cells. The depletion of either KIFC3 or
USP47 will both result in cleavage of thec&dherin, suggesting this interaction plays an important role

in forming stable celto cell adhesion in epithelidissuegSakeKubota, Tanaka et al. 2014)
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Plant VDACs have been so far understudied in terms of struaodafunctional characterization.
However, recent studi€§ateda, Watanabe et al. 20tighlighted specific expressigratterns of the

four isoforms ofArabidopsis thalianaConsidering AtVDACL1 has been shown to be esdéiatiacell
development and growth, this isoform is the primary target for characterization studies focusing on its
structure and itelectrophysiological behaviouPrimary work has already begun with the successful
cloning of AtVDAC1gene into an expressi vector by Msc Felix Brademann, for the heterologous

production of AtVDAC1 protein ifescherichia colcells.

In addition to iteessential function as an ion transporter, VDAC has been shown to interact with multiple
partners such as Bcl protein, Hekwkses or kinesins. Thuhijs study aimsit providing thegroundwork

for future binding studies, focusing on the interaction of AAQ1 with chosen partners.

On one handAtVDAC1 mutans have to be designed to further explore the hypothesis that theethann
might act as a platform for the aforementioned partners. On the other hand, several hypothetical
AtVDACL1 partner proteinsnustbe produced to be used in interaction studies with the natiaanel

protein andbr its mutans.

Two specific partners hadeeen identified, namely thdicotiana Benthamianalexokinase 1 and the
Kinesinlike mKlp2. The former has been shown to relocatehtormitochondria irA.thaliang caused

by the presence of an MTS. Due to the history of VDAC interaction with hexokinasedighly
possible the Hexokinasebinding to the mitochondria is mediated through interaction with the VDAC
channel.ln a similarfashion, theA.thalianaKinesinlike mKlp2 and mKlplhas also been shown to
relocate to the mitochondria via a possible 341 Recently, the interaction between AtVDAC3 and the
mKIlpl isoformwas demonstrated, thus leaving the possibility for mKlp2 to uSmitar platform to

bind the mitochondrial surface.

67



In summary, the study will consist in the following steps:

1.Design 6 AtVDAC1 mutans and production of constructs by P@Rected mutagenesis

2.Cloning of thanKlp2geneinto a suitable expression vector

3.Subsequertieterologous expression of the different proteins.goli BL21 (mKlp2GTer) or Omp9

(AtVDACS) cells

4 Purification of the protein by a combination of either lon exchange chromatography or affinity

chromatogaphy and Size exclusion chromatography.

5.Structural characterization of all proteins by Small AngleaX Scattering and/or Circular Dichroism

6.Funcional characterization of AtVDACL1 protein by Black lipid membrane (BLM) assay

7.Functional characterizah of mKlp2 by Isethermaltitration calorimetry (ITC)
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2. Chapter 2: Materials and Methods

I
Buffers and media for this study wereepared according to the composition listed in Table 2.1.

Table 21. Buffers and media

Buffer/media Composition
Resuspension buffer (RE) 50 mM TrisHCI (pH 8.0), 100 mM NacCl, 0.2 mM PMS
TN buffer 50 mM TrisHCI (pH 8.0), 1200nM NaCl

50 mM TrisHCI (pH 8.0), 100 mM NaCl, 10 mM EDTA
2 % (v/v) Triton %100
25 mM NahPQy/ NaeHPQ; (pH 7.0), 100 mM NaCl, 1
mM EDTA, 10 mM DTT, 6 M Guanidinium chloride
25 mM NakRPQv/ N&eHPQs (pH 7.0), 100 mM NaCl, 1
mM EDTA, 10 % (v/v) Glycerol, 2.29 % (v/v) LDAO
25 mM NaHPQy/ NasHPQ; (pH 7.0), 10 mM NaCl, 1

TEN-triton buffer

Denaturation buffer

Refolding buffer 1

Refolding buffer 2 mM EDTA, 1 mM DTT, 10 % (v/v) Glycerol, 0.12 %
(v/v) LDAO
Elution buffer for ion 25 mM NahPQy/ NaHPQ; (pH 7.0), 1 M NaCl, 1 mM
exchange chromatography EDTA, 1 mM DTT, 10 % (w/v) Glycerol, 0.12 % (v/v)
(VDACs) LDAO

Elution buffer for size 25 mM NakPQiy/ NaeHPQy (pH 7.0), 100mM NaCl, 1
exclusion chromatography mM EDTA, 1 mM DTT, 10 % (w/v) Glycerol, @2 %
(VDACs) (v/v) LDAO

Elution buffer for affinity .
25 mM TrisHCI (pH 7.0), 200 mM NacCl, 3 % (w/v)

chromatography NNta .
Glycerol, 0 mM Imidazole

(mKIp2C-Ter)

Elution buffer for size _
25 mM TrisHCI (pH 7.0), 100 mM NaCB % (w/v)

exclusion chromatography Gl |
ycero

(mKlp2C-Ter)
25 mMNaHPQW/NaHPOy (pH 7.0), 50 mM NacCl, 1

Dialysis Buffer
mM EDTA, 1 mM DTT, 10 % (w/v) Glycerol
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Tryptone 10 g/L, Yeast extract 5 g/L, NaCl 10 g/L. Ad

LB media . :
1.5% Agar if solidPlates)
LB Auto-Induction Tryptone 20 g/L, Yest extract 5 g/L, NaCl 5 g/L
SOB media Tryptone 20 g/L, Yeast extract 50 g/L, NaCl 0.5 g/L
) 10 mM PIPE, 55 mM MnCg, 15 mM CaCl, 250 mM
Transformation buffer (TB)
KCI
TBE Buffer 900 mM Tris base, 900 mM Boric acid, 20 mM EDTA
12.5 mM NaOH
SDS Sampl&uffer 0.25 M TrisHCI (pH 6.8), 0.5 M DTT, 10 % (w/v) SDS
(Laemmli) 50 % (v/v) Glycerol, 0.5 % (w/v) Broaphenol blue
10x SDS Run Buffer _ _
_ 250 mM Tris, 2 M Glycine, 1% (WN$DS
(Laemmli)
SDSPAGE Coomassie 50 % (v/v) Methanol, 10 % (v) Glacial Acetic Acid,
Staining Solution 0.25 % (w/v) Coomassie-R50
SDSPAGE Destaining . . .
. 50 % (v/v) Methanol, 10 % (v/v) Glacial Acetic Acid
Solution
Silver Nitrate Solution 0.1 % (w/v) AgNQin dH20
Developing Solution 3 % (w/v) NaCOzs, 0.05 % (v/v) Formaldehyde
Silver destaining Solution A 633 mM NacCl, 231 mM Cupric Sulphate
Silver destaining Solution B 1.75 M Sodium Thiosulfate
TBS buffer 10 mM TrisHCI (pH 7.5), 150 mM NaCl
10 mM TrisHCI (pH 7.5), 150 mM NacCl, 0.05 % (v/v)
TBS-Tweenbuffer
Tween

10 mM TrisHCI (pH 7.5), 150 mM NacCl, 0.05 % (v/v)
Tween, 0.2 % (v/v) Triton XLOO
0.5 % (w/v) Western blot Blocking reagent from Nove»
in TBS-tween

TBS-Tween/Triton buffer

Blocking buffer

Western Blot transfer buffer 1X blotting buffer from Novex® in 20 %v(v) methanol

Thin layer chromatography 63: 35: 5, v/v/v chloroform: methanol: ammonium
solvent hydroxide

Black lipid membrane BLM
buffer

10 mM TrisHCI (pH 7.4), 150 mMKCI, 50 mM C&*
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50 mM TrisHCI (pH 7.5), 0.1 mM TCEP, 100 mM NaC
ITC buffer

3 % (v/v) glycerd

The plasmid pET20b(+) was used as an expression vector in this stodhe cloning of the AtVDACs
and mKIp2CTer genesand the expression of the corresponding recombinant protiksnain

characteristicsieh as promoters, antibiotic resistance or cloning region are summarized in Figure 2.1
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pET-20b(+) sequence landmarks

T7 promoter 353-369

T7 transcription start 352

pelB coding sequence 224289

Multiple cloning sites

(Neol - Xho) 158225 i

His+Tag coding sequence  140-157 BsaX I(3422)

T7 terminator 26-72

pBR322 origin 1500

bla coding sequence 2261-3118 Bpu10 I(544)
f1 origin 3250-3705 Bbs I(556)

Eco47 llysgz)

pET-20b(+)

BspG l(964
(3716bp) RGiee)

Tth111 l(1183)
Bst1107 I{1209)

Sap K1322)

BspLU11 I{1438)
Afl 11l1438)

Pfi1108 I(2349)
Eam1105 1(2331)

HgIE 1l(2024)

T7 promoter primer #69348.3

g0l X peomoler:. o Xba | _ths
Nee 1 Seplii poiB loader Neol coay EcoR1 Sscl_
A el X ! s ,.]l, vl
QM___%: ool —HeT: B SPIINRY. o
T7 terminator T7 terminator primer #63337-3

pET-20b(+) cloning/expression region

Figure 2.1 pET-20b(+) Plasmid map andcloning region +Overview of thepET-20b(+) vector map and the
nucleotide sequence of the clonfegpressiorregion with the associatesbstriction sites. (Taken from Novagen®)
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Gene sequences of the Voltage Dependent Anion Cret¥DAC1, AtVDAC?2 andAtVDAC4) and
the Kinesinlike mKIp2C-Ter from Arabidopsis thalianare provided in Table 2.3he coresponding

Gene IDs and locus numbers are provided as well.

Table 22 DNA sequences of AtVDAGand mKIp2C-Ter genesDNA sequences of the genes used in this study,
provided in FASTA formatas well as their accession number on

Gene DNA sequence
(Gene ID)

(locus number)

ATGGTGAAAGGTCCCGGTCTCTACACCGAAATCGGCAAAAAGGCCAGAGATCT
AAAGACCACAACAGTGACCAGAAATTCAGTATCACCACTTTCTCTCCTGCCGGT
ATCACCTCAACCGGAACTAAGAAAGGTGACTTATTGTTGGGAGATGTCGCTTTT
AGGCGAAAGAACATTACTACTGATTTGAAAGTTTGCACTGATTCTACTTTTCTGA

AtVDAC1 GCTACCGTTGATGAGTSCACCCGGACTGAGGTCAATCTTCAGCTTCAAGGTTCC
CAAAATTCTGGCAAGGTTGAGCTGCAATACTTGCATGAGTACGCCGGTATCAGH
(820914) ATGGGATTGACTCAGAACCCAACTGTCAACTTCTCTGGTGTGATTGGCTCCAAT

GCTGTTGGTACTGATGICATTTGACACCAAGTCTGGAAATTTCACCAAGATCAAT
(AT3G01280)  GGTTTAAGCTTCACCAAGGAGGACTTAATTGCCTTACTGTGAACGACAAGGGCI
CTATTGAATGCATCTTACTATCACATTGTGAACCCGCTGTTCAACACTGCGGTT(
GAAGTGAGCCACAAGTTATCTAGCAAGGACAGCACCATAACTGTTGGAACACA(
CTTGACCCCTTGACCTCTGTGAAGGCTCGRIRGTGCGGGTATTGCAAGTGCTC
ATTCAACACGAGTGGAAACCCAAGTCATTCTTCACAATCTCTGEAGASACAAAC
TCAATTGACAAGAGTGCTAAAGTTGGATTGGCTCTCGCACTCAAGCCTTGA
ATGAGCAAAGGTCCAGGACTCTTCACCGATATCGGCAAGAAAGCCAAAGATCT!
AGAGACTACAATTCCGATCAGAAGAGTATCTCCACTTACAGTGCCTCCGGCGTG
ACTGAGAGAGAGAACGAGTATCAGGATGATATTTACTTCTGTTTAAGAACTAGA
ATAATGAGTGAAAATGAGGCCCTTACGTCTACTGCTCTGAAGAAAGGAGGAGT

AtVDAC2 GCTGATGTTGCCACERATACAAGTACAAGAATGCTTTGTTTGATGTTAAAATCGAC
GATTCTAGTGTTTTGACAACAGTCACACTTACCGAGATCETCAACAAAAGCCAT
(836886) GCCTCCTTCAAAGTCCCTGATTATAATTCCGCCAAGCTCGAGGTGCAATACTTC

CACGCAACAGTTACCGCTGCTGCAGCTTTGAAACAAAACCCACTAATTGACATA
ACTCTTGGTTCGCCAGTCATCTCATTTGGBBBGCTGGATATGACACAACCTCCA
ACTTTCACCAAGTACAATGCCGGGATCAGTGTGACAAAACCAGATGCTTGABTC
ATATTGGGAGACAAAGGAGACTCACTCAAAGCATCATACCTTCATCACTTTGAT!
AAGAGAACCGCAGCAGTTGGTGAGGTTTACAGGAAGTTCTCGACAAATGAAAA!
ACGGTTGGTGGATTGTATGCGATTGATCATTCGACTGCAGTGHAGIIAACAAC
CATGGCACACTTGGTGCTCTTCTGCAGCACGAGGTCCTGCCCAGATCACTAGT
TCCAGTGAGATTGACTAAGGCTTTAGAAAAGCATCCAAGGTTTGGTCTCTCTCT
CTCAAACCTTGAGAACACACACTCACATCAGACCTGCTTGAGTCTTCCTACTTT
ATGCTCTCATTGTTGA
ATGGGAAGCAGTCCAGCTCCGTTTGCCGATATTGGCAAGAAAGCCAAAGATCT!
AtVDAC4 AAGGATTACATTTTTGACCACAAGTTTACTCTCACAATAETTGCTACAGGAACGGA
TTTGTGGCTACTGGTTTGAAGAAGGATGATTTCTTTTTTGGCGATATAAGCACAC
AAAGGTCAAAACACCATTGTTGATCTGAAAATCGACAGCCACTCTAGTGTGTCG
(835853) GTAACTCTCAAAAATCTTGCCATCCGCTAAAGCTGTAATTAGTTTCAAAATACCIT
CACAAGTCTGGCAAGCTGGATGTGCAATATGTTCATCCTCATGCTACGCT@AT
(AT5G57490) ATTGGCCTCAACCCAACTCCTCTGTTAGATCTATCAGCAACTATCGGAAGCCAC
TGCCTTGGTGGTGAAGTCAGTTTCGACACAGCTTCATCATCACTAACAAAGTAC
GGGATTGGTTTCAACAACCAAGGCGTCTEICGACTCATACTGGAGGATAAAGGG(
AGTCTGAGAGCTACTTACGTCCACACAGTGAACCCAACCACATCCTTTGGTGC!
ATCCGTCGCTTCBAATTATAACAACAGCTTCACCGTCGGAAGCTCTCACTCTGT
CAATTCACAGTGGTTAAGACCAGATTTTCTAACAGTGGGAAAGCAGGGATGGT(

(AT5G67500)
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AGAGAATGGAGACCGAAGTCGCACATCACTTTCTCAGCTGAGTABEGCTGTC
ACCTCTTCACCAAAGCTTGGTCTCGCCCTCGCCCTCAAACCATAA
CATATGGGTAGCAGCCATCATCATCACCATCATAGCAGCGGTCTGGTTCCGCG
mKIp2C-Ter CATGCAGTTAGCGGTGAATATGCAGATGAGCTGAAAAAAAAAATCCAGAGCCA/
GAGAACGAGGAACTGAAACTGGAACATGTGCAGATTGTTGAAGAAAATAGCGG
GTTCAGAATCAGAAACTGGCCGAAGAGGCAAGCTATGCAAAAGAACTGGCAAG

(Kin-7D/ GCAGTTGAACTGAAATCTGGCCAGCGAAGTTACCAAACTGAGCCTGCAGAATA(
CTGGAAAAAGAACTGGCTGCAGCACGTGATCTGGCACAGACCCGTAATCCGAT
NM_120065) GTTAATCGCAAATATAACGATGGTGCACGTAGCGGTCGTAAAGGTCGTATTAGC

CGTAGCAGTGGTGATGAATTTGATGCATGGAATCTGGATCCGGAAGATCTGAA,

(AT4G30050)  CTGCAGGTTCGTAAACAGCGTGAAGTCBEBAAAGCGCACTGGCAGAAAAAGAA
ATCGAAGATGAGTATCGCAAAAAAGCGGAAGAAGCAAAACGTCGCGAAGAAGC
AACGATCTGGCAAATATGTGGGTTCTGGTTGCCAAACTGAAAAAAGATAATGGT
CCGGAACCGAATGGCACCGATCCGGGTCGTGAGCTGGAAAAATCACAGAGTC
CTGAAAGAACGTCAGGTTAGCAGCGCACCGCGTCAGCCGHRATTETEGCAAAA
ACCGAAGAAACCCCGAAAGAAGAACCGCTGGTTGCACGTCTGAAAGCACGTAT
ATGAAAGAAAAAGAGATGAAAAGCCAGGCAAATGGTGATGCCAATAGCCATATT
GTGTGTTTTGAAAGCCCGACCGCAGCAATTCTGCTGCCGTGTCGTCATTTTTGT
AAAAGCTGTAGCCTGGCATGTAGCGAATGTCCGATTTGTCGTACCAAAATTAGC
CTGTTTGCATTTCCGAGCTAACTCGAG

The AtVDACs genes were amplified by PCR from plasmid templates harbouringta@g&d
AtVDACs (kindly provided by Prof. T.Kusano from Tohoku University, Jap&hg primers used for

this DNA amplification are reported in Table32.

Table 23 Primers used for the amplification ofAtVDACs Expected sizes of PCR products{ard posidouble
digests with EcoRI and Ndel, are indicatéthe nucleotides responsible for binding EcoRI and Ndel are
highlighted wth a black and red lingespectively.

PCR Sizeafter
Gene Primers  Sequence product  digestion*

size(bp) (bp)

Forward  GCGQCATATGGTGAAAGGTCCCGGTCTCT
AtVDAC1 851 833
Reverse  TAGCGGAATTCTTAAGGCTTGAGTGCGAGAGCCA

Forward  GCGQCATATGAGCAAAGGTCCAGGACTCT
AtVDAC2 932 914
Reverse  TAGCGGAATTCTTAAGGTTTGAGAGCAAGAGAGA

Forward  GCGQCATATGGGAAGCAGTCCAGCTCCGT
AtVDACA4 843 827
Reverse  TAGCGGAATTCTTATGGTTTGAGGGCGAGGGCGA

6WDQGDUG RYHUQLJKW GLJHVW ZLWK UHVWUURW LIR @&/ 8 GRFXHRHDVHV (FRU, DQG 1GH,
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Bacterial strains used in this study and their respective genotype are listed in Table 2.2. The cloning
stages were performed usikgcherichia coli'+ . FHOOV ZKHUHDV WKH H[SUHVVLRQ

proteins AtVDACs and mKlp2&rer was performed in Omp9 and BL21 DE3 cakspectively.

Table 24 Escherichia coli strains and associated genotypes. coli strains used fothe production and
expression of proteins and their respective genotype . DH5a cells were used to propagate and maintain plasmids,
Omp9 and BL21 DE3 cells were used for the production and expression of AtVDAC proteins riigzGtein
respectively.

E.coli strains Genotype

"+ F"6io <PDifA P~agF) 169 recAl endAl hsdR17, (nkk+) phoA
* U %o @ thi-1 gyrA96 relAl

Omp9 FompT hsdSB (fBnB-« P 0 u ~ iU Po u }u%&W W
Plu% E

BL21 DE3 (ZU 17 €0}ve }u%d B ous PZte"
, i A, ¢ u,tpRBInt:(lacl::RacUV5:T7P v i ]J1i Pv]vi

Chemically ompetent cells were preparedsed o previous methodologynoueet al,1990)(Inoue,

Nojima et al. 199Q)known to yeld great amounts afompetent cells

Frozen cells were streaked onto a LB plate and incubated overnighCaiT8é next morningl10-12
large colonies were transferred to 280 SOB medium (Table 2) in a 2L flask andincubated at
18°C (200 rpm) until anODsgo of 0.6 was reachedhen, he flask wasmmediatelyput on ice forat
least10 minutesthenmoved to a sterile 500 ImSorval bottleandcentrifuged at 6,000g for 10 m{at
4°C). Sypernatant was discarded, arall€ were resuspended in 8@L ice-cold tranformationbuffer
(TB, Table 2.} and incubated on ice for 10 minsit&hen, the cells wercentrifuged again at 6,0009
for 10 min (at £C). Supernatant was discarded, ahnefinal pellet was resuspended in 201L of ice-

cold TBbufferand DMSO (SIGMMA) was added at % (v/v). Following a10 minuteincubation cells
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were aliquoted into 1 meppendorfand immediately frozemiliquid nitrogenfor long term storage at

-80 °C.

Storage, expression plasmids and/or plasmids harbouring synthetic genes were routinely used to
transformE. coli DH5 . chemical competent cells. For IPTG inducible expressiBngoli Omp9

chemical competent cells were transformed with 2B8H(+) EDVHG H[SUHVVLRQ SODVPLGYV
advantage is the absence of bacterial porins that couldfm@daced, caefolded ad co-purified with

AtVDACs (Mertins, Psakis et al. 2012p the case of mKIp2QTer,E. coliBL21 (DE3) cells were used

for overproduction.

50 lLE. coli '+ . RU —/ FKHPLFD @& \seetRorR B3 BV ¢oQ0Mp9 or BL21 (DE3)

cells were thawed on ice. Following taddition of 1 to 5 pL of desired plasmid (50 ng), cells were
incubated for 30 minutes on ice. Then, they were heat shocked afdi24%seconds and placed back
immediately on ice for 2 minutes. After adding 80050 pL of LB-medium the solution wasdénbated

for 1 hour at 37 °C with shaking at 180 rpm. Cells were subsequently centrifuged for 3 minutes at 3000
rpm. 800 L of the spernatant were discarded and cell pellet was resuspended in the remaining volume.
Cells were then plated onto preparedadpr plates containing ampicillin (concentration = 200 pg/mL)

and incubated overnight at 37 °C.

40 mL of LB containing ampicillin (200 ug/ mL) were inoculated with cells harbouring the gene of
interestand left overnight at 37 °C shaking at 180 rpm. The following day, 2% (v/v) of the overnight
cultures were used to inoculate 5 flasi 400 mL LB, supplemented with ampicillin (200 pg/ mL).
When ODRoonmWas between 0.4 and 0.6, IPTG was added to a foradentration of 1 mM and cells
were incubated for 4 hours at 37 °C with shaking (180 r@ultures were then centrifuged 10 minutes

at 6500 rpm (7800g) (Avanti 326 XPI from Beckmann Coulter®). Supernatant was either collected
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(in the case of mKlp2der), or discarded, and pellets (in the case of AtVDACSs only) were resuspended
in a total of 20 to 45 mL of resuspension buffer REr(®d Tris-HCI (pH 8.0), 100 mM NaCl, 0.2 mM

PMSF) and kept overnight at 4 °C.

40 mL of LB containing ampicilii (200 pg/ mL) were inoculated with cells harbouring the gene of
interest and left overnight at 37 °C shaking at 180 rpm. The foltpday, 2 % (v/v) of the overnight
cultures were used to inoculate 5 flasks of 400 mL LB (Aattuction), supplemented vitampicillin

(200 pg/ mL), 4 mL 60 % (v/v) Glycerol, 2 mL 10 % (w/v) Glucose and 10 mL 8% (w/v) Lactose. Cells
were then incubatedf 5 to 6 hours at 37°C with shaking (180 rpm), or overnight at .308@ures
were then centrifuged 10 minutes at 6500 ([@®00g) (Avanti 26 XPI from Beckmann Coulter®).
Supernatant was discarded, and pellets were resuspended in a total of 20 wf 4&smépension buffer

RE (50 mM TrisHCI (pH 8.0), 100 mM NacCl, 0.2 mM PMSF) and kept overnight at 4°C.

77



The different AtVDAC genes were amplified by PCR from plasmid templates harbouringaGéet
AtVDACs (kindly provided by Prof. T.Kusano from Tohoku University, Japan). The genes were
amplified with primers designed to add EdfRlel restriction sites to facilitate stdboning into
plasmid pET20b(+). Primers used are detailadrable2.3 (section 2.2ard the components are listed

in Table 2.5 (below)

Table 25 PCR componentsVolumes andcconcentrations are indicated.

Components Volumes Final concentration
Polymerase buffer 5X 10 L 1X

dNTPs 1pL 200 pM

DNA template 1L <250 ng

Forward primer 2.5 uL 0.5 uM

Reverse primer 25uL 0.5 uM
Polymerase (Phu®) 0.5 uL 1U/50 pL
Deionized water Adjust to 50 pL 0.25 uL

*Typically, 1/10, 1/100 and 1/1000 dilutions of the DNA sample are tested

Components were mixed together acliog to the recipe in Table 2.5, and the mixture was left in a

thermomixer. The parameters usedtfa amplification by PCR are shown in Figure 2.
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Initial step 98°C for 30 seconds

Denaturation step 98°C for 10 seconds
Annealing step 65°C for 30 seconds 35X
Elongation step 72°C for 30 seconds

Final extension 72°C for 10 minutes

Final step 4° forever

Figure 2.2 PCR parameters.Scheme representing the parameters used forntipéif@ation of the AtVDAC
genes by PCR.

The correct amplification of the different fragments \aaalysedy Agarose gel electrophoresis (see

2.4.6). Once amplified, each fragment was digested with EcoRI/Ndel (T&)le 2.

Colony PCR were usetb monitor the production of pEZOb(+)AVDACL1 plasmid from colonies
picked upirom anLB(+amp) plate. This test would serve as agpeeerfor the expression gitVDAC1

gene from E.coli Omp9 cells.

Typically, a single colony would be picked up from R plate (+ampicillin at 200 pg/mL) and
resuspended in 10 pL of dB. This would serve as the DNA template for the PCR reaction, as 1 pL
would be used in the PCR mixture (see Table 2.5), and the remaining volume would be used as a primary

inoculum for thecell cultures.

Prior to insert and vector ligations, DNA fragments (PCR amplified AtVDAC genes (sedtihpanhd
pET-20b(+) were digested with EcoRI and Ndel (Tabl6).2Reactions were incubated at 3Z

overnight or fo 2to 4 hours according to the manufackitJ fV LQVWUXFWLRQV
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Table 26 AtVDAC restriction digest components.Volumes and concentrations are indicated.

Components Standard overnight digest Quick control digest
Buffer 10X Cutsma® 5uL 1L

DNA 20 to 40 pL 4 L

Restriction endonuclease 1 1.25 pL 0.25 uL

Restriction endonuclease 2 1.25 uL 0.25 uL

Deionized water Adjust to 50 pL Adjust to 10 pL

Additionally, restriction endonuclease digests were used for the identificdtamonies transformed
with the desired plasmid construct are listed in table (805 more information on the mutants, see

section 2.4.5)

Table 2.7 Restriction endonucleases and their application

Enzyme Application Supplier

Xmnl E256Q mutant New England Biolabs ®
Hpy99l E256L and K260S mutant ThermoFisher ®

Hpal D258N mutant New England Biolabs ®
Banll D180S mutant New England Biolabs ®
Hindll D177N mutant New England Biolabs ®
Ecorl Cloning of AtVDACs New England Biolhs ®
Ndel Cloning of AtVDACs New England Biolabs ®
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Digested fragments (vector pE2Db(+) and inseAtVDACgenes) were analysed on 1.5% (w/v) agarose
gel (in900 mM Tris base, 900 mM Baracid, 20 mM EDTA, 12.5 mM NaOH). They were tlextised
IURP WKH JHO DQG SXULILHG XVLQJ WKH 4,%$*(1 JHO SXULILFDWL

instructions.

The ligation is the process of covalent linking between two DNA fragmeattdysed by the T4 DNA
ligase, using cohesive bindingn example is given iRkigure 2.2 where the palindromic regions of the
enzyme EcoRlcan be seen close to each other. This specific pattern is typical of restriction
endonucleases aman allow (wherusing two different enzymes) a directed insertion of an insert into

its respective vector.

Figure 2.3 Example of cohesive joining of fragments with sticky endg.wo fragments of double stranded DNA
harbouring cohesive nucledés. The palindromic site is typical of the restriction enzyme EcoR

The reaction is performed with various Insert/vector molar ratios ranging from 1:1 to 9:1 depending on
the reagent concentration, with a minimum of 50ng of vector2EX+). In the ase of AtVDACs (on
average), for a 1:1 molar ratio, the N amount of ingseeded (for 50 ng of vector) using a size ratio R

is given in equation 2.1.

L s t&vJ Gwith size ratio4 LW Lﬁl L va

0aaeaglegdOcaa
0 L—222a8=226f - —— -
Uadae@agidad 4&

194
eUdcUa 8%

Equation 2.1 Equation 2.1 Calculation of the amount of insertThe N amount of insert is calculated using the
amount of vector and size ratio R, defined the bip ta¢tween the sizes (in bp or kbp) of the vector and insert.
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Depending on theolarratio and theoncentratiomf the different DNA preparationgolumes of insert
and vector are mixed together with a T4 ligase buffer (to a 1X concentration), 1 DAIDMA ligase,
and water to a total of (320 pL). The ligation mixis then incubatetbr 16 hrs at 16°C and then used

to transform competeliit. coliDH5 . cells.

Mutagenesis was carried out using the Q5®-Bitected Mutagenesis Kit from New England Biolabs
1(%S DFFRUGLQJ WR WKH P DEpeflyDpE W2RH{HHI hiafibduring tDAEW L R Q V

gene vas usedaa PCR template. THeVDAC1 genevas amplifiel with back to back primers (Figure

24) containing single to triple point mutations in their sequences (Table 2.6). Successful mutations

allowed the desired codon alteration and the incorporation of unigtrictien endonuclease sites,

facilitating screning of positive clones. After legation, the newly amplified plasmid would contain

the mutation of interest.

- — =

Figure 2.4 PCR site directed mutagenesis basic principle&schemats representation of the methodology used
in the PCR driven mutagenesis. The native plagrii@-20b(+)AtVDAC1(left) is amplified by PCR using back
to back primers (in blue). After ligation the newly lified plasmid (right) contains the mutation of intetréred
Cross).

In the case of T156C mutant primers, no appropriate unique restriction enzyme binding site could be
engineerednto the AtVDAC1gene Consequently, its identity was confirmed aytomated DNA
sequencingperformed on a few colonieBor al other mutantsonly the positive colonigsglentified by
restriction digestwould be sent for DNA sequencifi§urofins®). Results of the DNA sequencing are

provided in Appendi»®.1.
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Table 28 Mutagenic primers and enzymes usié to control nucleotide replacementsMutated nucleotides
inserted via the primer are highlighted in red.

Mutation  Forward primer Reverse primer Enzyme

E256Q CAATCTGGACAAGTTGACACAAG TGAAGAATGACTTCGGTTTCCACTC Xmnl
E256L CAATCTCTGGACTCGTCGACACAAAG  TGAAGAATGACTTGGGTTTCCACTC Hpy99I
D258N CTGGAAGTTAACACAAAGTCAA AGATTGTGAAGAATGACTTGGGTT Hpal
K260S AAGTCGACACATCGTCGATTGACAAGA TCCAGAGATTGTGAAGAATGACTTGGG Hpy99l
T156C CTGGAAATTTCTGCAAGATCAATGC ACTTGGTGTCAAATGAAACATCAGTAC none

D180S CGACAAGGGCICTCTATTGAATGCA TTCACAGTAAGGGAGGCAATTAAGTCC HgiJll

TCCCTTACTGTCAACAACAAGGGCGAT .
D177N CTA GGCAATTAAGTCCTCCTTGGTGAAGC  Hincll

Agarose gels wengrepared in TBE buffer (see section 2.1). Typically, 0.4g of agarose would be mixed
into 40mL of TBE luffer and warmed in the microwave. Once completely dissolved the agarose solution
was allowed to cool down briefly before adding SybRsafe redlyefirogen ®)at 1/10000 ratio. Once

mixed properly, the solution was poured into a gel casting device find &=t for 30 to 40 minutes.

Once set, the gel was moved into an electrophoresis chamber filled with TBE buffer. Samples and a 1

kb DNA size ladder frm NEB ® would then be loaded into predefined wells and run at 200V for 30min.
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Resuspended cell pellets (in 50 mM THEI (pH 8.0), 100 mM NacCl, 0.2 mM PMSF) were sonicated
with a Vibra Cell™ sonicator. The sonicator withechanicallydisrupt cell membranes and release
cellular components. The paramiest were as follows: 5 seconds of pulse followed by 10 seconds pause

to dissipate heat generated by the sonication process, for 10 minutesodddupe was repeated twice.

Sonicated samples were then washed wditterent buffers to reduce contaminant levels, prior to 1B
solubilisation and subsequently concentrate the desired protein in those fradgtans 25). Samples

were first resuspended in TENton buffer (50 mM TrisHCI (pH 8), 100 mM NaCl, 10 mM EDTA

2% (v/v) Triton X100) and centrifuged at 335009 for 20min. The process was repeated 4 times before
3 washes with TN buffer (50 mM Tr4CI (pH 8), 100 mM NacCl) followed. Finally, samples were
resuspended in 320 mL 50 mM TrisHCI (pH 8), 100 mM NacCl ashaliquoted in Eppendorf cups. The

aliquots were directly frozen in liquid nitrogen and store€@t°C until further use.
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Sonication
10 min
Esec ON, 10sec OFF

Y
N\
©)

33500G
for 40 minutes

> Resuspend in 15 mL I. II
TEN-triton buffer }

\ _:_-" sample 50pL of supernatant
II ]

l/.\\ "/ +E50pL SDS sample buffer
3X ((9)
',I""_—"I.'I l\\m___/};
335006
Sample-lopL for 20 minutes
+50 UL SDS sample buffer |

l

@ Resuspend in 15 mL
T buffer

\.'lE_,___—
II| |
II I'I /__\_\_\
ax - q
= N2
335006
sample 10pL for 20 minutes
+50 pL SD'S sample buffer |

Final resuspension
in 10-20mL
TN buffer

aliguot N % 1mL | |
+freeze in liquid Mitrogen |

| sample 2puL +10 pL 505
v sample buffer

Figure 25 Washing of inclusions bodiesFlow diagram illustrating the experimental procedures usedhie
washes of AtVDAGcontaining inclusion bodies. Steps in which samples were taken for further analyses are
indicated.
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The in vitro refolding step was carried out based on an approved méttamdaguchi and Miyazaki
2014) Inclusion bodies produced in the previotsps were mixed with denaturation buffer (25mM
NaH.PQJ/NaHPQ;, (pH 7.0), 100 mM NaCl, 1 mM EDTA, 10 mM DTT, 6 M Guanidinium chloride)
to a final concentration of 10 mg/mL in a total volume of 5 mL (50 mg total). Samples were then heated
for 10 minutes at® °C and subsequently centrifuged for 10 minutes at 14000Tipersupernatant was
then added drop wise to 45 mL of refolding buffer 1 (RF1; 25mM JR&@dNa,HPOQ, (pH 7.0), 100
mM NaCl, 1 mM EDTA, 10% (v/v) Glycerol, 2.29% (v/v) LDAO) and left stirring avght at 4 °C.
The following day the solution was centrifugetds 700rpm (6400g) for 10 minutes and the supernatant
was added again drop wise to 450 mL of refolding buffer 2 (RF2; 25 mMmP@aHNa,HPQ;, (pH 7.0),
100 mM NacCl, 1 mM EDTA, 10 % (v/v) Glycek, 0.12 % (v/v) LDAO) and left stirring overnight at 4
°C. The next day the solution was filtsterilized usingCorning® bottletop vacuum filtersand

subjected tdon ExchangeChromatographyIEC).

Since AtVDACI1 proteins camputatively exhibit different biochemistrgnd stabilityregading the
additives usegdheir refolding efficiency may vary. A refolding screen was carried out to test different
types of salts and sugars known to contribute to the refolding of pr¢fdibslandi and Mirzahoseini

2011) Solubilty was expressebly the percentagenf successfully refolded AtVDAQGelative to the
unfolded proteinFigure 26) in the refolding buffer tested. Different samples are collected during the
dilution process and analysed on SDS PAGE 10 % (v/v).arheunt of AtVDAC protein is then
estimated for &h lane using ImageJ ® software and a ratio is calculated between the supernatant
fractions and their corresponding resuspended pellets. Additional samples are collected beforehand to
assess the initial amnts and monitor potential issues during the pssc Thus, they can be used to

normalize data.
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Figure 2.6 Refolding screen (RF1)Flow diagram illustrating the experimental procedure used in a-scelt
refolding by segeantial dilution of the AtVDAC protein. Samplefisst heated at 60 °C for 10 minutes, centrifuged

and resuspended in refolding buffer 1 (RF1) with a 1 to 10 dilution. After stirring overnight at 4 °C, the process is
repeated with the refolding buffer 2 KR). The refolded protein is now solubilizedtive supernatant. Samples
were taken at each step to assess the impact of use or refolding aids on the protein integrity and refolding yield.
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Filtered refolded mtein was applied overnight at 4 °C to a stroaton exchanger (Fractogel® EMD
SOZ M) from Merck Millipore®, or HiTrap SP XL 1 mL and 5 mL from Life Sciences®), using a
peristaltic pump. The following day the protein of interest was eluted with agasiog concentration
of NaCl (from 1 mM to 1 Msee Table 2)1 using the AKTA Prime® device. The solid supports used,
possess different structural and chemical properifese precisely, the Fractogel® EMD SOfM)

contains a matrix of long methacrylatieains carrying the functional ligandfferinga greater surface

of binding and an increased binding capa(figure 27).

Conventional strong cation

Tentade-like strong cation
exchanger (HiTrap SP XL)

exchanger (Fractogel EMD 3$O

i

S R
I II-'|I Lo '|'|".||-

I\ A
I |

Figure 2.7 Comparison of commercial strong cation exchangersSchematic representation of a gentional

FDWLRQ H[FKDQJHU +L7UDS 63 ;/ IURP /LIBLNFHHRFWY R Q O-HPWK D ®V HIJ 3\
EMD SOZ V) from MerckMillipore®, with its increased binding hence binding capacity.

Protein was applied overnight at 4 °C to a strongNbi matrix (Protino 5 mL HisTrap from Merck
Millipore®) via a peristaltic pump. The flowing day the potein of interest was eluted wig00 mM

Imidazole(25 mM TrisHCI (pH 7.0), 100 mM NacCl, 3 % (w/v) Glycerol, 500 mM Imidazola3ing

the AKTA Prime® device.
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Fractions containing the protein of irést were pooled gether and applied to a PID desalting
column (Life Sciences) to remove excess NaCl, EDTA, or imidazole. Samples were eluted in 3.5 mL of
an elution buffer suitable for size exclusion chromatography (25 mMRaiNaHPQ, (pH 7.0), 100

mM NaCl, 1 mM EDTA,1 mM DTT, 10% (w/v) Glycerol, 0.115% (v/v) LDAO for VDACs, or 25 mM
Tris-HCI (pH 7.0) 100 mM NaCl, 3% (w/v) Glycerol for mKlp2CTer). Finally, the sample was

concentrated to final volume of 500 pL using 30K-otftAMICON Ultra-15 Centifugal Filter Units®.

Purified and concentrated samples (maximum 5Qere applied to a prepacked Superdex 75 10/300
GL (Life Sciences®) or Superose 6 10/300 GL (Life Sciences®) at the top of the column. Sample was
then pushed tlough the column by the elution buffer (25 mM NR&/NaHPO, (pH 7.0), 100 mM

NaCl, 1 mM EOA, 1 mM DTT, 10% (w/v) Glycerol, 0.12% (v/v) LDAO for VDACs, or 25 mM Tris

HCI (pH 7.0) 100 mM NacCl, 3% (w/v) Glycerol for mKIp2Cer), using the AKTA Prime® dewic
Proteins in the sample were then separated depending on their size, bigger proteigsficstnaind

lower molecular weight proteins coming last.

A mixture of purified proteins of known molecular weighd@, BSA, Alphaamylase, Lysozyme and
Ribonuclease A0.5 mg eachwas applied to the Sumx 75 10/300 GL (Life Sciences®). The
corresponding elution profile (Figure82) was used to build a standard curve (FiguBB2.allowing

the extrapolation of # molecular weight of a protein depending on the volume at which the
aforementioned proteiis eluted. Separation of standards was attempted in both size exclusion buffers
(25 mM NaH2PO4/ Na2HPO4 (pH 7.0), 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 % (w/v) @lce

0.12 % (v/v) LDAO for AtVDACs and 25 mM TrsiCl (pH 7.0), 100 mM NaCl, 3 % (w/v) Glgcol

for mKIp2C-Ter). As no noticeable difference in the separation profiles of the starnwiasdsbserved

when using different buffers, only the AtVDAC buffer ptefis shown for clarity (Figure &).
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Figure 2.8 Superdex75 calibration. (A). Elution profile showing the absorban@ mAU) at 280 nm wavelength
versus the volume (mL) of the samples collected. A mixtupudfied proteins of known molecular weight (IgG,
BSA, Alphaamylase, Lysozyme and Ribonucleased%mg eachwas applied(B). Their respective molecular
weights were plotted against their peak elution volume (blue line). A trend line (black) wastigiskeed and
the corresponding formula was used to calculate unknown molecular weights.
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A mixture of purified proteins of known molecular weight (IgG, BSA, Alamaylase, Lysozyme and
Ribonuclease A0.5 ng each was applied to the Superose 6 10/300 GL (Life Sciences®). The
corresponding elution profile (fure 29A) was used to build a standard curve (FigueB2.allowing

the extrapolation of the molecular weight of a protein depending on the voluméict the
aforementioned protein is eluted. Again, both size exclusion buffer for VDACs (NaH2PO4/ §@d2HP
(pH 7.0) 25 mM, NaCIl 1 M, EDTA 1 mM, DTT 1 mM, Glycerol 10 % (w/v), LDAO (Stock:30 %) 0.12
% (v/v)) and mKIp2CGTer (TrisHCI (pH 7.0) 25 mM, NaCl 100 Mzlycerol 3 % (w/v)) were used but

did not lead to different pattern. Only one profile is shown @9, with the VDACs buffer.

The column maintenance was performed on a run to run basis, and a cleaning in place (CIP) was
performed on a regular basdepending on thaurification yields obtainedCalibration was reassessed
over time using the sameqeedure as described above. No noticeable difference was found after two

years.
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Figure 2.9 Superose 6 calibration.(A). Elution profile showing the absorbance (mAat)280nm wavelength
depending on the Volume (mL). Airture of purified proteins of known molecular weight (IgG, BSA, Alpha
amylase, Lysozyme and Ribariease A 0.5 mg eachwas applied(B). Their respective molecular weights were
plotted against their peak elution volume (blue line). A trend line (blak3 then established and the
corresponding formula was used to calculate unknown molecular weight.
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The BCA assay is a colorimetric assay for the determination of protein concentrations using the capacit
of reduced Copper to form tetradentate complexes with peptide bonds. The bicinchonic acidnwill fo

a complex with reduced copper, and further interact with aromatic amino acids, cysteines and cystines,
exhibiting a maximal absorption wavelength at 562 mhe absorbance recorded is proportional to the

amount of protein present in the sample.

50 uL of each sample were tested using the BCA assay Kit from Merck Millipore® following the
PDQXIDFWXUHUfV LQVWUXFWLRQV 6RPH FRdt8d@itb) DVAV XFK DV
(Ethylenediaminetetraacetic acid) or Guanidinicam interfere with the pross. In this case samples

were acetone precipitated (sectiob.2) and resuspended in TN buffer (50 mM JHi€l (pH 8.0), 100

mM NacCl) prior to the assay.

Acetone precipitation allowed the selective precipitation of proteins andetheval of buffer

components that could potentially interfere with downstream applications.

/ Rl HDFK SURWHLQ VDPSOH ZHUH mulate@ faf 1 \Wdkir a2 FCOFHW R Q H
Samples were then centrifuged for 3 minutes at 13000 rpm and 4ig€rn@tants were discarded and
SURWHLQ SHOOHWY ZHUH ZDVKHG ZnWifuged for/3iminkteE & OBB r@nt 2 DQ G \
DQG f& 6XSHUQDWDQWY ZHUH GLVFDUGHG DQG SURWHLQ SHOC
(100%). Washed samplegre then centrifuged for 3 minutes at 13000 rpm and 4 °C, supernatants were
discarded, angrotein pellets wereailGULHG 3URWHLQ SHOOHWY ZHUH ILQDOO\ U
(50 mM TrisHCI (pH 8.0), 100 mM NacCl). Samples were subsequently aedlpy 10% (v/v) SDS

PAGE.
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E. colilipids (50 mg/mL inchloroform) were added in a molar ratio of 2000:1 (lipid to Membrane
Protein) to the solubilized membrane protein (AtVDACSs) and incubated at 30 °C for an hour (STEP A).
In parallel (STEP B), 750 mg biobedtism Biorad®were washed in 10 mL of 100 % (v/v) methanol.
After letting the biobeads settle down, the supernatant was discardeavabhing stepwasrepeated

three times with 10 mL of distilled water. Finally, the biobeads were washed twice in the buffer used
for the detergergolution (SEC buffer without detgent 50 mMNaHPQW/ NaeHP Q4 (pH 7.0) 100

mM NaCl, 10 % (v/v) Glycerol). Biobeads were then-paturated with lipids: 10@l of the lipid
suspension were added to 1 mL of washed biobeads in 10 mL of detergent buffer (SEC buffer without
detergent, 50 mNNaHPO4/ NaeHPOQy (pH 7.0) 100 mM Nacl, 10 % (v/v) Glycerol) and incubated

for 30 min at room temperature.

Once both prepared (STEP C), ligpdesaturated biobeads (step B) were added in a ratio
biobeads:detergent of 100:1 (w/w) to a vial containing thiddiand the refolded protein solution (step

A). The detergent was let to adsorb to the biobeads by incubation overnight on a shaker at 30°C.

Next morning, the vial was removed from the shaker and biobeads were left to settle down. The
supernatant was therarsferred into a new vial. Then a new incubation step was initiated with a second
aliquot of lipid-presaturated biobeads for 6 h at 30°C on a shaker. Following incubation, the supernatant
containing the proteoliposomes was harvested. Pellet was redadpindialysis Buffer without
detergent (25 mM NatPQ/NaHPQ: (pH 7.0), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% (w/v)
Glycerol), the proteoliposomes can be stored at 4°C until or frozen in liquid nitrogen until further

analysis. An example is givém Apperdix 9.2 for AtVDACL1, with calculations.
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SDS PAGE gels were either purchagexin Invitrogen®or made in house. Precast gels were treated

DFFRUGLQJ WR PDQXIDF W-ate gefsVedip®@ M detaidednableR® +RPH

Table 29 Lower gel (10%, resolving) recipe Components (left) and their corresponding volumrben making
two resolving gels (middle) or one (rightsed on Laemmli buffer gel compositigthe 2011)

Solution 2 Gels (mL) 1 Gel (mL)
H.O 2.250 1.125
Acrylamide/Bisacrylamide 40% (29:W/v) 3.125 1.560
Tris-HCI 1.5M (pH 8.5) 4.700 2.350
SDS 10% (w/v) 0.125 0.063
Sucrose 50% (w/v) 2.000 1.000
Ammonium Persulfate (APS) 10% (w/v) 0.156 0.078
TEMED 0.004 0.002

Ammonium Persulfate and TEMED were added last since they are responsible for the catalysis of the
acrylamide polymerization. Immediately after adding TEMED, the solution was pipetted between glass
plates in a castatevice, filling at least two thd of the container. Then pure ethanol or pure isopropanol
was layered (1 to 2 mL) on top of the resolving gel to insulate the gel from air, even the surface of the

resolving gel and remove any bubbles.

After an hour, ethanol was poured away, and thetdpe gl was gently dried with Whattman paper.

The stacking part or stacking part of the gel was then prepared as described inIDable 2.
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Table 210 Upper gel (4%, stacking) recipe Components (left) and their correspondumjumes when making
two stacking gels (middle) or one (right).

Solution 2 Gels (mL) 1 Gel (mL)
H-0 3.000 1.500
Acrylamide/Bisacrylamide 40% (29:y/v)  0.625 0.312
Tris-HCI 1M (pH 6.8) 2.100 1.050
SDS 10%(w/v) 0.063 0.031
Ammonium Persulfate (APS)0% (w/v) 0.250 0.125
TEMED 0.0025 0.00125

$+RPHPDGH"™ JHOV ZHUH VWRUHG IRU XS WR RQH ZHHN LQ WKH

soaked in 1x SD®AGE running buffer (recipe) and sealed in cling film.

Protein samples were prepared for loading BIBS sample buffef0.25 M TrisHCI (pH 6.8), 0.5 M

DTT, 10 % (w/v) SDS, 50 % (v/v) Glycerol, 0.5 % (w/v) Bromophenol bluigh the corresponding
dilution and heated between-80°C for 10 minutes. In parallegel assembly was put into tank, and
filled with 1xSDS run buffe(25 mM Tris, 200 mM Glycine, 0.1 % (w/v) SD®nsuring wells were
coveredadequately Combs were removed, and samples were loaded into the wells (each could
accommodate a maximum volumie2d uL). Run was performed at 200 V (around 1dA) for 6085

minutes.

Once the run finished, gels were gently removed from their cassettes and placed in Coomassie Blue

staining solution50 % (v/v) Methanol, 10 % (v/v) Glacial Acetic Acid, 0.25 % (w/\Qdnassie R
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250), shaking for one hour. Gel wtsen rinsed with water three times to remove high excess of staining

solution, and finally placed in destaining solut{60 % (v/v) Methanol, 10 % (v/v) Glacial Acetic Acid)

for 30 minutes. Finally, gels wenghotographed and left in deionised water oigérh Gels were

photographed the next day.

Solutions and Reagents were routinely prepared in the labora