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Spis uzywanych skrotow

VDAC - voltage dependent anion-selective channel (pol. zalezny od napiecia kanat
o selektywnosci anionowej)

ROS - reactive oxygen species (pol. reaktywne formy tlenu)
rsVDAC - redox-sensitive VDAC (pol. VDAC wrazliwy na stan redukcyjno-oksydacyjny)

SOD - superoxide dismutase (pol. dysmutaza ponadtlenkowa)



Streszczenie

W mitochondriach zachodzi proces oddychania komodrkowego, ktérego substraty
i metabolity sa transportowane przez kanat VDAC zlokalizowany w zewnetrznej btonie
mitochondrialnej. To biatko kanatowe transportuje réwniez drobne czasteczki i jony nieorganiczne
oraz oddziatuje z wieloma biatkami mitochondrialnymi i komdérkowymi, dzieki czemu posredniczy
w regulacji funkcjonowania mitochondriow i catej komérki. VDAC moze wystepowaé w postaci
paralogéw, np. u drozdzy wystepujg 2 paralogi (yYVDAC1 i yVDAC2), a u cztowieka wystepuja
3 (hVDAC1, hVDAC2 i hVDAC3), podobnie jak u innych ssakow i kregowcow.

Podczas procesu oddychania komorkowego, oprécz czgsteczek ,niosacych” energie,
powstajg takze reaktywne formy tlenu (ROS, ang. reactive oxygen species), ktérych nadmiar
w komorce zwieksza ryzyko uszkodzen i mutacji. Naturalnie nadmiar ROS usuwajg enzymy
antyoksydacyjne, wsréd ktérych kluczowg role petni dysmutaza ponadtlenkowa (SOD),
wystepujagca w komoérkach w postaci dwéch form. SOD1 (CuZnSOD) wystepuje w réznych
strukturach komoérkowych, takze w mitochondrialnej przestrzeni miedzybtonowej, natomiast
SOD2 (MnSOD) zlokalizowana jest w macierzy mitochondrialnej. Zwiekszony poziom ROS stanowi
wskaznik stresu oksydacyjnego, ktéremu z kolei komérka moze przeciwdziata¢ uruchamiajac
odpowiednie mechanizmy obronne. Dostepne dane wskazuja, ze w odpowiedzi komodrek
cztowieka na stres oksydacyjny istotnag role moze odgrywac¢ hVDAC3, ktéremu przypisuje sie
funkcje czujnika stanu redukcyjno-oksydacyjnego (stan redoks; ang. redox sensitive VDAC;
rsVDAC), co z kolei wynikaé¢ moze z liczby oraz swoistej lokalizacji reszt cysteiny w sekwencji tego
biatka.

W zwigzku z tym, celem niniejszej pracy byto okreslenie czestosci wystepowania rsVDAC
poza grupa kregowcoéw oraz skonstruowanie modelu drozdzowego pozwalajgcego na analize
funkcjonalnosci poszczegdlnych paralogéw VDAC cztowieka w warunkach stresu oksydacyjnego.
W realizacji tego celu wykorzystano narzedzia do przewidywania struktur drugorzedowych
badanych biatek, a nastepnie rozmieszczenia reszt cysteiny, w celu okreslenia czestosci
wystepowania rsVDAC w zaleznosci od liczby paralogébw VDAC oraz poziomu ztozonosci
organizmow, ich srodowiska zycia i ich trybu zycia oraz technike CRISPR/Cas9 dla otrzymania
modelu opartego na komodrkach drozdzy Saccharomyces cerevisiae, w ktorych dokonano
heterologicznej ekspresji gendéw kodujgcych hVDAC1, hVDAC2 i hVDAC3 (hVDAC3 takze
w wariancie pozbawionym reszt cysteiny - hVDAC3ACys) w warunkach nieobecnosci genow
kodujacych yVDAC1 i yWVDAC2 oraz usunieto geny kodujgce SOD1i SOD2.

Uzyskane wyniki wskazuja, ze: (1) rsVDAC moze by¢ jedynym wariantem VDAC
w mitochondriach, a jego obecnos¢ moze korelowaé¢ z warunkami siedliskowymi, poniewaz
rsVDAC wydaje sie by¢ powszechny u pasozytéw, co z kolei sugeruje, ze kanat ten moze
posredniczy¢ w wykrywaniu i adaptacji do warunkéw srodowiskowych; (2) genotyp komodrek
drozdzy S. cerevisiae moze miec istotne znaczenie dla ich wykorzystania w badaniach hVDAC,
w tym szczegdlnie hVDACS, ze wzgledu na jego wptyw na wewnatrzkomorkowy stan redoks i (3)
hVDAC3 moze chroni¢ komdrke w warunkach stresu oksydacyjnego w sposéb nie wymagajacy
obecnosci dysmutaz ponadtlenkowych i sprowadzajacy sie do uruchomienia swoistego stanu
bioenergetycznego mitochondriéw zwigzanego z intensywna synteza ATP, co z kolei wymaga
obecnosci w tym biatku reszt cysteiny. Wyniki te poszerzajg wiedze na temat rozpowszechnienia
wystepowania rsVDAC w mitochondriach zwierzat oraz swoistej roli hVDAC3 w warunkach stresu
oksydacyjnego.



The process of cellular respiration takes place in the mitochondria, whose substrates and
metabolites are transported through the VDAC channel located in the outer mitochondrial
membrane. This channel protein also transports small molecules and inorganic ions and interacts
with many mitochondrial and cellular proteins, thus mediating the regulation of mitochondrial
and whole cell function. VDAC can exist in the form of paralogs, e.g. in yeast there are 2 paralogs
(yWVDAC1 and yVDAC?2), and in humans there are 3 (hWVDAC1, hVDAC2 and hVDAC3), as in other
mammals and vertebrates.

During the process of cellular respiration, in addition to molecules "carrying" energy,
reactive oxygen species (ROS) are also produced, the excess of which in the cell increases the risk
of damage and mutations. Naturally, the excess of ROS is removed by antioxidant enzymes,
among which the key role is played by superoxide dismutase (SOD), which occurs in cells in the
form of two forms. SOD1 (CuZnSOD) is found in various cellular structures, including the
mitochondrial intermembrane space, while SOD2 (MnSOD) is localized in the mitochondrial
matrix. Increased ROS levels are an indicator of oxidative stress, which in turn can be
counteracted by the cell by activating appropriate defense mechanisms. Available data indicate
that hVDAC3 may play an important role in the response of human cells to oxidative stress, which
is attributed to the function of a sensor of the reduction-oxidation state (redox state; redox
sensitive VDAC; rsVDAC), which in turn may be due to the number and specific location of
cysteine residues in the sequence of this protein.

Therefore, the aim of this study was to determine the frequency of rsVDAC occurrence
outside the vertebrate group and to construct a yeast model to analyze the functionality of
individual human VDAC paralogs under oxidative stress conditions. In pursuit of this goal, tools
were used to predict the secondary structures of the studied proteins, followed by the distribution
of cysteine residues, in order to determine the frequency of rsVDACs depending on the number of
VDAC paralogs and the level of complexity of the organisms, their living environment and their
lifestyle, and the CRISPR/Cas9 technique to obtain a model based on Saccharomyces cerevisiae
yeast cells, in which the genes encoding hVDAC1, hVDAC2 and hVDAC3 (hVDACS3 also in a variant
devoid of cysteine residues - hVDAC3ACys) were heterologously expressed in the absence of the
genes encoding yWDAC1 and yVDAC2 and the genes encoding SOD1 and SOD2 were deleted.

The obtained results indicate that: (1) rsVDAC may be the only VDAC variant in
mitochondria and its presence may correlate with habitat conditions, as rsVDAC seems to be
common in parasites, which in turn suggests that this channel may mediate sensing and
adaptation to environmental conditions; (2) the genotype of S. cerevisiae yeast cells may be
important for their use in hVDAC studies, including hVDACS in particular, due to its effect on the
intracellular redox state and (3) hVDACS3 may protect the cell under oxidative stress conditions in
a way that does not require the presence of superoxide dismutases and comes down to the
activation of a specific bioenergetic state of mitochondria associated with intensive ATP
synthesis, which in turn requires the presence of cysteine residues in this protein. These results
expand the knowledge on the prevalence of rsVDAC in animal mitochondria and the specific role
of hVDACS3 under oxidative stress conditions.



Zyciorys

W 2014 roku rozpoczetam studia licencjackie na Uniwersytecie im. Adama Mickiewicza
w Poznaniu na kierunku biotechnologia, a lipcu 2017 zakoniczytam ten etap studidw obrong pracy
dyplomowej zrealizowanej w Zaktadzie Bioenergetyki zatytutowanej ,,Detekcja ekspresji izoform
ludzkiego biatka VDAC w komdrkach drozdzowego modelu choroby Huntingtona metoda
"Western blot”" ktdrej promotorem byta prof. dr. hab. Hanna Kmita. Nastepnie kontynuowatam
nauke na studiach magisterskich na tym samym kierunku i pozostajgc w Zaktadzie Bioenergetyki
wykonatam badania do pracy magisterskiej pod opieka dr. hab. Andonisa Karachitosa pt. ,Wptyw
delecji genu kodujacego dysmutaze anionorodnika ponadtlenkowego (CuZn-SOD) na
funkcjonowanie komorek drozdzy Saccharomyces cerevisiae z ekspresja izoform ludzkiego biatka
VDAC”, ktéra obronitam w 2019 roku uzyskujgc tytut magistra biotechnologii. W trakcie studiow
magisterskich wzietam udziat w programie Erasmus+, w ramach ktérego spedzitam semestr na
Uniwersytecie Jaen w Hiszpanii i studiowatam na kierunku biotechnologia i biomedycyna (hiszp.
Biotecnologia y Biomedicina).

Podczas catego okresu studiow dziatatam takze aktywnie w Kole Naukowym Przyrodnikow
UAM w ramach Sekcji Medycyny Regeneracyjnej i Badan nad Nowotworami, biorgc udziat
W organizacji warsztatdw popularnonaukowych w ramach corocznych wydarzen
popularyzujgcych nauke takich jak Noc Naukowcdéw, Noc Biologdw czy Poznanski Festiwal
Nauki i Sztuki.

Ponadto, po ukonczeniu studiéw magisterskich odbytam trzymiesieczny staz w Zespole
Genomiki Poréwnawczej Roslin Straczkowych Instytutu Genetyki Roslin PAN (VII 2019 - 1X 2019),
finansowany z projektu Unii Europejskiej ,,Badz konkurencyjny na rynku pracy - wysokiej jakosci
programy stazowe dla studentéw Wydziatu Biologii UAM w Poznaniu” nr POWR.03.01.00-00-
S145/17.

W pazdzierniku 2019 rozpoczetam ksztatcenie w 6wczesnej Szkole Doktorskiej UAM
(po reorganizaciji jest to Szkota Doktorska Nauk Przyrodniczych UAM) realizujgc projekt doktorski
pt. ,Udziat ludzkich paralogéw biatka VDAC w przeciwdziataniu skutkom stresu oksydacyjnego
wywotanego brakiem dysmutaz wewnatrzkomoérkowych”, ktérej promotorem jest prof. dr hab.
Hanna Kmita, a promotorem pomocniczym dr. hab. Andonis Karachitos.

W latach 2020-2023 bratam udziat w projekcie badawczym nr 6/2020 ,,System drozdzowy
do przeszukiwania inhibitorow gtéwnej proteazy SARS-CoV-2”, w ramach konkursu na badania
nad COVID-19 finansowanego przez Rektora Uniwersytetu im. Adama Mickiewicza w Poznaniu,
ktorego kierownikiem byt dr hab. Andonis Karachitos.

W czasie pracy nad rozprawg doktorska bratam udziat w wielu konferencjach naukowych,
na ktérych miatam okazje prezentowac wyniki mojej pracy, zaréwno w postaci wystapien ustnych
jak i plakatéw konferencyjnych. W sumie, bytam pierwszg autorka 6 posteréw konferencyjnych
oraz 2 wystgpien ustnych. Dodatkowo, bytam wspétautorkg 7 posteréw konferencyjnych oraz
2 wystgpien ustnych. Szczegdétowe informacje na ten temat przedstawiono w rozdziale 1.2.
Prezentacja wynikéw na konferencjach naukowych.



1. Aktywnosé naukowa i osiggniecia doktorantki

1.1. Projekty badawcze
1.1.1.Projekty badawcze wtasne

Grant 017/02/SNP/0008 w konkursie ID-UB 017 Minigranty Doktoranckie ,,Analiza fluorescencyjna
obecnosci anionorodnika ponadtlenkowego oraz stanu funkcjonalnego mitochondriow
w komoérkach modelu drozdzowego do badania udziatu paralogéw ludzkiego biatka VDAC
w przeciwdziataniu skutkom stresu oksydacyjnego wywotanego brakiem wewnatrzkomaérkowych
dysmutaz ponadtlenkowych”

1.1.2.Udziat w realizacji projektéw badawczych
e ,System drozdzowy do przeszukiwania inhibitorow gtéwnej proteazy SARS-CoV-27,
nr 6/2020, w ramach konkursu na badania nad COVID-19 finansowanego przez Rektora
Uniwersytetu im. Adama Mickiewicza w Poznaniu, kierownik dr hab. Andonis Karachitos

Przeprowadzanie testow przezywalnosci komérek drozdzy wykorzystywanych w stworzonym
systemie drozdzowym. Badania skoncentrowane byty na systemie drozdzowym, w ktérym
zachodzita ekspresja gtéwnej proteazy SARS-CoV-2 (Mpro). Celem byto przesiewowe
poszukiwanie inhibitorow Mpro. Testy przeprowadzono przy uzyciu techniki ptytek
dyfuzyjnych. Procedura obejmowata wysianie komdrek drozdzy na szalki z pozywka stata,
a nastepnie nanoszenie filtrdw nasaczonych badanymi lekami. Po inkubacji analizowano
réznice w wzroscie drozdzy, co pozwolito na identyfikacje potencjalnych inhibitoréw Mpro.

e ,Mitochondrialne markery skutecznej anhydrobiozy u przedstawicieli niesporczakow
wodnych i lagdowych” (NCN 2016/21/B/NZ4/00131), kierownik prof. dr hab. Hanna Kmita

Pomoc w prowadzeniu hodowli niesporczakéw.

”

e ,Kanat VDAC jako cel dziatania huntingtyny w rozwoju choroby Huntingtona,
(NCN2011/01/B/NZ3/00359), kierownik prof. dr hab. Hanna Kmita

Realizacja pracy licencjackiej pt. ,Detekcja ekspresji izoform ludzkiego biatka VDAC
w komorkach drozdzowego modelu choroby Huntingtona metoda ,,Western blot””



1.2. Prezentacja wynikow na konferencjach naukowych:

1.2.1. Prezentacje ustne

- Baranek-Grabinska M., Karachitos A., Grabiniski W., Skrzypczak T., Kmita H., ,The
role of human VDAC paralogs under oxidative stress induced by the absence of
superoxide dismutases®, V Kongres BIO 2023, 13-16.09.2023, Szczecin

- Grabinski W., Kicinska A., Kosicka E., Baranek-Grabinska M., Hejenkowska E.,
Budzik J., Sliska P., Sliwinska W., Karachitos A., ,,An Effective Inhibitor of SARS-CoV-2
Main Protease Revealed by Yeast System”, V Kongres BIO 2023, 13-16.09.2023,
Szczecin

- Baranek M., Walkowiak A., Hejenkowska E., Grabinski W., Kmita H., Karachitos A.,
»Functional analysis of mutation in VDACS3 encoding gene”, 9th Mitochondrion 2021,
27.01.2021 (On-line)

- Grabinski W., Baranek M., Karachitos A., Kmita H., ,The yeast Saccharomyces
cerevisiae VDAC depleted mutants — phenotype update”, 9th Mitochondrion 2021,
27.01.2021 (On-line)

1.2.2. Plakaty konferencyjne

- Grabinski W., Kosicka E., Kiciriska A., Baranek-Grabiriska M., Sliska P., Hejenkowska
E., Budzik J., Sliwinska W., Karachitos A. ,, Identification of novel inhibitors of the main
protease of SARS-CoV-2 using a yeast-based system”, 10. Miedzyuczelniane
Sympozjum Biotechnologiczne ,,.Symbioza”, 12-14.05.2023, Warszawa

- Hejenkowska E., Baranek M., Grabinski W., Kmita H., Karachitos A., ,,Analysis of
functional differences between human VDACS3 isoforms”, 18th Congress of the Polish
Biophysical Society (PTBF), 6-9.09.2022, Warszawa

- Baranek M., Karachitos A., Grabinski W., Kmita H., ,,Filarial worms and mammalian
spermatozoa are likely to sense environmental stress in a similar way”, The
Biochemistry Global Summit, 9-14.07.2022 Lizbona, Portugalia.

- Baranek M., Karachitos A., Grabinski W., Kmita H., , Filarial worms and mammalian
spermatozoa are likely to sense environmental stress in a similar way”, [UBMB-FEBS-
PABMB Young Scientists’ Forum (YSF 2022), 6-9.07.2022 Vimeiro, Portugalia.

- Grabinski W., Kosicka E., Baranek M., Sliska P, Hejenkowska E., Budzik J.,
Karachitos A., ,,Ayeast-based screening assay identifies drug that inhibit SARS-CoV-2

main protease”, The Biochemistry Global Summit, 9-14.07.2022 Lizbona, Portugalia,

- Grabinski W., Kosicka E., Baranek M., Sliska P., Hejenkowska E., Budzik J.,
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Karachitos A., ,,Ayeast-based screening assay identifies drug that inhibit SARS-CoV-2
main protease”, IUBMB-FEBS-PABMB Young Scientists’ Forum (YSF 2022), 6-
9.07.2022 Vimeiro, Portugalia.

-Baranek M., Grabinski W., Kmita H., Karachitos A., ,,Asod1Apor1 Saccharomyces
cerevisiae double mutant phenotype and human VDAC isoforms”, 8th Mitochondrion
2020, 05.02.2020, Warszawa

Plakaty konferencyjne przed rozpoczeciem ksztatcenia w szkole doktorskiej:

- Baranek M., Grabinski W., Kmita H., Karachitos A., ,Is the Asod7Apor1
Saccharomyces cerevisiae double mutant phenotype suppressed by human VDAC
isoforms?”, V International Conference on Research and Education Challenges for
Contemporary Live Sciences, 8-13.04.2019, Poznan

- Baranek M., Grabinski W., Kmita H., Karachitos A., ,The phenotype of yeast
Saccharomyces cerevisiae double mutants depleted of the copper-and zinc-
containing superoxide dismutase (CuZnSOD) and voltage dependent anion channel
(VDAC) encoding genes”, Kongres BIO 2018, 18-21.09.2018, Gdansk

- Grobys D., Karachitos A., Grabinski W., Baranek M., Kmita H., ,The role of human
VDAC1 in Huntington Disease pathogenesis: conclusions from the yeast model
studies”, International Conference Non-conventional Yeasts: from Basic Research to
Application, 15-18.05.2018, Rzeszow.

- Grobys D., Karachitos A., Grabinski W., Baranek M., Kmita H., ,,Human VDAC1 and
Huntington disease pathogenesis: conclusions from the yeast model studies”, 6th
Mitochondrion — Bioenergetics Update, 08.12.2017, Poznari - POSTER WYROZNIONY

- Grabinski W., Baranek M., Grobys D., Karachitos A., Kmita H., ,Wptyw znacznika
auksotroficznego LEU2 na przezywalnos¢ komoérek drozdzowego modelu choroby
Huntingtona”, ,,Zrozumie¢ nauke”, 30.09.2017, £6dz

- Baranek M., Grabiniski W., Grobys D., Karachitos A., Kmita H., ,Weryfikacja

funkcjonalna komodrek Saccharomyces cerevisiae stanowigcych model drozdzowy
choroby Huntingtona”, ,,Zrozumie¢ nauke”, 30.09.2017, L6dz
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2. Lista powigzanych tematycznie publikacji naukowych

sktadajacych sie na rozprawe doktorska

Karachitos A, Grabinski W, Baranek M, Kmita H. Redox-Sensitive VDAC: A Possible
Function as an Environmental Stress Sensor Revealed by Bioinformatic Analysis. Front
Physiol. 2021 Dec 13;12:750627. doi: 10.3389/fphys.2021.750627.

Baranek-Grabinska M., Grabinski W., Musso D., Karachitos A., Kmita H. (2024)
Developing a novel and optimized yeast model for human VDAC research. W trakcie
recenzji w International Journal of Molecular Sciences (zeszyt tematyczny ,Stress
Response Research: Yeast as Models: 2nd Edition”)

Baranek-Grabinska M., Skrzypczak T., Kmita H., Karachitos A. Human VDACS3 as a sensor
of intracellular redox state: contribution to cytoprotection mechanisms in oxidative
stress. Manuskrypt przygotowany do wystania do Biochimica et Biophysica Acta
Bioenergetics

2. 1. Osiggniecia w ramach rozprawy doktorskiej

Wspéttworzenie koncepcji i zatozeh badan, formutowanie pytan badawczych dotyczacych
cech strukturalnych biatek oraz czestosci wystepowania rsVDAC u zwierzat.

Otrzymanie modelu drozdzowego wykorzystujgcego heterologiczng ekspresje ludzkich
gendéw kodujgcych poszczegélne paralogi VDAC (hVDAC1, hVDAC2, hVDAC3 i wariantu
hVDACS3 pozbawionego reszt cysteiny, tj. \WDAC3ACys) w komérkach S. cerevisiae, w tym
w warunkach stresu oksydacyjnego wywotanego réwnoczesng delecjg gendw kodujacych
SOD1iS0OD2.

Okreslenie przezywalnosci komdrek otrzymanego modelu przy wykorzystaniu testéw
ptytkowych.

Okreslenie stanu funkcjonalnego mitochondriow i poziomu anionorodnika
ponadtlenkowego w komdrkach modelu zawierajgcych biatka hVDAC3 i hVDAC3ACys.

12



3. Opis wynikow rozprawy doktorskiej

3.1. Celrozprawy

Niniejsza rozprawa doktorska dotyczy wariantu biatka VDAC wrazliwego na wewngtrzkomaorkowy
stan redukcyjno-oksydacyjny (rsVDAC, ang. redox-sensitive VDAC), z czym wigze sie mozliwosc¢
jego dziatania jako czujnik stanu redoks o istotnym znaczeniu w funkcjonowaniu mechanizmoéw
cytoprotekcyjnych w warunkach stresu oksydacyjnego. Biatko VDAC wystepuje u ludzi, podobnie
jak u innych ssakdéw oraz kregowcow, w postaci trzech paralogéw (hWDAC1, hVDAC2 i hVDAC3),
w przypadku ktorych w komoérkach cztowieka role czujnika stanu redoks przypisuje sie paralogowi
hVDAC3. Natomiast informacje na temat wystgpowania takiego wariantu VDAC u bezkrggowcoéw
praktycznie nie istnieja. Nie sg takze dostepne dane dotyczace znaczenia genotypu komodrek
drozdzy wykorzystywanych do badan funkcjonalnych paralogéw hVDAC1, hVDAC2 i hVDAC3
w wyniku ich heterologicznej ekspresji oraz znaczenia usuniecia w tych komoérkach dysmutaz
ponadtlenkowych dla funkcjonalnosci hVDAC1, hVDAC2 i hVDAC3. W zwigzku z tym, w ramach
niniejszej rozprawy zostaty sformutowane nastepujgce cele:

e okreslenie wystepowania u bezkregowcow wariantu VDAC spetniajgcego definicje
rsVDAC, z uwzglednieniem liczby paralogdw oraz poziomu ztozonosci organizmoéw, ich
Srodowiska zycia iich trybu zycia,

e poznanie znaczenia genotypu komodrek drozdzy S. cerevisiae dla ich przezywalnosci
w warunkach heterologicznej ekspresji hVDAC1, hVDAC2 i hVDACS, przy wykorzystaniu
nowo skonstruowanego modelu drozdzowego pozbawionego obu paralogow
drozdzowego biatka VDAC,

e okreslenie wptywu eliminacji obu dysmutaz ponadtlenkowych na przezywalnos$é¢ komérek
skonstruowanego modelu drozdzowego w warunkach heterologicznej ekspresji hVDAC1,
hVDAC?2 i hVDAC3 oraz poziomu anionorodnika ponadtlenkowego (0,'"), stanowigcego
marker poziomu stresu oksydacyjnego, i stanu funkcjonalnego mitochondriéw w tych
komérkach.

13



3.2. Wstep

Mitochondria sg organellami niezbednymi komodrkom eukariotycznym do zycia. Ich
najbardziej znang funkcja jest oddychanie komoérkowe dajgce komdrkom energie. Jednakze
mitochondria uczestniczg takze w regulacji wielu proceséw zachodzgcych w komérkach, tacznie
z tymi, ktére zwigzane sg ze $miercig komorek'?. Podczas oddychania komérkowego, w wyniku
~wycieku” elektronoéw z tancucha oddechowego, generowane sg reaktywne formy tlenu (ROS-
ang. reactive oxygen species) ktérych mitochondria sg gtéwnym Zrédtem w komoérce®*. ROS sa
waznymi czgsteczkami sygnatowymi w komodrkach, lecz ich nadmiar, poprzez wysoka
reaktywnos¢ tych czagsteczek, stwarza zagrozenie dla struktur i proceséw komadrkowych, co
zaburza funkcjonowanie komdrek®®. Naturalnie procesy powstawania i usuwania ROS pozostajg
w réwnowadze, jednakze pod wptywem réznych wewnetrznych i zewnetrznych czynnikéw
stresowych moze dochodzi¢ do nierédwnowagi w produkcji i usuwaniu ROS oraz powstania stanu
stresu oksydacyjnego*’. Nadmiar ROS w komadrce stanowi zagrozenie dla kwaséw nukleinowych
zwiekszajgc ryzyko wystepowania mutacji, a takze dla biatek i ttuszczy®*. W przypadku réznych
choréb u ludzi, stres oksydacyjny moze stanowié¢ zaréwno ich przyczyne jak i ich skutek®®.
Komodrkami szczegélnie narazonymi na negatywny wptyw stresu oksydacyjnego sg komorki
nerwowe i miesniowe, gdyz majg duze zapotrzebowanie energetyczne i posiadajg wiekszg liczbe
mitochondriow. Dysfunkcje mitochondrialne sg wiec $cisle zwigzane ze stanem stresu
oksydacyjnego w komaérkach’'°,

Warunki s$rodowiska, w ktorym znajduje sie komodrka czy tez caty organizm
wielokomérkowy wptywaja na ich funkcjonowanie. Niezaleznie od tego czy jest to organizm jedno-
czy wielokomoérkowy, jego odpowiedz na stres polega przede wszystkim na uruchomieniu
podstawowych komdrkowych mechanizméw obronnych. Dziatanie réznych typéw stresu
srodowiskowego czesto sprowadza sie ostatecznie do wywotania w komodrce stresu
oksydacyjnego, zatem reakcja komadrek organizmu na stres srodowiskowy polegaé¢ moze miedzy
innymi na aktywacji enzymow antyoksydacyjnych 2,

Jednym z kluczowych elementéw obrony antyoksydacyjnej w komodrce jest enzym
z rodziny oksydoreduktaz - dysmutaza ponadtlenkowa (SOD, ang. superoxide dismutase).
Aktywnos$é SOD polega na neutralizacji anionorodnika ponadtlenkowego (O;"") do nadtlenku
wodoru (H20,), ktéry w nastepnym kroku rozktadany jest przez katalaze's. Wewnatrz komodrek
eukariotycznych znajdujg sie dwie formy SOD: zalezna od miedzi i cynku (SOD1, Cu-ZnSOD)
zlokalizowana w réznych strukturach wewnatrzkomérkowych, w tym takze w mitochondrialnej
przestrzeni miedzybtonowej'# ¢ i zalezna od manganu (SOD2, MnSOD) zlokalizowana w macierzy
mitochondrialnej'. Lokalizacja SOD1 i SOD2 umozliwia eliminacje O,"~ powstajgcego po obu
stronach wewnetrznej btony mitochondrialnej'””. Co wiecej, SOD1 moze skutecznie
przeciwdziata¢ uwalnianiu O," z mitochondriéw w wyniku jego transportu przez zewnetrzng btone
mitochondrialng'®. Ponadto, biorgc pod uwage lokalizacje SOD1 w réznych przedziatach
komorkowych, jak i proponowany ostatnio dla tego enzymu udziat w regulacji transkrypcji (np. '),
mozna stwierdzi¢, ze deficyt aktywnosci SOD1 czy tez catkowity brak tej aktywnosci w komaérce
bezposrednio przyczyniaja sie do nasilenia stresu oksydacyjnego i zwiekszajg ryzyko jego
negatywnego wptywu na funkcjonowanie komorek (np. 2°).

Kluczowa role w transporcie przez zewnetrzng btone mitochondrialng odgrywa biatko
VDAC (ang. voltage-dependent anion selective channel), ktdre tworzy kanat transportujacy jony
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nieorganiczne i réznego rodzaju czasteczki biorgce udziat w procesie oddychania komdrkowego
i innych procesach metabolicznych oraz w komunikacji miedzy mitochondriami i komdrkg®'-28,
Jednym z metabolitéw transportowanych przez kanat VDAC jest anionorodnik ponadtlenkowy, co
wskazuje na udziat tego kanatu w regulacji stanu redukcyjno-oksydacyjnego (redoks) komarki
u samego Zrodta powstawania ROS'%. Kanat VDAC oddziatuje takze z szeregiem biatek
mitochondrialnych i komérkowych, dzieki czemu posredniczy i uczestniczy w integracji funkcji
mitochondriow z aktywnoscig komorki®*3'. W zwigzku z tym, kanat VDAC uznawany jest za
kluczowy dla prawidtowego funkcjonowania mitochondridw, jak i catej komorki?*2,

Co ciekawe, organizmy eukariotyczne moga posiadac jeden lub wiecej paralogéw VDAC,
a dostepne dane wskazuja, ze pojawianie sie w toku ewolucji duplikacji genéw kodujacych biatko
VDAC wystepowato niezaleznie od siebie w réznych liniach rozwojowych®*, Paralogi VDAC rdznig
sie poziomem ekspresji, sekwencjg aminokwasowa, aktywnoscig kanatowg i udziatem
w procesach komérkowych, co wskazuje na ich funkcjonalne i tkankowe zréznicowanie, ktére
nadal jest przedmiotem badan3*%-%, Najczesciej badanymi paralogami VDAC sg paralogi ssakéw,
w tym cztowieka 32%:394° | udzie, podobnie jak inne ssaki, posiadaja trzy paralogi biatka VDAC,
okreslane skrétami hVDAC1, hVDAC2 i hVDACS3®*. Ich zréznicowanie funkcjonalne jest wigzane
z réznicami w poziomie ekspresji i aktywnosci kanatowej??, wynikajgcych z niewielkich réznic
w sekwencjach aminokwasowych, ktére skutkujg niewielkimi réznicami w strukturze
przestrzennej i oddziatywaniu z innymi biatkami®?*'. Geny kodujgce hVDAC1 i hVDAC2 wykazujg
generalnie wyzszy poziom ekspresji niz gen kodujgcy hVDACS, jednakze w niektérych tkankach,
takich jak jadra, modzg, nerki, serce i miesnie szkieletowe, takze hVDAC3 wystepuje w wiekszej
ilosci®®. Jednag ze zmiennych w sekwencji paralogéw VDAC cztowieka, podobnie jak innych
organizmow, jest liczba i lokalizacja reszt cysteiny’'*°. Biatka te zawierajg w swoich sekwencjach
reszty cysteiny w réoznym potozeniu, jednak w niektérych przypadkach znajdujg sie one takze
w regionie konca N, co daje mozliwos¢ formowania mostkéw dwusiarczkowych utrzymujacych
koniec N w swietle kanatu VDAC™*2%¢  co z kolei uznawane jest za istotny element regulaciji
aktywnosci kanatu®4243, W przypadku cztowieka, paralog hVDAC1 zawiera 2 cysteiny, hVDAC2 ma
ich 9, a hVDACS3 posiada 6, z czego przynajmniej dwie zlokalizowane sg wtasnie w regionie korica
N biatka*?.

W zmiennych warunkach redoks w komoérce reszty cysteiny sg utleniane i redukowane, co
uznaje sie za istotny mechanizm regulacji bramkowania kanatu VDAC i jego przepuszczalnosci,
ale takze ,buforowania” poziomu ROS w mitochondriach3*%*¢42, Warto zaznaczyé, ze utlenianie
reszt cysteiny jest cechag charakterystyczng dla VDAC, niespotykang wsréd innych biatek
zewnetrznej btony mitochondrialnej*t. Jest to kluczowa obserwacja dla definiowania niektérych
paralogéw VDAC jako czujnikéw stanu redoks?*, co niewatpliwie ma podstawowe znaczenie
w regulacji funkcjonowania mitochondriéw, w tym odpowiedzi na stres oksydacyjny®*%¢. Dostepne
dane wskazuja, ze role czujnika stanu redoks w komérkach cztowieka moze odgrywac paralog
VDA0329’36’42.

Drozdze Saccharomyces cerevisiae sg szeroko wykorzystywanym organizmem
modelowym do badan w biologii molekularnej i biologii komorki. Stanowia prosty i stosunkowo
tatwy w hodowli model komdrek eukariotycznych, a w dodatku wykazujg duze podobieristwo
genetyczne do komadrek ludzkich, co sprawia, ze sg chetnie uzywane do badan nad ludzkimi
biatkami*®. Kolejng wazng cecha S. cerevisiae, ktéra sprawia, ze stanowig dobry model badawczy
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jest wprowadzanie odpowiednich modyfikacji potranslacyjnych waznych dla dobrego
odwzorowania funkcjonalnos$ci wprowadzanych sztucznie do komaérek drozdzy ludzkich biatek*®4”
oraz dostepne metody ich genetycznej modyfikacji umozliwiajgce heterologiczng ekspresje
biatek w kontrolowanych warunkach*-*,

Jednag z podstawowych metod w badaniach skutkéw heterologicznej ekspresji biatek
w komorkach S. cerevisiae jest test komplementacji, polegajgcy na sprawdzeniu zdolnosci
wprowadzonego heterologicznie biatka do przywrdcenia fenotypu wzrostowego komérek szczepu
drozdzy pozbawionego ekspresji genu kodujacego drozdzowy odpowiednik tego biatka. Testy
komplementacji czesto wykorzystywane sg w badaniach nad biatkiem VDAC cztowieka®**', Co
istotne, dostepne dane wskazuja, ze S. cerevisiae stanowig dogodny model do badania zaleznosci
funkcjonalnej pomiedzy VDAC i wewnatrzkomérkowym stanem redoks?®. Wykazano réwniez, ze
na wewnatrzkomorkowe stany redoks wyraznie wptywajg oba paralogi VDAC drozdzy?® tworzgce
kanaty o poréwnywalnych wtasciwosciach elektrofizjologicznych, ale zapewniajgce rdzna
przepuszczalnosé przez zewnetrzna btone mitochondrialng®.

Drozdze S. cerevisiae posiadajg dwa paralogi biatka VDAC, tj., yWVDAC1 i yVDAC2.
Ekspresja genu kodujacego yVDAC2 (POR2) zachodzi na bardzo niskim poziomie i jest 5 rzedow
wielkosci nizsza niz genu kodujacego yVDAC1 (POR1), i to zaréwno w obecnosci fermentujacego
(glukoza), jak i niefermentujgcego (glicerol) Zrodta wegla®®*®. Uwaza sie, ze okoto 90%
przepuszczalnosci zewnetrznej btony mitochondrialnej wynika z aktywnosci yVDAC1%4,
Otrzymane do tej pory dane wskazuja, ze POR2 nie moze kompensowac braku POR1, chyba ze
zostanie poddany ekspresji pod kontrolg promotora POR1%%%. W badaniach paralogéw VDAC
cztowieka w oparciu o heterologiczng ekspresje w komdrkach S. cerevisiae stosuje sie zwykle
pojedyncze mutanty pozbawione jedynie yVDAC1 tj. mutanty Apor1. Zatem, kwestia doktadnego
wptywu obecnosci yWDAC?2 na wynik heterologicznej ekspresji paralogéw ludzkiego biatka VDAC
w komodrkach drozdzy pozostaje nadal otwarta. Dlatego ciekawa kwestig bytyby badania
obejmujace podwdjne mutanty pozbawione zaréwno yVDAC1, jak i yWVDAC2 (Apor1Apor2).
W badaniach nie wykorzystano dotychczas takze szczepu umozliwiajgcego zbadanie wptywu
siarkowodoru (H.S), ktéry jest gazowg czasteczkg sygnalizacyjng, ktérej przypisuje sie
podstawowe znaczenie w regulacji homeostazy redoks w komodrkach eukariotycznych®.
Proponowany udziat H.S w regulacji szlakéw antyoksydacyjnych i poziomu ROS*” wydaje sie
szczegoblnie interesujgcy w kontekscie wrazliwosci VDAC na stan redoks, jednak ten aspekt nie
byt nigdy rozwazany. W przypadku S. cerevisiae uzyskanie wysokiego poziomu H,S mozna uzyskac¢
poprzez eliminacje genu kodujgcego sulfhydrylaze O-acetylohomoseryny/O-acetyloseryny
(MET15 lub MET17), ktéra jest odpowiedzialna za wykorzystanie siarczku w syntezie
homocysteiny/cysteiny®®*°. Szczepy z takg modyfikacjg sg dostepne komercyjnie, np. BY4741.

W niniejszej pracy zbadano nastepujace zagadnienia dotyczace funkcjonalnego zwigzku
kanatu VDAC i wewnatrzkomérkowego stanu redoks: (1) wystepowanie wariantu VDAC
spetniajgcego definicje czujnika stanu redoks (rsVDAC) w zaleznosci od liczby paralogow VDAC
oraz poziomu ztozonosci organizmoéw, ich srodowiska zycia i ich trybu zycia; (2) znaczenie
genotypu komoérek drozdzy S. cerevisiae dla ich przezywalnosci w warunkach heterologicznej
ekspresji hVDAC1-hVDACS3, przy wykorzystaniu nowo skonstruowanego modelu drozdzowego
pozbawionego obu paralogéw drozdzowego biatka VDAC i (3) wptyw eliminacji obu dysmutaz
ponadtlenkowych na przezywalnos¢ komoérek nowo skonstruowanego modelu drozdzowego
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z heterologiczna ekspresjg hVDAC1-hVDACS3 oraz poziom O,'"i stan funkcjonalny mitochondriéw
w tych komérkach. W przypadku zagadnien (2) i (3) zweryfikowano takze znaczenie reszt cysteiny
wystepujacych w hVDACS3 (zaliczanego na podstawie dostepnych danych do rsVDAC), stosujac
wariant tego biatka, w ktérym reszty cysteiny zastgpiono resztami alaniny (hWDAC3ACys).

Uzyskane wyniki dostarczajg istotne dane dotyczgce wykorzystania modelu drozdzowego
w badaniach funkcjonalnych paralogéw ludzkiego biatka VDAC oraz cytoprotekcyjnego dziatania
hVDAC3 jako rsVDAC w warunkach stresu oksydacyjnego.

3.3. Gtoéwne tezy i osiggniecia rozprawy doktorskiej

1. Wrazliwos$é kanatu VDAC na stan redukcyjno-oksydacyjny (rsVDAC; ang. redox- sensitive
VDAC) moze by¢é zwigzana z funkcja czujnika stresu srodowiskowego: analiza
bioinformatyczna

Publikacja 1: Andonis Karachitos, Wojciech Grabinski, Martyna Baranek, Hanna Kmita (2021)
Redox-Sensitive VDAC: A Possible Function as an Environmental Stress Sensor Revealed by
Bioinformatic Analysis. Front Physiol. 2021 Dec 13;12:750627.

doi: 10.3389/fphys.2021.750627.

Dostepne dane wskazuja, ze kanat VDAC moze petni¢ funkcje czujnika wewnatrzkomérkowego
stanu redukcyjno-oksydacyjnego (redoks), co jest kluczowe dla odpowiedzi komadrki na stres
oksydacyjny. Ma to Scisty zwigzek z obecnoscig reszt cysteiny w okreslonych miejscach sekwencji
aminokwasowej, podlegajacych modyfikacjom oksydacyjnym, ktérych bardzo wazna
konsekwencjg jest tworzenie wigzan dwusiarczkowych®+5' Te forme VDAC na potrzeby analizy
nazwalismy kanatem VDAC wrazliwym na stan redoks (ang. rsVDAC), co oznacza kanat VDAC,
ktérego aktywnosc¢ jest modulowana przez stan redoks komoérki, co z kolei sprawia, ze kanat ten
moze funkcjonowac jako czujnik stanu redoks, w tym stresu oksydacyjnego. Jednak kwestia
czestosci wystepowania takiej funkcji kanatu VDAC nie zostata do tej pory zbadana. W zwigzku
ztym postanowiliSmy odpowiedzie¢ na nastepujace pytania: (1) czy funkcja czujnika stanu redoks
(rsVDAC) jest mozliwa, gdy w mitochondriach wystepuje tylko jeden wariant VDAC, oraz (2) czy
funkcja czujnika stanu redoks (rsVDAC) jest mozliwa dla wszystkich paralogéw VDAC obecnych
w mitochondriach danego organizmu? Udzielenie odpowiedzi na to pytanie wymagato stworzenia
bazy danych sekwencji biatek VDAC, do ktérej wybrano organizmy bezkregowe, niebedace
roslinami, ktérych sekwencje byty kompletne i rozpoczynaty sie od metioniny. Nastepnie
wykorzystano narzedzia bioinformatyczne pozwalajgce na przewidywanie struktury biatka (patrz
Materiaty i Metody w Publikacji 1). Wyniki analizy bioinformatycznej zestawiono z ekologig
badanych gatunkow, tj. wzieto pod uwage typ zamieszkiwanego Srodowiska i tryb zycia
analizowanych organizmow.

Modelowym przyktadem rsVDAC jest paralog Dmel/CG17140 Drosophila melanogaster i paralog
hVDAC3 cztowieka, opisane w Publikacji 1. Cecha charakterystyczng tych wariantéw VDAC s3g
reszty cysteiny, ktére znajdujg sie w okreslonych miejscach: (1) w regionie konnca N, (2)
w harmonijce B oznaczonej symbolem B1, (3) w regionie obejmujacym harmonijki B oznaczone
symbolami B7 i B8 oraz (4) w okolicach harmonijki B15 i kohca C (Rysunek 3 i Rysunek 5A
w Publikacji 1). Obecnos¢ reszt cysteiny w tych lokalizacjach oraz ich utlenienie pozwala na
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tworzenie wigzan dwusiarczkowych, co zmienia wtasciwosci elektrofizjologiczne kanatu,
umozliwiajac mu reakcje na zmienne warunki redoks w komoérce. Szczegdlne znaczenie ma
tworzenie tych wigzan miedzy resztami cysteiny zkorfica N biatka i resztami cysteiny znajdujgcymi
sie w dalszych rejonach biatka. Dzieki tym wigzaniom dwusiarczkowym koniec N zostaje
skierowany do wnetrza kanatu i pozostaje w jego swietle, co zmienia przepuszczalno$é kanatu®®.

a. Wystepowanie rsVDAC w zaleznosci od poziomu ztozonosci organizméw, ich
srodowiska zycia i liczby posiadanych paralogow VDAC

Analizie poddano sekwencje VDAC dostepne dla 122 wybranych gatunkéw organizmow, ktore
podzielono pod wzgledem poziomu ztozonosci organizmu (organizmy proste lub ztozone, przy
czym zatozono, ze ztozony organizm zawiera wiele uktadow narzadéw o réznych funkcjach),
rodzaju zamieszkiwanego srodowiska (ladowe lub wodne) i liczby paralogéow VDAC oraz liczby
reszt cysteiny (mato lub duzo) i ich lokalizacji w obrebie struktury drugorzedowej (brak lub
obecnos¢ na koricu N). Stwierdzono, ze wiekszos¢ analizowanych gatunkdw, niezaleznie od
poziomu ztozonosci i Srodowiska zycia dysponuje tylko jednym wariantem VDAC (Rysunek 1A).
W analizie liczby i lokalizacji reszt cysteiny przyjeto nastepujace kryteria klasyfikacji: (1) mato reszt
cysteiny (ang. Cys-poor): wystepuje tylko jeden wariant VDAC lub co najmniej jeden paralog
VDAC (jesli jest obecny), ktéry zawiera mniej niz dwie reszty cysteiny w strukturze
pierwszorzedowej; (2) duzo reszt cysteiny (ang. Cys-rich): wystepuje tylko jeden wariant VDAC lub
paralogi VDAC (jesli sg obecne), ktory zawiera lub ktére wszystkie zawierajg wiecej niz dwie reszty
cysteiny w strukturze pierwszorzedowej; (3) obecnos¢ reszt cysteiny na koricu N (ang. N-Cys):
wystepuje tylko jeden wariant VDAC lub paralogi VDAC (jesli obecne), ktéry zawiera lub ktoére
wszystkie zawierajg co najmniej jedng reszte cysteiny na korficu N; brak reszt cysteiny na koricu N
(ang. N-Cys free): wystepuje co najmniej jeden wariant VDAC bez reszty cysteiny na koricu N
(Rysunek 1B). Otrzymane wyniki pozwolity stwierdzié¢, ze warianty VDAC w przypadku ktérych
istnieje mozliwos¢ tworzenia wigzan dwusiarczkowych przy udziale reszt cysteiny z konca N
wystepujg czesciej w organizmach ztozonych niz w organizmach prostych.

Powyzsze kryteria klasyfikacji przyjeto takze w analizie stuzgcej wskazaniu mozliwych rsVDAC.
W tym celu zbadano zwigzek miedzy liczbg reszt cysteiny, ich umiejscowieniem w strukturze
drugorzedowej oraz liczbg paralogéw VDAC obecnych w mitochondriach badanych organizmoéw
(Rysunek 2). Stwierdzono, ze istniejg organizmy, u ktérych istnieje tylko jeden wariant VDAC, przy
czym wariant ten spetnia kryteria rsVDAC (Rysunek 3 i Rysunek 5A w Publikacji 1).

b. Wystepowanie rsVDAC w zaleznosci od trybu zycia organizmow

Organizmy w przypadku ktérych wskazano obecnos¢ tylko jednego wariantu VDAC bedgcego
prawdopodobnie réwnoczesnie rsVDAC zebrano w Tabeli 1 w Publikacji 1. Co ciekawe, w tej
grupie organizméw dominujg pasozyty. llustruje to takze Rysunek 4 w Publikacji
1 przedstawiajgcy czestos¢ wystepowania rsVDAC u pasozytéw i organizmow wolnozyjacych.
W Tabeli 1 w Publikacji 1 zebrano takze informacje dotyczace lokalizacji reszt cysteiny w obrebie
struktury drugorzedowej sugerowanych rsVDAC. Ich analiza ilosciowa (Rysunek 5B w Publikacji
1) wskazuje, ze poza wspdlna lokalizacja reszt cysteiny w obszarze kornca N oraz harmonijek 8
oznaczonych symbolem B1 i B15, pasozyty wewnetrzne i zewnetrze réznig sie czestoscia
wystepowania reszt cysteiny w obrebie konca C i regionu obejmujacego harmonijki  oznaczone
symbolem B7 i B8, ktéry wydaje sie by¢ charakterystyczny dla pasozytéw wewnetrznych. Region
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ten jest uznawany za kluczowy w tworzeniu wigzan dwusiarczkowych z resztami cysteiny z korca
N, co jest istotng czescia definicji rsVDAC.

Podsumowujgc, mozna zatozy¢, ze metabolizm i warunki Srodowiskowe typowe dla organizméw
pasozytniczych moga wspiera¢ obecnos¢ tylko jednego wariantu VDAC, ktéry moze by¢
czujnikiem redoks (rsVDAC). W przypadku organizméw wolnozyjacych stwierdzono obecnosc¢ co
najmniej jednego paralogu VDAC, ktéry charakteryzowat sie wyjgtkowo niskim
prawdopodobienstwem zaliczenia do rsVDAC. Na podstawie danych dotyczacych paralogow
VDAC cztowieka i D. melanogaster, mozna zatozy¢, ze taki wariant VDAC ulegt utrwaleniu
i rozpowszechnieniu wsrdod organizméw wolnozyjacych. Pasozyty, szczegbélnie wewnetrzne, sg
narazone na stres oksydacyjny wywotany przez reakcje obronne gospodarza, w tym produkcje
ROS. Podobnie jak pasozyty, plemniki, charakteryzujgce sie wysokim poziomem ekspresji rsVDAC
(hVDAC3), funkcjonuja w srodowisku innego, obcego organizmu —w uktadzie rozrodczym samicy,
gdzie sg narazone na reakcje obronne, w tym stres oksydacyjny. Zaréwno pasozyty, jak i plemniki
muszg przystosowac¢ sie do stresu generowanego przez gospodarza, co moze ttumaczyé
wykorzystanie rsVDAC jako mechanizmu obronnego i adaptacyjnego. Ponadto, pasozyty mierza
sie z drastycznymi zmianami srodowiska podczas etapu zycia poza organizmem gospodarza.
Potrzebujg zatem sprawnego systemu obrony przez niekorzystnymi czynnikami stresowymi
skutkujacymi nadmiarem ROS. Zatem, obecnos$¢ rsVDAC w pasozytach sugeruje, ze kanat ten
moze petni¢ kluczowa role w detekcji i adaptacji do stresu oksydacyjnego generowanego przez
srodowisko zycia.

2. Nowy model drozdzowy do badan nad paralogami ludzkiego biatka VDAC wskazuje na
elementy istotne w analizie paralogu hVDAC3 zaliczanego do rsVDAC

Publikacja 2: Martyna Baranek-Grabiniska, Wojciech Grabinski and Deborah Musso, Andonis
Karachitos, Hanna Kmita (2024) Developing a novel and optimized yeast model for human
VDAC research, w trakcie recenzji w International Journal of Molecular Sciences

Komérki drozdzy Saccharomyces cerevisiae sg powszechnie stosowane w badaniach
funkcjonalnych biatek cztowieka, w tym paralogdéw biatka VDAC, tacznie z hVDACS, ktory jest
zaliczany do rsVDAC (Publikacja 1). W badaniach tych do tej pory nie zwrécono uwagi na dwie
kwestie: (1) wptyw obecnosci yWDAC2, ktérg pomijano ze wzgledu na niski poziom ekspresji
i aktywnosciyVDAC2 w komaérkach oraz (2) wptyw genotypu wykorzystywanych szczepow drozdzy,
ktéry moze by¢ zwigzany z obecnosciag lub brakiem metabolitu o dziataniu antyoksydacyjnym.
Dlatego w przeprowadzonych badaniach wykorzystano podwdéjne mutanty drozdzy pozbawione
obu gendw kodujgcych drozdzowe paralogi biatka VDAC, tj. POR1 kodujgcego yVDAC1 i POR2
kodujacego yVDAC2 (mutanty Apor1Apor2) oraz dwa szczepy drozdzy, réznigce sie obecnoscia
genu MET15, tj. szczep M3 i szczep BY 4741.

Do tej pory w funkcjonalnych badaniach paralogéw biatek VDAC cztowieka, opartych na
heterologicznej ekspresji w komdrkach drozdzy, wykorzystywano pojedyncze mutanty Apor1
wyprowadzone z powszechnie stosowanych szczepéw drozdzy, tj., M3 i BY4742. Mutant M3-
Apor1, znany takze jako mutant M22-2, zostat otrzymany przez Blachly-Dysoniin. (1997) w wyniku
delecji wiekszosci genu POR1 poprzez insercje markera auksotroficznego LEU2. Mutant BY4742-
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Apor1 jest komercyjnie dostepny (Euroscarf, Frankfurt, Niemcy) i uzyskano go przez zastosowanie
kasety opornosci G418 (KanMX4) w celu delecji genu POR1. Dostepny jest takze mutant BY4741-
Apor1 uzyskany w analogiczny sposob, ale nie byt on dotychczas wykorzystany w funkcjonalnych
badaniach paralogéw ludzkiego biatka VDAC. Jedng z cech tego szczepu jest brak markera
auksotroficznego MET15 (znany takze jako MET17), czyli genu kodujgcego enzym (sulfhydrylaza
O-acetylohomoseryny/O-acetyloseryny) odpowiedzialny za tworzenie homocysteiny/cysteiny.
Brak tego enzymu powoduje nagromadzenie H,S (Rysunek 4A w Publikacji 2). Efektu tego nie
obserwuje sie w komodrkach szczepow BY4742 i M3, ktére dysponujg markerem MET15.
Przeprowadzone badania obejmowaty: (1) otrzymanie pojedynczego mutanta BY4741-Apori
i podwodjnego mutanta BY4741-Apor1Apor2 na bazie BY4741-Apor2 (Euroscarf) za pomoca
CRISPR/Cas9 oraz wprowadzenie danego paralogu VDAC cztowieka, w tym wariantu hVDACS3
pozbawionego reszt cysteiny (hVDAC3ACys, w ktorym reszty cysteiny zastgpiono resztami
alaniny) do komodrek badanych podwadjnych mutantéw przy wykorzystaniu CRISPR/Cas9 (Rysunek
1 i Tabela 3 w Publikacji 2), (2) komplementacje braku MET15 w komérkach linii BY4741 przy
wykorzystaniu plazmidu pUM (Rysunek 4A-B w Publikaciji 2) i (3) przeprowadzenie ptytkowych
testow wzrostu. Wykorzystane plazmidy oraz szczegotowe informacje dotyczace wykorzystanych
szczepow zebrano odpowiednio w Tabeli 1i Tabeli 2 zawartych w Publikac;ji 2.

a. Znaczenie genotypu szczepu drozdzy

Wzorce wzrostu komdrek obu podwdjnych mutantéw AporiApor2, wraz z komoérkami
odpowiednich pojedynczych mutantéow (Apor? i Apor2) oraz komdrkami odpowiedniego
izogenicznego szczepu typu dzikiego, oceniano przy wykorzystaniu ptytkowych testéw wzrostu
w warunkach optymalnych (temperatura 28°C i obecnos¢ glukozy w pozywce — pozywka YPD)
i restrykcyjnych (temperatura 37°C i pozywka zawierajgca glicerol — pozywka YPG) oraz
w warunkach posrednich, tj. YPD w 37°C i YPG w 28°C. Ilosciowa analiza wynikéw tego testu
(Rysunek 2 w Publikacji 2) wykazata, ze ani mutanty Apor7, ani mutanty Apor1Apor2 nie rosty
w warunkach restrykcyjnych, co jest zgodne z dostepnymi danymi uzyskanymi dla mutantéw M3-
Apor1iM3-Apor1Apor2%®. Co wiecej, oba pojedyncze mutanty Apor2 wykazywaty poziom wzrostu
podobny do komodrek odpowiedniego izogenicznego szczepu typu dzikiego. Podobienstwo
wzrostu zaobserwowano takze dla mutantéw Apor? obu szczepdw. Zaobserwowano takze
réznice w poziomie wzrostu, tj., mutant BY4741-Apor1Apor2 wykazywat wyrazny wzrost na
pozywce YPG w temperaturze optymalnej i staby wzrost na pozywce YPD
w temperaturze restrykcyjnej, czego nie zaobserwowano w przypadku mutanta M3-Apor1Apor2.
Zaobserwowane roéznice wynikajg zapewne z wyjsciowych genotypéw szczepdéw. Niemniej
jednak, brak wzrostu obu mutantéw Apor71Apor2 w warunkach restrykcyjnych, uznawanych za
diagnostyczne w analizie fenotypowej skutkéw braku aktywnosci biatka VDAC w komérkach
drozdzy umozliwit zastosowanie komdrek obu mutantéw do heterologicznej ekspresji ludzkich
paralogéw VDAC.

Aby sprawdzi¢, czy identyczny fenotyp komoérek obu mutantéw AporiApor2 w warunkach
restrykcyjnych spowoduje podobne skutki heterologicznej ekspresji w tych komérkach ludzkich
paralogow VDAC (hVDAC1-hVDAC3), przeprowadzono ptytkowe testy wzrostu (Rysunek 3
w Publikacji 2). Stwierdzono, ze w przypadku komoérek mutanta BY4741-Apor1Apor2, niezaleznie
od zastosowanych warunkéw, obecnosé hVDAC1 lub hVDAC2 lub hVDAC3 skutecznie
komplementowata fenotyp mutanta, przy czym wzrost badanych komoérek zachodzit na
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podobnym poziomie. Natomiast w przypadku komdérek mutanta M3- Apor1Apor2, najsilniejsza
komplementacja fenotypu zachodzita w przypadku hVDAC?2, a heterologiczna ekspresja hVDACS3
wigzata sie z najstabszg komplementacja, przy czym w temperaturze restrykcyjnej, niezaleznie
od zastosowania YPD lub YPG, obserwowano catkowity brak wzrostu komodrek. Poniewaz
heterologiczna ekspresja hVDAC?2 najbardziej znaczaco poprawita wzrost komérek mutanta M3-
Apor1lApor2, ale dostepne dane wskazujg, ze w przypadku mutanta M3-Apori1 najbardziej
skuteczna byta heterologiczna ekspresja hVDAC1®', mozna zatozy¢, ze obecno$¢ lub brak
yVDAC2 moze mie¢ znaczenie dla uzyskiwanych wynikéw. Ponadto obserwowane réznice
w mozliwosci komplementacji fenotypu mutantéw BY4741-Apor1Apor2 i M3-Apor1Apor2 przez
hVDAC3 mogg wynikaé z: (1) niestabilnosci termicznej hVDAC3%, ktéra wystepuje w komadrkach
linii M3, ale nie w komoérkach linii BY4741; i/lub (2) stanu utlenienia reszt cysteiny, ktory, jak
stwierdzono w eksperymentach polegajacych na rekonstytucji hVDAC w sztuczne btony
lipidowe, jest krytyczny dla bramkowania hVDAC3 2.

b. Znaczenie obecnoscireszt cysteiny w hVDAC3

Aby zweryfikowa¢ dostepne dane, wskazujgce na istotng role reszt cysteiny w aktywnosci
hVDAC32°%:%  zbadano takze zdolno$é komplementacji fenotypu mutantéw BY4741-Apor1Apor2
i M3-Apor1Apor2 przez hVDAC3ACys, tj. wariant hVDAC3 , w ktorym wszystkie reszty cysteiny
zastgpiono resztami alaniny (Rysunek 3 w Publikacji 2). Stwierdzono, ze heterologiczna ekspresja
hVDAC3ACys zasadniczo ostabita mozliwos¢ komplementacji fenotypu komodérek mutanta
BY4741-Apor1lApor2, ale zwieksza te mozliwos¢ w przypadku mutanta komorek M3-Apor1Apor2.
Redukcja wzrostu byta najbardziej widoczna w temperaturze restrykcyjnej, natomiast zwiekszony
wzrost byt najbardziej widoczny w temperaturze optymalnej. W obu przypadkach efekty te byty
widoczne niezaleznie od zrédta wegla zawartego w pozywce.

Poniewaz wykazano réznice w mozliwosci komplementacji fenotypu komoérek mutantéw M3-
Apor1Apor2iBY4741- Apor1Apor2 wwyniku heterologicznej ekspresji hVDAC3 i hVDAC3ACys, nie
ulega watpliwosci, ze reszty cysteiny odgrywaja wazna role w efekcie komplementacji hVDACS.
Nie mozna jednak wykluczyé, ze efekt ten zalezy od warunkéw wewnatrzkomoérkowych
zwigzanych z genotypem komorek drozdzy. Dlatego przeprowadzono eksperyment polegajgcy na
wprowadzeniu do komdrek podwdjnego mutanta BY4741-Apor1Apor2 z heterologiczng ekspresja
hVDAC3 lub hVDAC3ACys plazmidu pUM, co umozliwito ekspresje MET15 w tych komoérkach
(Rysunek 4A-B w Publikacji 2) i poréwnano wzrost tych komérek z odpowiadajgcymi im
komérkami linii M3, ktora wyjsciowo zawiera MET15 w swoim genotypie (Rysunek 4C-D
w Publikacji 2). Przyjeto zatozenie, ze jesSli brak MET15 jest zwigzany z mozliwoscia
komplementacji przez hVDAC3 i hVDACS3ACys fenotypu komérek BY4741- Apor1Apor2, wéwczas
ekspresja MET15 powinna wptywaé na zdolno$¢é tych biatek do tej komplementacji. Stwierdzono,
ze obecnos$¢ MET15 w komoérkach BY4741-AporilApor2 obnizyta zdolnosé hVDAC3 do
komplementacji fenotypu tego mutanta. Jednoczes$nie ztagodzita negatywny wptyw hVDAC3ACys
na wzrost tych komédrek, co byto szczegbélnie widoczne podczas hodowli
w temperaturze restrykcyjnej i na obu typach pozywek.

Zatem, w komodrkach BY4741-Apor1Apor2, w ktérych ze wzgledu na brak MET15 powinien
powsta¢ H,S, hVDAC3 wykazywat lepszg zdolnos¢ komplementacji fenotypu mutanta
w poréwnaniu z hVDAC3ACYys. Ekspresja MET15 w tych komérkach upodobnita je do komérek linii
M3-Apor1Apor2, w ktérych poziom H,S ze wzgledu na obecnos¢ MET15 powinien by¢ niski,
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a wariant hVDAC3ACys lepiej przywracat wzrost komdrek w poréwnaniu z hVDACS3. Sugeruje to,
ze w obecnosci MET15, reszty cysteiny w hVDAC3 moga w sprzyjajacych warunkach ulec
utlenieniu, co moze utrudnia¢ bramkowanie kanatu tworzonego przez to biatko. Bramkowanie to
wymaga obecnosci reszt cysteiny w stanie zredukowanym, co z kolei jest mozliwe przy braku
MET15 (Rysunek 5 w Publikac;ji 2).

Podsumowujac, uzyskane wyniki pozwolity stwierdzi¢, ze genotyp komérek drozdzy moze miec
decydujgce znaczenie dla skutkow heterologicznej ekspresji ludzkich paralogow VDAC.
W szczegolnosci efekt ten obserwowano dla paralogu hVDAC3 i jego wariantu, w ktérym reszty
cysteiny zostaty zastgpione resztami alaniny (hWDAC3ACYys). Zatem, réznica w zestawie markerow
auksotroficznych w komérkach drozdzy moze tworzy¢ rozne tto dla modyfikacji reszt cysteiny
w hVDAC3, atym samym wyjasniac rozne skutki usuniecia reszt cysteiny w hVDAC3 w komérkach
M3-Apor1Apor2 i BY4741-AporiApor2. Rézne fenotypy wykazywane przez komorki BY4741-
Apor1Apor2 i M3-Apor1Apor2 po heterologicznej ekspresji paralogéw VDAC cztowieka sprawiaja,
Zze mozna je uznaé za cenne modele do badania ludzkich biatek VDAC, zwtaszcza hVDAC3 jako
przedstawiciela rsVDAC.

3. Ludzki paralog hVDAC3 zapewnia skuteczne przystosowanie komodrek drozdzy
pozbawionych natywnych biatek VDAC do stresu oksydacyjnego wywotanego
brakiem CuZnSOD i MhSOD

Publikacja 3: Martyna Baranek-Grabinska, Tomasz Skrzypczak, Hanna Kmita, Andonis
Karachitos. Human VDAC3 as a sensor of intracellular redox state: contribution to
cytoprotection mechanisms in oxidative stress. Manuskrypt przygotowany do wystania do
Biochimica et Biophysica Acta Bioenergetics

Poniewaz w ramach Publikacji 2 stwierdzono, ze komadrki mutanta BY4741-Apor1Apor2 mozna
wykorzystaé do badania dziatania hVDACS3 jako rsVDAC, postanowiono uzupetni¢ otrzymany
model drozdzowy o komorki funkcjonujgce w warunkach stresu oksydacyjnego, ktéry otrzymano
w wyniku eliminacji obu wewnatrzkomoérkowych form dysmutazy ponadtlenkowej; tj. CuZnSOD
(SOD1) i MnSOD (SOD2). W celu usuniecia genéw kodujgcych obie dysmutazy zastosowano
CRISPR/Cas9. Nalezy jednak zaznaczy¢, ze wszystkie préby usuniecia genéw SOD7 i SOD2 w tle
Apor1Apor2, czyli otrzymanie poczwérnego mutanta BY4741-Apor1Apor2Asod1Asod2,
zakonczyty sie niepowodzeniem. Zatem, eliminacje SOD17 i SOD2 przeprowadzono w obecnosci
yVDAC1 lub obecnosci danego paralogu hVDAC, co sugeruje, ze obecnos¢ VDAC jest konieczna
w sytuacji stresu oksydacyjnego. W badaniach wykorzystano takze wariant hVDAC3ACYys,
w ktérym reszty cysteiny zastgpiono resztami alaniny (Publikacja 2). Przeprowadzone badania
obejmowaty: (1) ptytkowe testy wzrostu oraz pomiar wzrostu komoérek w ptynnej pozywce; (2)
wyznaczenie poziomu O, przy wykorzystaniu swoistej sondy fluorescencyjnej MitoSOX Red; (3)
mikroskopowg analize potencjatu wewnetrznej btony mitochondrialnej i morfologii
mitochondriéw w oparciu o ,system podwdjnego raportowania” (ang. dual-reporter system)
MitoLoc i (4) okres$lenie stanu  funkcjonalnego mitochondridw w  oparciu
0 pomiar zuzycia tlenu przez nienaruszone komoérki przy wykorzystaniu oksygrafu. Szczegétowe
informacje dotyczgce otrzymania podwdjnych mutantéw Asod7Asod2 oraz wykorzystanych
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metod przedstawiono na Rysunku 1 i 4A-B oraz w czesci Materiaty i Metody w Publikac;ji 3.

a. Znaczenie reszt cysteiny w hVDAC3

Wzorce wzrostu komorek linii BY4741, tj. szczepow Apor1Apor2, Apor2(yVDAC1) oraz hVDAC17-
hVDAC3Apor1Apor2 przy wykorzystaniu ptytkowych testow wzrostu w warunkach optymalnych
(temperatura 28°C i obecnosc¢ glukozy w pozywce — pozywka YPD) i restrykcyjnych (temperatura
37°C i pozywka zawierajgca glicerol — pozywka YPG) oraz w warunkach posrednich, tj. YPD w 37°C
i YPG w 28°C byty zgodne z wynikami przedstawionymi w ramach Publikacji 2; patrz takze Rysunek
2A w Publikacji 3. W przypadku ich odpowiednikéw pozbawionych obu dysmutaz (Asod1Asod?2)
stwierdzono, ze w przypadku pozywki YPG, i to niezaleznie od zastosowania temperatury
optymalnej lub restrykcyjnej, tylko heterologiczna ekspresja hVDAC3 byta w stanie umozliwic¢
komdérkom wydajny wzrost na tym podtozu, wymagajacym funkcjonalnosci mitochondriow
(Rysunek 2A w Publikacji 3). Znajduje to potwierdzenie w wyniku pomiaru szybkosci wzrostu
hodowli komdérek hVDAC7-hVDAC3Apor1Apor2 i ich odpowiednikéw Asod71Asod2 w ptynnej
pozywce YPG (28 °C) pokazanym na Rysunku 2B w Publikacji 3. W przypadku obecnosci obu
dysmutaz wzrost ten jest bardzo podobny dla komérek z heterologiczng ekspresja
poszczegdlnych paralogédw hVDAC. Jednak w przypadku komodrek Asod7Asod2, w przypadku
komoérek z heterologiczng ekspresja hVDAC1 lub hVDAC2 jest on zasadniczo stabszy niz
w przypadku komadrek z heterologiczng ekspresjg hVDACS3. Warto zaznaczy¢, ze w tych warunkach
wzrostu, poziom O, w komodrkach zawierajgcych obie dysmutazy i z heterologiczng ekspresja
paralogow hVDAC byt poréwnywalny, podczas gdy w komérkach sod7Asod2A i heterologicznag
ekspresjg hVDAC3 obserwowano wyraznie nizszy poziom O, niz w komérkach z heterologiczna
ekspresjga hVDAC1 i hVDAC2, w ktérych byt on poréwnywalny (Rysunek 3 w Publikacji 3). Co
istotne, heterologiczna ekspresja wariantu hVDAC3 pozbawionego reszt cysteiny (hVDAC3ACys)
w komoérkach sod7Asod2A nie umozliwiata tym komdrkom wzrostu w badanych warunkach
(Rysunek 7 w Publikaciji 3), co wykluczyto te komoérki z dalszych analiz.

Podsumowujac, w warunkach stresu oksydacyjnego (tto Asod74sod2) komorki z heterologiczng
ekspresja hVDAC3 wykazujg lepszg adaptacje w warunkach wymagajacych metabolizmu
tlenowego niz komorki z heterologiczna ekspresja hVDAC1 lub hVDAC2. Adaptacja ta znajduje
swoj wyraz w poziomie O,"” zblizonym do poziomu obserwowanego dla komdrek zawierajgcych
obie dysmutazy. Co istotne, efekt ten jest zalezny od obecnosci w biatku hVDACS3 reszt cysteiny.

b. Znaczenie stanu funkcjonalnego mitochondriow

System MitoLoc umozliwia jednoczesne obrazowanie morfologii sieci mitochondrialnej oraz
analize potencjatu wewnetrznej btony mitochondrialnej (Ay) w pojedynczych komérkach (np. ©?
i Rysunek 4A w Publikacji 3). System ten dziata poprzez oznakowanie mitochondriow dwoma
biatkami fluorescencyjnymi: jednym, ktérego import zalezy od Ay oraz drugim, ktérego import jest
niezalezny od tego potencjatu. Otrzymane wyniki wskazujg, ze brak obu paralogéw yVDAC
w komdrkach drozdzy zmieniat morfologie mitochondriéw w kierunku bardziej tubularnych, przy
czym zostaje zachowany wysoki Ay. Ponadto usuniecie obu dysmutaz w obecnosci yVDAC1
prowadzito do obnizenia Ay, ktéremu towarzyszyta wieksza fragmentacja mitochondriéw
(Rysunek 4B w Publikacji 3). W obecnosci obu dysmutaz, komérki drozdzy z heterologiczng
ekspresjg yYVDAC1 (Rysunek 4B w Publikaciji 3) lub z ktérymkolwiek z trzech paralogéow hVDAC
(Rysunek 4C w Publikacji 3) zawieraty mitochondria o nienaruszonej morfologii i stabilnej wartosci
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Ay. Natomiast przy braku dysmutaz, pojawity sie wyrazne réznice miedzy komodrkami
z heterologiczng ekspresjg paralogdw hVDAC (Rysunek 4D w Publikacji 3). Komorki
z heterologiczng ekspresja hVDAC1 i hVDAC2 zawieraty pofragmentowane mitochondria
z obnizong wartoscig Ay. Natomiast w przypadku komoérek z heterologiczng ekspresjg hVDAC3
obserwowano wyraznie mniej nasilong fragmentacje mitochondriow i wyzsza wartos¢ Ay.
Ilosciowe pomiary Ay w komodrkach z heterologiczng ekspresjg paralogéw hVDAC zawierajgcych
obie dysmutazy, jak i w odpowiadajgcych im mutantom sod7Asod2A, oparte na pomiarze
fluorescencji sondy TMRM (Rysunek 5 w Publikacji 3), prowadzg do wniosku, ze w warunkach
stresu oksydacyjnego w przypadku komérek sod7Asod2A z heterologiczng ekspresjg hVDAC2 Ay
praktycznie sie nie zmienia, podczas gdy w komoérkach z heterologiczng ekspresja hVDAC1
i hVDACS3 wartos¢ Ay ulega obnizeniu. W zwigzku z tym, w warunkach stresu oksydacyjnego,
wartos¢ Ay dla komorek z heterologiczng ekspresjg hVDAC2 i hVDAC3 byta poréwnywalna, ale
nizsza nizw przypadku komodrek z heterologiczng ekspresjg hVDAC1. Sugeruje to, ze w warunkach
stresu oksydacyjnego komorki z heterologiczna ekspresjg hVDAC2 i hVDAC3 majg porownywalna
zdolnos$¢ do podtrzymywania Ay. Biorgc pod uwage, ze wczesniej stwierdzono, ze heterologiczna
ekspresja hVDAC3 ma dziatanie ochronne (Rysunek 2 i 3 w Publikacji 3), mozna zatozyé, ze
pomiary Ay mogg nie w petni uchwyci¢ funkcjonalne réznice migedzy mitochondriami komérek
z heterologiczng ekspresjg hVDAC2 i hVDACS.

W zwigzku z tym dla komoérek hVDAC2Apor1Apor2 i hVDAC3Apor1Apor2 w tle Asod14sod2
przeprowadzono pomiary szybkosci zuzycia tlenu przez cate komodrki inkubowane
w analogicznych warunkach (YPG, 28°C). Otrzymane wartosci zuzycia tlenu wykorzystano do
obliczenia wartosci podstawowych parametrow okreslajgcych funkcjonalnos¢ mitochondriow
w komorkach. Sa to: (1) zdolnos¢ rozprzegania przez FCCP (ang. FCCP uncoupling capacity)
odpowiadajgca ilorazowi maksymalnej szybkosci zuzycia tlenu w obecnosci rozprzegacza FCCP
i szybkosci zuzycia tlenu w stanie 4 (wynikajgcym z przecieku protonoéw); (2) ,,zapasowa”
pojemnos$¢é oddechowa (ang. spare respiratory capacity) odpowiadajgca réznicy miedzy
bazowym oddychaniem komoérek (ang. basal respiration) a oddychaniem maksymalnym
wywotywanym przez podanie rozprzegacza, np. FCCP ; (3) udziat stanu 4 w bazowym oddychaniu
komorek i (4) i udziat stanu 3 (wynikajgcego z syntezy ATP) w bazowym oddychaniu komaérek (8364),
Wyznaczone wartos$ci tych parametréw przedstawiono odpowiednio na Rysunku 6B, 6C, 6D i 6E
w Publikacji 3. Stwierdzono, ze chociaz bazowe oddychanie komodrek z heterologiczng ekspresja
hVDAC?2 i hVDACS jest porownywalne (Rysunek 6A w Publikac;ji 3), to w obecnosci heterologicznej
ekspresji hVDACS3 udziat stanu 3 w bazowym oddychaniu komadrek jest okoto trzykrotnie wiekszy
niz w przypadku komoérek z heterologiczng ekspresjg hVDAC2 (Rysunek 6A, 6D-E w Publikacji 3).
Mozna wiec zatozy¢, ze komorki z heterologiczng ekspresja hVDAC3 majg wieksze
zapotrzebowanie na ATP niz komorki z heterologiczng ekspresjga hVDAC2. Z drugiej strony,
oddychanie komodrek z heterologiczng ekspresja hVDAC2 byto przyspieszane przez FCCP,
podczas gdy efektu tego nie obserwowano dla komérek z heterologiczng ekspresjg hVDACS, co
pozostaje w zgodzie z obliczonymi wartosciami zapasowej pojemnosci oddechowej tj., jest ona
praktycznie bliska zeru w komérkach z heterologiczna ekspresja hVDAC3 i duzo wigksza
w komoérkach z heterologiczng ekspresjg hVDAC2 (Rysunek 6B-C w Publikacji 3). Mozna wiec
zatozyé, ze w przypadku heterologicznej ekspresji hVDAC3 w komdrkach Apor1Apor2 w tle
Asod14sod2 dochodzi do ograniczen w dostepnosci substratéw do mitochondrialnego taricucha
oddechowego, ktére nie maja miejsca w przypadku heterologicznej ekspresji hVDAC2.
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Ograniczenia takie mogg prowadzi¢, do braku mozliwosci przyspieszenia oddychania
mitochondrialnego 5-¢°.

Podsumowujagc, otrzymane wyniki wskazujg, ze protekcyjne dziatanie hVDAC3 w obecnosci
stresu oksydacyjnego, zalezne od obecnych w tym biatku reszt cysteiny, nie wymaga obecnosci
dysmutaz ponadtlenkowych i moze sprowadza¢ sie do uruchomienia swoistego stanu
bioenergetycznego mitochondriéw, opierajgcego sie na intensywnej syntezie ATP, ktérej
towarzyszy wysoka szybkos¢ oddychania, i ktérej zwiekszenie nie jest mozliwe ze wzgledu na
ograniczenia dostgpnosci substratow do mitochondrialnego taricucha oddechowego. Jak
pokazano na Rysunku 8 w Publikacji 3, uzyskane wyniki pozwalajga na sformutowanie
nastepujacych hipotez: (1) W przypadku komérek mutantéw Asod14sod2, poddane w nich
heterologicznej ekspresji hVDAC1 i hVDAC2 wykazujg ostabione bramkowanie, co prowadzi do
stanu niskiej przepuszczalnosci, i w konsekwencji ograniczenia przechodzenia metabolitéw przez
kanat. W tych warunkach hVDAC3 pozostaje w stanie otwartym, co umozliwia ciagte
przechodzenie metabolitow. (2) W przypadku heterologicznej ekspresji hVDAC1
i hVDAC2 w komdrkach Asod714sod2 synteza O, i akumulacja ROS wzrasta. Ograniczona
przepuszczalnosé hVDAC1 i hVDAC2 w tych warunkach ogranicza dostep metabolitdéw, co z kolei
prowadzi do zwiekszonej produkcji O, i nasila stres oksydacyjny. Natomiast hVDAC3 w tych
warunkach pozostaje otwarty, co pozwala na skuteczny przeptyw metabolitdw przez zewnetrzng
btone mitochondrialng. Pomaga to zmniejszy¢é akumulacje ROS i przeciwdziata¢ dysfunkcji
mitochondriéw.

Ustalenia te pozostaja w zgodzie z wnioskami dotyczacymi badan przeprowadzonych
z wykorzystaniem ludzkich komdérek HAP1, w ktdrych wykonano niezalezny nokaut genu
kodujacego hVDAC1 i hVDAC3 (Reina i in., 2022). Nalezy jednak zaznaczy¢, ze rola hVDAC3 byta
ustalana w tle obecnosci pozostatych paralogéw biatka hVDAC i przy poréwnaniu z nokautem
genu kodujgcego hVDAC1 oraz z wykorzystaniem innych czynnikéw generujacych stres
oksydacyjny i metod stuzgcych ustaleniu stanu funkcjonalnego mitochondriéw, co uniemozliwia
bezposrednie poréwnanie danych dotyczacych funkcjonalnosci mitochondriow.

3.4. Podsumowanie

Moja rozprawa doktorska sktada sie z trzech publikacji: jednej opartej na analizie
bioinformatycznej i dwdch prac eksperymentalnych. Pierwsza z nich zostata opublikowana
w 2021 roku (Frontiers in Physiology), druga jest w trakcie recenzji w International Journal of
Molecular Sciences, a ostatnia znajduje sie na etapie przygotowania do wystania do Biochimica
et Biophysica Acta Bioenergetics. Publikacje te pozostajg w zgodzie z zadaniami badawczymi
i celami naukowymi przedstawionymi w ramach Indywidualnego Planu Badawczego. Dotyczg one
bowiem funkcjonalnos$ci paralogéw biatka VDAC, w tym cztowieka, ktére badano pojedynczo przy
wykorzystaniu skonstruowanego modelu drozdzowego. Przeprowadzone badania sg istotne dla
zrozumienia funkcjonalnego zréznicowania paralogéw VDAC, w tym cztowieka, co moze miec¢
okreslenie skutki praktyczne, np. w opracowaniu strategii cytoprotekcyjnych.

Przeprowadzona analiza bioinformatyczna dotyczaca zréznicowania liczby i sekwencji biatek
VDAC pod wzgledem obecnosci reszt cysteiny, gtownie u bezkregowcow, pozwolita na istotne
ustalenia dotyczace identyfikacji VDAC jako czujnika stanu redoks (ang. rsVDAC). Stwierdzono, ze
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w przypadku obecnosci kilku paralogéw VDAC w mitochondriach jest mato prawdopodobne aby
wszystkie spetniaty definicje rsVDAC, ale rsVDAC moze wystapic, gdy tylko jeden wariant VDAC
jest obecny w mitochondriach. Taki wtasnie typ VDAC rozpowszechniony jest wsréd organizmow
pasozytniczych, co stanowi przestanke do zatozenia, ze rsVDAC moze posredniczy¢ w adaptacji
do warunkéw srodowiskowych. Z kolei skonstruowany przeze mnie model drozdzowy do badania
paralogow VDAC cztowieka pozwolit na uzyskanie istotnych danych dotyczacych funkcjonowania
tych paralogdw przy réznym tle genetycznym zastosowanych szczepow drozdzy, ktére moze by¢
istotne dla wewnatrzkomoérkowego stanu redoks oraz w warunkach stresu oksydacyjnego.
Stwierdzono, ze tto genetyczne szczepu, w ktérym paralogi VDAC poddano heterologicznej
ekspresji ma wptyw na ich funkcjonalnos¢ w komadrkach. Natomiast czes¢ modelu obejmujgca
komérki drozdzy z heterologiczng ekspresja ludzkich paralogéw biatka VDAC i pozbawione
jednoczesnie funkcjonalnych dysmutaz ponadtlenkowych pozwolita na otrzymanie istotnych
danych dotyczacych funkcjonalnosci poszczegélnych paralogéw hVDAC w warunkach stresu
oksydacyjnego. Stwierdzono, ze biatko hVDACS3 dziata cytroprotekcyjnie w warunkach stresu
oksydacyjnego przyczyniajagc sie do utrzymania niskiego poziomu anionorodnika
ponadtlenkowego, co pozostaje w zwigzku ze zmianami funkcjonalnosci mitochondriow. Zatem,
bedac paralogiem wrazliwym na stan redoks w komorce, hVDAC3 moze takze by¢ elementem
mechanizmu cytoprotekcyjnego w warunkach stresu oksydacyjnego, a kluczowg role w tych
procesach odgrywajg reszty cysteiny.

Roéznorodnosé funkcjonalna paralogdéw biatka VDAC stanowi przedmiot badan wielu naukowcow
(np.®>%9). Uzyskane w tej pracy wyniki uzupetniajg wiedze na ten temat nie tylko w przypadku
paralogow VDAC cztowieka, ale takze w przypadku bezkregowcow i uzywanych jako model
badawczy komodrek drozdzy. Potwierdzajg takze wazng role reszt cysteiny (ich liczby i lokalizacji)
w biatkach VDAC réznych organizmoéw, a w szczegdlnosci ludzkiego biatka VDACS,
w funkcjonowaniu komodrek, w tym ochronie przed stresem oksydacyjnym. Paralog hVDACS jest
szczegoblnie licznie obecny w meskich komdrkach rozrodczych, komoérkach nerwowych
i komorkach miesniowych. Jednak wcigz pozostaje niedostatecznie poznanym paralogiem, co
dostarcza pola do dalszych badan w ramach biologii i medycyny, w szczegdélnosci dotyczacych
lepszego poznania mechanizmu regulacji funkcjonalnej tego biatka w zmiennych warunkach
redoks, jak np. w przypadku meskich komoérek rozrodczych i réznych zaburzen ptodnosci
zwigzanych z nieprawidtowym funkcjonowaniem mitochondriéw.
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3.5.

Finansowanie badan w ramach rozprawy doktorskiej

Grant NCN 2017/26/D/NZ1/00075, ldentyfikacja i analiza funkcjonalna mutacji w genie
kodujacym biatko VDAC3 w plemnikach ze zmniejszong ruchliwoscig, SONATA 13 (2018-
2021), kierownik: dr hab. Andonis Karachitos

GrantNCN 2016/21/B/NZ4/00131, Mitochondrial markers of successful anhydrobiosis for
representatives of aquatic and terrestrial tardigrades, OPUS 11 (2017-2021), kierownik:
prof. dr hab. Hanna Kmita (Grant przedtuzany do 2022 przez kierownika ze wzgledu na
sytuacje spowodowang COVID-19)

Grant ID-UB 017/02/SNP/0008, Analiza fluorescencyjna obecnosci anionorodnika
ponadtlenkowego oraz stanu funkcjonalnego mitochondriow w komdrkach modelu
drozdzowego do badania udziatu paralogéw ludzkiego biatka VDAC w przeciwdziataniu
skutkom stresu oksydacyjnego wywotanego brakiem wewnagtrzkomdérkowych dysmutaz
ponadtlenkowych, ID-UB 017 Minigranty doktoranckie, kierownik: mgr Martyna Baranek-
Grabiniska

Subwencja badawcza Zaktadu Bioenergetyki UAM
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Abstract: The voltage-dependent anion-selective channel (VDAC) plays a crucial role in mitochon-
drial function, and VDAC paralogs are considered to ensure the differential integration of mito-
chondrial functions with cellular activities. Heterologous expression of VDAC paralogs in the yeast
Saccharomyces cerevisiae por1A mutant cells is often employed in studies of functional differentiation
of human VDAC paralogs (hVDAC1-hVDACS3) regardless the presence of the yeast second VDAC
paralog encoded by POR?2 gene. Here, we applied por1Apor2 A mutants derived from two S. cerevisiae
strains commonly used for heterologous expression of hVDAC paralogs and addressed the possible
relationship between differential ability of hVDAC3 to reverse the growth phenotype of the
porlApor2A mutants and the presence of hydrogen sulfide (H2S).The results indicate the need to
consider genotype background in application of yeast complementation assays in research on the
complexity of human VDAC paralogs, particularly human VDACS3.

Keywords: human VDAC paralogs; por1Apor2 A mutants; yeast complementation assay; yeast strain
genotype; MET15; cysteine-depleted variant of hVDAC3

1. Introduction

Voltage-dependent anion selective channel (VDAC) forms an omnipresent pathway
for metabolite transport across the outer mitochondrial membrane [1-7]. The molecular
mass cutoff for the pathway is approximately 4 kDa, and the transported molecules range
from inorganic ions (e.g., K*, Na* and Cl) to metabolites of different sizes and charges
(e.g., large anions, such as ATP, AMP, NADH and glutamate; small anions, such as su-
peroxide anion; and large cations, such as acetylcholine) and large macromolecules, such
as tRNAs [7-9]. The magnitude of transport through VDAC can be limited when VDAC
switches to lower conducting substates featuring less anion selectivity [3], and the process
is influenced by the presence of VDAC paralogs [10,11] as well as their posttranslational
modifications and interactions with different proteins [1,12].

The yeast Saccharomyces cerevisize complementation assay is a useful method for as-
sessing the ability of heterologously expressed proteins to reverse the growth phenotype
of the relevant mutant strain and has also been used for VDAC proteins from different
organisms [13-16]. Yeast mitochondria contain two VDAC paralogs, yVDAC1 and
yVDAC?2, encoded by POR1 and POR?2 gene, respectively [17,18]. These paralogs differ
dramatically in their expression levels. Namely, yVDAC1 has been shown to be expressed
at levels five orders of magnitude greater than yVDAC2, and the difference was observed
in the presence of a fermentable or nonfermentable carbon source (glucose and glycerol,
respectively, the latter being metabolized by respiration that requires functioning mito-
chondria) [19]. Accordingly, it has been estimated that yVDACI is responsible for approx-
imately 90% of the permeability of a single mitochondrial outer membrane [20]. In
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addition, yVDAC2 cannot compensate for the lack of yVDACI unless it is expressed un-
der the control of the yVDAC1 promoter as far as growth of relevant yeast cells is con-
cerned [17]. Therefore, mutants depleted of only yVDAC1 are used in studies on VDAC
paralogs based on heterologous expression in S. cerevisiae cells.

The single mutants are derived from commonly used S. cerevisiae strains (for the rel-
evant genotypes, see Table 2) including M3 [12,14,18,21-24] as well as closely related
BY4741 [19,21,25,26] and BY4742 [13,19,27,28]. The M3 strain is the isogenic strain for
porlA mutant termed M22-2 and obtained by Blachly-Dyson et al. (1997) [17]. It was gen-
erated by deleting most of the PORI gene by the insertion of the LEU2 auxotrophic
marker. BY4741-Apor1 and BY4742-Apor1 mutants are commercially available (Euroscarf,
Frankfurt, Germany) and were obtained by the application of a G418 resistance cassette
(KanMX4) for the deletion of the POR1 gene in BY4741 or BY4742 isogenic wild-type cells,
respectively. To verify the functionality of human VDAC paralogs M3-Aporl and
BY4742-Aporl mutant strains were used [13,14,27] but not BY4741- Apor1 one.

As reported in other mammals, three human VDAC paralogs (hWVDAC1, hVDAC2
and hVDAC3) have been identified [4,11,29]. It is generally assumed that hVDACI,
hVDAC2 and hVDACS3 are structurally very similar, but subtle sequence changes may
facilitate paralog-specific roles through yet unknown mechanisms [27]. Accordingly,
hVDAC1 and hVDAC2 are expressed at higher levels than hVDACS3, which is far less
abundant, with the exception of levels observed in the testis, kidney, brain, heart and skel-
etal muscle [30]. Nevertheless, heterologous expression of these paralogs in the mentioned
M3-Aporl and BY4742-Apor] mutant cells using relevant pYX212 plasmid constructs
[13,14,27] has indicated that hVDAC1, hVDAC2 and hVDACS3 form stable, highly conduc-
tive voltage-gated channels that are weakly anion selective and facilitate metabolite ex-
change [14,27]. However, it has also been shown that the gating of hVDACS3 requires the
reduction of disulfide bonds formed by specifically localized cysteine residues and the
linking of the N-terminal region of the protein to the bottom of the channel pore [31]. Thus,
hVDAC3 channel activity in mitochondria is likely controlled by the protein functioning
as redox sensor [4,31-33]. This particular property of hVDAC3 may explain why heterol-
ogous expression of hVDAC1 and hVDAC2 but not of hVDAC3 complements the growth
defect of M3-Apor1 and BY4742-Apor]l mutant cells under restrictive conditions (37 °C in
the presence of glycerol) [13,14,34] known to result in oxidative stress [e.g., 35,36].

The diverse content in cysteine residues is regarded as a distinctive feature of human
VDAC paralogs; i.e,, hVDAC1 has two, hVDAC2 has nine and hVDACS3 has six. The res-
idues follow an evolutionarily conserved oxidative modification pattern, being oxidated
or reduced probably depending on their location with respect to cytosol or the intermem-
brane space [32,37,38]. However, only in hVDAC3 the whole set of cysteine residues is
never detected as totally oxidized [39]. This suggests that hVDAC3 cysteine residues may
undergo continuous reduction-oxidation (redox) cycles that in turn strengthens the as-
sumption that the residues are indispensable for the protein ability to counteract oxidative
stress [e.g., 38,39]. This may correlate with changes in the protein channel activity [ e.g.,
38,40] possibly influenced by interactions with cytosolic proteins [27].

Accordingly, it has been shown that S. cerevisiae is a convenient model to investigate
the functional relationship between VDAC, redox states of cell compartments and expres-
sion levels and/or activity of cellular proteins [41]. It has also been shown that the intra-
cellular redox states are distinctly influenced by the both yeast VDAC paralogs [41] form-
ing channels of comparable electrophysiological characteristics [22] but providing differ-
ent permeability across the mitochondrial outer membrane [18]. It is also known that hy-
drogen sulfide (H2S) is an important gaseous signaling molecule that is critically involved
in regulating redox homeostasis in eukaryotic cells [42]. The proposed mechanisms
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include, among others, the regulation of antioxidative pathways and the attenuation of 95
cellular ROS levels [43], but H2S has never been considered in the context of VDAC regu- 96
lation. Importantly, S. cerevisine BY4741 strain differ from the related BY4742 strainin only = 97
one auxotrophic marker, namely, MET15 that is absent in BY4741 but present in BY4742 98
(Table 2). The gene MET15 (also known as MET17) is also present in M3 cells and it en- 99
codes the enzyme O-acetyl homoserine-O-acetyl serine sulfhydrylase that is responsible 100
for incorporating sulfide along with O-acetylhomoserine into homocysteine. Loss of this 101
activity in S. cerevisiae cells results in the production of high H2S levels [44,45]. 102

Thus, to check putative relationship between the absence of H2S and hVDACS ina- 103
bility to complement the growth defect of M3-Apor1 and BY4742-Apor]1 mutant cellsunder 104
restrictive conditions [13,14], we performed heterologous expression of hVDACI- 105
hVDAC3 in BY4741 cells in the presence or absence of METI15. Moreover, double 106
porlApor2 A mutants were used in the studies to eliminate possible effect of yVDAC2. The 107
results demonstrate that the background of the yeast cell genotype can be decisive for 108
complementation of the absence of yeast VDAC paralogs by human VDAC paralogs, 109
which was clearly observed for hVDAC3. Moreover, the results indicate that cysteine res- 110
idues contribute to hVDAC3-mediated complementation of porIApor2A mutant growth 111
defect and this contribution may be partially related to MET15 activity and resulting H2S 112

level. 113
BY4741 BY4741 BY4741
por24 por2A por24
CRISPR/Cas9
L P "
POR1 por1d HVDAC
pML104 IHDR 1HDR
g,
3
b
L P L HVDAC P
g 114

Figure 1. Creating model for human VDAC expression using initially por2A mutants (derived 115
from the BY4741 strain). The vector pML104, containing Cas9 and sgRNA, is responsible for the 116
CRISPR/Cas9 system. CRISPR/Cas9 creates a double-strand break (DSB) in the PORI1 locus. Subse- 117
quently, the repair DNA, through homologous recombination (HDR), uses homologous arms (Land 118
P) to either generate a knockout (KO) mutant for the POR1 gene (por1A) or to introduce the human 119

HVDAC gene (knock-in). 120
121
2. Results 122
123

2.1. The phenotypes of the por1Apor2 A double mutants derived from the M3 and BY4741 strains 124
are similar under restrictive conditions 125
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Figure 2. Results of the viability assay obtained for isogenic wild-type BY4741 and M3 strains as
well as for cells of porlA, por2A and por1Apor2A mutant strains. Quantitative analysis of the
growth of BY4741 and M3 cells and cells of the relevant mutants on media supplemented with glu-
cose (A and B) or glycerol (C and D) at 28 °C (A and C) or 37 °C (B and D). The data are presented
as the mean values + standard deviations of three independent experiments. ns, not statistically
significant; ***, p <0.0001; ***, p <0.001; **, p<0.01; ¥, p <0.05. (E) Representative growth of BY4741
and M3 cells and cells of the relevant mutants on media supplemented with glucose (fermentable
carbon source) or glycerol (nonfermentable carbon source) for 3 days at 28 °C (permissive tempera-
ture) and 37 °C (restrictive temperature). Serial tenfold dilutions of each of the yeast cell suspensions
were spotted from left to right. Three replicates of the assay were performed.

To determine whether M3- and BY4741-derived mutants depleted of both yVDAC
paralogs (M3-por1Apor2A and BY4741-por1Apor2A, see Table 2) display the same pheno-
type under known restrictive conditions (37 °C and the presence of glycerol), the BY4741-
derived double mutant was constructed using CRISPR/Cas9 (Figure 1) to eliminate POR1
(see Materials and Methods). The growth patterns of the both double mutants, along with
their respective single mutant equivalents and corresponding wild-type cells, were eval-
uated at permissive (28 °C) and restrictive (37 °C) temperatures in media containing either
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glucose (YPD) or glycerol (YPG). This evaluation was performed by the cell viability assay
after serial dilution and plating of the samples. Quantitative analysis of the assay (Figure
2A-D) indicated that neither the por1A mutants nor the porIApor2A mutants grew under
the known restrictive conditions, which is in agreement with available data obtained for
M3-por1A and M3-porl1Apor2 A mutants [17] and confirmed in the study. Moreover, under
the specified conditions, por2A mutant strains exhibited growth patterns similar to those
of the relevant isogenic wild-type strain. The similarity in growth was also observed for
the porIA mutants across both strains. However, BY4741-por1Apor2A mutant displayed
distinct growth on glycerol at permissive temperature and weak growth on glucose at
restrictive temperature, which was not observed for M3-por1Apor2A mutant. Representa-
tive results of the cell viability assay are shown in Figure 2E.
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Figure 3. The effects of the heterologous expression of each human VDAC paralog or a cys-
teine-depleted variant of human VDAC3 on results of the viability assay performed for M3-
por1Apor2A and BY4741-por1Apor2A mutant cells. Quantitative analysis of the growth of double
mutant cells expressing human VDAC paralogs (hWDAC1, hVDAC2, hVDAC3) or a cysteine-de-
pleted variant of hVDAC3 (hVDAC3ACys). These cells were grown on media supplemented with
glucose (A and B) or glycerol (C and D) at 28 °C (A and C) or 37 °C (B and D). The data are presented
as the mean values + standard deviations of three independent experiments. ns, not statistically
significant; ***, p < 0.0001; ***, p < 0.001; **, p < 0.01; ¥, p < 0.05. (E) Representative growth of the
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double mutant cells expressing human VDAC paralogs (hWDAC1, hVDAC2, hVDAC3) or cysteine- 165
depleted variant of hVDAC3 (hVDAC3ACys) on glucose (fermentable carbon source) or glycerol 166
(non-fermentable carbon source) containing media for 3 days at 28°C (permissive temperature) and 167
37°C (restrictive temperature). Serial tenfold dilutions of each of the yeast cells’ suspensions were 168
spotted from the left to the right. Three repeats of the assay were performed. 169

170

171

2.2. The por1Apor2 A double mutants derived from the M3 and BY4741 strains differ in comple- 172
mentation upon heterologous expression of human VDAC paralogs 173

To investigate whether an identical phenotype under restrictive conditions would 174
result in similar effects of heterologous expression of human VDAC paralogs in both 175
porlApor2 A mutants, we used the cell viability assay (Figure 3). As indicated by quantita- 176
tive analysis of the performed viability assay (Figure 3A-D), the expression of the paralogs 177
in BY4741-por1Apor2 A mutant cells enhanced growth to a very similar extent, and the con- 178
ditions applied did not differentiate between the paralogs. Conversely, in M3-por1Apor2A 179
mutant, heterologous expression of hVDACS3 resulted in the weakest complementation, 180
including a complete lack of yeast cell growth at restrictive temperature, regardless of the 181
presence of glycerol or glucose. Moreover, hVDAC2 expression most significantly en- 182
hanced growth in M3-por1Apor2 A mutant. 183

Based on the assumption that hVDAC3 channel activity is dependent on its cysteine 184
residues [27,31,40], we also examined the effect of heterologous expression of a cysteine- 185
depleted variant of hVDAC3 (hVDAC3ACys). As shown in Figure 3, hVDAC3ACys re- 186
duced the growth of BY4741-por1Apor2A mutant but increased the growth of M3- 187
porlApor2 A mutant under specific conditions of the cell viability assay. This reduction was 188
most pronounced at restrictive temperature, regardless of the carbon source, whereas the 189
increase was most pronounced at permissive temperature, regardless of the carbon 190
source. Representative results of the cell viability assay are shown in Figure 3E. 191

192

2.3. The effect of cysteine depletion in hWWDAC3 on yeast cell growth may be related to the activity — 193
of Met15 194

Inactivation of MET15 (encoding O-acetyl-homoserine-O-acetyl-serine sulfhy- 195
drylase) in S. cerevisiae leads to increased H:S production [44], as schematically shownin 196
Figure 4A. As mentioned in the Introduction, H2S plays a critical role in maintaining the 197
intracellular redox balance and promotes cell growth [46]. Therefore, we aimed to restore 198
MET15 presence in BY4741-por1Apor2A mutant expressing hVDAC3 or hVDAC3ACys 199
and evaluate the effect of MET15 presence on the cell growth. This was achieved by 200
transforming BY4741-por1Apor2A-hVDAC3 and  BY4741-por1Apor2A-hVDAC3-ACys 201
mutant cells with the pUM plasmid, which also provided the URA3 marker for selection 202
of subsequent transformants (Figure 4B). The presence of MET15 decreased the ability of 203
hVDACS3 to reverse BY4741-por1Apor2A growth phenotype but also attenuated the effect 204
of hVDAC3ACYys on the mutant cells when compared to the effect of hVDAC3 (Figure 4C- 205
D). Moreover, this attenuation was particularly pronounced at restrictive temperature for 206
both glucose and glycerol. 207
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Figure 4. The effect of cysteine residues in hVDAC3 on the results of the viability assay in the
presence or absence of the MET15 auxotrophic marker. (A) Schematic illustration of the disruption
of the sulfate assimilation pathway in S. cerevisiae cells due to MET15 deletion in BY4741 cells. When
the pathway is functional, sulfate (5O4%) is enzymatically reduced to hydrogen sulfide (H2S), which
is subsequently converted to homocysteine upon combination with O-acetyl homoserine. However,
due to the MET15 mutation, the pathway is interrupted, resulting in the accumulation of HzS. (B)
Schematic illustration of the increase in H2S production in BY4741 cells caused by MET15 deletion
and the predicted decrease in H2S concentration following MET15 gene complementation using the
pUM vector. (C) Growth analysis of BY4741-por1Apor2A mutant cells expressing hVDAC3 or
hVDACB3ACys in the background of MET15 deletion (met15A) or MET15 complemented with the
pUM plasmid (MET15), based on the viability assay results. MET15 cells were grown on uracil-free
medium supplemented with glucose or glycerol as fermentable or nonfermentable carbon source,
respectively, for 3 days at 28 °C (permissive temperature) or 37 °C (restrictive temperature). Three
replicates of the assay were performed. The data for met15A cells are presented in Figure 3E. (D)
Quantitative analysis of the growth of BY4741-por1Apor2A mutant cells expressing hVDAC3 or
hVDAC3ACYys, focusing on the variation induced by the presence or absence of the MET15 gene.
The data are presented as violin plots of three independent experiments. ns, not statistically signif-
icant; ****, p <0.0001; **, p <0.01.

208
209

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

230

231

232



Int. |. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 18

3. Discussion 233

Here, we report for the first time the effects of heterologous expression of human VDAC 234
paralogs in S. cerevisiae double por1Apor2A mutants derived from two different yeast 235
strains. The results show that identical phenotypes of mutants derived from different 236
yeast strains under the specified conditions do not exclude significant differences in the 237
effects of heterologous expression of a given protein. Furthermore, our results add to the 238
ongoing discussion about the role of cysteine residues in hVDACS3 functionality and pos- 239
sible mechanism of the protein modulation. 240

We focused on two different and commonly applied yeast strains, M3 [e.g., 12,14,18,21- 241
24], and BY4741, as well as relevant por1Apor2A mutants. The both mutants were not able 242
to grow under diagnostic restrictive conditions (i.e., 37 °C, in the presence of glycerol) as 243
reported previously for M3-por1Apor2 A [17]. However, despite the similar growth pheno- 244
type under diagnostic restrictive conditions, M3-por1Apor2A and BY4741-por1Apor2A dif- 245
fered in the growth at restrictive temperature in the presence of glucose and at permissive 246
temperature (28 °C) in the presence of glycerol. The observed differences, namely, the 247
growth of BY4741-por1Apor2 A mutant and the lack of the growth of M3-por1Apor2A mu- 248
tant, are likely due to the initial genotypes of the strains. Nevertheless, the lack of growth 249
of both porlIApor2A mutants under restrictive diagnostic conditions allowed the use of 250
these cells for heterologous expression of human VDAC paralogs. 251

In the case of BY4741-por1Apor2 A mutant, heterologous expression of hVDAC1, hVDAC2 252
and hVDACS3 uniformly enhanced cell growth regardless of the applied environmental 253
conditions. Conversely, for M3-por1Apor2 A mutant, heterologous expression of hVDAC3 254
exhibited the least effective complementation, including a complete absence of yeast cell 255
growth at restrictive temperature, independent of the presence of glycerol or glucose. Be- 256
cause the double mutants were generated from M3 and BY4741 strains lacking POR2 gene, 257
the differential contribution of yVDAC2 can be excluded. The importance of the presence 258
of yVDAC?2 for the effect of human VDAC paralog heterologous expression may be illus- 259
trated by the observation that hVDAC2 expression most significantly enhanced growth of 260
M3-por1Apor2 A mutant (this study) but expression of hVDACI is the most effective in the 261
case of M3-por1A [14]. Nevertheless, two hypotheses could explain the lack of comple- 262
mentation of M3-porl1Apor2A growth phenotype under the restrictive temperature by 263
hVDACQCS3: (1) thermal instability of the isolated protein, evidenced by a melting tempera- 264
ture of 29 °C [27], which occurs in M3 cells but not in BY4741 cells; and/or (2) the oxidation 265
state of cysteine residues, critical for hVDAC3 gating in reconstitution experiments [31] 266
(Figure 5) or other mechanisms underlying the possibility of complementation of porlIA 267
mutant growth [40] that may differ between M3 and BY4741 cells. In addition, the cysteine 268
residues of hVDACS3 have been identified as essential for the ability of the protein to coun- 269
teract oxidative stress in human HAP1 cells [38]. It was also shown that hVDAC3ACys 270
forms typical VDAC channels without affecting the rate of proper channel insertion, alt- 271
hough its interactions with cytosolic proteins are altered [27]. 272

Given that the replacement of hVDAC3 with hVDAC3ACys, a variant of hVDAC3 in 273
which all cysteine residues are replaced by alanine, affected the growth of M3-por1Apor2A 274
and BY4741-por1Apor2A cells differently, it can be concluded that cysteine residues play 275
an important role in the complementation effect of hVDAC3. However, this effect is de- 276
pendent on intracellular conditions related to the yeast cell genotype. In particular, one of 277
the auxotrophic markers that distinguishes BY4741 from M3 strains is MET15, which is 278
absent in BY4741 cells. The absence of MET15 is known to lead to increased H2S produc- 279
tion [44,45], which is considered important for mitigating oxidative stress [43,47]. There- 280
fore, the difference in the set of auxotrophic markers may create a different background 281
for hVDACS3 cysteine modification [37] and thus explain the different effects of h\VDAC3 282
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cysteine residue depletion in M3-por1Apor2A and BY4741-por1Apor2A cells. Essentially, if 283
the absence of MET15 is associated with the complementation effect of hVDAC3 and 284
hVDAC3ACys in BY4741-por1Apor2 A cells, then MET15 expression should influence the 285
ability of the proteins to affect growth phenotype of BY4741-por1Apor2A cells. Indeed, 286
MET15 expression decreased the ability of hWVDAC3 to reverse growth phenotype butin- 287
creased the ability in the case of hVDAC3ACys expression that makes BY4741-por1Apor2 A 288
mutant similar to M3-por1Apor2 A mutant although the relevant changes in the growth of 289
BY4741-por1Apor2A cells are statistically significant only at restrictive temperature and 290
more pronounced in the presence of glucose. The reason could be temperature-related 291
increase in ROS level [ e.g., 36], mutual interactions between ROS level and glycolysis rate 292
[ e.g., 52] and effectiveness of hVDACS3 in counteracting the increase in ROS, depending 293
on the presence of cysteines and MET15 [4,38]. Thus, H2S is emerging as a molecule im- 294
portant for modulation of hVDAC3 involvement in cellular response to oxidative stress 295
that is based on the protein cysteine residues but contributing mechanism(s) requires fur- 296

ther studies. Our hypothesis addressing the mechanism is shown in Figure 5. 297
H,S
met15 g
oxidation
—
s MET15Q T
hVDAC3 hVDAC3
normal gating fixed

298

Figure 5. Influence of yeast genetic background on MET15 and VDACS3 gating. In yeast strains 299
with the recessive met15 mutation, hydrogen sulfide is produced, which activates VDAC3 gating 300
(VDACS3 normal gating). This gating is triggered by the suppression of disulfide-bond formation 301
between the N-terminal region and the pore. Conversely, in strains with a functional MET15 gene, 302
hVDACS channels are likely stabilized in an open state under oxidizing conditions (hVDACS3 fixed). 303
This hypothesis suggests that the genetic background of yeast strains, particularly regarding the 304
MET15 gene, can significantly influence the phenotypic outcomes related to hVDAC3 expression. 305
Different genetic backgrounds may therefore result in distinct phenotypes due to varying mecha- 306

nisms of VDACS3 gating activation and stabilization. 307

308
4. Materials and Methods 309
4.1. Plasmids 310

The pML104-POR1 plasmid, which was used for CRISPR/Cas9 genome editing, was de- 311
rived from the pML104 plasmid, which was kindly provided by John Wyrick. This plas- 312
mid is cataloged with Addgene under the identifier #676380 [49]. 313
For the generation of pML104-POR1, a specific guide RNA sequence (5'GTT- 314
GTTCAATGTAGCGCCCA-3") was integrated into the pML104 plasmid using the Q5® 315
Site-Directed Mutagenesis Kit from New England Biolabs following the protocol outlined 316
by Hu et al. (2018) [50]. Genes encoding hVDAC 1, 2, and 3 and a cysteine-depleted variant 317
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of hVDAC3 (hVDAC3ACys) optimized for yeast codon usage were synthesized along
with sequences flanking the POR1 gene both upstream and downstream and cloned into
pBSK(+) Simple-Amp or pBluescript II SK(+) plasmids from Biomatik (Ontario, Canada).
The pUM plasmid was a gift from Markus Ralser. This plasmid has been registered with
Addgene under the identifier #64176 [51]. This plasmid was designed to restore prototro-
phy in Saccharomyces cerevisiae strains lacking the UURA3 and MET15 genes. The list of plas-
mids used in this research is shown in Table 1.

Table 1. List of plasmids used in this study.

Plasmid Size (bp) Description

pML104-POR1 11258 CRISPR/Cas9 vector designed for targeting the
POR1

pBSK(+) Simple-Amp-hVDAC1 4383 Contains the repair DNA sequence for human
VDACI, used in CRISPR/Cas9-mediated gene
editing

pBSK(+) Simple-Amp-hVDAC2 4416 Contains the repair DNA sequence for human
VDAC2, used in CRISPR/Cas9-mediated gene
editing

pBluescript II SK(+)-hVDAC3 4437 Contains the repair DNA sequence for human
VDAC3, used in CRISPR/Cas9-mediated gene
editing

pBluescript II SK(+)-hVDAC3ACys 4437 Contains the repair DNA sequence for cysteine-

depleted variant of human VDAC3, used in
CRISPR/Cas9-mediated gene editing

6448 Contains URA3 and MET17 auxotrophy selection

markers

4.2. Strains and culture media

The NEB® 5-alpha competent E. coli bacterial strain, purchased from New England Bi-
olabs (Catalog # C2987H), was used for plasmid amplification. The bacterial culture was
performed in liquid LB medium composed of 1% tryptone, 0.5% yeast extract, and 1%
sodium chloride, with ampicillin added to a final concentration of 100 pg/ml. The culture
was maintained in the dark at 37 °C.

The yeast strains used in this study are listed in Table 2. Several media were used to grow
the yeast cells to meet the specific experimental requirements. YPD (1% yeast extract, 2%
peptone, and 2% D-glucose) and YPG (1% yeast extract, 2% peptone, and 3% glycerol, pH
adjusted to 5.5) media were used for the viability assay. In addition, SD-Ura (0.67% yeast
nitrogen base without amino acids, yeast synthetic nutrient supplement without uracil,
and 2% D-glucose) and SG-Ura (0.67% yeast nitrogen base without amino acids, yeast
synthetic nutrient supplement without uracil, and 3% glycerol, pH adjusted to 5.5) media
were also used for viability assay, specifically for cells harboring the pUM plasmid. SD-
Ura medium served a dual purpose. In addition to viability assay, it was also used for the
selection of cells containing the pUM and pML104-POR1 plasmids. SDC+5-FOA (0.67%
yeast nitrogen base without amino acids, complete yeast synthetic drop-out medium
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supplemented with 2% D-glucose, and 0.1% 5-fluoroorotic acid) medium supplemented
with 5-fluoroorotic acid (5-FOA) was used to selectively remove plasmids from yeast cells.
Agar at a concentration of 2% was added to the solid media.

Table 2. List of yeast strains used in this study.

leu2; ura3; por2A::TRP1

Strain Genotype Feature Source
M3 MATalys2; his4; trp1; ade2; | WT [17]
leu2; ura3
M3-porlA MATa lys2; his4; trp1; ade2; | Lacking the POR1 gene (por1A) Blachly-Dyson et
leu2; ura3; porl1A:LEU2 al., 1997 (M22-2)
M3-por2A MATalys2; his4; trp1; ade2; | Lacking the POR2 gene (por2A) | Blachly-Dyson et

al., 1997(M3-2)

M3-porlApor2A

MATa lys2; his4; trpl; ade2;

leu2; wura3; porlA:LEU2;

Double mutant lacking PORI

and POR2 genes (porlA por2A)

Blachly-Dyson et

al,, 1997 (M22-2-1)

hVDAC3-ACys

leu2; ura3;

the control of the PORI1
promoter.

HVDAC3 mutations:

por2A::TRP1
M3-por1Apor2A- MATa lys2; his4; trp1; ade2; | Expresses human VDACI under | This work
hVDAC1
leu2; ura3; | the control of the POR1 promoter
porlA::HVDACI; (hVDACYT)
por2A:: TRP1
M3-porlApor2A- MATa lys2; his4; trp1; ade2; | Expresses human VDAC2 under | This work
hVDAC2
leu2; ura3; | the control of the POR1 promoter
porlA::HVDAC2; (hVDAC2)
por2A::TRP1
M3-por1Apor2A- MATalys2; his4; trp1; ade2; | Expresses human VDAC3 under | This work
hVDAC3
leu2; ura3; | the control of the POR1 promoter
por1A::HVDACS; (hVDACS3)
por2A::TRP1
M3-porlApor2A- MATalys2; his4; trp1; ade2; Expresses human VDAC3 under This work

345
346
347

348
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porlA::HVDAC3ACys; C2A, C8A, C36A, C65A, C122A,
por2A::TRP1 C229A (hVDAC3ACys)
BY4741 MATa his3A1; leu2A0; | WT Euroscarf

met15A0; ura3A0

BY4741-por1A MATa;  his3A1; leu2A0; | Lacking the POR1 gene (por1A) This work
met15A0; ura3A0;
por1A0

BY4741-por2A MATa; his3A1; leu2A0; | Lacking the POR2 gene (por2A) | Euroscarf
met15A0; ura3A0; (Y02273)

por2A::kanMX4

BY4741-porlA por2A MATa; his3A1; leu2A0; | Double mutant lacking PORI | This work
met15A0; ura3A0; | and POR2 genes (por1A por2A)

por1AQ; por2 A::kanMX4

BY4741-por1Apor2A- MATa;  his3A1;  leu2A0; | Expresses human VDACI under | This work
hVDAC1
met15A0; ura3A0 | the control of the POR1 promoter
porlA::HVDACI; (hVDACT)

por2A::kanMX4

BY4741-por1Apor2A- MATa; his3A1; leu2A0; | Expresses human VDAC2 under | This work
hVDAC2
met15A0; ura3A0; | the control of the POR1 promoter
por1A:HVDAC2; (hVDAC2)

por2A::kanMX4

BY4741-por1Apor2A- MATw; his3A1; 1eu2A0; | Expresses human VDAC3 under | This work
hVDAC3
met15A0; ura3A0; | the control of the POR1 promoter
por1A:HVDACS; (hVDACS3)

por2A::kanMX4

BY4741-por1Apor2A- MATa;  his3A1; leu2A0; | EXpresses human VDACS under | pp;q york
the control of the PORI

hVDAC3-ACys met15A0; ura3A0; promoter.

HVDAC3 mutations:
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porlA::HVDAC3ACys;

por2 A::kanMX4 C229A (hVDAC3ACys)

C2A, C8A, C36A, C65A, C122A,

4.3. Yeast genetic modification

BY4741-por1A and BY4741-por1Apor2A strains were generated using the CRISPR/Cas9
method previously described [49] with the pML104-POR1 vector together with repair
DNA synthesized by annealing two complementary oligonucleotides, POR1_KO_1 and
POR1_KO_2. These oligonucleotides were specifically designed to contain sequences
flanking the POR1 open reading frame by 55 nucleotides. Similarly, all strains expressing
human VDACs were generated using CRISPR/Cas9 and homology-directed repair, with
the pML104-POR1 vector and repair DNA produced by PCR amplification from plasmid
templates (Figure 1). The sequences of all the repair DNA used are available in the Sup-

plementary File S1.

Yeast cells were transformed with 250 ng of pML104-POR1 vector and 400 ng of repair
DNA using the Yeastmaker™ Yeast Transformation System 2 (Takara). After transfor-
mation, the cells were plated on SD-Ura solid medium and incubated in the dark at 28 °C
for 3-5 days. The genetic modification of each strain was confirmed with PCR genotyping
using targeted primers [52] followed by analysis of the PCR products using Sanger se-
quencing. Once the desired genome editing was confirmed, the pML104-POR1 plasmid
was removed by culturing the cells on SDC medium supplemented with 5-FOA. All oli-

gonucleotides are listed in Table 3.

Table 3. List of oligonucleotides used in this study.

Oligonucleotides

Sequence (5" -> 3)

Description

pML104_porl_F

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

pML104_porl_R

GCAGTGAAAGATAAATGATCGATCATTTATCTTTCACTGC

insertion of guide sgRNA

sequence into pML104 vector

POR1A TTCCAACAAGTTITAATGGTCAGAAT amplification of repair DNA,
sequencing, diagnostic

POR1B CTCTAATTTGGTITTGCAAGTTGTTT diagnostic

POR1C AACTGCAAACTACCTAACTCCAATG diagnostic

POR1D AATGTTCGAAACCAATCTGAAAATA amplification of repair DNA,

sequencing, diagnostic

hVDAC1/20pt_B

CCGAATTCAGTACCGTCGTT

diagnostic

hVDAC3opt_B

GCCGGTGTTAGGAACAAAAA

diagnostic

POR1_KO_1 CCAACACGAAACAGCCAAGCGTACCCAAAGCAAAAATCAAA
CCAACCTCTCAACAACGTATATATCTAATATATATATGTTC
ACTATATACCATATATGTGCTCGTTCTIT

POR1_KO_2 AAGAACGAGCACATATATGGTATATAGTGAACATATATATA

TTAGATATATACGTTGTTGAGAGGTTGGTTTGATTTTTGCT
TTGGGTACGCTTGGCTGTTTCGTGTTGG

oligonucleotides for hybridization,

DNA repair for gene deletion
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4.4. Analysis of cell growth 371

Yeast growth was analyzed using a yeast viability assay. Yeast cells were grown in liquid =~ 372
YPD medium until they reached an optical density (OD) of 0.5. Serial dilutions of 101, 10- 373
2 and 103 were then prepared. Then, 10 pl from each dilution was added to plates contain- 374
ing one of the following solid media: YPD, YPG, SD-Ura, or SG-Ura. The plates were in- 375
cubated in the dark at 28 °C and 37 °C for 3 days. After incubation, the plates were scanned 376
to obtain high-resolution images of the colonies. The images were then analyzed using 377
Image] software to quantify colony growth by converting the images to grayscale and 378
then analyzing the pixel intensity values. To evaluate yeast growth, three independent 379

experiments were performed. 380
381
4.5. Statistical analysis 382

Statistical analysis was performed using GraphPad Prism version 10.2.1, and 2-way 383
ANOVA was used to evaluate the data. Statistical significance is indicated by the follow- 384
ing symbols: **** for p < 0.0001, *** for p < 0.001, ** for p < 0.01, * for p < 0.05, and 'ns' for 385

not significant. 386
387
5. Conclusions 388

In this study, we showed for the first time that heterologous expression of human VDAC 389
paralogs in S. cerevisiae por1Apor2A double mutants, derived from two different strains, 390
differentially affected cell growth, highlighting the influence of the yeast genotype on the 391
effect of heterologous expression of these proteins. Specifically, in BY4741-por1Apor2A 392
cells, hVDACS3 fully compensates for the lack of native yVDAC proteins, demonstrating 393
its functionality, in contrast to M3-por1Apor2 A cells, for which this complementationis not 394
observed. An analogous difference is also evident for the hVDACS3 cysteine-depleted var- 395
iant, further highlighting the unique interplay between the intracellular conditions of the 396
yeast strain and hVDAC3 complementation ability. Accordingly, the complementation ef- 397
fect of hVDACS3, which lacks all cysteine residues in S. cerevisiae double por1Apor2A mu- 398
tants, has not been previously investigated. Moreover, the use of CRISPR/Cas9 technology 399
allowed the expression of genes encoding hVDAC proteins in BY4741-por1Apor2A cells 400
under the control of the native yeast POR1 promoter, providing a novel approach to study 401
these proteins in a closely mimicked natural environment. The distinct phenotypes dis- 402
played by BY4741- por1Apor2 A and M3-por1Apor2A cells, particularly with respect to the 403
role and efficiency of hVDAC3 and its cysteine-depleted variant, make them valuable 404
models for the study of human VDAC:sS, particularly hVDAC3. The diverse responses of 405
these cells offer intriguing perspectives on the functional complexity of hVDACS3 in the 406
yeast cellular environment, including the role of H>S and providing important tools for 407
more comprehensive studies of the functional diversity of human VDACs. 408

Supplementary Materials: File S1: Sequences of repair DNA used in the CRISPR/Cas9 + homology-di- 409
rected repair (HDR) method. 410
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Abstract

Voltage-dependent anion channels (VDACS) are essential for mitochondrial function, facilitating the
exchange of metabolites between the cytosol and mitochondria. This study investigates the role of
human VDAC paralogs - hVDACL, hVDAC2 and hVDACS3 - in maintaining mitochondrial function
under oxidative stress in Saccharomyces cerevisiae strains lacking endogenous VDACs (encoded by
POR1 and POR2) and antioxidant enzymes; i.e., superoxide dismutases (encoded by SOD1 and SOD2).
Yeast cells expressing hVDAC3 showed stable growth under oxidative stress, maintained mitochondrial
membrane potential and morphology, exhibited reduced superoxide anion levels, and achieved efficient
ATP synthesis with minimal proton leak. In contrast, cells expressing hVDAC1 or hVDAC2 showed
impaired mitochondrial function. The cysteine residues in hVDAC3 were essential for its protective
role, as the cysteine-depleted variant (hWDAC3ACys) showed impaired growth under stress conditions.
Although hVDAC?2 exhibited higher spare respiratory capacity, it had increased proton leak and reduced
ATP synthesis-linked respiration, likely due to limited metabolite exchange leading to proton gradient
accumulation and subsequent proton leak. These findings highlight the unique protective function of
hVDAC3 under oxidative stress, attributed to efficient metabolite transport and regulation via cysteine

oxidation.



1. Introduction

Mitochondria are essential organelles responsible for energy transfer, calcium homeostasis, and
regulation of regulated death pathways in eukaryotic cells. The outer mitochondrial membrane (OMM)
contains several proteins that facilitate the exchange of metabolites and ions between the mitochondria
and the cytosol [1]. Among these proteins, voltage-dependent anion channels (VDACS) play a crucial

role in controlling mitochondrial function and cellular metabolism [2].

In mammals, the VDAC family consists of three paralogs: VDAC1, VDAC?2, and VDAC3 [3]. While
VDAC1 and VDAC2 have been extensively studied and well characterized, VDAC3 remains the least
understood member of this family [4]. Despite the significant amino acid sequence similarity between
VDAC3 and the other paralogs, the channel function of VDAC3 was the subject of much controversy.
Early studies suggested that VDAC3 may not form functional anion channels in OMM, in contrast to
the well characterized VDACL1 and VDAC?2 [5,6]. Some researchers suggested that VDAC3 has mainly
regulatory or structural rather than channel functions [7,8]. They pointed to low activity in vitro,
suggesting that VDAC3 may be channel inactive or that its activity is regulated by specific cellular
conditions that have not been reproduced in laboratory experiments. However, other studies have
demonstrated that VDAC3 is capable of forming functional channels similar to VDACL1 [9-12],

indicating its potential ability to act as a pore forming protein under certain conditions.

This controversy may be due to differences in study methodology, such as protein expression systems,
experimental conditions, or the presence of posttranslational modifications affecting VDAC3 function.
In addition, oxidation of specific cysteine residues in VDAC3 has been proposed as a mechanism

regulating its channel activity [11].

Despite the progress in VDAC3 research, its actual role as a channel in OMM remains incompletely
understood. However, there is increasing evidence that VDAC3 may act as a redox state sensor,
responding to changes in the oxidation-reduction status of the cell [13]. Oxidation of specific cysteine
residues in the structure of VDACS indicates that the protein is sensitive to oxidative stress, which may
affect its conformation and channel activity. Thus, VDAC3 may play an important role in protecting the
cell from ROS-induced damage, contributing to the maintenance of mitochondrial integrity and cellular
homeostasis [14]. Studies have shown that alterations in VDACS3 expression or function can lead to
impaired ATP synthesis, mitochondrial dysfunction and increased susceptibility to oxidative stress [14].
In addition, the redox sensor function of VDAC3 may be crucial in modulating signaling processes,

which influence a cells decision to survive or die in response to environmental stress [2,15].

In this study, we aimed to investigate the role of human VDAC paralogs - hVDACL1, hVDAC2, and

hVDACS3 - in mitochondrial function under oxidative stress conditions by expressing these paralogs in



the yeast Saccharomyces cerevisiae lacking the endogenous POR1 and POR2 genes, encoding for
yVDAC1 and yVDAC2, respectively. The yVDACL paralog is well-known for its role in forming
permeable channels for ions and metabolites while yWDAC2 was initially considered inactive or non-
functional until recent studies that confirmed its ability to form canonical channels [16]. Interestingly,
yVDAC?2 expression can be induced under specific conditions, such as when certain human proteins are
introduced, suggesting its potential compensatory role in the absence of yVDACL [17]. Thus, in yeast
models based on heterologous expression of human VDAC, elimination of both yVDAC1 and yVDAC2
should be considered to allow clearer observation of the human protein's function and to prevent
potential compensatory effects of the yeast VDAC paralogs. Additionally, to induce oxidative stress and
assess the ability of each VDAC paralog to support mitochondrial function, we generated yeast strains
with deletions of SOD1 and SOD2, encoding for CuZnSOD and MnSOD, respectively, being crucial for
converting superoxide radicals into hydrogen peroxide, thus mitigating oxidative damage [18,19]. The
human VDAC paralogs were analyzed for their impact on cell growth, the mitochondrial inner
membrane potential (Ay), superoxide anion levels, and respiratory parameters to better understand their

functional differences.

The data showed that hVDAC3 provided superior protection against oxidative stress by reducing
superoxide anion levels, and supporting efficient ATP synthesis, even under stress conditions. The
protection was not provided by hVDAC1 and hVDAC?2 although heterologous expression of hVDAC?2
enabled a greater spare respiratory capacity but with a significant cost to mitochondrial efficiency,
reflected in increased proton leak and decreased ATP synthesis. These findings highlight distinct
functional roles for each human VDAC paralog in maintaining mitochondrial homeostasis and support

protective role of hWDAC3 under oxidative stress.



2. Results

2.1. The cell growth of the sod1Asod2A mutant requires the presence of VDAC

The construction of yeast strains expressing human VDAC paralogs was aimed to investigate their
impact on mitochondrial function and cellular viability under oxidative stress. Using the Saccharomyces
cerevisiae BY4741 por2A model, we employed the CRISPR/Cas9 genome editing system to delete the
yVDACLI. This deletion allowed for the integration of genes encoding for human hVDAC1, hVDAC?2,
or hVDACS3 into the yeast genome and effective replacing the native yVDAC1 channels by their human
variants (Fig. 1). This approach enabled us to assess the functional roles of single human VDACSs within
an eukaryotic organism in the absence of yVDAC2, which function is still unknown [16]. To enhance
oxidative stress within the cells, we also deleted the SOD1 and SOD2 genes. Their absence led to an

accumulation of superoxide anion, significantly increasing the oxidative burden inside the cells.

Interestingly, attempts to construct a yeast strain lacking POR1, POR2, SOD1 and SOD2 were
unsuccessful, suggesting synthetic lethality resulting from the combination of these deletions. The
simultaneous absence of VDAC channels and key antioxidant enzymes (i.e., CuZnSOD and MnSOD)
likely created conditions incompatible with cell survival due to impaired metabolite transport across
OMM and heightened oxidative stress.

In contrast, cells expressing any variant of VDAC, whether the native or a human analog, exhibited
normal viability on YPD medium at 28°C (Fig. 2A). This finding underscores the essential role of
functional VDAC channels in maintaining cellular homeostasis, even under increased oxidative stress.
It also confirms that human VDAC paralogs can functionally complement their yeast counterparts,

ensuring proper mitochondrial function.

2.2. Under oxidative stress cell growth based on mitochondria functionality occurs only in
the presence of hVDAC3

A major focus of this study was to compare the effects of each human VDAC paralog on yeast growth
under both normal and oxidative stress conditions. Growth assays were performed on media containing
either a fermentable carbon source (glucose, YPD) or a non-fermentable carbon source (glycerol, YPG)
to assess mitochondrial functionality, which is crucial when cells rely on oxidative phosphorylation for

energy transformation.

Temperature has a significant effect on S. cerevisiae cellular processes and viability. While the yeast

typically grows well at moderate temperatures (around 28°C), exposure to higher temperatures, such as



37°C, can induce stress responses. At 37°C, yeast cells can experience impaired protein folding,
increased membrane fluidity, and oxidative stress, which can disrupt mitochondrial function and
metabolism [20-22]. Some mutant strains, particularly those lacking specific mitochondrial proteins
such as VDAC, exhibit temperature sensitivity and are unable to survive at 37°C [23]. These strains may
show reduced cell growth rates or fail to grow at all, highlighting the essential role of proteins involved

in stress adaptation and mitochondrial integrity under thermal stress.

On solid YPD, all yeast strains, regardless of the expressed VDAC or the presence of sod1Asod2A
deletions, demonstrated efficient cell growth (Fig. 2A). This observation indicates that under
fermentative conditions, where glycolysis suffices for ATP generation, neither the type of VDAC

expressed nor the oxidative stress status significantly impacts cell viability.

However, significant differences emerged when the yeast strains were grown on YPG at elevated
temperature. Growth on glycerol necessitates functional mitochondria because cells must perform
oxidative phosphorylation to generate ATP from non-fermentable carbon sources. At 28°C and 37°C,
only the cells expressing hVDAC3 in the sod1Asod2A background were able to grow efficiently on
YPG. In contrast, cells expressing hVDAC1 or hVDAC?2 in the same background showed significantly
impaired growth under these conditions (Fig. 2A). This finding highlights the unique ability of hWVDAC3

to support mitochondrial function under oxidative stress.

To further quantify mitochondrial functionality, we monitored the growth of yeast strains in liquid YPG
at 28°C (Fig. 2B). The cells expressing hVDAC3 in a sod1Asod2A background displayed the highest
optical density (ODeoo = 0.3281 £ 0.013), indicating superior growth in the presence of non-fermentable
carbon source when compared to cells expressing hVDACI (ODesoo = 0.1575+0.002) or hVDAC2
(ODsoo = 0.1707 +0.008). This growth advantage suggests that hVDAC3 maintains more efficient

mitochondrial energy transformation in oxidative stress environment.

2.3. Under oxidative stress the level of mitochondrial ROS does not increase only in the
presence of hVDAC3

Mitochondrial ROS levels were measured using the MitoSOX Red probe, a fluorogenic dye that
selectively detects superoxide anions within live cells. This probe is specifically targeted to
mitochondria, allowing for the assessment of oxidative stress directly at the site of ROS production [24].
The yeast cells expressing hVDAC1 or hVDAC?2 in the sod1Asod2A background exhibited a significant
accumulation of superoxide anion (Fig. 3) under oxidative stress conditions imposed by the elimination
of SOD1 and SOD2. The recorded mean fluorescence values increased from 63525 + 16092 to
118915+ 22497 for cells expressing hVDAC1 and from 71635 + 12395 to 134000 + 15451 for cells



expressing hVDAC?2. In contrast, the cells expressing hVDAC3 showed a markedly lower accumulation
of superoxide anion, with a mean fluorescence value of 49974 + 9674 in the presence of SOD1 and
SOD2, and of 56538 2509 in the sod1Asod2A background. This significant difference suggests that
hVDACS3 has a protective effect against superoxide anion accumulation, even in the absence of the
superoxide dismutases. The lower ROS levels in hVDAC3-expressing cells correlated with these cells
superior growth performance under oxidative stress conditions, as previously observed in our growth
assays on YPG (Fig. 2).

The elevated levels of superoxide anion in yeast mitochondria expressing hVDACL or hWVDAC2 indicate
that these VDAC paralogs are less effective in mitigating oxidative stress when the primary antioxidant
enzymes CuZnSOD and MnSOD are absent. The high ROS levels could impair mitochondrial function,

leading to reduced cellular viability under stress conditions.

2.4. Under oxidative stress hVDAC3 supports mitochondrial morphology and the mitochondrial

inner membrane potential (Ay)

To further investigate how the human VDAC paralogs influence mitochondrial morphology and the
mitochondrial inner membrane potential (Ay) under oxidative stress, we utilized the MitoLoc dual
fluorescent reporter system [25]. This system employs two fluorescent markers: preSu9-GFP and
preCox4-mCherry. The preSu9-GFP is targeted to mitochondria in Ay-independent manner, serving as
a consistent indicator of mitochondrial presence and morphology. In contrast, preCox4-mCherry import
into mitochondria is dependent on Ay, allowing to assess the functional state of the mitochondrial

membrane (Fig. 4A).

In porlApor2A cells depleted of both endogenous VDAC genes, the GFP signal was strong and
relatively well distributed, whereas the mCherry signal showed a more dispersed and fragmented pattern
(Fig. 4B). The overlay showed partial co-localization (yellow regions), but it was significantly reduced,

suggesting a decreased Ay due to the absence of VDAC.

Under control conditions without oxidative stress, yeast cells expressing yWDAC1 (Fig. 4B) or any of
the three human VDAC paralogs - hVDAC1, hVDAC2, or hVDAC3 (Fig. 4C) - displayed tubular
mitochondrial networks with substantial overlap between the GFP and mCherry signals. This overlap
indicates that cells of the all strains maintained a stable Ay and intact mitochondrial morphology when

antioxidant defenses were sufficient.

However, under oxidative stress induced by the deletion of SOD1 and SOD2, distinct differences

emerged among the strain cells (Fig. B and Fig 4D). In yVDAC1sod1Asod2A cells, mitochondrial



morphology appeared more fragmented when compared to the yVDACL strain under normal conditions.
Both preSu9-GFP and preCox4-mCherry signals were present, but mitochondria showed increased
aggregation and fragmentation (as seen in the overlay panel), with lower levels of co-localization of
GFP and mCherry signals. This suggests that under oxidative stress, yWVDACL can partially maintain
Avy but the stress conditions result in increased mitochondrial fragmentation, which affects the overall
stability of the mitochondrial network. Similarly, cells expressing hVDAC1 or hVDAC2 exhibited
fragmented mitochondria, characterized by disrupted tubular structures and the formation of
mitochondrial fragments. Additionally, these strains showed diffused mCherry fluorescence, suggesting
a significant reduction in Ay. The loss of Ay likely impaired the import of preCox4-mCherry into

mitochondria, resulting in its diffused cytosolic distribution and indicating mitochondrial dysfunction.

In contrast, cells expressing hVDACS3 retained a significant amount of mCherry signal, indicating that
Ay was better maintained, even though there was a slight reduction. Moreover, the morphology of
mitochondria expressing hVDAC3 remained intact, highlighting the ability of this paralog to support
mitochondrial stability without fragmentation, unlike hWVDAC1 and hVDAC?2.

2.5. Quantitative analysis of Ay under oxidative stress suggests the similarity between cells
expressing hVDAC?2 and hVDAC3

To further investigate the impact of human VDAC paralogs on mitochondrial function under oxidative
stress, we measured Ay using tetramethylrhodamine methyl ester (TMRM) fluorescence (Fig. 5). Under
control conditions, the yeast cells expressing hVDAC1, hVDAC2 or hVDACS3 exhibited distinct levels
of Ay as determined by TMRM fluorescence intensity. Cells expressing hVDACL1 displayed the highest
TMRM fluorescence intensity (138579.97 & 7879.02), indicating a robust Ay. The hVDAC3-expressing
cells showed an intermediate Ay (91979.61 = 10686.19), while the hVDAC2- expressing cells had the
lowest Ay among the cells expressing these paralogs (78427.43 +9533.31).

Upon inducing oxidative stress through the deletion of SOD1 and SOD2 (sod1Asod2A background), the
disparities between the hVDAC2- and hVDAC3-expressing cells became less pronounced. These types
of cells exhibited similar mean Ay values of 67254.35 +3520.71 for cells expressing hVDAC2 and of
58494.24 + 1182.25 for cells expressing hVDAC3. This suggests that under oxidative stress, hVDAC2
and hVDAC3 have a comparable ability to sustain Ay. Interestingly, cells expressing hVDAC1 showed
a smaller reduction in membrane potential compared to the other paralogs, retaining its highest value of
91915.24 +12913.71 under stress conditions.



The similarity in Ay under oxidative stress between cells expressing hVDAC2 and hVDAC3 was
unexpected, given that hVDAC3 was previously demonstrated to enable superior mitochondrial
protection and growth under stress conditions (Fig. 2A, Fig. 2B and Fig. 3). This observation indicates
that Ay measurements alone may not fully capture the functional differences between cells expressing

these paralogs in terms of mitochondrial efficiency and bioenergetic performance.

To delve deeper into these findings, we planned additional bioenergetic analyses to assess parameters
such as ATP synthesis rate, proton leak level, uncoupling capacity and spare respiratory capacity to
estimate whether underlying metabolic differences exist between cells expressing hVDAC2 and
hVDACS.

2.6. Under oxidative stress cells expressing hVDAC2 and hVDAC3 differ in values of basic

mitochondrial respiratory parameters

The measurements of oxygen uptake rate revealed no significant differences in basal respiration between
cells expressing hVDAC2 and hVDACS, indicating that both paralogs support similar baseline oxygen
uptake in sod1Asod2A background (Fig. 6A). However, differences became apparent upon assessing
maximal respiration using FCCP, an uncoupling agent that collapses the proton gradient across the
mitochondrial inner membrane, thereby stimulates the electron transport rate within the respiratory chain
(Fig. 6B). The hVDAC2-expressing cells exhibited a significantly greater FCCP uncoupling capacity
(1.39+0.043) compared to cells expressing hVDACS, that indicated a higher potential to increase
respiratory rate when the electron transport chain is fully activated. Additionally, hVDAC2-expressing
cells demonstrated a much higher spare respiratory capacity (6.76 +0.85 nmol O,/ mL / min) than cells
expressing hVDAC3 (0.46 +0.45 nmol O,/ mL / min) (Fig. 6C). Spare respiratory capacity reflects the
ability of cells to respond to increased energy demands or stress by enhancing mitochondrial respiration
beyond basal levels. The distinctly higher value of the parameter determined for cells expressing
hVDAC?2 suggests that they can upregulate their respiratory activity more effectively under maximal

stimulation.

Despite these observations, when focusing on ATP synthesis-linked respiration, i.e., the portion of the
oxygen uptake rate within basal respiration eliminated in the presence of an inhibitor of mitochondrial
ATP synthase (Fig. 6D), hVDAC3-expressing cells showed a significantly higher contribution of the
respiration to basal respiration (59.99 +10.48%) when compared to cells expressing hVDAC2
(19.83 £14.74%). This indicates that hVDAC3 enables more efficient utilization of mitochondrial

respiration for ATP synthesis under oxidative stress conditions. A higher ATP synthesis-linked



respiration implies a better coupling efficiency between the electron transport chain and ATP synthase

activity, resulting in more effective energy transformation for cellular processes.

Furthermore, cells expressing hVDAC2 exhibited a substantially higher proton leak contribution to basal
respiration (80.16 + 14.74%) compared to cells expressing hVDAC3 (40.01 + 10.48%) (Fig. 6E). Proton
leak represents the proportion of oxygen uptake rate that does not contribute to ATP synthesis but instead
results in the energy dissipation of the proton gradient. A higher proton leak in cells expressing hVDAC2
suggests increased permeability of the mitochondrial inner membrane to protons, leading to energy
dissipation and reduced efficiency of oxidative phosphorylation.

2.7. The protective capability of hWVDAC3 under oxidative stress requires the presence of cysteine

residues

To investigate the functional significance of cysteine residues in hVDAC3, we constructed a cysteine-
depleted variant, hWWDAC3ACYys, by substituting all cysteine residues with alanine residues. This variant
was expressed in yeast cells both in the presence and absence of CuZnSOD and MnSOD to assess its
ability to support cellular viability and mitochondrial function under normal and oxidative stress
conditions. Growth assays were conducted on both YPD and YPG at 28°C and 37°C to evaluate the

impact of cysteine depletion on yeast viability and mitochondrial respiration.

As shown in Figure 7, cells expressing hVDACS3 exhibited efficient growth on YPD at both 28°C and
37°C, indicating efficient fermentation-based energy transformation. Additionally, these cells grew well
on YPG at both temperatures, reflecting functional mitochondrial respiration supported by hVDACS3.
The hVDAC3 sod1Asod2A cells, lacking CuZnSOD and MnSOD, also showed good growth on YPD at
both temperatures, suggesting that hVDAC3 can maintain cellular viability even under increased
oxidative stress during fermentative conditions at 37°C. On YPG medium, these cells displayed reduced
but noticeable growth 37°C, indicating that while oxidative stress impacted mitochondrial function,

hVDAC3 remained sufficiently functional to support respiration-dependent growth.

In contrast, cells expressing hVDAC3ACys demonstrated significantly impaired growth under all tested
conditions. On YPD medium at 28°C, their growth was notably reduced compared to cells expressing
hVDAC3, and it struggled to grow at 37°C, highlighting that cysteine residues are essential for optimal
hVDAC3 function, particularly under heat stress. This defect was exacerbated in the sodlAsod24
background, where oxidative stress levels were further elevated, leading to complete growth inhibition
on both YPD and YPG. This outcome indicates that the lack of cysteine residues in hVDAC3 greatly

impairs its ability to function under oxidative stress conditions, leading to loss of cellular viability.



3. Discussion

Our findings indicate that hWVDAC3 uniquely supports mitochondrial function under oxidative stress, as
evidenced by efficient growth on YPG even at elevated temperature, maintenance of Ay and
mitochondria morphology, reduced superoxide anion accumulation, and efficient ATP synthesis with
low proton leak. In contrast, cells expressing hVDAC1 or hVDAC2 exhibited impaired mitochondrial

function under the conditions.

Our previous studies highlighted the critical role of CuZnSOD in maintaining yVDAC1 functionality in
yeast cells. The absence of CuzZnSOD disrupts the normal conductance and voltage dependence of
reconstituted yVDACI, increasing its propensity to adopt lower conductance states that impair
metabolite exchange between the mitochondria and the cytoplasm [26]. Accordingly, oxidative stress
resulting from CuZnSOD and MnSOD elimination may lead to oxidative modifications of VDAC
proteins, particularly affecting their conductance states. Limited substrate supply to mitochondria, due
to impaired VDAC function, can lead to electron accumulation within the mitochondrial respiratory
chain. This electron backlog increases the possibility of one-electron reductions of molecular oxygen,
leading to enhanced superoxide anion production [27,28]. The higher superoxide anion levels observed
in cells expressing hVDAC1 and hVDAC2 support this mechanism, as their impaired substrate transport
amplifies ROS generation.

The role of cysteine residues in VDAC function is emerging as a critical factor in this context. hWVDAC1
contains two cysteine residues occupying diametrically opposite positions in the barrel structure that
makes it similar to yVDACL. Available data indicates that mutation of these cysteine residues to alanine
residues (C127A/C232A) does not significantly affect the conductance or voltage dependence of the
channel, suggesting that cysteine oxidation does not alter the transport properties of hVDAC1 [29]. In
contrast, hVDAC2 contains nine cysteine residues, including Cys8 and Cys13 in the N-terminal tail and
others in the barrel loops, in positions similar to the cysteine residues of hVDAC3. While the
electrophysiological effects of cysteine residues oxidation in hVDAC?2 is not fully understood, studies
suggest that these residues are involved in anchoring the barrel to the lipid environment [30,31].
Therefore, oxidative modifications of cysteine residues in hWVDAC2 may disrupt its structural integrity
and impair its ability to facilitate efficient metabolite exchange, leading to increased ROS production

and mitochondrial dysfunction.

Cysteine residues in hVDAC3 have been proposed to be critical for its function under oxidative stress.
Okazaki et al. (2015) demonstrated that oxidation of cysteines Cys2, Cys8, and Cys122 in hVDAC3
stabilizes the channel in an open state [11]. This oxidation-induced stabilization may enhance metabolite
exchange and support efficient mitochondrial respiration under stress conditions. However, Queralt-
Martin et al. (2020) provided evidence that isolated cysteine-depleted h\VDAC3 variant does not differ



from native hVDACS in electrophysiological parameters such as conductance and gating, indicating that

cysteine residues are not essential for the basic channel function in vitro [12].

Our results align these findings by suggesting that while cysteine residues may not impact the intrinsic
electrophysiological properties of hVDAC3 in isolated systems, they play a crucial regulatory role in
vivo under oxidative stress conditions. Heterologous expression of the cysteine-depleted hWDAC3ACys
variant significantly impaired growth and mitochondrial function of yeast cells, especially under stress
conditions. This impairment implies that the absence of cysteine residues prevents the oxidation-
mediated regulation of hVDACS3, rendering it less capable of maintaining mitochondrial efficiency
during oxidative stress. Therefore, although cysteine residues are not necessary for the fundamental
channel activity, they are vital for the redox-dependent modulation of hVDAC3 function within the

cellular environment.

The differential bioenergetic profiles of cells expressing hVDAC?2 or hVDAC3 further elucidate distinct
roles of the paralogs. Although cells expressing hVDAC?2 exhibited higher maximal respiration and
spare respiratory capacity, they also showed a higher proton leak and lower ATP-linked respiration
compared to cells with expression of hWVDACS3. This paradox suggests that hVDAC2 supports increased
respiration at the cost of efficiency, with more energy dissipated as proton leak rather than being utilized
for ATP synthesis. One hypothesis to explain this phenomenon is the limited exchange of metabolites,
such as ATP and ADP, across the mitochondrial membranes in hVDAC2-expressing cells.

If the transport of ADP into the mitochondria and ATP out of the mitochondria is restricted due to
impaired VDAC function, the activity of ATP synthase could be constrained by the availability of its
substrates. This limitation would lead to a slower utilization of the proton gradient generated by the
respiratory chain. As a result, the excess proton motive force might be dissipated through proton leak to
prevent overcharging of Awy. This increased proton leak in hVDAC2-expressing cells could be
a compensatory mechanism to maintain mitochondrial homeostasis in the face of restricted metabolite
exchange. Consequently, despite the higher maximal respiration and spare respiratory capacity, the
efficiency of oxidative phosphorylation is reduced, leading to decreased ATP production and increased

energy dissipation.

This hypothesis is supported by available data indicating that VDAC is crucial for ATP/ADP exchange
across OMM [32,33]. Impaired VDAC function can hinder this exchange, leading to a buildup of the
proton gradient and increased proton leak to dissipate the excess potential energy [34]. Brand and
Nicholls (2011) noted that when ATP synthesis is limited by ADP availability, the proton motive force
increases, enhancing proton leak as a protective mechanism against excessive membrane potential [35].
This scenario results in higher oxygen consumption without a corresponding increase in ATP

production, reflecting higher spare respiratory capacity but reduced coupling efficiency.



In contrast, hVDAC3 appears to facilitate more efficient metabolite transport (Fig. 8), allowing for
effective utilization of the proton gradient for ATP synthesis and minimizing proton leak. This efficient
coupling of respiration to ATP synthesis in hVDAC3-expressing cells underscores their superior
bioenergetic performance under oxidative stress conditions. Using near-haploid human HAPL1 cells with
CRISPR/Cas9-mediated deletions of hVDAC3 and employing techniques such as high-resolution
respirometry, flow cytometry, and transfection of cysteine-depleted mutants, Reina et al. (2022)
demonstrated that deletion of hVDACS3 results in increased cellular vulnerability to oxidative stress,
increased ROS accumulation, and downregulated mitochondrial biogenesis [14]. They emphasizes that
hVDACS3 plays an important role in buffering mitochondrial ROS levels and regulating redox states,
that makes the paralog essential for ROS homeostasis. Furthermore, their results showed that cysteine
residues in hVDACS3 are critical for its protective function, as cysteine-null mutant failed to compensate
for ROS-induced damage. The improved survival and preserved oxygen consumption in cells expressing
hVDACS3 are consistent with our data indicating at enhanced ATP synthesis and reduced proton leak in
hVDAC3-expressing yeast cells under oxidative stress.

Taken together, these studies underscore the role of hVDAC3 in mitochondrial defense against oxidative
stress, with cysteine residues acting as key modulators of this protective response. The cumulative
evidence advances our understanding of VDAC paralog-specific functions and highlights the distinct
bioenergetic profile of hVDAC3-expressing yeast cells and efficient coupling of ATP synthesis to
mitochondrial respiration in these cells. Targeting the regulatory properties of hWDACS3, particularly its
redox regulation mediated by cysteine residues, may offer novel therapeutic approaches for diseases

characterized by impaired mitochondrial function and increased ROS production.



4, Materials and Methods

4.1. Plasmids

MitoLOC was a gift from Markus Ralser (Addgene plasmid # 58980) [25]. CRISPR/Cas9 plasmids
targeting the SOD1 and SOD2 genes were constructed using the pML104 vector (a gift from John
Wyrick; Addgene plasmid #67638) [36]. Guide RNA sequences specific to each gene were introduced
into the pML104 vector via site-directed mutagenesis using the Q5® Site-Directed Mutagenesis Kit
(New England Biolabs), following the manufacturer's protocol and as described by Hu et al. (2018) [37].
For SOD1, the guide RNA sequence 5'-GTCAGACATGTCGGTGACAT-3' (PAM sequence GGG) was
used. Site-directed mutagenesis was performed with the following primers: forward primer: 5'-
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-3', reverse primer: 5'-
ATGTCACCGACATGTCTGACGATCATTTATCTTTCACTGC-3". For SOD2, the guide RNA
sequence 5'-CAAAACATCAAGTTCCATGG-3' (PAM sequence CGG) was utilized. The primers used
for mutagenesis were: forward primer: 5'-GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-
3', reverse primer: 5'-CCATGGAACTTGATGTTTTGGATCATTTATCTTTCACTGC-3'. The
mutagenesis reactions were set up according to the kit instructions, and the thermocycling conditions
were optimized for the primer sets. The resulting plasmids, pML104-SOD1_gRNA and pML104-
SOD2_gRNA, were transformed into Escherichia coli DH5a competent cells. Plasmid DNA was

isolated and verified by Sanger sequencing to confirm the correct insertion of the guide sequences.

4.2.Strains

All yeast strains used in the study are described in Table 1. The porlApor2A strain and the strains
expressing human VDACSs were previously constructed in our laboratory [38]. Based on the yVDAC1
strain (genetic background BY4741 por2A) and the strains expressing various human VDAC paralogs,
new strains lacking CuzZnSOD (SOD1) and MnSOD (SOD2) were generated. Specifically, the
sod1Asod2A strain was created using the CRISPR/Cas9 genome editing system with the pML104
plasmid as indicated in the part 4.1. Homology-directed repair was facilitated by hybridizing two

complementary oligonucleotides:

SOD1_repair_oligo_fwd:(55GGAAAAACAGGCAAGAAAGCAATCGCGCAAACAAATAAAACA
TAATTAATTTATATGTTAATGATAATATACTTGAATAAAAACCGTATGTAAGTAAGTAGT
AAGCGCAT3')



and

SOD1._repair_oligo_rev:(5’ATGCGCTTACTACTTACTTACATACGGTTTTTATTCAAGTATATT
ATCATTAACATATAAATTAATTATGTTTTATTTGTTTGCGCGATTGCTTTCTTGCCTGTTTT
TCC3').

SOD2_repair_oligo_fwd:(5'*CTGCTACAGGAACGAAACCCCAATTGATAACTATACCTCCTAA
AAACGTACCAGGAGAAAGAAAGAAAGAAAATACCTTTTTTTTTCCACTGTGTCGTTTTTA
TTCTAAC3')

and

SOD2_repair_oligo_rev:(5GTTAGAATAAAAACGACACAGTGGAAAAAAAAAGGTATTTTCT
TTCTTTCTTTCTCCTGGTACGTTTTTAGGAGGTATAGTTATCAATTGGGGTTTCGTTCCTGT
AGCAG3").

Deletion of SOD1 was confirmed by diagnostic PCR wusing primers SOD1_A
(5'"GACGTAAGTATCTCTGAAGTGCAGC-3") and SOD1 D
(5'GGAAGCTTTATGGTGAAGTTAATGA-3"). Successful deletion of SOD2 was confirmed by
diagnostic PCR using primers SOD2_A (5'-CTAATTGCTATTATCATTGTTGGCG-3") and SOD2 D
(5-ATTATCGGTTGGAACAATAACAAGA-3").

After transformation and selection, the pML104 plasmid was cured from the yeast strains by counter-
selection on media containing 5-fluoroorotic acid (5-FOA), which eliminates cells retaining the URA3

marker present on the plasmid.

4.3. Media and cell culture

Bacterial cultures were maintained in LB liquid medium (1% tryptone, 0.5% yeast extract, 1% sodium
chloride), supplemented with 100 ug/ml ampicillin. Yeast cells were cultivated in YPD (1% yeast
extract, 2% peptone, and 2% D-glucose) or YPG (1% yeast extract, 2% peptone, 3% glycerol, adjusted
to pH 5.5) media. When using the MitoLOC plasmid, media were supplemented with 100 pg/ml
nourseothricin (ClonNAT). Additional yeast media included: SD-ura, (0.67% yeast nitrogen base
without amino acids, yeast synthetic drop-out medium supplement lacking uracil, and 2% D-glucose)
and SDC supplemented with 1 mg/ml 5-fluoroorotic acid (5-FOA) (0.67% yeast nitrogen base without
amino acids, yeast complete synthetic drop-out medium supplement, and 2% D-glucose). All solid

media were prepared by adding 2% agar to the respective formulations.



4.4, Yeast transformation

Yeast cells were transformed using a modified lithium acetate method. To prepare competent cells,
cultures were grown to mid-log phase (ODego = 0,5) on YPD medium, harvested by centrifugation at
3,000xg for 5 minutes at room temperature, and washed once with sterile water. The cell pellets were
resuspended in 700 pL of TE/LiAc buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 100 mM LiAc),
transferred to 1.5 mL microcentrifuge tubes, and centrifuged at maximum speed for 15 seconds.
Supernatants were discarded, and the cells were resuspended in 300 uL of TE/LiAc buffer. For each
transformation, 2 pL of plasmid DNA (200 ng), 5 pL of heat-denatured salmon sperm ssDNA (incubated
at 95°C for 5 minutes and immediately chilled on ice), 50 pL of competent yeast cells, and 500 pL of
PEG/LiAc solution (40% PEG 3350, 100 mM LiAc in TE buffer) were gently mixed. The mixture was
incubated at 30°C for 30 minutes with gentle mixing every 10 minutes. Then, 20 uL DMSO was added
and mixed thoroughly. Heat shock was performed by incubating the tubes at 42°C for 15 minutes, with
brief vortexing (1-2 seconds) every 5 minutes. Cells were centrifuged at maximum speed for 15 seconds,
the supernatant was removed, and the pellets were resuspended in 1 mL of YPD medium. The
suspension was incubated at 30°C for 60 minutes with gentle shaking to allow for recovery. Cells were
then centrifuged again, resuspended in 1 mL of 0.9% NacCl solution, and 200 pL aliquots were spread

onto selective medium. Plates were incubated at 28°C in the dark for 3-5 days to allow colony formation.

4.5. Yeast growth assay

Yeast growth was evaluated using both solid and liquid media under various conditions. For solid media
assay, yeast cells were either spread across agar plates or spotted as a serial dilutions onto media
containing fermentable (YPD) or non-fermentable (YPG) carbon source. The plates were then incubated
at 28°C or 37°C to assess growth phenotypes. In liquid culture, yeast strains were inoculated into YPG
medium at an initial optical density (ODsoo) of 0.05 and incubated at 28°C for 24 hours. After incubation,
cultures were subjected to a 10-fold dilution, and ODsoo measurements were taken to quantify growth

performance.



4.6. Confocal microscopy

Confocal microscope Leica Stellaris 8 with white laser and HyD S detectors was used to obtained GFP
and mCherry fluorescence images in yeast cells. Lecia PL APO 63x/1.20 W CORR CS2 objective was
used. Imaging setting were applied that allowed to visualize GFP and mCherry. Images were done in
512x512 resolution as z-stacks, then converted to Maximum Projection images.

4.7. Cell staining with fluorescence probes

To stain cells with tetramethylrhodamine methyl ester (TMRM; ThermoFisher Scientific, #T668), the
published staining protocol was modified [39] by omitting 5% glucose from the buffer. Cell cultures
were centrifuged (3,000xg for 5 minutes) and the pellets were washed with a buffer containing 10 mM
HEPES (pH 7.0). After removing the supernatant, the pellets were resuspended in the same buffer
supplemented with 50 nM TMRM. Cells were stained in the dark for 15 minutes. Then, the cells were
washed twice (3,000xg for 5 minutes) with the same buffer and resuspended in 1 mL of the buffer. To
stain cells with MitoSOX Red (ThermoFisher Scientific, #M36008), yeast cultures were centrifuged at
3000xg for 5 minutes at room temperature and washed twice (3000xg for 5 minutes) with phosphate-
buffered saline (PBS, pH 7.4). The cell pellets were resuspended in PBS to an optical density at 600 nm
(ODswo) of 1. An equal volume of the MitoSOX Red working solution was added to the cell suspension,
resulting in a final dye concentration of 2.5 uM. Cells were incubated in the dark at 28°C for 45 minutes
with gentle agitation. Following incubation, cells were washed twice with PBS to remove excess dye

and resuspended in PBS for analysis.

4.8. Fluorescence analysis

Fluorescence measurements were performed using a Tecan Spark multimode microplate reader. Yeast
cell suspensions (100 uL) with an ODsoo of 10 were placed into flat-bottom black 96-well fluorescence
microplate. For TMRM-stained samples, fluorescence was measured with an excitation wavelength of
535 nm and an emission wavelength of 590 nm. For MitoSOX Red-stained samples, measurements were
taken with an excitation wavelength of 510 nm and an emission wavelength of 580 nm. Data acquisition

and analysis were conducted using the Tecan Spark Control software.



4.9. Cellular respiration measurements

Cellular respiration was assessed in intact cells to calculate values of basic mitochondrial respiratory
parameters [35,40]. Cells were washed three times with YPG medium (3,000xg for 5 minutes). After
washing, cells were resuspended in YPG medium to OD value at 600 nm (ODswo) of 4. The oxygen
uptake rate measurements were performed at 28 °C using a computer-controlled Clark-type oxygen
electrode (Oxygraph, Hansatech, UK) in a water-thermostated incubation chamber containing 1 mL of
YPG medium. To determine mitochondrial respiratory parameters the rates of the following respiratory
states were estimated: basal respiration, state 4 respiration (corresponding to proton leak), state 3
respiration (corresponding to ATP synthesis) and maximal respiration. Basal respiration was recorded
for cells added to the incubation chamber at the beginning of each trace. To obtain the rate of proton
leak, 16 uM tributyltin (TBT), an inhibitor of mitochondrial ATP synthase, was added to the chamber.
The rate of ATP synthesis was calculated by subtracting the proton leak rate from the basal respiration
rate. Maximal respiration was achieved by the addition of 2uM carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP), a mitochondrial uncoupler. Then the following
mitochondrial respiratory parameters were calculated: (a) FCCP uncoupling capacity corresponding to
the ratio of maximal respiration to basal respiration; (b) spare respiratory capacity corresponding to the
difference between maximal respiration and basal respiration; (c) ATP synthesis contribution to basal
respiration and (d) proton leak contribution to basal respiration, the last two assessed as a percentage of

basal respiration.



Table 1. List of yeast strains used in this study.

Strain Genotype Feature Source
yVDAC1 MATa; his341; leu240; | Lacking the POR2 gene | Euroscarf
met1540; ura340; | (por24). Expresses only | (Y02273)
por2A::kanMX4 one yeast VDACL1
porlA por2A MATa; his341; leu240; | Double mutant lacking | [38]
met1540; ura340; | POR1 and POR2 genes
porlA0; por2A::kanMX4
hVDAC1 MATa; his341; leu240; | Expresses human VDACL | [38]
metl540; ura340 | under the control of the
porid::HVDACI; POR1 promoter
por2A::kanMX4 (hVDAC1)
hVDAC2 MATa; his341; leu2A0; | Expresses human VDAC2 | [38]
met1540; ura340; | under the control of the
porld::HVDAC2; POR1 promoter
por2A::kanMX4 (hVDAC2)
hVDAC3 MATa; his341; leu2A0; | Expresses human VDAC3 | [38]
metl540; ura3A0; | under the control of the
porld::HVDAC3S; POR1 promoter
por2A::kanMX4 (hVDAC3)
hVDAC3-ACys MATa; his341; leu2A0; | Expresses human VDAC3 | [38]
met1540; ura3A0; | under the control of the
porld::HVDAC3A4Cys; POR1 promoter.
por2A::kanMX4 HVDAC3 mutations:
C2A, C8A, C36A, C65A,
C122A, C229A
(hVDAC3ACys)
yVDACI1 sod1A sod2A MATa; his341; leu240; | Lacking  the POR2 | This work
metl1540; ura3A0; | (por24), SOD1 and SOD2
por2A::kanMX4; sodlA0; | genes (SOd1A  sod2A).
sod240 Expresses only one yeast
VDACL.
hVDACI1 sod1A sod2A MATa; his341; leu240; | Lacking the POR2 | This work
met1540; ura340; | (por24), SOD1 and SOD2
porld::HVDACI; genes (sodlA  sod2A).




por2A::kanMX4, sodl1A0;

Expresses human VDAC1

sod240 under the control of the
POR1 promoter
(hVDAC1)
hVDAC2 sod1A sod2A MATa; his3A1; leu240; | Lacking the POR2 | This work
metl1540; ura340; | (por24), SOD1 and SOD2
porld::HVDAC2; genes (SOd1A  sod2A).
por2A::kanMX4,; sodlA0; | Expresses human VDAC1
s0d240 under the control of the
POR1 promoter
(hVDAC2)
hVDAC3 sod1A sod2A MATa; his341; leu240, | Lacking the POR2 | This work
metl1540; ura3A0; | (por24), SOD1 and SOD2
porld::HVDAC3; genes (SOd1A  s0d2A).

por2A::kanMX4, sodlA0;

Expresses human VDAC1

sod240 under the control of the
POR1 promoter
(hVDAC3)
hVDAC3-ACys  sodl1A | MATa; his341; leu2A0; | Lacking  the POR2 | This work
sod2A metl1540; ura3A0; | (por24), SOD1 and SOD2
poriA::HVDAC3ACys, genes (SOd1A  sod2A).

por2A::kanMX4 sodl1A0;

sod240

Expresses human VDAC3
under the control of the
POR1 promoter.
HVDAC3 mutations:
C2A, C8A, C36A, C65A,
C122A, C229A
(hVDAC3ACys)
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Figure 1. Generation of yeast strains for studying contribution of human VDAC paralogs to

mitochondrial function under oxidative stress conditions.

Yeast cells with deletion of POR2 and POR1 genes (porlApor2A Strain) were obtained using
CRISPR/Cas9 technology. sgRNA targets POR1, leading to its deletion. yWDAC1 Strain - yeast cells
with POR2 gene deletion and intact POR1 along with SOD1 and SOD2 genes. This strain serves as a
control, having endogenous yeast VDAC1 (yVDACL1) expressed without additional oxidative stress.
yVDACL1 sod1Asod2A Strain — yeast cells with deleted SOD1 and SOD2 genes, resulting in the
accumulation of superoxide anion ("O2") used to introduces a given human VDAC paralog encoding
gene (hVDAC) in place of POR1. Humanization and SOD1/2 deletion: The CRISPR/Cas9 system and

HDR (Homology-Directed Repair) were used to humanize yeast by replacing POR1 with one of the
hVDAC genes (hWVDAC1, hVDAC2, hVDAC3). Additionally, SOD1 and SOD2 genes were deleted in
these strains to generate hVDAC1/hVDAC2/hVDACS3 sod14sod2A4 strains (see also Table 1).
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Figure 2. Growth analysis of yeast cells expressing human VDAC paralogs under different
conditions.

(A) Cell growth analysis of various yeast strains on solid media containing fermentable (YPD) and non-
fermentable (YPG) carbon source at 28°C and 37°C. (B) Quantification of yeast cell growth in liquid
YPG at 28°C. Optical density (ODsoo) was measured to assess the growth performance. Cells of each
strain were inoculated with a starting OD of 0.05, and growth was measured after 24 hours of incubation.
The measurement was taken from a 10-fold diluted culture. Comparisons between cells expressing
human VDAC paralogs were performed using one-way ANOVA, with error bars representing the 95%
confidence interval (n = 3). Significance of differences between strains is indicated with p-values for

each comparison. Strain abbreviations as explained in caption of Figure 1.
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Figure 3. Superoxide anion levels in yeast cells expressing human VDAC paralogs.

Superoxide anion levels were measured using MitoSOX Red fluorescence and are presented in arbitrary
units (a.u.). Measurements were performed using a Spark Multimode Microplate Reader. One-way
ANOVA was performed to assess statistical differences, and significance is indicated as follows: ns =
not significant, **p < 0.01, ***p < 0.001. Error bars represent standard deviation (SD) based on 4

biological replicates. Strain abbreviations as explained in caption of Figure 1.
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Figure 4. Visualization of mitochondrial inner membrane potential (Ay) and network morphology
in yeast cells expressing human VDAC paralogs.

(A) Schematic presentation of MitoLoc dual-reporter system for mitochondrial morphology and Ay
estimation. The preSu9-GFP (green marker) is imported into mitochondria independently of Ay and
serves as a constitutive mitochondrial marker. The preCox4-mCherry (red marker) is imported in Ay-
dependent manner, with localization indicating Ay status. (B -D) Typical confocal microscopy images

of expression of MitoLoc reporters by yeast cells with different genetic backgrounds. Strain
abbreviations as explained in caption of Figure 1.
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Figure 5. Quantification of the mitochondrial inner membrane potential (Ay) in yeast cells

expressing different human VDAC paralogs.

The mitochondrial inner membrane potential (Ay) in yeast cells expressing one of human VDAC
paralogs; i.e., hWVDAC1, hVDAC2, or hWDAC3 as measured by determination of TMRM fluorescence.
Control, strains with expression of CuZnSOD and MnSOD; sod1Asod2A, strains with deletion of
CuznSOD and MnSOD encoding genes, leading to oxidative stress. The significance of differences
between the control and sod1Asod2A is indicated as follows: p <0.01 for significant differences, and ns
for non-significant differences. Error bars represent the standard deviation (n = 3). Strain abbreviations

as explained in caption of Figure 1.
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Figure 6. Mitochondrial respiratory parameters for yeast cells expressing hVDAC2 and hVDAC3

under oxidative stress conditions.

Determination of values of basic mitochondrial respiratory parameters. (A) Basal respiration rate
measured for yeast cells expressing hVDAC?2 (pink) and hVDACS3 (gray) in sodlAsod24 background
to assess mitochondrial respiratory activity. (B) FCCP uncoupling capacity, which reflects the ratio of
maximal respiration (the oxygen uptake rate after FCCP treatment) to basal respiration. (C) Spare
respiratory capacity, determined as the difference between maximal respiration and basal respiration,
which represents the potential reserve of mitochondria to meet additional energy requirements. (D) ATP
synthesis and (E) proton leak determined as contribution of the relevant oxygen uptake rate to basal

respiration, assessed as a percentage of basal respiration. Tributyltin (TBT) in a final concentration of



16 uM was added to eliminate ATP synthesis. Cellular respiration was measured in YPG at 28°C. The
statistical differences were assessed using a one-way t-test. (A) data are based on n =5, while (B) - (E),
data are based on n = 3. Error bars represent the standard deviation (SD) of biological replicates.
Statistical significance was determined as follows: p < 0.05 indicates a significant difference, p < 0.001,
and ns indicates no significant difference between the strains. Strain abbreviations as explained in

caption of Figure 1
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Figure 7. Growth analysis of yeast cells expressing hVDAC3 and hVDAC3ACys.

The spot assay growth analysis of yeast cells expressing hVDAC3 and its cysteine-depleted variant
hVDAC3ACys on YPD and YPG at 28°C and 37°C. The cells expressed hVDAC3 and hVDAC3ACys
in the presence of CuZnSOD and MnSOD or in the absence of the enzyme encoding genes; i.e., in the
presence of sod1A4sod24 background. A dilution series (10°, 107!, 102, 107%) was performed. The figure

represents three biological replicates.
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Figure 8. Hypothetical model explaining how hVDAC3 functions as a redox sensor to protect

against mitochondrial dysfunction under oxidative stress.

(A) Three different electrophysiological gating patterns of human VDAC paralogs. All three VDAC
paralogs (hWDAC1, hVDAC2, hVDAC3), show normal gating behavior with transitions between open
and closed states. Under oxidative stress, hWVDAC1 and hVDAC?2 demonstrate reduced gating, leading
to a low permeability state. This conformation restricts metabolite passage through the channel.

hVDAC3, when oxidized, remains fixed in the open state, allowing continuous passage of metabolites.



(B) The impact of different VDAC paralogs on mitochondrial function and ROS levels. hVDAC1 and
hVDAC?2 are associated with increased production of superoxide anion and higher ROS accumulation,
particularly under oxidative stress. The restricted permeability of hVDAC1 and hVDAC2 under
oxidation limits the access of metabolites, which in turn leads to increased production of superoxide
anion and enhanced oxidative stress. Unlike hVDAC1 and hVDAC2, hVDACS3 in the oxidized state
remains open, which allows efficient passage of metabolites through the mitochondrial membrane. This

helps reduce ROS accumulation and supports mitochondrial function by mitigating oxidative stress.
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