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STRESZCZENIE

Gléwnym celem mojej rozprawy doktorskiej byta weryfikacja hipotezy
zakladajacej wystepowanie réznych form kompleksu TOB/SAM u organizméw
wielokomdrkowych 1 ustalenie sktadu podjednostkowego tych form na etapie tworzenia
wczesnych struktur wielokomorkowych. Kompleks TOB/SAM (ang. Topogenesis of
the mitochondrial outer membrane B-barrel proteins/Sorting and assembly machinery),
zlokalizowany jest w zewnetrznej btonie mitochondrialnej, gdzie odpowiada za
wbudowywanie bialek o strukturze beczutki . Badania przeprowadzitlam przy uzyciu
organizmu modelowego, tj. $§luzowca Dictyostelium discoideum, posiadajacego
charakterystyczny cykl zyciowy, w ktorym wyr6zni¢ mozna zaroOwno faze
jednokomoérkowa - wystepujaca w sprzyjajacych warunkach srodowiska, jak i fazy
wielokomoérkowe, ktore tworza si¢ w warunkach niekorzystnych i poprzedzaja
wytworzenie spor, umozliwiajacych przetrwanie tych warunkéw. Badanie kompleksu
TOB/SAM u D. discoideum wykonatam wykorzystujac komorki z fazy
jednokomodrkowej oraz dwoch wezesnych faz wielokomorkowych; tj. fazy agregacji 1
fazy  strumieni. W  badaniach wykorzystatam elektroforeze = BN-PAGE,
immunodetekcje, spektrometri¢ mas typu LC-MS/MS, analizy bioinformatyczne oraz
pomiary oksygraficzne. Dzigki temu wykazatam, Ze: (1) mitochondria $luzowca
zawierajag dwie formy kompleksu TOB/SAM: o masie czasteczkowej 160 kDa i 600
kDa, ro6znigce si¢ sktadem podjednostkowym; (2) podjednostki kompleksu TOB/SAM
to: Tob55/SamS50 - wskazana w obu formach kompleksu 1 metaksyna (Mtx) — wskazana
tylko w mniejszej formie (160 kDa); (3) wraz z wymienionymi podjednostkami
wykrytam rowniez bialka wspotwystepujace, pochodzace =z kompleksow
wspotpracujacych z TOB/SAM: Tom40 — w wigkszej formie kompleksu (600 kDa),
Mdm10 - w mniejszej formie kompleksu (160 kDa) oraz mitofiling - w obu formach
kompleksu (Tob55/Sam50, Mtx, Mdml0 oraz mitofiling zidentyfikowatam w
mitochondriach D. discoideum na poziomie bialkkowym po raz pierwszy); (4)
wymienione wyzej biatka zidentyfikowalam we wszystkich badanych fazach cyklu
zyciowego, za wyjatkiem mitofiliny, ktérg wskazatam tylko dla fazy jednokomoérkowej;
(5) proteomiczne analizy pordwnawcze przeprowadzone przeze mnie na

mitochondriach badanych faz (badania ilosciowe 1 jakosciowe) wykazaly zmiany
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metaboliczne umozliwiajagce uruchomienie glukoneogenezy w odpowiedzi na stres

(brak pozywienia), ktoére zachodza u D. discoideum podczas tworzenia wczesnych

struktur wielokomoérkowych, jednakze zmiany te nie obejmujg istotnych statystycznie

ilosciowych roznic dla wymienionych podjednostek kompleksu TOB/SAM, oraz biatek

z nim zwigzanych; (6) zaobserwowatam rdéznice w wyznaczonych wartos$ciach

parametréw  bioenergetycznych: wydajnos$ci sprzezenia (coupling efficiency),

pojemnosci sprzezenia (coupling capacity) i rezerwowej pojemnosci oddechowej (spare

respiratory capacity) mi¢dzy mitochondriami pochodzacymi z komorek z badanych faz

cyklu zyciowego D. discoideum — zmiany te moga by¢ zwigzane z procesami adaptacji

komorek do warunkow glodu. Wyniki te maja istotne znaczenie w dalszych badaniach

nad rolg mitochondriow w procesach metabolicznego reprogramowania komorek oraz

w badaniach nad biologia rozwoju.
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SUMMARY

The main goal of my doctoral dissertation was to verify the hypothesis assuming

the presence of various forms of the TOB/SAM complex in multicellular organisms and

to determine the subunit composition of these forms in the process of forming of early

multicellular structures. The TOB/SAM complex (Topogenesis of the mitochondrial

outer membrane -barrel proteins/Sorting and assembly machinery) is located in the

mitochondrial outer membrane, where it is responsible for the insertion of B-barrel

proteins. I conducted the research with the use of a model organism, i.e., slime mold

Dictyostelium discoideum, which has a characteristic life cycle, in which can be

distinguish both the unicellular phase - occurring under favorable environmental

conditions, and the multicellular phases, which are formed under unfavorable conditions

and precede the formation of spores, enabling surviving these conditions. I tested the

TOB/SAM complex in D. discoideum using cells from the unicellular stage and two

early multicellular stages, i.e., the aggregation stage and the streams stage. In the

research I used BN-PAGE electrophoresis, immunodetection, LC-MS/MS mass

spectrometry, bioinformatic analysis and oxygraphic measurements. As a result, I

showed that: (1) slime mold mitochondria contain two forms of the TOB/SAM complex:

with a molecular weight of 160 kDa and 600 kDa, differing in their subunit composition;

(2) the subunits of the TOB/SAM complex are: Tob55/Sam50 - indicated in both

complex forms and metaxin (Mtx) - indicated only in a smaller form (160 kDa); (3)

together with the mentioned subunits, I also detected co-occurring proteins derived from

complexes cooperating with TOB/SAM: Tom40 - in the larger form of the complex (600

kDa), Mdm10 - in the smaller form of the complex (160 kDa) and mitofilin - in both
forms of the complex (I identified Tob55/Sam50, Mtx, Mdm10 and mitofilin in D.

discoideum mitochondria at the protein level for the first time); (4) I identified the

above-mentioned proteins in all studied life cycle stages, except for mitofilin, which I

indicated only for the unicellular stage; (5) comparative proteomic analysis carried out

by me on the mitochondria of the studied stages (quantitative and qualitative studies)

showed metabolic changes enabling the activation of gluconeogenesis in response to

stress (lack of food) that occur in D. discoideum during the formation of early

multicellular structures, however, these changes do not cover statistically significant

10
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quantitative differences for the mentioned TOB/SAM complex subunits and associated
proteins; (6) I observed differences in the determined values of bioenergetic parameters:
coupling efficiency, coupling capacity and spare respiratory capacity, between
mitochondria derived from cells from the studied stages of the D. discoideum life cycle
- these changes may be associated with processes of cell adaptation to starvation
conditions. These results are important in further research on the role of mitochondria

in metabolic cell reprogramming and in research of developmental biology.
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WPROWADZENIE

Kompleks TOB/SAM (ang. Topogenesis of the mitochondrial outer membrane

B-barrel proteins/Sorting and assembly machinery) zlokalizowany jest w zewngetrznej

btonie mitochondrialnej. Jego podstawowym zadaniem jest translokacja

wbudowywanie bialek o strukturze beczulki B, ktore odgrywaja kluczowa rolg w

funkcjonowaniu mitochondriow. Ponadto, kompleks TOB/SAM, wraz z kompleksem

TOM (ang. Translocase of the mitochondrial outer membrane), wspottworzy szlaki

importu biatek do mitochondriéw (Sokol i in., 2014; Wiedemann i in., 2017) oraz bierze

udzial w transporcie metabolitow (Galganska i in. 2008; 2010). Dotychczasowe badania

nad kompleksem TOB/SAM prowadzone sa gltéwnie przy wykorzystaniu modelu

drozdzowego, tj. komorek Saccharomyces cerevisiae, w mitochondriach ktorych

kompleks ten sktada si¢ z trzech podjednostek. Jedna z nich tworzy kanat (biatko

Tob55/Sam50), a dwie pozostate petnig funkcje receptorow (Tob38/Sam35 (Tom38) i
Tob37/Sam37 (Tom37, Mas37)) (Wiedemann i in. 2003; Waizenegger 1 in., 2004; Klein

11in., 2012; Diederichs i in., 2020).

Opis importu biatek przez zewnetrzng blong mitochondrialng oraz budowe

kompleksu TOB/SAM przedstawitam w pracy przeglgdowej ,, The Diversity of the

Mitochondrial Outer Membrane Protein Import Channels: Emerging Targets for

Modulation”, opublikowanej w Molecules.

ZROZNICOWANIE FORM KOMPLEKSU TOB/SAM SLUZOWCA Dictyostelium
discoideum  'WE ~WCZESNYCH ETAPACH TWORZENIA STRUKTUR

WIELOKOMORKOWYCH

Punktem wyjscia moich badan byty dane wskazujace, ze kompleks TOB/SAM

moze roézni¢ si¢ masa czasteczkowa 1 sktadem podjednostkowym w przypadku

organizm6éw  eukariotycznych reprezentujagcych rézne linie filogenetyczne.

Tob55/Sam50 jest biatkiem konserwatywnym, natomiast biatka o funkcji receptoréw sa

zrdznicowane. Roznice w sktadzie kompleksu TOB/SAM w poréwnaniu z organizmem

modelowym S. cerevisiae wykazano dla grzybow: Neurospora crassa; zwierzat:

Drosophila melanogaster, Ceanorhabditis elegans, dla komoérek ludzkich, mysich i

12
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szczurzych; oraz ro$lin: Oryza sativa, Solanum tuberosum 1 Arabidopsis thaliana

(Paschen i in., 2003; Dolezal i in., 2006; Bredemeier i in., 2007; Carrie i in., 2010; Zhao

1 in., 2021). Co wigcej, u organizméw wielokomérkowych stwierdzono obecno$¢
roznych form kompleksu TOB/SAM (Waizenegger i in., 2004; Xie i in., 2007; Kozjak-
Pavlovic i in., 2007; Yamano i in., 2010; Lackey i in., 2011; Klein i in., 2012; Ott i in.,

2012). Dlatego postanowitam sprawdzié¢, czy istnieje zwigzek miedzy organizacja

kompleksu TOB/SAM i wielokomorkowoscia.

Wiecej informacji na temat form kompleksu TOB/SAM u roznych organizmow

zebratam w pracy eksperymentalnej ,,The TOB/SAM complex composition in

mitochondria of Dictyostelium discoideum during progression from unicellularity to

multicellularity ", opublikowanej w Acta Biochimica Polonica.

Hipoteze zakladajacg istnienie zwigzku migdzy wielokomoérkowoscia 1

organizacja kompleksu TOB/SAM postanowitam zweryfikowa¢ przy wykorzystaniu

Sluzowca Dictyostelium discoideum. Organizm ten, wedlug obowiazujacego podziatu

systematycznego, nalezy do supergrupy Amoebozoa (Adl i in., 2005) i charakteryzuje

si¢ ztozonym cyklem zyciowym, obejmujacym zaro6wno etap jednokomorkowy, jak 1

etapy wielokomoérkowe (Schilde i in., 2013). W sprzyjajacych warunkach srodowiska 1

statym dostepnie do pozywienia, jego komorki dzielg si¢ cyklicznie w wyniku mitozy

(faza nazwana w rozprawie faza jednokomorkowa, ang. unicellular - por. Rys.I).

Natomiast w warunkach stresu gtodowego nastgpuje przetaczenie z fazy intensywnych

podzialow do fazy roznicowania, ktéra ma na celu wytworzenie form

przetrwalnikowych w postaci spor. W tym procesie komoérki D. discoideum wydzielaja

do srodowiska sygnat chemiczny w postaci cAMP, rozpoznawany przez inne komorki.

Pod jego wptywem komorki migruja do miejsca najwigkszego st¢zenia cAMP, tworzac

poczatkowo grupy komorek, co rozpoczyna proces powstawania wczesnych struktur

wielokomoérkowych (faza nazwana w rozprawie faza agregacji, ang. aggregation).

Nastepnie, ruch komorek staje si¢ bardziej uporzadkowany 1 przypomina strumienie

zbiegajace si¢ spiralnie w jednym wspolnym punkcie (faza nazwana w rozprawie faza

strumieni, ang. streams). W trakcie tych wczesnych etapoOw rozpoczyna si¢ proces

réznicowania komorek na te, ktore zostang przeksztatcone w spory oraz na te, ktorych

przeznaczeniem jest budowa tzw. todygi, ktéra unosi na 1-2 mm w gore kule

13
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wypelniong sporami (tzw. ciatko owocujace — por. Rys.1) (Dormann i in., 2001; Maeda

2011; Duiin., 2015; Kawabe i in., 2019).

Differentiation phases

STARVATION S
v 0928
1 i Qoa
- )
Vegetative H
growth .
1
©0 v C00
g & V=
& - . - > —
@ &% Mound Fruting body
' ' filled with
Unicellular Aggregation Streams spores

Rysunek 1. Cykl zyciowy Sluzowca D. discoideum (opis zawarty w tekScie). Rozmnazanie wegetatywne
D. discoideum poprzez podzial mitotyczny komorek — ang. Vegetative growth; warunki glodu — ang.
Starvation; fazy cyklu w ktorych nastgpuje roznicowane si¢ komorek — ang. Differentiation phases; faza
jednokomoérkowa — ang. Unicellular; faza agregacji — ang. Aggregation; faza strumieni — ang. Streams;
forma poprzedzajaca wytworzenie cialka owocujacego — ang. Mound; tzw. ciatko owocujace, wypetnione
sporami — ang. Fruting body filled with spores. [Na podstawie rysunku w pracy pt.: The TOB/SAM
complex composition in mitochondria of Dictyostelium discoideum during progression from
unicellularity to multicellularity, opublikowanej w czasopismie Acta Biochimica Polonica].

W celu okreslenia sktadu podjednostkowego kompleksu TOB/SAM $luzowca
D. discoideum, zidentyfikowalam sekwencj¢ genu kodujacego biatko Tob55/Sam50
oraz ortolog biatka receptorowego o nazwie metaksyna, ktore wystgpuje rowniez w
sktadzie kompleksu TOB/SAM mitochondriow ssakow iroslin (Wojtkowskaiin., 2012;
Buczek 1 1in., 2016). Nastepnie wyizolowatam mitochondria z komoérek pochodzacych z
trzech faz cyklu zyciowego S$luzowca (jednokomorkowej, agregacji i strumieni),
rozdzielitam biatka metoda elektroforezy natywnej typu BN-PAGE i1 za pomoca
immunodetekcji  z  wykorzystaniem  przeciwcial  skierowanych  przeciwko:

Tob55/Sam50 s$luzowca (zaprojektowane przeze mnie przeciwciato otrzymalam w

14
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wyniku syntezy peptydu i oczyszczenia uzyskanego serum na specyficznym zlozu

chromatograficznym) oraz ludzkiej metaksynie (przeciwciato dostepne komercyjnie),

zidentyfikowatam formy kompleksu TOB/SAM. Tym sposobem stwierdzitam

wystepowanie Tob55/Sam50 i metaksyny w mitochondriach komoérek w kazdej z

badanych faz cyklu zyciowego. Ponadto, wskazalam na obecno$¢ w tych

mitochondriach, niezaleznie od badanej fazy cyklu zyciowego, dwdch form kompleksu

TOB/SAM, tj. o masie czasteczkowej 160 kDa 1 600 kDa. Nastepnie, dla kazdej z

badanych faz, zidentyfikowane metoda immunodetekcji dwie formy kompleksu

TOB/SAM poddatam analizie metoda spektrometrii mas (LC-MS/MS) w

Srodowiskowym Laboratorium Spektrometrii Mas Instytutu Biochemii i Biofizyki

Polskiej Akademii Nauk w Warszawie. Uzyskane wyniki przedstawitam schematycznie

na Rys. 2. Niezaleznie od badanej fazy cyklu Zyciowego, obecno$¢ biatka Tob55/Sam50

stwierdzitam w obu formach kompleksu TOB/SAM, natomiast metaksyny tylko w

wigkszej formie kompleksu (600 kDa). Ponadto, w badanych probach stwierdzitam

obecno$¢ biatek Tom40 i Mdml10 (sekwencja Mdml0 D. discoideum zostata

przedstawiona po raz pierwszy w pracy Buczek i in., 2016, a na poziomie biatkowym

potwierdzitam ja w moich badaniach) oraz mitofiliny (Mic60; zidentyfikowanej z

wykorzystaniem Blastp oraz modelu Pfam oraz na poziomie biatkowym po raz pierwszy

w ramach niniejszych badan). Obecno$¢ biatka Tom40 wykazalam w wigkszej formie

kompleksu (600 kDa), a Mdm10 w mniejszej formie (160 kDa), jednakze oba biatka

byly obecne we wszystkich badanych fazach cyklu zyciowego. Obecnos¢ mitofiliny

wykazatam w obu formach kompleksu, ale tylko w przypadku fazy jednokomoérkowe;.

Biatko Tom40 jest gldowna podjednostka kompleksu TOM, ktérego zadaniem

jest rozpoznanie, wprowadzenie 1 segregacja wigkszosci biatek kierowanych do

mitochondriéw, w tym rowniez podjednostek kompleksu TOB/SAM. Z drugiej za$

strony, kompleks TOB/SAM jest odpowiedzialny za wbudowywanie biatek o strukturze

beczulki B w zewnetrzng blone mitochondrialna, a do tej grupy bialek zalicza si¢ wlasnie

biatko Tom40 (Qiu i in., 2013; Wenz i in., 2015; Wiedemann i in., 2017). Wykazana

przeze mnie obecno$¢ biatka Tom40 w wickszej formie kompleksu (600 kDa)

potwierdza funkcjonalne powigzanie kompleksu TOB/SAM z kompleksem TOM, ktore

ma miejsce podczas insercji w blong biatka Tom40, a do czego niezbedny jest udziat
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kompleksu TOB/SAM (Qiu i in., 2013; Wenz i in., 2015). Biatkko Mdm10 (ang.

Mitochondrial distribution and morphology protein 10) uwaza si¢ za podjednostke
wspotdzielong przez kompleks TOB/SAM 1 kompleks ERMES (ang. Endoplasmic

reticulum-mitochondria encounter structure), uczestniczacy w oddziatywaniu miedzy

retikulum endoplazmatycznym i mitochondriami (Meisinger i in., 2004; Yamano i in.,

2010; Thornton i in., 2010; Ellenrieder i in., 2016; Takeda i in., 2021). Biatko to

uczestniczy wraz z kompleksem TOB/SAM w prawidlowym wbudowaniu biatek w

zewnetrzng blong, w tym we wbudowywaniu biatka Tom40 (Meisinger 1 in., 2004;
Yamano i in., 2010; Thornton i in., 2010; Ellenrieder i in., 2016; Takeda i in., 2021).
Obecnos¢ Mdm10 wykazatam w mniejszej formie kompleksu TOB/SAM (160 kDa), a

wiec nie w tej samej formie, w ktorej obecne jest biatko Tom40 (600 kDa). Moze to

sugerowaé wystepowanie Tob55/Sam50 w postaci izoform, r6znigcych si¢ mozliwoscia

oddziatywania z biatkami Tom40 i Mdm10, ktore zostato stwierdzone u N. crassa

(Hoppins i in., 2007; Klein i in. 2012), i co u $luzowca wymaga dalszych badan. Z kolei

obecno$¢ mitofiliny stwierdzitam tylko w fazie jednokomorkowej, ale w obu formach

kompleksu TOB/SAM. Biatko to zaliczane jest do kompleksu MICOS (ang.

Mitochondrial contact site and cristae organizing system), a wig¢c systemu biatek

odpowiedzialnych za utrzymanie struktury grzebieni mitochondrialnych (Harner 1 in.,

2011; von der Malsburg i in., 2011; Eydt i in., 2017). Obecno$¢ mitofiliny moze

sugerowa¢, ze w fazie jednokomoérkowej dochodzi do oddzialywania kompleksu

TOB/SAM z kompleksem MICOS (Ott 1 in., 2012) oraz kompleksu MICOS z

kompleksem TOM (von der Malsburg i in., 2011).

Wyniki dotyczqce form kompleksu TOB/SAM i analizy tych form metodg

spektrometrii mas zostaly przedstawione w pracy eksperymentalnej ,, The TOB/SAM

complex composition in mitochondria of Dictyostelium discoideum during progression

from unicellularity to multicellularity”, opublikowanej w czasopismie Acta Biochimica

Polonica.
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Rysunek 2. Uproszczony model importu biatlek do mitochondrium. Kolorem ciemnoszarym zostaty
oznaczone podjednostki kompleksu TOB/SAM oraz biatka z nimi wspolwystepujace, zidentyfikowane w
mitochondriach kazdej z badanych faz cyklu zyciowego §luzowca D. discoideum (z wyjatkiem mitofiliny
zidentyfikowanej tylko w fazie jednokomodrkowej) w ramach niniejszej rozprawy doktorskiej: e -
podjednostki zidentyfikowane w kompleksie TOB/SAM o masie czasteczkowej 600 kDa; A -
podjednostki zidentyfikowane w kompleksie TOB/SAM o masie czgsteczkowej 160 kDa (dane
przedstawione w pracy The TOB/SAM complex composition in mitochondria of Dictyostelium discoideum
during progression from unicellularity to multicellularity, opublikowanej] w czasopiSmie Acta
Biochimica Polonica). ZMB — zewngtrzna blona mitochondrialna; PMB — przestrzen migdzybtonowa;
WMB — wewngtrzna btona mitochondrialna. Szczegotowe informacje dotyczace importu biatek do
mitochondriow zawartam w publikacji The Diversity of the Mitochondrial Outer Membrane Protein
Import Channels: Emerging Targets for Modulation, opublikowanej w Molecules [Na podstawie rysunku
z ww. publikacji].
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STAN METABOLICZNY KOMOREK SLUZOWCA Dictyostelium discoideum WE
WCZESNYCH ETAPACH TWORZENIA STRUKTUR WIELOKOMORKOWY CH:

PROTEOMIKA POROWNAWCZA

Aby lepiej zrozumie¢ obserwowane rdéznice w organizacji kompleksu

TOB/SAM wykonatam poréwnawcza analiz¢ proteomiczng mitochondriow z

wykorzystaniem spektrometrii mas LC-MS/MS (wspoétpraca z dr Ewa Sitkiewicz z

Instytutu Biochemii 1 Biofizyki PAN w Warszawie). Wyodrgbnitam 294 biatka

mitochondrialne, ktére na podstawie dostgpnych danych zawartych w bazie danych

Sluzowca (dictybase.org) oraz GenBank, zaklasyfikowatam do 9 funkcjonalnych grup:

metabolizm biatek, sygnalizacja, import biatek, transport, ekspresja genow

mitochondrialnych, cykl Krebsa, OXPHOS, inne poznane procesy (do tej grupy zostaty

przypisane biatka zwigzane z reakcjami redoks i metabolizmem kwasow thuszczowych)

oraz biatka niescharakteryzowane. Liczby bialek przypisanych do wymienionych grup

funkcyjnych byly poréwnywalne dla mitochondriow z badanych faz. Najliczniej

reprezentowane byly biatka przyporzadkowane do grupy metabolizm biatek, nastepnie

OXPHOS 1 kolejno grupa inne poznane procesy. Mniej licznymi grupami byty transport,

import biatek, cykl Krebsa 1 biatka niescharakteryzowane. Najmniej biatek przypisano

do grup: sygnalizacja i ekspresja genéw mitochondrialnych.

Zatem, pod wzgledem jakoSciowym, uzyskane dane proteomiczne dla badanych

wczesnych stadiow rozwojowych byly poréwnywalne. Dlatego wykonatam ilosciowa

analiz¢ porownawcza uzyskanych danych proteomicznych. Analiz¢ rdéznicowa

wykonatam dla nastgpujacych poréwnan izolowanych mitochondriow: faza

agregacji/faza jednokomoérkowa, faza strumieni/faza jednokomorkowa oraz faza

agregacji/faza strumieni. Uzyskane wyniki nie wykazaty rdznic na poziomie istotnosci

statystycznej dla biatek kompleksu TOB/SAM: Tob55/Sam50, metaksyny oraz biatek

wspotwystepujacych: Mdm10, Tom40 1 mitofiliny, a takze biatek wchodzacych w sktad

innych komplekséw importowych. Jednakze wykazatam, ze bialka mitochondrialne,

ktorych poziom rosnie w miar¢ jak komorki przechodza od fazy jednokomorkowej do

fazy strumieni, naleza do grupy import biatek i sg to nastgpujace biatka: mitochondrialne

bialtko Q z rodziny biatek przenoszacych substraty i mtHsp70. Ponadto analogiczng

zmian¢ ilosciowa zaobserwowalam dla nastepujacych grup: cykl Krebsa (ligaza
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bursztynianowo-CoA i karboksykinaza fosfoenolopirogronianowa, PCK2); metabolizm
biatek (kinaza acetyloglutaminianowa, transaminaza kwasu fy-aminomaslowego i
Hsp70); z grupy bialek niescharakteryzowanych (mitochondrialna transferaza cafl7 i
dehydrogenaza kwasu 1-pirolino-5-karboksylowego) oraz z grupy inne poznane
procesy: reakcje redoks (dysmutaza ponadtlenkowa SOD2) i metabolizm kwasow
thuszczowych (podjednostka o 1 podjednostka [ flawoproteiny zwigzanej z
przenoszeniem elektronow). Natomiast wyrazng tendencje spadkowg przy przej$ciu od
fazy jednokomodrkowej do fazy strumieni zaobserwowatam dla bialek przypisanych do
nastepujacych  grup: metabolizm  biatek (aminotransferaza  aminokwasow
rozgatezionych); OXPHOS (podjednostka IV oksydazy cytochromu c); cykl Krebsa
(syntaza cytrynianowa; dehydrogenaza izocytrynianowa (NAD+) 1 transferaza 3-
oksokwasu CoA) oraz do grupy inne poznane procesy: metabolizm kwasow

thuszczowych (oksydaza acylo-CoA A i C-acetylotransferaza acetylo-CoA).

Uzyskane w proteomicznych analizach poréwnawczych ustalenia moga
wskazywa¢ na adaptacje metaboliczng komoérek do stanu glodu, umozliwiajaca
uruchomienie glukoneogenezy. Znanym czynnikiem stymulujagcym glukoneogeneze w
warunkach gtodu jest acetylo-CoA (Kaleta i in., 2011), jednak wykazane obnizenie
ilosci enzymow zaangazowanych w proces B-oksydacji (oksydaza acylo-CoA A i C-
-acetylotransferaza acetylo-CoA), moze w konsekwencji powodowac, ze to nie acetylo-
-CoA jest zrodtem energii. Ciekawa jest natomiast podwyzszona w fazie strumieni ilo$¢
biatka PCK2, ktorego gen na poziomie transkrypcji podlega pozytywnej regulacji przez
cAMP, ktory jest rownoczesnie sygnalem w procesie agregacji komorek. Z kolei
podwyzszona ilo§¢ biatka mtHsp70 w fazie strumieni, moze wskazywaé na rosngce
zapotrzebowanie na biogenez¢ centrow zelazowo-siarkowych, ktore stanowig grupy
prostetyczne licznych istotnych biatek komérkowych 1 mitochondrialnych (Stehling 1
in., 2014; Shan i Cortopassi, 2016; Dutkiewicz i Nowak, 2018) w tym PCK2. Ponadto,
obnizenie ilosci enzyméw cyklu Krebsa sugeruje obnizenie jego aktywnosci, a
tendencja spadkowa zaobserwowana dla grupy funkcjonalnej metabolizm biatek moze
wskazywac¢ na wykorzystywanie przez komorki §luzowca aminokwaséw jako zrodia

wegla do uruchomienia glukoneogenezy.
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Wyniki tej czesci badan zostaly przedstawione w pracy , Mitochondrial

Processes during Early Development of Dictyostelium discoideum: From Bioenergetic

to Proteomic Studies”, opublikowanej w czasopismie Genes.

STAN METABOLICZNY KOMOREK SLUZOWCA Dictyostelium discoideum WE
WCZESNYCH ETAPACH TWORZENIA STRUKTUR WIELOKOMORKOWY CH:

ANALIZA FUNKCJONALNA MITOCHONDRIOW

Jak pokazujg badania, mitochondria §luzowca D. discoideum na roznych etapach

jego cyklu zyciowego sg zaangazowane m.in. w procesy réznicowania i ruchu komorek,

tj. chemotaksji (Barth i in., 2007). Dlatego za interesujace uznatam okreslenie ogolnej

kondycji mitochondriow w nienaruszonych komoérkach podczas tworzenia przez D.

discoideum wczesnych struktur wielokomérkowych, tj. przeprowadzitam pomiary

zuzycia tlenu przez komorki pochodzace z fazy jednokomorkowej, agregacji i

strumieni, w obecnos$ci zwigzkow oddziatujacych na procesy przeksztalcen

energetycznych zachodzacych w mitochondriach (inhibitor syntazy ATP 1 tzw.

rozprzggacz). Pomiary te przeprowadzitam przy uzyciu elektrody tlenowej Clarka, ktora

mierzy zawartos¢ tlenu w ptynie, co umozliwia wyznaczenie wartosci podstawowych

parametrow okreslajacych funkcjonowanie mitochondriow. Sa to: wydajnos¢

sprzgzenia (ang. coupling efficiency), pojemno$¢ sprzezenia (ang. coupling capacity) i

rezerwowa pojemno$¢ oddechowa (ang. spare respiratory capacity) (Brand i Nicholls,

2011; Karachitos 1 in, 2012; 2016). Na podstawie poréwnania wartosci wydajnosci

sprzezenia stwierdzitam, ze w mitochondriach komorek z fazy jednokomodrkowej

synteza ATP zachodzita na wyzszym poziomie, niz w mitochondriach komorek z fazy

agregacji 1 strumieni, w ktorych poziom ten byt zblizony. Jednak mitochondria te

wykazywaty réznice¢ dotyczaca pojemnosci sprzg¢zenia, tj. byta ona nizsza w przypadku

fazy strumieni. Pozostaje to w zwigzku z obserwowang roznica w rezerwowej

pojemnosci oddechowej, ktora w przypadku mitochondriow komérek z fazy strumieni

byta nizsza, niz w przypadku mitochondriow komorek z fazy agregacji. Co ciekawe,

warto$¢ tego parametru w przypadku mitochondriow komorek z fazy jednokomorkowej

byla nizsza niz w przypadku mitochondriow komorek z fazy agregacji. Jednym ze

znanych czynnikow wplywajacych na rezerwowa pojemno$¢ oddechowa
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mitochondridow jest dostepnos¢ substratéw oddechowych, ktéra wymaga ich

dostepnosci do cyklu Krebsa, ktory z kolei jest zsynchronizowany z transportem

elektronow w tancuchu oddechowym (Brand i Nicholls, 2011). Obnizenie wartosci

rezerwowej pojemnosci oddechowej w fazie strumieni w porownaniu z faza

jednokomoérkowa oraz podwyzszenie wartosci tego parametru w fazie agregacji w

porownaniu z fazg jednokomoérkowa, moze wskazywac na zachodzaca adaptacje do

gtodu, obejmujacag metaboliczne przeprogramowanie komorek.

Wyniki tej czesci badan zostaly przedstawione w pracy ,, Mitochondrial

Processes during Early Development of Dictyostelium discoideum: From Bioenergetic

to Proteomic Studies”, opublikowanej w czasopismie Genes.

PODSUMOWANIE

Przeprowadzone badania wskazaly, ze w procesie tworzenia wczesnych struktur

wielokomérkowych w odpowiedzi na stres glodu, w komodrkach §luzowca D.

discoideum moze dochodzi¢ do zmian w oddziatywaniu kompleksu TOB/SAM z

innymi biatkami mitochondrialnymi. Jednak organizacja kompleksu TOB/SAM, jak 1

poziom ekspresji jego zidentyfikowanych podjednostek nie ulegajg zmianie. Zmiany te

dotycza jednak bialek, ktore funkcjonalnie taczone sa z mozliwosciag uruchomienia

glukoneogenezy oraz stanu funkcjonalnego mitochondriéw. Lacznie stanowi¢ moga

one istotny element odpowiedzi komorek sluzowca na brak pozywienia 1 koniecznos¢

wykorzystania alternatywnego zrodta wegla.

Interesujacym  wydaje  si¢  przeprowadzenie = analogicznych  analiz

proteomicznych 1 funkcjonalnych mitochondriow dla komorek sluzowca D. discoideum

wchodzacych w dalsze fazy cyklu zyciowego, ktére prowadzg do formowania kolejnych

struktur wielokomorkowych. Umozliwiloby to z pewno$cia uzyskanie jeszcze

petniejszego obrazu organizacji i oddziatywan kompleksu TOB/SAM. Ze wzgledu na

wykorzystanie D. discoideum jako organizmu modelowego, poszerzone w ten sposob

wyniki z niniejszej pracy moglyby mie¢ istotne znaczenie w badaniach nad rolg

mitochondriow w procesach zwigzanych z metabolicznym reprogramowaniem

komorek, oraz w badaniach z obszaru biologii rozwoju.
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The TOB/SAM complex composition in mitochondria of
Dictyostelium discoideum during progression from unicellularity
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Despite its complex life cycle including unicellular and
multicellular stages, the slime mold Dictyostelium discoi-
deum, a well-known model in biomedical research, has
not been used as a model organism in studies on mi-
tochondrial import, including its significance in cellular
processes. Moreover, data concerning mitochondrial pro-
tein import machinery in D. discoideum mitochondria is
limited and nothing is known about the impact of that
machinery on slime mold life cycle. Here, we focused on
the TOB/SAM (topogenesis of the mitochondrial outer
membrane B-barrel proteins/sorting and assembly ma-
chinery) complex. This complex is localized in the mito-
chondrial outer membrane and is indispensable for the
formation of metabolite exchange and protein import
pathways in the membrane, and substantially contrib-
utes to the regulation of mitochondrial morphology and
distribution. Furthermore, the available data suggests
that the TOB/SAM complex variants differ between mi-
tochondria of multicellular and unicellular eukaryotes.
Therefore, we decided to determine these variants of
the TOB/SAM in mitochondria of D. discoideum progress-
ing from single cells to early multicellular stages, when
the cells stream together to form a multicellular organ-
ism. The results revealed two complex variants of the
TOB/SAM complex of about 160 and 600 kDa molecular
weight, present in mitochondria of D. discoideum cells at
the studied stages. The discussed complex variants re-
semble the ones that have been already detected for the
yeast Saccharomyces cerevisiae, fungus Neurospora crassa
and human cells, and one of investigated variants differ-
entiates unicellular and initial multicellular stages of the
D. discoideum life cycle.
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ostelium discoideum
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INTRODUCTION

The slime mold Dictyostelium discoidenm is recognized
by the National Institute of Health (NIH) as a model
of particular value in biomedical research, including mi-
tochondtial diseases (www.nih.gov/science/models). The
reason is high homology of D. discoidenm protein se-
quences to human proteins (e.g. Eichinger ez al., 2005)
and its complex life cycle (see Fig. 1). The latter includes
different unicellular and multicellular stages which pro-
vides a possibility to study cellular processes at intracel-
lular and intercellular levels. This also applies to the mi-
tochondrial protein import process being crucial for the
mitochondrial biogenesis and functioning. Most of the
mitochondrial proteins are synthesized in the cytosol and
therefore have to be imported into various mitochondri-
al subcompartments.

The mitochondrial outer membrane contains two
main import complexes, i.e. the TOM complex (translo-
case of the outer membrane) and the TOB/SAM com-
plex (topogenesis of the mitochondrial outer membrane
B-barrel proteins/sorting and assembly machinery). The
TOM complex recognizes, sorts and translocates most
of the mitochondrial precursor proteins from the cyto-
sol, whereas the TOB/SAM complex patticipates in the
TOM complex assembly and inserts {-barrel proteins
into the outer membrane after translocation of these
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Figure 1. Life cycle of D. discoideum.

The vegetative phase (U, unicellular) ceases when food is depleted
(bacteria in the soil). Single cells enter differentiation phase, also
termed a social phase. After passing the early multicellular stag-
es (A, aggregation; S, streams) cells aggregate and form a motile
slug, which ultimately develops into a fruiting body dispersing
spores to new feeding sites.
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proteins into the intermembrane space by the TOM
complex (reviewed by Endo & Yamano, 2010; Neupert,
2015; Hohr et al., 2018; Pfanner et al, 2019). The pro-
teins are exemplified by mitochondrial porin required for
metabolite transport, as well as channel forming subunits
of the TOM and TOB/SAM complexes, Tom40 and
Tob55/Sam50, respectively (Hohr e al, 2018). Thus, the
TOB/SAM complex is essential for formation of the
metabolite exchange and protein import pathways in the
mitochondrial outer membrane and substantially contrib-
utes to regulation of mitochondrial functioning.

In studies on the function and interplay of mitochon-
drial protein import complexes, the yeast Saccharomy-
ces cerevisiae is mainly applied as a model organism (e.g.
Sokol ¢t al., 2014; Neupett, 2015). The S. cerevisiae TOB/
SAM complex is proposed to consist of three main
subunits, ie. Tob55/Sam50, Tob38/Sam35 (Tom38),
and Tob37/Sam37 (Tom37, Mas37). However, in the
case of other cukaryotes, smaller or bigger differences
in the complex subunits have been reported. For exam-
ple, the animal TOB/SAM complex contains metaxin-2
as a counterpart of Tob38/Sam35, as well as metaxin-1
and metaxin-3 as counterparts of Mas37/Sam37 (Sokol
et al., 2014), whereas the subunits predicted for the com-
plex of the slime mold D. discoidenm include Tob55/
Sam50 and metaxin as a sole receptor subunit (Buczek
et al., 2016; Wojtkowska e al., 2017). It is assumed that
the monomeric form of the TOB/SAM complex, com-
posed of the main subunits, has molecular weight of
160-250 kDa, depending on the studied organism (e.g.
Kozjak-Pavlovic ¢z al, 2007; Yamano et al., 2010; Ott ez
al., 2012; Neupert, 2015), although other forms of the
complex are also detected due to complex interaction
with proteins that are also subunits of other complexes,
including the TOM complex (Qiu ez al, 2013; Wenz et
al., 2015),endoplasmic reticulum-mitochondria encounter
structure complex (Kornmann e a/., 2009; Yamano e/ al.,
2010; Flinner e al, 2013) and the MICOS (mitochon-
drial contact site and cristae-organizing system) complex
(e.g. Rampelt ¢z al., 2017). The available data indicate that
detected forms of the TOB/SAM complex may differ
between multicellular organisms, represented by human
cells (Kozjak-Pavlovic ef al., 2007; Xie et al., 2007; Ott et
al., 2012), Neurospora crassa (Klein et al., 2012; Lackey et
al., 2011) and unicellular ones, e.g. S. cerevisiae (Waizeneg-
ger et al., 2004; Yamano ez al., 2010). This may imply a
cotrelation between the TOB/SAM complex and multi-
cellularity. Here, we present verification of this assump-
tion by analysis of the TOB/SAM complex forms in mi-
tochondria of D. discoidenm progressing from single cells
to eatly multicellular stages when the cells aggregate and
then stream together to form a multicellular organism.

MATERIALS AND METHODS

Dictyostelium discoideum growth conditions and
the studied life cycle stages. D. discoidenm is a social
amoeba whose life cycle consists of vegetative growth
and a differentiation phase (Flowers e/ al, 2010; Czarna
et al., 2010). The unusual differentiation process starts
from aggregation of single cells, which is triggered by
nutrient depletion. Then, the developing multicellularity
reaches the stage of streams formed by the aggregating
cells and followed by a slug formation that culminates
as a fruiting body (top of the stalk) consisting of spores
(Fig. 1).

%he axenic strain AX2 of D. discoideum was kindly pro-
vided by Prof. Michael Schleicher from Ludwig Maximil-

ian University of Munich, Germany. D. discoidenm cells
were cultured in axenic growth medium containing 1%
w/v proteose peptone, 0.5% w/v yeast extract, 0.45%
w/v D-glucose, 0.09% w/v Na,HPO, and 0.23% w/v
KH,PO,. Cell culture was propagated in 850 ml of the
axenic growth medium at 19°C, on a Certomat MO ro-
tary shaker at 90 rpm. Cells were cultured exponentially
tll the density of approximately 2.0-3.0X10¢ cells/ml (the
doubling time of 10-11 h). These cells constituted the
unicellular (U) stage. Cells at aggregation (A) and stream
(S) stages were obtained by placing U stage cells into
Petri dishes (1.7x106 cells/cm?) with a solid starvation
medium called Development Buffer (DB) and containing
5 mM Na,HPO,, 5 mM KH,PO,, 1 mM CaCl,, 2 mM
MgClL, pH 6.5 and 1.25% w/v agar (Fey et al. 2007). The
cells were harvested after ~23h for A stage, and ~25 h
for S stage. The presence of U, A and S stages was con-
firmed by Nikon Eclipse TE 2000-U microscope. The
images were obtained by Nikon DS-1QM camera, and
processed by the NIS Elements A 3.10 software.

Immunofluorescent staining. Intact cells were in-
cubated with 200 nM MitoTracker™ Red FM (Invit-
rogen), a red-fluorescent dye, which stains mitochon-
dria due to accumulation dependent upon the inner
membrane potential, for 1 h at 37°C. Cells were then
washed in PBS and fixed in 4% paraformaldehyde so-
lution (in PBS) for 20 min at room temperature, seed-
ed on poly L-lysine slides and allowed to dry com-
pletely. The cells were subsequently fixed with ice cold
methanol and permeabilized with cold acetone for 5 min.
Subsequently, the fixed cells were blocked in 5% BSA
at room temperature for 1 h and afterwards incubated
for 1 h with antibodies raised against Tob55/Sam50 at a
dilution of 1:100 in PBS buffer with 5% BSA, at room
temperature. Next, the cells were washed in phosphate
buffered saline (PBS), and incubated for 1 h at room
temperature with goat-anti-rabbit IgG conjugated to flu-
orescein isothiocyanate (FITC) (Santa Cruz Biotechnol-
ogy) at a dilution of 1:100 (Slocinska ez a/., 2011). Finally,
samples were analyzed under Nikon Eclipse TE 2000-U
fluorescence microscope. The images were obtained with
a Nikon DS-1QM camera, and processed by the NIS El-
ements A 3.10 software.

Mitochondria isolation. Cells from U, A and S stag-
es were centrifuged at 600Xg for 5 min and then washed
twice in phosphate medium A (145 mM KH,PO,,
5 mM Na,HPO,, pH 06) by centrifugation at 600Xg for
5 min. Next, the cells were homogenized in medium
B (0.38 M sucrose, 20 mM Tris-Cl, 0.5 mM EDTA,
1% defatted bovine serum albumin [BSA], pH 7.5) us-
ing glass/Teflon homogenizer and centrifuged at 860%g
for 5 min. Supernatant was centrifuged at 10000Xg for
15 min. The obtained pellet was suspended in medium
C (0.38 M sucrose, 20 mM Tris-Cl, 0.5 mM EDTA,
0.6% defatted BSA, pH 7.2) and centrifuged at 860Xg
for 5 min to remove remaining cells. Supernatant was
centrifuged at 10000Xg for 10 min, mitochondrial pellet
was suspended in medium D (0.38 M sucrose; 20 mM,
Tris-Cl, pH 7.2) and centrifuged at 10000Xg for 15 min.
After this step, the mitochondrial pellet was suspended
in medium D and used for further analysis. Efficiency
of the mitochondria isolation procedure varied depend-
ing on the stage, from 1.5 mg of mitochondrial proteins
per 1 g of cells at A and S stages, to 4.5 mg of mito-
chondrial proteins per 1 g of cells at the U stage. All
media used for mitochondria isolation were ice cold and
centrifugation procedures were carried out at 4°C.

Protein electrophoresis. Blue Native Polyacrylamide
Gel Electrophoresis (BN-PAGE) was performed accord-
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ing to Witting and others (Witting e# al, 2012). Mito-
chondria (100 pg) were solubilized in a buffer containing
0.1 M EDTA, 50 mM NaCl, 10% glycerol, 20 mM Tfis,
1 mM PMSF, pH 7.4 and 1.25% digitonin (Sigma-Al-
drich) for 20 min at 4°C, and centrifuged for 50 min at
14000 X g and 4°C. Aliquots of solubilized mitochondria
were mixed with Serva Sample Buffer for Blue Native
(2% conc.) and loaded on the 6-13% native gradient gel
(prepared in 1.5 M g-amino-n-caproic acid and 0.15 M
Bis-Tris, pH 7). Sodium Dodecyl Sulfate Polyacryl mide
Gel Electrophoresis (SDS-PAGE) was performed ac-
cording to Laemmli (Laemmli, 1970). SDS-PAGE and
BN-PAGE gels were stained with Serva Coomassie Bril-
liant Blue G-250. To perform Western blot immuno-
decoration proteins separated by BN-PAGE were trans-
ferred to PolyVinylidene DifFluoride (PVDF) membrane
(Millipore) and by SDS-PAGE to nitrocellulose mem-
brane. After immunodecoration proteins were visualized
by the Lumi-Light Western Blotting Substrate (Roche).

Mass spectrometry. Protein bands indicated by West-
ern immunoassays were analyzed by liquid chromatogra-
phy coupled to tandem mass spectrometry (LC-MS/MS)
performed in the Mass Spectrometry Laboratory (Insti-
tute of Biochemistry and Biophysics, Polish Academy of
Sciences Warsaw, Poland). The gel bands were subjected
to digestion by a standard procedure where trypsin was
used (Promega, Madison, WI, USA). Peptide mixtures
wete sepatated by LC-MS/MS prior to molecular mass
measurements using LTQ-FTICR on Orbitrap Velos
mass. The RP-18 precolumn and nano-HPLC RP-18
column was used for separation of peptides obtained by
digestion. Raw data was processed by the Mascot search
against the NCBI database (www.ncbi.nig.gov) restricted
to Eukaryota and D. discoidenm AX2 strain. Peptide mass
tolerance was £20 ppm.

Other methods. Protein concentration was measured
by Bradford method, with BSA as a standard (Bradford,
1976). Amino acid sequence of mitofilin/Mic60 was pre-
dicted using the blastp algorithm (https://blast.ncbi.nlm.
nih.gov) and the Pfam model (http://pfam.xfam.org).

Antibodies. The antibody against D. discoideun Tob55/
Sam50 protein, supplied by the Pineda company (Betlin,
Germany), was directed against the 20 amino acid N-ter-
minal sequence (NH,-DDDDIKIKFVNIKSENVFLC-
CONH,). The delivered serum was purified using the
modified sulfhydrylagarose (Pierce). The first step of
purification was binding of the peptide used for im-
munization with the SulfoLink Coupling Resin. This
was done in coupling medium (50 mM Tris, 5 mM
EDTA-Na; pH 8.5), using 1 ml of peptide per 1 ml
of the resin, for 30 min at room temperature. The
coupling efficiency was determined by spectrophoto-
metrical (A=280nm) estimation of peptide non-cou-
pled fraction concentration. Next, the nonspecific
binding sites on the resin were blocked by adding 1
ml of 50 mM cysteine solution to the column at room
temperature for 15 minutes with shaking and without
mixing for an additional 30 minutes. Afterwards, the
column was washed by six resin-bed volumes of 1
M NaCl and stored in the PBS medium. For puri-
fication of the antibody against Tob55/Sam50, the
column was incubated with 2 ml of serum overnight
at 4°C and then washed with PBS. Finally, samples
were eluted using 100 mM glycine (pH 3.0) and im-
mediately neutralized by adding 50 pl. of neutralization
buffer (1 M Tris-Cl, pH 8.8). The elution efficiency was
estimated spectrophotometrically (A=280nm). Samples of
interest were desalted in the presence of PBS and stored

Figure 2. The early multicellular stages of the D. discoideum life
cycle.

Samples were analyzed with a Nikon Eclipse TE 2000-U light mi-
croscope. The images were obtained with a Nikon DS-1QM cam-
era. U, unicellular stage; A, aggregation stage; S, streams.

at —20°C. The antibody against human metaxin-1 pro-
tein was purchased from Sigma-Aldrich.

RESULTS

The early multicellular stages of the D. discoideum life
cycle

To monitor changes of the TOB/SAM complex vati-
ants during transition from unicellularity to multicellu-
larity, three stages: unicellular (U), aggregation (A) and
streams (S) were selected. The occurrence of those stag-
es in the D. discoidenm life cycle is depicted in Fig. 1 and
was confirmed by light microscopy as shown in Fig. 2.
The starvation of U stage cells resulted in the A stage
(Fig. 2B), characterized by the presence of irregular clus-
ters of various amounts of cells. Further starvation of
cells has led to the S stage (Fig. 2C), formed by cells in
an aggregation process, and followed by mound forma-
tion (Fig. 1). As shown in Fig. 2C, cells at the S stage
gathered by migrating in organized streams, finally pro-
ducing a structure similar to a star or a flower.

Detection of the TOB/SAM complex main subunits
in mitochondria of unicellular and early multicellular
stages

As we had previously predicted the main subunits of
the D. discoidenn TOB/SAM complex using available ge-
nomic and transcriptomic sequences (Wojtkowska e# al,
2012; Buczek et al, 2016), we decided to confirm the
presence of the Tob55/Sam50 and metaxin subunits at
a protein level. The designed polyclonal antibody against
Tob55/Sam50 (Materials and Methods) was used to
confirm the presence of Tob55/Sam50 in mitochondtia
of intact cells at the studied stages (Fig. 3A), as well as
in mitochondria isolated from these cells (Fig. 3B). As
shown in Fig. 3A, staining of mitochondria with Mi-
toTracker™ Red FM (Fig. 3A.1) and subsequent incuba-
tion with the antibody against Tob55/Sam50 (Fig. 3A.2)
co-localized in the merged image (Fig. 3A.3), indicating
the presence of Tob55/Sam50. The protein was also de-
tected in separated mitochondrial proteins by Western
immunoassays (band ca. 45 kDa; Fig. 3B). Moreover,
signals obtained with the antibody against Tob55/Sam50
for mitochondria isolated from cells at the studied stages
wete confirmed by LC-MS/MS using the correspond-
ing band in SDS-PAGE gels (Table S1 at https://ojs.
ptbioch.edu.pl/). The presence of metaxin was also con-
firmed in mitochondria isolated from cells at the studied
stages by application of a commercially available human
metaxin-1 antibody (Fig. 3B), as well as by LC-MS/MS
using t he corresponding band in SDS-PAGE gels (Table
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Figure 3. Detection of the D. discoideum TOB/SAM complex
main subunits at a protein level.

(A) Immunofluorescence localization of Tob55/Sam50. The lo-
calization was performed for single cells (U), as well as cells from
the early developmental stages (U, A and S). Panel 1, staining
with MitoTracker™ Red FM (Invitrogen) to visualize mitochondria;
Panel 2, incubation with goat anti-rabbit IgG recognizing the
antibody against Tob55/Sam50 protein and conjugated to fluo-
rescein isothiocyanate (FITC); Panel 3, the merged image. Speci-
mens were analyzed with a Nikon Eclipse TE 2000-U fluorescence
microscope. Images were obtained with a Nikon DS-1QM camera.
(B) Immunodetection of Tob55/Sam50 and metaxin among mito-
chondrial proteins isolated from the cells described in (A), sepa-
rated by 12% SDS-PAGE and immunodecorated by respective anti-
bodies after Western blotting. The results shown in (A) and (B) are
typical for 3 independent experiments. Loading control — a 25 kDa
protein band shown on part of a Coomassie stained gel.

Loading control

S1 https://ojs.ptbioch.edu.pl/). The molecular weight of
this protein was estimated to be at about 46 kDa.

Estimation of the TOB/SAM complex variants in
mitochondria of unicellular and early multicellular
stages

The application of western immunoassay on BN
blots with antibodies against Tob55/Sam50 and human

Table 1. Components of the TOB/SAM complex variants from the
U, A and S developmental stages in D. discoideum mitochondria

Subunits detected by

app. molecular weight  immunodetection LC-MS/MS
Tob55/Sam50; Tom40;
600 kDa metaxin mitofilin
Mdm10;
160 kDa Tob55/Sam50 mitofilin

metaxin-1 to detect possible variants of the TOB/SAM
complex in mitochondria isolated from cells at U, A and
S stages, indicated the presence of two distinct forms of
the complex independently of the studied stage (Table 1).
Their molecular weights were estimated to be at about
600 and 160 kDa. Importantly, metaxin was detected
in the larger complex only. Other putative partners or
subunits of the TOB/SAM complex vatiants could not
be detected by immunoassays due to the lack of specific
antibodies. Therefore, we applied LC-MS/MS to identify
them. As a result, additional proteins were identified. In
the 600 kDa complex, Tom40 (Wojtkowska e al., 2012)
and mitofilin/Mic60 wete found (Table 2), the latter for
the first time in this study (Table S2 at https://ojs.pt-
bioch.edu.pl/). Importantly, mitofilin/Mic60 was detect-
ed only at the U stage. A putative nucleotide sequence
of mitofilin/Mic60 was found by blastp and Pfam model
(Fig. S1 at https://ojs.ptbioch.edu.pl/), and used to de-
tect the mitofilin domain (Yang e al, 2012; Ott e al.,
2015) in a putative sequence obtained by LC-MS/MS.
Interestingly, in the 160 kDa complex, we detected
Mdm10, but not the Tom40 protein (Table 1). Notably,
Mdm10 had been previously predicted in D. discoidenm by
bioinformatics analysis (Buczek e# al., 2016) but at a pro-
tein level it was confirmed for the first time in this study

(Table S2 at https://ojs.ptbioch.edu.pl/).

DISCUSSION

The available data on different variants of the TOB/
SAM complex detected for unicellular (S. cerevisiae) and mul-
ticellular (IN. ¢rassa and human cells) organisms suggests a
correlation between this complex and the level of organism
organization (Table 3). D. discoidenm cells progressing from
the single cell (U) stage to eatly multicellular (A and S) stag-
es, when single cells aggregate and then stream together
forming a multicellular structure, constitute a useful model
to study a shift between unicellulatity and multicellularity.
However, the assumed relationship is not confirmed by the
obtained results as they indicate that the TOB/SAM com-
plex variants do not differ between the stages. Namely, the
same two variants of the complex of molecular weight of
about 600 and 160 kDa ate present in mitochondria isolat-
ed from cells at these stages (Fig. 4).

Table 2. The TOB/SAM complex subunits identified at the protein level in mitochondria of D. discoideum cells progressing from uni-

cellullarity to early multicellularity

Proteins identified at

Identified protein Accession number

the genome/transcriptome level

the protein level

Tob55/Sam50 XP_646058.1 Wojtkowska et al., 2012 this study
Toma0 Xp 6427981 Wojtkowska etal, 2012 Wojtkowska et al., 2015
Cmetaxin XP 6428481 Buczeketal, 2016 this study
‘Mdmi0 XP 6419751 Buczeketal, 2016 this study
Cmitofilin/Mice0 XP 6467821 this study this study
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Table 3. Variants of the TOB/SAM complex of S. cerevisiae, N. crassa, human and D. discoideum mitochondria

S. cerevisiae N. crassa Human D. discoideum
(Qiu et al., 2013) (Klein et al., 2012) (Ott et al., 2012) this study
650 kDa supercomplex > 600 kDa > 700 kDa > 650kDa

TOB/SAM: Tob55/Sam50;

TOB/SAM: Tob55/Sam50; Sam37,

TOB/SAM: Tob55/Sam50;  TOB/SAM: Tob55/Sam50;

Sam37, Sam35; Sam35 Sam37, Sam35; mitofilin Sam37, Sam35;
TOM: Tom40, Tom22, Tom20, Tom70, 200 kDa 250 kDa Tom40;

Tom6, Tom7, Tom5 TOB/SAM: Tob55/Sam50; Sam37, TOB/SAM: Tob55/Sam50;  mitofilin*

440 kDa Sam35; Sam37, Sam35 160 kDa
TOB/SAM: Tob55/Sam50; Mdm10 Tob55/Sam50;
Sam37, Sam35; 140 kDa Mdm10;
Mdm10 TOB/SAM: Tob55/Sam50; Sam37, mitofilin*

200 kDa Sam35

TOB/SAM: Tob55/Sam50;
Sam37, Sam35

The detected variants of the D. discoidenn ' TOB/SAM
complex correspond to the monomeric variant of the
complex composed of the main subunits (160 kDa) and
the form interacting with other proteins (600 kDa). A
monomeric variant of comparable size has been report-
ed for S. cerevisiae (Waizenegger et al., 2004; Yamano ef
al., 2010; Qiu et al., 2013), N. crassa (Lackey et al., 2011,
Klein e/ al., 2012) and human cells (Kozjak-Pavlovic et
al., 2007; Ott et al, 2012) (Table 3). Importantly, the
variant of the D. discoidenns complex does not contain
metaxin. As the protein is detected by anti-metaxin-1
antibody (Fig. 3), it might be assumed that this form
is missing a counterpart of Tob37/Sam37 (Sokol et al.,
2014), although may contain subunits still not detected.
Tob37/Sam37 has been shown to be not essential and
to act at the late stages of B-batrel assembly by assist-
ing protein release from the complex (Chan & Lithgow,
2008; Dukanovic e al., 2009). Accordingly, in S. cerevisiae
and N. ¢rassa, mitochondria vatiants missing the Tob37/
Sam37 protein have been also detected (Waizenegger ef

A. B.
Tob55/Sam50 antibody Metaxin antibody
kDa U A s kDa U A S
o 720- Bl
~650- wml ~650-“ — .
450 450-
272- o7, (N
o N o
146- 146- 5

Loading control Loading control

kDa U A S k7DZa0- U ) A S
- o & ~650-
HEE -NEN

Figure 4. Estimation of the D. discoideum TOB/SAM complex
forms in mitochondria of single cells, as well as cells from the
early multicellular stages.

Mitochondria solubilized in the presence of 1.25% digitonin were
separated by BN-PAGE and the obtained Western blots were im-
munodecorated by Tob55/Sam50 and metaxin antibody. The data
presented are typical for 3 independent experiments. (U) unicel-
lular; (A) aggregation; (S) streams. Loading control — a 650 kDa
complex band shown on part of a Coomassie stained BN gel.

al., 2004; Lackey e/ al., 2011). Furthermore, it has been
reported that in the human mitochondtia, Tob55/Sam50
and metaxins seemed to be present in different complex-
es (Kozjak-Pavlovic ez al., 2007). On the other hand, the
D. discoidenm form contains Mdm10 which is not present
in the human mitochondria but is also detected in the
forms of the TOB/SAM complex present in N. crassa
(Lackey et al., 2011; Klein et al, 2012) and S. cerevisiae
(Waizenegger ¢ al., 2004; Yamano e/ al., 2010; Qiu e al.,
2013) mitochondria, although data concerning the size of
the resulting complexes are not consistent.

The 600 kDa form of the TOB/SAM complex cot-
responds to the 600-700 kDa supercomplex detected for
S. cerevisiae (Qiu et al., 2013; Wenz et al., 2015) and hu-
man cells (Kozjak-Pavlovic e al., 2007; Ott et al., 2012).
In the case of . cerevisiae mitochondria, the 650-700
kDa supercomplex has been shown to contain the TOM
complex interacting with the TOB/SAM complex and
to promote substrate channeling in the B-barrel pathway
(Qiu ¢t al., 2013; Wenz e al., 2015) (Table 3). Thus, the
presence of Tom40 in the 600 kDa D. discoidenm form
could be considered in two aspects. Firstly, Tom40 is the
most abundant subunit of the TOM complex (Sirrenberg
et al., 1997). As the molecular weight of the D. discoidenm
TOM complex has been estimated to be about 430 kDa
(Wojtkowska e al., 2015), it can be assumed that the 600
kDa form may represent the supercomplex consisting
of the TOB/SAM (160 kDa) and the TOM complex.
Secondly, Tom40 being the B-barrel protein itself is im-
potted by the TOB/SAM complex. Thus, its presence in
the form of the TOB/SAM complex may also reflect its
import process. However,Tom40 has not been detected
in the 600-700 kDa complexes in human mitochondria.

The presence of mitofilin/Mic60, a key component
of the MICOS complex (Harner et al, 2011; Malsburg
et al., 2011; Eydt et al, 2017), in the 600 kDa form of
the D. discoidenms TOB/SAM complex at the U stage,
appears to confirm the interaction between the protein
and the main subunits of the TOB/SAM complex. This
interaction has been shown for S. cerevisiae and human
mitochondria (e.g. Ott et al, 2012; Rampelt et al., 2017)
and is regarded to be mediated by Tob55/Sam50 (Ott e
al., 2012; Xie et al.,2007; Ding et al., 2015) and/or metax-
in (Xie et al, 2007). Accordingly, the yeast homologue
of mitofilin/Mic60, termed Fcjl, has been shown to be
important for association of the TOB/SAM complex
with mitochondrial contact sites, resulting in stabiliza-
tion of crista junctions in close proximity to the outer
membrane (Kotner ¢f a4/, 2012). In addition, the TOB/
SAM complex is also described as an anchor for the MI-
COS complex subunits (Harner ef a/, 2011). Moreover,
the presence of mitofilin/Mic60 in the 600 kDa vati-
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ant of the D. discoidenn TOB/SAM complex, may result
from the protein interaction with the TOM complex, as
proposed for . cerevisiae (Qiu et al., 2013; Rampelt at al.,
2017), but not observed for human mitochondria. Thus,
it can be assumed that the interaction of the TOB/SAM
complex with the MICOS complex may occur at the
U stage mitochondtia and may include the TOB/SAM
complex interaction with the TOM complex.

In summary, the detected forms of the D. discoidenm
TOB/SAM complex, ie. the 160 and 600 kDa forms,
appear to be similar to the forms found in S. cerevisiae,
N. ¢rassa and human mitochondria. The 600 kDa form
seems to differentiate between unicellular and early mul-
ticellular stages by putative interaction with the MICOS
complex subunit, although the next stages of the D. dis-
coidenm life cycle should be studied to observe more spec-
tacular differences in the TOB/SAM complex forms.
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Abstract: The slime mold Dictyostelium discoideum’s life cycle includes different unicellular and
multicellular stages that provide a convenient model for research concerning intracellular and
intercellular mechanisms influencing mitochondria’s structure and function. We aim to determine the
differences between the mitochondria isolated from the slime mold regarding its early developmental
stages induced by starvation, namely the unicellular (U), aggregation (A) and streams (S) stages,
at the bioenergetic and proteome levels. We measured the oxygen consumption of intact cells
using the Clarke electrode and observed a distinct decrease in mitochondrial coupling capacity for
stage S cells and a decrease in mitochondrial coupling efficiency for stage A and S cells. We also
found changes in spare respiratory capacity. We performed a wide comparative proteomic study.
During the transition from the unicellular stage to the multicellular stage, important proteomic
differences occurred in stages A and S relating to the proteins of the main mitochondrial functional
groups, showing characteristic tendencies that could be associated with their ongoing adaptation to
starvation following cell reprogramming during the switch to gluconeogenesis. We suggest that the
main mitochondrial processes are downregulated during the early developmental stages, although
this needs to be verified by extending analogous studies to the next slime mold life cycle stages.

Keywords: mitochondrial proteins; mass spectrometry; Dictyostelium discoideum; starvation; coupling
efficiency; coupling capacity; spare respiratory capacity; qualitative and quantitative compara-
tive studies

1. Introduction

The unicellular slime mold Dictyostelium discoideum, one of the 150 species of Dic-
tyostelia belonging to the Amoebozoa eukaryotic supergroup, displays the multicellularity
form, namely aggregative or sorocarp multicellularity [1,2]. Due to starvation, the slime
mold aggregates, which results in an intermediate migrating ‘slug’ stage and cells specializ-
ing into spores as well as three somatic cell types forming a stalk and structures to support
the stalk and spore mass (Figure 1). This process is mainly based on chemical signals settled
on cAMP and cAMP-dependent kinase (PkaC) [3], which induces the expression of the
genes responsible for aggregation such as the receptor of cAMP (CarA), adenylate cyclase
(AcaA), and cAMP phosphodiesterase (PdsA) [2,4]. cAMP pulses are initially secreted by
a few starving cells, then cells move chemotactically toward the local cAMP and collect
into molds, following which they form a slug and, finally, the fruiting body [5]. In addition,
cAMP pulses upregulate the genes that are required during and after aggregation as tgrB
and tgrC. These genes are responsible for cell adhesion and are known as the marker genes
of post-aggregative cell differentiation [6].
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Figure 1. The life cycle of D. discoideum. The studied stages were marked by bold letters.

D. discoideum cells, during the early steps of aggregation when unicellular cells start
to move and form waves, are referred to as early developmental stages induced by starva-
tion (Figure 1) [1]. These early developmental stages have been studied previously [7,8].
Accordingly, transcriptomic and cell proteomic data on mutant strains lacking genes that
are crucial for cell aggregation are available [7]. The data revealed the downregulation
of mitochondria proteins of the Krebs cycle and oxidative phosphorylation (OXPHOS).
Another application of comparative MitoProteome studies for mitochondria isolated from
different developmental stages including the early ones, is the general downregulation
of crucial mitochondrial proteins and the upregulation of alternative oxidation (AOX) [8]
during the early stages. The results of these studies were related to the mitochondrial
energy status that was detected in vivo with a MitoTracker. However, these studies were
not functionally based, which could have provided more precise answers to the question
regarding mitochondrial functionality during starvation-induced aggregation.

Undoubtedly, D. discoideum is a popular model organism for studying cellular pro-
cesses such as cell signaling, cell differentiation, and morphogenesis [9], the evolution of
sociality and prey—predator relationships [3]. Due to the wide range of human orthologue
genes, slime mold can be used to study human diseases, particularly neurodegenera-
tion [10]. Moreover, D. discoideum is also a perfect model for research concerning intracellu-
lar and intercellular mechanisms such as early and late aggregation from unicellularity to
multicellularity, in which mitochondria seem to have a crucial function [4].

It has been shown that cell differentiation is under the control of the nutrient glu-
cose [11-13]. In our study, we performed an estimation of mitochondria’s functional state
in intact cells representing the unicellular (U), aggregation (A), and streams (S) stages and
combined the data with comparative proteomic analysis. The obtained results indicate that
the observed differences among the studied stages may be associated with ongoing adap-
tation to starvation following the cell reprogramming that is supported by the metabolic
background of starving cells. To our knowledge, this is the first report presenting combined
D. discoideum mitochondrial proteomics and bioenergetic studies.

2. Methods
2.1. Cell Culture and Mitochondria Isolation

D. discoideum AX2 cell cultures were performed according to [14]. For the measurement
of oxygen uptake using the Clarke electrode (Section 2.3), cells were cultured exponentially
until they reached a density of 2.0-3.0 x 10° cells/mL (the doubling time of 10-11 h) in
an axenic growth medium (1% w/v protease peptone, 0.5% w/v yeast extract, 0.45% w/v
D-glucose, 0.09% w/v Na,HPO,, and 0.23% w/v KH,;POy). Cells were then cultured in
100 mL at 19 °C using a Certomat MO rotary shaker at 90 rpm. The cells of stage U
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were transferred to sterile 24-well plates at 1 million cells per well and left for 1 h for cell
adhesion. Cells at stages A and S were obtained by washing the cell culture twice in the
developmental buffer (DB) starvation medium containing 5 mM of NapHPOy, 5 mM of
KH,;POy4, 1 mM of CaCly, and 2 mM of MgCl,, with a pH of 6.5 [15]. The cells were then
transferred to the sterile 24-well plates for 23 h for the A stage and 25 h for the S stage
cells. The presence of the U, A, and S stages was confirmed by using a Nikon Eclipse TE
2000-U microscope. For mitochondria isolation, cell cultures (850 mL)at a given stage were
centrifuged at 600 g for 5 min and then washed twice in phosphate medium A (14.5 mM
KH,POy4, 5 mM NayHPOy, pH 6) by centrifugation at 600 x g for 5 min. Next, the cells were
homogenized in medium B (0.38 M sucrose, 20 mM Tris-Cl, 0.5 mM EDTA, 1% defatted
bovine serum albumin [BSA], pH 7.5) using a glass/teflon homogenizer and centrifuged
at 860x g for 5 min. After this step, the supernatant was centrifuged at 10,000x g for
15 min and the obtained pellet was suspended in medium C (0.38 M sucrose, 20 mM TrisCl,
0.5 mM EDTA, 0.6% defatted BSA, pH 7.2), and centrifuged at 860x g for 5 min to remove
debris. The supernatant was centrifuged at 10,000 x g for 10 min, the mitochondrial pellet
was suspended in medium D (0.38 M sucrose; 20 mM, Tris-Cl, pH 7.2), and centrifuged
at 10,000x g for 15 min. The mitochondrial pellet was suspended in medium D and
used for further analysis. All centrifugation procedures were carried out at 4 °C and
media used for mitochondria isolation were ice cold. The calculated mean values of the
yield of mitochondria for 1 g of cells were 5 mg, 1.4 mg, and 1.7 mg for stage U, A, and
S, respectively.

2.2. The Measurements of Cell Respiration and the Status of Mitochondrial Coupling in Intact D.
discoideum Cells

To measure the oxygen consumption rates of D. discoideum, cells from the U, A,
and S stages collected from the 24-well plates were centrifuged (11,000x g, 3 min) and
resuspended in the DB containing 5 mM of Nay;HPOy, 5 mM of KHPOy, 1 mM of CaCly,
and 2 mM of MgCl, at a pH of 6.5 [15]. The rate of the cells’ oxygen uptake (2 x 10°)
was measured in 0.5 mL of the DB in a water-thermostated incubation chamber with a
computer-controlled Clark-type O, electrode at 18 °C (Oxygraph, Hansatech, UK). To
estimate the functional states of the mitochondria at the studied stages, mitochondrial
coupling capacity and mitochondrial coupling efficiency were calculated based on basal
(actual) respiration, state 4 (the resting state), state 3 (the phosphorylating state), and
maximal respiration. Basal cell respiration was measured in the DB with supplementation
of pyruvate at a final concentration of 10 mM. State 4 was enforced through the addition
of 0.5-1.5 uM of tributyltin (TBT), which is an inhibitor of mitochondrial ATP synthase,
whereas maximal respiration was induced by using 0.1-0.24 uM of carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone, an uncoupler (FCCP). State 3 was calculated by
subtracting state 4 from basal respiration. The contribution of state 3 to the basal respiration
corresponded to mitochondrial coupling efficiency, while the mitochondrial coupling
capacity that corresponded to FCCP uncoupling capacity was estimated as the maximal
respiration to state 4 ratio. The TBT and FCCP concentrations were titrated for each
stage [16-18]. To estimate the ability of the substrate supply and electron transport to
respond to an increase in energy demand, mitochondrial spare respiratory capacity was
estimated through the determination of the difference between maximal respiration and
basal respiration [19].

2.3. Sample Preparation for Mass Spectrometry Analysis

Mass spectrometry experiments were performed at the Mass Spectrometry Labo-
ratory at the Institute of Biochemistry and Biophysics, PAS. A total of 5 ug of isolated
mitochondria was suspended in a dissolution buffer (8 M of urea, 2% CHAPS, 10 mM of
HEPES, with a pH of 8.5). Samples were processed using the modified single-pot solid-
phase-enhanced sample preparation (SP3) method [20]. The exact sample preparation
protocol was as follows. Cysteines were reduced through 1 h of incubation with 20 mM
of tris (2-carboxyethyl)phosphine (TCEP) at 37 °C, followed by 10 min of incubation at
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room temperature with 50 mM of methyl methanethiosulfonate (MMTS). The magnetic
bead mix was prepared by combining equal parts of Sera-Mag Carboxyl hydrophilic and
hydrophobic particles (09-981-121 and 09-981-123, GE Healthcare Lifesciences, Upsala,
Sweden). The bead mix was washed three times with MS-grade water and resuspended
in a working concentration of 10 pg/pL. Furthermore, 8 LL of the prepared bead mix,
along with 5 uL of 10% formic acid and 500 pL of acetonitrile, was added to each sample.
The proteins that bound to the beads were washed with 75% ethanol, isopropanol, and
acetonitrile, followed by overnight digestion with 1 pg of trypsin/Lys-C mix (Promega).
After digestion, the peptides were washed with acetonitrile and eluted from the beads
by subsequent incubation with MS-grade water and 2% DMSO, with sonication during
each step. The pulled aliquots were dried in a SpeedVac and resuspended in 60 pL of 2%
acetonitrile and 0.1% formic acid. Peptide concentrations were measured using the Pierce
Quantitative Colorimetric Peptide assay (Thermo Scientific, Rockford, IL, USA).

2.4. Mass Spectrometry

Three pg of digested samples were analyzed using the LC-MS system comprising a
high-performance liquid chromatography (UPLC) chromatograph (nanoAcquity, Waters)
and a Q Exactive mass spectrometer (Thermo). Peptides were trapped on a C18 pre-column
(180 um x 20 mm, Waters) using a 0.1% water solution of FA as a mobile phase then
transferred to a BEH C18 column (75 pm x 250 mm, 1.7 um, Waters) using an ACN
gradient (0-35% ACN in 160 min) in the presence of 0.1% FA at a flow rate of 250 nL./min.
The spectrometer was working in a data-dependent mode. To prevent cross-contamination,
blank runs were performed between the sample runs.

2.5. Data Analysis

The obtained data were pre-processed with Mascot Distiller software (Matrixscience),
and protein identification was performed using Mascot Server 2.5 (Matrixscience) against
the D. discoideum protein sequences (13921 sequences) deposited in the NCBInr database
(20180903, 167148673 sequences; 60963227986 residues). The parameters were set as follows:
enzyme—trypsin, missed cleavages—1, fixed modifications—methylthio (C), variable
modifications—GlyGly (K), oxidation (M), and instrument—HCD. To reduce mass errors,
peptide and fragment mass tolerance settings were established separately for each file
after an off-line mass recalibration [21]. The assessment of confidence was based on the
target/decoy database search strategy [22], which provided g-value estimates for each
peptide spectrum match. All queries with a g-value of >0.01, subset proteins, and proteins
identified with one peptide were discarded from further analysis. The mass recalibration,
false discovery rate (FDR) computations, and data filtering were done with Mscan software
that was developed in-house (MScan 2.0.3 (accessed on 26 June 2018)).

The lists of identified peptides were merged and overlaid onto 2-D heatmaps generated
from the LC-MS spectra, and the volumes were obtained from the assigned peaks (a more
detailed description of data extraction procedures can be found in [23]). Quantitative
values were then exported into text files for statistical analysis with Diffprot [21] software.
The calculated p-values were adjusted for multiple testing using a procedure that controlled
for a FDR. Diffprot was run with the following parameters: the number of random peptide
sets = 10, clustering of peptide sets—only when 90% were identical, normalization through
LOWESS, and quantification based on unique peptides. Only proteins with a g-value below
0.05 or those present in only one of the two compared analytical groups were taken into
consideration during further analysis. The tendency in comparative studies as down in
A and up in S was calculated from the ratio values of comparative qualitative studies
for phase to phase ratio quotient U/A and A/S (Table 1). The expression profile was
calculated against the U state as a basal of expression level (1). The ratio value (>1) and (<1)
was regarded as upregulated and downregulated, respectively. The phase to phase ratio
quotient “[S/U]” was taken for the proteins isocitrate dehydrogenase (NAD+), cytochrome
c oxidase subunit IV, and heat shock protein Hsp70 family protein. For other proteins, the
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[S/U] was calculated from the equation [A/U]/[A/S], where [A/U] and [A/S] are given
as the ratio in Section for “Phase to phase ratio quotient [A/U]” and Section for “Phase to
phase ratio quotient [A/S]”.

3. Results and Discussion
3.1. The Functional Status of Intact D. discoideum Cells’” Mitochondria at the Early
Developmental Stages

The respiratory state of mitochondria is a dynamic state resulting from crosstalk be-
tween the two bioenergetic states termed state 3 and state 4 [16,19]. State 4, also referred to
as the proton-selective leak, is characterized by low oxygen uptake and higher inner mem-
brane potential, while state 3, also referred to as the phosphorylating state due to resulting
ADP phosphorylation to ATDP, reflects high oxygen uptake and lower inner membrane po-
tential. Maximal respiration is triggered in the presence of an uncoupler and represents the
respiratory chain’s ability to support additional energetic demands [16,19]. All of the states
are crucial for the estimation and comparison of the functional status of different intact cells’
mitochondria, as they allow for the calculation of the following parameters: mitochondrial
coupling efficiency, mitochondrial coupling capacity, and mitochondrial spare respiratory
capacity, as described in the Methods (Section 2.2). The parameter calculation allows for
the comparison of cells containing different amounts of mitochondria, which was observed
herein (Methods, Section 2.5) and has already been reported for cell in stages U, A, and
S [8]. The representative traces registered for cells in stages U, A, and S are presented in
the Figure 2A whereas raw data used for the calculation of all bioenergetic parameters are
presented in Supplementary file S1. As shown in Figure 2B, intact D. discoideum cells in
stages U, A, and S displayed the same rate of state 4 respiration (i.e., the proton leak), but
differed in their basal, state 3, and maximal respiration rates. The values of the parameters
were higher for cells in the U stage than for cells in the A and S stages, while the cells
in stages A and S did not differ in the values of their parameters, except for maximal
respiration, which was lower for cells in the S stage. However, according to the yield of
mitochondria isolation, it could be assumed that cells in stages A and S contained the
comparable mitochondria mass that was lower than in cells in the U stage.



Genes 2021, 12, 638

6 of 15

Table 1. Results of the comparative mitoproteomes of the U (unicellular), A (aggregation), and S (streams) stages. D. discoideum stages regarding the distinguished functional groups: A/U,

S/U,and A/S.
RefSeq Protein Name Phase to Phase Ratio Quotient Phase to Phase Ratio Quotient Phase to Phase Ratio Quotient
Database A/U S/U A/S
q Value Ratio Fold Change Peptides g Value Ratio Fold Change  Peptides ¢ Value Ratio Fold Change Peptides
Krebs
XP_643860.1 citrate synthase, mitochondrial 0.00073 0.56 1.78 46 0.00023 0.63 1.6 45
XP_628920.1 isocitrate dehydrogenase (NAD+) (IdhB) 0.04842 0.66 1.52 25 0.01253 0.61 1.64 25
XP_636263.1 succinate-CoA ligase (scsA) 0.00858 0.48 2.1 16 0.00599 0.42 2.37 16
XP_629516.1 malate dehydrogenase (mdhB) 0.00027 0.58 1.71 45 0.00006 0.58 1.73 45
XP_636911.1 3-oxoacid CoA-transferase 0.00569 0.55 1.82 29 0.04059 0.58 1.73 29
XP_645396.1 PhosPhoen"lp}Elﬂ“C";;‘; carboxykinase 0.04045  0.54 1.86 30 0.00055 041 243 32
OXPHOS
XP_640649.1 cytochrome c oxidase subunit IV 0.03247 0.49 2.06 19
Protein biosynthesis
XP_643155.1 heat shock protein Hsp70 family protein 0.00015 3.76 3.76 32 0.00007 3.47 3.47 33
XP_637813.1 acetylglutamate kinase 0.00886 0.61 1.65 37 0.00061 0.54 1.86 37
XP_638096.1 branched-chain amino acid 0.00015 0.45 221 22 0.01041 057 1.75 21
aminotransferase
XP_647552.1 4-aminobutyrate transaminase 0.00512 0.58 1.73 43 0.00368 0.57 1.74 43
Protein import
XP_629204.1  Stress-70 protein, mitochondrial (mtHsp70) 0.0004 0.6 1.67 62 0.00006 0.53 1.88 62
XP_645160.1 ~ Mitochondrial substrate carrier family g 0739 31 3.11 10 000191 225 225 10
protein Q
Other known processes
FA metabolism
XP_645587.1 acetyl-CoA C-acetyltransferase 0.00015 042 241 37 0.00549 0.61 1.65 35
XP_643323.1 acyl-CoA oxidase A 0.01325 2.16 2.16 25 0.00006 5.54 5.54 25
XP_635485.1  electron transfer flavoprotein alpha subunit  0.01932 0.51 1.97 24 0.00615 0.42 2.36 23
XP_642058.1 electron transfer flavoprotein beta subunit 0.03524 0.6 1.65 21 0.022 0.54 1.86 21
Redox
XP_645815.1 superoxide dismutase/SOD 0.01603 0.46 2.18 10 0.00404 0.4 2.52 12
XP_639996.1 _ Uncharacterized proteins 000542 041 241 24 0.00006 028 3.59 24
putative mitochondrial transferase caf17
XP 6391451 ~ Putative delta-l-pyrroline-5-carboxylate 51003 43 159 38 0.00006  0.49 2.04 37

dehydrogenase
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Figure 2. The functional state of mitochondria in intact D. discoideum cells in the studied stages. (A) Representative traces for
cells in studied stages applied for calculations as well as explanation of the calculated parameters; (B) oxygen consumption
rates under the applied oxygen uptake rate measurement condition; (C) coupling efficiency (contribution of state 3 to
basal respiration); (D) coupling capacity (maximal respiration to state 4 ratio); (E) spare respiratory capacity (the difference
between maximal respiration and basal respiration). The rate of oxygen uptake by cells (2 x 10°) was measured in 0.5 mL of

DB in a water-thermostated incubation chamber with a computer-controlled Clark-type O, electrode at 18 °C (Oxygraph,
Hansatech, UK). Tributyltin (TBT) was added in a concentration (0.5-1.5 uM) to enforce state 4. The maximal respiration
was induced by using 0.1-0.24 uM of carbonyl cyanidep-trifluoromethoxyphenylhydrazone (FCCP); sodium dithionite
is a zero oxygen solution powder used for calibration of oxygen sensors at zero oxygen. The data are presented as mean
values + SD of three independent experiments. * p < 0.05; ** p < 0.005, *** p < 0.001. Calculated original data are presented
in Supplementary file S1.

Basal respiration is usually strongly controlled by ATP turnover; hence, it alters in re-
sponse to ATP demand [19]. The observed differences in basal respiration rates co-occurred
with a decrease in the rate of state 3, suggesting that the cells in stages A and S displayed
a lower demand for ATP (Figure 2B). Accordingly, mitochondrial coupling efficiency cor-
responding to state 3 respiration contribution to basal respiration decreased to the same
level for the cells in stages A and S when compared to the cells in stage U (Figure 2C).
Thus, the cells in stages A and S displayed lower levels of ATP synthesis than those in
stage U. However, the cells in stages A and S differed in the uncoupling capacity of FCCP
(Figure 2B), which resulted in differences in mitochondrial coupling capacity (Figure 2D),
defined as the ratio of maximal respiration to state 4 respiration. The value of the param-
eter is sensitive to changes in substrate oxidation and proton leakage [19]. Accordingly,
FCCP-imposed uncoupling should reflect the maximum activity of electron transport and
substrate oxidation, which are achievable by cells under the given conditions. Therefore,
we compared the mitochondrial spare respiratory capacity of the studied cells. The param-
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eter corresponds to the difference between maximal respiration and basal respiration and
reflects how close to its bioenergetic limit a cell is operating [19]. One of the known factors
that influence the extent of mitochondrial spare respiratory capacity is substrate availability,
which is based on substrate entry into the Krebs cycle that is synchronized with the electron
transport of the respiratory chain. As shown in Figure 2E, the cells in stage S displayed
a distinct decrease in mitochondrial spare respiratory capacity when compared to the
cells in stages U and A, but the value of the parameter increased for the cells in stage A
when compared to the cells in stage U. Interestingly, it has been shown that mitochondrial
spare respiratory capacity increases in starvation-resistant cells [24], which may permit
rapid adaptation to metabolic changes [25]. On the other hand, cell reprogramming may
correlate with a decrease in mitochondrial spare respiratory capacity [26], which could
explain the distinct decrease in the parameter value of the cells in stage S [27]. Overall,
the analysis of bioenergetic parameters indicated decreased ATP synthesis during stages
A and S, which co-occurred in the case of the latter, with the limited access of substrates
to the respiratory chain. These changes may be associated with an ongoing adaptation to
starvation, followed by cell reprogramming. Therefore, we decided to study the changes in
mitochondrial proteome differences among the cells in stages U, A, and S.

3.2. Quantitative Comparative Analysis of the Mitochondrial Proteomes of the Early
Developmental Stages

In mitochondria isolated from the cells in stages U, A, and S, and due to the mass
spectrometry analysis, we detected 294 proteins overall (Supplementary file S2 and seg-
regated them into nine functional groups of proteins: protein synthesis and degradation,
signaling, protein import, substrate transport, mitochondrial gene expression, the Krebs cy-
cle, OXPHOS, other known processes (fatty acid metabolism, redox), and uncharacterized
proteins (Figure 3).

The numbers of proteins assigned to the mentioned functional groups were compa-
rable for the studied mitochondria. As presented in Figure 3, the most abundant groups
were protein biosynthesis and degradation, OXPHOS, and other known processes. The
less-abundant groups were transport, protein import, the Krebs cycle, and uncharacterized
proteins. The least-numerous groups of proteins were the signaling and gene expression
functional groups. Thus, the mitochondrial proteomes obtained for the studied early
developmental stages were comparable. Therefore, we decided to perform a qualitative
comparative analysis of the obtained mitochondrial proteome data.

3.3. Qualitative Comparative Analysis of the Mitochondrial Proteomes of the Early
Developmental Stages

Comparative qualitative analyses of the detected proteins were performed for the
following pairs of stages: A/U,S/U, and A/S regarding the previously described functional
groups of proteins. Analyses were done according to the procedure described in the
Methods section (Sections 2.3-2.5).
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Figure 3. The numbers of D. discoideum mitochondrial proteins assigned to the nine functional groups. The classification of
identified proteins was performed at the base of the dictybase.org and proteins belonging to the same functional groups
were counted in order to assess the size of the classes for details (see Methods Section 2.5 and Supplementary file S2).

3.3.1. The Krebs Cycle and OXPHOS

The Krebs cycle and OXPHOS are well-known, crucial mitochondrial processes of en-
ergy transformation. The comparative analysis revealed the presence of four proteins of the
Krebs cycle (citrate synthase (XP_643860.1), isocitrate dehydrogenase (NAD*) (XP_628920.1),
succinate-CoA ligase (XP_636263.1), and malate dehydrogenase (XP_629516.1) and two
proteins functionally linked to this cycle (3-oxoacid CoA-transferase and phosphoenolpyru-
vate carboxykinase) (XP_636911.1) (Table 1). We observed decreased levels in the majority
of the mentioned proteins in stage A and increased levels in stage S, termed the ‘down in A
and up in S tendency’ (Table 1), which often resulted in down- or upregulation in stage S
when compared to stage U (Figure 4A,B).

As shown in Figure 4A, when the detected Krebs cycle proteins were compared be-
tween stages S and U, succinate-CoA ligase was upregulated, citrate synthase and isocitrate
dehydrogenase (NAD") were downregulated and malate dehydrogenase returned to stage
U level, which denoted no change in its expression profile. The mitochondrial malate
dehydrogenase catalyzed the reaction of the malate-to-oxaloacetate conversion with the
use of NAD* reduction to NADH [28,29]. It has been shown that enzyme activity is inhib-
ited by differentiation-inducing-factor 1 (DIF-1), which affects cell energy transformation
and leads to the inhibition of cell proliferation. These data suggest that the described
inhibition of malate dehydrogenase by DIF-1 could be one of the mechanisms that induce
the anti-proliferative effects that remain in agreement with the differentiation processes
that start to occur at stage A. However, the steady state of its expression profile seemed not
to influence the Krebs cycle.
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Figure 4. The mitochondrial proteins upregulated and downregulated in stage S when compared to stage U during D.
discoideum starvation. (A) Upregulated mitochondrial proteins; (B) downregulated mitochondrial proteins. The protein
upregulation and downregulation were estimated using qualitative comparative analysis between stages U and S (see
Methods Section 2.5). (C) Diagram of downregulated (blue) and upregulated (orange) mitochondrial proteins assigned to
cellular processes. The cell metabolic adaptation under glucose depletion includes attenuation of the Krebs cycle, fatty acid
3 oxidation, and oxidative phosphorylation, and enhancement of the amino acids” metabolism, being known as a fuel for
gluconeogenesis. The early steps of gluconeogenesis is regulated by mitochondrial phosphoenolpyruvate carboxykinase
(PCK2), which allows for alternative glucose/biosynthesis intermediates required for cell aggregation. TCA (tricarboxylic
acid cycle, Krebs cycle); PEP (phosphoenolopyruvate); SOD (superoxide dismutase); caf17 (putative mitochondrial trans-
ferase); scsA (succinate-CoA ligase); mdhB (mitochondrial malate dehydrogenase); idhB (isocitrate dehydrogenase (NAD+));
-KG (x-ketoglutarate); OM (mitochondrial outer membrane); IM (mitochondrial inner membrane).

The tendency of ‘“down in A and up in S’ was also observed for the two enzymes
functionally linked to the Krebs cycle. The cycle 3-oxoacid CoA-transferase was finally
downregulated in stage S when compared to stage U (Figure 4B). Interestingly, the product
of the human 3-oxoacid CoA-transferase (OXCT1) was converted to acetyl-CoA and finally
fed into the Krebs cycle [30]. Mitochondrial phosphoenolpyruvate carboxykinase (PCK2)
(XP_645396.1) [31] is a gluconeogenesis enzyme that catalyzes the phosphorylation reaction
of oxaloacetate. PCK2 was the enzyme that was finally upregulated in stage S when
compared to stage U (Figure 4A). We assumed that starving D. discoideum cells in stages A
and S caused glucose deficiency that could trigger gluconeogenesis [32]. Interestingly, in
our study, we observed an increase in phosphoenolpyruvate carboxykinase (PCK2) in stage
S. The decrease in Krebs-cycle enzyme expression in stage A may coincide with enhanced
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gluconeogenesis, which is used to produce glucose during starvation. Unexpectedly,
in our comparative analysis, we did not observe a significant change in proteins in the
OXPHOS functional group, except for the cytochrome c-oxidase, which was downregulated
(Figure 4C).

Our obtained data coincided with the low state 3 contributions to basal respiration
in stages A and S, reflecting decreased OXPHOS, decreased spare respiratory capacity in
stage S, and possibly enhanced gluconeogenesis. Nevertheless, the obtained data did not
reveal an upregulation of any glycolytic enzymes that could have explained the aerobic
glycolysis that is regarded as typical for proliferative cells, similar to cancer [33]. This is
because the study was focused on mitochondrial proteins. However, glycolytic enzymes
could interact with mitochondria, as glycolysis occurs in the cytosol.

The data indicating the downregulation of the Krebs cycle enzymes coincide with the
results that were obtained in [7,8]. We concluded that the main function of the mitochon-
dria in the early developmental stages emerged temporarily, rewriting the mitochondrial
metabolism from the Krebs cycle into gluconeogenesis. We showed, for the first time, the
presence of PCK2 upregulation during D. discoideum starvation. The regulation of PCK2 at
the level of the transcription of the encoding gene is under the positive control of cAMP
and is crucial for cell aggregation. Indeed, the deficiency of glucose during starvation
activates adenylate cyclase, which actives CREB and, finally, PCK2. This could take place
when phosphoenolpyruvate (PEP) cannot be converted into pyruvate, which is used in the
gluconeogenesis pathway (Figure 4C) [31].

3.3.2. Protein Metabolism

In the case of the protein biosynthesis and degradation group, the obtained data
revealed three enzymes that were responsible for the metabolism of mitochondrial amino
acids (Table 1). The general tendency concerning their expression level remained ‘down in A
and up in S” and was observed for acetyl glutamate kinase (XP_637813.1), 4-aminobutyrate
transaminase (XP_647552.1) (Figure 4A), and branched-chain amino acid aminotransferase
(XP_638096.1). The latter did not return to the level of stage U, so the enzyme was classified
as downregulated in stage S when compared to stage U (Figure 4B). Acetyl glutamate
kinase is a NAD* binding enzyme engaged in arginine biosynthesis [28]. In D. discoideum,
the ArgC enzyme is similar to the bifunctional acetyl glutamate kinase and N-acetyl-y-
glutamyl-phosphate reductase from yeast, which catalyze the second and third steps in the
biosynthesis of the arginine precursor ornithine. The detection of this protein revealed the
known connection between the urea and Krebs cycles. However, we did not observe any
changes in protein expression in the case of the urea cycle. The 4-aminobutyrate transam-
inase catalyzed the conversion of 4-aminobutanoate and 2-oxoglutarate into succinate
semialdehyde and L-glutamate [33]. This process is dedicated to glutamate degradation
and is also correlated with the urea and Krebs cycles. The expression profile of these
proteins included downregulation in A and an increase in S, resulting in upregulation
(Figure 4A). In the case of the branched-chain amino acid aminotransferase, another exam-
ple of aminotransferase, the transamination of branch-amino acids as leucine, isoleucine,
and valine as well as their respective alfa-ketoacids, was reported [28]. For this protein, an
opposite decreasing tendency was observed, so we classified the protein as downregulated
in stage S compared to stage U (Figure 4B). We speculate that the amino acids’ biosynthesis
protein expression profile revealed the metabolic flexibility of D. discoideum cells deter-
mined by their ability to reprogram anabolic and catabolic pathways, presumably through
altering gene expression programs and intercellular interactions within the glucose-free
microenvironment during starvation [34]. This reprogramming could be based on the
temporary shift from the Krebs cycle to gluconeogenesis, with amino acids as the fuel for
gluconeogenesis (Figure 4C).

The comparative study on the discussed groups of proteins also revealed that the
presence of cytosolic chaperone Hsp70 (XP_643155.1) significantly increased in stage A
when compared to stage U and slightly decreased in stage S when compared to stage U
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(Figure 4A). Hsp70 is a chaperone that plays a crucial role in protein folding, disaggre-
gation, and degradation [35]. It was also shown that ribosomes stay in close proximity
to mitochondria [36], which implies their co-translational import into mitochondria [37].
Therefore, the presence of the mentioned chaperone could ensure sufficient protein refold-
ing, which is essential for the successful import of protein into mitochondria.

To summarize, the detected changes in the expression levels of the functional protein
group suggest that at the early developmental stages, the processes of mitochondrial amino
acid metabolism are upregulated, which we showed here for the first time.

3.3.3. The Import of Proteins into Mitochondria and the Transport of Other Molecules

Most mitochondrial proteins are synthesized in the cytosol and have to be delivered
to the various mitochondrial sub-locations. This process is regulated by the presence and
activity of import apparatus consisting of proteins that, in general, recognize and translocate
proteins across mitochondrial membranes (for details, see [37]). In this comparative study,
we detected mtHsp70 (XP_629204.1) [38], which showed the ‘down in A and up in &
expression profile tendency. We estimated that mtHsp70 was upregulated in stage S when
compared to stage U (Figure 4A). This mitochondrial chaperone is responsible for the
protein assembly of proteins delivered into the mitochondrial matrix and acts as a subunit
of the PAM import machinery that is crucial for the proper unidirectional transfer of
precursor proteins across the inner mitochondrial membrane. It seems that this process
could be upregulated in stage S. The elevated level of cytosolic Hsp70 could be arranged in
the same processes as those involved when the chaperone assists in the partial refolding
of precursor proteins for import across the protein channel [8]. Moreover, mtHp70 is a
chaperone that plays an important role in iron—sulfur cluster (IS) biogenesis [39]. Studies
on yeast and human ISC involve gene mutations to show genome instability and the
induction of the DNA damage repair pathway [40]. This, in turn, indicates that pathways
related to ISC biosynthesis are strongly conserved—more so than for ATP production,
for example—among diverse mitochondrial homologues [41]. This also explains ISC’s
presence (as only one common module to mitochondria) in mitosomes. This suggests that
the essential process of ISC biosynthesis occurs in stage S.

In the case of the functional transport protein group, we detected an uncharacter-
ized mitochondpria substrate carrier protein named mt carrier Q (XP_645160.1). Its level
significantly increased in stage A when compared to stage U and decreased in stage S
when compared to stage U, although its level was higher when in stage U (Figure 4A). We
conclude that the organization of the mitochondrial import machineries do not undergo
major changes during the early developmental stages. We identified a new, uncharacterized
transport protein, which was significantly upregulated in stage S (Figure 4A) and is worth
further study to discern its exact function in the process of aggregation.

3.3.4. Other Known Processes

The functional group, termed ‘other known processes’, included enzymes engaged
in fatty acid metabolism and redox processes. The oxidation of fatty acids may provide
another source for biosynthetic growth under glucose limitation during D. discoideum
starvation [42]. Our comparative study provided four enzymes of the fatty acid metabolism
acetyl-CoA C-acetyltransferase (XP_645587.1), which showed the ‘down in A and up in &’
tendency, but its level in stage S was lower than in stage U, denoting a final downregulation
(Table 1 and Figure 4B). The ‘down in A and up in S’ tendency was also observed for
the electron transfer of flavoprotein « and (3 subunits (XP_635485.1 and XP_642058.1).
However, the comparison of the proteins’ levels between stages U and S indicate their
upregulation (Figure 4A). Interestingly, acyl-CoA oxidase A (XP_643323.1) engaged in
-oxidation that was elevated in stage A when compared to stage U and strongly decreased
in stage S when compared to stage U (Figure 4B). This profile was distinctly different
from that observed for the previous groups of proteins. Therefore, we can assume the
diminution of (3-oxidation.
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During (-oxidation, acetyl-CoA is produced, then enters the Krebs cycle and conse-
quently stimulates ATP synthesis. However, during starvation, acetyl-CoA could activate
the first enzyme of gluconeogenesis—the pyruvate carboxykinase that converts pyruvate
into oxaloacetate. As shown, the detected (3-oxidation proteins were mostly downregu-
lated in stage S when compared to stage U. Therefore, D. discoideum cells probably do
not use acetyl-CoA during starvation to stimulate gluconeogenesis (the first enzyme of
this pathway). Consequently, glycerol is not used as a carbon source for D. discoideum’s
gluconeogenesis. Thus, as described, during starvation, gluconeogenesis may start due
to PCK2, which has been proven to upregulate in stage S when compared to stage U and
uses amino acids as fuel. Thus, amino acids are metabolized into the oxaloacetate, then
converted into PEP by mitochondrial PCK2 (Figure 4C) [43].

Within the described group of other known processes, proteins engaged in the redox
reaction were also enclosed. For this group, we detected mitochondrial superoxidase
dismutase (SOD2) (XP_645815.1). SOD2 followed the ‘down in A and up in S’ pattern. It
was finally upregulated in stage S when compared to stage U, which coincides with the
available data [8]. This upregulation was not very significant (Figure 4A) but remained
in agreement with the data concerning the role of ROSs as signaling molecules during
aggregation, where SOD control signaling molecules are essential for proper develop-
ment [44]. The ROS production could increase as a response of mitochondrial metabolism
reprogramming. Thus, additional studies in this field are needed.

3.3.5. Uncharacterized Proteins

Two uncharacterized mitochondrial proteins were detected in the comparative anal-
ysis (Table 1). The putative mitochondrial transferase caf17 (XP_639996.1) and an un-
characterized protein (XP_639145.1), named in the D.discoideum database (dictybase) ‘as
putative delta-1-pyrroline-5-carboxylate dehydrogenase’, were discovered. Both followed
the ‘“down in A and up in S’ tendency. The putative mitochondrial transferase caf17 was
presumably involved in the incorporation of iron—sulfur clusters (ISC) into mitochondrial
aconitase-type proteins. ISC was previously mentioned as being a common but crucial
molecule present in mitochondria and related to organelles [45], which is thought to reflect
its basic mitochondprial function. The “putative delta-1-pyrroline-5-carboxylate dehydro-
genase’ is probably involved in synthesis of L-glutamate from L-proline, suggesting its
function in the amino acid degradation process (Figure 4C). Both uncharacterized pro-
teins were upregulated in stage S when compared to stage U (Figure 4A) and warrant a
deeper investigation.

4. Conclusions

Our study on D. discoideum cells in early developmental stages revealed differences
in their mitochondria functional state. The differences correspond to the comparative
proteomic analysis results and may be associated with diminution of 3 oxidation, Krebs
cycle, and oxidative phosphorylation, and enhancement of the metabolism of amino acids,
being a known fuel for gluconeogenesis during starvation. This in turn may support
metabolically ongoing adaptation to starvation and following cell reprogramming.
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Abstract: The functioning of mitochondria and their biogenesis are largely based on the proper
function of the mitochondrial outer membrane channels, which selectively recognise and import
proteins but also transport a wide range of other molecules, including metabolites, inorganic ions
and nucleic acids. To date, nine channels have been identified in the mitochondrial outer membrane
of which at least half represent the mitochondrial protein import apparatus. When compared to
the mitochondrial inner membrane, the presented channels are mostly constitutively open and
consequently may participate in transport of different molecules and contribute to relevant changes
in the outer membrane permeability based on the channel conductance. In this review, we focus on
the channel structure, properties and transported molecules as well as aspects important to their
modulation. This information could be used for future studies of the cellular processes mediated by
these channels, mitochondrial functioning and therapies for mitochondria-linked diseases.

Keywords: mitochondria; import channel; TOM; TOB/SAM; Tom40; Tob55/Sam50; Mdm10; MIM; MAC

1. Introduction

According to the endosymbiotic theory, mitochondria arose from prokaryotes through
(endo)symbiosis. These double-membrane organelles have retained the oxidative phos-
phorylation system to synthesize ATP. This is the best-known function of mitochondria,
which makes them unique and crucial for cells. However, in the course of evolution, nearly
all ancestral genes were transferred into the nucleus. As a result, most mitochondrial
proteins are synthesized in the cytosol and must be delivered to their correct mitochon-
drial destination [1,2]. Thus, protein import into the mitochondria seems to be additional
evidence for the single origin of these organelles.

Since the last years, studies of protein import into mitochondria have revealed many
aspects concerning the composition and function of the protein import machinery, which
consists of protein import complexes with the main module working as an import channel
that allows protein transfer across and into both mitochondrial membranes. The first barrier
for incoming proteins is the mitochondrial outer membrane, which has approximately
200 proteins, of which some display channel activity [3]. To date, nine different channel-
forming proteins responsible for the transport of metabolites, inorganic ions and proteins
have been distinguished in the outer membrane [4]. Some of these proteins have a (3-barrel
structure and include Tom40, Tob55/Sam50, the voltage-dependent anion-selective channel
(VDAC) and Mdm10, mitochondrial apoptosis channel (MAC) while those with other types
of structure include Mim1, Ayrl, OMC7 and OMCS8 [5]. The protein channels described
in this review, except of the MAC, are constitutively open and do not need activators to
regulate its opening. This phenomenon makes them different than channels located within
the inner mitochondria membrane.

In this review, we focus on the outer membrane protein import channels characterized
as single modules and as subunits of the native complexes. We present current data about
their structure, regulation and variety of transported molecules. Such knowledge is crucial
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for development of the channels” modulators which could prove effective in correcting
mitochondrial processes that in turn may constitute an important therapeutic approach in
disease treatment.

2. Overview of the Mitochondrial Protein Import Machinery

The successful import of precursor proteins into their destinations in mitochondria
primarily depends on the mitochondrial membrane complexes and specific signals lo-
calised within the incoming precursor proteins. The membrane import complexes—known
as translocases—are composed of receptor subunits that recognise incoming precursor
proteins, proteins that form channels for transport across membranes or insertion into
membranes and protein subunits that modulate the activity and stability of complexes. In
the mitochondrial outer membrane, four complexes have been identified (Figure 1): translo-
case of the outer mitochondrial membrane (TOM) [6,7], topogenesis of the mitochondrial
outer membrane (3-barrel proteins/sorting and assembly machinery (TOB/SAM) [8-11],
mitochondrial import complex (MIM) [12,13] and endoplasmic reticulum-mitochondria
encounter structure (ERMES) [14]. The TOM complex recognises, translocates and segre-
gates most of the precursor proteins delivered to different mitochondrial locations. The
TOB/SAM complex inserts into the outer membrane proteins of the 3-barrel structure
displayed by proteins forming channels, such as Tom40, Tob55/Sam50, mitochondrial
distribution and morphology protein 10 (Mdm10; part of the ERMES complex) and mito-
chondrial porin (a VDAC responsible for metabolite and inorganic ion transport in and out
of the mitochondria) [2]. The MIM complex inserts the o helical outer membrane proteins,
which are imported independently of the TOM complex [12].

Precursor proteins destined for the intermembrane space (IMS) are assisted by the
mitochondrial intermembrane space and assembly (MIA) complex [15]. Other precursors
are transported or inserted into the inner membrane by two complexes (i.e., TIM23 [15,16]
and TIM22 [17,18]). The TIM23 complex primarily performs import into the mitochondrial
matrix, whereas the TIM22 complex performs insertion into the inner membranes of carrier
proteins (for more details on the import across and into the inner membrane, see the
following reviews: [19,20]) (Figure 1).

Protein Import across and into the Mitochondrial Outer Membrane

The most widely used model organism in studies on mitochondria protein import
machinery is the yeast Saccharomyces cerevisiae, which is also used as a reference for com-
parative studies on other eukaryotic organisms, including plants and animals [2,21]. As
previously mentioned, the TOM complex receptors specifically recognise the incoming
precursor proteins. Tom20 binds to the hydrophobic surface of the cleavable amphipathic
presequence and initiates contact with the next receptor (i.e., Tom22 protein via its posi-
tively charged surface). In the case of non-cleavable hydrophobic precursors serving as
carrier proteins with the inner membrane as the destination, the Tom?70 receptor is engaged.
Crossing of the outer membrane is performed by channel-forming Tom40 protein and small
Tom subunits (e.g., Tom5, Tom6 and Tom?7) that stabilize the complex and contribute to the
proper assembly of its subunits [22]. From this entry point, import pathways diverge into
different directions depending on the final destination of the protein [2] (Figure 1). After
crossing through the channel formed by Tom40, proteins that adopted a 3-barrel structure
are bound to small TIM proteins in the IMS (i.e., Tim9 and Tim10) [23,24] and delivered to
the TOB/SAM complex. The TOB/SAM complex consists of two peripheral membrane pro-
teins exposed to the cytosol, namely Tob38 (also known as Sam35) and Tob37 (also known
as Sam37/Mas37), as well as the channel-forming protein Tob55/Sam50 [25-29]. Thus, the
TOB/SAM complex recognises 3-barrel proteins and assists their membrane insertion and
assembly [3,30]. Available data concerning the mammalian TOB/SAM complex indicate
the presence of weakly conserved homologues of Tob37 and Tob38, known as metaxin 1
(Mtx1) and metaxin 2 (Mtx2), respectively [30-32]. The TOB/SAM complex of the slime
mould Dictyostelium discoideum includes Tob55/Sam50 and one metaxin homolog [33-35].
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It has also been proven that 3-barrel proteins interact with the mitochondrial contact site
and cristae organising system (MICOS) complex, which maintains the characteristic pleated
structure of the mitochondrial inner membrane [36,37]. One of the MICOS complex sub-
units, Mic60/mitofilin, stimulates (3-barrel protein transfer from the TOM complex to the
TOB/SAM complex [38]. The outer membrane proteins anchored by one or more x-helical
transmembrane segments are mostly inserted by the MIM complex, which consists of Mim1
and Mim2 protein subunits [4]. Additionally, the MIM complex cooperates with the protein
Mdm10, which is part of the ERMES complex [14].

Cleavable precursor

OM protein ’ T—
N —— ‘_ ‘ ‘
& MIM > 1
o i 8
TIM23 N )
IM protein [ ) — )

. Y = i T M |A‘ r | b .NV\,V 7 ﬁ\\\ ‘

T ““ 1 [/ > MICoS (N \|

protein

Figure 1. Overview of protein import into mitochondria. The TOM complex recognises most of the mitochondrial pre-
proteins via its receptors (i.e., Tom20, Tom22 and Tom70) and imports across the outer membrane through the Tom40
channel (dimer). Small TOM subunits (i.e., Tom5, Tom6 and Tom?) stabilise the TOM complex. 3-barrel precursors (i.e.,
Tom40, Tob55/Sam50, VDAC and Mdm10) are inserted into the outer membrane by the TOB/SAM complex, which
consists of the protein channel Tob55/Sam50 (dimer) and receptors Tob38 and Tob37. The mitochondrial contact site and
cristae organising system (MICOS) complex supports the insertion of the 3-barrel proteins into the OM. The dynamic
structure of TOB/SAM and MICOS is called mitochondrial intermembrane space bridging (MIB). «-helical precursors
are inserted into the OM by the MIM complex (Mim1 and Mim2). The ERMES complex links the mitochondria and
endoplasmic reticulum (ER) and supports the topogenesis of the mitochondrial outer membrane (3-barrel proteins/sorting
and assembly machinery (TOB/SAM) complex. The precursor targeted into the intermembrane space engages the MIA
complex. TIM23 is responsible for import across the IM or into the mitochondrial matrix. TIM22 inserts carrier proteins
into the IM. Voltage-dependent anion-selective channel (VDAC) is responsible for metabolite transport. Ayrl, OMC7 and
OMCS are the channels of unknown substrates. OM—outer membrane; IM—inner membrane; IMS—intermembrane space;
ER—endoplasmic reticulum.

3. Structure and Properties of the Outer Membrane Protein Import Channels
3.1. Tom40 Channel
Tom40 is the central and channel-forming subunit of the TOM complex [3,21]. A wide

range of important studies on protein import into mitochondria have shown that Tom40
is not only the entry gate for most mitochondrial precursor proteins delivered from the
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cytosol to various sub-mitochondrial locations [39-41] since it also works as a decisive
general selectivity filter in the uptake of newly synthesized mitochondrial proteins [42,43].
Moreover, it was also proposed that the TOM complex can act as an insertase mediating
lateral release of the membrane imported proteins into the outer membrane [44].

As a protein with a 3-barrel structure, Tom40 [45] contains 19 antiparallel (3-strands
that enable channel formation [10]. The copy number of Tom40 proteins in yeasts cells
was estimated at ~45,000 copies per cell [46]. The structure of the TOM complex and its
electrophysiological properties has been studied for the last three decades. In the previous
study [47,48], two kinds of the TOM complex were observed: three-channel complex repre-
senting trimeric form of Tom40 and two-channel complex representing dimeric form of
Tom40. It was showed that the two-channel complex consisted of two Tom40 and small
Tom subunits but did not contain Tom?22. It was concluded that the two-channel complex
dimmer functioned as a premature complex [49] whereas the mature TOM complex dy-
namically exchanges with the two channel one providing an assembly platform for the
integration of new subunits. Recent years have brought the intensive development of mi-
croscopy techniques that have facilitated the study of specifically labelled active membrane
protein complexes in the native membrane. The structure of the studied complexes is based
on electron cryo-tomography (cryo-ET) presenting the surface and internal conformation at
nanometre resolution [50]. The higher resolution of cryo-EM microscopy revealed a stable
dimeric form of the TOM complex for Neurospora crassa at a resolution of 0.68 nm [51], with
resolutions of 0.38 nm for S. cerevisiae [52] and 0.34 nm for humans [53] and a resolution of
0.41 nm for its tetrameric form [50,54]. According to the obtained TOM complex model,
two Tom40 subunits form two pores for protein translocation across the membrane. Each
Tom40 is connected by two Tom22 receptors and one phosphatidylcholine (PC) molecule.
The latter is the most abundant phospholipid in the mitochondrial outer membranes and
functions as a player in protein import into mitochondria [55]. Each Tom40 is surrounded
by small Tom subunits (i.e., Tom5, Tom6 and Tom?7), with Tom5 being situated at the distal
end of the Tom40 dimer and Tom6 and Tom? being located on opposite sides across the
channel pore. A study on the human TOM complex [53] revealed a negative interior of
the pore and positive regions at its periphery. Notably, the dimeric form of the TOM
complex may associate to form a tetramer. The molecular weight of the human TOM
complex was estimated at 150 kD, which is comparable to the size of the TOM complexes
of S. cerevisiae [52,54] and N. crassa [51,56]. This is congruent with a previous study on the
monomeric forms of the N. crassa [47] and S. cerevisine TOM complexes [40], which were
obtained via the circular dichroism method. These TOM complexes were estimated at a
resolution of 0.68 nm and showed two pores in the dimer, each with a shortest diameter of
1.1 nm and longest diameter of 3.2 nm.

The structure of the Tom40 pore has been reported by various groups [52,54] and
resulted in similar models with some differences. In contrast to the Tom40 structure of
yeast, the human Tom40 structure does not contain an «-helical segment preceding the
internal helix at the N terminus and also lacks an additional C-terminal a-helix at the end
of 19th 3-strand. Studies of the purified Tom40 of Candida glabrata [57] revealed that the
conserved 51 amino acids at the N terminus of the Tom40 sequence, the 15 amino acids at
its C terminus and the interaction with a pre-sequence of the precursor protein were not
crucial for channel formation. These results demonstrated that all studied Tom40 constructs
formed channels of different conductance. Each of the expressed proteins interacted with a
pre-sequence peptide in the concentration dependent manner although the interaction with
the conserved N-terminal Tom40 domain was not required. This study showed that Tom40
dimers were functional and their distinct conformations were regulated by binding of the
substrate. For yeast and human Tom40, the x-helical domain that traverses the channel
pore and extends into IMS plays a crucial function in import across the Tom40 channel. It
was noted that residues T82, N79, P80, H87 and Q97 in the internal portion of Tom40 form
hydrogen bonds with R195, T200, K253, T264 and Q353 in 3-strands 7, 8, 11, 12 and 19 of



Molecules 2021, 26, 4087

50f17

Tom40, respectively. Despite it being partially unfolded, the presence of the internal helix
limits the diameter of Tom40 enough for the translocation of the precursor protein.

As previously mentioned, the activity of the Tom40 channel could be stimulated by
PC, which contains the positively charged choline group extending into the IMS. This was
suggested to have a possible function in the translocation process [55]. Electrophysiological
studies were performed on purified TOM complex and purified Tom40. The Tom40 channel
shows a preference for cations: Px*/P¢;~ = 8:1 with a reversal potential of 40 mV (planar
lipid bilayer technique performed on S. cerevisize Tom40, according to [40]) (Table 1). In
an experiment performed by [58], S. cerevisiae and N. crassa Tom40 were expressed in
Escherichia coli cells and renatured. The electrophysiology measurements in planar lipid
bilayers at a symmetrical concentration of 250 mM KCI were indistinguishable at 370 and
390 pS, respectively.

Tom40 is the voltage dependent channel. In the absence of membrane potential, the
reconstituted channel is completely open but closes symmetrically at positive or negative
potentials. The studies on the reconstituted S. cerevisiae Tom40 showed that in the presence
of low membrane potential the pre-sequence peptide selectively bound to Tom40 and
thereby altered the gating of the channel but was rapidly translocated through the channel
when driven by higher voltage [40]. For purified and reconstituted S. cerevisize TOM com-
plex, the maximal conductance was estimated at 740 & 18 pS, whereas the same estimate in
the outer membrane vesicles was 760 £ 12 pS. In general, the maximal conductance of the
S. cerevisiae or N. crassa TOM complexes were 2-fold higher than the total conductance of
renatured Tom40 alone. The maximal conductance channel was 370 & 8 pS for S. cerevisiae
Tom40 and 390 & 10 pS for N. crassa Tom40 at 250 mM KCl. Thus, the channel properties of
purified Tom40 are lower than those of the TOM complex [58]. Interestingly, in the case of
the A. castellanii and D. discoideurn TOM complexes, channel conductance activities were
estimated at 2.5 and 2.3 nS, respectively, in 1M KCl [59]. After extrapolation (625 pS and
575 nS respectively in 250 mM KCl), this result is in agreement with the data obtained for S.
cerevisiae and N. crassa. The data for N. crassa [60] correspond well to the conductance states
for C. glabrata, where different truncated forms of purified Tom40 were studied in planar
lipid bilayers (~125-500 pS in 250 mM KCl, described by [57] (Table 1). The reconstituted
version of C.glabrata Tom40 forms provided a better understanding of the channel flickering
phenomena observed during a study of S. cerevisiae, N. crassa, A. castellanii and D. discoideum
TOM complex [58,59]. This data indicated flickering which is typical for this kind of the
outer membrane channels.

The channel conductance was measured using the specific signal peptides known to
be recognised by the TOM complex receptors [61]. The presence of signal peptides resulted
in the channel flickering, i.e., rapid transitions from the fully open state to substates of
lower conductance resulting from the channel blockade. This is a consequence of signal
peptides interaction with TOM complex subunits. In a study by [58], it was shown that for
the purified Tom40 of S. cerevisiae, the signal peptide of CoxIV had to be used in a much
higher concentration than in the case of the TOM complex to obtain a 50% reduction in open
channel probability (3 uM vs. 50-80 nM). This implies that the sensitivity of the Tom40
channel pore is enhanced by the presence of the TOM complex subunits. The channel
properties were also measured in the presence of the other recognised signal peptide. The
pre-sequence peptide of the F1-ATP synthase subunit (3 also induced the blockage of Tom40
conductance in a concentration-dependent manner, which indicates a direct interaction of
this peptide with the Tom40 channel pore. Similarly, in a study of the A. castellanii and D.
discoideurn TOM complexes, a signal peptide of subunit 9 of ATP synthase also blocked
the purified TOM complex in a concentration-dependent manner [59]. Additionally, the
results obtained for the TOM complex revealed that the binding sites for the incoming
precursor proteins had a presequence recognised by the TOM complex subunits, which
was not present in purified Tom40. Notably, data on the individual TOM complex receptors
revealed relatively low affinities (high KD) for the pre-sequences [40,62], while high-affinity
binding of the pre-sequences was observed for the TOM complex [61]. Thus, data on the
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TOM complex and purified Tom40 alone uncovered the roles of the TOM complex subunits
in the regulation of Tom40 channel activity.

It should be mentioned that the means of protein preparation for the studies on Tom40
and other described in this review protein channels, as well as the applied methods as
planar lipid bilayer membranes and patch clump could greatly influence the determined
channel properties. Thus, combining electrophysiological data with structural data pro-
vide reasonable background for putative modulation. However, this always would need
verification under cellular conditions.

Table 1. Characteristics of the mitochondrial outer membrane channels based on reconstitution studies *.

Protein Reversal Studied Constitutivel Molecules Channel
N(:mem Conductance ** Potential Px*/P¢q Or uaniesm ° S elrll €y Transported Activity References
(mV) *** 8 3 across Channel Modulators
Mitochondria
370 £ 8pS? 40? 82 S. cerevisiae Yes pg);?;ng ¢ PCi
Pink 1° o-Syn’ (58]
390 £10pS? N. crassa @ Apf [59] ®
TOM complex: [6] Cd
740 £ 18 pS [63]
(purified [6J:] j
Tom40 complex) S. cerevisiae ® Yes [65]
760 + 12 pS . ) [66,67] &
(complex in TOM complex: signal peptides [68] R
OMVs) 2 RNA 8 of: CoxIV 2 [69]®
Metabolites I preSu9 *° [58]1
2 ifi j
625 npS (purlbled A. castellanii ® 7oy
complex)
575 pS ified
P (purlble D. discoideum ®
complex)
B barrel proteins !
Granzymes (a and [71]k
Tob55/ K K K ok b)™ [30]"
Sam50 640 pS 30 4 S. cerevisiae Yes Caspase-3™ Unknown [72] ™
Suggested: [73,74]1™
metabolites "
Mdm10 480 pS° 215° 28° S. cerevisiae © Yes Unknown Tom?22 ° [14] °
. P P P b « helical outer oD [4]P
Mim1 580 pS 53 235 S. cerevisiae N/D membrane proteins Mim2 [12]
. Bcl-2 8
apoptotelch(')factors BelxL $
g .8t . R s
MAC 1500-5000 pS ¢ | voltage- 3t Mammalian 8 No Cytcs Dibucaine® 1751
independent Smac/DIABLO ® Trifluoperazine [76]
AIF Propranolol (and
its derivatives) ®
Suggested:
OMC7 570 pSP —125°P 0.55P S. cerevisiae P N/D RNA and/or Unknown [4] P
metabolites
Suggested:
OMC8 550 pSP —155P 0.48°P S. cerevisiae P N/D RNA and/or Unknown [4]P
metabolites
Ayrl 1470 pSP 30°P 45P S. cerevisiae P N/D Suggested: proteins NADPH " [4]p

* Channels are listed in the order in which they appear in the text. Abbreviations: PC—Phosphatidylcholine; a-Syn—«-synuclein; A—
amyloid 3 peptide; Pink 1—PTEN-induced kinase 1, cyt c—cytochrome ¢, AIF—Apoptosis Inducing Factor. References are listed using
letter designations (a—t), with each letter also being assigned to the data contained in a given publication. ** Study performed in 250 mM
KCl (by planar lipid bilayer membranes), with exception of MAC channel: 150 mM KCl (study performed by patch clump). *** Study
performed in 250 mM /20 mM KCl (cis/trans) gradient.

3.2. Tob55/Sam50 Channel

Tob55/Sam50 protein (also known as Omp85) is a member of the Omp85 family of
-barrel-channels typical of the outer membranes of Gram-negative bacteria, mitochon-
dria and chloroplasts [25,45,77]. The copy number of Tob55/Sam50 proteins in yeasts is
estimated at ~1500 copies per cell [3,46]. The Tob55/Sam50 channel is composed of a 16-
stranded transmembrane (3-barrel with a single polypeptide-transport-associated (POTRA)
domain extending into the IMS. The POTRA domain is an N-terminal domain consisting of
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~100 amino acids involved in the recognition and transfer of (3-barrel forming precursors
from the IMS via small Tim9 and Tim10 to the TOB/SAM complex [8-11].

The TOB/SAM complex was also suggested to be involved in apoptosis [72]. An
important study on yeast and human cells conducted by [72] revealed that Tob55/Sam50
was required for the transport of granzymes (a and b) and caspase-3 to cross the outer
membrane. Granzymes are serine proteases that trigger cell death in a caspase-dependent
and independent manner [78,79]. It was also shown that Tob55/Sam50 was sufficient for
active caspase-3 to enter the mitochondria to induce cell death. Moreover, the depletion of
Tob55/Sam50 caused cells to become more resistant to cell death. Thus, Tob55/Sam50 is
engaged in a wider range of imported substrates than previously thought (Table 1).

The TOB/SAM complex remains in dynamic interactions with other complexes, in-
cluding TOM [80,81], MICOS (e.g., [82]) and ERMES (shared Mdm10 subunit) [83]. The
TOM complex binding site is based on the interaction between Tom22 and Tob37 [29,81]
and on the interaction between Tom5 and Tom22. It was found that a small fraction
of Tom5 being associated with a TOB/SAM complex promotes the folding of Tom40
during its import to the outer membrane [80,84]. The interaction of the TOB/SAM com-
plex with the MICOS complex is based on Mic60/mitofilin [36,85,86] and results in the
regulation of cristae morphology, mitochondrial shape and respiratory chain complexes’
assembly [85-87]. It has been shown that the TOB/SAM complex subunits exist in a large
protein complex with Mic60/mitofilin, other Mic proteins (i.e., Mic10, Mic12, Mic19, Mic23,
Mic25 and Mic 27) and CHCHDS3 to create the so-called large mitochondrial IMS bridging
(MIB) complex [85,86,88]. The MIB complex also likely contains the homolog metaxin-3
the DnaJC11 protein [89]. The depletion of Tob55/Sam50 in human cells resulted in the
loss of the crista junction, which highlights its crucial function in crista formation [89].
The interaction of TOB/SAM with ERMES is mediated by Mdm10, which is considered a
subunit of both of these complexes [82,90,91].

The Tob55/Sam50 channel has an inner diameter of approximately 7-8 nm (outer diam-
eter: ~15 nm, central cavity: ~4-5 nm) [3,11]. A recent study on the S. cerevisize TOB/SAM
complex performed by electron microscopy at a resolution of 0.28-0.32 nm resulted in
the description of two different forms of the TOB/SAM complex [92]. The TOB/SAM
complex forms a dimer based on two different Tob55/Sam50 isoforms: Tob55/Sam50a
and Tob55/Sam50b. Tob55/Samb50a is responsible for channel formation, while isoform
b is responsible for releasing incoming precursor proteins from the channel [92]. The S.
cerevisiae Tob55/Sam50 channel was studied in planar lipid bilayers, which revealed that it
displayed a conductance of 640 pS at 250 mM KCI [71]. This result is in agreement with
data obtained by [8] where Tob55/Sam50 showed a channel activity level of 3.75 nS in 1M
KCl1 what after extrapolation correspond to 925 pS in 250 mM KCI Tob55/Sam50 has a
preference for cations (Px*/Pc;~ = 4:1) and a reversal potential of 30 mV [8,71]. At voltages
greater than +70 mV, the channel formed by Tob55/Samb50 is partially closed, which clearly
distinguishes this channel from the VDAC channel measured by the same technique as
planar lipid bilayers [93]. It has also been shown that the channel is mediated by a pre-
cursor protein 3-signal that causes the displacement of the endogenous carboxy-terminal
-signal of the Tob55/Sam50 channel [94]. 3-signal is localised at the C-terminal part of
[-barrel precursor proteins and is highly conservative among bacteria, mitochondria and
chloroplasts [71,94]. 3-signal was shown to interact with Tob55/Sam50 channel and bind
precisely at its 3-strand 1. In doing so, it replaces 3-strand 16 (endogenous Tob55/Sam50
-signal). This opens the channel’s lateral gate between f3-strand 1 and B-strand 16 [94].
From this point, the remaining precursor proteins are inserted to gradually gain 3 struc-
tures. At the end of this process, matured protein is released into the outer membrane of
the mitochondpria [29,94,95] (Table 1).

3.3. Mdm10 Channel

Mdm10 has no sequence homologs in bacteria and is not present in higher eukaryotes [10].
In S. cerevisiae, its molecular weight is 56 kDa and the copy number is estimated at ~500
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copies per cell [46]. Mdm10 was found together with Mdm12, Mdm34 and Mmm]1 as
a part of a complex responsible for the maintenance of mitochondrial morphology and
distribution [96]. Mdm10 is involved in lipid biosynthesis and the tethering of the endo-
plasmic reticulum (ER) with mitochondria [83]. The resulting connection between these
organelles is called the ERMES complex [97]. In addition, being a part of the ERMES
complex, Mdm10 protein was reported to bind to the TOB/SAM complex and influence
(-barrel protein import into the mitochondrial outer membrane [83,90,91]. After being
trans-ported through the TOB/SAM complex into the TOM, Mdm10 is involved in the late
assembly of the TOM complex by interacting with the TOB/SAM complex in the process
of proper Tom40 protein assembly [83,90,98]. This step involves the association of Tom40
with Tom?22 and small Tom proteins. This interaction between Mdm10 and TOB/SAM is
regulated by Tom?7 protein, which stimulates the release of Mdm10 from the TOB/SAM
complex [3,28,98,99].

After incorporation into liposomes and planar lipid bilayers, the expressed and pu-
rified S. cerevisine Mdm10 exhibits channel activity with a main conductance of 480 pS at
250 mM KCl and has a preference for cation selectivity (Px*/Pc;~ =2.8:1; reversal potential:
21.5mV). Moreover, three independently gated pores have been reported [14]. Additionally,
the presence of Tom22 precursor increases Mdm10 conductance to 550 pS at 250 mM KCl
while also increasing the number of independently gated pores from three to four. This
indicates the possible function of Mdm10 in the import of Tom22 protein [4,14].

3.4. Mim1 Channel

Mim1, also known as Tom13, plays a role in the import of o-helical outer membrane
proteins such as Tom70 and Tom?20 [12]. This protein forms a channel composed of the
N-terminal domain exposed to the cytosol, central putative transmembrane segment (TMS)
and C-terminal domain exposed to the IMS [12,13]. Mim1 is involved in the import of
small Tom proteins and indirectly influences proper Tom40 membrane insertion [100,101]
because the N-terminal domain of Mim1 and Tob37/Sam37 combined regulate the release
of Tom40 protein from TOB/SAM [13,100]. Mim1 is also crucial for the proper insertion
of Tom70 and Tom?20, which, in the case of the latter, requires the homo-oligomerisation
of Mim1 proteins via its transmembrane domain (TMS) [12]. It has also been shown that
the precursors of multi-spanning o-helical proteins directly interact with Mim1, which
cooperates with the Tom70 receptor for protein insertion into the outer mitochondrial
membrane [101]. Moreover, Mim1 regulates the binding and insertion of mitochondrial
fusion and the transport protein Ugol [102] while promoting the import of UBX domain-
containing protein 2 (Ubx2), which is the TOM complex-associated protein suspected to
remove mitochondrial precursor proteins that become stuck in the import channel [103].

The S. cerevisiae Mim1, expressed in E. coli and then purified and renatured, was
studied in planar lipid bilayer. A channel conductance of 580 pS was calculated at 250 mM
KCl and a closing tendency due to high positive and negative voltage was observed. This
study showed cation selectivity (Px*/Pc;~ = 23.5:1) and a reversal potential of 53 mV [4].
The channel activity was modulated by specific anti-Mim1 antibodies. The same channel
properties were obtained for S. cerevisiae Mim1 expressed in wheat germ lysate [4]. Mod-
ulation of the Mim1 channel was also observed after adding purified Mim2, which did
not reveal channel activity. The channel properties of Mim1 determined in the presence
of Mim?2 included a reduced maximal current, decreased reversal potential of 48 mV and
reduced cation selectivity Px* /P~ of 11:1. Thus, Mim1 is a channel of cation preference
for the positively charged precursor proteins modulated by the Mim?2 protein [4].

3.5. Mitochondrial Apoptosis-Induced Channel (MAC)

MAC is the outer membrane large channel known as an early marker of the onset
of apoptosis. It participates in release of proteins normally constrained within the inter-
membrane space, such as cytochrome ¢, second mitochondria-derived activator of caspases
(Smac)/Direct inhibitor of apoptosis-binding protein with low pI (DIABLO) or apoptosis
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induced factor (AIF) [75,104]. MAC is formed by Bax and/or Bak proteins and at least one
of the proteins must be present. Bax protein is cytosolic whereas Bak is an integral protein
of the outer membrane and they both stay in an inactive form until MAC formation [75,104].
The activity of MAC is significantly different from the TOM and TOB/SAM complexes.
Moreover, the former are constitutive channels of the outer membrane whereas MAC
activity co-occur only with apoptosis [75,76,104]. MAC activity is regulated by other Bcl-2
family proteins. Bcl-2 and Bcl-xL inhibit apoptosis by separating Bax and Bak. Moreover,
MAC can be block by dibucaine, trifluoperazine and propranolol in a dose-dependent
manner) as well as 3.6 dibromocarbazole piperazine derivatives of 2-propanol (that blocked
cytochrome c release induced in isolated mitochondria by tBid).

By application of patch-clump, the reconstituted MAC conductance was estimated
as heterogenous; i.e between 1.5-5 nS (1500-5000 pS in 150 mM KCl). MAC frequently
fluctuates between the fully open state and fully closed state, with a maximal single
transition size of 2000 pS in 150 mM KClI and at least three substates [75]. MAC is a
voltage-independent channel and is slightly cation-selective. As it has been shown for
mammalian apoptotic FL5.12 cells after interleukin 3 (IL-3) withdrawal, Px*/P¢c;~ = 3:1.
The cation selectivity is consistent with its putative role in releasing cationic proteins such
as cytochrome c [75]. At high conductance state MAC is permeable dextran of molecular
weight in the range of 10 to 17 kDa, but not in the range of 45 to 71 kDa. Based on the
polymer exclusion method, MAC pore diameters were estimated in the range of 2.9 to
7.6 nm [75,76].

4. Non-Proteinaceous Molecules Transported by Protein Import Channels
4.1. Transport of RNA

RNA import into mitochondria has been shown for many different groups of eukary-
otic organisms, including plants, mammals, yeast S. cerevisiae and protozoans. Notably, it is
assumed that this phenomenon is universal for all eukaryotes. It has also been shown that
mitochondria can import diverse types of RNA molecules, which suggests the existence of
an extrinsic RNA importome [105]. The latter includes transfer RNAs (tRNAs), ribosomal
RNAs (rRNAs), microRNAs (miRNAs) and long non-coding RNAs (IncRNAs) (for a review
on this topic, see [105-107]). RNA import and the imported RNA molecules’ contribution
to gene expression are considered essential for mitochondrial function (e.g., [108]). The
majority of the studied imported RNA molecules are tRNAs (e.g., [109,110]) since their
import can be clearly explained as a compensation for tRNA encoding genes not being
present in the mitochondrial genome (mtDNA). This applies to plants lacking a few tRNA
encoding genes in mtDNA (e.g., [111]) as well as protozoans lacking a distinct part or
complete set of tRNA coding genes in mtDNA (e.g., Tetrahymena thermophila, Trypanosoma
brucei and Leishmania tarentolae [112-114]). Moreover, tRNA import from the cytosol can
be observed in the presence of all necessary tRNA genes in mtDNA and is regarded as an
important mechanism in stress response [105,115].

Available data indicates that routes for RNA import into the mitochondria may overlap
with mitochondrial protein import channels since some components of the TOM and
TIM complexes may contribute to translocation across mitochondrial membranes. In
the case of the mitochondrial outer membrane, translocation is purportedly mediated by
Tom40; however, an important role is also assigned to relevant VDAC paralogs. In plant
mitochondria, Tom40 and Tom20 likely participate in the fixation of RNA molecules at the
surface of mitochondria [63,64], while Tom40 is also suggested to partially contribute to
translocation in yeast and mammalian mitochondria [105,109,110,116,117]. In the case of
African trypanosomes (represented by T. brucei), the Tom40 orthologue ATOM40 (atypical
TOM, e.g., [118]), as well as Tom22 orthologues ATOM14 and two additional ATOM
subunits (ATOM11 and 12), have been shown to perform RNA molecule translocation
across the mitochondrial outer membrane [63,119]. While the proteins involved in RNA
molecule translocation across the inner mitochondrial membrane remain largely unknown,
data available for yeast and T. brucei point to the important contribution of TIM complexes.
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In the case of yeast mitochondria, TIM23 is suggested as the translocation pathway due to
the putative involvement of Tim44 (subunits of the TiM23 complex) [105,116,120]. For T.
brucei, the Tim22 orthologue TbTim17 (subunit of the TIM22 complex) has been shown to
participate in translocation [120]. For translocation, the latter requires some of the other
subunits of the non-canonical, singular TIM complex [121] (i.e., TbTim42, Tb-Tim62 and
putative acyl-CoA dehydrogenase homologue (ACAD) [122].

The mechanisms involved in the import of RNA molecules into mitochondria are
still not completely understood and seem to differ between organisms with different
phylogenetic lineages and RNA molecule types. Although the transport of molecules
across mitochondrial membranes is ATP-dependent and requires the presence of the
inner membrane potential and relevant translocating proteins, differences exist in terms
of selective import signals and the interacting proteins participating in redirection to
the mitochondrial surface (e.g., [105,107,110]). In the case of imported tRNA molecules,
the participating proteins may involve aminoacyl-tRNA synthetases in plants and yeast
(e.g., [115,123], respectively), cytosolic translation elongation factor eEFlo in T. brucei [124]
and glycolytic enzyme enolase in yeast [125]. It is also suggested that mitochondria-
targeted proteins may be common elements participating in the redirection of different
RNA molecules to mitochondria and their translocation across membranes (e.g., [105]).
However, it is also suggested that RNA molecules may be translocated by Tom40 without
protein assistance [63]. There is also the possible contribution of mitochondrial IMS
proteins, which could function as intramitochondrial RNA import factors, as proposed for
polynucleotide phosphorylase (PNPase) in human mitochondria (e.g., [105]).

4.2. Transport of Metabolites

It is well known that the universal pathway for metabolite transport across the outer
mitochondrial membrane is formed by the VDAC, which may be formed by different
VDAC paralogs (e.g., [126-130]). The molecular mass cut-off for the transported molecules
is assumed to be about 4 kDa although the limit could be decreased when VDAC switches
to lower conducting substates featuring less anion selectivity [131]. Nevertheless, VDAC is
considered to be the major transport pathway for compounds as diverse as inorganic ions
(e.g., K*, Na* and Cl7), metabolites of different size and charge (e.g., big anions as ATP,
AMP and glutamate and small anions as superoxide anion as well as big cations as NADH
and acetylocholine) and large macromolecules such as tRNA (e.g., [128,132,133]). However,
for yeast S. cerevisine mitochondria under the condition of the dominant VDAC para-
log(yVDAC1) limited permeability or encoding gene deletion, metabolite transport across
the mitochondrial outer membrane may be supported by the TOM complex [68,69,134].
This assumption was initially based on observation that in the absence of yVDAC1, NADH,
ADP and CATR (carboxyatractylate) displayed limited access into the mitochondrial in-
termembrane space and the observed limitations depended on charge and size of these
molecules (the highest for CATR being big anion of molecular weight higher than ADP and
the lowest for NADH being big cation of molecular weight slightly smaller than CATR).
Moreover, the limitations were weakened by the presence of Mg?* that together implies
involvement of cation selective channel of lower conductance that yVDAC1 [134]. This in
turn correlates with the electrophysiological characteristic of the TOM complex channel
(see Section 3.1 for details).

Later, it has been proven that blockage of the TOM complex by an imported protein
decreases external reduced nicotinamide adenine dinucleoide (NADH) access to the inner
membrane, which limits imported protein translocation by the TOM complex and increases
competition in the absence of functional yVDAC1. Moreover, it has been observed that
blocking the TOM complex with an imported protein decreased superoxide anion (O,° ™) re-
lease from mitochondria, particularly in the absence of functional yVDACT [135]. Notably,
yeast mitochondria contain two VDAC paralogs (i.e., yVDAC1 and yVDAC2 [136,137]),
both of which can form channels of comparable electrophysiological characteristics [130],
but differ in their expression levels and (likely) substrate selectivity [138]. These postu-
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lated differences coincide with a yVDAC2 contribution to the global permeability of the
mitochondrial outer membrane that has remained undetected to date [4,139]. While yV-
DAC?2 encoding gene deletion also results in competition between imported proteins and
external NADH for access to the yeast mitochondria inner membrane, this competition is
distinctly less pronounced than in the absence of functional yVDACI1 [68]. This observation
contributes to solving the unresolved issue of yVDAC2 function.

One of the regulatory aspects concerning TOM complex involvement in metabolite
transport is the expression level of its subunits. It has been reported that the expression
level increases in the absence of yVDAC1 or yVDAC2, with the latter increase being less
pronounced [68,73]. The upregulation of TOM complex subunits may result from increased
transcription as well as the stability and /or translation of proper mRNAs [140]. Interest-
ingly, this upregulation appears to be mediated by the cytosol reduction-oxidation (redox)
state change in the absence of yVDAC1 or yVDAC2 and during yeast cell growth [73,74].
Moreover, redox state-dependent upregulation was also observed for Tob55/Sam50, which
implicates TOB/SAM complex involvement in metabolite transport [73,74,139]; however,
functional data to support this involvement remain missing.

4.3. Ayrl and OMC7 and OMCS: Mitochondrial Outer Membrane Channels for
Unknown Molecules

In the mitochondrial outer membrane, three channels of unknown function have been
identified. These include a cation-selective channel formed by Ayrl and two channels of an-
ion selectivity formed by OMC7 and OMCS [4]. S. cerevisiae Ayr1 (1-acyldihydroxyacetone-
phosphate reductase) is a 33kD protein containing a conserved nucleotide-binding motif
(TGX3GXG) that is localised in the ER [141,142]. It was suggested that this could be part
of the contact sites between the ER and mitochondria [143]. This protein has also been
suggested to participate in cell wall biogenesis and lipid metabolism [144]; however, its
true function remains unexplained.

Ayr1 reconstituted in liposomes in planar lipid bilayer membrane revealed a main
conductance of 1.47 nS in 1 M KCl (367 pS at 250 m M KCl after extrapolation) in the fully
open state. Additionally, three partially open states with a lower conductance of 22490 pS
at 250 mM KCl and a reversal potential of 30 mV were observed. It has also been shown
that the channel, as a monomer, displays cation selectivity (Px*/P¢;~ = 4.5:1) that can
be modulated by NADPH, which increases the reversal potential to 43 mV and cation
selectivity ratio Px*/P¢;~ to 10:1 [4]. The observed cation selectivity of the Ayrl channel
might suggests its contribution to protein import. The presented parameters of the Ayrl
could be consistent with a localization of Ayrl in mitochondrial outer membrane and ER
fractions, as being arranged in contact sites between ER and mitochondria.

In contrast, OMC7 and OMCS8 were described as anion-selective channels of similar
conductance (550 and 570 pS, respectively, at 250 mM KCl) (Table 1). In light of its anion
selectivity, these channels could not be suggested as being engaged in the interaction
with positively charged precursor protein; however, its contribution to nucleic acid and
metabolite transport within and outside of the mitochondria are worthy of further study.

5. Conclusions and Perspectives

The mitochondrial outer membrane selectively communicates with the cytosol en-
vironment via protein channels for a wide variety of molecules that must be delivered
into the mitochondria and/or released from the mitochondria. Moreover, these channels
display high flexibility in their specificity, as illustrated by their ability to transport differ-
ent types of molecules. Undoubtedly, these results highlight many implications for the
channel modulation that might affect mitochondrial protein turnover as well as transport
of different small molecules including crucial metabolites as ATP, ADP, substrates of the
respiratory chain and superoxide anion, as well as drugs as granzymes. This in turn might
be beneficial for treatment of mitochondria-linked diseases mediated by the outer mem-
brane permeability impairment as cancer [75] as well as by incorrect intramitochondrial
processes as neurodegenerative disorders including Parkinson and Alzheimer diseases.
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