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1. Streszczenie

Precyzyjna replikacja DNA ma kluczowe znaczenie dla zapewnienia doktadnego
dziedziczenia informacji genetycznej. Mechanizm replikacji DNA jest wysoce
zakonserwowany ewolucyjnie, poczawszy od prostych organizméw jednokomorkowych,
takich jak drozdze, po komorki ludzkie. Za postep oraz regulacje kolejnych etapow
procesu replikacji DNA odpowiedzialnych jest wiele pojedynczych biatek oraz
kompleksow biatkowych. Replikacja DNA u eukariontow rozpoczyna si¢ od zwigzania
kompleksu ORC z miejscami poczatkoéw replikacji na nici DNA. Kolejnym krokiem jest
stworzenie replisomu, czyli molekularnej maszyny zdolnej do rozpoczecia i kontynuacji
replikacji DNA. Kluczowym sktadnikiem replisomu jest kompleks helikazy CMG
(Cdc45-MCM-GINS), ktory rozwija dwuniciowy DNA oraz koordynuje prace innych
sktadnikéw replisomu, w tym polimeraz DNA. Grupa biatek replikacyjnych takich jak
Cdc6, Dbf4, Sld3, Sld7, Sld2 i Mcm10 bierze udziat w regulacji etapéw sktadania
replisomu. Niemal wszystkie komorki w trakcie swojego zycia przechodza ograniczong
liczbe rund replikacyjnych, co oznacza, ze ich potencjal podzialowy jest takze
ograniczony. Po jego wyczerpaniu komorki z reguty nie umierajg od razu lecz wchodza
w fazg starzenia, w ktorej trwaja az do Smierci. Starzenie si¢ definiujemy zatem jako
postepujacy spadek integralnosci fizjologicznej, prowadzacy do uposledzenia funkcji
biologicznych, w tym ptodnosci i1 rosngcej podatnosci na $mier¢. Zaburzenia replikacji
DNA czesto prowadzg do stresu replikacyjnego i sg identyfikowane jako jeden
z potencjalnych czynnikow determinujgcych tempo starzenia. Celem niniejszej rozprawy
doktorskiej byto sprawdzenie, w jaki sposob brak jednej kopii gendw zaangazowanych
w inicjacj¢ replikacji DNA, w heterozygotycznych komorkach Saccharomyces
cerevisiae, wptywa na fizjologi¢ i starzenie si¢ komorek. Jako material badawczy
wykorzystano szczepy drozdzy pozbawione jednej kopii genow kompleksu ORC,
okreslone jako ORC/orcA, szczepy pozbawione jednej kopii genow kompleksu CMG,
okreslone jako CMG/cmgA oraz szczepy posiadajace tylko jedna funkcjonalng kopig
genow kodujacych niezbedne biatka replikacyjne, takie jak Cdc6, Dbf4, S1d3, SId7, S1d2
i Mcm10, okreslone jako lowPICC. Na podstawie zrealizowanych badan wykazano, ze
komorki posiadajace tylko jedna kopi¢ gendow zaangazowanych w inicjacje replikacji
DNA, czyli ORC/orcA, CMG/cmgA oraz grupa szczepow lowPICC w wigkszosci
wykazywaly znaczny spadek poziomu ich transkryptow mMRNA, zaburzenia cyklu
komorkowego i wydtuzony czas podwojenia oraz cechowaty si¢ zmianami w profilu
biochemicznym. Wykazano réwniez, ze obnizenie ekspresji genéw zaangazowanych
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W inicjacj¢ replikacji znaczaco wpltywa na potencjal reprodukcyjny komorek,
z wyjatkiem ORC6/orc6A i MCM2/mcm2A. Co ciekawe w odniesieniu do mutantow
ORC/orcA i CMG/cmgA nie zaobserwowano roznic w catkowitym czasie przezycia
komorek aktywnych mitotycznie (model replikacyjnego starzenia). W przeciwienstwie
do tego, heterozygoty lowPICC charakteryzowato skrocenie catkowitego czasu zycia
w tym modelu, czyli do pojawienia si¢ fenotypu przyspieszonego starzenia. WWykazano
takze, ze zaburzenia inicjacji replikacji DNA majg rowniez wptyw na tempo starzenia
komorek post-mitotycznych (chronologiczng dlugos¢ zycia) w kazdym z badanych
szczepéw. Dodatkowo zaobserwowano korelacje¢ migdzy poziomem RNA
i polisacharydow w drozdzach, a ich potencjalem reprodukcyjnym, a takze korelacje
migdzy poziomem kwaséw tluszczowych, a czasem podwojenia komorek
w heterozygotach CMG/cmgA. Ponadto zmniejszona ekspresja gendéw lowPICC
doprowadzita do nieprawidtowej odpowiedzi na uszkodzenie DNA oraz wplyneta
na zawarto$¢ komorkowego i mitochondrialnego DNA. Co wazne, wykazano réwniez
silnie ujemna korelacje pomiedzy zawarto$cig makroczasteczek komorkowych (RNA,
biatek, lipidow, polisacharydow), a procesem starzenia w tej grupie. Zaprezentowane
w ramach rozprawy doktorskiej dane rzucajg rowniez nowe $wiattlo na potencjalng

uzyteczno$¢ drozdzy w badaniu mozliwych celow terapeutycznych w leczeniu raka.



2. Abstract

Precise DNA replication is crucial to ensuring accurate inheritance of genetic
information. The mechanism of DNA replication is highly evolutionarily conserved: from
simple single-cell organisms such as yeast to human cells. Many individual proteins and
protein complexes are responsible for the progress and regulation of subsequent stages
of the DNA replication process. DNA replication in eukaryotes begins with the binding
of the ORC complex to replication origins on the DNA strand. The next step is to
formation a replisome - molecular machine which is able to starting and continuing DNA
replication. The key component of the replisome is the CMG helicase complex (Cdc45-
MCM-GINS), which unwinds double-stranded DNA and coordinates the work of other
components of the replisome, including DNA polymerases. A group of replication
proteins such as Cdc6, Dbf4, Sld3, Sld7, Sld2 and Mcm10 are involved in the regulation
of replisome assembly steps. Almost all cells do a limited number of replication rounds
during their lifetimes, which means that their division potential is also limited. Upon it’s
depletion, cells typically do not die immediately but enter the aging phase, which lasts
until death. Aging is defined as a progressive decline in physiological integrity, leading
to impaired biological functions, including fertility and increasing susceptibility to death.
DNA replication disorders often lead to replication stress and are identified as one of the
potential factors determining the rate of aging. The aim of this doctoral dissertation was
to examine how the lack of one copy of genes involved in the initiation of DNA
replication in heterozygous Saccharomyces cerevisiae cells affects cell physiology and
aging. The research material used was yeast strains lacking one copy of the ORC complex
genes, referred to as ORC/orcA, strains lacking one copy of the CMG complex genes,
referred to as CMG/cmgA, and strains having only one functional copy of genes encoding
essential replication proteins, such as Cdc6, Dbf4, Sld3, SId7, Sld2 and Mcm10, referred
to as lowPICC. Based on the conducted research, it was shown that cells with only one
copy of the genes involved in the initiation of DNA replication, ORC/orcA, CMG/cmgA,
and lowPICC strains mostly showed a significant decrease in the level of their mMRNA
transcripts, cell cycle disorders and prolonged doubling time, and were characterized
by changes in the biochemical profile. It has also been shown that reducing the expression
of genes involved in the initiation of replication significantly affects the reproductive
potential of cells, with the exception of ORC6/orc6A and MCM2/mcm2A. Interestingly,
in relation to the ORC/orcA and CMG/cmgA mutants, no differences were observed
in the overall survival of mitotically active cells (replicative aging model). In contrast,
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lowPICC heterozygotes were characterized by a shortened overall lifespan in this model,
I.e. until the appearance of an accelerated aging phenotype. It has also been shown that
disturbances in the initiation of DNA replication also influence the rate of aging of post-
mitotic cells (chronological lifespan) in each of the tested strains. Additionally,
we observed a correlation between RNA level and polysaccharides in yeast and their
reproductive potential, as well as a correlation between the level of fatty acids
and the cell doubling time in CMG/cmgA heterozygotes. Moreover, reduced expression
of lowPICC genes led to an abnormal response to DNA damage and affected cellular
and mitochondrial DNA content. Importantly, a strong negative correlation was also
demonstrated between the content of cellular macromolecules (RNA, proteins, lipids,
polysaccharides) and the aging process in this group. The data presented as part
of the doctoral dissertation also shed new light on the potential usefulness of yeast

in the study of potential therapeutic targets in the treatment of cancer.



3. Wprowadzenie

Proces replikacji genomowego DNA zachodzi w fazie S cyklu komérkowego i polega
na precyzyjnym skopiowaniu podwdjnej nici DNA. Okresla si¢ go jako
semikonserwatywny, co oznacza, ze kazda z nowo powstatych czasteczek DNA zawiera
jedna ni¢ macierzystg i jedng potomng. Powielenie DNA jest etapem koniecznym przed
podziatem komorki i warunkuje przekazanie petnej i wiernej informacji genetycznej
komorkom potomnym. Replikacja chromosomalnego DNA jest silnie zakonserwowana
ewolucyjnie u wszystkich eukariontow. Jest procesem ztozonym, w ktorym bierze udziat
wiele komponentdw biatkowych, a precyzyjne i wydajne powielanie informacji
genetycznej wymaga $cisle regulowanej 1 skoordynowanej wspotpracy miedzy nimi.
Umownie replikacje DNA dzieli si¢ na trzy etapy: inicjacj¢, elongacje oraz terminacj¢
[O’Donnell i in. 2013].

Szczegoty molekularne zdarzen zachodzacych w trakcie inicjacji replikacji DNA
najszerzej zostaly zbadane w drozdzach Saccharomyces cerevisiae. Replikacja DNA
rozpoczyna si¢ zawsze w $ci§le okreslonych miejscach zwanych miejscami inicjacji
replikacji, lub miejscami ori (ang. origin). To w ich obrgbie dochodzi do przytaczania si¢
kolejnych komponentow biatkowych, umozliwiajacych inicjacj¢ replikacji, a takze
regulujacych ten proces [Diffley 2011; O’Donnell i in. 2013]. Kompleks rozpoznajacy
miejsce inicjacji replikacji ORC (ang. origin recognition complex) jako pierwszy
rozpoznaje i wiaze si¢ w obrebie miejsc ori [Bell i in. 1992; Bell i in. 1995; Matsuda i in.
2007]. Kompleks ORC sktada si¢ z sze$ciu biatek Orc1-6 i jest kompleksem wigzacym
DNA zaleznym od ATP [Chesnokov 2007]. Pierwszym organizmem, u ktorego
zidentyfikowano ten heteroheksameryczny kompleks byly drozdze S. cerevisiae
[Bell i in. 1992]. Jednakze ortologi ORC1-5 zidentyfikowano w réznych organizmach,
od muszki owocowej po ludzi, co w znacznym stopniu sugerowato, ze geny te byly silnie
konserwowane ewolucyjnie [Gossen i in. 1995; Dhar i in. 2000]. Z kolei gen ORC6 nie
wykazywatl podobienstwa strukturalnego do innych biatek Orc i byt stabo konserwowany
ewolucyjnie miedzy S. cerevisiae a innymi eukariontami [Dhar i in. 2000]. Rola
kompleksu ORC jest tworzenie rusztowania dla wielu dodatkowych czynnikéw
replikacyjnych, w tym Cdc6, Cdtl i Mcm2-7, ktére razem tworza kompleks
przedreplikacyjny (pre-RC) [Bell i in. 1992; Rao i in. 1995; Bell i in. 2002; Speck i in.
2005; Randell i in. 2006]. ORC pozostaje zwigzany z chromatyng 0d poczatku replikacji
przez caty cykl komérkowy [Matsuda i in. 2007], ale jest aktywny jedynie w pozne;j



mitozie i wezesnej fazie G1 cyklu komorkowego. Zaréwno Orcl, jak i OrcS wiaza ATP,
chociaz tylko Orcl ma aktywno$¢ ATPazy [Klemm i in. 1997]. Orc5 i Orc6 sg z kolei
kluczowe dla stabilnosci catego kompleksu ORC [Semple i in. 2006].

Podstawowa cze$¢ systemu kontroli replikacji DNA ma na celu zapewnienie,
ze genom jest replikowany doktadnie raz na cykl komoérkowy. Diffley i in. badajac
przebieg replikacji w modelu drozdzy S. cerevisiae wykazali, ze miejsca ori w fazie G1
cyklu komorkowego wykazuja wzor ,,przedreplikacyjny”. W przeciwienstwie do tego,
od momentu inicjacji replikacji do przejscia przez mitoz¢, miejsce ori znajduje si¢
w stanie ,,post-replikacyjnym” [Diffley i in. 1994]. Jak zatem mozna scharakteryzowac
te dwa etapy? Licencjonowanie odpowiada tadowaniu nieaktywnych prekursorow
helikazy Mcm2—7 na podwojnej helisie DNA, w miejscu poczatku replikacji. Sekwencja
miejsca ori jest rozpoznawana przez kompleks rozpoznajacy ORC 1 w jego obrebie
dochodzi do przylaczenia tego kompleksu. Nastepnie kompleks ORC rekrutuje biatka
Cdc6 i Cdtl. Razem te trzy czynniki licencyjne, tj. Cdc6, Cdtl oraz kompleks ORC
kieruja tadowaniem helikazy Mcm2-7 wokot dsDNA. Podczas p6znej fazy M, Cdc6
wiaze si¢ z ORC, przeksztatcajagc go w aktywny kompleks zdolny do zatadowania dwoch
heksameré6w Mcm 2-7 za pomocg biatka Cdtl. W trakcie tadowania kazdego
z heksamerow Mcm 2-7, biatka te tworza przejsciowy kompleks OCCM (ORC-Cdc6-
Cdt1-Mcmz2-7). Po hydrolizie ATP, Cdc6 i Cdtl sa uwalniane z OCCM, a w miejscu Ori
z pomocg kolejnych Cdc6 1 Cdtl przylaczany jest drugi heksamer Mcm2-7.
Tak zaladowany kompleks MCM jest topologicznie potaczony z DNA 1 tworzy podwdjny
heksamer. Ta forma nieaktywnej helikazy jest rowniez okre§lana jako kompleks
przedreplikacyjny (pre-RC). Uproszczony schemat etapéw montazu kompleksu pre-RC
zostal przedstawiony na Rycinie 1. Podczas fazy Gl biatko Cdc6 jest niestabilne,
a dalsze etapy formowania pre-RC regulowane sg przez kolejne komponenty biatkowe
[Remus i in. 2009; Evrin i in. 2009; Bruck i Kaplan 2015; Ticau i in. 2015; Yuan i in.
2020].
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Montaz kompleksu pre-RC

Faza G1

Kompleks pre-RC

Ryc. 1. Uproszczony schemat etapdéw montazu kompleksu pre-RC w trakcie inicjacji replikacji DNA.

[Schemat wykonano na podstawie Symeonidou i in. 2012, przy uzyciu aplikacji Canva pro].

Podczas fazy S nieaktywny pre-RC jest przeksztalcany w aktywna helikazg, ktora
rozwija dsDNA, umozliwiajagc w ten sposob polimerazom DNA dostep 1 kopiowanie
dwoch nici matrycowych. Kompleks CMG, nazwany od jego sktadnikéw: Cdc45,
kompleksu helikazy Mcm2-7 i kompleksu GINS (sktadajacego si¢ z 4 biatek: S1dS5, Psfl,
Psf2 i Psf3), jest sktadany w fazie S w sposob zalezny od dwoch kinaz: kinazy Dbf4-
Cdc7 (DDK) i kinazy zaleznej od cykliny fazy S (CDK). Biatko Dbf4 to regulatorowa
podjednostka kompleksu kinazy Cdc7-Dbf4 niezbedna dla aktywnos$ci kinazy Cdc7
I inicjacji replikacji [Moyer i in. 2006; Zegerman i Diffley 2007; Aparicio i in. 2009].
Podczas stresu replikacyjnego w punkcie kontrolnym fazy S dochodzi do hamowania
aktywacji kinazy zaleznej od Dbf4 (DDK) oraz kinazy zaleznej od cyklin (CDK),
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co powoduje po6zny poczatek replikacji DNA. Kinaza Rad53 jest gtdwnym efektorem
punktu kontrolnego replikacji: wiaze i fosforyluje biatko Dbf4, aby zapobiec
uruchomieniu replikacji z miejsc ori [Bruck i Kaplan 2015; Chen i in. 2013]. W proces
uruchamiania (aktywacji) miejsc ori (origin firing) zaangazowane sa podjednostki
pomocnicze helikazy: Cdc45 1 GINS, czynniki regulujace takie jak Sld2, Sld3, S1d7
I Dpbll, a takze polimeraza DNA ¢ i Mcm10 [Masumoto i in. 2000; Miyazawa-Onami
i in. 2017; Douglas i in. 2018].

Odpowiednio, SId3, S1d7 i Cdc45 sg rekrutowane do pre-RC i sktadane w kompleks
Cdc45-MCM-S1d3 ze zwigkszonymi poziomami kinazy zaleznej od Dbf4 [Heller i in.
2011]. Nastepnie kinazy zalezne od cyklin fazy S fosforyluja S1d3 i S1d2, aby promowac
ich wigzanie z Dbpl1, co jest niezb¢dne do tworzenia kompleksu przedinicjacyjnego
(pre-1IC) [Muramatsu i in. 2010]. Uproszczony schemat etapow montazu kompleksu
pre-IC zostal przedstawiony na Rycinie 2. Tworzenie kompleksu pre-IC obejmuje
rekrutacje kilku dodatkowych biatek lub komplekséw (tzw. czynnikéw uruchamiajacych)
i uwaza si¢, ze umozliwia rozdzielenie podwojnego kompleksu MCM na pojedyncze
heksamery [Miyazawa-Onami i in. 2017]. Fosforylacja DDK napedza rekrutacje Cdc45
1 S1d3 do podwojnego heksameru Mcm?2-7. Sld3 wigze si¢ z fosforylowanymi peptydami
w Mcm4 i Mcm6, co wskazuje, ze SId3 rekrutuje Cdc45 do fosforylowanego podwdjnego
heksameru Mcm2-7. Sld7 wiaze i stabilizuje SId3 i zmniejsza jego powinowactwo
do biatka Cdc45 (Ryc. 2.) [Tanaka i in. 2011; McGuffee i in. 2013]. Kiedy SId3 zostaje
zastgpiony przez kompleks GINS (S1d5-Psfl-Psf2-Psf3), powstaje kompleks helikazy
CMG (Cdc45-MCM-GINS) [Sheu i in. 2016]. Biatka Sld2, SId3 i Dpb11 sg wymagane
do rozpoczecia replikacji DNA, ale nie przemieszczaja si¢ wraz z widetkami
replikacyjnymi. SId3 i Cdc45 wigza si¢ we wczesnej fazie inicjacji replikacji podczas
fazy G1 cyklu komorkowego, natomiast SId2, GINS, polimeraza € i Dpbl1 tworza
kompleks przejsciowy na poczatku fazy S [Ogiwara i in. 2006; Mantiero i in. 2011,
Dhingra i in. 2015;]. Samo utworzenie kompleksu CMG nie jest jednak wystarczajace do
zainicjowania odwijania helisy DNA w miejscu ori. Do aktywacji CMG niezbgdne jest
réowniez biatko Mcm10. Biatko Mcm10 aktywuje kompleks CMG, stymulujac odwijanie
DNA i wigzanie RPA (kompleksu biatka replikacyjnego A) z otrzymanym ssDNA,
umozliwiajac tym samym przejscie z fazy inicjacji do fazy elongacji replikacji DNA
[Ricke i Bielinsky 2004; van Deursen i in. 2012; Watase i in. 2012; Looke i in. 2017].
Aktywna helikaza CMG jest nastepnie sprzggana z polimerazg DNA, Pol ¢ dla nici
wiodacej lub Pol 6 dla nici op6znionej (Ryc. 2) [Kunkel i Burgers 2008; Douglas i Diffley
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2016]. Dzigki aktywnos$ci biatek SId2, Sld3, SId7, Dpbll oraz Mcml0 przylaczanie
i aktywowanie poszczegolnych elementow maszynerii replikacyjnej zachodzi w $cisle
okreslonej kolejnosci. Czynniki te okreslaja takze, ktore miejsca inicjacji sg uruchamiane

w danej rundzie replikacyjnej [Ilves i in. 2010].

Montaz kompleksu pre-IC

@T—

DDK

CDK

Faza G1/S

Kompleks pre-LC

Kompleks pre-IC

Faza S

replisom

Ryc. 2. Uproszczony schemat etapéw montazu kompleksu pre-IC i obraz replisomu w trakcie inicjacji
replikacji DNA. [Schemat wykonano na podstawie Symeonidou i in. 2012, przy uzyciu aplikacji Canva
pro].

Drozdze paczkujgce Saccharomyces cerevisiae od wielu lat stanowig jeden

z podstawowych organizméw modelowych wykorzystywanych powszechnie w wielu
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dziedzinach nauki. Ten jednokomorkowy grzyb jest dobrym uktadem eksperymentalnym
z kilku powodow. Drozdze S. cerevisiae sg tatwe i tanie w hodowli, szybko rozmnazaja
si¢ bezplciowo przez paczkowanie, a ich obserwacja nie jest skomplikowana.
Jednocze$nie badania prowadzone z wykorzystaniem S. cerevisiae sg bezpieczne
i nieszkodliwe dla srodowiska oraz nie budzg dylematow moralno-etycznych. Ponadto
genom S. cerevisiae zostal w pelni zsekwencjonowany, a wiele gendéw tego
jednokomodrkowca posiada swojego homologa w komorkach wyzszych organizmow
eukariotycznych, w tym i czlowieka. Dodatkowo drozdze mozna tatwo poddac
mutagenezie ukierunkowanej, transformacji a nastepnie selekcji mutantéw
z zastosowaniem markerow auksotroficznych Iub innych markerow selekcyjnych,
np. opornosci na genetycyn¢. Dzigki temu istnieje mozliwo§¢ wprowadzania mutacji
punktowych, czy tez dysrupcji catych genow, co pozwala na badanie roli tych genow lub
ich braku w komorce [Karathia i in. 2011]. Z powyzszych wzgledow drozdze
S. cerevisiae stanowig prosty i uzyteczny model do badania przebiegu procesow
fizjologicznych komorki, w tym i starzenia.

Starzenie si¢ jest definiowane jako ztozony, wieloczynnikowy proces biologiczny,
ktory dotyczy wszystkich zywych organizméw. Jest to réwniez proces, z ktorego nie ma
wyjscia i konczy si¢ $miercig [Lopez-Otin i in. 2013]. W wyniku starzenia, wraz
z uptywem czasu, dochodzi do nagromadzenia si¢ wewnatrzkomdrkowych uszkodzen,
uposledzenia funkcji tkanek 1 narzagdow, a w konsekwencji do Smierci organizmu. Tempo
starzenia si¢ jest pod pewng kontrolg genetyczng: zakres fenotypu starzenia si¢ oraz
dhlugos¢ zycia jest rozna u réznych gatunkoéw, w tym takze u cztowieka. Ponadto tempo
procesu starzenia podlega takze wptywom czynnikow srodowiskowych. Jak do tej pory
powstato wiele hipotez i teorii, ktore probuja wyjasnic¢ przebieg oraz przyczyny starzenia
[Harman 1981; Lopez-Otin i in. 2013; de Cabo i in. 2014]. Istotg procesu starzenia si¢
jest akumulacja uszkodzen makroczasteczek komoérkowych przez cate zycie. Integralno$¢
1 stabilno$§¢ DNA jest stale narazona na dzialanie egzogennych czynnikéw fizycznych,
chemicznych i biologicznych, a takze na endogenne zagrozenia takie jak btedy replikacji
DNA, spontaniczne reakcje hydrolityczne i reaktywne formy tlenu. Zmiany genetyczne
wynikajace z zewngtrznych lub wewnetrznych uszkodzen s3 bardzo zréznicowane
i obejmuja mutacje punktowe, translokacje, aberracje chromosomowe, skracanie
telomeréw, a takze zaburzenia genetyczne spowodowane integracjag wirusow lub

transpozonow. W celu zminimalizowania tych zmian, organizmy zywe posiadajg ztozong
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sie¢ mechanizmow reparacji DNA, ktore tacznie sg w stanie poradzic sobie z wigkszoscia

powstatych uszkodzen DNA [Lopez-Otin i in. 2013].

Drozdze piekarnicze sa uwazane takze za wazny uktad modelowy, za pomoca ktérego
z powodzeniem mozna bada¢ procesy starzenia i pozwalaja na odrgbne analizy zaréwno
starzenia komorek aktywnych mitotycznie jak 1 komorek bedacych w fazie
post-mitotycznej. W oparciu o uktad modelowy drozdzy paczkujacych opracowano dwa
glowne modele starzenia: model replikacyjnego starzenia oraz model chronologicznego
starzenia [Longo i in. 2012]. Model replikacyjnego starzenia (RLS — replicative life span)
odwzorowuje procesy starzenia si¢ komorek aktywnych mitotycznie. W modelu tym,
wedlug standardowego podejscia, starzenie okreSlone jest przez liczb¢ komorek
potomnych jaka komoérka matka jest w stanie wyprodukowa¢ w trakcie swojego zycia
przed nieodwracalnym zatrzymaniem cyklu komoérkowego. W rzeczywistosci
to standardowe podejscie nie odzwierciedla jednak czasu zycia komorki, lecz jej potencjat
reprodukcyjny. Analiz¢ potencjatu reprodukcyjnego wykonuje si¢ poprzez fizyczne
odseparowanie komorek potomnych (corek), od komorki matki z wykorzystaniem
mikroskopu wyposazonego w mikromanipulator. To co kluczowe, w przypadku analiz
komorek aktywnych mitotycznie, analizuje si¢ pojedyncze komorki, a nie populacje

komorek drozdzy.
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komodrka corka

blizna podziatowa

komodrka matka

Ryc. 3. Paczkujagca komorka drozdzy Saccharomyces cerevisiae (szczep BY4743). Zdjecie SEM;
pow. 10 000x [fot. M. Moton].

Pézniejsze analizy i metody pozwolity na doktadne okreslenie czasu zycia komorek
aktywnych mitotycznie i zaproponowano wprowadzenie parametru catkowitej dtugosci
zycia komorki (TLS - total life span). Definiowana jest ona jako suma czasu, w ktorym
komorka zachowuje zdolno$¢ do paczkowania (reprodukcyjna dtugos¢ zycia) i czasu,
w ktorym przezywa od ostatniego podwojenia, az do $mierci (po reprodukcyjna dtugosc¢
zycia) [Minois i in. 2005]. Zaktada si¢, ze badania nad starzeniem replikacyjnym
pozwalaja na poznanie mechanizméw starzenia komoérek aktywnych mitotycznie
[Steinkraus i in. 2008]. Z kolei model chronologicznego starzenia (CLS - chronological
life span) przybliza wiedze na temat regulacji dtugosci zycia komorek, ktore nie maja
aktywnosci mitotycznej. W modelu tym dlugo$¢ zycia okresla si¢ na podstawie
przezywalnosci populacji komorek, ktore pozostaja w fazie post-mitotycznej (fazie
stacjonarnej). Podczas analiz CLS hodowle prowadzone sg z wykorzystaniem ptynnych
podiozy syntetycznych suplementowanych odpowiednimi aminokwasami lub zasadami

azotowymi i zrodtem wegla (najczesciej glukoza). Zatrzymanie cyklu komorkowego jest
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mozliwe po wyczerpaniu zrodta wegla. Nastepnie monitoruje si¢ przezywalnos$¢é komorek
na podstawie ich zdolnosci do wznowienia podzialdow mitotycznych (zdolnosé
do tworzenia kolonii) w swiezej pozywce YPD [Fabrizio i Longo 2003]. Wiadomo, ze na
starzenie si¢ drozdzy wplywa wiele czynnikow, w tym miedzy innymi ograniczenie
kalorii [Kaeberlein i in. 2005], zwiazki przeciwstarzeniowe [Stepien i in. 2020; Czachor
I in. 2020; Kwong i in. 2021], zaburzenia biogenezy rybosomow [Steffen i in. 2008;
Borkiewicz i in. 2019; Moton i in. 2020], dysfunkcja mitochondriow [Delaney i in. 2013],
czy zwigkszony poziom reaktywnych form tlenu, prowadzacy do uszkodzen
oksydacyjnych [Ludovico i Burhans 2014] lub tworzenia si¢ pozachromosomalnych
kotek rDNA (ERCs) [Sinclair i in. 1997; Moton i in. 2018].

Zaburzenia na poziomie replikacji DNA sa takze czesto wymieniane jako potencjalne
czynniki determinujace proces starzenia. Jednak wcigz niewiele wiadomo na temat
bezposredniego zwigzku migdzy inicjacjg replikacji a starzeniem. Dlatego gtownym
celem niniejszej pracy byta analiza wptywu redukcji liczby kopii genow kodujacych
biatka zaangazowane w proces inicjacji replikacji DNA na procesy starzenia w modelu
replikacyjnego oraz chronologicznego starzenia drozdzy S. cerevisiae.

W badaniach wykorzystano heterozygotyczne mutanty w tle genetycznym szczepu
referencyjnego BY4743. Wybor uktadu heterozygotycznego podyktowany byl faktem,
ze wszystkie z analizowanych gendéw sg niezbedne do przezycia (essential genes), a zatem
delecja obu ich kopii jest letalna. Na potrzeby niniejszej pracy szczepy heterozygotyczne
dla kompleksu ORC oznaczono jako ORC/orcA, dla kompleksu CMG jako CMG/cmgA,
natomiast heterozygoty posiadajace tylko jedna funkcjonalng kopi¢ genow kodujacych
niezbg¢dne bialtka replikacyjne, takie jak Cdc6, Dbf4, Sld3, Sld7, SId2 1 Mcm10 jako
szczepy lowPICC (szczepy z nizszg kontrolg pre-1C).
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4. Cele pracy

Celem pracy wykonanej w ramach przygotowania rozprawy doktorskiej byto:

Okreslenie wplywu zaburzen inicjacji  replikacji DNA na starzenie
heterozygotycznych mutantow drozdzy S. cerevisiae w modelu replikacyjnego
oraz chronologicznego starzenia.

Okres$lenie poziomu transkryptow mRNA gendw zaangazowanych w inicjacje
replikacji DNA u heterozygot ORC/orcA, CMG/cmgA oraz lowPICC.
Weryfikacja wptywu zaburzen inicjacji replikacji DNA na tempo wzrostu oraz
cykl komoérkowy u analizowanych heterezygot.

Okreslenie wptywu zaburzen inicjacji replikacji DNA na sktad biochemiczny
komorki (biochemiczny odcisk palca) w zakresie polisacharydow, biatek, lipidow
oraz kwasow nukleinowych, jak rowniez ich korelacji z parametrami

starzeniowymi.
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Hipotezy

Zaburzenia inicjacji replikacji DNA maja istotny wplyw na starzenie replikacyjne
i chronologiczne drozdzy S. cerevisiae.

Obnizenie liczby kopii genéw zaangazowanych w inicjacje¢ replikacji DNA
ma kluczowy wptyw na potencjat reprodukcyjny komorki.

Zaburzenia inicjacji replikacji DNA powoduja wydluzenie tempa wzrostu
1 zmiany na poziomie cyklu komérkowego.

Zaburzenia inicjacji replikacji DNA maja wptyw na sktad makroczasteczek

komorki w zakresie polisacharydow, biatek, lipidow oraz kwasow nukleinowych.
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6. Materialy i metody

6.1. Szczepy uzyte w badaniach

Do badan wykorzystano heterozygotyczne komorki drozdzy Saccharomyces
cerevisiae w tle genetycznym szeroko wykorzystywanego szczepu referencyjnego
BY4743. Wybor takiego uktadu byl podyktowany faktem, ze delecja obu kopii genu jest
letalna w przypadku wszystkich analizowanych genéw zaangazowanych w proces

inicjacji replikacji.

Tab. 1 Szczepy drozdzy wykorzystane w pracy

YPR0O19w::kanMX4/YPRO19w

Szczep Genotyp Zrodto

BY4743 a/a BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

Typ dziki lys2AO/LYS2; MET15/met15A0; ura3A0/ura3A0 Biosystems

ORCl1/orcl BY4743; Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Open

YMLO65W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YMLO65w: :kanMX4/YMLO65w

ORC2/orc2 BY4743; Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Open

YBRO060C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YBRO060c::kanMX4/YBR060c

ORC3/orc3 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2AO0; Open

YLLO04W lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YLLOO4w::kanMX4/YLLOO4w

ORC4/orc4 BY4743; Mat a/a; his3AL1/his3A1; leu2A0/leu2A0; Open

YPR162C lys2A0Q/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YPR162c::kanMX4/YPR162c

ORC5/orc5 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2AO0; Open

YNL261W lys2A0Q/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YNL261w::kanMX4/YNL261w

ORC6/orc6 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2AO0; Open

YHR118C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YHR118c::kanMX4/YHR118¢c

CDC45/cdc45 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YLR103C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YLR103c::kanMX4/YLR103c

MCM2/mcm2 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YBL023C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YBLO023c::kanMX4/YBL023c

MCM3/mecm3 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YELO32W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YELO32w::kanMX4/YELQ032w

MCM4/mcm4 BY4743; Mat a/a; his3A1/his3D1; leu2A0/leu2A0; Open

YPRO19W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
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MCM5/mcm5 BY4743; Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Open

YLR274W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YLR274w::kanMX4/YLR274w

MCM6/mcm6 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YGL201C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YGL201c::kanMX4/YGL201c

MCM7/mcm7 BY4743; Mat a/a; his3AL1/his3A1; leu2A0/leu2A0; Open

YBR202W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YBR202w: :kanMX4/YBR202w

PSF1/psf1l BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Open

YDRO13W lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YDRO013w: :kanMX4/YDR013w

PSF2/psf2 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2AO0; Open

YJLO072C lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YJLO72c::kanMX4/YJLO72¢c

PSF3/psf3 BY4743; Mat a/a; his3AL1/his3AL; leu2A0/leu2A0; Open

YOL146W lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YOL146w::kanMX4/YOL146w

SLD5/sld5 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YDR489W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YDR489w: :kanMX4/Y DR489w

CDC6/cdc6 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YJL194W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YJL194w::kanMX4/YJL194w

DBF4/dbf4 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Open

YDRO052C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YDRO052c::kanMX4/YDR052¢c

SLD3/sld3 BY4743; Mat a/a; his3Aeu2A0/leu2A0; lys2A0/LYS2; | Open

YGL113W MET15/met15A0; ura3A0/ura3A0; Biosystems
YGL113w::kanMX4/YGL113w

SLD7/sld7 BY4743; Mat a/a; his3AL1/his3A1; leu2A0/leu2A0; Open

YORO060C lys2DO/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YORO060c::kanMX4/YOR060c

SLD2/sld2 BY4743; Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Open

YKL108W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YKL108w::kanMX4/YKL108w

MCM10/mcm10 | BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Open

YIL150C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
YIL150c::kanMX4/Y1L150c

BY4743 a/a BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.

pWJ1344 lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0 2020; Stepien i
[RAD52-YFP, LEU2] in. 2024b

ORCl/orcl BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2AO0; Stepien i in.

YMLO65W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2020

pWJ1344 YMLO65w: :kanMX4/YMLO65w [RAD52-YFP, LEUZ2]

ORC2/orc2 BY4743; Mat a/a; his3AL1/his3AL; leu2A0/leu2A0; Stepien i in.

YBRO060C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2020

pWJ1344 YBRO60c::kanMX4/YBR060c [RAD52-YFP, LEU2]
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ORC3/orc3 BY4743; Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Stepien i in.
YLLO04W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2020
pWJ1344 YLLOO4w: :kanMX4/YLLOO4w [RAD52-YFP, LEUZ2]
ORC4/orc4 BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Stepien i in.
YPR162C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2020
pWJ1344 YPR162c::kanMX4/YPR162c [RAD52-YFP, LEU2]
ORC5/orch BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YNL261W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2020
pWJ1344 YNL261w::kanMX4/YNL261w [RAD52-YFP, LEU2]
ORC6/orc6 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YHR118C lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; 2020
pWJ1344 YHR118c::kanMX4/YHR118c [RAD52-YFP, LEU2]
CDC6/cdc6 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YJL194W lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
pWJ1344 YJL194w::kanMX4/YJL194w [RAD52-YFP, LEU2]
DBF4/dbf4 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YDRO052C lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
pWJ1344 YDRO052c::kanMX4/YDR052c[RAD52-YFP, LEU2]
SLD3/sld3 BY4743; Mat a/a; his3Aeu2A0/1eu2A0; lys2A0/LYS2; | Stepien i in.
YGL113 MET15/met15A0; ura3A0/ura3A0; 2024b
pWJ1344W YGL113w::kanMX4/YGL113w [RAD52-YFP, LEU2]
SLD7/sld7 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YORO06 lys2DO/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
pWJ13440C YORO060c::kanMX4/YOR060c [RAD52-YFP, LEU2]
SLD2/sld2 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YKL108W lys2A0Q/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
pwWJj1344 YKL108w::kanMX4/YKL108w [RAD52-YFP, LEU2]
MCM10/mecm10 | BY4743; Mat a/a; his3A1/his3A1; leu2A0/l1eu2A0; Stepien i in.
YIL150C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
pWJ1344 YIL150c::kanMX4/Y1L150c [RAD52-YFP, LEU2]
BY4743 a/a BY4743; Mat a/a; his3A1/his3AL; leu2A0/leu2A0; Stepien i in.
YTE32 lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0 2024b

RFA1/RFAL1-YFP::LEU2
CDC6/cdc6 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YJL194W lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
YTE33 YJL194w::kanMX4/YJL194w RFA1/RFA1-

YFP::LEU2
DBF4/dbf4 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YDRO052C lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
YTE34 YDRO052c::kanMX4/YDR052¢c RFA1/RFA1-

YFP::LEU2
SLD3/sld3 BY4743; Mat a/a; his3Aeu2A0/leu2A0; lys2A0/LYS2; | Stepien i in.
YGL113W MET15/met15A0; ura3A0/ura3Ao0; 2024b
YTE37 YGL113w::kanMX4/YGL113w RFA1/RFA1-

YFP::LEU2
SLD7/sld7 BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2AO0; Stepien i in.
YORO060C lys2DO0/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
YTE38 YORO060c::kanMX4/YOR060c RFA1/RFAL-

YFP::LEU2
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SLD2/sld2 BY4743; Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Stepien i in.
YKL108W lys2A0/LYS2; MET15/met15A0; ura340/ura3A0; 2024b
YTE36 YKL108w::kanMX4/YKL108w RFA1/RFA1-
YFP::LEU2
MCM10/mcm10 | BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0; Stepien i in.
YIL150C lys2AQ/LYS2; MET15/met15A0; ura3A0/ura3A0; 2024b
YTE35 Y1L150c::kanMX4/YIL150c RFA1/RFAL1-YFP::LEU2
ndt80A/ndt80A Mat a/a; his3A1/his3A1L; leu2A0/leu2A0; Open
lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; Biosystems
yhri24w:: kanMX4/ yhr124w:: kanMX4

6.2. Warunki wzrostu

Komorki drozdzy hodowano w standardowym, bogatym podtozu YPD (1 % ekstrakt
drozdzowy, 1 % pepton, 2 % glukoza) przy uzyciu wytrzgsarki obrotowej (150 obr./min.)
lub na statej pozywce YPD wzbogaconej 2% agarem. Doswiadczenia przeprowadzono

w temperaturze 28°C.

Do analizy chronologicznej dtugosci zycia (CLS) zastosowano pozywke SDC (synthetic
complete dextrose), ktora sktadata si¢ z 0,67% YNB (yeast nitrogen base) (bez
aminokwasow) i 2% glukozy. Podtoze zostato dodatkowo suplementowane L-histydyna
(60 mg/L), L-leucyng (180 mg/L) i uracylem (60 mg/L) zgodnie z wymaganiami
auksotroficznymi analizowanego tta genetycznego BY4743.

6.3. Analiza kinetyki wzrostu komoérek

Testy wzrostu przeprowadzono w plynnym podiozu. Zawiesiny komorek drozdzy
inkubowano w temperaturze 28°C przez 12 godzin z cigglym wytrzasaniem (przy uzyciu
inkubatora Heidolph 1000 przy 1200 obr./min). Kinetyke wzrostu oceniano mierzac
absorbancje przy A = 600 nm przy uzyciu czytnika mikroptytek Anthos 2010 typ 17550
w odstepach 2-godzinnych przez okres 12 godzin. W drugim podej$ciu okreslano gestos¢
komorek na mL hemocytometrycznie przy uzyciu komory Malassez (Carl Roth, Lauda-

Konigshofen, Niemcy).

6.4. OkreSlenie Sredniego czasu podwojenia

Dla kazdego analizowanego szczepu obliczono $redni czas podwojenia, zgodnie
Z wczesniej opisang metodyka [Moton i in. 2016]. Czas podwojenia okre$lono podczas
rutynowej analizy potencjatu reprodukcyjnego komorek. Nie uwzgledniono czasow

dwoch pierwszych cykli reprodukcyjnych (czasy pierwszego i drugiego podwojenia

23



sg znacznie dhuzsze niz w przypadku starszych komorek). Dane reprezentuja srednie
wartos$ci z dwoch niezaleznych eksperymentow (w kazdym eksperymencie wykorzystano
45 komorek) wraz z odchyleniem standardowym (SD). Wartosci uznano za istotne
statystycznie przy p < 0,001, stosujac jednoczynnikowg analizg wariancji (ANOVA)

z testem post hoc wielokrotnego poréwnania (test Dunnetta).

6.5. Test wydajnosci sporulacji

Heterozygotyczne komorki analizowanych szczepow hodowano w podtozu YPD,
optukano dwukrotnie w sterylnym buforze PBS, a nast¢pnie umieszczono w pozywce
do sporulacji zawierajacej 0,1% ekstraktu drozdzowego, 1% octanu potasu, 0,05%
glukozy, 2% agaru na 14 dni w temperaturze 28°C [Krol i in. 2018]. Komorki nastepnie
zawieszono w sterylnej wodzie. Komorki oraz spory zliczano hemocytometrycznie przy
uzyciu komory Malassez (co najmniej 300 na probke). Srednia i SD obliczono z danych
dla co najmniej trzech niezaleznych hodowli kazdego z analizowanych szczepow.
Wydajno$¢ sporulacji analizowanych heterozygot wyrazono procentowo w poréwnaniu

z wydajnoscia sporulacji szczepu referencyjnego BY4743.

6.6. Pomiar aktywnos$ci metabolicznej komorek

Aktywno$¢ metaboliczng komoérek drozdzy oznaczono za pomoca markera
fluorescencyjnego FUN-1 zgodnie z protokotem producenta (Molecular Probes, Eugene,
OR, USA) z niewielkimi modyfikacjami [Kwolek-Mirek i Zadrag-Tecza 2014].
Fluorescencje zawiesiny komorek mierzono po 15 minutach inkubacji w ciemnos$ci
1 w temperaturze 28°C przy uzyciu czytnika mikroplytek TECAN Infinite 200 (Grodig,
Austria) przy Aex =480 nm i kem = 520 nm. Aktywno$¢ metaboliczng komorek wyrazono
jako zmiane¢ stosunku fluorescencji czerwonej (A = 575 nm) do zielonej fluorescencji
(A = 535 nm). Srednig i SD obliczono na podstawie danych z co najmniej czterech
niezaleznych eksperymentéw dla kazdego szczepu.
Sonda FUN1 wnika do komorki barwiac jej cytoplazme, co jest obserwowane jako
zielona fluorescencja. Zywe komorki metabolizuja barwnik, co powoduje powstawanie
struktur w ich wakuolach, obserwowanych jako fluorescencja czerwona, i jednoczes$nie
prowadzi do zmniejszenia sygnatu zielonej fluorescencji z cytoplazmy. Zatem czym

wyzsza aktywno$¢ metaboliczna komorki, tym wigksze przesuniecie fluorescencii
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w Kierunku widma czerwonego. Komorki martwe nie wykazuja struktur 0 czerwonej

fluorescenciji.

6.7. Analiza cyklu komorkowego i zawartosci DNA metodg cytometrii
przeplywowej

Komorki hodowano do ODeoonm 0,3-0,5 i 1 mL hodowli zebrano przez odwirowanie,
przemyto woda, a nastgpnie utrwalono schtodzonym (-20°C) 70% etanolem (Polmos,
Warszawa, Polska) przez 2 godziny w temperaturze pokojowej. Utrwalone komorki
nastgpnie przemyto dwukrotnie buforem FACS 0,2 MTris-HCI (Sigma-Aldrich,
Burlington, MA, USA), pH 7,4, 20 mM EDTA (Merck, Darmstadt, Niemcy)
i inkubowano przez 2 godziny w temperaturze 37°C w buforze FACS z dodatkiem
1 mg/mL RNazy A (Sigma-Aldrich, Burlington, MA, USA) w celu wyeliminowania
RNA. Komorki nastgpnie przemyto solg fizjologiczng buforowang fosforanami (PBS)
1 barwiono przez noc w temperaturze 4°C w ciemnosci przy uzyciu 100 pL roztworu
jodku propidyny (50 ug/mL w PBS; Calbiochem, San Diego, Kalifornia, USA).
Po dodaniu 900 pL PBS komorki sonikowano trzy razy (po 10 s) w tazni ultradzwiekowej
Branson 2800 (Branson Ultrasonic Corporation, Danbury, CT, USA), przed analiza
zawartosci DNA FACS. Analiz¢ przeprowadzono przy uzyciu analizatora FACS Calibur
(Becton-Dickinson, Franklin Lakes, NJ, USA). W pojedynczym tescie zliczono ogotem
10 000 komorek.

Analizg FACS wykorzystano w dwoch testach. Pierwszy do oceny zmian na poziomie
cyklu komorkowego analizowanych heterozygot oraz do analizy zmian zawartosci DNA
podczas analiz starzenia chronologicznego. W kazdym przypadku przeprowadzono
co najmniej trzy niezalezne powtorzenia biologiczne dla kazdego szczepu i w wybranych
punktach czasowych podczas testu CLS. Komorki analizowano pod katem zawartosci
DNA 1 wielkosci komorek, wykorzystujac odpowiednio kanaty FL2 1 FSC.
Reprezentatywne histogramy zostaty zaprezentowane w pracy.

Obliczono $redni procent komoérek w fazach Gl, S i G2 cyklu komoérkowego
z co najmniej trzech niezaleznych powtdérzen biologicznych i obliczono réwniez
odchylenie standardowe (SD). Zastosowanie dwoch szczepoéw  kontrolnych,
haploidalnego i diploidalnego, umozliwito bramkowanie komoérek w odpowiedniej fazie

cyklu komorkowego.
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6.8. Barwienie mitochondrialnego DNA za pomoca DAPI w tescie in vivo

Komorki z wezesnej fazy wyktadniczej hodowano w ciemnos$ci przez dodatkowg
1 godzing w temperaturze 28°C z wytrzgsaniem z dodatkiem 4',6-diamidyno-2-
fenyloindolu (DAPI; Invitrogen) do koncowego stezenia 1 pg/mL. Nastgpnie komorki
odwirowano (800 g), przemyto dwukrotnie PBS, zawieszono w 50 uL PBS i umieszczono
na szkietku mikroskopowym. Obrazowanie przeprowadzono przy uzyciu aparatu
cyfrowego Zeiss AxioCam 807c (Zeiss, Oberkochen, Niemcy), zamontowanego
na mikroskopie fluorescencyjnym Zeiss Axio Imager.M2 obstugiwanym przez
oprogramowanie Zeiss ZEN, stosujac DIC (dla jasnego pola) oraz filtr Zeiss 49
(dla DAPI).

Analizg sygnalow fluorescencyjnych mtDNA przeprowadzono podobnie do analizy
ognisk Rfal opisanej ponizej. Przygotowano maski binarne dla komorek i sygnatow
mtDNA (po wczesniejszej] dekonwolucji) 1 wykorzystano je do segmentacji.
Intensywno$¢ sygnatow fluorescencyjnych obliczono poprzez konwersj¢ masek
binarnych mtDNA na obszary zainteresowania w oprogramowaniu Fidzi i obliczenie
sredniej warto$ci zintegrowane] gestosci (suma intensywno$ci pikseli na danym
obszarze) dla kazdego zestawu surowych obrazow. W kazdym z trzech powtdérzen
biologicznych analizowano co najmniej 200 komorek, za$ $rednio na kazdy szczep
przeanalizowano okoto 900 komorek. Dla kazdego szczepu zliczano dane dotyczace

catego mtDNA. Istotnos$¢ statystyczng obliczono za pomocg testu t Welcha.

6.9. lzolacja RNA i analiza RT-gPCR

Do ekstrakcji mRNA uzyto zestawu do izalacji RNA z drozdzy RiboPure RNA
Purification Kit (Invitrogen, Waltham, MA, USA; AM1926) zgodnie z instrukcjami
producenta. Do ekstrakcji mRNA z catonocnych hodowli zebrano 2 x 107 komérek.
Jako$¢ 1 wydajno$¢ RNA sprawdzano za pomocg czytnika TECAN Infinite 200. Probki
przechowywano w stezeniu 300 pg/uL w porcjach po 5 mg w temperaturze -80°C.
Jako$¢ probek okreslono analizujac stezenie RNA (260 nm) 1 jego czysto$¢ (280/230 nm)
w 20-krotnie rozcienczonym roztworze kazdej probki w wodzie wolnej od nukleaz
na spektrometrze UV-1800 (Shimadzu, Tokio, Japonia). Aby usunaé resztkowe
kompleksy dsDNA, ssDNA i RNA-DNA, probki inkubowano przez 30 minut
w temperaturze 37°C (TBD-100, Biosan, Ryga, L.otwa) z 50 U DNAazy wolnej od RNazy
(10 U/uL, A&A Biotechnology, Gdynia , Polska) w buforze zawierajagcym 50 mM
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Tris-HCI (pH = 8,0) i 5 mM MgClz. Po 5 minutach inkubacji reakcje zatrzymano przez

ogrzewanie w temperaturze 75°C, a nastgpnie ochlodzenie do 4°C.

Odwrotng transkrypcj¢ przeprowadzono w dwodch etapach. Synteze pierwszej nici
przeprowadzono przy uzyciu zestawu TranScriba Kit (A&A Biotechnology, Gdynia,
Polska) w termocyklerze MasterCycler® (Eppendorf, Hamburg, Niemcy) w nastgpujacy
sposob: srednio 1026 pg (6 = 0,015) RNA z kazdej probki inkubowano z 1 uL startera
oligo(dT)18 w 65°C przez 5 min w lgcznej obj¢tosci 9,5 uLL (woda wolna od nukleaz),
a nastepnie schtodzono do temperatury 4°C. Po dodaniu mieszaniny reakcyjnej
sktadajacej si¢ z 4 uL 5x buforu reakcyjnego, 0,5 pL inhibitora RNazy (40 U/uL), 2 uL
dNTP (10 mM) i1 4 pL rekombinowanej odwrotnej transkryptazy MMLV (20 U/uL)
cato$¢ uzupetniono sterylng woda do 20 pL, reakcje prowadzono w temperaturze 42°C
przez 60 min, nast¢gpnie zatrzymano w 70°C na 5 min, a otrzymany cDNA
przechowywano w -20°C do dalszej analizy. W drugim etapie zmierzono wzglgdng liczbe
transkryptow za pomoca ilosciowej reakcji PCR w aparacie Light Cycler® 96 (Roche,
Bazylea, Szwajcaria). Mieszanina reakcyjna sktadata si¢ z: 7,5 pL RT PCR Mix
SYBR ® A (Taq 0,1 U/uL, MgCl2 4 mM, 0,5 mM kazdego dNTP w 2 x buforze
reakcyjnym zawierajacym SYBR ® Green, A&A Biotechnology, Gdynia, Polska),
0,56 uL kazdego startera (10 mM, Genomed, Warszawa, Polska, Tab. 2), 0,75 uL cDNA
(wcze$niej rozcienczonego w stosunku 1:5 w sterylnej wodzie), calos¢ uzupetniono
do 15 pL sterylng woda. Reakcje¢ przeprowadzono przy nastgpujagcym profilu
termicznym: wstepna denaturacja przez 180 s w temperaturze 95°C, nastepnie 40 cykli
obejmujacych denaturacje w temperaturze 95°C przez 30 s, przylaczanie starteréw
w temperaturze 55°C przez 30 s 1 wydtuzanie starterow w temperaturze 72°C. °C przez
30 s przy pojedynczym pomiarze. Kazda reakcje zakonczono poprzez analiz¢ topnienia
produktéw o nastepujacym profilu termicznym: 95°C przez 10 s, 65°C przez 60 s,
nastepnie do 97°C z 5 odczytami/°C. Kazda probke poddano obrobce w co najmniej
dwoch powtorzeniach biologicznych i trzech powtoérzeniach technicznych, a reakcje PCR
przeprowadzono w obecnosci kontroli negatywnej z odczynnikiem i kontroli pozytywne;j
z DNA drozdzy. Potencjalne zanieczyszczenie izolatow RNA DNA wykluczono poprzez
wstepng reakcje PCR ze starterami ACT1, ktére nastgpnie rozdzielono metoda poziome;j
elektroforezy zelowej. Calo$¢ analizy przeprowadzono zgodnie z zasadami dobrej

praktyki postepowania z RNA.
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Tab. 2 Startery wykorzystane w analizie RT-gPCR

Nazwa | Starter 5'- >3’ (F) Starter 5'- > 3’ (R)

genu

ACT1 AAGCTTTGTTCCATCCTTCT GTACCACCGGACATAACG
ORC1 TGGGTATACGCACGAAGAGC TCTCACGTCTTCAGGCAAC
ORC2 ATTACGCTCCGCTCCTCTG CTTCAGCACCACTGCTGGTA
ORC3 ACTGAGCAGATGTCCTACATTCA | GCCCGTTAATCGGGTTCTCT
ORC4 | AGCTCGTCTATCACCGCAAG CCAGGGTCGCTGTCTTTACA
ORC5 GGATTCCTCACGAAGTGCAGA GGTAGAGCTGCTTATGGACG
ORC6 | AACCAGGAAACGACGGTTTG TTGTTTCGTTCTCCCCGCTTC
CDC45 | TAAATTGCTTGAACTGGACG TCATCTTCGTCTTCTTCGTC
MCM2 | GCAAAGACGAAGAAGGAGAA ATTCCGAGTAACTGTTAGCC
MCM3 | CTTGGAAGCTTTCGTTCAAA GTGGACAGATCTGATAAGCT
MCM4 | GTACCAACGTCAGTATCCAG GTATAGTTCTTCGTCGGTAGT
MCM5 | TTTGGATTCTGAACACGTCT TGTTGTGTGTCTGCAATTTC
MCM6 | CATGAGAGAAAATGGTGCTC ACCTTCGGATCTCTTCAATG
MCM7 | GGAGACTGAGGAATGAGAGA TCAGTTTCATCCTCGACAAC
PSF1 TTTATCCGGCTCTTTAGTGC ATCAGACTGCCTTACGAAAA
PSF2 GGTTCTTTGGATCGCTCTAT CGGCAACTCACTAAACCTAT
PSF3 AGAACCTGTACCTTTTGTGG TGGCTAGACTGAAGAAATGC
SLD5 GCCTATGCCTAACGAATCTA ATTGGCGCAAATAAAGTGAG
CDC6 | TTTGTCCTGGTTTGAATTGC TTTATTTGCAATGTTGGGCC
DBF4 AAGCGTCATGAGTAAGAACA CTGTGTCTATTTTCCTTTGATGT
SLD3 CAGACCCTAAAGAGTACATAGAA | TTTGTAACTGTCACTTCCGT
SLD7 ACAACAATCTCAACAAAGGAAG | GGAGGCCACCCAAAATTAG
SLD2 GTGAAACGCCAATTAAACTTTC GTGGAGGATTAATAGTTGGACT
MCM10 | CCGATAATCACAAACGAATTAGA | TAGGTGGGCGAATTTTAGC

6.10.0znaczanie czestotliwosci ognisk RadS2 i Rfal metoda mikroskopii

Test tworzenia ognisk Rad52-YFP przeprowadzono zgodnie z wczesniej opisang
metoda w [Krol i in. 2018] z drobnymi modyfikacjami. Badane szczepy transformowano
plazmidem pWJ1344 niosacym fuzje RADS2::YFP [Torres-Rosell i in. 2007].
Transformanty hodowano do fazy wyktadniczej (okoto 7 x 10° kom./mL) w ptynnej
pozywce YPD w temperaturze 28°C z wytrzasaniem. Pobrano porcje 1,5 mL kazdej
hodowli, odwirowano (1000 x g) i ponownie zawieszono w 30 uL 1 x PBS, a 3,5 uL
zawiesiny komorek umieszczono na szkietkach mikroskopowych w celu oceny odsetka
komorek spontanicznie tworzacych ogniska Rad52-YFP . Do pozostatej hodowli dodano
H202 do koncowego st¢zenia 1mM lub zeocyne do koncowego stezenia 100 pg/mL
1 komorki inkubowano przez dodatkowa godzing w tych samych warunkach. Nastepnie

zebrano porcj¢ szczepow traktowanych H20:2 lub zeocyna w celu zbadania odsetka

fluorescencyjnej
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komoérek tworzacych ogniska Rad52-YFP wywotane stresem. Obrazowanie
przeprowadzono przy 100-krotnym powigkszeniu w kanatach DIC i YFP mikroskopu
fluorescencyjnego Olympus BX-51 obstugiwanego przez oprogramowanie cellSens
Dimension i udokumentowano przy uzyciu kamery DP-72. Zliczono liczb¢ komorek
1 ognisk Rad52 w komorkach, a §redni procent komorek z ogniskami Rad52 obliczono
po przeszukaniu co najmniej 300 komodrek w kazdym z trzech powtorzen biologicznych,
co dalo taczng liczbe co najmniej 900 komoérek. Wyniki przedstawiono jako kwartyle
danych, ze $rednig, mediang, SD 1 warto$ciami p obliczonymi przy uzyciu testu t Welcha

dla dwoch probek.

Ogniska Rfal-YFP analizowano przy uzyciu podobnego schematu eksperymentalnego,
jak opisano powyzej, z ta réznica, ze zastosowano szczepy z fuzja RFA1-YFP::LEU2
w locus genomowym RFAL. Obrazowanie przeprowadzono przy uzyciu aparatu
cyfrowego Zeiss AxioCam MRc5 (Zeiss, Oberkochen, Niemcy), zamontowanego
na mikroskopie fluorescencyjnym Zeiss Axio Imager.M2 obstugiwanym przez
oprogramowanie Zeiss Axio Vision 4.8, przy uzyciu DIC (dla jasnego pola) i filtru 38HE
(dla YFP).

Poniewaz w przeciwienstwie do ognisk Rad52-YFP, ogniska Rfal-YFP rzadko
wystepuja pojedynczo na komorke, przyjeliSmy podtautomatyczne zliczanie ich liczby
zgodnie z metodologig zastosowang dla innego ogniska naprawczego Rad51-YFP
I opisang w [Antoniuk-Majchrzak i in. 2023]. W skrocie, liczbe ognisk Rfal-YFP
policzono za pomoca kilku programéw do przetwarzania obrazu w nastgpujacy sposob:
(1) maski binarne komodrek uzyskano za pomoca oprogramowania Cellpose
(RRID:SCR_021716, [Stringer i in. 2021]; (2) maski binarne ognisk Rfal wykonano
poprzez wstepne przetwarzanie obrazu w Fiji (ImageJ 2) ((RRID:SCR 002285,
[Schindelin i in. 2012]) z wtyczka MorphoLibJ [Legland i in. 2016]; (3) powstate obrazy
wykorzystano w celu wygenerowania masek prawdopodobienstwa za pomoca
segmentacji semantycznej w ilastik [Berg i in. 2019] (4), nastepnie zliczono wystgpienia
odpowiednich ognisk w obszarach poszczegbdlnych komoérek za pomoca programu
CellProfiler [Stirling i in. 2021]. Komoérki analizowano w kazdym z trzech powtorzen
biologicznych. Wyniki przedstawiono jako kwartyle danych, z zaznaczong $rednia,

mediang 1 SD. Istotno$¢ statystyczng wynikodw sprawdzono za pomocg testu t Welcha.
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6.11. Analizy starzenia replikacyjnego
Eksperyment prowadzono zgodnie z procedura opisang w [Moton i Zebrowski 2017].
Drozdze hodowano w bogatej pozywce YPD do fazy logarytmicznej. Nastepnie 10 uL
kazdej hodowli pipetowano na oddzielne szalki z podtozem YPD z dodatkiem barwnika
floksyny B w stezeniu 10 pg/mL. Dla kazdej proby poddano mikromanipulacji
45 pojedynczych komorek. Analiza zostata okreslona przez mikromanipulacj¢ za pomoca
mikroskopu optycznego Nikon Eclipse E200 z dolagczonym mikromanipulatorem.
6.11.1. Okreslenie potencjalu reprodukcyjnego komoérek
Liczba paczkéw utworzonych przez kazda komoérke zostala wykorzystana
do okreslenia jej potencjatu reprodukcyjnego. Wyniki prezentuja pomiary
wykonane dla co najmniej 90 analizowanych komorek, w dwoch niezaleznych
powtdrzeniach biologicznych.
6.11.2. Okreslenie calkowitej dlugosci zycia
Calkowita dhugos¢ zycia to dhugos¢ zycia pojedynczej komorki drozdzy
wyrazona w jednostkach czasu i zostata obliczona jako suma dhugosci zycia
reprodukcyjnego (czas miedzy pierwszym a ostatnim paczkowaniem)
i dhlugosci zycia po reprodukcyjnego (czas od ostatniego paczkowania
do $mierci). Floksyna B wybarwiata komoérki martwe na kolor rézowy,
co pozwolito na okreslenie calkowitego czasu zycia analizowanych komorek.
Podczas mikromanipulacji szalki utrzymywano w temperaturze 28°C przez
15 godzin i w temperaturze 4°C w nocy. Eksperyment prowadzono
do momentu $mierci ostatniej analizowanej komorki. Wyniki prezentuja
pomiary wykonane dla co najmniej 90 analizowanych komorek, w dwoch

niezaleznych powtorzeniach biologicznych.

6.12. Analizy chronologicznej dlugosci zycia

Chronologiczng dlugos¢ zycia komoérek inkubowanych w pozywce minimalnej
(SDC) mierzono w sposob opisany wczesniej [Czachor i in. 2020]. Drozdze hodowano
w SDC zawierajacej 0,67% YNB (Bacto) (bez aminokwasow) i 2% (w / v) glukozy,
uzupehionej L-histydyng (60 mg/L), L-leucyng (180 mg/L) ) i uracylem (60 mg/L).
Chronologiczng dtugo$¢ zycia monitorowano w pozywce SDC mierzac zywotnos¢
po 2,4, 7,14, 21 1 28 dniach hodowli. Do ilo$ciowego pomiaru przezycia zastosowano

barwienie jodkiem propidyny. Komorki zawieszano w PBS i barwiono fluorescencyjnie
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za pomoca 5 pg/mL jodku propidyny (Sigma-Aldrich, Burlington, MA, USA) przez 15
minut w ciemnosci W temperaturze pokojowej. Zdjecia sygnatow fluorescencyjnych
wykonano za pomocg mikroskopu Olympus BX-51 (Olympus, Tokio, Japonia)
wyposazonego w aparat cyfrowy DP-72 i oprogramowanie cellSens Dimension v1.0.
Martwe komorki byly widoczne w czerwonym kanale fluorescencji (Aex = 480 nm; Aem
= 520 nm). Dane reprezentuja $rednie wartosci z trzech niezaleznych eksperymentow.
Do analizy klonogennosci (CFU) we wskazanych punktach czasowych (dzien 2, 7, 14,
21 1 28) komorki pobrano z hodowli wyjsciowej, zliczono hemocytometrycznie przy
uzyciu komory Malassez, przemyto, rozcienczono i wysiano na szalkach z podtozem
bogatym YPD wzbogaconym 2% agarem. Szalki inkubowano 48 godzin w 28°C,

po czym zliczono CFU/mL.

6.13. Spektroskopia Ramana

Do pomiardéw spektroskopii Ramana wykorzystano spektrometr Nicolet NXR 9650
FT-Raman Spectrometer wyposazony w laser Nd:YAG (1064 nm) i1 detektor InGaAs.
Probki drozdzy liofilizowano. Widma Ramana mierzono przy mocy lasera 0,5 W
w zakresie od 250 cm™ do 2000 cm™ ; otrzymane widma usredniono z 64 skandw.
Srednica zastosowanej wiazki laserowej wynosita 50 um, a rozdzielczo$¢ widmowa
8 cmt. Widma Ramana przetwarzano za pomocg oprogramowania Omnic/Thermo

Scientific i programoéw OriginLab.

W celu wykazania podobienstwa szczepdw heterozygotycznych do analizy hierarchiczne;j
skupien drozdzy typu dzikiego (HCA) i analizowanych heterozygot zastosowano metode
skupien Warda. Metody te zastosowano w zakresach Ramana dla polisacharydow,
lipidow, biatek, RNA 1 kwasow nukleinowych. Do przeprowadzenia analizy
1 sporzadzenia wykresow wykorzystano program OriginLab.

Do zilustrowania korelacji pomigdzy skladem chemicznym w poszczegolnych
analizowanych szczepach drozdzy zastosowano analiz¢ glownych sktadnikow (PCA).
PCA to technika nieparametryczna stosowana do wydobywania informacji dotyczacych
podobienstw i réznic migdzy probkami. Metody te zastosowano w zakresach widm
Ramana odpowiadajacych polisacharydom, lipidom, biatkom i RNA. Analiz¢ i generacje

wykresow przeprowadzono przy uzyciu oprogramowania OriginLab.
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6.14. Analiza wrazliwosci komorek drozdzy wobec wybranych czynnikéw
stresowych przy uzyciu testu kropelkowego

Szczepy hodowane w ptynnej pozywce YPD nanoszono na szalki z pozywka YPD
zawierajgce wskazane stezenia analizowanych stresorow, tj. Calcofluor White, Congo
Red, SDS, chlorku sodu (NaCl), zeocyny lub kamptotecyny, a nastepnie inkubowano
przez 2 dni w temperaturze 28°C. Szok cieplny zastosowano poprzez ekspozycje
komorek na temperature 46°C przez 20 minut. Wzrost na szalkach z pozywka YPD bez
stresoréw stuzyt jako kontrola. Pokazano reprezentatywne wyniki z dwoch niezaleznych
eksperymentow. Kolory reprezentuja zdolno$¢ komorek analizowanych heterozygot
do wzrostu w danych warunkach. Kazdy ,,+” odzwierciedla wzrost kolonii w miejscu,

w ktorym umieszczono krople zawierajace odpowiednio 50 000, 5000, 500 1 50 komorek.

6.15. Analiza statystyczna

Wyniki reprezentuja $rednie wartoSci = SD dla wszystkich badanych probek
z co namniej dwodch niezaleznych eksperymentow. Roéznice miedzy WT
a  heterozygotycznymi  szczepami diploidalnymi oszacowano za pomocg
jednoczynnikowej analizy ANOVA i testow post hoc Dunnetta,, Wartosci uznano
za istotne, gdy p < 0,05. Analize statystyczng przeprowadzono przy uzyciu programu
Statistica 10.0, dla analiz tempa wzrostu, czasu podwojenia, wydajnosci sporulacji,
aktywnos$ci metabolicznej, parametréw mierzonych w starzeniu drozdzy, RT-gPCR. Dla
oceny korelacji pomigdzy parametrami starzenia w modelu replikacyjnego starzenia
drozdzy, a zawartoscig lipidow, biatek, kwasow nukleinowych
1 polisacharyddéw wykorzystano  wspolczynnik  korelacji Pearsona. Analize
przeprowadzono przy uzyciu programu Excel 2016. Dla spektroskopii Ramana
przeprowadzono analizy HCA i PCA przy uzyciu oprogramowania PAST 3.0 i Origin
2018. Dla analiz cyklu komoérkowego, zawarto§ci mtDNA oraz czgstosci wystepowania
ognisk Rad52-YFP i Rfal-YFP do oceny statystycznej wykorzystano oprogramowanie
OriginPro. W tym przypadku réznice migdzy WT, a heterozygotycznymi szczepami

diploidalnymi oszacowano za pomoca testow t-Studenta i t-Welcha.
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7. Wyniki
7.1. Wplyw delecji pojedynczej kopii genow zaangazowanych w inicjacje
replikacji DNA na tempo wzrostu, czestotliwo$¢ sporulacji oraz aktywnos¢

metaboliczna

Pierwszym etapem badan w ramach realizowanego projektu badawczego byto
porownanie kinetyki tempa wzrostu i $redniego czasu podwojenia komoérek szczepow
heterozygotycznych pozbawionych jednej kopii genéw kodujacych biatka zaangazowane
w proces inicjacji replikacji DNA. Oprécz rzeczywistej liczby komoérek w hodowli
ptynnej, standardowe wyniki pomiaréw gestosci optycznej (OD) zalezg réwniez
od morfologii komorek, tj. ich wielko$ci, przezroczystosci, ziarnistosci, czy grubosci
sciany komorkowej . Dlatego w analizie kinetyki tempa wzrostu zastosowano dwa
podejscia. Pierwsze z nich opiera si¢ na pomiarach zmian ggstosci optycznej hodowli
w czasie (Ryc. 4A, 5A i 6A). Z kolei druga metoda polegata na manualnym zliczaniu
gestosci analizowanych hodowli w wybranych punktach czasowych z wykorzystaniem
technik hemocytometrycznych (Ryc. 4B, 5B i 6B). Jak pokazano na rycinach 4A i B,
5A i B oraz 6A i B, prawie wszystkie analizowane heterozygoty wykazuja wolniejsze
tempo wzrostu w poréwnaniu ze szczepem referencyjnym niezaleznie od zastosowane;j

metody.
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Ryc. 4. Kinetyka wzrostu, czgstotliwo$¢ sporulacji oraz aktywno$¢ metaboliczna heterozygotycznych
szczepdw pozbawionych jednej kopii genu kodujacego podjednostke kompleksu ORC. Porownanie
krzywych wzrostu dla odpowiednich szczepoéw heterozygotycznych i kontroli WT (BY4743). Gestosé
hodowli okre§lono mierzac gesto$é¢ optyczng przy A = 600 nm (A) lub liczbe komérek na mL (B). Sredni
czas podwojenia dla tych samych szczepdéw co w (A) w okresie reprodukcji. Stupki btedow wskazuja
odchylenia standardowe (SD) z dwodch niezaleznych eksperymentow (C). Czestotliwos¢ sporulacji
heterozygotycznych szczepoéw drozdzy pod wzgledem genéw kodujacych podjednostki kompleksu ORC
i WT (BY4743) (D). Aktywnos$¢ metaboliczng komorek oszacowano za pomocg barwienia FUN-1. Dane
wyrazono jako $rednig £ SD z trzech niezaleznych powtorzen biologicznych. Stupki wskazujg SD (E).
Istotno$¢ statystyczng oceniano za pomoca testu ANOVA i testu post hoc Dunnetta (* p < 0,05;
**p<0,01; *** p <0,001) w porownaniu z WT.
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Powyzsze dane potwierdzaja analizy czasu podwojenia. Jak pokazano na Ryc. 4C, 5C
I 6C $redni czas podwojenia analizowanych komoérek byt istotnie statystycznie dluzszy
dla prawie wszystkich szczepéw w poréwnaniu z typem dzikim (WT). Wyjatek stanowit
czas podwojenia szczepu ORC6/0rc6A, ktory byt podobny do czasu podwojenia szczepu
typu dzikiego.

Sporulacja jest kluczowym procesem niezb¢dnym do przetrwania drozdzy
w warunkach naturalnych. Dlatego nast¢pnie zbadano wplyw zmniejszenia poziomu
bialek zaangazowanych w inicjacj¢ replikacji DNA na czestotliwo$¢ sporulacji.
Jak pokazano na Ryc. 4D, 5D oraz 6D prawie wszystkie testowane szczepy wykazaly
zmieniong wydajno$¢ sporulacji; jednakze tendencja tych zmian nie byla taka sama
w przypadku wszystkich heterozygot. Szczepy ORC2/orc2A, ORC5/orc5A
oraz MCM10/mcm10A miaty nizsza wydajno$¢ sporulacji w poréwnaniu ze szczepem
kontrolnym (Ryc. 4D i 6D). Brak pojedynczej kopii genu w ORC3 i ORC6 rowniez
prowadzil do zmniejszenia zdolnos$ci drozdzy do sporulacji, ale wynik ten nie byt istotny
statystycznie. Natomiast znaczace zmniejszenie, okoto 90%, wydajnosci sporulacji
zaobserwowano wylacznie w szczepie MCM2/mcm2A. Co ciekawe, szczepy
MCM7/mecm7A, PSF2/psf2A oraz DBF4/dbf4A wykazaty okoto 80% wzrost wydajnosci
sporulacji (Ryc. 5D i 6D). W przypadku innych szczepow, tj. ORC4/orcdA,
MCM3/mcm3A, MCM4/mem4A, MCM5/mecm5A,  MCM6/mcm6A,  PSF1/psflA,
PSF3/psf3A, SLD5/sld5A, CDC6/cdc6A i SLD2/sld2A odnotowano tagodng poprawe
wydajnosci sporulacji. Z kolei szczepy CDC45/cdc45A, SLD3/sId3A oraz SLD7/sld7A
charakteryzowaty si¢ wydajnoscia sporulacji na poziomie WT (Ryc. 6D). Podczas analiz
wydajnosci sporulacji wykonano rowniez dysekcje tetrad. Jak pokazano w publikacjach
realizowanych w ramach rozprawy doktorskiej, w przypadku wszystkich analizowanych
heterozygot, po dysekcji tetrad rosty jedynie dwie spory, co potwierdza, ze geny
zaangazowane w inicjacj¢ replikacji sa niezbedne do zycia (dane nie zostaly umieszczone

w autoreferacie).
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Ryc. 5. Kinetyka wzrostu, czestotliwo$¢ sporulacji oraz aktywno$¢ metaboliczna heterozygotycznych

szczepOw pozbawionych jednej kopii genu kodujacego podjednostke kompleksu helikazy CMG.

Poréwnanie krzywych wzrostu dla odpowiednich szczepow heterozygotycznych i kontroli WT (BY4743).

Ggstos¢ hodowli okreslono mierzac ggsto$¢ optyczna przy A = 600 nm (A) lub liczbe komoérek na mL (B).

Sredni czas podwojenia dla tych samych szczepow co w (A) w okresie reprodukcji. Stupki bledow wskazuja

odchylenia standardowe (SD) z dwodch niezaleznych eksperymentow (C). Czgstotliwo$¢ sporulacji

heterozygotycznych szczepow drozdzy pod wzgledem gendéw kodujacych podjednostki kompleksu CMG

i WT (BY4743) (D). Aktywnos¢ metaboliczng komoérek oszacowano za pomoca barwienia FUN-1. Dane

wyrazono jako $rednig = SD z trzech niezaleznych powtoérzen biologicznych. Shupki wskazujg SD (E).

Istotno$¢ statystyczna oceniano za pomocg testu ANOVA i testu post hoc Dunnetta (* p < 0,05;

**p<0,01; *** p<0,001) w porownaniu z WT.



Dodatkowo w przypadku biatek kodujacych sktadniki kompleksow ORC oraz CMG
wykonano analiz¢ aktywnos$ci metabolicznej. Do oceny aktywno$ci metabolicznej
badanych, heterozygotycznych szczepéw uzyto barwnika FUN-1. Aktywnos$¢
metaboliczng komoérek wyrazono jako zmiang stosunku fluorescencji czerwonej (A =575
nm) do zielonej (A = 535 nm). Im wyzszy byl stosunek fluorescencji czerwonej
do zielonej, tym wicksza aktywno$¢ metaboliczng wykazywaty badane komorki.
Komorki wigkszosci badanych szczepow wykazywaty tendencje do wyzszej aktywnosci
metabolicznej w porownaniu do WT. Jednakze wyniki te byly istotne statystycznie
jedynie dla szczepow ORC4/orc4dA, MCM2/mcm2A i MCM4/mecm4A (p < 0,05) oraz
szczepow MCM7/mecm7A 1 PSF1/psf1A (p < 0,01) (Ryc. 4E i 5E). W zwiazku z tym,
ze komorki kompleksu lowPICC nie wykazaty istotnych statystycznie zmian aktywnoS$ci

metabolicznej, wyniki nie zostaty zamieszczone w publikacji Stepien i in. 2024b.
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Ryc. 6. Kinetyka wzrostu, czgstotliwo$¢ sporulacji oraz aktywno$¢ metaboliczna heterozygotycznych
szczepow pozbawionych jednej kopii genu kodujacego czynniki biatkowe zaangazowane w proces inicjacji
replikacji DNA  (lowPICC). Poroéwnanie krzywych wzrostu dla odpowiednich szczepow
heterozygotycznych i kontroli WT (BY4743). Ggstos¢ hodowli okreslono mierzac ggstos¢ optyczng przy
A = 600 nm (A) lub liczbe komoérek na mL (B). Sredni czas podwojenia dla tych samych szczepow
co w (A) w okresie reprodukcji. Stupki btedéw wskazuja odchylenia standardowe z dwdch niezaleznych
eksperymentow (C). Wydajnos¢ sporulacji heterozygotycznych szczepdéw drozdzy pod wzgledem genow
kodujacych czynniki lowPICC i WT (BY4743) (D). Istotno$¢ statystyczng oceniano za pomoca testu
ANOVA i testu post hoc Dunnetta (* p < 0,05; ** p <0,01; *** p < 0,001) w pordwnaniu z WT.
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7.2. Wplyw zaburzen inicjacji replikacji DNA na cykl komorkowy

Nastepnie skierowaliSmy pytanie, czy brak jednej kopii genéw zaangazowanych
w inicjacje replikacji ma wptyw na cykl komérkowy. Przeprowadzono analizy metodg
cytometrii przeptywowej dla kompleksow ORC, CMG oraz lowPICC. Wiadomo,
ze podjednostki kompleksu ORC tworzg kompleks przed replikacja, dlatego spodziewano
si¢, ze brak jednej kopii genu ORC moze wpltywaé¢ na cykl komorkowy. Analiza
zawartosci DNA przeprowadzona metoda cytometrii przeptywowej wykazata zaburzenia
cyklu komorkowego u wszystkich analizowanych szczepow z grupy ORC/orcA. Zmiany
te byly gléwnie zwigzane z wydtuzeniem fazy G1 cyklu komérkowego. W konsekwencji
liczba komorek zatrzymanych w fazie G2 cyklu byta istotnie zmniejszona u wszystkich

szczepow tej grupy w poréwnaniu z kontrolg (Ryc. 7A i B).

WT ORC1/orc1A ORC2/orc24 ORC3/orc34 ORC4/orc4A ORC5/orc54 ORC6/orc6A
r L L u T o L li [
B HAPLOID
1 3 %
/ Fﬂt s21H B
ALY 2o
N M1=2c=G2 R [
/ s (83 oo |
= T —~ T T T 3 T
200 400 600 800 1000 o E | B8 : 61
FL2H 3 |
x § wng -
DIPLOID 5 | T =S
EX 2% .
7 M3=dc=c2 £z oih
A M2=$ g5 o
f = N ®
M1=2c=G1 N g § § £ 8§ S
e & 8 & & & &
0 200 400 800 800 1000 S) o [S) [S) (<) [S)

Ryc. 7. Analiza cyklu komorkowego diploidalnego szczepu drozdzy typu dzikiego BY4743
i izogenicznych szczepow heterozygotycznych ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/ orcéA,
ORCb5/orc5A i ORC6/orc6A. Komoérki pozbawione jednej kopii genu ORC wykazywaty opdznienie
przejscia G1/S (A). (B) Po lewej stronie warunki bramkowania stosowane do obliczenia liczby komorek
w poszczegdlnych fazach cyklu komoérkowego. Po prawej wynik kwantyfikacji trzech powtérzen

biologicznych.

W przypadku grupy szczepéw CMG/cmgA najbardziej zauwazalng zmiang
zaobserwowano rowniez w fazie G1 cyklu komérkowego. Komorki byly zatrzymane
w tej fazie we wszystkich szczepach z wyjatkiem SLD5/sIA5A i MCM3/mcm3A. Jednakze
szczep CDC45/cdc45A charakteryzowat si¢ takze wydtluzeniem fazy S, a szczep
MCM7/mecm7A wydtuzeniem fazy G2 (Ryc. 8A i B).
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Ryc. 8. Analiza cyklu komoérkowego diploidalnego szczepu WT (BY4743) i izogenicznych
heterozygotycznych szczepow CDC45/cdcd5A, MCM2/mem2A, MCM3/mecm3A, MCM4/mem4A,

MCMS5/mecm5A, MCM6/mcm6A, MCM7/mem7A, PSF1/psflA , PSF2/psf2A, PSF3/psf3A i SLD5/sId5A.
Komorki pozbawione jednej kopii genéw kodujacych podjednostki helikazy CMG wykazywaty niewielkie
opoéznienie w przejéciu G1/S. (A) Przedstawiono reprezentatywne histogramy z trzech powtdrzen
biologicznych. (B) Kwantyfikacja analizy cyklu komorkowego. Po lewej stronie histogramy szczepow
kontrolnych, BY4741 (haploidalny) i BY4743 (diploidalny), z warunkami bramkowania zastosowanymi
do obliczenia liczby komorek w poszczegolnych fazach cyklu komorkowego. Wykres po prawej stronie
przedstawia kwantyfikacje wynikow analizy cyklu komoérkowego. Obliczono procent komorek
w okreslonej fazie cyklu komoérkowego, biorac pod uwage czas generacji szczepdw i przedstawiono
w odniesieniu do WT. Pokazano wartos¢ srednia z pigciu powtodrzen biologicznych. Stupki wskazuja SD.
Istotnos¢ statystyczng w odniesieniu do fazy cyklu komorkowego kontroli WT oceniano za pomoca testu

t-Studenta (* p < 0,05; ** p < 0,01; *** p < 0,001).

Inicjacja replikacji musi by¢ $cisle kontrolowana, aby zapewni¢ precyzyjng duplikacje
catego genomu w kazdym cyklu komorkowym. Realizowane jest to gtownie poprzez
koordynacje pierwszych etapow replikacji DNA: rozpoznania ARS (autonomously
replicating sequence — sekwencja replikujaca si¢ autonomicznie), Sukcesywnego
budowania pre-IC i aktywacji replikacyjnej helikazy DNA. Dlatego kolejnym krokiem
pracy byla proba odpowiedzi na pytanie, czy i1 jak zmienia si¢ cykl komodrkowy

w komorkach szczepoéw, z tzw. grupy lowPICC. Jak pokazano na Rycinie 9A,
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u wicekszos$ci testowanych szczepéw wykryto niewielkie zatrzymanie komorek
analizowanych heterozygot w fazach G1 i S cyklu komorkowego. Obie fazy cyklu
komorkowego byly wydtuzone w szczepach CDC6/cdc6A, DBF4/dbf4A i SLD2/sId2A.
Z kolei w komorkach szczepu SLD3/sId3A faza G1 ulegta istothemu wydtuzeniu (o 27%),
natomiast faza S byla najbardziej wydluzona w szczepach SLD7/sld7A
I MCM10/mcm10A odpowiednio 0 43% i 45%.

Co ciekawe, jak pokazano na Rycinie 9B. analiza cytometrii przeptywowej wykazata
réwniez roznice w zawartoSci DNA pomiedzy testowanymi szczepami, Czego nie
obserwowano podczas analiz kompleksu ORC i CMG. Zaobserwowano takze znaczny

wzrost wielkosci komorek w populacji szczepu CDC6/cdc6A (Ryc. 9C).

Dane te sugeruja, ze réznice w tempie wzrostu analizowanych szczepoéw (Ryc. 4A i B,
5Ai B, 6A i B) nie wynikajg po prostu ze zmian dlugosci cyklu komorkowego, ale moga
mie¢ na to wplyw inne czynniki. Zaobserwowano nast¢pujacag regule: faza G1 byla
najbardziej wydtuzona w przypadku obnizenia ekspresji genow podjednostek ORC;
mniejszy efekt zaobserwowano w heterozygotach ze zmniejszong ekspresja podjednostek
kompleksu helikazy CMG, a jeszcze mniejszy, ale bardziej zr6znicowany (dotyczacy
zarowno fazy GI, jak i S cyklu komorkowego) efekt zaobserwowano dla szczepow

z grupy lowPICC.

40



f=-3
o

-
o

D
S

o
o

S
o

w
o

n
=

3

£
S
=N
=3
)
=il
g8
©
N8
&0
59!
=8
°.2
@ =
s g
=
°3
235
e
4
«gz
S
=
< >
o
o=
N
L9
- &
S
=

‘ G1
o PR . n mS
| mG2

WT  CDC6/cdc6A DBF4/dbféA SLD3/sld3A SLD7/sld7A SLD2/sld2A MCM10/mem10A

o

B
o
WT 0 M WT
— DBF4/dbf4A e # %\ — DBF4/dbf4/
® — CDC6/cdc6A 2o A — CDC6/cdc6A
S SLD7/sld7A 5 ® / ‘”MQ SLD7/sld74
8 — SLD2/sld2A 388 [ \ \ — SLD2sld24
— SLD3/sld3A & b — SLD3/sld34
MCM10/mem10A ™ / b MCM10/mcm10A
i — - B ' o . — - A e ‘
0 200 400 600 800 1000 0 200 400 600 800 1000
FL2-H FSC-H

Ryc. 9. Analiza cyklu komorkowego dla heterozygotycznych mutantéw lowPICC. Komorki WT (BY4743)
oraz izogeniczne heterozygotyczne szczepy DBF4/dbf4A, CDC6/cdc6A, SLD7/sld7A, SLD2/sld2A,
SLD3/sld3A i MCM10/mcm10A hodowano w temperaturze 28°C w pozywce YPD do fazy wyktadnicze;j,
nastepnie znakowano jodkiem propidyny, a zawarto§¢ DNA badano metoda cytometrii przeptywowe;.
(A) Kwantyfikacja wynikow analizy cyklu komorkowego. Obliczono procent komoérek w okre§lonej fazie
cyklu komoérkowego, biorac pod uwage czas generacji szczepow i przedstawiono w odniesieniu do WT.
Pokazano $rednig z trzech powtorzen biologicznych. Shupki wskazuja odchylenia standardowe. Istotnosé
statystyczng w odniesieniu do fazy cyklu komorkowego kontroli WT oceniano za pomocg testu t-Studenta
(* p < 0,05, ** p < 0,01). Pokazano zawartos¢ DNA (B) i wielkosci komoérek (C) (Srednia z trzech

powtdrzen biologicznych) szczepéw lowPICC w poréwnaniu z WT.

7.3. Analiza zawartosci mtDNA w szczepach lowPICC

Jak pokazano na Rycinie 9, podczas analiz z wykorzystaniem technik cytometrii
przeptywowej w szczepach lowPICC wykazano roznice w zawartosci DNA.
Powszechnie wiadomo, ze poziom mtDNA moze rowniez wplywa¢ na catkowita
zawarto$¢ komorkowego DNA. Dlatego nastgpnie postanowiono sprawdzi¢, czy
przyczyng tego fenotypu (réznic w ogdlnej zawartosci DNA) sg rdéznice w zawartosci
mtDNA. Jak zobrazowano na Rycinie 10, jedynie komorki szczepu SLD3/sId3A
wykazywaly zawarto§¢ mtDNA zblizong do obserwowanej w szczepie kontrolnym.

Z kolei szczepy DBF4/dbf4A, SLD2/sld2A i CDC6/cdc6A wykazaty akumulacje mtDNA.
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Co ciekawe, w szczepie DBF4/dbf4A zawartos¢ mtDNA wzrosta o 40%, a dla
SLD2/sld2A i CDC6/cdc6A odpowiednio 0 22% i 13,5% (Ryc. 10A, B). W szczepach
MCM10/mcm10A i SLD7/sld7A zaobserwowano odwrotny efekt; zawartos¢ mtDNA
spadta odpowiednio o 17% 1 11%.

A B
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Ryc. 10. Zmiany w zawarto$ci mtDNA w komorkach szczepow lowPICC. Kontrole WT i heterozygotyczne
szczepy DBF4/dbf4A, CDC6/cdc6A, SLD7/sld7A, SLD2/sld2A, SLD3/sId3A, MCM10/mecm10A hodowano
do fazy wyktadniczej i barwiono DAPI in vivo. Sygnat DAPI dokumentowano za pomocg mikroskopii
fluorescencyjnej. Nastepnie przeprowadzono segmentacje komorek i sygnatéw mtDNA na uzyskanych
zdjeciach oraz zmierzono zintegrowang gesto$¢ sygnaldéw mtDNA na komorke. (A) Reprezentatywna
ilustracja wynikow barwienia DAPI heterozygot lowPICC i przyktad segmentacji zarowno komorek jak
i sygnatu mtDNA. (B) Wykres przedstawiajacy ilosciowe wyniki intensywnosci sygnatu fluorescencyjnego
mtDNA wyswietlane jako $rednia zintegrowana gegsto$¢ segmentowanego sygnalu mtDNA na komorke
(tj. suma wartosci pikseli w obszarze segmentowanego mtDNA). Analizowano co najmniej 300 komorek
na kazde z trzech niezaleznych powtdrzen biologicznych. Ramki reprezentujg kwartyle danych. Poziome
linie w ramkach przedstawiajg warto$ci mediany. Kropka oznacza warto$¢ §rednig. Wasy reprezentujg
odchylenie standardowe ze wspotczynnikiem = 1,5. Istotno$¢ statystyczna wynikéw sprawdzono

za pomocg testu t Welcha. * p < 0,05, ** p < 0,01, *** p < 0,001.
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7.4. Analiza profilu ekspresji genow zaangazowanych w inicjacje replikacji
DNA w heterozygotycznych szczepach drozdzy

W zwigzku z brakiem jednej kopii gendw zaangazowanych w inicjacj¢ replikacji
DNA skierowano pytanie dotyczace realnego poziomu ekspresji tych genow
w heterozygotach. W idealnym $wiecie teoretycznie powinien on wynosi¢ 50%. Dlatego
nastgpnie oceniono poziom ekspresji gendéw kodujacych komponenty biatkowe
zaangazowane w inicjacje replikacji DNA w heterozygotycznych szczepach. W tym celu
przeprowadzono analiz¢ PCR w czasie rzeczywistym. Jak pokazano na Rycinie 11 brak
jednej kopii genow ORC1-6 doprowadzit do istotnego zmniejszenia ich ekspresji
(p < 0,05). Poziom ekspresji wszystkich analizowanych genéw ORC zostal obnizony
srednio 0 ponad 50%. Przy czym najwigksze zmiany zaobserwowano w szczepach
ORC3/orc3A i ORC5/orc5A, gdzie ekspresja odpowiedniego genu ORC zostata

zmniejszona o niemal 70% w poréwnaniu z WT.

=

=

(=]

- 10 e

2

K

g 08 +

2 07+

8 06t

2 05+

2

e 04 +

S 03+

> 0,51

s 02 + 0,38 0,40 0,40
2 014

)

@ 0.0

a < < < < <
g 3 3 3 3 g g
d>’.. o (=] (=] o (=] o
z = N & = v T
s O 8] 8] O O Q
— (04 (04 o o o 24
3 (@] (@] (@] (@] (@] (@]
o

Ryc. 11. Analiza RT-qPCR wykazata spadek ekspresji gendéw ORC w heterozygotycznych szczepach
ORClorcA. Wzgledny stosunek ekspresji ORC1, ORC2, ORC3, ORC4, ORC5 i ORC6 znormalizowany
do ACT1 i poziomu ekspresji w WT w odpowiednich szczepach heterozygotycznych obliczono dla
co najmniej dwoch powtorzen biologicznych i trzech powtorzen technicznych. Wszystkie wyniki byty

istotne statystycznie (p < 0,05).
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Eksperyment wykazal réwniez istotne statystycznie obnizenie (p < 0,05) ekspresji
wszystkich badanych genéw kodujacych biatka kompleksu CMG, w poréwnaniu z typem
dzikim, co zostalo pokazane na Rycinie 12. Najistotniejsze obnizenie ekspres;ji
zaobserwowano w genach odpowiedzialnych za kodowanie podjednostek kompleksu
GINS oraz w genie MCM2, ktory wykazat obnizenie ekspresji 0 ponad 50%

w poréwnaniu z WT.
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Ryc. 12. Analiza RT-gPCR wykazata spadek ekspresji genéw kodujacych sktadniki kompleksu CMG
w odpowiednich szczepach CMG/cmgA. Wzgledny stosunek ekspresji CDC45, MCM2, MCM3, MCM4,
MCM5, MCM6, PSF1, PSF2, PSF3, SLD5 znormalizowany do ACT1 i poziomu ekspresji w WT
w odpowiednich szczepach heterozygotycznych obliczono dla co najmniej dwoch powtdrzen

biologicznych i trzech powtdrzen technicznych. Wszystkie wyniki byly istotne statystycznie, p < 0,05.

Okreslono takze poziomy ekspresji odpowiednich genéw we  wszystkich
heterozygotycznych szczepach lowPICC w poréwnaniu z ich ekspresja w szczepie
referencyjnym (BY4743). Jak zostato zaprezentowane na Rycinie 13 wykazano istotne
statystycznie obnizenie (p < 0,05) ekspresji wszystkich testowanych gendéw
w odpowiednim szczepie grupy lowPICC w poréwnaniu z poziomem ekspresji tego
samego genu w szczepie WT. Najbardziej wyrazne obnizenie ekspresji zaobserwowano
dla genu MCM10 w szczepie MCM10/mcm10A.
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Ryc. 13. Analiza RT-gPCR wykazata spadek ekspresji genéw kodujacych biatka lowPICC w odpowiednich
szczepach lowPICC. Wzgledny stosunek ekspresji CDC6, DBF4, SLD3, SLD7, SLD2 i MCM10

znormalizowany do ACT1 i poziomu ekspresji w WT w odpowiednich szczepach heterozygotycznych

Poziomy ekspresji badanych genéw (loci) w stosunku do WT

DBF4/dbf4A

SLD3 /sld3A
SLD7/sld7A
SLD2/sld2A

CDCé6/cdcbA
MCM10/mcm10A

obliczono dla co najmniej dwoch powtorzen biologicznych i trzech powtorzen technicznych. Wszystkie

wyniki byty istotne statystycznie, p < 0,05.

7.5. Czestos¢ wystepowania ognisk Rad52-YFP oraz Rfal-YFP

Inicjacja replikacji jest kluczowym krokiem w zyciu proliferujacych komorek.
Ze wzgledu na to, ze we wezesniejszych analizach wykazano istotne opdznienie przejscia
pomiedzy fazami G1/S w heterozygotycznych szczepach ORC/orcA, co byto
prawdopodobnie spowodowane ograniczonym dostgpem do komponentéow ORC,
postanowiono odpowiedzie¢ na pytanie - czy zmniejszona dostgpnos¢ sktadnikow ORC
moze prowadzi¢ do zwigkszonych uszkodzeh DNA, gdy komorki sg narazone na stres
oksydacyjny? W tym przypadku, jako marker uszkodzen DNA, wykorzystano biatko
fuzyjne Rad52-YFP. Rekombinaza Rad52 jest rekrutowana do miejsc uszkodzen DNA,
odgrywajac kluczowa role podczas proceséw obejmujacych rekombinacj¢ homologiczna,
takich jak naprawa dwuniciowych pg¢knie¢ DNA, wigzanie jednoniciowych przerw
w DNA powstatych po replikacji, czy rekombinacj¢ mejotyczng [Mortensen i in. 2009].
Sprawdzono czgsto$¢ powstawania ognisk Rad52-YFP w szczepach ORC/orcA
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w warunkach kontrolnych (bez stresora) i po jednogodzinnym traktowaniu 1mM H»O»,
jako induktora stresu oksydacyjnego. Co ciekawe, w warunkach kontrolnych
zaobserwowano istotnie statystycznie zmniejszong liczb¢ komorek z ogniskami
Rad52-YFP w szczepie ORC2/orc2A (p < 0.001) w poréwnaniu do WT (Ryc. 14).
Po indukcji stresu oksydacyjnego liczba komorek z ogniskami Rad52-YFP byta istotnie
zwigkszona w szczepach ORC1/orclA i ORC2/orc2A (p < 0.05), ale zmniejszona
w szczepie ORC6/0rc6A (p < 0.05) w poréwnaniu do WT (Ryc. 14).
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Ryc. 14. Czesto$¢ tworzenia ognisk Rad52-YFP w heterozygotach ORC/orcA. Szczep kontrolny BY4743
i szczepy izogeniczne ORCl/orclA, ORC2/orc2A, ORC3/orc3A, ORC4/orcdA, ORC5/orc5A
i ORC6/orc6A sprawdzano pod kagtem tworzenia ognisk Rad52-YFP w co najmniej 900 komoérkach
na kazdy szczep. Zliczano liczbg ognisk obserwowanych przed i po jednogodzinnym traktowaniu 1mM
H20; i obliczano $rednig liczbe ognisk na komorke. Stupki btedow przedstawiaja odchylenia standardowe
uzyskane z trzech niezaleznych eksperymentow. Istotnos¢ statystyczng oceniano za pomoca testu ANOVA

i testu post hoc Dunnetta (* p < 0,05, ** p < 0,01).

Skierowano réwniez pytanie, czy podobny fenotyp utrzymuje si¢ w grupie szczepow
lowPICC. W tym przypadku rozszerzono analizy o akumulacj¢ uszkodzen regionéw
sSDNA. W analizie wykorzystano biatka fuzyjne Rad52-YFP i Rfal-YFP. Funkcja biatka
Rad52 zostata opisana powyzej, natomiast biatko Rfal jest czgscig kompleksu RPA
(biatko replikacyjne A), ktore wigze jednoniciowy DNA (ssDNA) i1 ma kluczowe
znaczenie w przebiegu replikacji, naprawie i utrzymaniu telomeréw [Barbour i Wuttke
2023]. Dlatego w celu identyfikacji jednoniciowych uszkodzen DNA zastosowano biatko
fuzyjne Rfal-YFP.
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Jak zostalo pokazane na Rycinie 15A, liczba komoérek ze spontanicznie utworzonymi
ogniskami Rad52-YFP istotnie wzrosta w szczepie SLD3/sId3A, natomiast znaczgco
spadta w szczepach DBF4/dbf4A i MCM10/mcm10A (wzrost bez stresora). W celu
indukcji stresu genotoksycznego wykorzystano zeocyng (fleomycyna D1). Zeocyna jest
stresorem powodujagcym dwuniciowe pgknigcia nici DNA. Traktowanie zeocyng zwykle
powoduje wzrost odsetka komorek z ogniskami Rad52-YFP, poniewaz rekombinaza
Rad52 jest rekrutowana do miejsca uszkodzenia, gdzie nastepuje naprawa DNA. Fenotyp
zwigkszenia liczby ognisk Rad52-YFP zaobserwowano w przypadku szczepu
kontrolnego, jak rowniez w analizowanych heterozygotach, ale z pewnymi wyjatkami.
Ogolnie zaobserwowane fenotypy byly bardzo zmienne. Szczep CDC6/cdc6A prawie nie
reagowal na zeocyng. W szczepie SLD7/sId7A wzrost liczby komoérek z ogniskami
Rad52-YFP powstatymi po traktowaniu zeocyng byl nieistotny statystycznie,
ale na uwage zastuguje fakt, ze liczba komoérek z ogniskami wywotanymi stresem
genotoksycznym w tym szczepie byla istotnie obnizona w poréwnaniu z WT
traktowanym zeocyna. Z kolei, w szczepach DBF7/dbf4A i SLD3/sId3A liczba ognisk
Rad52-YFP wywotanych stresem wzrosta istotnie w poréwnaniu z kontrolg traktowang
zeocyng. Jednoczesnie odsetek komorek samoistnie tworzacych ogniska Rad52-YFP
w szczepie SLD3/sId3A byt niemal czterokrotnie wyzszy niz w DBF7/dbf4A.
W pozostatych dwoch szczepach, SLD2/sId2A i MCM10/mecm10A, odsetek ognisk
Rad52-YFP wywotanych stresem wzrost istotnie w poréwnaniu z nietraktowang kontrola
dla odpowiednich szczepow, ale zakres wzrostu byl rozny (odpowiednio okoto dwu-

I czterokrotny).

Nastgpnie skoncentrowano si¢ na analizie liczby ognisk biatka fuzyjnego Rfal-YFP.
Jak pokazano na Rycinach 15B, C i D w warunkach kontrolnych liczba komorek
z ogniskami Rfal-YFP byta znaczaco zwickszona w szczepie DBF4/dbf4A w poréwnaniu
z WT. Co wigcej, w populacji komorek zawierajacych ogniska Rfal-YFP wystepowato
wigcej komorek zawierajacych po kilka ognisk na komorke (w przeciwienstwie do ognisk
Rad52-YFP, ktore przewaznie wystepujg pojedynczo, a rzadko jako dwa lub wiecej
na komorke). Taki fenotyp czgsto towarzyszy zwigkszonemu uszkodzeniu DNA
(Ryc. 15D) lub nagromadzeniu jednoniciowych przerw w DNA. Co cieckawe, nawet jesli
czestos¢ wystepowania komorek z ogniskami Rfal-YFP byta na poziomie WT, wszystkie
szczepy lowPICC wykazaty zwiekszong liczbe komorek z duzg liczbg (wigcej niz trzy)
ognisk Rfal-YFP na komorke, czego nie zaobserwowano w szczepie kontrolnym.
Traktowanie zeocyng spowodowato znaczny wzrost populacji komorek zawierajacych
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Ryc. 15. Analiza czestosci peknig¢ dwuniciowych DNA i regionu ssDNA w szczepach lowPICC.
Kwantyfikacja czestotliwo$ci ognisk Rad52-YFP (A) i Rfal-YFP (B). Wykonano trzy powtdrzenia
biologiczne. Zliczono co najmniej 300 komorek (dla Rad52-YFP) lub 600 komoérek (dla Rfal-YFP)
dla kazdego szczepu przed i po traktowaniu zeocyng. Ramki reprezentujg kwartyle danych. Poziome linie
w ramkach przedstawiaja wartosci mediany. Kwadrat reprezentuje warto$¢ srednig. Wasy reprezentujg
odchylenie standardowe ze wspotczynnikiem = 1,5. Testowanie hipotez statystycznych przeprowadzono
za pomocg testu t Welcha dla dwoch prob. * p < 0,05; ** p < 0,01, *** p < 0,001. Jasnozielone gwiazdKi
wskazuja istotno$¢ statystyczna w poréwnaniu do nietraktowanego szczepu kontrolnego, ciemnozielone
gwiazdki wskazujg istotno$¢ statystyczng w odniesieniu do szczepu kontrolnego traktowanego zeocyng,
a czarne gwiazdki odzwierciedlajg zmiany istotne statystycznie dla szczepu pomiedzy warunkami
kontrolnymi i traktowaniem zeocyng. Dla zachowania przejrzysto$ci, na wykresie pominieto statystycznie
istotng roznicg (p < 0,001) w liczbie ognisk Rfal pomigdzy komoérkami nietraktowanymi i traktowanymi
zeocyng (B). (C) Ogniska Rfal-YFP zobrazowane w szczepach lowPICC. (D) Wykres pokazuje iloSciowe
okreslenie liczby komérek z odpowiednig liczba ognisk Rfal-YFP na komorke. Srednia (+SD) odsetka
komorek z jednym, dwoma, trzema lub wigksza liczba ognisk Rfal-YFP w komoérkach zliczano w trzech
niezaleznych powtorzeniach biologicznych. Istotne statystycznie roznice pomiedzy WT a danym szczepem
lowPICC pokazano powyzej wyniku dla tego szczepu w warunkach kontrolnych. Podobnie postapiono
z wynikami uzyskanymi dla szczepow traktowanych zeocyng. Roznica w odsetku komodrek z okreslong

liczba ognisk Rfal-YFP na komdrke pomiedzy szczepami nietraktowanymi i traktowanymi zeocyna byta
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istotna statystycznie (p < 0,01) dla kazdego szczepu i dlatego zostata pominigta na wykresie. Gwiazdki
reprezentujace istotnos¢ statystyczng wynikow dla okreslonej subpopulacji komorek sa pokazane w tym

samym kolorze co ta populacja.

ogniska Rfal-YFP, w tym wzrost liczby ognisk na komorke¢. Ponadto liczba komodrek
zawierajagcych ogniska Rfal-YFP po indukcji zeocyng znaczaco spadta w szczepach
SLD7/sld7A i MCM10/mcm10A, gtownie tych z wieloma ogniskami (Ryc. 15B).

7.6. Wplyw zaburzen inicjacji replikacji DNA na starzenie komérek aktywnych

mitotycznie (starzenie replikacyjne)

Tempo starzenia si¢ komorek stanowi kluczowy wyznacznik oceny ich stanu
fizjologicznego. Zdecydowana wigkszo$¢ komorek przechodzi w swoim zyciu okreslong
liczbe podwojen. Warto zaznaczy¢ w tym miejscu, ze w przypadku drozdzy S. cerevisiae
nie mozemy powiedzie¢, ze komorki dzielg si¢. Jest to zwigzane z wyboru sposobu
rozmnazania bezpiciowego przez paczkowanie. W zwigzku z tym komorki drozdzy
S. cerevisiae paczkuja. Starzenie na poziomie komérkowym wigze si¢ zatem z utrata
przez komorke zdolnosci proliferacyjnych, czy jak w przypadku drozdzy paczkujacych
do paczkowania. Do takiego stanu moze doprowadzi¢ nie tylko wyczerpanie potencjatu
reprodukcyjnego danej komorki, ale takze stres komorkowy, m.in. stres oksydacyjny,
osmotyczny, czy dziatanie zwigzkow uszkadzajacych DNA. W zwigzku z tym kolejnym
krokiem realizowanego projektu w ramach rozprawy doktorskiej byta proéba odpowiedzi
na pytania: czy w komorkach drozdzy o obnizonej ekspresji kluczowych genéw
kodujacych biatka zaangazowane w proces inicjacji replikacji DNA ulegly zmianie:
potencjatl reprodukcyjny, czas zycia reprodukcyjnego, czas zycia po reprodukcji
I calkowita dlugo$¢ zycia. W celu oceny tempa starzenia si¢ komorek aktywnych
mitotycznie, zastosowano model replikacyjnego starzenia. Potencjal reprodukcyjny
heterozygotycznych komorek drozdzy oceniono wykorzystujgc standardowg metode
polegajaca na okre$leniu liczby komodrek potomnych (corek) wytworzonych przez
pojedyncza komoérke - matke. Jest to mozliwe dzigki zastosowaniu techniki
mikromanipulacji oraz dzigki utrzymaniu asymetrii pomi¢dzy komoérka matka i corka
(Ryc. 3). Ponadto dzigki zastosowaniu w analizach floksyny B (marker wykorzystywany
do barwienia martwych komorek) byta mozliwos¢ okreSlenia parametrow czasowych,

tj. czas reprodukcji, czasu po reprodukcji oraz catkowitej dtugosci zycia komorek.
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Ryc. 16. Fenotypy starzenia si¢ komoérek z obnizong ekspresja gendw kodujacych podjednostki kompleksu
ORC. Pordéwnanie potencjalu rozrodczego (A), dlugosci zycia reprodukcyjnego (B), dtugosci zycia
po reprodukcyjnego (C) i catkowitej dlugosci zycia (D) diploidalnego referencyjnego szczepu drozdzy
BY4743 (WT) i izogenicznych szczepoéw heterozygotycznych. Istotnos¢ statystyczng oceniano za pomoca
testu ANOVA i testu post hoc Dunnetta (* p < 0,05, ** p < 0,01, *** p < 0,001). W nawiasach podano

$rednig wartos$¢ dla tacznie 90 komodrek z dwdch niezaleznych eksperymentow.

Jak pokazano na Rycinie 16A, 17A i 18A, prawie wszystkie analizowane heterozygoty
wykazywaty zwiekszong zdolno$¢ do reprodukcji w porownaniu z WT. Jedynie
w przypadku szczepow ORC6/0rc6A i MCM2/mcm2A zaobserwowane zmiany nie byty
istotne statystycznie. W prawie wszystkich przypadkach sredni potencjal reprodukcyjny
przekraczat 30 podwojen wykonanych przez pojedynczg komorke matke, co stanowito
statystycznie istotny wzrost w poréwnaniu z kontrolg (p < 0,001). Co ciekawe, szczepy
MCM3/mcm3A, MCM4/mecm4A, PSF3/psf3A, SLD5/sId5A, SLD3/sId3A, SLD7/sld7A
i MCM10/mcml10A  wykazywaly najbardziej znaczacy wzrost potencjatu
reprodukcyjnego, prawie 50% wyzszy niz WT. W zwigzku z tym, dane pochodzace
z analizy potencjatu reprodukcyjnego jednoznacznie pokazuja, ze obnizenie poziomu
ekspresji genéw kodujacych biatka zaangazowane w proces inicjacji replikacji DNA

odgrywa kluczowg role w zdolnosci reprodukcyjnej komorek.
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Ryc. 17. Fenotypy starzenia si¢ komoérek z obnizong ekspresja genéw kodujacych podjednostki kompleksu
CMG. Pordéwnanie potencjalu rozrodczego (A), dlugosci zycia reprodukcyjnego (B), dlugosci zycia
po reprodukcyjnego (C) i catkowitej dlugosci zycia (D) diploidalnego referencyjnego szczepu drozdzy
BY4743 (WT) i izogenicznych szczepow heterozygotycznych. Istotnos¢ statystyczng oceniano za pomoca
testu ANOVA i testu post hoc Dunnetta (* p < 0,05, ** p < 0,01, *** p < 0,001). W nawiasach podano

srednig wartos$¢ dla tacznie 90 komodrek z dwoch niezaleznych eksperymentow.

Jak wspomniano wcze$niej, ustalono rowniez parametry czasowe dla komorek podczas
rutynowej analizy starzenia replikacyjnego: czas reprodukcji, czas po reprodukcji oraz
sum¢ tych dwoch czasow, czyli catkowita dtugos¢ zycia. Dodatkowe wydtuzenie czasu
podwojenia komorek (Ryc. 4C, 5C i 6C) doprowadzito do statystycznie istotnego wzrostu
dhugosci zycia reprodukcyjnego komorek (Ryc. 16B, 17B, 18B), we wszystkich badanych
szczepach z wyjatkiem ORC6/0rc6A i MCM2/mcm2A.

Standardowe podejscie do analiz starzenia komorek aktywnych mitotycznych zaktada
jedynie analize potencjatu reprodukcyjnego (replicative lifespan). Do dnia dzisiejszego
jest to jedyne podejscie eksperymentalne w najlepszych laboratoriach na $wiecie
wykorzystujacych drozdze jako model eksperymentalny w badaniach nad starzeniem.
Jednak komorki drozdzy nie umieraja bezposrednio po ostatnim paczkowaniu.
W zwigzku z tym brak parametru czasu zycia komorek pozostawia co najmniej niedosyt,
kiedy chcemy odnies¢ wyniki z modelu drozdzowego do innych ukladow
eukariotycznych, w tym i ludzi. Po zaprzestaniu reprodukcji komorki drozdzy zyja

jeszcze przez okreslony czas, zwany zyciem po reprodukcyjnym lub
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post-reprodukcyjnym. Czas trwania tego okresu zycia komorek zalezy od wielu
czynnikdw i czgsto determinuje dlugowieczno$¢ komorek. Dlatego tez dla badanych
heterozygot okreslono takze czas zycia po reprodukcji. Jak pokazano na Rycinie 16C,
17C i 18C wszystkie analizowane szczepy, z wyjatkiem ORC6/0rc6A, cechowaty si¢
istotnym skroceniem czasu zycia po reprodukcji. Co ciekawe, szczep MCM2/mcm2A,
ktorego potencjatl reprodukcyjny i reprodukcyjny czas zycia byl podobny do WT,
wykazat istotng réznice w skrdceniu czasu zycia po reprodukeji (p < 0,05).

Okreslono takze catkowita dtugos¢ zycia komorek aktywnych mitotycznie, ktora jest
sumg czasu zycia reprodukcyjnego i po reprodukcji (Ryc. 16D, 17D i 18D). Nasze
badania pokazuja, ze ws$rod calego zestawu analizowanych szczepoéw fenotyp
przyspieszonego starzenia zaobserwowano jedynie w heterozygotach DBF4/dbf4A,
MCM10/mcm10A (p < 0,05) oraz SLD2/sld2A (p < 0,001) (Ryc. 17D). Co ciekawe, cho¢
w wigkszos$ci badanych szczepow nie wykazano istotnych statystycznie roznic w zakresie
calkowitej dtugosci zycia, to przecietnie jest ono nieco krotsze w poréwnaniu z grupg

kontrolna.
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Ryc. 18. Fenotypy starzenia si¢ komorek z obnizong ekspresja genow kodujacych biatka lowPICC.
Porownanie potencjatu rozrodczego (A), dlugosci zycia reprodukcyjnego (B), dlugosci zycia
po reprodukcyjnego (C) i catkowitej dlugosci zycia (D) diploidalnego referencyjnego szczepu drozdzy
BY4743 (WT) i izogenicznych szczepdw heterozygotycznych. Istotnos$¢ statystyczng oceniano za pomoca
testu ANOVA i testu post hoc Dunnetta (* p < 0,05, ** p < 0,01, *** p < 0,001). W nawiasach podano

srednig warto$¢ dla tacznie 90 komorek z dwoch niezaleznych eksperymentow.
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Skorelowano takze dlugo$¢ zycia reprodukcyjnego 1 po reprodukcyjnego
z potencjatem reprodukcyjnym w badanych grupach heterozygotycznych szczepach,
tj. ORC/orcA, CMG/cmgA oraz lowPICC. We wszystkich grupach zaobserwowano silnie
dodatnig korelacj¢ miedzy dlugoscia zycia reprodukcyjnego, a potencjatem
reprodukcyjnym oraz silnie ujemng korelacje¢ miedzy dlugoscia  zycia

po reprodukcyjnego, a potencjatem reprodukcyjnym.

A B
90 70
80+ ORGsloresn  ORC3/ere3A i &
il ORC4/orc4l\ a
= ORC2/orc2A = 50
T 60 ORC1/orc1 e ORG6/orc6
el ORC6/orc64, 3 ORC1/orc1A
e 50 e 40 °
a [ ] 2
) @ ORC5/orc54
w 40 wT o 30
: & ORC4/orc4A ® ORC2/orc2A
= 30+ -
§ 3 2 ® ORC3/orc3A
& s
3
10 + @ 10
0 0
22 24 26 28 30 32 34 36 38 40 22 24 26 28 30 32 34 36
Sredni potencjat reprodukcyjny Sredni potencjat reprodukcyjny
Wspoétczynnik korelacji Pearsona 0,927 Wspotczynnik korelacji Pearsona -0,909

Ryc. 19. Korelacja pomiedzy potencjatem reprodukcyjnym, a dlugoscig zycia reprodukcyjnego (A)
oraz pomig¢dzy potencjatem reprodukcyjnym a dlugo$cig zycia po reprodukcyjnego (B) szczepu typu

dzikiego (BY4743) i izogenicznych heterozygotycznych szczepéw ORC/orcA.
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Ryc. 20. Korelacja pomigdzy potencjalem reprodukcyjnym a dilugoscia zycia reprodukcyjnego (A)
oraz pomig¢dzy potencjatem reprodukcyjnym a dlugo$cig zycia po reprodukcyjnego (B) szczepu typu

dzikiego (BY4743) i izogenicznych heterozygotycznych szczepéw CMG/cmgA.

Warto$§¢ wspotczynnika korelacji Pearsona dla korelacji pomiedzy dlugoscia zycia
reprodukcyjnego, a potencjatem reprodukcyjnym wyniosta odpowiednio 0,927 dla grupy
szczepow ORC/orcA (Ryc. 19A), 0,955 dla grupy CMG/cmgA (Ryc. 20A) oraz 0,946 dla
grupy lowPICC (Ryc. 21A). Z kolei w przypadku korelacji miedzy dtugoscig zycia po
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reprodukcyjnego, a potencjatem reprodukcyjnym wspodtczynnik korelacji Pearsona
wynioést odpowiednio -0,909 dla grupy szczepéw ORC/orcA, (Ryc. 19B), -0, 861 dla
grupy CMG/cmgA (Ryc. 20B) oraz -0,760 dla grupy lowPICC (Ryc. 21B).
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Ryc. 21. Korelacja pomiedzy potencjalem reprodukcyjnym a diugoscia zycia reprodukcyjnego (A)
oraz pomigdzy potencjatem reprodukcyjnym a dlugoscig zycia po reprodukcyjnego (B) szczepu typu
dzikiego (BY4743) i izogenicznych heterozygotycznych szczepéw CDC6/cdc6A, DBF4/dbf4A,
SLD3/sld3A, SLD7/sld7A, SLD2/sld2A oraz MCM10/mcm10A.

7.7. Wplyw zaburzen inicjacji replikacji DNA na tempo starzenia si¢ komorek

post-mitotycznych (starzenie chronologiczne)

W  biogerontologii drozdzy wykorzystuje si¢ rowniez, tzw. model starzenia
chronologicznego. Jest to model starzenia populacji komorek znajdujacych si¢ w fazie
post-mitotycznej. W praktyce chronologiczna dtugos¢ zycia (chronological life span -
CLYS) jest miarg przezycia populacji drozdzy w fazie stacjonarnej. Stuzy zatem do oceny
przezycia komorek niepaczkujacych, co czyni go odpowiednim modelem starzenia si¢
post-mitotycznych komorek ssakéw, w tym ludzi. Monitorowanie przezywalnosci
komorek w fazie stacjonarnej jest stosunkowo prosta metoda, ktéra nie wymaga
mikromanipulacji, utatwiajac w ten sposob badania przesiewowe nad dlugowiecznoscia.
Do analizy CLS komorki hodowano na podtozu syntetycznym uzupelionym glukoza
i niezbednymi markerami auksotroficznymi. W tych warunkach, po wyczerpaniu zrodta
wegla (glukozy) komorki zaprzestajg proliferacji i rozpoczyna si¢ proces starzenia.

W odniesieniu do szczepdéw pozbawionych jednej kopii genu kodujacego podjednostki
kompleksow biatkowych ORC oraz CMG zastosowano dwa podejscia do analizy CLS:
znakowanie fluorescencyjne martwych komorek jodkiem propidyny oraz standardowa
metode oceny przezycia poprzez zliczanie jednostek tworzacych kolonie (colony forming

unit - CFU). Jak pokazano na Rycinie 22A, wszystkie analizowane heterozygotyczne
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szczepy ORC/orcA znaczaco zwigkszyly przezywalno$¢ az do 7. dnia, w porownaniu
ze szczepem typu dzikiego BY4743 (p < 0,001). W 14. dniu eksperymentu, chociaz
przezywalnos¢ wszystkich analizowanych szczepow byta $rednio wyzsza niz w WT,
istotnos$¢ statystyczng wykazano jedynie dla ORC3/orc3A i ORC4/orc4A. Pomimo
wysokiego wskaznika przezycia w 14. dniu (barwienie fluorescencyjne), mniej niz 20%
komorek analizowanych heterozygot miato zdolno$¢ do tworzenia kolonii (Ryc. 22B).
W 21. dniu do$wiadczenia komorki szczepow ORC/orcA wykazaty 100% $miertelnosc,
co oznaczato, ze szczep WT charakteryzuje si¢ maksymalnie dluzszym CLS
w poréwnaniu z heterozygotami ORC/orcA. Co ciekawe, pomimo niewielkiego odsetka
zywych komoérek w populacji WT, komorki te nie wykazaty zdolnosci do tworzenia
kolonii (Ryc. 22B). W zwiazku z powyzszym nasze badania daja podstawe twierdzié,
ze standardowo wykorzystywany test CFU w przypadku analiz starzenia
chronologicznego nie jest wystarczajacy i nie odzwierciedla w pelni tempa starzenia
komorek nieaktywnych mitotycznie. Dlatego uzupetnienie tych wynikéw o analizy

przezywalnosci innymi metodami wydaja si¢ by¢ kluczowe.

——WT
-+~ ORC1/orc1A
—e— ORC2/0rc2A
—&— ORC3/orc3A
ORC4/orc4A
—e— ORC5/orc5A
ORC6/orc6A

——WT 90 +
—o—ORC1/ orc1A
—*—ORC2%/ orc2A
—e— ORC3/ orc3A

ORC4/ orc4A
—e— ORCY/ orcbA
ORC6/orc6 A

Zywe komorki [%]
Jednostka tworzaca kolonig [CFU]
o
3

. L fs 21 2 0 7 1 2
Czas [dni] Czas [dni]

Ryc. 22. Chronologiczna dlugo$é zycia diploidalnego szczepu drozdzy typu dzikiego BY4743
i izogenicznych szczepéw ORC1/orclA, ORC2/orc2A, ORC3/orc3A, ORC4/orcdA, ORC5/orc5A
i ORC6/0rc6A. Przezycie okreslono poprzez barwienie jodkiem propidyny (A). Klonogennos¢ okreslono
na podstawie jednostki tworzacej kolonie (CFU) (B). Stupki btedéw przedstawiaja odchylenia standardowe
uzyskane z trzech niezaleznych eksperymentow. Istotno$¢ statystyczng oceniano za pomocg testu ANOVA

i testu post hoc Dunnetta (* p < 0,05, ** p < 0,01, *** p < 0,001).

Jak pokazano na Rycinie 23A rowniez komorki wszystkich heterozygot kompleksu
CMG/cmgA wykazaty fenotyp opdznionego starzenia podczas pierwszych 14. dni

doswiadczenia, z wyjatkiem SLD5/sIdSA. Co ciekawe, zaden ze szczepow nie byt zdolny

55



do tworzenia kolonii po uptywie 21. dni eksperymentu CLS (w tym WT), podczas gdy
okoto 15% komorek w populacji szczepu WT zachowato swoja zywotnos¢, co stanowi

statystycznie istotng roznic¢ w porownaniu z heterozygotami CMG/cmgA (p < 0,001).

——WT 100
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—s— MCM2/mem24 90 + \

MCM3/mem3A

——WT
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Ryc. 23. Chronologiczna dlugos¢ zycia diploidalnego szczepu WT (BY4743) i izogenicznych
heterozygotycznych szczepow CDC45/cdcd5A, MCM2/mem2A, MCM3/mem3A, MCM4/mem4A,
MCM5/mcmbA, MCM6 /mecm6, MCM7/mem7A, PSF1/psflA, PSF2/psf 2A, PSF3/psf3A i SLD5/sId5A.
Przezycie okre$lono za pomocg barwienia jodkiem propidyny (A). Klonogenno$¢ okreslono na podstawie
jednostki tworzacej kolonie (CFU) (B). Stupki bledow przedstawiajg odchylenia standardowe uzyskane
z trzech niezaleznych eksperymentow. Istotnosé statystyczna oceniano za pomoca testu ANOVA i testu

post hoc Dunnetta (* p < 0,05, **p <0,01, *** p <0,001).

Dla grupy mutantéw lowPICC zastosowano standardowe podejscie do CLS, opierajace
si¢ na ocenie przezycia komorek poprzez zliczanie jednostek tworzacych kolonie (CFU).
Te wyniki znajduja si¢ w suplemencie elektronicznym publikacji [Stepien i in. 2024b].
Jak pokazano na Rycinie 24 w 4. dniu eksperymentu komorki szczepu CDC6/cdc6A,
SLD7/sld7A oraz SLD2/sld2A wykazaty istotng statystycznie wyzsza klonogenno$é
w poréwnaniu ze szczepem kontrolnym. W 7. dniu eksperymentu komorki wszystkich
analizowanych heterozygot charakteryzowaty si¢ wyzsza zdolnosciag do tworzenia
kolonii, jednakze w przypadku DBF4/dbf4A warto$¢ ta nie byta istotna Statystycznie.
W 14. dniu eksperymentu, istotny statystycznie wzrost klonogennosci (p < 0,05)
zaobserwowano wylgcznie dla szczepu SLD3/sId3A. W 21. dniu eksperymentu komorki

zadnego z analizowanych szczepow, w tym WT nie miaty zdolnosci tworzenia kolonii.
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Ryc. 24. Chronologiczna dtugo$¢ zycia diploidalnego szczepu WT (BY4743) i izogenicznych
heterozygotycznych szczepow DBF4/dbf4A, CDC6/cdc6A, SLD2/sld2A, SLD3/sld3A, SLD7/sld7A
i MCM10/mem10A. Klonogenno$é okreslono na podstawie jednostki tworzacej kolonie (CFU). Stupki
btgdow przedstawiaja odchylenia standardowe uzyskane z trzech niezaleznych eksperymentdw. Istotnosé
statystyczng oceniano za pomocg testu ANOVA i testu post hoc Dunnetta (* p < 0,05, ** p < 0,01,
**%*p < 0,001).

Nasze obserwacje mikroskopowe wykazaly, ze komorki drozdzy wraz z wiekiem
zwigkszaly swoje rozmiary. Poniewaz wiadomo, ze wielko$¢ komodrki pozytywnie
koreluje z ploidig, w trakcie analizy CLS przeprowadzono takze testy majace na celu
oceng¢ zmiany wielkosci komorek oraz zawartosci DNA w komorkach metodg cytometrii
przeptywowej. Ryciny 25A, C, E, G, I, K, M; 26A, C, E, G, I, K, M, O, R, T, V, X
i 27A, C, E, G, I, K, M, przedstawiajg analiz¢ zawartosci DNA w heterozygotycznych
komorkach drozdzy. Nasze badania wykazaty, ze podczas starzenia chronologicznego,
prawdopodobnie na skutek glodzenia komorek (brak zrodta wegla jest czynnikiem
zatrzymujacym cykl komorkowy), nastgpita zmiana w zawartosci DNA, objawiajaca si¢
redukcja ploidii. Fenotyp ten zaobserwowano u wszystkich badanych szczepoéw, w tym
typu dzikiego, co sugeruje, ze zjawisko to jest powszechne. W tym miejscu nalezy
wspomnie¢, ze przeprowadzajac analiz¢ zawarto§ci DNA, nie mozna rozrézni¢ profili
FACS komorek zywych i martwych w analizowanej populacji. Jedng z mozliwych
hipotez pojawienia si¢ komorek haploidalnych w populacji drozdzy poddawanych
eksperymentowi CLS jest sporulacja. Teoretycznie warunki moglyby sprzyjac sporulacji

ze wzgledu na glodzenie i przebywanie komorek w $rodowisku kwasnym przez kilka

57



tygodni. W celu zweryfikowania tej hipotezy, wykorzystano homozygotyczny szczep
z delecja genu NDT80 ndt80A/ndt80A. Biatko Ndt80 jest kluczowym czynnikiem
transkrypcyjnym dla pomyslnego zakonczenia mejozy i tworzenia spor. Dlatego
homozygoty ndt80A/ndt80A nie majg zdolnosci do sporulacji i postuzyty jako szczep
kontrolny. Wykluczono sporulacj¢ jako zrodto zmian ploidii (dane w suplemencie
elektronicznym publikacji — Stgpien i in. 2024a), poniewaz komorki szczepu
ndt80A/ndt80A réwniez wykazywaty fenotyp zmiany ploidii, a jak juz wspomniano
wczesniej nie majg zdolnosci do sporulacji. Intrygujace zjawisko redukcji ploidii podczas
eksperymentu CLS zostalo szczegétowo zbadane i1 omowione w osobnym,
wspoétautorskim manuskrypcie, w ktorym wykazano potencjalne powigzanie migdzy
szlakami autofagii, a spadkiem zawarto§ci DNA obserwowanym w komorkach
starzejacych si¢ chronologicznie [Enkhbaatar i in. 2023].

W odniesieniu do rozmiaru komorki, analiza wykazata systematyczny wzrost
wielko$ci komorek w calym eksperymencie, z wyjatkiem szczepow MCM2/mcm2A
i CDC45/cdc4bA, ktore wykazywaly wigksze rozmiary komorek juz na poczatku
eksperymentu CLS (Ryc. 25B, D, F, H, J, L, N; 26B, D, F, H, J, L, N, P, S, U, W, Y
i 27B, D, F, H, J, L, N). Warto zauwazy¢, ze najmniejsze komorki obserwowano
na poczatku do$wiadczenia (2 dni), natomiast najwicksze udokumentowano w 14. i 21.

dniu badania.
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Ryc. 25. Analiza zawarto$ci DNA metoda cytometrii przeptywowej podczas chronologicznego starzenia
w wybranych punktach czasowych (A, C, E, G, I, K, M ). Pokazane sg reprezentatywne histogramy.
Dla kazdego ze szczepdéw przeprowadzono trzy niezalezne eksperymenty. Wielkos¢ komorek
diploidalnego szczepu BY4743 oraz szczepow izogenicznych ORCL/orclA, ORC2/orc2A, ORC3/orc3A,
ORC4/orc4A, ORC5/orc5A i ORC6/0rc6A podczas chronologicznej analizy dhugosci zycia w wybranych
punktach czasowych (B, D, F, H, J, L, N). Rozmiar komorki mierzony metoda rozproszenia czotowego

(histogram FSC odzwierciedla wielko$¢ komoérek w populacji). Przebadano 10 000 komoérek na probke.
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Ryc. 26. Analiza zawartosci DNA metoda cytometrii przeptywowej podczas chronologicznego starzenia
w wybranych punktach czasowych (A, C, E, G, I, K, M, O, R, T, V, X). Pokazane s3 reprezentatywne

histogramy. Dla kazdego ze szczepdw przeprowadzono trzy niezalezne eksperymenty. Wielko$¢ komorek
diploidalnego szczepu BY4743 oraz szczepéw izogenicznych CD45/Cdc45A, MCM2/MCM2A,
MCM3/MCM3A, MCM4/MCM4A, MCM5/MCM5A, MCM6/MCM6A, MCM7/PSF1A, PSF2/PSF2A,

PSF3/psf3A i SLD5/sId5A podczas chronologicznej analizy dlugosci zycia w wybranych punktach

czasowych (B, D, F,H,J, L, N, P, S, U, W, Y). Rozmiar komérki mierzony metoda rozproszenia czotowego

(histogram FSC odzwierciedla wielko§¢ komorek w populacji). Przebadano 10 000 komorek na probke.
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Ryc. 27. Analiza zawarto$ci DNA metoda cytometrii przeptywowej podczas chronologicznego starzenia
w wybranych punktach czasowych (A, C, E, G, I, K, M). Pokazane sa reprezentatywne histogramy.
Dla kazdego ze szczepow przeprowadzono trzy niezalezne eksperymenty. Wielkos¢ komorek
diploidalnego szczepu BY4743 oraz szczepow izogenicznych CDC6/cdc6A, DBF4/dbf4A, SLD3/sId3A,
SLD7/sld7A, SLD2/sld2A i MCM10/mem10A podczas chronologicznej analizy dtugosci zycia w wybranych
punktach czasowych (B, D, F, H, J, L, N). Rozmiar komérki mierzony metodg rozproszenia czotowego

(histogram FSC odzwierciedla wielkos¢ komorek w populacji). Przebadano 10 000 komoérek na probke.

7.8. Wplyw zaburzen inicjacji replikacji DNA na profil biochemiczny komérki

Jak wykazano wczesniej, pewne zmiany w dlugosci zycia drozdzy korelujg
ze zmienionym skladem chemicznym komoérki [Moton i Zebrowski 2017; Moton i in.
2020]. Dlatego kolejnym etapem projektu byta analiza sktadu chemicznego badanego
materialu z wykorzystaniem metody spektroskopii Ramana. Widma wszystkich
analizowanych szczepow i kontroli (BY4743) przedstawiono na Rycinach 28, 29 i 30
z zaznaczonymi pozycjami pikow (przesuni¢cie Ramana) i ich odpowiednimi
intensywno$ciami. W widmach Ramana piki analizowano w obszarach odpowiadajacych
biatkom (850, 1004, 1035, 1280, 1453, 1610 cm™), lipidom (1254, 1662, 1775 cm™),
polisacharydom (420, 520, 890, 960, 1090 cm™) i RNA (400-800, 1330, 1390,
1575 cm 1) [Rosch i in. 2005; Chan i in. 2007; De Gelder i in. 2007; Lemma i in. 2019].
Przesunigcia pozycji pikow o kilka nanometrow lub pojawienie si¢ dodatkowych pikow
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mogg oznacza¢ zmiany w sktadzie chemicznym i strukturze tych grup funkcyjnych.
Te roéznice w widmach Ramana mogg odzwierciedla¢ roznice w aktywnos$ci
metabolicznej badanych szczepéw drozdzy. W rezultacie w uzyskanych widmach
Ramana mozna dostrzec zauwazalne zmiany w pasmach specyficznych dla lipidow,

biatek, RNA 1 polisacharydow.
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Ryc. 28. Widma ramanowskie szczepu dzikiego (WT) i heterozygotycznych szczepow ORC/orcA

z regionami odpowiadajacymi wibracjom grup funkcyjnych RNA, kwasow nukleinowych,

polisacharydow, biatek i lipidow.
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Ryc. 29. Widma ramanowskie szczepu dzikiego (WT) i heterozygotycznych szczepéw CMG/cmgA

z

regionami
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Ryc. 30. Widma ramanowskie szczepu dzikiego (WT) i heterozygotycznych szczepéw lowPICC

z

regionami

odpowiadajacymi

polisacharydow, biatek i lipidow.
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W odniesieniu do heterozygotycznych szczepow ORC/orcA wydaje si¢, ze zmiany w ich
potencjale rozrodczym wigza si¢ ze znaczaco obnizong ekspresja genow ORC
i wynikajacymi z tego zmianami w przebiegu cyklu komorkowego, co w konsekwencji
zmniejsza zuzycie energii i prowadzi do wzrostu liczby wyprodukowanych komoérek
potomnych. Jednakze nie ma jednoznacznych dowoddéw na to, dlaczego pomimo
zmniejszonej ekspresji ORC6 w przypadku tego heterozygotycznego szczepu
(ORC6/orc6A) nie zaobserwowano podobnego fenotypu. Dlatego aby sprobowaé
wyjasni¢ ten fenomen na podstawie uzyskanych danych ze spektroskopii Ramana
wykonano hierarchiczng analize skupien identyfikujac réznice w sktadzie chemicznym
polisacharydow, lipidow, bialek, RNA i kwasoéw nukleinowych pomigdzy mutantami
ORClorcA, a WT. Jak pokazano na Rycinie 31A w przypadku sktadu polisacharydow
tylko trzy heterozygoty (ORC1/orclA, ORC2/orc2A i ORC3/orc3A) byly podobne
do WT. Komorki pozostatych szczepow tworzyly odrgbne grupy, dla ktérych sktad
polisacharydow rdznit si¢ istotnie w poréwnaniu z WT. Réwniez porownanie sktadu
lipidow pozwolito wyrdznic¢ trzy grupy o podobnym sktadzie: (1) WT i ORC6/0rc6A,
(2) ORC1/orclA i ORC2/orc2A oraz (3) ORC3/orc3A, ORC4/orc4A i ORC5/orc5A
(Ryc. 31B). Z kolei, gtéwne podobienstwo w sktadzie bialek wystepowato pomiedzy
szczepami WT i ORC1/orclA, ORC5/orc5A i ORCG6/orc6A, podczas gdy pozostale
heterozygoty wykazywaty znaczaca rdznice w sktadzie biatek w porownaniu z WT.
Pod katem przesuni¢cia Ramana charakterystycznego dla biatek komorki ORC4/orc4A
wykazywaly najwigksze zr6znicowanie i tworzyty osobng grupe (Ryc. 31C). Interesujgce
dane uzyskano rowniez dla piku charakterystycznego dla RNA. W tym przypadku
intensywno$¢ sygnatu odpowiadajacemu RNA ze szczepu ORCG6/orc6A byt podobny
do WT. Pozostale analizowane szczepy miaty inny poziom RNA w poréwnaniu z WT
1 tworzyly dwie odrgbne grupy (Ryc. 31D). W odniesieniu do sktadu kwasow
nukleinowych ogo6lnie ORC5/orc5A wykazal duze podobienstwo z WT. Szczepy
ORC4/orc4A i ORC6/orc6A utworzyty druga grupe o podobnym sktadzie kwasow
nukleinowych, ktére rdznity sie¢ od WT. Trzecig grupe, rdznigca si¢ od WT, tworzyty
heterozygoty ORC1/orc1A, ORC2/orc2A i ORC3/orc3A (Ryc. 31E). Na podstawie
powyzszych wynikow sugerujemy, ze brak zmian w widmie RNA i lipidow moze
determinowac¢ podobienstwo migdzy potencjalem reprodukcyjnym, a krzywag wzrostu
miedzy WT a ORCG6/orc6A. Uzyskane dane wskazuja, ze wykorzystanie technik

spektroskopii ramanowskiej moze by¢é w przyszioSci przydatnym narzedziem
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do wykonywania szybkich badan przesiewowych w kierunku poszukiwania

potencjalnych szczepow lub czynnikow, ktére mogag prowadzi¢ do dlugowiecznosci.

A B c
Polisacharydy ORC1/orc1A Lipidy ORCé/orc6AA Biatka ORC5/orc5A
ORC3/orc3A ORC1/orc1A ORCS6/orc6A

ORC2/orc2A\. ORC2forc2! ORC1/orc

ORC6/orc6/ ORCS5/orc5A ORC3/orc3A

ORCSlorc5A ORC3/orc3A ORC4/orc4l

ORC4jorc4l ORC4/jorc4A ORC2/orc2A
D E
RNA ORC6/orc6A Kwasy nukleinowe ORC5/orc5A
ORC1/orc1A ORC1/orc1A

ORCS5/orc5A ORC3/orc3A

ORC3/orc3A ORC4/orc4l

ORC4/orc4A ORC2/orc2A

ORC2/orc2A ORC6/orc6A

Ryc. 31. Hierarchiczna analiza skupien (HCA) szczepu kontrolnego (BY4743) i szczepow
heterozygotycznych ORC1/orclA, ORC2/orc2A, ORC3/orc3A, ORC4/orc4A, ORC5/orc5A i ORC6E/orc6A
uzyskanych ze spektroskopii Ramana roznych widmowych grup funkcyjnych: (A)-polisacharydy;
(B)-lipidy; (C)-biatka; (D)-RNA; (E)-kwasy nukleinowe.

Dla grupy szczepéw zwigzanych z kompleksem CMG/cmgA i szczepu dzikiego uzyskane
z pomiaréw widma Ramana poddano analizie gtéwnych sktadowych (PCA). Wykazano
dodatnig korelacje pomigdzy zawarto$cig lipidow i RNA oraz silnie ujemng korelacje
dotyczacag zawartosci polisacharydow w badanym materiale (Ryc. 32). W tej analizie
wyrdzniono sze$¢ szczepow, ktore wykazuja odmienny ogdlny sktad chemiczny w catej
badanej grupie: WT, CDC45/cdc45A, MCM2/mcm2A, MCM4/mcm4, MCM6/mcm6A
I PSF1/psflA. Wykazano wysokg zawartos¢ polisacharydow w szczepach WT,
CDC45/cdc45A oraz MCM2/mem2A i niska w szczepach MCM4/mecm4A, MCM6/mcm6A
I PSF1/psflA. Najwyzsza zawarto$cig lipidow i RNA charakteryzowat si¢ szczep
MCM2/mcm2A, natomiast najmniejszag zawarto§¢ wykazatly szczepy WT
oraz PSF1/psf1A.
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Ryc. 32. Analizy gtéwnych sktadowych (PCA) heterozygot CMG/cmgA oraz kontroli (WT) metoda
spektroskopii Ramana. PCA przedstawia zaleznosci pomiedzy szczepami drozdzy (szczep WT

i CMG/cmgA) a ich sktadem lipidow, polisacharydéw, i RNA.

Analize PCA wykonano takze dla grupy szczepow lowPICC. Wykazano roznice
pomiedzy analizowanymi szczepami w obrebie badanych grup funkcjonalnych (lipidy,
polisacharydy, biatka i RNA). Wyniki przedstawiono na Rycinie 33.
Dwa heterozygotyczne szczepy drozdzy (SLD7/sld7A i CDC6/cdc6A) istotnie roznity si¢
skladem chemicznym od pozostatych szczepow. W analizie PCA wyrdzniono je jako
odrebne punkty we wszystkich badanych grupach funkcjonalnych. W przypadku biatek
trzy szczepy (SLD7/sld7A, CDC6/cdc6A i DBF4/dbf4A) wyrdzniaty si¢ na tle
pozostatych analizowanych heterozygot. Co ciekawe, brak jednej kopii genu SLD7
w istotny sposob wplywal na metabolizm komoérek SLD7/sld7A, odrozniajac je od innych
szczepow lowPICC 1 WT. Wskazaty na to zarowno otrzymane widma Ramana (Ryc. 30),

jak i analiza PCA (Ryc. 33).

66



T T T T T T
> lipidy Wre, i > polisacharydy i
® DBF4/dbf4A
1 1 11 @sLbssld7a 1
e SLD7/sld7 1@ e
) DBF4/dbf4A® ) SLD/sld24
@« © oWT
Q 0 & 0
o SLD2/sld24® o
o SLD3/sld34® O MCM10/mem104
a
19 MCM10/mem104 oDCSedcs 1 11 ® CDC6/cdc64 @SLDI/sld3a
2 4 2 4
T T T T T T
4 2 0 2 4 -4 2 0 2 4
PC1 (57.3%) PC1 (76.3%)
2 biatka 1 2{ RNA |
14 Wy @®CDC6/edc6s | 14 MCM10/mcm104 ]
g SLOZsld24 S | gsSLo7siara owT
SLD3/sld34 o) SLD2/sld24
& " sid31@ MCM10/mem104 S 0 B . DBF4/dbf4
N N
O
O & @SLD¥sid34
14 4 -1 4
CDC6/cdc6A
© DBF4/dbf4A SLD7/sld7A@ ®
2 E 24 4
4 2 0 2 4 6 -4 2 0 2 4 6
PC1 (64.9%) PC1 (86.8%)

Ryc. 33. Analizy gtownych sktadowych (PCA) heterozygot lowPICC oraz kontroli (WT) metoda
spektroskopii Ramana. PCA przedstawia zaleznosci pomiedzy szczepami drozdzy (szczep WT

i lowPICC) a ich sktadem lipidow, polisacharydow, biatek i RNA

Z poznawczego punktu widzenia interesujace wydaja si¢ rowniez korelacje pomiedzy
zawarto$cig makroczasteczek w komorkach, a parametrami starzenia. Dlatego nastepnie
zbadano zwigzek migdzy parametrami starzenia replikacyjnego, a poziomem lipidow,
polisacharydow, biatek i RNA. Wyniki przedstawiono na Rycinach 34 i 35. Wykazano,
ze w grupie szczepow CMG/cmgA istnieje silnie ujemna korelacja pomigdzy poziomami
polisacharydéw 1 potencjatem reprodukcyjnym (Ryc. 34A), Zaobserwowano takze
umiarkowang, ujemna Korelacje pomiedzy potencjatem reprodukcyjnym a poziomami
RNA (Ryc. 34B). Co wigcej, po raz pierwszy odkryto takze istotng korelacje miedzy
podwyzszonym poziomem kwasoéw tluszczowych, a czasem podwojenia (Ryc. 34C).
Odkryto takze silnie ujemng korelacje pomiedzy zawartoscia lipidow, biatek, RNA
1 polisacharydow, a dlugoscia zycia komorek dla szczepow lowPICC (Ryc. 35A, B, C,
D). W zwiazku z tym, wydaje si¢ ze utrzymanie zawartosci tych makroczgsteczek

w komorce na stosunkowo niskim poziomie zapewnia utrzymanie tempa starzenia
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na poziomie szczepu WT. Z drugiej strony akumulacja tych makroczasteczek w komorce,

lub zwigkszona ich synteza prowadzi do przyspieszonego starzenia i $§mierci komorki,

co zaobserwowano chociazby w heterozygotach SLD2/sld2A i DBF4/dbf4A.
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Ryc. 34. Zalezno$¢ pomiedzy potencjatem reprodukcyjnym, a poziomem polisacharydow (A), potencjatem
reprodukcyjny, a poziomem RNA (B) oraz czasem podwojenia i poziomem kwasow ttuszczowych (C)

szczepow WT i izogenicznych szczepow CMG/cmgA.

A 0076 T B 004 T
0075 + © SLD2sld24 SLD2sld2s  DBF4/dbfsl
3
0,074 T el . SLD3/sld34 WT
MCM10/mom10A .
1 F4/dbf4, > . B
S, Jerens 2 SLD/sid7a  CDCO/edobA
h<) 0,072 1 s 002 L
£ i MCM10/mem 104 O SHASA S .
’ SLD7/sId7A ® 2
0,07 + 2
ST, . 001t
0,069 T
=.0,0002x +0,0943 y=-0,0002x + 0,049
0068 + [V~ TRe =g 70 R? =0.5775
- ; CODCp/edc6A ; ‘ o " , , |
75 85 95 105 115 75 85 95 105 15
Sredni catkowity czas zycia Sredni catkowity czas zycia
Wspoétczynnik korelacji Pearsona -0,851 Wspotczynnik korelacji Pearsona -0,760
D
C omsq 003
00475 T . o SLD2sld2A
0047 1  SLDZsld2A 0,025 + DBF4/dbf4A
0,0465 1 SLD3/sld34
8 0,046 T 0.2 MCM10/mem104 . o Wr
®  0.0455 4 ’ CDC6/cdc6A
o DBF4/dbtdn & SLD3/sld3A g oo5q SLD7/std74
0,045 1 -
i MCM10/mem 104 001
0,044 1 SLD7/sld74 ® o wT
0.0435 T -5 5007+ 0.0868 CDC6/edc6A 0.005 1 [y=-0.0002 + 0,044
0.043 + Rz =0,6771 R? =0,5588
0,0425 : } } y 0 t + t |
75 85 95 105 115

75

85 95 105
Sredni catkowity czas zycia

Wspotczynnik korelacji Pearsona -0,823

115

Sredni calkowity czas zycia

Wspotczynnik korelacji Pearsona -0,748

Ryc. 35. Zalezno$¢ pomigdzy catkowita dtugoscia zycia, a zawartoscig lipidow (A), polisacharydow (B),
biatek (C) i RNA (D) szczepu WT (BY4743) i izogenicznych heterozygotycznych szczepéw lowPICC.
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Jako ostatni etap charakterystyki fenotypowej kazdego ze szczepdéw, sprawdzono
wrazliwos¢ analizowanych heterezygot na wybrane stresory, wykorzystujac technike
testow kropelkowych. Zestawione wyniki dla wszystkich analizowanych kompleksow
przedstawiono na Rycinach 36, 37 oraz 38. Co ciekawe, wszystkie analizowane mutanty
okazaty si¢ by¢ mniej wrazliwe na dziatanie Calcofluor white i/lub Congo red, bedacych
zwigzkami toksycznymi wzgledem $ciany komorkowej. W obecnosci detergentu SDS,
wywolujacego nie tylko stres §ciany komodrkowej, lecz takze stres oksydacyjny szczepy
ORC6/orc6A, CDC45/cdc45A, SLD7/sld7A oraz SLD2/sld2A okazaty si¢ by¢ mniej
wrazliwe. Jako jedyny w tej probie, wrazliwy okazat si¢ szczep DBF4/dbf4A. Wykazano
ponadto, ze heterozygoty ORC2/orc2A, ORC3/orc3A, ORC4/orc4A, ORC5/orc5A,
MCM2/mcm2A, MCM4/mem4A, MCM6/mem6A, SLD5/sld5A, SLD3/sId3A  oraz
MCM10/mcm10A sa bardziej wrazliwe na stres osmotyczny indukowany obecnoscia
IM NaCl, z kolei heterozygoty ORC1/orclA, CDC45/cdc45A i MCM7/mcm7A,
CDC6/cdc6A, DBF4/dbf4A oraz SLD7/sld7A okazaty si¢ by¢ mniej wrazliwe wobec
dziatania 1M NaCl, w poréwnaniu ze szczepem kontrolnym. Odkryto rowniez, ze szczep
MCM2/mcm2A byt wrazliwy na szok cieplny i induktory stresu genotoksycznego, takie
jak zeocyna i kamptotecyna. W zwigzku z tym, nasze badania wskazujg jednoznacznie,
ze obnizenie poziomu biatek zaangazowanych w inicjacje replikacji DNA ma szeroki

wplyw na reakcje odpowiedzi komorki na stres sSrodowiskowy.

NaCl SDS
1M 0.03%

white
50 pg/mL

white
10 pg/mL

Kontrola

ORC1/orc1A

ORC2/orc2A

ORC3/orc3A

ORC4/orc4A

ORC5/orc5A

ORCé6/orc6A

Ryc. 36. Mapa cieplna przedstawiajaca fenotyp wzrostu heterozygotycznych szczepéw drozdzy ORC/orcA

narazonych na roézne stresory.

69



Calcofluor Calcofluor Kamptotecyna | Zeocyna
Kontrola white white
50 pg/mL 100 pg/mL

Congo red NaCl SDS 0.03% Szok cieplny

150 pgimL 1M (46°C 20min) | 1O HomL 25 pgimL.

wT

CDC45/cdc45A

MCM2/mem2A

MCM3/mem3A

MCM4/meméA

MCM5/mem5A

MCM6/mcm6A
MCM7/mem74A

PSF1/psf1A

PSF2/psf2A

PSF3/psf3A

SLD5/sld5A
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Ryc. 37. Mapa cieplna przedstawiajaca fenotyp wzrostu heterozygotycznych szczepéw drozdzy

CMG/cmgA narazonych na rdzne stresory.
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Ryc. 38. Mapa cieplna przedstawiajaca fenotyp wzrostu heterozygotycznych szczepow drozdzy lowPICC

narazonych na rézne stresory.
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8. Dyskusja

Molekularne podstawy inicjacji replikacji u eukariontow sa dos¢ dobrze poznane
1 rzetelnie opisane. Jednakze dotychczas nie ma danych na temat wplywu obnizenia
poziomu niezb¢dnych bialek bioragcych udzial w inicjacji replikacji na fizjologi¢
i starzenie si¢ komorki. Dlatego wydaje si¢, ze zrozumienie mechanizméw
kontrolujacych inicjacje replikacji moze by¢ pomocne w przysztosci w terapiach
spowalniajagcych proces starzenia si¢ i zapewniajagcych ochrone przed nowotworami.
Starzenie jest wieloczynnikowym procesem biologicznym dotyczacym wszystkich
organizméw zywych. W trakcie starzenia wraz z uplywem czasu dochodzi
do uposledzenia funkcji komorek i tkanek, a w rezultacie do $mierci [Lopez-Otin i in.
2013]. Z kolei starzenie komoérkowe (tzw. senescencja) jest zwigzane z zatrzymaniem
cyklu komorkowego, ktére mozna indukowa¢ w komodrkach w odpowiedzi na rézne
czynniki wewnetrzne i zewnetrzne, a takze sygnaly rozwojowe [Garcia-Prat i in. 2016].
Podczas starzenia wywotanego onkogenem aktywacja onkogenu powoduje
hiperproliferacj¢, ktora z kolei indukuje starzenie si¢ komodrek. Sygnaty mitotyczne
zwiekszajg wykorzystanie miejsc startu replikacji, co powoduje zatrzymanie replikacji
i akumulacj¢ uszkodzen DNA, ostatecznie aktywujac $ciezki odpowiedzi na uszkodzenie
DNA [Bartkova i in. 2006; Gorgoulis i Halazonetis 2010].

U eukariontéw replikacja chromosomow rozpoczyna si¢ w wielu miejscach startu
replikacji (ori), ktore sg aktywowane w roznych punktach czasowych fazy S i konczy sie,
gdy podazajace w przeciwnych kierunkach wideltki replikacyjne spotykaja si¢ [Hyrien
i Goldar 2010]. Cho¢ wiadomo, Zze pewne miejsca Ori aktywowane sg wczesniej, a inne
pbézniej, to zasady regulujace licencjonowanie i uruchamianie konkretnych miejsc ori
wecigz nie sg doktadnie poznane. Warto zauwazyc¢, ze lokalizacja miejsca startu replikacji
na chromosomie, aktywna transkrypcja lub wystapienie uszkodzenia DNA moga mie¢
wplyw na jego wykorzystanie podczas replikacji [Zappulla i in. 2002; Early i in. 2004,
Legouras i in. 2006; Eshaghi i in. 2007;]. Kompleks ORC (origin recognition complex),
ktorego zadaniem jest rozpoznanie miejsca inicjacji replikacji, oraz czynniki licencyjne,
takie jak Cdc6 1 Cdtl, wspolnie promujg tadowanie kompleksu helikazy MCM [Sugimoto
I Fujita 2017; Bleichert 2019]. Wigzanie ORC z okreslonymi miejscami DNA jest zalezne
od ATP. W kompleksie ORC biatka Orc1-5 zawieraja domeng AAA+ (ATPazy zwigzane
z r6znorodnymi aktywnos$ciami komorkowymi) i1 sg niezbgdne do wigzania si¢ z DNA.

Co ciekawe, tylko Orcl, Orc2, Orc4 i Orc5 majg bezposredni kontakt z DNA [Lee i Bell
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1997; Clarey i in. 2006], natomiast Orc3 jest tgcznikiem podjednostek majacych kontakt
z DNA, co stabilizuje caly kompleks. Z kolei podjednostka Orc6 nie zawiera domeny
AAA+ inie wigze si¢ z DNA, lecz rekrutuje biatko Cdtl i rdzen helikazy replikacyjnej —
kompleks Mcm2-Mcm7 (Mcmz2-7) [Asano i in. 2007; Takara i Bell 2011]. Podczas
fazy S aktywowane kinazy zalezne od cyklin (CDK) i kinazy zalezne od Dbf4 (DDK)
wyzwalaja inicjacj¢ replikacji DNA. Fosforylacja MCM przez CDK (cyclin dependent
kinase) i Dbf4 jest konieczna do uruchomienia miejsca startu replikacji. Z kolei ORC oraz
Cdc6 1 Cdtl sg regulowane w dot przez fosforylacje, aby zapobiec rekrutacji MCM [Hills
i Diffley 2014]. Kompleks MCM, sktadajacy si¢ z sze$ciu homologicznych biatek
Mcm2-7, tworzy pierscien helikazy. Kompleks ten jednak by mogl by¢ aktywny wymaga
dotaczenia pigciu czynnikdw pomocniczych, a mianowicie Cdc45 i1 czterobiatkowego
kompleksu GINS, co ostatecznie prowadzi do powstania 11-podjednostkowego
kompleksu CMG (Cdc45, MCM, GINS) [llves i in. 2010]. Istotna rola kompleksu GINS
w utrzymaniu wiernosci replikacji u drozdzy paczkujacych zostata udowodniona.
Zaburzenia w dziataniu kompleksu GINS prowadza do wzrostu czestosci mutacji
spontanicznych i niestabilnosci sekwencji powtarzalnych [Grabowska i in. 2014;
Jedrychowska i in. 2019]. Kompleks GINS odgrywa kluczowg rolg w inicjacji replikacji
DNA, gdyz jest czescig przejsciowych kompleksoéw biatkowych, ktore taczg sie podczas
wczesnych etapow replikacji, poprzedzajacych utworzenie aktywnego kompleksu
helikazy CMG [MacNeill 2010].

Wykazano, ze szczepy z niskim poziomem Orcl-5 maja znacznie wydtuzony czas
podwojenia. Ten spowolniony wzrost odpowiada opo6znieniu cyklu komoérkowego
w przejsciu pomigdzy fazami G1/S, jednak bez istotnego wptywu na aktywnosé
metaboliczng mierzong z wykorzystaniem barwika fluorescencyjnego FUN-1.
Co ciekawe, w przypadku heterozygoty ORC6/orc6A pomimo zaburzen cyklu
komodrkowego, nie zaobserwowano zmian w Kinetyce wzrostu. Ponadto wykazano,
ze komorki heterozygotyczne zmniejszyly ilo§¢ mRNA ORC1-6 w poréwnaniu
z kontrolg, w tym mRNA ORCS6. Sugeruje to, ze raczej obecnos¢ domeny AAA+, a nie
zaburzenia cyklu komoérkowego, moga odgrywaé nadrzedng role w obserwowanym
fenotypie, przynajmniej w przypadku komoérek drozdzy kompleksu ORC. Biatka
kompleksu ORC wiaza si¢ bezposrednio z DNA w miejscu rozpoczecia replikacji
w trakcie calego cyklu komorkowego i dlatego odgrywaja kluczowa rolg podczas
replikacji DNA eukariotycznego [Matsuda i in. 2007]. Stanowi to rowniez podstawe
do ztozenia kompleksu przedreplikacyjnego w fazie G1. Analiza cyklu komérkowego

72



wykazata, ze wszystkie heterozygotyczne szczepy ORC/orcA miaty wydtuzong fazg G1
cyklu komoérkowego w porownaniu ze szczepem referencyjnym. Wydluzony czas
podwojenia oraz zaburzenia cyklu komérkowego zaobserwowano rowniez dla szczepow
CMG/cmgA. Wcezesniejsze badania wykazaly, ze odpowiedz na punkt kontrolny fazy S
moze spowolni¢ lub zatrzymaé progresje widetek replikacyjnych, jednoczesnie
stabilizujac zwigzanie kompleksu MCM z widetkami replikacyjnymi podczas reparacji
DNA po uszkodzeniu [Kamimura i in. 2001]. W przeprowadzonych eksperymentach
zaobserwowano, ze komorki drozdzy o obnizonej ekspresji gendw kodujacych
podjednostki helikazy CMG wykazaty niewielkie opdznienie przejscia pomigdzy fazami
G1/S, z kolei heterozygoty MCM7/mcm7A i MCM3/mcm3A charakteryzowaty sie
zwigkszong populacja komoérek w fazie G2. Komorki zestawu szczepdéw lowPICC takze
charakteryzowaty si¢ wydluzonym czasem podwojenia oraz zaburzeniami w cyklu
komoérkowym. W przypadku analizowanego zbioru szczepdéw lowPICC zmiany czasu
podwojenia wigza si¢ z niewielkimi zaburzeniami cyklu komoérkowego. Nalezy jednak
podkresli¢, ze w wigkszosci z nich byto to zwigzane ze zmianami fazy G1 i S cyklu
komorkowego. Roznice w czasach podwojenia i zaburzenia cyklu komorkowego
analizowanych szczepow heterozygotycznych zaangazowanych w inicjacj¢ replikacji
moga wynika¢ ze zmienionego wzorca stosowanych miejsc startu replikacji. Poprzednie
badania wykazaty, Ze niektore czynniki biorace udzial w inicjacji replikacji DNA
u drozdzy sg réwniez odpowiedzialne za regulacje zarowno wybranych miejsc ori,
jak i czasu ich aktywacji w danej rundzie replikacji [Mantiero i in. 2011]. Dlatego
uruchamianie miejsca ori drozdzy jest wazng cze$cig regulacji cyklu komorkowego
1 jak wykazano, prawidlowe zaprogramowanie jego uruchamiania zapobiega
nieprawidlowej aktywacji punktu kontrolnego i reguluje dlugo$¢ fazy S u drozdzy
[Mantiero i in. 2011]. Skutecznos¢ aktywacji miejsc startu replikacji wzrosta w catym
genomie, gdy biatka Sld2 1 Dbf4 ulegaty nadekspresji jednoczesnie z biatkami Cdc45
i SId7 [McGuffee i in. 2013]. Dodatkowo Tanaka i in. odkryli, ze nadekspresja tylko SId3,
S1d7 i Cdc45 moze przyspieszy¢ czas aktywacji miejsc ori, ktore zwykle bylyby
uruchamiane jako ostatnie [Tanaka i in. 2011]. Zaburzone tempo wzrostu moze by¢
roOwniez zwigzane z zaburzeniami w obrgbie poziomu obcigzenia helikazy MCM
spowodowane spadkiem poziomu, np. Cdc6 czy ORC, co utrudnia licencjonowanie
[Kotsantis i in. 2018]. Odkrycie, ze niektoére specyficzne czynniki inicjacji replikacji,
np. SId2, S1d3 i1 SI1d7 ulegaja ekspresji na poziomach znacznie nizszych niz sktadniki
pre-RC 1 replisomu, sugeruje, ze s3 one kluczowe dla aktywacji poczatku replikacji
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1 pomyslnej inicjacji replikacji [Mantiero i in. 2011]. Wyniki te sa poparte obserwacja
podobnych efektow dla réznych delecji lub mutantow warunkowych w tych genach.
Wydtuzenie faz G1 i/lub S zaobserwowano, m.in. w mecm10AC [Douglas i Diffley 2016],
sld7A [Tanaka i in. 2011], sld3-5 [Kamimura i in. 2001], sld2-5td oraz sld3-2A [Tanaka
I in. 2007], cdc6K114A [Weinreich i in. 1999] oraz w szczepie niosgcym TetO7-DBF4
w warunkach odcigcia dla promotora TetO [Yu i in. 2006].

Dodatkowo analiza metodg cytometrii przeptywowej dostarczyta interesujgcych
danych dotyczacych zawartosci DNA pomigdzy niektorymi szczepami lowPICC i WT.
Widoczne byty tu dwie grupy o zawarto§ci DNA nizszej niz kontrola WT: szczepy
SLD2/sld2A i SLD3/sId3A wykazaty niewielkie przesunigcia, natomiast heterozygoty
SLD7/sld7A i MCM10/mcm10A wykazaty bardziej znaczace przesunigcie na osi FL2-H
w lewo, co sugeruje spadek intensywnosci fluorescencji barwnika interkalujacego
do DNA, czyli jodku propidyny. Takie przesunigcie jest zwykle interpretowane jako
zmniejszenie zawartosci DNA, np. na skutek zwigkszonego uszkodzenia DNA, bt¢dne;j
naprawy DNA prowadzacej do przegrupowania DNA, co skutkuje utrata czesci lub nawet
calych chromosomoéw. Jednakze mozna to rowniez przypisa¢ wyzszej kondensacji DNA
lub akumulacji jednoniciowych regionéw DNA, ktdére ograniczajg interkalacj¢ barwnika
fluorescencyjnego do DNA. Innym hipotetycznym Zrédtem zmiany zawartosci DNA
moze by¢ obnizona liczba mitochondrialnego DNA (mtDNA). Wykonane dodatkowe
analizy pomogty zrozumie¢ mozliwe zrodta zmian zawartosci DNA zaobserwowanych
u czesci testowanych szczepoéw z grupy lowPICC. Nasze badania wykazaly akumulacje
ognisk biatka fuzyjnego Rad52-YFP w szczepie SLD3/sld3A, co sugeruje czgstsze
uszkodzenia DNA w tych komorkach i zwigzane z tym wigksze wymagania dotyczace
rekombinacji homologicznej. Biatko Rfal bedace czescia kompleksu biatka
replikacyjnego A ma zdolno$¢ wigzania jednoniciowego DNA. W zwigzku z tym
odgrywa istotng role w wielu procesach zwigzanych z DNA, takich jak replikacja
I naprawa DNA [Barbour i Wuttke 2023]. Poniewaz w tym szczepie (SLD3/sId3A)
nie gromadzity si¢ ogniska Rfal-YFP, mozna zalozy¢, ze w tych komodrkach aktywowany
jest szlak naprawy peknie¢ dwuniciowych. W szczepach o zwigkszonej liczbie pgkniec
podwdjnej nici (DSB) wzrasta ryzyko utraty cze$ci powtarzalnej sekwencji.
Jedna z naturalnie wystepujacych sekwencji powtarzalnych w genomie jest region
kodujacy rRNA, ktéry u drozdzy zlokalizowany jest na ramieniu chromosomu XII.
W przypadku dtugich, powtarzalnych sekwencji, takich jak powtorzenia rDNA, utrata ich
czesci moze by¢ wykryta nawet w analizie zawartosci DNA. Szczepy roznig si¢ liczba

74



powtdrzen, a jak pokazuja wczesniejsze badania, mniejsza dlugos¢ rDNA powoduje
wydluzenie czasu podwojenia komorki [Lynch i in. 2019]. W naszym badaniu
wykazali$my, ze szczep SLD3/sId3A ma wydtuzony czas generacji, wysokg czestotliwos¢
rekrutacji rekombinazy Rad52 do miejsc uszkodzenia DNA, oraz ze zawartos¢ DNA
w tym szczepie spadta. Wyniki te sg zgodne z danymi przedstawionymi przez Lynch i in.
pokazujacymi zwigzek zmniejszenia poziomu Sld3 z niestabilno$cig chromosomu XII.
Ci sami autorzy zaobserwowali rowniez podobng korelacje zwigzang ze zmniejszeniem
poziomu Sld2 [Lynch i in. 2019]. W naszych badaniach zaobserwowali$my wydtuzenie
czasu podwojenia i wyzszy odsetek komorek heterozygoty SLD2/sId2A z ogniskami
Rad52-YFP po traktowaniu zeocyng, jednak w przeciwienstwie do SLD3/sId3A, liczba
spontanicznie tworzacych si¢ ognisk Rad52-YFP nie wzrosta w heterozygocie
SLD2/sld2A. Dlatego tez zwiazek w tym przypadku nie jest tak oczywisty i wymagalby
dalszych badan w celu ujawnienia mechanizmu niestabilno$ci uktadu rDNA w tym
szczepie. Nalezy jednak wspomnie¢, ze poprzednie badania wykazaly, ze szczepy
drozdzy zawierajace allele 0 obnizonej funkcji genow SLD2 i MCM10, SLD3, DBF4
i CDC6 wykazywaty fenotypy niestabilnosci chromosomowej (chromosome instability
phenotypes - CIN) [Stirling i in. 2011]. Wykazano rowniez zwigkszong czgstotliwosé
duzych rearanzacji chromosomalnych (GRC) dla pierwszych czterech szczepdw,
a zwiekszong wiernos¢ transmisji chromosomow (CTF) wykazano dla cdc6-1. Ponadto
do szczepdéw o silnym fenotypie CIN zakwalifikowano szczep o obnizonym poziomie

SLD2 oraz mutanta mcm10-1[Stirling i in. 2011].

Istotne sa takze zmiany w mtDNA wykryte w szczepach lowPICC. Dane literaturowe
wskazujg na zwigzek pomigdzy poziomem mtDNA, a réZznymi procesami biologicznymi
wplywajacymi na stabilno$¢ genomu. Na przyklad poziom mtDNA wzrasta w szczepach,
ktore aktywowaly odpowiedZ na uszkodzenie DNA i gromadzg dNTP. Utrate mtDNA
korelowano rowniez z aneuploidig [Puddu i in 2019]. Moze to wyjasnia¢ uzyskane przez
nas wyniki, takie jak przesunigcia w histogramach zawartosci DNA. Szczepy o najnizszej
zawartosci DNA, czyli SLD7/sld7A oraz MCM10/mcm10A majg takze najnizsza
zawartos¢ mtDNA. Wyzsza zawarto§¢ mtDNA maskuje w pewnym stopniu aberracje
zawarto$ci komorkowego DNA wynikajace, np. z duzej czestotliwosci regionéw ssDNA
w komorkach szczepu DBF4/dbf4A lub duzej liczby uszkodzen DNA, ktoére moga
prowadzi¢ do rearanzacji DNA lub utraty DNA w komorkach szczepu SLD2/sId2A
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Co cickawe, uzyskane wyniki wykazaty, ze redukcja poziomdéw ekspresji genow
zaangazowanych w inicjacj¢ replikacji DNA miata réwniez wptyw na przebieg mejozy
i wydajnos$¢ sporulacji w badanych heterozygotycznych szczepach. Odkrycie to moze
mie¢ znaczenie przy ekstrapolacji tych danych w kontekscie gametogenezy u wyzszych
eukariontow. Te analizy byly jedynie testami charakteryzujacymi szczepy
heterozygotyczne, dlatego nie rozszerzaliSmy tego tematu, a jedynie sygnalizujemy
fenotyp.

Przeprowadzone w ramach rozprawy doktorskiej eksperymenty wykazaty znaczny
wzrost potencjatu reprodukcyjnego dla niemal wszystkich badanych heterozygot,
z wyjatkiem ORC6/orc6A oraz MCM2/mcm2A. Co wigcej, dla szczepow nalezacych
do kompleksow ORC/orcA oraz CMG/cmgA zwigkszenie potencjatu reprodukcyjnego
nie miato wptywu na $rednig dhugos¢ zycia. Sugeruje to potencjalne podobienstwo
do komorek ludzkich, gdzie wykryty w fibroblastach obnizony poziom podjednostek
MCM moze pochodzi¢ ze Zrddet innych niz transkrypcja [Suzuki 1 in. 2019]. Geny
kodujace biatka biorgce udzial w inicjacji replikacji sa nie tylko niezb¢dne do wzrostu,
ale takze wymagajg precyzyjnej regulacji w kontekscie replikacji i starzenia. Co ciekawe,
w przeciwienstwie do wynikéw uzyskanych dla heterozygotycznych szczepow
ORClorcA oraz CMG/ecmgA, w przypadku obnizenia poziomoéw ekspresji czynnikow
regulujacych inicjacje replikacji DNA (lowPICC), tylko jedna kopia odpowiedniego genu
w szczepach lowPICC prowadzita do zmniejszenia catkowitej dlugos$ci zycia wszystkich
analizowanych szczepow w porownaniu z WT, w modelu replikacyjnego starzenia.
Co wigcej, wszystkie badane heterozygoty lowPICC miaty réwniez krotsza maksymalng
dhugos¢ zycia (okoto 100 godzin) w poroéwnaniu z WT. Z ewolucyjnego punktu widzenia
zdolnos¢ populacji komoérek do osiggnigcia wydajnej syntezy DNA 1 szybkiego czasu
podwojenia ma kluczowe znaczenie, zapewniajac przewage konkurencyjna w rywalizacji
0 zasoby srodowiskowe. Udowodniono, ze gdy ekspresja gendw kodujacych komponenty
bialkowe zaangazowane w proces inicjacji replikacji DNA jest zmniejszona, komorki
wykazuja znaczny wzrost potencjatu reprodukcyjnego w poréwnaniu ze szczepem WT,
jednoczesnie wydluzajac czas podwojenia. Fenotyp ten jest podobny do komorek
nowotworowych [Macheret i Halazonetis 2015]. Zaburzenia replikacji DNA coraz
czesciej uznawane sg takze za krytyczny czynnik niestabilnosci genomu podczas rozwoju
nowotworow [Hills i Diffley 2014; Macheret i Halazonetis; 2015; Kotsantis i in. 2018].
Ostatnie badania podkreslity znaczenie biatek MCM dla zdrowia 1 dobrego samopoczucia
wyzszych eukariontow. Na przyklad myszy z nizszymi poziomami ekspresji MCM2
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wykazywaty krétsza srednig dlugos¢ zycia ze wzgledu na wieksza czgstos¢ wystepowania
nowotworow, gldwnie chioniakdéw [Pruitt i in. 2007]. Zmniejszong ekspresj¢ MCM2
powigzano takze ze zwigkszonym poziomem indukowanych fosforylacjg Ser139 ognisk
histonu H2AX w komorkach miesniowych, ktéry stuzy jako marker pekniec
dwuniciowego DNA [Yu i in. 2020]. Z drugiej strony istniejg dane wigzace nowotwory
ze wzrostem ekspresji gendw zaangazowanych w proces inicjacji replikacji DNA.
Na przyktad zaobserwowano, ze poziomy ekspresji MCM dodatnio koreluja
ze ztosliwoscig nowotworu w kilku nowotworach zwigzanych z MCM, w tym raku
ptaskonablonkowym ptuc, raku nerki, raku prostaty, raku piersi, nowotworach przewodu
pokarmowego, guzach moézgu i chtoniakach [Yu i in. 2020]. Co wigcej, zasugerowano,
ze poziomy ekspresji MCM2-MCM7 mogga stuzy¢ jako markery prognostyczne przezycia
u pacjentow z r6znymi typami nowotwordw [Schimmack 1 in. 2016]. Takze w przypadku
kompleksu GINS zaobserwowano silng korelacje pomig¢dzy ekspresjg GINS2 (ludzkiego
odpowiednika PSF2 drozdzy), a nowotworzeniem. Warto zauwazy¢, ze znaczny wzrost
ekspresji GINS2 odnotowano w réznych typach nowotworéw, w tym w raku szyjki
macicy [Ouyang i in. 2017], raku piersi [Peng i in. 2016], glejaku [Shen i in. 2019],
raku trzustki [Bu 1 in. 2020] 1 niedrobnokomérkowym raku ptuc [Chi 1 in. 2020].
Zwickszona ekspresja GINS2 sprzyja rozwojowi nowotworu poprzez zwigkszenie
proliferacji komoérek nowotworowych i1 hamowanie apoptozy komorek [Ye i in. 2019;
Bu i in. 2020]. Niedawne odkrycia sugeruja, ze kompleks CMG moze by¢ obiecujagcym
celem terapeutycznym w leczeniu raka. Ponadto zidentyfikowano drobnoczasteczkowe
inhibitory helikazy CMG, takie jak genisteina, metformina i brewiskapina, jako
potencjalne zwiazki przeciwnowotworowe [Majid i in. 2010; Kim i in. 2017; Guan i in.
2017]. Warto jednak podkresli¢, Zze poziomy ekspresji gendow zaangazowanych
w inicjacj¢ replikacji DNA byly mierzone w tych przypadkach w komorkach
nowotworowych, w zwigzku z czym nie do konca jest jasne, czy kancerogeneza byla
skutkiem, czy przyczyng tych zmian ekspresji. Pomimo licznych badan aspekt wptywu
obnizenia jednej kopii genow (w odniesieniu do gendéw zaangazowanych w proces
inicjacji replikacji DNA) na starzenie i potencjat proliferacyjny komorek nadal pozostaje
niejasny. Nasze badania, s3 nowatorskim podej$ciem, ktére rzuca nowe §wiatlo na ten
problem.

W analizie procesow starzenia dla badanych szczepéw heterozygotycznych
ORC/orcA, CMG/cmgA oraz lowPICC skupiono si¢ rowniez na okresleniu
chronologicznej dtugosci zycia (CLS). Pomimo odkrycia wielu szlakow metabolicznych
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zaangazowanych w CLS, wcigz niewiele wiadomo na temat wptywu zaburzen inicjacji
replikacji na dtlugos¢ zycia komorek drozdzy mierzong w tym modelu starzenia.
Teoretycznie zaburzenia inicjacji replikacji nie powinny mie¢ wptywu na starzenie si¢
komorek drozdzy niezdolnych do paczkowania, poniewaz analiz¢ CLS rozpoczyna si¢
od wejscia komorek w faz¢ stacjonarng. Co ciekawe, zaobserwowano jednak istotne
opOznienie starzenia chronologicznego we wszystkich analizowanych szczepach
w porownaniu z WT. W tym miejscu potwierdzono, ze oba modele starzenia sig,
tj. starzenie replikacyjne i starzenie chronologiczne, sa uzupetniajacymi si¢ metodami,
a analizowane czynniki nie zawsze majg podobny wptyw na mechanizm starzenia w obu
modelach. Nasze badania sg zgodne z wczeSniejszymi doniesieniami. Podobne
obserwacje odnotowano z wykorzystaniem innych zestawow szczepow. Dla przyktadu,
Fabrizio i in. wykazali, ze nadekspresja genéw SOD1 i SOD2, zaangazowanych w obrong
antyoksydacyjna komorki, zmniejsza potencjal reprodukcyjny oraz spowalnia starzenie
si¢ chronologiczne [Fabrizio i in. 2004]. Z kolei inne badania wykazaty, ze wzmozone
oddychanie u mutanta sch9A byto wymagane do zwigkszenia CLS, ale nie miato wptywu
na potencjat reprodukcyjny [Lavoie i Whiteway 2008].

Brak zmian fenotypu starzenia heterozygoty ORC6/orc6A w modelu starzenia
replikacyjnego, a takze brak zauwazalnego fenotypu szczepu MCM2/mcm2A
dotyczacego potencjatu reprodukcyjnego oraz znaczace zmiany w odpowiedzi
heterozygot ORC6/0rc6A oraz MCM2/mcm2A na warunki stresowe podczas CLS, takie
jak gtéd lub zakwaszenie pozywki mozna wyjasni¢ takze zjawiskiem haploinsuficjenciji.
Haploinsuficjencja to dominujacy fenotyp wywotany heterozygotyczng mutacja
powodujaca utrate funkcji. Ostatnie badania wykazaty, ze ponad potowa z genow drozdzy
niezb¢dnych do zycia (essential genes) wykazywata fenotypy haploinsuficjencji
w optymalnych warunkach. Ponadto, okoto 40% niezbgdnych gendéw, ktére nie
wykazywaty wyraznych fenotypow w optymalnych warunkach wzrostu, wykazywato
haploinsuficjencj¢ w warunkach stresowych [Ohnuki i Ohya 2018]. Dlatego nalezy
podkresli¢, ze fenotypowanie pojedynczych komorek jest skutecznym podejsciem, nawet
w warunkach heterozygotycznych.

Podczas analizy CLS zaobserwowano w populacji komoérki o powigkszonych
objetosciach, a fenotyp ten jest zgodny z wczeSniejszymi obserwacjami [Stepien i in.
2020]. Co wigcej, analizy metodg cytometrii przeptywowej potwierdzily obserwacje

mikroskopowe i wykazaty, ze podczas CLS populacja komorek wraz z wiekiem
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powicksza swoje rozmiary, niezaleznie od szczepu. Analiza zawartosci DNA
w komorkach wykazata zmiany ploidii podczas starzenia chronologicznego, wykazujac
wyraznie przesuni¢cie ploidalnosci w kierunku haploidalnosci. CLS mozna postrzegac
jako odpowiedz komoérek na warunki stresowe, obejmujgce przede wszystkim gtod
1 zakwaszenie §rodowiska. W komorkach drozdzy haploidyzacja moze by¢ indukowana
przez rézne czynniki, w tym delecje pojedynczych genow obejmujacych wazne czynniki
stabilno$ci genomu, takie jak rekombinaza Rad52 lub czynnik inicjacji replikacji Ctf18
[Song i Petes 2012; Krol i in. 2015], przedtuzona hodowla [Gerstein i in. 2008; Song
i Petes 2012] lub gtdd. U ludzi obserwuje si¢ rowniez zmiany ploidii, szczegolnie podczas
stresu zwigzanego z uszkodzeniem DNA. Nieprawidtowo naprawione uszkodzenia DNA
moga prowadzi¢ do aneuploidii, co ostatecznie prowadzi do katastrofy mitotycznej
podczas poézniejszego podziatu komorki [Vitale i in. 2011]. Bledna segregacja
chromosoméw prowadzaca do aneuploidii jest czesto powigzana z nowotworami
I prawdopodobnie przyczynia si¢ do utraty gendw supresorowych nowotworu
1 nabywania dodatkowych kopii onkogenoéw, wspierajac w ten sposob karcynogeneze.
Badania wykazaty, ze okoto 68% guzow litych to guzy aneuploidalne [Duijf i in. 2013].
Warto jednak podkresli¢, ze czesciej obserwuje si¢ utrate chromosomow niz ich przyrost,
a mniejsze chromosomy sg tracone czgsciej niz wigksze [Duijf 1 in. 2013]. Dodatkowo
zasugerowano, ze redukcja ploidalnosci moze by¢ wczesnym etapem rozwoju
hepatokarcynogenezy z poliploidalnych hepatocytow [Matsumoto i in. 2021]. W zwigzku
z tym przesunigcie ploidalnosci opisane W tej rozprawie wydaje si¢ by¢ zjawiskiem
uniwersalnym i powigzanym z warunkami Stresu, poézniejszymi uszkodzeniami
endogennymi i adaptacja komoérek do takich warunkéw. Wniosek ten potwierdzajg
wyniki Ravichandran i in., ktorzy aby zbadaé¢, w jaki sposéb komorki drozdzy
przystosowuja si¢ do niestabilnosci chromosoméw w czasie, indukowali wysoki
wskaznik nieprawidlowej segregacji chromosoméw [Ravichandran i in. 2018]. Adaptacja
do niestabilno$ci chromosomoéw zachodzi poprzez indywidualne aneuploidie
chromosomdéw, w wyniku czego powstaja przystosowane szczepy o ztozonych
kariotypach, charakteryzujacych si¢ specyficznymi kombinacjami korzystnych
chromosomow. We wspoétautorskiej pracy Enkhbaatar i in. skupiono sie szczegétowo na
wyjasnieniu przyczyny uraty DNA w trakcie starzenia chronologicznego drozdzy,
pokazujac, ze t0 autofagia jest kluczowym czynnikiem determinujacym redukcje ploidii

chronologicznie starzejacych si¢ komoérek drozdzy [Enkhbaatar i in. 2023].
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Analizy molekularne nie daty jednoznacznej odpowiedzi, dlaczego heterozygota
ORC6/orc6A, pomimo zaburzen w cyklu komérkowym i nizszego poziomu mRNA
w komorce, nie wykazata réznic w replikacyjnym starzeniu i tempie wzrostu. By
wyjasni¢ te kwestie uzyto analiz spektroskopii Ramana dla oceny biochemicznego
odcisku palca grupy szczepéw ORC/orcA. Uzyskane wyniki pokazuja, ze komorki
w fazie wyktadniczej, a wigc porownywalne z tymi w analizie starzenia replikacyjnego,
majg podobne widma RNA i lipidow. Wyniki te potwierdzajag wczeéniejsze dane
sugerujgce, ze status biochemiczny (odcisk metabolomiczny) komoérek moze byc
w pewnym stopniu powigzany z dlugowieczno$cig drozdzy [Yoshida i in. 2010]. Profile
metaboliczne zostaly takze okre§lone dla szczepoéw CMG/cmgA oraz lowPIC.
Co ciekawe, w przypadku analizowanego kompleksu CMG/cmgA zidentyfikowano
ujemna korelacje pomigdzy poziomem polisacharydow oraz RNA, a potencjatem
reprodukcyjnym badanych szczepow. Ponadto stwierdzono istotng korelacje pomigdzy
czasem podwojenia, a poziomem kwasoéw ttluszczowych. Z kolei dla szczepéw lowPICC
wykazano silng ujemng korelacj¢ pomiedzy zawartoscig lipidow, bialek, RNA
1 polisacharydéw, a dlugosciag zycia komodrek. Sa to pierwsze dane wskazujace
na kluczowe znaczenie zawartosci biatek, lipidow, polisacharydow i RNA na proces
starzenia w aktywnych mitotycznie komorkach drozdzy. Wyniki te podkreslajg rowniez,
ze utrzymanie wlasciwej rdwnowagi makroczasteczek w komorce jest niezbedne
do utrzymania dtugowiecznosci. W ramach pracy wykonano rdwniez analizy fenotypowe
metoda kropelkowg. Zaobserwowano ciekawe fenotypy analizowanych szczepdw.
Wykazano migdzy innymi zwigkszong oporno$¢ na inhibitory $ciany komoérkowe;j.
Wskazuje to, ze biatka biorace udziat w inicjacji replikacji DNA odgrywaja rowniez
istotng rolg¢ w biogenezie S$ciany komorkowej 1 adaptacji komorek drozdzy
do zmieniajacych si¢ warunkow srodowiskowych, w tym stresu.

Uzyskane wyniki potwierdzaja wczesniejsze dane podkreslajace znaczenie
metabolizmu lipidéw i homeostazy w procesie starzenia [Moton i Zebrowski 2017].
Lipidy odgrywaja takze znaczaca role w procesie starzenia si¢ komorek drozdzy [Beach
i in. 2013]. Zwigzek lipidow ze Smiercig komorki jest ztozony i jak dotad stabo poznany.
Dlatego wydaje si¢, ze dla zrozumienia biochemicznych podstaw starzenia si¢ drozdzy
kluczowej roli nalezy poszukiwa¢ réwniez w metabolizmie i homeostazie lipidow
[Petschnigg 1 in. 2009]. Lipidy pelnig szeroki zakres funkcji biologicznych,
od utrzymywania strukturalnie nienaruszonych bton po zapewnianie magazynowania
energii i1 sygnalizacji. Badania z wykorzystaniem drozdzy jako modelu
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eksperymentalnego ujawnity rozne aspekty lipotoksyczno$ci, w tym toksyczno$é
wolnych kwasow ttuszczowych, $mier¢ komoérek modulowang przez sfingolipidy, a takze
udziat peroksydacji lipidow w mitochondrialnych szlakach apoptozy [Eisenberg i Biittner
2014]. Ostatnie badania wykazaty, ze regulacja okre$lonych grup lipidow odgrywa wazng
rolg w procesie starzenia si¢ cztowieka. Wykazano rowniez, ze starzejace si¢ komorki
gromadza wigcej kropel lipidow niz komorki proliferujace. Dlatego w starzejacych si¢
komorkach rozregulowana akumulacja lipidow moze by¢ wynikiem zwigkszonego
wychwytu lipidow, wzrostu szlakéw biosyntezy lipidow lub deregulacji szlakow

rozktadu lipidow [Flor i in. 2017; Chee i in. 2021].

Podsumowujac, niniejsza rozprawa doktorska jednoznacznie  wskazuje,
ze zmniejszenie liczby kopii gendow kodujacych biatka biorace udzial w regulacji
i/lub inicjacji replikacji DNA ma wplyw na starzenie aktywnych mitotycznie
I post-mitotycznych komoérek drozdzy. Niemal wszystkie analizowane szczepy wykazuja
znaczaco wyzszy potencjal reprodukcyjny , co mozna wigza¢ z zaburzeniami cyklu
komorkowego i wydtuzeniem czasu podwojenia. Wykazano takze korelacje pomiedzy
zawartoscig makroczasteczek komodrkowych takich jak RNA, biatka, lipidy
i polisacharydy, a procesem starzenia. Uzyskane dane pokazuja, ze zaburzenia w inicjacji
genomowego DNA wplywaja nie tylko na cykl komoérkowy, czy czas podwojenia

komorki, ale takze na caly profil biochemiczny komorki.
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9. Wnioski

Zaburzenia inicjacji replikacji DNA na poziomie kompleksow ORC, CMG
oraz biatek lowPICC prowadzg do wzrostu potencjatu reprodukcyjnego komorek,
z wyjatkiem szczepow ORC6/0rc6A oraz MCM2/mcm2A.

Zaburzenia inicjacji replikacji DNA prowadza do wydtuzenia czasu podwojenia
oraz zaburzen cyklu komérkowego u badanych heterozygot.

Zaburzenia inicjacji replikacji DNA na poziomie komplekséw ORC i CMG
nie majg wpltywu na catkowita dlugos$¢ zycia komoérek w modelu replikacyjnego
starzenia, natomiast zaburzenia inicjacji replikacji DNA na poziomie biatek
lowPICC prowadzg do skrocenia catkowitego czasu zycia aktywnych mitotycznie
komorek.

Zaburzenia inicjacji replikacji DNA na poziomie kompleksow ORC, CMG oraz
biatek  regulujacych lowPICC prowadza do opdznienia  starzenia
chronologicznego.

Delec;ji jednej kopii genu prowadzi do obnizenia poziomu transkryptow tego genu
w badanych heterozygotycznych mutantach S. cerevisiae.

Zaburzenia inicjacji replikacji DNA na poziomie kompleksow ORC, CMG oraz
biatek regulujgcych lowPICC determinujg sktad chemiczny komorki w zakresie
polisacharydow, biatek, lipidow oraz kwasow nukleinowych.

Podczas starzenia chronologicznego dochodzi do haploidyzacji komoérek drozdzy

S. cerevisiae niezaleznie od szczepu.
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Abstract: Precise DNA replication is pivotal for ensuring the accurate inheritance of genetic infor-
mation. To avoid genetic instability, each DNA fragment needs to be amplified only once per cell
cycle. DNA replication in eukaryotes starts with the binding of the origin recognition complex
(ORC) to the origins of DNA replication. The genes encoding ORC subunits have been conserved
across eukaryotic evolution and are essential for the initiation of DNA replication. In this study, we
conducted an extensive physiological and aging-dependent analysis of heterozygous cells lacking
one copy of ORC genes in the BY4743 background. Cells with only one copy of the ORC genes
showed a significant decrease in the level of ORC mRNA, a delay in the G1 phase of the cell cycle,
and an extended doubling time. Here, we also show that the reducing the levels of Orc1-6 proteins
significantly extends both the budding and average chronological lifespans. Heterozygous ORC/orcA
and wild-type diploid cells easily undergo haploidization during chronological aging. This ploidy
shift might be related to nutrient starvation or the inability to survive under stress conditions. A
Raman spectroscopy analysis helped us to strengthen the hypothesis of the importance of lipid
metabolism and homeostasis in aging.

Keywords: aging; cell cycle; lifespan; ORC; replication; yeast

1. Introduction

Replication is a cellular metabolic process in which a cell duplicates one or more
DNA molecules. DNA replication begins when the origins of replication are recognized
and bound by initiation proteins and is a tightly regulated process ensuring that genetic
information is inherited. DNA replication initiation is stringently regulated and involves
multiple layers of backup mechanisms [1]. Replication is initiated from the origins of
replication recognized and bound by the origin recognition complex (ORC) [2-4]. The ORC
is a six-subunit ATP-dependent DN A-binding protein encoded by ORC1-6 [5]. The first
origin recognition complex proteins were identified in budding yeast as a heterohexameric
complex that specifically bound to the origins of DNA replication [2]. Orthologs of ORCI-5
were identified in divergent organisms from fruit flies to humans, which greatly suggested
that these genes were strongly evolutionarily conserved [6,7]. In turn, ORC6 genes showed
no structural similarity to the other ORC proteins, and were poorly conserved between
budding yeast and other eukaryotic species [7]. The role of the ORC is to form a scaffold
for a number of additional replication factors in the G1 phase of the cell cycle, including
Cdc6, Cdtl and Mcm2-7, which together form a pre-replication complex [2,8-11]. The ORC
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remains bound to chromatin at replication origins throughout the cell cycle [4], but is only
active in the late mitosis and early G1 phase of the cell cycle. Both Orclp and Orc5p bind
ATP, though only Orclp has ATPase activity [12]. The Orc5p and Orcép are crucial for
the stability of ORC as the whole structure/complex [13]. Yeast ORC is a human ORC
orthologue; therefore, yeast may serve as a model in aging research and during studies
of humanized yeast used to reveal the mechanism leading to human diseases, to which
defects in ORC functioning contribute. So far, the mutations in inter alia ORC1, ORC4
and ORC6 were linked to dwarfism, also known as Meier-Gorlin syndrome [14]. In this
paper, we focused on the effect of reducing the levels of Orcl-6 proteins on cellular aging.
In general, aging is defined as a multifactorial process leading to the loss of function of
cells, tissues and organs. Yeast has been frequently and successfully used in aging research
for both aspects of this process, in both mitotically active [15] and post-mitotic cells [16].
There are two main approaches to aging used in the studies employing yeast as the model
system. The classical approach to replication aging examines the proliferative potential of
cells, expressed as the ability of the yeast mother cell to produce daughter cells [17]. This
method was later enhanced by the cell’s or organism’s lifetime parameters (as in other
models) [18] and is a model for studying active mitotic cells in higher eukaryotes [19]. In
the second approach, the so-called chronological aging is used as a model for studying post-
mitotic cells of higher eukaryotes, including humans [16,20]. Many factors are known to
influence the aging of yeast, including calory restriction [21], anti-aging compounds [22-24],
ribosome biogenesis disorders [25-27], mitochondrial dysfunction [28], and an increased
level of reactive oxygen species, leading to oxidative damage [29] or extrachromosomal
rDNA circles (ERCs) formation [30,31]. However, despite extensive research on aging,
little is known about the possible linkage between replication initiation and aging. This is
hardly strange considering that most of the factors involved in this process are essential
for cell viability. In our studies, we took advantage of the Orc1-6 protein level difference
between cells that were homozygous or heterozygous with regard to ORC genes. We asked
if decreased levels of proteins, which were necessary for replication to start, e.g., Orc1-6
proteins, would affect the aging process of these cells. We showed that a lowered level
of any of the Orcl-6 proteins resulted in a significant increase in the budding lifespan
and delayed the average chronological aging, likely due to the delay in the cell cycle and
subsequent extension of the doubling time.

2. Materials and Methods
2.1. Strains and Growth Conditions

All yeast strains used in this study are listed in Table 1.

Table 1. Strains used in this study.

Strain Genotype Source
R
Rl R e O Wi
Rrts i Opm e
RS R O
oxctots B B .oy s
NG R N, Opn o
Y R e e

Yeast cells were grown in a standard liquid-rich YPD medium (1% Difco Yeast Extract,
1% Yeast Bacto-Peptone, and 2% glucose) on a rotary shaker at 150 rpm or on solid rich
YPD medium containing 2% agar. The experiments were performed at 28 °C.
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2.2. Determination of the Growth Rate

The growth assays were carried out on liquid medium as described above. The yeast
cell suspension was incubated for 12 h with shaking at 28 °C (Heidolph Incubator 1000
at 1200 rpm). The growth was monitored in the Anthos 2010 type 17,550 microplate
reader at 600 nm by measurements at 2 h intervals for 12 h. In the second approach, the
number of cells per ml in each culture was counted using a Malassez chamber (Carl Roth,
Lauda-Konigshofen, Germany).

2.3. Determination of the Mean Doubling Time

The mean doubling time was calculated for each analyzed strain as described pre-
viously [32]. The doubling time was calculated during the routine determination of the
budding lifespan. The times of the first two reproductive cycles were not taken into ac-
count (the first and second doubling times are longer than those of older cells). The data
represents mean values from three independent experiments (with 45 cells used in each
experiment) with a mean standard deviation (SD). Statistically significant differences were
taken at a p-value of < 0.001 using the one-way ANOVA.

2.4. Cell Cycle Analysis

The cells were grown to ODgop 0.3-0.5, and 1 mL of cell culture was harvested by
centrifugation, and then washed with water fixed with a chilled (—20 °C) 70% ethanol
(Polmos, Warsaw, Poland) for 2 h at room temperature. The fixed cells were then washed
twice in FACS buffer (0.2 MTris-HCI (Sigma-Aldrich, Burlington, MA, USA), pH 7.4, 20 mM
EDTA (Merck, Darmstadt, Germany), and incubated for 2 h at 37 °C in FACS buffer with
1 mg per ml RNase A (Sigma-Aldrich, Burlington, MA, USA) to eliminate RNA. The cells
were then washed with phosphate-buffered saline (PBS) and stained overnight at4 °C in
the dark with 100 uL of propidium iodide solution (50 ug per ml in PBS; Calbiochem, San
Diego, CA, USA). After the addition of 900 uL PBS, the cells were sonicated three times
per 10 s in an ultrasonic bath, Branson 2800 (Branson Ultrasonic Corporation, Danbury, CT,
USA), prior to FACS analysis of the DNA content. Analysis was performed using a FACS
Calibur analyzer (Becton-Dickinson, Franklin Lakes, NJ, USA). A total of 10,000 cells were
counted in a single assay. The mean percent of cells in G1, S, and G2 phases of the cell cycle
was counted from three independent biological replicative. The standard deviation was
also calculated. The usage of two control strains, haploid and diploid, enabled the gating
of cells in the respective cell cycle phase.

2.5. Measurement of Cell Metabolic Activity

Metabolic activity of yeast cells was determined with FUN-1 according to the manufac-
turer’s protocol (Molecular Probes, Eugene, OR, USA) with small modifications described
in [33]. The fluorescence of the cell suspension was measured after 15 min incubation in
the dark and at 28 °C using the TECAN Infinite 200 microplate reader (Grodig, Austria)
at Aex = 480 nm and Aem = 500-650 nm. The metabolic activity of cells was expressed as a
change in ratio of red (A = 575 nm) to green fluorescence (A = 535 nm). The mean and SD
were calculated from the data of at least four cultures for each strain.

2.6. Detection of Rad52-YFP Foci via Fluorescence Microscopy

To determine the number of Rad52-YFP foci, ORC deletion strains and BY4743 wild
type were used. The yeast strains were transformed with the plasmid pW]1344 carrying
a RAD52-YFP fusion [34]. The transformants were grown in SC-Leu medium at 28 °C
with shaking until the exponential phase. An aliquot of each culture was collected for
microscopic analysis, which allowed the frequency of the spontaneous formation of Rad52
foci to be assessed. The remaining culture was treated with 1 mM H,O, for one hour, then
aliquots of cell suspensions were taken for a microscopic analysis of a further quantification
of the frequency of oxidative stress-induced Rad52 foci. The cells were examined under
a fluorescence microscope (Olympus BX51, Tokyo, Germany). The number of cells and
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Rad52-YFP foci in the cells were counted, and the percentage of cells with Rad52-YFP foci
and the average number of Rad52-YFP foci per cell were calculated after screening of at
least 500 cells.

2.7. Sporulation Efficiency Assay

Diploid strains pre-grown in rich YPD medium were placed onto sporulation medium
containing 0.1% yeast extract, 1% potassium acetate, 0.05% glucose, 2% agar for 14 days
at 28 °C, as previously described [35]. Cells were then suspended in water. Cells and asci
were counted in a cell-counting chamber Malassez (at least 300 cells per probe), and the
frequency of asci among the total cells was expressed as a percentage of asci relative to all
cells counted and WT. The mean and SD were calculated from the data for at least three
cultures of each strain.

2.8. Tetrad Dissection

Tetrad dissection was performed as previously described [35]. Cells were placed
onto sporulation medium containing 0.1% yeast extract, 1% potassium acetate, 0.05%
glucose, and 2% agar for 14 days at 28 °C. Then, cells were suspended in 0.5 mg/mL
Zymolyase 100T solution in 50 mM Tris-HCI pH 7.5, and incubated for 10 min at 37 °C.
Tetrads were dissected using a Nikon Eclipse E200 optical microscope with an attached
micromanipulator on rich YPD plates. Spores were grown for three days at 23 °C.

2.9. RNA Isolation and RT-qPCR

For the extraction of mRNA, the yeast RiboPure RNA Purification Kit (Invitrogen,
Waltham, MA, USA; AM1926) was used in accordance with the manufacturer’s instructions.
For mRNA extraction, 2 x 107 cells were collected from overnight cultures. The quality
and yield of the RNA were checked using the TECAN Infinite 200 microplate reader. The
samples were stored at a concentration of 300 pg/uL in 5 mg aliquots at —80 °C.

The quality of samples was determined by analyzing the RNA concentration (260 nm)
and its purity (280/230 nm) in a 20-fold diluted solution of each sample in nuclease-free
water on a UV-1800 spectrometer (Shimadzu, Tokyo, Japan). The isolates had an average
concentration of 918.933 ng/mL (o = 167.178). To remove residual dsDNA, ssDNA and
RNA-DNA complexes, samples were incubated for 30 min at 37 °C (TBD-100, Biosan, Riga,
Latvia) with 50 U RNase-free DNAase (10 U/uL, A&A Biotechnology, Gdynia, Poland) in
buffer containing 50 mM Tris-HCl (pH = 8.0) and 5 mM MgCI2. After 5 min incubation, the
reaction was stopped by heating at 75 °C, followed by cooling to 4 °C.

The reverse transcription was performed in two steps. The synthesis of first strand was
performed using the TranScriba Kit (A&A Biotechnology, Gdynia, Poland) in MasterCycler®
thermocycler (Eppendorf, Hamburg, Germany) as follows: an average of 1026 g (o = 0.015)
of each RNA sample was incubated with 1 uL of oligo(dT)18 primer at 65 °C for 5 min. in
the total volume of 9.5 uL (nuclease-free water), then chilled down to 4 °C. After adding
a reaction mixture consisting of 4 uL of 5x reaction buffer, 0.5 uL of RNase inhibitor
(40U/uL), 2 uL of ANTP (10 mM) and 4 pL of recombinant reverse transcriptase MMLV
(20 U/uL) filled with sterile water up to 20 uL, the reaction was conducted at 42 °C for
60 min, then stopped at 70 °C for 5 min, and the resulting cDNA were stored at —20 °C
until further analysis. In the second step, the relative number of transcripts was measured
by quantitative PCR in Light Cycler® 96 instrument (Roche, Basel, Switzerland). The
reaction mixture consisted of: 7.5 uL RT PCR Mix SYBR® A (Taq 0.1 U/uL, MgCl, 4 mM,
0.5 mM of each dNTP in 2x reaction buffer containing SYBR® Green, A& A Biotechnology,
Gdynia, Poland), 0.56 uL of each primer (ORC and ACT1 to normalize the data; 10 mM,
Genomed, Warsaw, Poland, for details see Table 2), 0.75 uL of cDNA (previously diluted
1:5 in sterile water), all filled up to 15 uL with sterile water. The reaction was carried out
with the following thermal profile: 180 s of pre-denaturation at 95 °C, followed by 40 cycles
comprising denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and an extension at
72 °C for 30 s with a single acquisition. Each reaction was completed via a melting analysis
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of the products with the following thermal profile: 95 °C for 10's, 65 °C for 60 s, then up to
97 °C with 5 readings/°C. Each sample was processed in at least two biological and three
technical replicates, and PCR reactions were conducted in the presence of a negative reagent
control and a positive control with yeast DNA. Potential contamination of RNA isolates by
DNA was excluded by preliminary PCR with ACT1 primers, which was then separated on
horizontal gel electrophoresis. The entire analysis was carried out in accordance with the
principles of good practice in RNA handling.

Table 2. Primers used for RT-qPCR gene expression analysis.

Gene Name Forward Primer 5'->3 Reverse Primer 5'->3' Source
ACTI1 GTAAGGAATTATACGGTAACATC TAGATGGACCACTTTCGTCG in this study
ORC1 TGGGTATACGCACGAAGAGC TCCTCACGTCTTCAGGCAAC in this study
ORC2 ATTTACGCTCCGCTCCTCTG CTTCAGCACCACTGCTGGTA in this study
ORC3 ACTGAGCAGATGTCCTACATTCA GCCCGTTAATCGGGTTCTCT in this study
ORC4 AGCTCGTCTATCACCGCAAG CCAGGGTCGCTGTCTTTACA in this study
ORC5 GGATTCCTCACGAAGTGCAGA GGTAGAGCTGCTTATGGACG in this study
ORC6 AACCAGGAAACGACGGTTTG TTGTTTCGTTCTCCCGCTTC in this study

2.10. Determination of Budding Lifespan

After overnight growth, the cells were arrayed on a YPD plate using a micromanip-
ulator. The budding lifespan was microscopically determined by a routine procedure
with the use of a micromanipulator, as described previously [36]. The number of buds
formed by each mother cell reflected its reproductive potential (budding lifespan). In each
experiment, 45 single cells were analyzed. The results represented measurements for at
least 90 cells analyzed in two independent experiments. The analysis was performed by
micromanipulation using the Nikon Eclipse E200 optical microscope (Nikon, Amsterdam,
Netherlands) with an attached micromanipulator.

2.11. Determination of the Total Lifespan

The total lifespan is the length of life of a single mother yeast cell expressed in units
of time and was calculated as the sum of reproductive (time between the first and the last
budding) and post-reproductive lifespans (time from the last budding until cell death).
The total lifespan of the S. cerevisiae yeast was determined as previously described in [18]
with small modifications from [36]. Ten-microliter aliquots of a fresh exponential culture of
yeast were collected and transferred on YPD plates with solid medium containing Phloxine
B (10 ug/mL). In each experiment, 45 single cells were analyzed. During manipulation,
the plates were kept at 28 °C for 15 h and at 4 °C during the night. The results represent
measurements for at least 90 cells analyzed in at least two independent experiments.
The analysis was performed by micromanipulation using a Nikon Eclipse E200 optical
microscope with an attached micromanipulator.

2.12. Chronological Lifespan (CLS) Assays

Chronological lifespan of cells incubated in minimal medium (SDC) was measured
as previously described [23]. Briefly, yeast was grown in SDC containing 0.67% Bacto-
yeast nitrogen base (without amino acids) and 2% (w/v) glucose, supplemented with
L-histidine (60 mg/L), L-leucine (180 mg/L) and uracil (60 mg/L). Chronological lifespan
was monitored in SDC medium by measuring viability after 2,4, 7, 14, 21 and 28 days of
cultivation. For the quantitative measurement of survival, staining with propidium iodide
was used. The data represent the mean values from at least three independent experiments.

2.13. Cell Viability

To determine cell death, propidium iodide was used for cell staining. Cells were
suspended in PBS and stained with 5 ug/mL propidium iodide (Sigma-Aldrich, Burlington,
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MA, USA) for 15 min in the dark at room temperature as previously described. The
heat-shocked cells were used here as a positive control (the cells from overnight growth
culture were placed in 60 °C for 15 min). Photos of fluorescence signals were taken with
Olympus BX-51 (Olympus, Tokyo, Japan) microscope equipped with a DP-72 digital camera
and cellSens Dimension v1.0 software. Dead cells were visible in the red fluorescence
channel (Aex =480 nm; Aem = 520 nm). The data represent the mean values from three
independent experiments.

2.14. Raman Spectroscopy

For the Raman spectroscopic measurements, a Nicolet NXR 9650 FT-Raman Spec-
trometer equipped with an Nd:YAG laser (1064 nm) and an InGaAs detector was used.
Samples of yeast were lyophilized. FT-Raman spectra were measured at a laser power of
0.5 W in a range from 400 cm ™! to 2000 cm™; the resulting spectra were averaged from
64 scans. The diameter of the used laser beam was 50 um, and the spectral resolution was
8 cm~!. Raman spectra were processed by the Omnic/Thermo Scientific software and
OriginLab programs.

To indicate the similarity between the heterozygous strains and wild-type yeast hi-
erarchical clustering analysis (HCA), the Ward cluster method was used in the studied
groups of chemical compounds. These methods were applied in the Raman ranges for
polysaccharides, lipids, proteins, RNA, and nucleic acid. OriginLab software was used to
perform the analysis and to draw the charts.

2.15. Statistical Analysis

The results represent the mean 4= SD values for all cells tested in two independent
experiments. The differences between the wild-type and isogenic heterozygous strains
were estimated using one-way ANOVA and Dunnett’s post hoc tests. The values were
considered significant when p < 0.05. The statistical analysis was performed using the
Statistica 10.0 software, and statistical and multidimensional analysis was conducted using
PAST 3.0 and Origin 2018 software (Raman spectroscopy).

3. Results
3.1. ORC/orcA Heterozygous Strains Grow Slowly Due to a Delay in G1/S Transition in the
Cell Cycle

We compared the growth rate and the average doubling time of heterozygous strains,
lacking one copy of genes encoding subunits of the ORC complex, on a rich medium with
addition of 2% glucose. As seen in Figure 1A,B, almost all of the strains show a slower
growth rate. Two approaches to estimating the growth rate are shown here. The first
approach is based on changes in the optical density (ODgp) in time (Figure 1A). The other
approach showed changes in the density of cultures (number of cells per mL) during the
cultivation period (Figure 1B). We showed results of both measurements because, from our
previous experience, we learned that the growth curve obtained by ODgy measurements
might be misleading. Aside from cell culture density, the results of ODgyy measurements
also depend on the morphology of the cells (their size, transparency, granularity, thickness
of their cell wall, etc.). For example, the curves representing the ORC1/orc1A strain growth
differ in Figure 1A,B. Our observations during the routine budding lifespan analysis did
not match with the fast growth seen for this strain in Figure 1A but were in accordance
with the growth curve visible in Figure 1B.
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Figure 1. Growth phenotypes of heterozygous strains lacking one copy of genes encoding ORC com-
plex subunits. Growth curves of heterozygous ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/orc4A,
ORC5/orc5A, and ORC6/orc6A strains and the WT control (BY4743). The density of the culture was
expressed by ODggg (A) or number of cells per mL (B). Average doubling time of the same strains, as
in (A), during the reproducing period. Error bars represent standard deviations obtained from three
independent experiments. Statistical significance was assessed using ANOVA and Dunnett’s post
hoc test (** p<0.01, ** p<0.001). (C) Growth of the strains on solid YPD or YPGly media. Drops of
serial diluted cell cultures (the same strains as in (A)) were placed on appropriate media, allowed to
grow at 28 °C and photographed after 48 h (D). Growth of spores from tetrad dissection of BY4743
and ORC/orcA heterozygous diploids. Spores were dissected onto YPD plates and grown at 23 °C for
72h (E).

Almost all heterozygous ORC/orcA strains, except ORC6/orc6A, showed a statistically
significant increase in the mean cell doubling time, measured during the budding lifespan
analyses (Figure 1C). The doubling time of the ORC6/0rc6A strain is similar to the wild-type
strain. The ability of all strains to grow on a fermentable and non-fermentable carbon
source was also confirmed (Figure 1D). Here, we also found that typically no more than
two spores from each tetrad were viable, which implied that ORCI-6 were essential genes
(Figure 1E).

Since the ORC complex subunits are known to form a pre-replication complex during
the G1 phase of the cell cycle, we expected that a lack of one copy of the ORC gene might
affect the cell cycle. The DNA content analysis, performed using flow cytometry, showed
cell cycle anomalies in all analyzed strains. These changes were mainly related to the
accumulation of cells in the G1 phase of the cell cycle (Figure 2A,B).

Consequently, the number of cells in the G2 phase of the cycle was significantly
reduced in all strains compared to the control (Figure 2A,B).

Since the G1 phase of the cell cycle was prolonged in all ORC/orcA strains, we posed a
question on how the copy number of ORC genes influenced their expression.

As shown in Figure 3, reducing the levels of Orc1-6 proteins led to a significant
reduction in their expression (p < 0.05). The expression level of all analyzed ORC genes
was reduced by more than 50% on average. The most remarkable changes were observed
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in the ORC3/orc3A and ORC5/orc5A strains, where expression of the respective ORC gene
was reduced by more than 70% compared to the WT.
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Figure 2. Cells lacking one copy of the ORC gene showed a delay in G1/S transition (A) Flow
cytometry analysis of the diploid wild-type yeast strain BY4743 and the isogenic heterozygous strains
ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/orc4A, ORC5/orc5A, and ORC6/orc6A. Quantitation of
the cell cycle analysis. (B) On the left, gating conditions used to calculate the number of cells in the
individual cell cycle phases. On the right, the result of quantification of three biological repetitions.
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Figure 3. RT-PCR analysis showed a decrease in the ORC genes expression in the heterozygous
ORC/orcA strains. The relative expression ratio between the WT and the ORC1/orc1A, ORC2/orc2A,
ORC3/orc3A, ORC4/orc4A, ORC5/orc5A, and ORC6/orc6 A heterozygous strains (normalized by ACT1),
respectively, was quantified from five independent repetitions. Standard deviation was also counted.
All results were statistically significant, with p < 0.05.

3.2. The Metabolic Activity, Sporulation Efficiency and Response to Oxidative Stress Are Changed
in ORC/orcA Strains

We performed a further analysis of the physiological parameters of the cells to indicate
the possible influence of the diminished expression of ORC genes in cell phenotypes. First,
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we characterized the metabolic activity of ORC/orcA heterozygous strains using the FUN-1
dye, a two-color fluorescent viability probe. Cell metabolic activity was expressed as the
change in the ratio of red (A = 575 nm) to green (A = 535 nm) fluorescence. The higher
the red /green fluorescence ratio, the higher metabolic activity was shown by the cells
tested. As shown in Figure 4A, all analyzed strains showed a slight increase in metabolic
activity compared to the WT; however, this increase was statistically significant only for the
ORC4/orc4 A strain.
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Figure 4. (A)—Metabolic activity of the cells (red/green fluorescence ratio) was estimated with FUN-1
stain for the diploid wild-type yeast strain BY4743 and the isogenic strains ORC1/orc1A, ORC2/orc2A,
ORC3/ore3A, ORC4/orc4A, ORC5/orc5A, and ORC6/orc6A. Data are expressed as the ratio of red
(A =575 nm) to green (A = 535 nm) fluorescence and presented as mean + SD from three independent
experiments. Bars indicate SD. Statistical significance was assessed using ANOVA and Dunnett’s
post hoc test (* p < 0.05; ** p <0.01) compared to the control (wild-type strains) (B)—Sporulation
frequency of the BY4743 control and the isogenic heterozygous strains ORC1/orc1A, ORC2/orc2A,
ORC3/ore3A, ORC4/orc4A, ORC5/orc5A, and ORCG6/orc6A. Error bars represent standard deviations
obtained from three independent experiments. Statistical significance was assessed using ANOVA
and Dunnett’s post hoc test (* p <0.05, ** p <0.01). (C)—Quantification of Rad52 foci frequency. The
control strain BY4743 and the isogenic strains ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/orc4 A,
ORC5/orc5A, and ORC6/orc6A were inspected for Rad52 foci formation in at least 900 cells per each
strain. The number of foci observed before and after H,O, treatment was counted, and the average
number of foci per cell was calculated. Error bars represent standard deviations obtained from three
independent experiments. Statistical significance was assessed using ANOVA and Dunnett’s post
hoc test (* p<0.05, ** p<0.01).

Sporulation is a key process necessary for yeast to survive in natural conditions.
Therefore, we investigated the effect of reducing the levels of Orcl-6 proteins on the
frequency of sporulation. We showed that the ORC2/orc2A and ORC5/orc5A strains had a
lower sporulation frequency compared to the control strain (Figure 4B). The lack of a single
copy of the gene in ORC3 and ORC6 also decreases the ability of yeast to sporulate, but
this result is not statistically significant. Interestingly, for the ORC5/orc5A strain we saw an
increase in the sporulation frequency. Therefore, it seems that ORC subunits, besides their
role in replication, are involved in other biological processes, such as meiosis, or the cell’s
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response to adverse environmental conditions. This result suggests that ORC subunits
belong to a class of the so-called moonlighting proteins.

The initiation of replication is an essential step in the life of proliferating cells. We
previously showed the delay in the G1/S transition in the heterozygous ORC/orcA strains
(Figure 2), which was likely due to a diminished access to ORC components. We asked
whether decreased ORC components accessibility might lead to increased DNA damage
when cells were exposed to oxidative stress. Asa DNA damage marker, we used the Rad52-
YFP fusion protein, which is known to be recruited to the site of damage. We checked the
frequency of Rad52-YFP foci formation in ORC/orcA strains under normal conditions and
after a one-hour treatment with oxidative stress inductor HyO,. Under control conditions
(growth on YPD medium), we observed a decreased number of cells with Rad52-YFP
foci in the ORC2/orc2A strain compared to the WT (Figure 4C). After oxidative stress, the
number of cells with the Rad52-YFP foci was significantly increased in the ORC1/orc1A and
ORC2/orc2A strains but reduced in the ORC6/0rc6A strain compared to the WT (Figure 4C).

3.3. Strains with Reduced Expression of ORC Subunits Have Extended Budding and Chronological
Lifespans

Aging analysis was crucial for this study. To achieve access to yeast aging phenotypes,
we used two main approaches. The replicative aging model studies aging in mitotically
active cells in higher eukaryotes, including humans. The standard approach is to count
the number of daughter cells that a yeast mother cell is able to produce during its lifetime
(budding lifespan). Since the yeast cell does not simply die after the completion of budding,
we could determine not only the budding lifespan, but also in the cell’s lifespan during
replication and lifespan after replication (time period from the last bud detachment to
death), which sums up to the cell’s total lifespan. The experiments were performed using a
single-cell analysis system. The second aging model used in this study, the chronological
aging model, was applied to measure the aging of post-mitotic cells.

Our data clearly showed that ORC/orcA heterozygous strains delayed aging in both
aging models. As shown in Figure 5A, all strains, except ORC6/0rc6A, had significantly
extended budding lifespans. In almost all cases, the mean budding lifespan exceeded
30 doublings performed by a single yeast mother cell, which was a statistically significant
increase compared to BY4743 (p < 0.001). One of the consequences of the increase in the
budding lifespan was an increase in the reproductive time. The additional increase in
the doubling time (as was shown in Figure 1C) led to a statistically significant increase in
the reproductive lifespan of the ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/orc4A and
ORC5/orc5A strains compared to the WT (p < 0.001) (Figure 5B).

The ORC6/orc6A strain also had a slightly increased reproductive lifespan, but this
change was not statistically significant. The cells do not die after producing their last bud.
The last period of a cell’s life is defined as the post-reproductive lifespan. Its duration
depends on many factors and often determines longevity expressed in time units. Here, we
showed a significant decrease in the post-reproductive lifespan of ORC1/orc1A (p < 0.01)and
the ORC2/orc2A, ORC3/orc3A, ORC4/orc4A and ORC5/orc5A (p < 0.001) strains (Figure 5C).
Interestingly, as shown in Figure 5D, only one copy of the ORC genes had no effect on the
total lifespan. As shown in Figure 5D, the heterozygous ORC/orcA strains’ total lifespan
was similar to that of the WT control. Although the decreased expression of the ORC genes,
whose products are involved in the initiation of replication, has a significant impact on
several aging parameters and the doubling time, it has no effect on the lifetime of mitotically
active cells, which is a novelty in aging research.

Figure 6A presents the data on the post-reproductive lifespan (PRLS) of all tested
strains. A negative correlation between PRLS and the budding lifespan is evident. The
trend line suggests a strong negative correlation between these parameters. The value
of the Pearson correlation coefficient is —0.91. The study also showed a strong positive
correlation between the reproductive lifespan and the budding lifespan. The value of the
Pearson correlation coefficient is 0.93 (Figure 6B).
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Figure 5. Aging phenotypes of the ORC/orcA heterozygous strains. Comparison of the budding
lifespan (A), reproductive lifespan (B), post-reproductive lifespan (C) and total lifespan (D), of the
diploid wild-type yeast strain BY4743 and the isogenic heterozygous strains ORCI/orc1A, ORC2/orc2A,
ORC3/orc3A, ORC4/orc4A, ORC5/orc5A and ORC6/orc6A. Statistical significances were assessed using
ANOVA and Dunnett’s post hoc test (** p < 0.01, ** p < 0.001). The mean value for total 80 cells from
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Figure 6. Pearson’s correlation coefficient between the budding lifespan and reproductive lifespan
(A) and between the budding lifespan and post-reproductive lifespan (B) of the wild-type strain
(BY4743) and the isogenic strains ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/orc4A, ORC5/orc5A,

and ORC6/orc6A.
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Chronological lifespan (CLS) is a measure of the survival of a yeast population during
the stationary phase. For CLS analysis, cells were cultured using a synthetic medium
supplemented with glucose and the necessary amino acids. Under these conditions, upon
completion of the logarithmic growth phase, the carbon source in the medium was depleted,
and cells ceased to grow. We asked whether the CLS of heterozygous ORC/orcA strains
might be affected. We used two approaches to measure cells’” survival: propidium iodide
dyeing and the ability to form a colony (expressed in CFU) (Figure 7A,B).
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Figure 7. The chronological lifespan of the heterozygous ORC/orcA strains was extended. Chrono-
logical lifespan of the diploid wild-type yeast strain BY4743 and the isogenic strains ORC1/orc1A,
ORC2/orc2A, ORC3/orc3A, ORC4/orc4A, ORC5/orc5A, and ORC6/orc6A. Survival was determined
by propidium iodide staining (A). Clonogenicity was determined by colony-forming unit (CFU)
(B). Error bars represent standard deviations obtained from three independent experiments. Sta-
tistical significance was assessed using ANOVA and Dunnett’s post hoc test (* p < 0.05, ** p < 0.01,
***p <0.001).

As shown in Figure 7, all the analyzed ORC/orcA heterozygous strains had significantly
augmented survival up until day 7 compared to the BY4743 wild-type strain (p < 0.001). On
day 14, although the survival of all analyzed strains was on average higher than the WT,
statistical significance was demonstrated only for ORC3/orc3A and ORC4/orc4A. Despite
the high survival rate at day 14, less than 20% of cells from all strains had the ability to form
colonies. On day 21 of the experiment, all the ORC/orcA strains were dead, which meant
that the WT strain lived longer (survival approx. 15%). Aside from the small percentage of
living cells from the wild-type strain population, the cells did not have the ability to form
colonies (Figure 7B). The results showed the importance of presenting CLS results using
several methods, not just one.

The microscopic analysis showed that cells in the post-mitotic growth phase increased
in size during the CLS experiment. Therefore, cell size and DNA content changes during
chronological aging were examined. As shown in Figure 8 (right panel), cell size increased
successively until the end of the experiment, indicating a strong correlation between cell
size and survival. The smallest cells were observed at the start of the experiment (2 days)
and the largest cells were observed on days 14 and 21. Interesting results were also provided
by the analysis of the DNA content in cells (Figure 8, left panel). The results showed that,
during chronological aging, probably due to starvation condition, a change in the DNA
content occurred seen as ploidy reduction. This phenotype was observed in all of the
studied strains, including wild type. It should be mentioned here that when performing
DNA content analysis, we cannot distinguish between living and dead cells’ FACS profiles
in the analyzed population. All cells are subject to permeabilization, which allows for an
effective PI entrance into the cells and subsequent DNA intercalation. We observed both
decreases in the viability of cells in the population and ploidy reduction over time. At the

107



Cells 2022, 11, 1252

13 0f 21

moment, we cannot conclude how these phenotypes are linked. Haploidization might be
the cause of cell death, or it might be a way for cells to escape death or at least to prolong
life for some time.
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Figure 8. Ploidy reduction and cell size increase accompanies chronological aging. Results of the
DNA content analysis via flow cytometry during the chronological lifespan analysis at selected time
points (A,CE,G,LK,M). For the DNA content analysis yeast cells were stained with propidium iodide.
The representative histograms are shown. Three independent experiments were performed. Cell
size of the diploid BY4743 strain and the isogenic strains ORC1/orc1A, ORC2/orc2A, ORC3/orc3A,
ORC#4/orc4A, ORC5/orc5A, and ORC6/orc6A during the chronological lifespan analysis in selected time
points (B,D,F,H,J,LN). Cell size as measured by forward scatter (FSC histogram reflects the cells size
in the population). The cells were analyzed via flow cytometry as described in the Materials and
Methods section. As many as 10,000 cells per sample were assayed.
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3.4. Reducing the Levels of Orc1-6 Proteins Influences the Chemical Composition of the Cells

It seems that the changes in the reproductive potential of heterozygous ORCI-5/orc1-
5A strains are associated with significantly reduced gene expression of the ORC genes and
the resulting changes in the cell cycle pattern, subsequently reducing energy consumption
and leading to an increase in the number of daughter cells produced. However, there is no
clear evidence as to why, despite the reduced expression of ORC6, we did not observe a
similar phenotype to that in the ORC6/0rc6A heterozygous strain. As already shown, certain
changes in the budding lifespan correlate with altered cell chemistry composition [27,36].
Thus, differences in the chemical composition of the wild-type (WT) and ORC/orcA het-
erozygous strains were shown by the analysis of the Raman spectra, which are presented
in Figure 9.
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Figure 9. Raman spectra of the wild-type (WT) and heterozygous strains ORC/orcA 1-6 of yeast with
the regions corresponding to vibrations of functional groups for RNA, nucleic acid, polysaccharides,
proteins, and lipids.

For all investigated samples, the peaks in the Raman spectra correspond to vibra-
tions of functional groups in proteins (1550-1610 em™ 1) [37,38], lipids (1250 em~1) [37,39],
polysaccharides (487, 528, 1150 cm ™) [37,39], nucleic acids (660, 1092 cm™!) [39], and RNA
(530, 720 cm 1) [37,40].

An HCA analysis made it possible to identify differences in the chemical composition
of polysaccharides, lipids, proteins, RNA, and nucleic acid between the mutants and the WT
yeast (Figure 10). In the case of the polysaccharide composition, only three yeast mutants
(ORC1/orc1A, ORC2/orc2A, and ORC3/orc3A) were similar to the WT. Other mutants formed
separate groups, for which the composition of polysaccharides was significantly different
in comparison to the WT (Figure 10A). A comparison of the lipids composition helped dis-
tinguish three groups with a similar composition: (1) WT and ORC6/01c6A, (2) ORC1/orc1A
and ORC2/orc2A, and (3) ORC3/orc3A, ORC4/orc4A and ORC5/orc5A (Figure 10B). The main
similarity in the protein composition was between the WT and ORC1/orc1A, ORC5/orc5A
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and ORC6/orc6A strains, whereas the other mutants showed a significant difference in the
protein composition compared to the WT. The ORC4/orc4A strain sample was the most
different and formed a separate group (Figure 10C). The chemical composition of RNA
from the ORC6/orc6A strain was similar to the WT. The rest of analyzed strains had a
different RNA composition than the WT and formed two separate groups (Figure 10D).
The WT shared similarities with the ORC5/orc5A strain in the nucleic acid composition. The
ORC4/orc4A and ORC6/orc6A strains formed a second group with a similar composition
of nucleic acids, which were different from the WT. The third group, which differed from
the WT, was formed by the ORC1/orc1A, ORC2/orc2A and ORC3/orc3A strains (Figure 10E).
Therefore, we believe that the lack of changes in the RNA spectrum and lipids may de-
termine the similarity between the budding lifespan and the ORC6/orc6A growth curve.
Interestingly, strains bearing one copy of ORCI-5 genes are resistant to calcofluor white
(50 ug/mL), and ORC6/orc6A sensitivity is similar to that of the wild type (data not shown).
This observation suggests that ORC subunits may play an important role in cell wall
remodeling, cell wall synthesis or the response to environmental stress.
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Figure 10. Hierarchical clustering analysis (HCA) of the control strain (BY4743) and the heterozygous
strains ORC1/orc1A, ORC2/orc2A, ORC3/orc3A, ORC4/orc4A, ORC5/orc5A, and ORC6/orc6A obtained
from Raman spectroscopy of different spectral functional groups: (A)—polysaccharides; (B)—lipids;
(C)—proteins; (D)—RNA; (E)—nucleicacid.

4. Discussion

In general, DNA replication requires at least one origin and a protein complex in all
three domains of life: archaea, bacteria and eukaryote. There is one origin of replication
in prokaryotic cells [41], while in eukaryotes, especially higher eukaryotes, there may be
tens of thousands of origins of replication [42]. In eukaryotes, protein factors bind to the
replication origin, the most important of which is the origin recognition complex, to which
other factors that initiate replication attach to establish a pre-replicative complex [8,41-44].
The ORC forms a heterohexamer consisting of the Orc1, Orc2, Orc3, Orc4, Orc5 and Orc6
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proteins, forming stable binds to all of the origins of replication DNA [45]. The binding of
the ORC to specific DNA sites is ATP-dependent. In the ORC, Orc1-5 proteins contain an
AAA+ domain (ATPases associated with diverse cellular activities) and are required for
binding to DNA. Interestingly, only Orc1, Orc2, Orc4, and Orc5 have direct contact with
DNA [46,47], while Orc3 is a linker of the subunits that are in contact with DNA, which
stabilizes the entire complex. In turn, the Orcé subunit does not contain an AAA+ domain
and does not bind to DNA, but it recruits Cdtl and the replicative helicase core—the
Mcm2-7 complex [48,49].

The molecular basis for the initiation of replication in eukaryotes seems to be fairly well-
understood and reliably described. However, so far there have been no data on the effect of
the reducing the level of essential proteins involved in the recognition of the replication
origin on cell physiology and aging. There are strong similarities between senescence of
mammalian cells and the budding yeast lifespan. Therefore, a good understanding of
the mechanisms controlling the initiation of replication can be helpful in slowing aging
and providing protection against cancer. Cellular senescence is a cell-cycle arrest that
can be induced in cells in response to various internal and external factors, as well as
developmental signals [50]. During oncogene induced senescence, oncogene activation
causes hyperproliferation, which induces cellular senescence. Mitotic signals increase the
usage of origins of replication resulting in the arrest of replication and accumulation of
DNA damage, eventually activating the DNA damage response [51,52]. The ORC as a key
player during the initiation of replication and the licensing factors, such as Cdc6 and Cdt1,
cooperatively promotes the loading of the helicase core MCM complex (minichromosome-
maintenance) [53,54]. During the S phase, the activated cyclin-dependent kinases and
Dbf4-dependent kinase trigger the initiation of DNA replication. The phosphorylation of
MCM by CDK and Dbf4 is necessary for origin firing. In turn, the ORC and Cdcé and Cdt1
are downregulated by phosphorylation to prevent MCM recruiting [55]. Recent studies
show an interesting link between the ORC and telomers [56]. In general, to achieve the
efficient duplication of telomeric DNA regions, a complex protein network is necessary. It is
suggested that, in mammalian cells, a crucial role in this process is played by TRF2, which
is involved in both ORC and MCM loading at telomeres. The TRE2 directly binds to ORC
through the Orcl subunit; it is suggested that replication origins are assembled at telomeres
through the TRF2-ORC interaction [57] and plays a key role in maintaining telomere
stability through the formation of dormant telomeric origins [56]. However, the answer
to the question of whether telomere replication is actually impaired due to the defects in
ORC recruitment remains elusive. Our data clearly show that strains with low levels of
Orc1-5 have significantly prolonged doubling times. This slowed growth corresponds to
the cell-cycle delay in the G1/S transition, yet without influencing metabolism measured
by the FUN-1 dye. Interestingly, no changes in growth kinetics in the ORC6/0rc6A strain
were observed despite the cell cycle anomalies. In addition, we found that heterozygous
cells decreased the amount of ORC mRNA compared to the control, including ORC6
mRNA. This suggests that the AAA+ domain, not cell cycle anomalies, may play a superior
role in the observed phenotype, at least in the case of the yeast ORC. The ORC binds
directly to DNA at replication origins throughout the cell cycle, and therefore plays a
crucial role during eukaryotic DNA replication [4]. This also constitutes a foundation for
the assembly of the pre-replicative complex during the G1 phase. A cell cycle analysis
clearly showed that all of the heterozygous strains in question had an extended cell cycle
G1 phase compared to the reference strain. Recently, we showed that some parameters
of cell chemistry may correlate with each other and may account for the phenotype of
mutants [27,36]. Molecular analyses have not provided clear answers to why the ORC6 level,
despite disturbances in the cell cycle and lower mRNA in the cell, does not have an altered
budding lifespan and growth rate. This is why we used the Raman spectrometry here.
The results of our analyses show that cells in the exponential phase, and thus comparable
to those in the budding lifespan analysis, have similar RNA and lipids spectra. These
results support previous findings suggesting that the biochemical status (metabolomic
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fingerprint) of cells may be associated, to some extent, with yeast longevity [58]. Our
results also support previous data highlighting the significance of lipid metabolism and
homeostasis in aging [36]. Therefore, it seems that, for the understanding of biochemical
fundamentals of aging in yeast, pivotal roles must be assigned to lipid metabolism and
lipid homeostasis [59]. The role of triacylglycerols was particularly evident in chronological
aging. However, this relationship is less clear for the budding lifespan. To achieve a full
budding lifespan, only TAG synthesis capability is needed [60].

In our extensive functional analysis of the ORC, we also focused on determining
chronological lifespan (CLS). CLS is the length of time that non-budding yeast cells are able
tosurvive. By providing a model for the aging of nondividing cells of higher organisms, the
yeast CLS assay is suggested as a complement to the budding lifespan assay [61,62]. Despite
the discovery of many metabolic pathways involved in CLS, our knowledge of replication
initiation disorders of nonbudding cells is elusive. Theoretically, disturbances in replication
initiation should not affect aging of yeast cells in the post-mitotic phase. It is worth noting
that the CLS analysis begins with the entry of cells into the stationary phase. It has been
proposed that, during CLS, two main pathways are activated: the Tor/S6K pathway [63]
and the Ras/adenylate cyclase/PKA pathway [64]. Interestingly, all of the studied strains
showed a longevity comparable to that of the WT. Here, we also confirm that both aging
models, i.e., RLS and CLS, are not always similarly affected. Previous studies found that
overexpression of the SODI and SOD?2 genes decreased budding lifespan, but also slows
down chronological aging [20]. In turn, other studies showed that increased respiration
in the sch9A mutant was required for increasing CLS but not RLS [65]. It was recently
shown that haploinsufficiency, i.e., a dominant phenotype caused by a heterozygous loss-
of-function mutation, is rare. Interestingly, for yeast haploinsufficiency, phenotypes were
observed for more than a half of the essential genes under optimal growth conditions.
Moreover, 40% of the essential genes without noticeable phenotypes under optimal growth
conditions exhibited haploinsufficiency under extreme growth conditions [66]. This may
explain the absence of a direct ORC6/orc6A phenotype in the replication aging model
and significant alterations in the cell response to cell stress conditions during CLS, for
instance, starvation or acidification of the medium. Therefore, we strongly support the
suggestion that single-cell phenotyping is a powerful approach, even in heterozygous
conditions. In general, our data suggest that the ORC may have a prompting role in both
budding and average chronological aging. During the CLS analysis, we observed cells
with enlarged volumes appearing in the population, which confirms our previous data [22].
Our flow cytometry analyses confirmed the microscopic observations and clearly showed
that, during CLS, the population of enlarged cells grows with age regardless of the strain.
Furthermore, analysis of the DNA content of the cells showed ploidy changes during the
chronological aging, explicitly, the ploidy shift toward the haploid. The phenomenon of
ploidy loss was discovered for tetraploid strains of Candida albicans [67] but was shown for
budding yeast [68,69]. Moreover, haploidization was also proved, among other processes,
for strains lacking proteins involved in the initiation of replication, e.g., Ctf18 [69]. Changes
in ploidy in yeast cells may be caused by several mechanisms such as condensation defects
in the incompletely replicated or unrepaired damaged DNA, disturbances in the control
of proper chromosome divisions, defects in the interaction between DNA microtubules,
kinetochore and spindle, and disturbances in their organization, and may also result from
external factors, such as radiation or heat shock [70]. The previous data show that ploidy
reduction occurs in strains lacking LAS21, GGA2 or VPSI1 genes, indicating that genomic
changes, such as a ploidy shift, may be caused by a single-gene deletion [68]. Additionally,
the long cultivation of diploid cells (about several hundred generations) could result in
ploidy reduction [71,72]. In human cells, a ploidy shift is also observed, where a prolonged
replication block, or DNA damage that causes mitotic catastrophe, leads to abnormal cell
division, aneuploidization or polyploidization through the failure of cytokinesis or mitotic
slippage [73].
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To conclude, securing the ORC function by maintaining the proper Orcl-6 subunits
level in yeast is crucial in aging. Our data clearly show that an increase in the budding
lifespan is strongly correlated with a lowered expression of ORC genes. The ORC subunits
(Orc1-Orc5), which contain the AAA+ domain, seem to be especially important to the
aging phenotypes. The ORC proteins containing the AAA+ domain also have a significant
influence on cell metabolism, including cell wall modeling. We hypothesize that the lack of
an effect of Orc6 dysfunction on replicative aging is related either to the auxiliary function
of this protein in the activity of the complex and/or lack of changes in the lipid shift
metabolic trace and similarity to the WT. The reduced expression level of ORC genes
has no effect on the lifetime of mitotically active cells but significantly delays average
chronological aging. On this occasion, we were able to show, for the first time, that diploid
cells reduce their genomes during chronological aging. This phenomenon might be related
to the exposure of cells to stressful conditions arising with time, such as starvation or
other endogenous and exogenous stresses, which accompany prolonged growth in an
unfavorable environment (e.g., oxidative stress, proteotoxic stress, quorum sensing signals,
etc.). At the moment, the mechanism of strain haploidization has not been revealed;
however, we cannot exclude any scenario. There are several different working hypotheses.
One hypothesis states that the appearance of haploid cells in the yeast culture during the
chronological lifespan experiment is due to sporulation. However, several arguments stand
against this hypothesis. Firstly, we did not notice tetrads during the microscopic analysis
of strain culture samples during the chronological lifespan assay. Secondly, the spores
should not germinate when the environment is poor and nutrients are inaccessible. The
second hypothesis states that what we observed reflects DNA degradation in the dead cell
fraction. However, the question remains of why such degradation is limited to a single set
of chromosomes. The third hypothesis states that we observed the gradual loss of one copy
of the genome. Song and Petes [71] described this phenomenon for the rad52A /rad52 A strain.
This strain, lacking the Rad52 recombinase required for homologous recombination, has a
very high rate of chromosome loss; thus, all chromosomes are lost with some frequency,
leading to haploid cell formation. We think that this could be the case because we see
the gradual shift of DNA profiles toward the left part of the graph in the DNA content
histograms, which reflects a diminishing DNA content (Figure 8). This change was visible
for the cells after the 17th day of cultivation and escalated after 21 days. Moreover, we
noticed that the average cell size had not changed much between the 7th and 21st days of
cultivation. Thus, the cells do not resemble the typical haploid cell, at least not by their
size (Figure 8). The fourth hypothesis states that during chronological aging, the genomic
DNA undergoes condensation over time, which makes intercalation of the fluorescent dye
difficult. Subsequently, DNA content analysis by flow cytometry will artificially show the
ploidy shift. Whichever of the described hypotheses will turn out to be true, our research
enabled us to show the existence of yet another mechanism contributing to cellular aging.
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ARTICLE INFO ABSTRACT

Keywords: The replication of DNA requires specialized and intricate machinery. This machinery is known as a replisome and

Aging is highly evolutionarily conserved, from simple unicellular organisms such as yeast to human cells. The replisome

Cell cycle comprises multiple protein complexes responsible for various steps in the replication process. One crucial
gz?}s‘dimse component of the replisome is the Cdc45-MCM-GINS (CMG) helicase lex, which inds double-stranded
GINS complex DNA and coordinates the assembly and function of other replisome components, including DNA polymerases.
MCM complex The genes encoding the CMG helicase components are essential for initiating DNA replication. In this study, we

aimed to investigate how the absence of one copy of the CMG complex genes in heterozygous Saccharomyces
cerevisiae cells impacts the cells' physiology and aging. Our data revealed that these cells exhibited a significant
reduction in transcript levels for the respective CMG helicase complex proteins, as well as disruptions in the cell
cycle, extended doubling times, and alterations in their biochemical profile. Notably, this study provided the first
1 ation that cells I gous for genes encoding subunits of the CMG helicase exhibited a significantly
increased reproductive potential and delayed ch 1 |l aging. Additionally, we observed a noteworthy
correlation between RNA and polysaccharide levels in yeast and their reproductive potential, as well as a cor-
relation between fatty acid levels and cell doubling times. Our findings also shed new light on the potential utility

of yeast in investigating potential therapeutic targets for cancer treatment.

1. Introduction

The process of chromosomal DNA replication is conserved across all
eukaryotes. DNA replication is a complex process that involves multiple
proteins to ensure its accuracy. A highly regulated and coordinated
collaboration among DNA replication factors is required for the precise
and efficient duplication of genetic information. The DNA replication
machinery plays a pivotal role in cell proliferation. One of the essential
replication enzymes is DNA helicase, an enzyme responsible for un-
winding double-stranded DNA before replicon assembly [1]. The repli-
cation helicase consists of three components: the catalytic core, which is
the heterohexameric Mem2-Mem?7 minichromosome maintenance
(MCM) complex; the tetrameric Psf1-Psf2-Psf3-S1d5 (GINS) complex,
which forms accessory proteins; and the Cde45 protein, which serves as

* Corresponding authors.

the DNA replication initiation factor. Together, these components form
the CMG (Cdc45, MCM, GINS) helicase complex [2,3]. Given that the
replication machinery is comprised of a variety of proteins and regula-
tory factors, any malfunction in these proteins can lead to a reduction in
replication efficiency, resulting in replication stress. Replication stress
caused by imbalances in replication factors makes cells more susceptible
to damage. For instance, both excessive CMG helicase activity and de-
lays in its functioning can lead to DNA damage. Excessive activity ex-
poses single-stranded DNA regions to damaging factors, while delays
create DNA strand tension that may result in DNA breakage and, ulti-
mately, cell death [4-6]. Therefore, disrupting the replication machin-
ery or its dysregulation could be used as a strategy for creating drugs
that induce replication stress, particularly in cancer cells [7]. Addi-
tionally, inhibiting helicase activity in pathogens could prove crucial in
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the fight against various infectious diseases. Overall, helicase has
become an attractive therapeutic target for the treatment of bacterial
and viral infections, autoimmune disorders, and cancers. Proteins
associated with the CMG helicase complex are vital for cell cycle pro-
gression, as well as for both the initiation and elongation steps during
DNA replication. However, it remains unclear whether disturbances in
pre-replication complex formation affect cell physiology and aging. In
eukaryotes, the pre-replication complex typically consists of six subunits
of the ORC complex (Orc1-Orc6), Cde6, Cdtl, and a heterohexameric
MCM complex (Mem2-Mem?7). Recent research has shown that reduced
expression of ORC1-ORC6 genes, which encode subunits of the origin
recognition complex (ORC), significantly extends both budding and
average chronological lifespans. The ORC complex is yet another
replication initiation factor that initiates DNA replication in eukaryotes
by binding to DNA replication origins [8].

Aging is a complex process characterized by the loss of the ability to
reattain homeostasis following stress, ultimately leading to increased
mortality and morbidity. It is also defined as a progressive decline in
physiological integrity accompanied by decreasing fertility and an
increased risk of mortality with age [9,10]. Two primary approaches are
employed to study yeast aging. Replicative lifespan is defined as the
number of buds produced before cell death. It has been suggested that
yeast replicative aging is analogous to aging observed in stem cells of
higher eukaryotes [11]. A cell's chronological lifespan is determined
based on the time it survives in a non-budding state, and survival is
measured by its ability to form colonies (in a stationary phase culture,
survival decreases over time). Chronological aging in yeast is akin to
aging in non-dividing cells [12]. Despite extensive research on this topic,
the links between replication initiation and aging remain largely
unknown.

Our study aims to investigate the impact of a reduction in the copy
number of genes encoding the subunits of the CMG complex on diploid
cell proliferation, their cell cycle, aging, and biochemical profile. The
strong amino acid sequence homology between yeast and human com-
ponents of CMG complexes suggests the potential extrapolation of our
findings to human cells. Our results demonstrate that a decrease in the
mRNA levels of any of the CMG helicase subunits leads to a significant
increase in budding lifespan and delays the average chronological aging,
likely attributable to a cell cycle delay. Additionally, we have reaffirmed
previous findings regarding the reduction in DNA content during the
chronological aging of diploid cells. Using Raman spectrometry tech-
niques, we have also established a robust negative correlation between
the level of polysaccharides and cell reproductive potential, as well as a
strong correlation between cell doubling time and fatty acid levels.

2. Materials and methods
2.1. Strains and growth conditions

All yeast strains used in this study are listed in Table 1.

Yeast cells were cultured in a standard rich liquid YPD medium (1 %
Difco Yeast Extract, 1 % Yeast Bacto-Peptone, 2 % (w/v) glucose) using a
rotary shaker set at 150 rpm or on solid YPD medium containing 2 %
agar. The experiments were conducted at a temperature of 28 °C.

For the CLS assay, the SDC medium was employed, which consisted
of 0.67 % Bacto-yeast nitrogen base (without amino acids) and 2 % (w/
v) glucose. It was further supplemented with L-histidine (60 mg/L), L-
leucine (180 mg/L), and uracil (60 mg/L).

2.2. Growth rate determination

The growth assays were conducted in a liquid medium. Yeast cell
suspensions were incubated at 28 °C for 12 h with continuous shaking
(using a Heidolph Incubator 1000 at 1200 rpm). Growth was assessed by
measuring the absorbance at 600 nm using an Anthos 2010 type 17,550
microplate reader at 2-h intervals over a 12-h period. In the second
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Table 1

Strains used in this study.
Strain Genotype Source
BY4743a/a  Mat a/a; his341/his3A1; leu240/1eu2A0; lys240/ Open

LYS2; MET15/met15A0; ura3A0/ura3A0 Biosystems

cDe45/ Mat a/a; his3A1/his3A1; leu240/1eu2A0; lys240/ Open
cde454 LYS2; METI5/met15A0; ura340/ura3A0; ylr103c::  Biosystems
kanMX4/YLR103c
McM2/ Mat a/a; his3A1/his3A1; leu240/1eu2A0; lys240/ Open
mem24 LYS2; METI5/met1540; ura340/ura3A0; ybl023c::  Biosystems
kanMX4/ YBLO23c
McM3/ Mat a/a; his3A1/his3A1; leu240/1eu2A0; lys240/ Open
mem34 LYS2; METI5/met15A0; ura340/ura3A0; yel032w::  Biosystems
kanMX4/YELO32w
McM4/ Mat a/a; his341/his3D1; leu2A0/leu2A0; lys2A0/ Open
mem44 LYS2; METI5/met15A0; ura340/ura3A0; ypr019w::  Biosystems
kanMX4/YPRO19w
MCMs/ Mat a/o; his341/his3A1; leu2A0/1eu240; lys240/ Open
mem54 LYS2; METI5/met15A0; ura340/ura3A0; ylr274w::  Biosystems
kanMX4/YLR27 4w
MCMeé/ Mat a/a; his3A1/his3A1; leu240/1eu2A0; lys240/ Open
mem6A LYS2; METI5/met15A0; ura3A0/ura3A0; ygl201c::  Biosystems
kanMX4/YGL201c
McM7/ Mat a/a; his3A1/his3A1; leu240/leu2A0; lys240/ Open
mem7A LYS2; METI5/met15A0; ura3A0/ura3A0; ybr202w::  Biosystems
kanMX4/ YBR202w
PSF1/psf1A  Mat a/a; his3A1/his3A1; leu240/leu240; lys240/ Open
LYS2; MET15/met1540; ura340/ura3A0; ydr013w::  Biosystems
kanMX4/ YDRO13w
PSF2/psf2A  Mat a/a; his3A1/his3A1; leu240/leu2A0; lys240/ Open
LYS2; METI5/met15A0; ura340/ura340; yjl072c::  Biosystems
kanMX4/ YJLO72¢
PSF3/psf3A  Mat a/a; his3A1/his3A1; leu240/leu2A0; lys240/ Open
LYS2; METI5/met15A0; ura3A0/ura3A0; yoll46w::  Biosystems
kanMX4/ YOL146w
SLD5/sld5A  Mat a/a; his3A1/his3A1; leu240/leu2A0; lys240/ Open
LYS2; MET15/met1540; ura340/ura3A0; ydr489w::  Biosystems
kanMX4/ YDR489w
ndt804/ Mat a/a; his3A1/his3A1; leu240/1eu2A0; lys240/ Open
ndt80A LYS2; MET15/met1540; ura340/ura3A0; yhr124w::  Biosystems

kanMX4/ yhr124w:: kanMX4

approach, cell counts per mL were determined for each culture using a
Malassez chamber (Carl Roth, Lauda-Konigshofen, Germany).

2.3. Calculation of the mean doubling time

The mean doubling time was computed for each analyzed strain
following the method outlined in a previous study [13]. Doubling times
were calculated as part of the regular budding lifespan determination.
To account for the initial delay and longer doubling times during the
first two reproductive cycles on a new medium, we excluded these cycles
from our calculations. A minimum of 90 cells were examined in two
independent experiments, with 45 cells included in each experiment,
and the results were reported as mean values with standard deviations
(SD). Statistical significance was determined by a p-value of <0.001
using one-way ANOVA.

2.4. Measurement of cell metabolic activity

FUN-1 was employed to measure yeast metabolic activity following
the manufacturer's instructions (Molecular Probes, Eugene, OR, USA),
with minor modifications as detailed in [14]. The fluorescence of the cell
suspension was assessed using a TECAN Infinite 200 microplate reader
after a 15-min incubation at 28 °C in the dark (Grodig, Austria). Cell
metabolic activity was quantified by calculating the change in the ratio
of red to green fluorescence.

As per the protocol, the FUN1 stain permeates the cell and initially
stains the cytoplasm with green fluorescence. Subsequent processing of
the dye by live cells leads to the formation of red vacuolar structures,
often taking on a stick-like shape, concurrent with a decrease in green
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cytoplasmic fluorescence (deceased cells exhibit no red structures). The
development of these intravacuolar structures necessitates both intact
plasma membrane integrity and metabolic functionality. Mean values
and standard deviations (SD) were computed from data obtained from at
least five cultures for each strain.

2.5. Sporulation efficiency assay

Following pre-growth in rich YPD medium, diploid strains were
cultivated for 14 days at 28 °C on sporulation medium, which consisted
of 0.1 % yeast extract, 1 % potassium acetate, 0.05 % glucose, and 2 %
agar, as previously outlined [15]. Subsequently, cells were resuspended
in water. Both cells and asci were quantified using a cell-counting
chamber (Malassez), with a minimum of 300 cells counted per sample.

The sporulation frequency was expressed as a percentage of the asci
count relative to the total cell count, normalized to the wild-type (WT)
strain. Mean values and standard deviations (SD) were computed from
data collected from at least three cultures for each strain.

2.6. Flow cytometry analysis

Samples for cytometric analysis were prepared following the proto-
col outlined in the reference [15]. In brief, cells were harvested, washed
with water, and subsequently fixed with chilled (20 °C) 70 % ethanol
(Polmos, Warsaw, Poland) for 2 h at room temperature. Following fix-
ation, cells were washed with FACS buffer (0.2 M Tris-HCl, pH 7.4,
Sigma-Aldrich, Burlington, MA, USA, and 20 mM EDTA, Merck, Darm-
stadt, Germany) and then incubated for 2 h at 37 °C in FACS buffer
containing 1 mg per ml RNase A (Sigma-Aldrich, Burlington, MA, USA)
to digest any RNA present in the samples. After another wash with
phosphate-buffered saline (PBS), cells were stained with 100 pL of
propidium iodide solution (50 pg per ml in PBS; Calbiochem, San Diego,
CA, USA) overnight at 4 °C in the dark.

Subsequently, 900 pL of PBS was added, and the cells underwent
three rounds of sonication, each lasting 10 s, in an ultrasonic bath
(Branson 2800, Branson Ultrasonic Corporation, Danbury, CT, USA)
before FACS analysis to assess DNA content. The analysis was carried out
using a FACS Calibur analyzer (Becton-Dickinson, Franklin Lakes, NJ,
USA), with a total of 10,000 cells counted in a single assay. At least three
independent experiments were conducted for each strain and at selected
time points during the CLS assay. Cells were analyzed with regard to
DNA content and cell size, utilizing FL2 and FSC channels, respectively.
The representative histograms are presented.

Cell cycle analysis was conducted on exponentially growing cells,
utilizing two control strains - one haploid and one diploid - to facilitate
the identification of cells in their respective cell cycle phases. The mean
percentage of cells in the G1, S, and G2 phases of the cell cycle was
determined based on data obtained from five independent biological
replicates for each strain, including the wild-type (WT) control, with
consideration given to the generation time. Standard deviations were
also computed. To assess the statistical significance of differences be-
tween the CMG/cmg strain and the control in each cell cycle phase, a
Student's t-test was employed.

2.7. Determination of budding lifespan

Cells were arranged on a YPD medium plate following an overnight
growth period, employing a micromanipulator. The budding lifespan
was assessed under microscopic examination, following the procedure
outlined in reference [16]. The count of buds formed by each individual
mother cell served as an indicator of its reproductive potential or
budding lifespan. A minimum of 90 cells were meticulously examined
across two independent experiments. The analysis was conducted uti-
lizing a Nikon Eclipse E200 optical microscope (Nikon, Amsterdam,
Netherlands) equipped with an attached micromanipulator.
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2.8. Determination of the total lifespan

The total lifespan of a single mother yeast cell is defined as its
duration of life, expressed in units of time. It is determined by summing
the reproductive lifespan (the time between the first and last budding)
and the post-reproductive lifespan (the time between the last budding
and cell death). The assessment of the total lifespan in S. cerevisiae yeast
followed the procedure described in [17], with slight modifications from
[16]. Exponentially growing yeast cultures were sampled in 10-pl ali-
quots and transferred onto YPD plates with a solid medium containing
Phloxine B (10 pg/mL). In each experimental run, 45 individual cells
were subjected to analysis. Throughout the manipulation, the plates
were maintained at 28 °C for 15 h and subsequently at 4 °C during the
night. The results are based on measurements obtained from a minimum
of 90 cells, which were analyzed in at least two independent experi-
ments. The analysis was conducted via micromanipulation, utilizing a
Nikon Eclipse E200 optical microscope equipped with a
micromanipulator.

2.9. Chronological lifespan (CLS) assays

The chronological lifespan of cells incubated in a minimal medium
(SDC) was determined following the method outlined in the reference
[18]. In essence, yeast was cultured in an SDC medium supplemented
with essential amino acids and 2 % (w/v) glucose. The assessment of
chronological lifespan took place within the SDC medium, involving the
measurement of cell viability at intervals of 2, 4, 7, 14, 21, and 28 days
of cultivation. Propidium iodide staining was employed for quantitative
survival assessment. The data presented here are the average values
derived from a minimum of three independent experiments.

2.10. RNA isolation, reverse transcription and RT-gPCR

RNA extraction, reverse transcription, and RT-qPCR procedures were
conducted following the methods previously outlined [8]. The primers
employed for quantitative Real-Time PCR can be found in Table 2.

2.11. Raman spectroscopy

Raman spectroscopy was employed to analyze the chemical
composition of yeast. The measurements were conducted using a Nicolet
NXR 9650 FT-Raman Spectrometer equipped with an Nd:YAG laser
(1064 nm) and an InGaAs detector. Samples of yeast were subjected to
lyophilization prior to analysis. During the FT-Raman spectra mea-
surements, the laser power was set at 0.5 W, with a laser beam diameter
of 50 pm and a spectral resolution of 8 cm 1. Spectra were recorded
within the range of 250 to 1800 cm-1, representing an average of 64
scans. Subsequent processing of Raman spectra was carried out using the
Omnic/Thermo Scientific software and OriginLab programs.

Principal Component Analysis (PCA) was employed to illustrate the
correlation between the chemical composition and the yeast lines. PCA
is a non-parametric technique used to extract information regarding
similarities and differences among samples. These methods were applied
within the Raman spectral ranges corresponding to polysaccharides,
lipids, and RNA. The analysis and chart generation were conducted
using OriginLab software.

2.12. Statistical analysis

The presented results are expressed as mean =+ SD values obtained
from all tested samples across two independent experiments. To assess
differences between the WT and isogenic heterozygous diploid strains,
one-way ANOVA and Dunnett's post hoc tests were employed. Statistical
significance was considered when p < 0.05. The statistical analysis was
carried out using Statistica 10.0 software, while statistical and multi-
dimensional analysis for the Raman spectroscopy data was performed
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Table 2

Primers used for RT-qPCR gene expression analysis.
Gene name Forward Primer 5- > 3" Reverse Primer 5- > 3 Source
ACTI1 AAGCTTTGTTCCATCCTTCT GTACCACCGGACATAACG in this study
CDC45 TAAATTGCTTGAACTGGACG TCATCTTCGTCTTCTTCGTC in this study
McM2 GCAAAGACGAAGAAGGAGAA ATTCCGAGTAACTGTTAGCC in this study
MCM3 CTTGGAAGCTTTCGTTCAAA GTGGACAGATCTGATAAGCT in this study
MCM4 GTACCAACGTCAGTATCCAG GTATAGTTCTTCGTCGGTAGT in this study
MCMS5 TTTGGATTCTGAACACGTCT TGTTGTGTGTCTGCAATTTC in this study
MCMé6 CATGAGAGAAAATGGTGCTC ACCTTCGGATCTCTTCAATG in this study
McM7 GGAGACTGAGGAATGAGAGA TCAGTTTCATCCTCGACAAC in this study
PSF1 TTTATCCGGCTCTTTAGTGC ATCAGACTGCCTTACGAAAA in this study
PSF2 GGTTCTTTGGATCGCTCTAT CGGCAACTCACTAAACCTAT in this study
PSF3 AGAACCTGTACCTTTTGTGG TGGCTAGACTGAAGAAATGC in this study
SLDS GCCTATGCCTAACGAATCTA ATTGGCGCAAATAAAGTGAG in this study

using PAST 3.0 and Origin 2018 software.
3. Results

3.1. Heterozygosity in any gene encoding subunit of the CMG helicase in
the diploid cell leads to growth rate disorders likely resulting from the delay
in G1/8 transition during the cell cycle

The CMG helicase is comprised of 11 proteins, specifically: Cdc45,
Mem2-Mem? (forming the MCM complex), Psf1-Psf3, and S1d5 (part of
the GINS complex). Given the essential nature of these proteins for cell
growth, our study employed heterozygous yeast strains in diploid or-
ganisms with respect to the genes encoding the CMG helicase subunits.
For simplicity, we will refer to these strains as CMG/cmg strains. These
strains were sourced from the yeast knockout collection (Table 1), with
BY4743 serving as the control. These strains facilitated a series of ex-
periments aimed at elucidating the role of the CMG helicase in chro-
nological aging.

Firstly, we conducted a comparison of the growth rate and average
doubling time of CMG/cmg strains on YPD medium containing 2 %
glucose. Figs. la and b clearly demonstrate that nearly all of the
analyzed strains exhibited a slower growth rate. To estimate the growth
rate, we employed two different approaches: changes in optical density
and changes in the number of cells per mL of culture. We have presented
the results of both measurements because the analysis of doubling time
revealed a statistically significant extension of the cell cycle, a phe-
nomenon not observed in the growth rate analysis (Fig. 1a). This
phenotype might be associated with alterations in various cellular
characteristics, including cell size, transparency, granularity, and cell
wall thickness among the analyzed strains. Consequently, we observed
that all analyzed CMG/cmg strains exhibited cell cycle defects (Fig. 1b).

As demonstrated in Fig. 1¢, the mean cell doubling time increased
significantly for all assayed strains when compared to the wild type
(WT). The calculation of the average doubling time of a single cell was
performed during the budding lifespan analysis. This method represents
the most precise means of estimating doubling time since it is applied to
individual cells rather than the entire population. Several factors
contribute to the estimation of doubling time-based on the growth
curve, including the size of individual cells in the population and the
initial doubling of virgin cells.

Next, we investigated whether sporulation efficiency was affected in
the CMG/cmg strains. As depicted in Fig. 1d, nearly all the tested strains
displayed altered sporulation efficiency; however, not all strains
exhibited changes in the same direction. A significant reduction,
approximately 90 %, in sporulation efficiency was observed exclusively
in the MCM2/mcm24 strain. In contrast, the MCM7/mcm7A and PSF2/
psf2A strains demonstrated an approximately 80 % increase in sporu-
lation efficiency. For other strains, mild improvements in sporulation
efficiency were noted, with the CDC45/cdc45A strain behaving identi-
cally to the WT. These data suggest that the copy number of genes
encoding subunits of the CMG complex has an impact on meiosis.

Furthermore, it is worth noting that no more than two spores from
each tetrad in any of the CMG/cmg strains were viable, confirming the
essentiality of CMG helicase subunits (data not shown).

We also assessed whether the CMG/cmg strains exhibited differences
from the WT strains in terms of other phenotypes. To evaluate yeast
vitality, we employed FUN-1 staining, which measures the metabolic
activity of the strains under examination. Cellular metabolic activity is
indicated by a shift in the red (A = 575 nm) to green (A = 535 nm)
fluorescence ratio. Higher red/green fluorescence ratios indicate
increased metabolic activity in the cells. Most of the strains displayed a
tendency toward higher metabolic activity compared to the WT. How-
ever, this tendency became statistically significant for the MCM2/
mem24 and MCM4/mem4A strains (p < 0.05) and the MCM7/mem74 and
PSF1/psf14 strains (p < 0.01) (Fig. 1e).

Considering our anticipation of potential replication disruptions in
the CMG/cmg strains due to potentially reduced levels of proteins
involved in this process, we conducted a flow cytometry analysis of
propidium iodide-stained cells to investigate any cell cycle abnormal-
ities (Fig. 2a). When the generation times of the analyzed strains are
similar, changes in the percentage of cells in a specific cell cycle phase in
asynchronously growing cells are typically indicative of the duration of
that phase. However, when generation times vary, these differences
must be taken into account when analyzing the experimental data [19].
On average, the generation times of the tested strains differed by
approximately 10 %, with the MCM7/mcm7A strain being the exception,
displaying a 21 % longer generation time compared to the WT. We
factored in these differences and calculated the mean number of cells in
specific cell cycle phases for all tested strains relative to the WT.

In the asynchronous culture of exponentially growing yeast pop-
ulations, most of the analyzed strains exhibited changes in the per-
centage of cells within various cell cycle phases (Fig. 2b). The most
noticeable alteration was observed in the number of G1 phase cells,
which accumulated in all strains except for SLD5/sld5A and MCM3/
mem3A. Additionally, the CDC45/cdc45A strain displayed an increased
accumulation of S phase cells, while the MCM7/mcm7A strain showed a
significant increase in the number of G2 phase cells.

To address the question regarding the expression levels of genes
encoding CMG helicase components in heterozygous CMG/cmg strains,
we conducted a real-time PCR analysis. The experiment revealed a
noteworthy reduction (p < 0.05) in the expression of all the examined
genes in comparison to the wild type (WT), as depicted in Fig. 3. The
most significant decrease was observed in the genes responsible for
encoding the GINS complex subunits and the MCM2 gene, which
exhibited a reduction of over 50 % when compared to the WT.

3.2. Reduced expression of genes encoding the CMG complex components
prolongs the reproductive potential and chronological lifespan

The rate of cellular aging constitutes a pivotal determinant in
assessing the physiological condition of cells. Consequently, we inquired
whether the reproductive potential, total lifespan, and chronological
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Fig. 1. Growth and metabolic phenotypes of heterozygous strains lacking one copy of the gene encoding a subunit of the CMG helicase. Comparison of growth curves
for respective heterozygous strains and WT controls (BY4743). The density of the culture was determined by measuring the optical density at 600 nm (A) or the
number of cells per mL (B). An average doubling time for the same strains as in (A) during the reproducing period. The error bars indicate standard deviations from
two independent experiments (C). Sporulation frequency of the yeast strains heterozygous with respect to the CMG complex subunits encoding genes and the diploid
control (BY4743) (D). Metabolic activity of the cells was estimated with FUN-1 stain for respective heterozygous strains and WT. Data are expressed as mean + SD
from three independent experiments. Bars indicate SD (E). Statistical significance was assessed using ANOVA and Dunnett's post hoc test (* p < 0.05; ** p < 0.01; ***

p < 0.001) compared to WT.

aging were altered in the CMG/emg strains. To gauge the age of
mitotically active yeast cells, we employed the number of daughter cells
produced by the mother cell, a conventional method. The total lifespan
is the sum of the time a yeast cell spends reproducing and its post-
daughter-production survival time.

To investigate the aging of mitotically active cells, we adopted a
single-cell analysis approach. As illustrated in Fig. 4a, all the examined
heterozygous strains displayed an enhanced capacity for reproduction

compared to the wild type (WT). Only in the case of the MCM2/mcm24
heterozygous strain did the observed changes lack statistical signifi-
cance. Remarkably, the MCM3/mem34, MCM4/mcm44, PSF3/psf34,
and SLD5/sld5A strains exhibited the most substantial increases in
reproductive potential, nearly 50 % higher than WT (p < 0.001). The
data derived from the analysis of reproductive potential unequivocally
demonstrate that the downregulation of genes encoding the CMG heli-
case components plays a pivotal role in cellular reproductive capacity.
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Fig. 2. Cells lacking one copy of the genes encoding subunits of the CMG helicase showed a slight delay in G1/S transition. (A) Flow cytometry analysis of the diploid
WT strain (BY4743) and the isogenic heterozygous strains CDC45/cdc454, MCM2/mem24, MCM3/mem34, MCM4/mem44, MCM5/mcem54A, MCM6/mem6A, MCM7/
mem7A, PSF1/psf14A, PSF2/psf2A, PSF3/psf34, and SLD5/sld5A. The representative histograms from three biological repetiti are 1. (B) Q i ion of
the cell cycle analysis. On the left, histograms for control strains, BY4741 (haploid) and BY4743 (diploid), with the gating conditions used to calculate the number of
cells in the individual cell cycle phases. The graph on the right shows the quantification of the cell cycle analysis results. The percentage of cells in the specific cell
cycle phase was calculated considering the strains' generation time and shown with respect to WT. The mean of five biological replicates is shown. Bars indicate
standard deviations. Statistical significance with respect to the cell cycle phase of the WT control was assessed using Student's t-test (* p-val < 0.05; ** p-val < 0.01;
**% p.val < 0.001).

As previously mentioned, we also ascertained the time parameters lifespans.

during replicative aging. Given the impact of reproductive potential, cell Lastly, we demonstrated a correlation between reproductive or post-
cycle irregularities, and increased doubling time (Fig. 1b) on repro- reproductive lifespan and reproductive potential. The trend line in
ductive lifespan, we anticipated that the studied CMG/cmg strains Fig. 5a reveals a strong positive correlation between the average
would exhibit an extended replicative lifespan (the duration of single- reproductive lifespan and average reproductive potential, with a Pear-

cell reproduction). Indeed, as depicted in Fig. 4b, all the scrutinized son correlation coefficient of 0.955. Furthermore, we observed a nega-
heterozygous strains displayed significantly prolonged replicative life- tive correlation between post-reproductive lifespan and reproductive
spans. However, for the MCM2/mecm2A strain, this extension lacked potential, with a Pearson correlation coefficient of —0.86 (Fig. 5b).
statistical significance. The second aging model employed in this study, referred to as the
Yeast cells don't undergo cell death immediately after reproduction; chronological aging model, enables us to assess the aging of post-mitotic
instead, they continue to exist for a specific duration known as the post- cells within the analyzed population. One significant advantage of uti-
reproductive lifespan. As vividly illustrated in Fig. 4c, it becomes lizing the CLS parameter is its ability to gauge the survival of non-
evident that the post-reproductive lifespans of the CMG/cmg strains budding cells, making it a suitable model for aging in post-mitotic
experience a significant reduction. When assessing the post- mammalian cells, including humans. Monitoring CLS is a straightfor-
reproductive lifespan, it's notable that the MCM3/mcm3A strain ward method that does not necessitate micromanipulation, as it relies on
exhibited the briefest period following reproduction among all the the cultivation of large populations of yeast cells, thereby facilitating
strains tested. Conversely, the MCM2/mem2A strain, which displayed a longevity screening.
reproductive potential similar to that of the WT, demonstrated the We employed two approaches for CLS analysis: fluorescent labeling
longest post-reproduction lifespan. of deceased cells and the conventional method of assessing survival by
We also determined the total lifespan of mitotically active cells. counting colony-forming units. As depicted in Fig. 6a and b, all CMG/
Interestingly, although there are no statistically significant differences in cmg strains exhibited delayed senescence during the initial 14 days of
terms of total lifespan, it is slightly shorter on average compared to the the experiment, with the exception of SLD5/sld5A. Intriguingly, none of
control (Fig. 4d). Additionally, the results regarding the maximum the strains were capable of forming colonies beyond the 21-day mark in
survival time are quite intriguing. A notable difference was observed in the CLS experiment, whereas the WT strain remained viable. Approxi-
the maximum survival time of heterozygous cells when compared to mately 15 % of cells within the WT strain population retained their
WT. As depicted in Fig. 4d, the WT strains exhibited the longest survival viability, a statistically significant difference when compared to the
(297 h), followed by MCM7/mem7A and PSF3/psf3A (262 h). In contrast, CMG/cmg strains (p < 0.001) (Fig. 6a).
MCM4/mem44 (147 h) and PSF1/psflA (174 h) displayed shorter A standard microscopic analysis revealed a progressive increase in

122



K. Stepien et al. BBA - Molecular Cell Research 1871 (2024) 119621
s
09

E 08 +

8 07+

2

S 06 I

o mb

s J.

i)

73

o

o

o

x

o

o

>

-

s

[

m ' | | [
g g 3 g g g g =
3 £ £ 3 £ 2 s g ﬁ 3 g
- g g & 3 § ¥ ¥ ¥ 3
3 S s 3 3 § S S 8 5 B
S 8§ § 8§ 8§ 3§ 8§ & & & 3
3 H S S H g g @

Fig. 3. Real-time-PCR analysis showed a d in the expression of genes ding the CMG lex comp in the respective CMG/cmg strains. The relative

expression ratio of CDC45, MCM2, MCM3, MCM4, MCM5, MCM®6, PSF1, PSF2, PSF3, SLD5 normalized to ACTI, and to the expression level in WT in the CDC45/
cdc454, MCM2/mem24, MCM3/mem3A, MCM4/mem44, MCMS/mem54, MCM6/mem6A, MCM7/mcm74, PSF1/psflA, PSF2/psf2A, PSF3/psf34, and SLDS/sldSA

1 1

strains, respectively, was calculated from five indep rep

cell size throughout the CLS experiment. To thoroughly assess the extent
of this phenotype, we conducted a flow cytometry analysis. Our data
clearly demonstrated a successive increase in cell size throughout the
experiment, except for MCM2/mcm2A and CDC45/cdc45A strains,
which exhibited larger cell sizes from the outset of the CLS experiment
(Fig. 7). Notably, the smallest cells were observed at the experiment's
commencement (2 days), while the largest ones were documented on
days 14 and 21 of the study.

As cell size is known to positively correlate with ploidy, we also
conducted tests to assess the DNA content of the cells, considering that
replication stress can lead to abnormalities in DNA content. Remarkably,
we observed a decline in viability and a reduction in ploidy levels over
time in all CMG/cmg strains and the WT control (Fig. 7). This phe-
nomenon mirrors findings reported recently in the chronological aging
of diploid yeast cells with reduced expression of ORC1- ORC6 genes,
suggesting its widespread occurrence. One possible explanation for the
emergence of haploid cells within the yeast population undergoing the
chronological lifespan experiment is sporulation. To investigate this
hypothesis, we employed the sporulation-deficient strain ndt804/
ndt80A. Ndt80 is a transcription factor crucial for the successful
completion of meiosis and spore formation. Our CLS experiment, how-
ever, ruled out sporulation as the source of ploidy changes (refer to
Supplementary data, Fig. 1). The intriguing phenomenon of ploidy
reduction over time during the CLS experiment is further elaborated
upon in a separate manuscript (currently in press [61]). Our data suggest
potential connections between autophagy pathways and the decline in
DNA content observed in chronological aging cells.

Standard d

was also counted. All results were statistically significant, with p < 0.05.

3.3. Decreased expression of the genes encoding the CMG helicase
components causes a change in the biochemical fingerprint

The spectra for all analyzed CMG/cmg strains and the control
(BY4743) are presented in Fig. 8, with marked peak positions (Raman
shift) and their respective intensities. In the Raman spectra, peaks are
observed in regions corresponding to proteins (850, 1004, 1035, 1280,
1453, 1610 cm-1), lipids (1254, 1662, 1775 cm '), polysaccharides
(420, 520, 890, 960, 1090 em-1), and RNA (400-800, 1330, 1390, 1575
em™!) [20-23].

Shifts in peak positions by a few nanometers or the emergence of
additional peaks may signify alterations in the chemical composition
and structure of these functional groups (Fig. 8). These variations in the
Raman spectra may reflect differences in the metabolic activity of the
examined yeast strains. Consequently, observable changes can be dis-
cerned in the bands specific to lipids, RNA, and polysaccharides within
the provided Raman spectra.

The principal component analysis (PCA) demonstrates a positive
correlation between the content of lipids and RNA, while it exhibits a
strong negative correlation with the content of polysaccharides within
the investigated yeast (Fig. 9). This analysis distinguishes six strains that
exhibit distinet chemical compositions compared to other mutants: WT,
CDC45/cdc454, MCM2/mem24, MCM4/mcm44, MCM6/mcm64, and
PSF1/psf1A. The polysaccharide content is high in the WT, CDC45/
cdc454, and MCM2/mcm2A strains and low in the MCM4/mcm44,
MCM6/mem64, and PSF1/psf1A strains. The MCM2/mem24A strain is
distinguished by the highest content of lipids and RNA, while the lowest
content is found in the WT and PSF1/psf1A strains.

Next, we investigated the association between replicative aging pa-
rameters and the levels of lipids, polysaccharides, or RNA. As depicted in
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Fig. 10, a robust negative correlation exists between the levels of poly-
saccharides and reproductive potential (Fig. 10a), along with a moder-
ate correlation between reproductive potential and RNA levels
(Fig. 10b). Furthermore, our study marks the pioneering discovery of a
substantial correlation between doubling time and elevated fatty acid
levels (Fig. 10c).

In the final stage of our study, we conducted comprehensive meta-
bolic analyses of the CMG/cmg strains under varying envir 1

MCM7/mem7A cells were highly resistant to osmotic stress (treatment
with 1 M NaCl), while MCM2/mem24, MCM4/mcm44, MCM6/mcm6a,
and SLD5/sld5A strains exhibited a greater sensitivity to osmotic stress
than the WT control. Interestingly, we also found that the MCM2/
mem2A strain was sensitive to heat shock and genotoxic stress inducers
such as zeocin and camptothecin.

conditions. Various metabolic conditions were employed to assess the
phenotypes of the yeast mutants (Fig. 11). Notably, all strains displayed
heightened resistance to cell wall stress induced by Calcofluor white and
Congo red, as depicted in Fig. 11. Furthermore, the CDC45/cdc454 and

4. Di i

DNA replication is a fund al and indisp ble process within a
cell, ensuring the accurate duplication of the genome (as reviewed in
[24-27]).
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In eukaryotes, the MCM complex, comp g
Mem2-Mem? proteins, forms a helicase ring. This complex becomes
activated through the involvement of five auxiliary factors, namely
Cde45 and GINS tetramers, ultimately resulting in the formation of the
11-subunit CMG complex (Cdec45, MCM, GINS) [28]. The vital role of the
GINS complex in maintaining replication fidelity in budding yeast has
been extensively documented. Disruption of the GINS complex leads to
an increase in the spontaneous mutation rate and instability in repetitive
sequences [29,30]. The GINS complex plays a crucial role in the initia-
tion of DNA replication, as it is part of transient protein complexes that
assemble during the early stages of replication, preceding the formation
of the active CMG helicase complex [31].

During the G/S transition, cyclin-dependent kinases (CDKs) and
Dbf4-dependent kinases (DDK) activate the pre-replication complex
(pre-RC), facilitating DNA unwinding [32]. Upon entering the S phase,
both kinases play pivotal roles in promoting the assembly of replication
forks. Additional pre-RC formation is inhibited, allowing for subsequent
DNA polymerase loading and the initiation of bidirectional DNA
replication.

It has been demonstrated that the S-phase checkpoint response can
decelerate or halt fork progression, concurrently stabilizing the associ-
ation of the MCM complex with the replication fork during DNA repair
following DNA damage [33]. In our experiments, we observed that yeast
cells with reduced expression of genes encoding CMG helicase subunits
experienced alterations in their cell cycle. Most of the analyzed CMG/
cmg strains exhibited a slight delay in G1/S transition. Notably, the
MCM7/mem7A and MCM3/mcm3A strains displayed an increased
accumulation of cells in the G2 phase.

In our previous research, we demonstrated that heterozygous strains
with decreased expression of genes encoding ORC complex subunits had
significantly prolonged G1 phases in the cell cycle, resulting in a note-
worthy increase in cell doubling time during subsequent budding [3]. A
similar effect was anticipated for CMG/cmg strains, and our observa-
tions indeed confirmed this hypothesis. Interestingly, our results indi-
cated that meiosis in CMG/cmg heterozygous strains was also affected.
This finding holds significance when extrapolating these data to the
context of gametogenesis in higher eukaryotes.

It has been demonstrated in human fibroblasts that the levels of
Mem2-Mem?7 proteins decrease in senescent cells [34,35]. We sought to
determine whether a reduction in the expression of MCM complex

d from three independent experiments. Statistical significance was assessed using

subunits or other components of the CMG helicase would induce pre-
mature aging in a yeast aging model. Two primary approaches are
commonly used to study yeast aging:

Replicative Lifespan: This refers to the number of buds produced by
mother cells before their demise. Replicative lifespan is assessed at the
single-cell level by counting the doublings performed by a mother cell,
as its buds are removed individually through micromanipulation. This
methodology takes advantage of the asymmetrical division of mother
and daughter cells during budding. Therefore, yeast replicative aging
mirrors the aging process in asymmetrically dividing cells, such as stem
cells in higher eukaryotes.

Chronological Aging: This metric calculates the time during which
cells remain non-dividing while retaining the ability to form a colony.
Chronological aging is analogous to the aging process in non-dividing
cells like neurons [12].

Our study revealed a significant increase in reproductive potential in
CMG/cmg strains without any adverse effects on the overall lifespan.
This suggests a potential parallel in human cells, where the reduced
levels of MCM subunits detected in fibroblasts [34] may originate from
sources other than transcription levels, such as changes in the half-life of
MCM subunits in senescent cells, possibly influenced by post-
translational modifications.

Intriguingly, we also observed a substantial delay in chronological
aging in the CMG/cmg strains. This implies a connection between the
CMG helicase and post-mitotic growth metabolism or the activation of
molecular pathways involved in responding to environmental stressors
like acetic acid or pH fluctuations.

Our current findings align with previous reports regarding ORC/orcA
heterozygous strains showing delayed aging in both aging models [5].
Thus, it appears that decreased expression levels of genes associated
with replication initiation, including subunits of ORC and CMG com-
plexes, play a pivotal role in aging. These genes are not only vital for
growth but also require precise regulation in the context of both repli-
cation and aging.

From an evolutionary perspective, a cell population's ability to
achieve efficient DNA synthesis and rapid doubling times is crucial,
providing a competitive advantage in the competition for environmental
resources. Here, we reported that when the expression of genes encoding
CMG helicase subunits is reduced, the cells exhibit a significant increase
in reproductive potential compared to the WT strain while
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Fig. 7. Ploidy reduction and cell size increase accompany chronological aging. Results of the DNA content analysis by flow cytometry during the chronological aging
at 2, 4,7, 14, and 21 days (A, C,E, G, I, K, M). For the DNA content analysis, yeast cells were stained with propidium iodide (see the Material and Methods section for
details). The representative histograms are shown from three independent experiments. Cell size of the diploid control (BY4743) and the isogenic heterozygous
strains CDC45/cdc454, MCM2/mem24, MCM3/mem34, MCM4/mem44, MCM5/memS54, MCM6/mem6A, MCM7 /mem74A, PSF1/psflA, PSF2/psf2A, PSF3/psf34, and
SLD5/sld5A during the chronological aging analysis in selected time points (B, D, F, H, J, L, N). The forward scatter (FSC) histograms reflect cell size in the pop-
ulation. Cells were analyzed via flow cytometry as described in the Materials and Methods section. Ten thousand cells per sample were assayed.

simultaneously extending the doubling time. This phenotype bears a
resemblance to that of cancer cells.

during aging remains elusive [8,18].
Intuitively, disturbances in the expression levels of CMG helicase

Among factors contributing to aging, one of the most significant is
cell energy metabolism. In our study, we demonstrated that variations in
gene copy numbers influence the speed of aging. This is consistent with
our previous findings indicating that the overexpression of ribosomal
paralogs uL6A or uL6B accelerates aging in budding yeast [36]. Despite
the discovery of many cellular pathways involved in chronological
lifespan (CLS) regulation, our understanding of replication initiation

components should not impact post-mitotic aging because chronological
aging analysis typically begins at the stationary phase. However, a
recent study revealed that over half of the essential yeast genes dis-
played haploinsufficiency phenotypes under optimal conditions.
Furthermore, around 40 % of essential genes, which showed no
detectable phenotypes under optimal growth conditions, exhibited
haploinsufficiency under stressful conditions [37]. This may explain the
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absence of a noticeable phenotype in the MCM2/mem24 strain con-
cerning reproductive potential and the significant delay in chronological
aging observed in all analyzed heterozygous CMG/cmg strains.

In this regard, CLS can be viewed as a cellular response to stressful
conditions, primarily including starvation and acidification of the
environment. Our chronological aging analysis confirmed our earlier
findings that cells that survive aging increase insize over time [38]. DNA
content analysis of chronological aging diploid cells also confirmed
previously discovered ploidy changes toward the haploid [8]. In yeast
cells, changes in ploidy toward haploidy can be induced by various
factors, including single-gene deletions involving important genome
stability factors like Rad52 recombinase or replication initiation factor
Ctf18 [39,40], extended cultivation [40,41], or starvation [8]. In
humans, ploidy shifts are also observed, particularly during DNA dam-
age stress. Improperly repaired DNA damage can lead to aneuploidy,
eventually resulting in mitotic catastrophe during subsequent cell

division [42]. Chromosome missegregation leading to aneuploidy is
often correlated with tumors and likely provides a mechanism for the
loss of tumor suppressor genes and the acquisition of extra copies of
oncogenes, thus supporting carcinogenesis. It has been reported that
approximately 68 % of solid tumors are aneuploid. Notably, chromo-
some loss is more frequently observed than gain, and smaller chromo-
somes are lost more frequently than larger ones [43]. Additionally, it has
been suggested that ploidy reduction may be an early step in the
development of hepatocarcinogenesis from polyploid hepatocytes [44].
Consequently, the ploidy shift reported in this study appears to be a
universal phenomenon linked to stressful conditions, subsequent
endogenous damage, and cell adaptation to such conditions.

This conclusion is supported by the results of Ravichandran et al.,
who induced high rates of chromosome missegregation to investigate
how yeast cells adapt to chromosome instability over time [45]. Adap-
tation to chromosome instability occurs through individual chromo-
somal aneuploidies, resulting in adapted strains with complex
karyotypes featuring specific combinations of beneficial chromosomes.

Metabolomics data published by Yosida et al. [46] have suggested a
potential association between the biochemical state of yeast cells and
their longevity to some extent. In the context of yeast aging, lipid
metabolism and h is have been d crucial roles [8,16,47].
In our current study, we aimed to investigate whether metabolomic
profiles differed between the heterozygous CMG/cmg strains and the
WT control.

The data indicated a positive correlation between the content of
lipids and RNA, while a strong negative correlation was observed be-
tween these components and the content of polysaccharides in the tested
strains. Additionally, a robust negative cormrelation between poly-
saccharide levels and the reproductive potential of the tested strains was
identified. A moderate correlation between RNA levels and the strains'
reproductive potential was also evident. Furthermore, we established a
significant correlation between the doubling time and the level of fatty
acids.

The findings from this study clearly underscore the critical role of the
expression levels of genes encoding the CMG complex subunits in yeast
metabolism and aging. It is important to note, however, that these ob-
servations primarily pertain to replicative aging. So far, our under-
standing of biochemical changes during chronological aging has been
limited. Previous research has indicated that the metabolic profiles of
cells lacking Sch9, the major TORC] effector, differed significantly from
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those of wild-type and TOR1-deficient cells. Several antiaging bio-
markers have been identified, including intracellular levels of pyruvate,
glucose, ribose/deoxyribose-associated compounds, and the presence of
specific protein conformational structures. Interestingly, glycogen con-
tent increased in the sch9A strain as aging progressed, whereas it
decreased in the wild-type and tor14 strains [48].

In humans, changes in gene expression, particularly in genes whose
products are involved in replication initiation, have been discovered to
be associated with various diseases, making them potential targets for
treatment. A strong correlation has been observed between the expres-
sion of GINS2 (the human equivalent of yeasts' PSF2) and cancer.
Notably, a significant increase in GINS2 expression has been reported in
various types of cancer, including cervical cancer [49], breast cancer
[50], glioma [51], pancreatic cancer [52], and non-small-cell lung
cancer [53]. Upregulated GINS2 expression promotes tumor develop-
ment by enhancing tumor cell proliferation and inhibiting cell apoptosis
[52,54]. Recent research has indicated that the CMG complex could be a
promising therapeutic target for cancer treatment. Furthermore, small
molecule inhibitors of the CMG helicase, such as genistein, metformin,
and breviscapine, have been identified as potential anticancer com-
pounds [55-57].

Recent studies have underscored the significance of MCM proteins in
the health and well-being of higher eukaryotes. For instance, mice with
lower MCM2 expression levels exhibited a shorter average lifespan due
to a higher incidence of cancer, primarily T-cell and B-cell lymphomas
[58]. Reduced MCM2 expression has also been linked to increased levels
of Ser139-phosphorylation-induced foci of histone H2AX in muscle cells,
which serves as a marker for double-strand DNA breaks. Additionally,
MCM expression levels posmvely correlate with cancer mahgnancy in
several MCM-related cancers, including lung sq cell
renal cell carcinoma, prostate cancer, breast cancer, gastrointestinal
tract tumors, brain tumors, and lymphomas (as reviewed in [59]).
Furthermore, it has been suggested that MCM2-MCM?7 expression levels
could serve as prognostic markers for survival in patients with various
types of cancer [60].

In conclusion, the progression of the cell cycle is contingent upon the
explessmn levels of essential genes encoding the subunits of the CMG
hel L& lex. A ble increase in reproductive potential is
strongly assocmted with a reduction in the expression of these genes.
However, this reduced gene expression does not impact the overall
lifespan of mitotically active cells but rather delays chronological aging.
We have also presented additional evidence indicating that diploid cells
experience a reduction in ploidy during chronological aging. We
postulate that this phenomenon may be linked to the exposure of cells to
increasingly stressful conditions over time. Nevertheless, further
research is necessary to precisely elucidate the novel mechanism behind
this ploidy shift.

Furthermore, our study has revealed a correlation between the levels
of RNA or polysaccharides in yeast and their reproductive potential, as
well as a relationship between the levels of fatty acids and the doubling
time of cells. We have demonstrated that even slight alterations in cell
cycle progression resulting from reduced expression of CMG helicase
comp lead to diffe in the bioch I profile of the cells.
Importantly, our research sheds new light on the potential use of yeast in
investigating potential therapeutic targets for cancer treatment.
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Supplementary data 1

Ploidy reduction and cell size increase accompany chronological aging. Results of the DNA content analysis by
flow cytometry during the chronological aging at 2, 4, 7, 14, and 21 days (A). For the DNA content analysis, yeast
cells were stained with propidium iodide (see Material and Methods section for details). Cell size of the diploid
ndt80A/ndt80A during the chronological aging analysis in selected time points (B). The forward scatter (FSC)
histograms reflect cell size in the population. Raw data showing ploidy changes during the chronological aging at
2,4,7,14, and 21 days (C, D, E, F, G). The cells were analyzed via flow cytometry as described in the Materials
and Methods section. The 10,000 cells per sample were assayed.
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Abstract Aging is defined as a progressive decline
in physiological integrity, leading to impaired bio-
logical function, including fertility, and rising vulner-
ability to death. Disorders of DNA replication often
lead to replication stress and are identified as factors
influencing the aging rate. In this study, we aimed to
reveal how the cells that lost strict control of the for-
mation of crucial for replication initiation a pre-initia-
tion complex impact the cells’ physiology and aging.
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As strains with the lower pre-IC control (lowPICC)
we used, Saccharomyces cerevisiae heterozygous
strains having only one functional copy of genes,
encoding essential replication proteins such as Cdc6,
Dbf4, S1d3, SId7, Sld2, and Mcm10. The lowPICC
strains exhibited a significant reduction in the respec-
tive genes” mRNA levels, causing cell cycle aberra-
tions and doubling time extensions. Additionally, the
reduced expression of the lowPICC genes led to an
aberrant DNA damage response, affected cellular and
mitochondrial DNA content, extended the lifespan
of post-mitotic cells, and increased the yeast’s repro-
ductive potential. Importantly, we also demonstrated
a strong negative correlation between the content of
cellular macromolecules (RNA, proteins, lipids, poly-
saccharides) and aging. The data presented here will
likely contribute to the future development of thera-
pies for treating various human diseases.

Keywords Aging - Cell cycle - Lifespan -
Replication

Introduction

Replication consists of three main stages: initia-
tion, elongation, and termination. The first stage is
to recognize the start site. DNA replication initiates
from specific regions on the chromosomes, known
as origins of replication (an autonomously replicat-
ing sequence (ARS) in Saccharomyces cerevisiae)
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(Rao and Stillman 1995). Replication origins are
recognized by the Origin Recognition Complex
(ORC) (Li et al. 2018). Not all ARS are used dur-
ing unperturbed replication; those used are selected
by the licensing and activation processes (Remus
et al. 2009). One of the factors determining the
ARS usage is the formation of the pre-replication
complex (pre-RC), i.e., the loading of two MCM
complexes onto DNA (Coster and Diffley 2017),
an active process that requires ATP hydrolysis and
depends on several factors, including the ORC com-
plex and loading factors Cdc6 and Cdtl (Lewis
et al. 2022; Randell et al. 2006). The DNA strand
separation needs a DNA helicase activity, which by
attaching to ARS and breaking the hydrogen bonds
between the bases belonging to two DNA strands,
will liberate two strands. However, building the
appropriate complex with such a molecular activ-
ity requires several additional steps. The activation
of the MCM complex’s molecular role occurs in the
early S-phase and depends on its assisting proteins
and kinases associated with the cell cycle (Bell and
Labib 2016; Lewis et al. 2022). Accordingly, S1d3,
S1d7 and Cdc45 are recruited to the pre-RC and
assembled into the Cdc45-MCM-S1d3 complex with
increased levels of Dbf4-dependent kinase (Hel-
ler et al. 2011). Next, the S-phase cyclin-dependent
kinases phosphorylate Sld3 and Sld2 to promote
their binding with Dbp11, which is essential to the
formation of the pre-initiation (pre-IC) complex
(Muramatsu et al. 2010). The pre-IC complex for-
mation involves the recruitment of several more
proteins or complexes (so-called firing factors)
and is believed to allow double MCM complex to
be separated into single hexamers, as in the active
DNA helicase, i.e., is required as switch-on mech-
anism (Miyazawa-Onami et al. 2017). When the
S1d3 is displaced by a GINS complex (S1d5-Psfl-
Psf2-Psf3), the CMG (Cdc45-MCM-GINS) helicase
complex is formed (Sheu et al. 2016). However, the
formation of pre-IC also requires DNA polymer-
ase € (E) and CDK kinase activity. ADP release
and binding of new ATP by MCM leads to CMGE
assembly. At the final step, one of the firing factors
required for the starting of DNA unwinding, the
McmlO0 protein, triggers ATP hydrolysis by CMGE,
changing inactive CMG complex into an active
DNA helicase resulting in helicase bypass and
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establishment of replication forks. (Douglas et al.
2018; Lewis et al. 2022).

Thus, through the activity of various essential
proteins, among them S1d2, Sld3, Sld7, Dpbl1, and
Mcm 10, the attachment and activation of crucial ele-
ments of the replication machinery occur in a strictly
depicted order. These factors also determine which
initiation sites are fired in a given round of replica-
tion (Ilves et al. 2010). As the key component of all
replisomes is the major replication DNA helicase,
the loading and activating of this helicase by proteins
involved in the replication initiation step plays a cru-
cial role in this process (Costa and Diffley 2022).

Disturbances at the different steps of DNA repli-
cation and replication stress are often noted as essen-
tial factors influencing the aging process. Aging is
defined as the gradual deterioration of cellular and
organismal functions over time, which increases the
risk of improper response to stress and disease sus-
ceptibility. A significant overlap exists between the
cellular pathways that influence aging and those that
contribute to, e.g., neurodegeneration, or metabolic
syndrome (de Cabo et al. 2014). DNA replication dis-
orders are also increasingly recognized as a critical
factor of genome instability during cancer develop-
ment (Hills and Diffley 2014; Kotsantis et al. 2018;
Macheret and Halazonetis 2015). Obviously, the
connections between DNA metabolism and genome
maintenance processes, including replication, were
also subject of interest for researchers exploring aging
mechanisms. However, some processes are difficult
to resolve due to the fact that the proteins involved
in these processes are essential for life. Approaches
that were undertaken mostly rely on mutated alleles
of essential genes, which by definition cannot reflect
the normal aging process but rather an aging of cells
marked by disease. In our study, we asked about the
connection between control of the replication initia-
tion process and aging. With time, also during aging,
the expression of many genes changes (Frenk and
Houseley 2018).

Moreover, it is common knowledge that aging
is accompanied by lower proliferating potential.
Thus, as a working model, we used the cells with
heterozygous loci of essential genes, encoding pro-
teins involved in the initiation of replication (i.e.,
conditions when expression of these genes is lim-
ited). The effect of lowered expression of genes
involved in initiating replication on aging is still to
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be uncovered. Here, we demonstrate that reducing
the number of copies of the genes encoding proteins
involved in the different steps of initiation of repli-
cation, namely CDC6, DBF4, SLD3, SLD7, SLD2,

and MCM 10, influenced not only respective tran-
script levels but also the DNA content and integrity
of the cell, as well as the proliferative potential and
aging of both mitotically active and post-mitotic

yeast cells.

Table 1 Strains were used in this study

Strain Genotype Source

BY4743 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ Euroscarf
ura3A0

CDC6/cdc6A MATa/MATo HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ Open Biosystems
ura3A0 CDC6/cdc6A: :kanMX4

DBF4/dbf4A MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ Open Biosystems
ura3A0 DBF4/dbfiA: :kanMX4

MCM10/mem10A MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ Open Biosystems
ura3A0 MCM10/mem10A::kanMX4

SLD2/sld2A MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ Open Biosystems
ura3A0 SLD2/sld2A: :kanMX4

SLD3/sld3A MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ Open Biosystems
ura3A0 SLD3/sld3A: :kanMX4

SLD7/sld7A MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 METI5/met15A0 URA3/ Open Biosystems
ura3A0 SLD7/sld7A: :kanMX4

BY4743 pWJ1344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 METI5/met15A0 URA3/ This work
ura3A0 [RADS52-YFP, LEU2]

CDC6/cdc6A pWI1344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 METI15/met15A0 URA3/ This work
ura3A0 CDC6/cdc6A: :kanMX4 [RAD52-YFP, LEU2]

DBF4/dbf4A pW11344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
ura3A0 DBF4/dbf4A: :kanMX4 [RAD52-YFP, LEU2]

MCM10/mem10A pWI1344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
wra3A0 MCM10/mem10A: :kanMX4 [RADS2-YFP, LEU2]

SLD2/sld2A pWI1344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 METI5/met15A0 URA3/ This work
wura3A0 SLD2/sld2A: :kanMX4 [RADS52-YFP, LEU2]

SLD3/sld3A pWI11344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
wra3A0 SLD3/sld3A: :kanMX4 [RAD52-YFP, LEU2]

SLD7/sld7A pW11344 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 METI 5/met] SAO URA3/ This work
ura3A0 SLD7/sld7A: :kanMX4 [RADS52-YFP, LEU2]

YTE32 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met] SAO URA3/ This work
ura3A0 RFAI/RFAI-YFP::LEU2

YTE33 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met] SAO URA3/ This work
ura3A0 CDC6/cdc6A::kanMX4 RFAI/RFAI-YFP::LEU2

YTE34 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met] SAO URA3/ This work
ura3A0 DBF4/dbf4A: :kanMX4 RFA1/RFAI-YFP::LEU2

YTE35 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
ura3A0 MCM10/mem10A: :kanMX4 RFA1/RFAI-YFP::LEU2

YTE36 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
ura3A0 SLD2/sld2A::kanMX4 RFAI/RFAI-YFP::LEU2

YTE37 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
ura3A0 SLD3/sld3A::kanMX4 RFAI/RFAI-YFP::LEU2

YTE38 MATa/MATa HIS3/his3A1 LEU2/leu2A0 LYS2/lys2A0 MET15/met15A0 URA3/ This work
ura3A0 SLD7/sld7A::kanMX4 RFAI/RFAI-YFP::LEU2
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Materials and methods
Strains and growth conditions

All yeast strains used in this study are in the BY4743
background and are listed in Table 1. The heterozy-
gous strains lacking one functional allele of a given
essential gene came from a yeast knock-out collection
(Open Biosystems).

The RFAI-YFP fusion was introduced by yeast
transformation with the RFAI::YFP::LEU2 cassette
amplified from the plasmid pRYL24 (Jedrychowska
et al. 2019) using primers RFA7317F and RFA6231R
(Table 2). The cassette was introduced into one of
the RFAI loci in the genome of wild-type (WT)
(BY4743), CDC6/cdc6A, DBF4/dbf4A, MCM10/
meml0A, SLD2/sld2A, SLD3/sld3A, and SLD7/
sld7A strains, respectively. The constructions’ cor-
rectness was verified by PCR, using YFP9451R and
RFA7367F primers (Table 2).

Cells were grown in standard YPD containing
1% Difco Yeast Extract, 2% Yeast Bacto-Peptone,
and 2% (w/v) glucose on a rotary shaker at 150 rpm
or on a solid YPD medium containing 2% agar. For

Table 2 Primers used in this study

Primer Sequence (5'—3')

Primers used during strain constructions

RFAT7317F CAATCGGCTGCTAGCTTAAC
RFA6231R ACGGTTCACAATCCCTACAG
RFAT7367F GCCGCAACGCAAACTTCATC
YFP9451R CTTCGGGCATGGCACTCTTG
Primers used for RT-qPCR gene expression analysis

ACTI_fw AAGCTTTGTTCCATCCTTCT
ACTI_rev GTACCACCGGACATAACG
DBF4_fw AAGCGTCATGAGTAAGAACA
DBF4_rev CTGTGTCTATTTTCCTTTGATGT
CDC6_fw TTTGTCCTGGTTTGAATTGC
CDC6_rev TTTATTTGCAATGTTGGGCC
SLD2_fw GTGAAACGCCAATTAAACTTTC
SLD2_rev GTGGAGGATTAATAGTTGGACT
SLD3_fw CAGACCCTAAAGAGTACATAGAA
SLD3_rev TTTGTAACTGTCACTTCCGT
SLD7_fw ACAACAATCTCAACAAAGGAAG
SLD7_rev GGAGGCCACCCAAAATTAG
MCM10_fw CCGATAATCACAAACGAATTAGA
MCM10_rev TAGGTGGGCGAATTTTAGC
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strain selection, the SC-Leu medium was used (0.67%
Bacto-yeast nitrogen base, 2% (w/v) glucose, supple-
mented with adenine and uracil, and all amino acids
except leucine). The experiments were carried out at
a temperature of 28 °C. Used in chronological lifes-
pan assay, SDC medium contained 0.67% Bacto-yeast
nitrogen base (without amino acids) and 2% (w/v)
glucose, supplemented with L-histidine (60 mg/l),
L-leucine (180 mg/l) and uracil (60 mg/1).

Growth rate determination

The growth assays were performed in a liquid
medium. Yeast cell suspensions were incubated at
28 °C for 12 h with shaking (Heidolph Incubator 1000
at 1200 rpm). Growth was monitored at 600 nm using
the Anthos 2010 type 17,550 microplate reader for 12
at 2 h intervals. In the approach involving counting
cells per mL in each culture, a Malassez chamber was
used (Carl Roth, Lauda-Konigshofen, Germany).

Calculation of the mean doubling time

The mean doubling time was calculated for each ana-
lyzed strain as described previously (Molon et al.
2016).

Sporulation efficiency assay

After pre-growing in rich YPD medium, diploid yeast
strains were grown for two weeks at 28 °C on sporu-
lation medium (0.1% yeast extract, 1% potassium
acetate, 0.05% glucose, 2% agar), as described previ-
ously (Krol et al. 2018).

Flow cytometry analysis

Samples for cytometric analysis were prepared as
in (Krol et al. 2018). Briefly, cells were harvested,
washed with water, and fixed with a chilled (- 20 °C)
70% ethanol (Polmos, Warsaw, Poland) for 2 h at
room temperature. After twice washing with FACS
buffer (0.2 M Tris—HCI (Sigma-Aldrich, Burlington,
MA, USA), pH 7.4, 20 mM EDTA (Merck, Darm-
stadt, Germany)), cells were incubated for 2 h at
37 °C in FACS buffer containing 1 mg/ml RNase A
(Sigma-Aldrich, Burlington, MA, USA) to digest
RNA present in the samples. After washing with
phosphate-buffered saline (PBS), cells were stained
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with 100 pl of propidium iodide solution (50 pg/ml
in PBS; Calbiochem, San Diego, CA, USA) overnight
at 4 °C in the dark. Just before FACS analysis of the
DNA content, 900 pl PBS was added to the cells,
and cell suspensions were sonicated three times per
10 s in an ultrasonic bath, Branson 2800 (Branson
Ultrasonic Corporation, Danbury, CT, USA) to pre-
vent cells clumping. Analysis was performed using a
FACS Calibur (Becton-Dickinson, Franklin Lakes,
NJ, USA). A total of 10,000 cells were counted per
sample. At least three independent experiments were
performed for each strain and selected time points
during the Chronological lifespan (CLS) assay. Cells
were analyzed with respect to DNA content and cell
size using FL2 and FSC channels, respectively. The
representative histograms were shown.

Cell cycle analysis

The cell cycle analysis was performed for exponen-
tially growing cells, as described previously (Stepien
et al. 2022), with consideration given to the genera-
tion time.

Determination of budding lifespan

After overnight growth, cells were arrayed on a YPD
solid medium plate using a micromanipulator. Bud-
ding lifespan was determined microscopically using
a micromanipulator, as described previously (Molon
and Zebrowski 2017).

Determination of the total lifespan

The total lifespan was calculated as the sum of repro-
ductive (time between the first and last budding) and
post-reproductive lifespans (time between the last
budding and cell death), thus showing the length of
life of a single mother yeast cell expressed in units of
time. The total lifespan of the yeast was determined
as previously described by (Minois et al. 2005) with
small modifications from (Molon and Zebrowski
2017).

Chronological lifespan (CLS) assay

The CLS of cells incubated in SDC minimal medium
supplemented with necessary amino acids and 2%
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(w/v) glucose was measured as previously described
(Czachor et al. 2020).

RNA isolation, reverse transcription and RT-gPCR

The extraction of RNA, reverse transcription, and
RT-qPCR were performed as described previously
(Stepien et al. 2022). Primers used for quantitative
Real-Time PCR are listed in Table 2.

Determination of Rad52 and Rfal foci frequency by
fluorescence microscopy

The Rad52-YFP foci formation assay was performed
as in (Krol et al. 2018) with some modifications. The
studied strains were transformed with the pWJ1344
plasmid carrying a RADS52::YFP fusion (Torres-
Rosell et al. 2007). The transformants were grown
to the exponential phase (about 7x 10° cells/ml) in a
YPD liquid medium at 28 °C with shaking. A 1.5 ml
aliquot of each culture was collected, centrifuged
(1000 g), and resuspended in 30 ul of 1xPBS, and
3.5 ul of cells’ suspension was placed on microscope
slides to assess the percentage of cells spontaneously
forming Rad52-YFP foci. To the remaining culture,
zeocin was added to the final concentration of 100 pg/
ml, and the cells were incubated for an additional
hour under the same conditions. Then, an aliquot of
zeocin-treated strains was collected to examine the
percentage of cells forming stress-induced Rad52-
YFP foci. Imaging was performed at 100-fold mag-
nification in DIC and YFP channels of an Olympus
BX-51 fluorescent microscope operated by cellSens
Dimension software and documented using a DP-72
camera. The numbers of cells and Rad52 foci in the
cells were counted, and the average percentage of
cells with Rad52 foci was calculated after screening
at least 300 cells in each of three biological repeats
for a total count of at least 900 cells. The results are
presented as the quartiles of data, with the mean,
median, SD, and p-values calculated using a two-
sample Welch #-test.

The Rfal-YFP foci were analyzed using a simi-
lar experimental scheme as described above, except
that the strains with RFAI-YFP::LEU2 fusion in the
genomic locus of RFAI were used. Imaging was per-
formed using a Zeiss AxioCam MRc5 Digital Camera
(Zeiss, Oberkochen, Germany), mounted on a Zeiss
Axio Imager.M2 fluorescence microscope operated
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by Zeiss Axio Vision 4.8 software, using DIC (for
bright field) and 38HE filter set (for YFP).

Since, in opposite to Rad52-YFP foci, the Rfal-
YFP foci rarely occur single per cell, we adopted
semi-automatic counting of their number according
to the methodology applied for another repair foci,
Rad51-YFP, and described in (Antoniuk-Majchrzak
et al. 2023). In brief, the Rfal-YFP foci number was
counted using several image-processing software, as
follows: (1) the binary masks of cells were obtained
through Cellpose software (RRID:SCR_021716,
(Stringer et al. 2021); (2) the binary masks of Rfal
foci were produced by image preprocessing in Fiji
((RRID:SCR_002285, (Schindelin et al. 2012))
with the plugin MorphoLibJ (Legland et al. 2016);
(3) the resulted images were used to generate prob-
ability masks using semantic segmentation in ilastik
(Berg et al. 2019) (4) then, the occurrences of respec-
tive foci in the areas of individual cells were counted
using CellProfiler software (Stirling et al. 2021). At
least 600 cells were analyzed in each of the three bio-
logical repeats. The results are presented as the quar-
tiles of data, with the mean, median and SD marked.
The statistical significance of the results was tested by
a two-sample Welch #-test.

DAPI staining of mitochondrial DNA in the in vivo
assay

Cells grown in YPD medium to the exponential
phase at 28 °C with shaking were per additional 1 h
cultivated in the same conditions but in the dark
with the addition of 4',6- diamidino-2-phenylindole
(DAPI; Invitrogen) to a final concentration 1 pg/ml.
Then, cells were pelleted by centrifugation (800 g),
washed twice in PBS, suspended in 50 pl PBS and
placed on a microscope slide. Imaging was performed
using a Zeiss AxioCam 807c Digital Camera (Zeiss,
Oberkochen, Germany), mounted on a Zeiss AXio
ImagerM2 fluorescence microscope operated by
Zeiss ZEN software, using DIC (for bright field) and
49 filter set (for DAPI).

Analysis of mtDNA fluorescent signals was per-
formed similarly to the Rfal foci analysis described
above. After image deconvolution, the binary masks
for cells and mtDNA signals were prepared and used
for segmentation. Fluorescent signals’ intensities
were calculated by converting mtDNA binary masks
to regions of interest in Fiji software and calculating
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the mean integrated density value for each set of raw
images. At least 900 cells were analyzed in each of
the three biological repeats. Data for all mtDNA were
counted for each strain. Statistical significance was
calculated using the Welch t-test.

Raman spectroscopy

Lyophilized yeast samples of WT and lowPICC
strains were used to analyze their chemical compo-
sition using the FT-Raman Nicolet NXR 9650 spec-
trometer equipped with a 1064 nm laser. FT-Raman
spectra were measured at an aperture of 50 and
a spectral resolution of 8 cm™'. The spectra were
recorded in the range of 300-3.500 cm™' with a laser
power of 0.5 W, and the diameter of the laser beam
was 50 pm. For each spectrum, 64 scans were col-
lected. Measurements were made in eight replicates.
Raman spectra were processed by the Omnic and
OriginLab software.

The principal components analysis (PCA) was
used to compare samples for similarities and differ-
ences in Raman ranges for lipids, polysaccharides,
proteins, and RNA.

Statistical analysis

The results represent the mean+SD values for all
tested samples in two independent experiments. The
differences between the WT and isogenic heterozy-
gous diploid strains were estimated using one-way
ANOVA and Dunnett’s post hoc tests. The values
were considered significant when p<0.05. The sta-
tistical analysis was performed using the Statistica
10.0 software, and statistical and multidimensional
analysis was conducted using PAST 3.0, Origin 2018
software (Raman spectroscopy), and OriginPro (fluo-
rescence microscopy).

Results and discussion

Reducing the number of genes involved in the
regulation of initiation of DNA replication causes
disturbances in DNA content and growth rate

The way to resolve the role of essential genes in
various biological processes without changing their
molecular function, which excludes the usage of
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the point mutants, is to use the conditions in which
their expression would be limited. One of the ways
to obtain such an experimental model is the usage
of heterozygous strains that possess only one copy
of the essential gene. For some time, we have been
studying the far-reaching connections between pro-
teins involved in the initiation of replication and the
cell aging process, which also leave marks on cellular
metabolism (Stepien et al. 2022, 2024). In the present
project, we follow up on the influence on cells’ lifes-
pan and the factors involved in the initiation step of
replication. This time, however, we are not interested
in factors that recognize ARS sequence as the ORC
complex does or that provide the ability to unwind the
DNA helix as the CMG helicase complex does. We
are interested in how the other factors involved in the
initiation of the replication step, e.g., these modulat-
ing the molecular function of ORC and CMG, ena-
bling the formation of functional pre-IC, thus, factors
responsible for the control of the initiation of repli-
cation, influence the cells’ lifespan. Thus, in the pre-
sent study, we concentrated on the following genes:
CDC6, DBF4, SLD3, SLD7, SLD2, and MCM10,
and to be able to study phenotypes, we used the yeast
strains heterozygous with respect to these genes. For
ease of reference, we will refer to lower pre-IC con-
trol (lowPICC) strains when writing about strains:
CDC6/cdc64, DBF4/dbf4A, SLD3/sld3A, SLD7/
sld7A, SLD2/sld2A, and MCM10/mem10A.

We started by ensuring that, indeed, in the low-
PICC strains, the expression level of respective
genes was lowered. Using the quantitative-RT-
PCR approach, we determined the expression lev-
els of respective genes in all lowPICC heterozygous
strains as compared to their expression in the WT
(BY4743) strain. Results shown in Fig. 1A proved
the significant reduction (p<0.05) in the expression
of all tested genes in the respective lowPICC strain
compared with the expression level of the same
gene in a WT strain. The most pronounced decrease
in expression was observed for the MCMI0 gene in
the MCM10/mem10A strain. Thus, all heterozygous,
lowPICC strains could serve in further experiments to
follow the phenotypic effects of lower expression of
assayed genes.

We compared the growth rate and the average
doubling time of the set of analyzed heterozygous
lowPICC strains on a rich medium with 2% glucose.
Two methods were used to estimate the growth rate:
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changes in optical density and the number of cells per
mL in cultures during the experimental period. Both
measurements results were shown because, in com-
parison to the growth rate analysis (Fig. 1B, C), the
doubling time analysis revealed a statistically signifi-
cant extension of the cell cycle (Fig. 1D). It has been
suggested that this phenotype might be associated
with changes in cell size, morphology, transparency
or thickness of the cell wall of analyzed strains. As
was shown in Fig. 1C, all tested strains presented a
flatter steep growth curve than the WT control, which
suggested expanded doubling time. The most pro-
nounced effect was seen for DBF4/dbf4A and SLD2/
sld2A. As shown in Fig. 1D, the mean cell doubling
time increased significantly for all lowPICC strains
compared to WT (p<0.001). The average doubling
time of a single cell was calculated during a routine
reproductive potential analysis, which is the most
accurate method of estimating doubling time in bud-
ding yeast. It disregards variations in cell size and
minimizes the effect of virgin cells (constituting 50%
of the population in the exponential phase).

In our previous studies, we documented that the
lowered expression of genes encoding the ORC or
CMG complexes’ subunits results in a significant
decrease in the growth rate (Stepien et al. 2022,
2024). Thus, the current results followed the previ-
ously shown rule that the exact controlled expression
level of essential genes encoding proteins involved in
the initiation of replication is necessary to maintain
the WT growth rate phenotype.

We also examined sporulation efficiency in the
lowPICC strains. As shown in Fig. 1E, most of the
tested strains exhibited altered sporulation efficiency,
except SLD7/sld7A and SLD3/sld3A, which behave
exactly as WT. However, not all strains displayed the
sporulation efficiency change in the same direction,
e.g., in the DBF4/dbf4A strain, it increased by about
80%; in SLD2/sld2A and CDC6/cdc4A strains, mild
growth in sporulation efficiency was noticed, while in
the MCM10/mcm10A strain decrease by about 20% in
the sporulation efficiency was observed. Those data
suggest that aberrations in proper control of the ini-
tiation replication step also impact meiosis. Since the
lowered level of expression of genes encoding factors
influencing replication initiation does affect the effec-
tiveness of the sporulation process, we can assume
the mutations in the respective genes could impact
yeast’s ability to sporulate as well, if only by leading
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Fig. 1 Phenotypic characterization of lowPICC strains.
Growth and sporulation efficiency phenotypes of strains lack-
ing one copy of the gene encoding proteins are necessary for
the control of the initiation of replication. The relative expres-
sion ratio of CDC6, DBF4, SLD3, SLD7, SLD2, and MCM10
normalized to ACT/ and to the expression level in WT in the
respective heterozygous strains was calculated from five inde-
pendent biological repetitions (A). Comparison of growth
curves for respective heterozygous lowPICC strains and WT
control (BY4743) determined by the optical density (B) or
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*p <0.01; ¥**p<0.001) compared to the WT



Biogerontology

to changes in the speed of this process. Consequently,
this observation may serve as a starting point for fur-
ther research to understand these particular connec-
tions and reveal mechanisms controlling this process.

The initiation of replication must be tightly con-
trolled in order to ensure that the entire genome is
duplicated precisely in each cell cycle. This is real-
ized by coordinating the first steps in DNA replica-
tion, contributing to the replication initiation: ARS
recognition, the successive building of pre-IC, and
activating the replicative DNA helicase. Therefore,

we investigated if and how the cell cycle changes
in lowPICC strains’ cells. We used flow cytometry
analysis of propidium iodide-stained cells to reveal
the potential cell cycle abnormalities. As shown in
Fig. 2A (Fig. S1), a slight increase in the length of
the G1 and S-phase of the cell cycle were detected
in most of the assayed strains. Both cell cycle phases
were prolonged in CDC6/cdc6A, DBF4/dbf4A, and
SLD2/sld2A strains. In the SLD3/sld3A strain cells,
the G1 phase was elongated significantly (by 27%),
while the S phase increased the most of all tested
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Fig. 2 Flow cytometry analysis revealed cell cycle aberra-
tions in lowPICC strains. The cells of WT (BY4743) and the
isogenic heterozygous strains DBF4/dbf4A, CDC6/cdc6A.
SLD7/sld7A, SLD2/sld2A, SLD3/sld3A, and MCM10/mcm10A
strains, grown at 28 °C in YPD medium to the exponential
phase, were labeled with propidium iodide and their DNA con-
tent was tested using flow cytometry. A The quantification of
the cell cycle analysis results. The percentage of cells in the
specific cell cycle phase was calculated considering the strains’
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generation time and shown with respect to WT. The mean of
three biological replicates is shown. Bars indicate standard
deviations. Statistical significance with respect to the cell cycle
phase of the WT control was assessed using the Student’s t-test
(*p <0.05; *#p<0.01). For the gating conditions, see supple-
mentary Fig. SI. The DNA content and (B) and cells size (C)
histograms (mean of three biological repetitions) of lowPICC
strains versus WT were shown
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strains in the SLD7/sld7A and MCM10/mcm10A
strains, by 43% and 45%, respectively.

Interestingly, flow cytometry analysis also showed
differences in the DNA content among tested strains
(Fig. 2B). A significant increase in the size of the
cells in the CDC6/cdc6A strain population was also
noticed (Fig. 2C). These data suggest that the differ-
ences in the growth rate of the analyzed strains do
not result simply from the cell cycle length changes,
but other factors might play a role there. Considering
the effect of decreased expression of genes encoding
proteins engaged in the initiation of DNA replica-
tion on the cell cycle phases’ length, we saw the fol-
lowing rule. The most significant impact on the G1
phase duration, i.e., its significant elongation, was
observed when the ORC subunits gene expression
level declined (Stepien et al. 2022); a lower effect was
seen in the strains with a decreased expression of the
CMG helicase subunits (Stepien et al. 2024), and the
yet minor but more diverse (as concerning both, G1
and S phases of the cell cycle) effect, was shown in
this work, for lowPICC strains.

In eukaryotes, chromosome replication starts
from multiple origins, which are activated at differ-
ent time points during the S phase and terminates
when converging replication forks meet (Hyrien and
Goldar 2010). Even though we already know there
are early and late types of origins and that the ori-
gin chromosomal localization, active transcription,
or occurrence of DNA damage might influence the
origin usage during replication, the rules that guide
the origin licensing and firing are far from being
solved (Early et al. 2004; Eshaghi et al. 2007; Leg-
ouras et al. 2006; Zappulla et al. 2002). At present,
we believe that differences in doubling times in ana-
lyzed heterozygous strains with limited availability
of proteins involved in the control or activation of
replication initiation may result from a changed pat-
tern of replication start sites used. Previous research
has proven that some factors involved in the initia-
tion of DNA replication in yeast are also responsi-
ble for regulating both the origin sites chosen and
the time activated in a replication round. Therefore,
yeast origin firing is an important part of cell cycle
regulation, and as was demonstrated previously,
the proper programmed of origin firing prevents
incorrect checkpoint activation and regulates the
length of the S-phase in budding yeast (Mantiero
et al. 2011). The activation efficiency of the origin
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sites increased genome-wide when S1d2 and Dbf4
proteins were overexpressed simultaneously with
Cdc45 and S1d7 proteins (McGuffee et al. 2013).
Additionally, Tanaka et al. found that overexpres-
sion of only Sld3, Sld7, and Cdc45 could speed
up the activation time of origins that would usu-
ally be fired as last (Tanaka et al. 2011a). The dis-
turbed growth rates may also be related to disorders
at the level of MCM helicase loading caused by a
decrease in the level of, e.g., Cdc6 or ORC, which
makes licensing difficult (Kotsantis et al. 2018).
The finding that some specific replication initiation
factors, e.g., Sld2, Sld3, and Sld7, are expressed at
levels significantly lower than the pre-RC and repli-
some components suggests that they are crucial for
origin activation and successful initiation of replica-
tion (Mantiero et al. 2011). In the case of the analyzed
set of lowPICC strains, changes in doubling time are
also associated with slight cell cycle disorders; how-
ever, we should stress here that two cell cycle phases
were affected in most of them, the G1 and S phases.
These results are supported by the observation of
similar effects for various deletions or conditional
mutants in these genes. The prolongation of G1 and/
or S phases was noticed, e.g., in meml0AC (Douglas
and Diffley 2016), sld7A (Tanaka et al. 2011b), sld3-5
(Kamimura et al. 2001), sld2-5td and sld3-2A (Tan-
aka et al. 2007), cdc6X!'** (Weinreich et al. 1999),
and in strain carrying TetO-DBF4 in the shut off
conditions for TetO promoter (Yu et al. 2006).
Additionally, flow cytometry analysis showed the
DNA content differences between some of lowPICC
strains and WT control (Fig. 2B). The two groups
with lower than WT control DNA content were Vis-
ible; the SLD2/sld2A and SLD3/sld3A strains showed
slight shifts, and the SLD7/sld7A and MCM10/
meml0A strains showed more significant shift on
the FL2-H axis to the left, suggesting drop down in
the fluorescence intensity of DNA intercalating dye
(here, propidium iodide). Such a shift is usually inter-
preted as a decrease in the DNA content, e.g., due to
increased DNA damage, the error-prone DNA repair
leading to DNA rearrangement events resulting in the
loss of part or even whole chromosomes. However, it
can also be attributed to the higher DNA condensa-
tion or accumulation of single-stranded DNA regions
that limit the intercalation of fluorescent dye into
DNA. Another source of DNA content shift might be
a lowered number of mitochondrial DNA (mtDNA).



Biogerontology

The result was so striking that we decided to have a
closer look at this issue.

Lowered expression of lowPICC genes leads to
aberrant DNA damage response and affects mtDNA
content

To reveal if lowPICC strains accumulate DNA dam-
age or ssDNA regions, we combined fluorescence
microscopy with the usage of fluorescently labeled
proteins, Rad52-YFP (a recombinase involved in
DNA damage repair via homologous recombina-
tion) and Rfal-YFP (a subunit of the ssDNA binding
RPA complex), that are widely used markers in such
applications (Lisby et al. 2001; Ngo et al. 2020). The
results of these experiments are shown in Fig. 3.

The number of cells with spontaneously formed
Rad52-YFP foci increased significantly in the strain
SLD3/sld3A, while it decreased significantly in
DBF4/dbf4A and MCM10/mem10A strains (Fig. 3A).
Zeocin treatment, which results in double-strand
stress, usually causes an increase in the percentage
of cells with Rad52-YFP foci because the recombi-
nase Rad52 is recruited to the damage site, where the
DNA repair occurs. Indeed, that is what was observed
for the WT control, as well as for most of the strains,
but with some exceptions. The CDC6/cdc6A strain
almost did not react to zeocin-stress. In the SLD7/
sld7A strain, the increase in the number of cells with
Rad52-YFP foci formed after zeocin treatment was
neglectable, but what caught our attention was that
the number of cells with the stress-induced foci in
this strain was significantly lowered compared to their
number in the control strain treated with zeocin. Alto-
gether, the observed phenotypes were highly vari-
able. In two strains, DBF7/dbf4A and SLD3/sld3A,
the number of stress-induced Rad52-YFP foci rose
significantly compared to zeocin-treated control. At
the same time, the percentage of cells spontaneously
forming Rad52 foci in those strains differed almost
fourfold. In the other two strains, SLD2/sld2A and
MCM10/meml10A, the percentage of stress-induced
Rad52-YFP foci rose significantly compared to non-
treated control for respective strains, but the raising
range varied (about two and four-folds, respectively).

As shown in Fig. 3B-D, in the control conditions,
the number of cells with Rfal-YFP foci was signifi-
cantly increased in the DBF4/dbf4A strain compared
to the WT. Moreover, in the population of cells
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containing Rfal-YFP foci, more cells containing sev-
eral foci per cell were present (in contrast to Rad52-
YFP foci, which mostly appear single and only rarely
as two per cell). Such a phenotype frequently accom-
panies increased DNA damage (see Fig. 3D) or accu-
mulation of ssDNA gaps. Interestingly, even if the fre-
quency of cells with Rfal-YFP foci did not change, all
the rest of the lowPICC strains displayed an increased
number of cells with a high number (more than three)
Rfal-YFP foci per cell, which was not observed in the
control strain. The zeocin treatment, which causes the
double-strand break induction, resulted in a signifi-
cant increase in the Rfal-YFP-containing cell popula-
tion, including an increase in the foci number per cell.
Furthermore, the number of cells containing zeocin-
induced Rfal-YFP foci decreased significantly in the
SLD7/sld7A and MCM10/mcml10A strains, mainly
those with multiple foci.

Described phenotypes helped us understand possi-
ble sources of DNA content shifts observed for some
of the tested strains. For example, the accumulation
of Rad52-YFP foci-containing cells in the SLD3/
sld3A strain suggested more frequent DNA damage
in those cells and subsequent higher requirements
for homologous recombination. Since the Rfal-YFP
foci did not accumulate in this strain, we can assume
the double-strand break repair pathway is activated
in those cells. In the strains with increased double
strand breaks (DSBs), the risk of loss of part of the
repetitive sequence rises. One of the naturally occur-
ring repetitive sequences in the genome is the region
encoding rRNA, which in yeast is located on chromo-
some XII arm. Since repetitive sequences and highly
expressed DNA are risk factors promoting genome
instability, and rDNA unquestionably belongs to both
groups, the rDNA region of chromosome XII is tough
to maintain; thus, its aberration serves frequently as
a marker for genome instability. The average number
of rDNA repeats on this chromosome arm is around
125 in the WT strain. The length of individual rDNA
units in S. cerevisiae is 9.1 kb, so an average rDNA
array is more than 1.1 Mbp long. In the case of long
repetitive sequences such as rDNA repeats, the loss
of their part could be detectable even in DNA con-
tent analysis. The strains vary in the number of rep-
etitions, and the lower rDNA array length results in
generation time elongation.

We showed the SLD3/sld3A strain has prolonged
generation time, displayed a high frequency of

@ Springer



Biogerontology

>

N
3

&

|

3

iF

o
il

Number of cells with Rad52-YFP foci (%)

a
&

=

.1

!‘j.‘

@
&

:

8

Number of cells with Rfa1-YFP foci (%)
»
R

#1 B
el
154
54 = #
104
5] - . ® & I
5 P} L .
. NT [ zeo | NT | zeo | NT | zeo | NT | zeo | NT | zeo | NT | zeo | NT | zeo NT [ ze0 T NT 200 [ N7 J 200 [ NT [ 2e0 [ NT [ 2e0 [ NT [ 200 [ W7 [ 20
Wi | cocecats | owreeis | soswms | sorews | Soeses |weurowonton Wi | coceoats | oarees | swoosens | swomurs | Soass [ucuiomemios
NT zeo
-~ 4
z
$
e
&
% ot
z -
3 Number of
2 Rfa1 foci
g per cell
s ™1 >3
:
Lk
§
& w2
£
s ™1 = [ 01
3 " ; - . - | e
3 t
H
j @ L[] DlmHAHmA
2 1
m:»mmmmmmm’mmm’mm
wr COCScdc6d | DBFUGBMA | SLDVsi3s | SLOVsiTA | SLDZskd2a |MCM{Qmem1on

MCM1O/mcm108  SLD2/sid24 SLDV/skd74

recombinase Rad52 recruitment to the DNA dam-
age sites, and that the DNA content of this strain
decreased. These results are in line with the data
shown in (Lynch et al. 2019), showing the asso-
ciation of Sld3 depletion with chromosome XII
instability. The authors showed a similar correla-
tion with Sld2 depletion, but while we do see the
increase in generation time and a higher percentage
of cells with Rad52-YFP foci after zeocin treatment,
in contrast to SLD3/sld3A, the spontaneous form-
ing Rad52-YFP foci number did not increase in the
SLD2/sld2A strain. Therefore, the connection is not
so obvious in this case and would require further
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investigation to reveal the mechanism of rDNA
array instability in that strain. However, it should
be mentioned that a previous study has reported that
yeast strains with reduction-of-function alleles of
SLD2 and MCM10, SLD3, DBF4, and CDC6 dis-
played chromosome instability phenotypes (CIN)
(Stirling et al. 2011). The increased frequency of
gross chromosomal rearrangements (GRC) was
shown for the first four strains, and increased chro-
mosome transmission fidelity was shown for cdc6-
1. Moreover, a strain with depleted SLD2 level
and meml10-1 mutant were qualified as strains with
strong CIN phenotype.
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«Fig.3 Analysis of the frequency of DNA double-strand
breaks and ssDNA region in lowPICC strains. The Rad52-YFP
and Rfal-YFP foci were detected in WT and the isogenic het-
erozygous strains DBF4/dbf4A, CDC6/cdc6A, SLD7/sld7A,
SLD2/sld2A, SLD3/sld3A, MCM10/meml10A grown to expo-
nential phase (see material and methods section for details).
The Rad52-YFP (A) and Rfal-YFP (B) foci frequency quanti-
fication. Three biological replicates were performed, each with
at least 300 cells (for Rad52) or 600 cells (for Rfal) counted
for every strain and condition. Boxes represent the quartiles
of data. Horizontal lines in the boxes represent the median
values. The square represents the mean value. Whiskers rep-
resent standard deviation with a coefficient=1.5. Statistical
hypothesis testing was conducted using a two-sample Welch
t-test. ¥p<0.05; **p < 0.01, ***p < 0.001. The light green stars
reflect the statistical significance of observed difference with
respect to the non-treated control strain, the dark green stars
reflect the statistical significance with respect to the zeocin-
treated control strain, and the black stars reflect the statistical
significance of change observed for a single strain between
treatment with zeocin and control conditions. For clarity, the
statistically significant difference (p<0.001) in the Rfal foci
number between non-treated and zeocin-treated cells was omit-
ted from the graph (B). C Rfal-YFP foci were detected in the
same strains as in (A and B). D The graph shows the quanti-
fication of the number of the cells with respective Rfal-YFP
foci number per cell. The mean (+SD) of the percentage of
cells with one, two, three or more Rfal-YFP foci in cells were
counted in three independent biological repetitions. The sta-
tistical significance of the difference between the WT control
strain and a given lowPICC strain was shown above the result
for the given strain in control conditions. Alike was done for
the results obtained for strains treated with zeocin. The differ-
ence in the percentage of cells with the particular number of
Rfal-YFP foci per cell between non-treated and zeocin-treated
strains was statistically significant (p <0.01) for each strain and
thus was omitted from the graph. The stars representing the
statistical significance of the results for the certain subpopula-
tion of the cells are shown in the same color as this population

The mem10-1 strain is repetitively shown on the
screens for genomic unstable mutants. For exam-
ple (Su et al. 2015) showed in the mcem10-1 mutant
cells CAG tracts instability, which, as the authors
believe, relies on the increased SIx5/8-dependent
SUMOylation of Rad52 bound to the CAG tract,
which targets this recombinase to degradation.
Moreover, (Thu et al. 2016) showed, in the mem10-
1 strain, increased sumoylation of several SIx5-
SIx8 SUMO-targeted ubiquitin ligase (STUbL)
substrates, among them Rad52, Rad59, Sgsl, i.e.,
proteins important for homologous recombination
repair. As was shown lastly for another protein cru-
cial for homologous recombination, recombinase
Rad51, posttranslational modification with SUMO
is crucial for Rad51 recruitment to DNA, while its
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ubiquitination by STUbL E3, SIx5-SIx8 complex
is indispensable for repair foci dissolution, which
allows to finish repair (Antoniuk-Majchrzak et al.
2023). Thus, due to an imbalance in the SUMOyla-
tion level of homologous recombination involved
protein in the meml0-1 strain, the faithful DNA
damage repair could be staggered, leading to favor
of the error-prone pathways of HR (e.g., SSA or
BIR). In effect, in the mem10-1 strain, likewise in
the strains lacking SIx5 or SIx8, the gross chromo-
somal rearrangements (in the case of s/x5A, pre-
dominantly deletions) are elevated, and telomere
length is affected (Nagai et al. 2008; Zhang et al.
2006).

Since mtDNA level might also affect total cellu-
lar DNA content, we performed an experiment that
allowed the measurement of mtDNA content. We
stained the lowPICC strains’ cells with DAPI and
analyzed the mtDNA-derived fluorescent signal.
Figure 4 summarizes the results of this experiment.
Only the SLD3/sld3A strain displayed mtDNA con-
tent close to that observed in the control strain.
The DBF4/dbf4A, SLD2/sld2A, and CDC6/cdc6A
strains showed mtDNA accumulation, whereas in
DBF4/dbf4A strain the mtDNA content increased by
40%, and in the other two strains by 22 and 13.5%
respectively (Fig. 4A, B). In the MCM10/mem10A
and SLD7/sld7A strains, we observed the opposite
effect; the mtDNA content decreased by 17% and
11%, respectively. This result helps explain previ-
ously obtained results, such as shifts in DNA con-
tent histograms. The strains with the lowest DNA
content are actually the same as those with the
lowest mtDNA content. The higher mtDNA con-
tent masks to some extent the cellular DNA content
aberrations resulting from, e.g., high frequency of
ssDNA regions in DBF4/dbf4A strain cells or high
number of DNA damage that may lead to DNA
rearrangements or DNA loss in SLD2/sld2A strain
cells. The changes in the mtDNA detected in the
lowPICC strains are significant because the pre-
viously published data indicated the connection
between mtDNA level and various biological pro-
cesses contributing to genome stability (Puddu et al.
2019). For example, the mtDNA level increases
in the strains that have activated the DNA damage
response and are accumulating dNTPs. The loss of
mtDNA was correlated to aneuploidy.
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Fig. 4 Changes in the mtDNA content in the lowPICC
strains’ cells. The WT control and heterozygous strains DBF4/
dbf4A, CDC6/cdc6A, SLD7/sld7A, SLD2/sld2A. SLD3/sld3A.,
MCMI10/mcml0A grown to exponential phase were stained
with DAPI in vivo. The DAPI signal was documented by
fluorescent microscopy. Then, the segmentation of cells and
mtDNA signals in the pictures obtained was performed, and
the integrated density of mtDNA signals per cell was meas-
ured. A Illustration of DAPI staining results of lowPICC
strains and an example of segmentation of both cells (marked
with a line) and mtDNA signal (bright spots). B Graph show-

Lowered expression of respective essential genes in
lowPICC strains affects cells’ reproductive potential
and aging

Our data clearly showed that heterozygous loci pres-

ence in the analyzed strains impacts the aging of both
active mitotically and post-mitotic cells. As shown in
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ing quantified results of mtDNA fluorescent signal inten-
sity displayed as the mean integrated density of segmented
mtDNA signal per cell (i.e., the sum of the values of the pix-
els in the area of segmented mtDNA). At least 300 cells per
each from three independent biological repetitions were ana-
lyzed. Boxes represent the quartiles of data. Horizontal lines
in the boxes represent the median values. The dot represents
the mean value. Whiskers represent standard deviation with
a coefficient=1.5. The statistical significance of the results
was checked using the Welch t-test. *p<0.05, **p<0.01,
*Hkp < 0.001

Fig. 5A, all strains had significantly extended repro-
ductive potential (p<0.001). In almost all heterozy-
gous strains (except SLD2/sld2A), the mean budding
lifespan exceeded 30 doublings performed by a sin-
gle yeast mother cell. The highest average reproduc-
tive potential had the SLD7/sld7A (38.15), MCM10/
meml0A (37.9), SLD3/sld3A (37.9) and DBF4/dbf4A
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Fig. 5 Aging phenotypes of the lowPICC strains. Comparison
of the reproductive potential (A), reproductive lifespan (B),
post-reproductive lifespan (C) and total lifespan (D) of the dip-
loid BY4743 (WT) and isogenic heterozygous strains. Statisti-

(mean 35.2 doublings/cell) strains. In particular, it
is worthwhile to highlight the maximum number of
doublings performed by individual cells. The WT is
the only strain that has performed a maximum of 50
doublings, while almost all of the analyzed heterozy-
gotes have performed a maximum between 65 and 70
doublings (exception CDC6/sld2A and SLD2/sld2A)
(Fig. 5A).

Based on Minois’ concept, yeast cells do not die
after the last doubling (Minois et al. 2005). This
key observation allows the introduction of the time
parameter in yeast aging analyses. The total lifespan
was introduced and consists of two phases, reproduc-
tive and post-reproductive, which may be regulated
differently. A significant increase in the reproduc-
tive potential (Fig. 5A) with an additional significant
increase in the doubling time (Fig. 1D) leads to an
increase in the reproductive time (reproductive lifes-
pan). Figure SB shows a significant increase in the
reproductive lifespan in all analyzed strains compared
to the WT. Post-reproductive lifespan refers to the
last phase of a yeast cell’s life, i.e., from endings of
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cal significances were assessed using ANOVA and Dunnett’s
post hoc test (*p<0.05, **p<0.01, ***p<0.001). The mean
value for a total of 90 cells from two independent experiments
is shown in parentheses

budding to cell death. In Fig. 5C, we showed a signif-
icant decrease in the post-reproductive lifespan of all
analyzed heterozygotes compared to WT (p <0.001).
The extremely short mean post-reproductive lifes-
pan was observed in the case of DBF4/dbf4A, SLD2/
sld2A, SLD3/sld3A, SLD7/sld7A and MCMI10/
meml0A heterozygous strains: it was approximately
four times shorter in comparison to WT. In turn, total
lifespan is determined as the sum of time (hours) that
cells spend in the reproductive and post-reproductive
phases of life. Interestingly, as shown in Fig. 5D,
only one copy of the respective gene in lowPICC
strains led to a decrease in the total lifespan of all
analyzed strains compared to WT. A statistically sig-
nificant acceleration of aging was observed for the
SLD2/sld2A (p<0.001), DBF4/dbf4A (p<0.05) and
MCM10/meml10A (p<0.05). As shown in Fig. 5D, a
significant difference was observed also in the maxi-
mal survival time of heterozygous cells compared to
WT. We found that all tested strains had a shorter
maximum lifespan (about 100 h) than WT. The pre-
vious analyses performed using strains heterozygous
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with respect to genes encoding proteins involved in
replication initiation showed no effect on total lifes-
pan, making the obtained results surprising (Stepien
et al. 2022). Here, we demonstrated that reduced
expression of DBF4, CDC6, SLD2, SLD3, SLD7 and
MCM10 genes also affects the total lifespan of mitoti-
cally active cells, which is a novelty in yeast aging
research.

Then, we showed the correlation between the
selected aging parameters (Fig. 6). As visible in
Fig. 6A, a negative correlation between post-repro-
ductive lifespan and the reproductive potential is evi-
dent. The trend line suggests a strong negative corre-
lation between these parameters, and the value of the
Pearson correlation coefficient is — 0.76. Here, we also
presented a strong positive correlation between the
reproductive lifespan and the reproductive potential
(Pearson correlation coefficient is 0.946) (Fig. 6B).
This suggests that there is a trade-off between the
reproductive lifespan and post-reproductive lifespan.
In other words, as the reproductive lifespan increases,
the post-reproductive lifespan decreases. This is likely
due to the fact that organisms are allocating more
resources to reproduction and less to maintenance and
repair. Even though yeast is a single-celled organism,
the mechanisms of replicative aging share certain
similarities with the aging processes in multicellular
organisms, including humans. Therefore, understand-
ing this process in yeast can provide insights into the
general mechanisms of cellular aging and potential
strategies to delay this process.

A
70
60 o wr Y = -2,5078x + 108,62,
o R? = 05774
£ %
o
§ 40 e ™
=
2w * CDC6lcdc6A
g
2 LD/sld34
2 ® SLD/sld2A . w SLD7/sid74
e 10 DBF4/dbf4A RTCM10/mem10A
0
22 27 32 a7 42
Reproductive potential

Pearson's correlation coefficient -0,760

Fig. 6 Comparison between mean reproductive potential and
mean reproductive lifespan according to Pearson’s correla-
tion coefficient (A) and between the mean reproductive poten-
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A different method to measure yeast lifespan has
been called CLS (Fabrizio and Longo 2003; Longo
et al. 1996). Therefore, this method assesses how
long yeast cells can survive and remain active in
a non-budding phase. Living cells (survival) are
counted by measuring their ability to clonogenicity
(CFU) during growth on a rich YPD solid medium.
In synthetic dextrose media, cell density achieves
its maximum after 2-3 days, but the metabolic state
remains high for up to 6 days after that (Gray et al.
2004). With these methods, it has been demonstrated
that yeast cells can survive up to a period of weeks
in a non-budding state, which can provide a valuable
source of knowledge in studies aimed at understand-
ing aging biology. A CLS measures the survival of
non-budding cells and can also be used as a model for
aging in post-mitotic high eukaryote cells, including
humans. This makes the CLS an ideal tool for study-
ing aging in non-dividing cells such as human cells.

Overall, the CLS was found to be a useful tool
for understanding the biological processes of aging
and aging-related diseases. All lowPICC strains
displayed slowed aging during the first 14 days of
the experiment, as shown in Fig. S2. Statistically
significant changes were observed on the 4th and
seventh day of the experiment (p <0.001). All ana-
lyzed strains showed higher survival than WT. It
was observed that on the 14th day, SLD3/sld3Aand
SLD7/sld7A exhibited the highest survival rates,
with values of~35% and~25%, respectively. In
turn, the lowest survival rate in the analyzed group

SLD3/sld3A
D7/sld7A

MCM10/mem10A
DBF4/dbf4A

y =2,1169x - 1,5884
R? = 0,8953

CDC6/cdc6A
o

24 26 36 38 40

2 2 4
Reproductive potential

Pearson's correlation coefficient 0,946

tial and mean post-reproductive lifespan (B) of the WT strain
(BY4743) and the isogenic heterozygous lowPICC strains
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was characterized by the CDC6/cdc6A strain (15%).
These findings suggest that SLD3/sld3A and SLD7/
sld7A may be potential candidates for further
investigation.

Our previous report suggests that cells’ size
increased successively during chronological aging
(Stepien et al. 2022, 2020). Consequently, the
smallest cells were observed at the starting point of
the experiment (2nd day), and the largest ones were
observed on the final step of the experiment (14th
and 21st day). Here, we confirm a ploidy reduction
with time in all analyzed strains and the WT control
(Fig. S3). Our results reveal that autophagy is a key
factor determining the ploidy reduction of chrono-
logical aging cells (Enkhbaatar et al. 2023).

0.20 F

0.15+ MCM10/mem 104

0.10+ i |
|
wn ?
w057 m “ g
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M V’J\w b

:
750 1000 1250 1500 1750 2750 3000 3250
Wavelength [cm™']

—— SLD2/sid24 ’ a

Raman intentity [a.u.]

0.00

Fig. 7 Raman spectra of the yeast (WT and lowPICC strains)
with the regions corresponding to vibrations of functional
groups

Lowered level of lowPICC causes a change in the
biochemical fingerprint

The Raman spectra for all analyzed yeast lowPICC
strains are presented in Fig. 7. In these spectra, the
peaks are found at the same positions (Raman shift)
but with different intensities for all the analyzed
samples.

The peaks correspond to vibrations of functional
groups in the proteins, lipids, polysaccharides, and
RNA (Table 3). The differences in peaks’ intensi-
ties are explained by various amounts of chemical
compounds, which show changes in the metabolic
composition of the presented yeast mutants. In the
presented Raman spectra, the most differences were
visible in bands characteristic of lipids (1309, 1760,
and 2929 cm_'), polysaccharides (422, 522, 893, and
970 cm™"), RNA (530-723, and 1571 cm™), and pro-
teins (1039 and 1606 cm™"). The Raman spectrum of
the SLD7/sld7A strain is characterized by bands of
the highest intensity and additional bands (522, 530,
and 1760 cm™"), which were not observed in other
lowPICC strains and WT strains.

In turn, the PCA analysis showed differences
between analyzed strains within the functional groups
studied (lipids, polysaccharides, proteins, and RNA).
Two yeast heterozygous strains (SLD7/sld7A and
CDC6/cdc6A) significantly differed in their chemical
composition from the other strains.

The PCA analysis distinguished them as sepa-
rate points in all tested functional groups. In the
case of proteins, three strains (SLD7/sld7A, CDC6/
cdc6A, and DBF4/dbf44) stood out from the rest of
the analyzed strains (Fig. 8). In conclusion, interest-
ingly, they lack one copy of the SLD7 gene signifi-
cantly affected the metabolism of SLD7/sld7A cells,
distinguishing it from other lowPICC strains and

Table 3 Listing of the positions of the Raman bands identified in yeast sample with the description of vibrations corresponding to

the respective functional groups

Vibrations Functional groups Range of peak positions
[Raman shift, cm™']
CH3/CH2 twisting, wagging and/or bending, C=C, C=0, lipids 1251, 1309, 1656, 1760, 2929

CH, asymmetric stretch
v, PO, C-C skeletal
v(C—C) of proteins

C—C bending mode of phenylalanine, v(O-P-0) RNA, C-OH,, ring

breathing,

422,522, 893, 970, 1097
proteins 854, 1001, 1039, 1452, 1606

RNA 499, 530, 565, 600, 615, 665,
723,781, 1332, 1571

polysaccharides

148

@ Springer



Biogerontology

4 lipids wTe 5 polysaccharides
® DBF4/dbf4A
14 1 14 @ SLD7/sld7A i
= SLD7/sld7 1@ <
) DBF4/dbf4A® S SLD/sld24
© © oWT
N 0 = 0
o~ SLD2/sld2A® N
Q SLD3/sld34® o MCM10/mcm104
=1 MCM10/mem10A% | e/ ices 1 14 ® CDC6/cdc64 ®SLD3sld3s
©
2 4 24 §
v : - - - ;
4 2 0 2 4 -4 2 0 2 4
PC1 (57.3%) PC1 (76.3%)
proteins B RNA
14 14 ®CDC6/edc6s 14 MCM10/mem104 |
g SLD2/i021 g | gSto7sid7a oWl
: SLD3/sld34 ) SLD2/sld2A
So SId34@ 5 yem1o/mem104 S 0 S an i
o~ ~N
O (&)
o a .SLDJ/sIdJJ
A4 4 14 4
CDC6/cdc64
© DBF4/dbf4A SLD7/sld74 @ °
24 4 24 J
4 2 0 2 6 4 2 0 2 4 6

PC1 (64.9%)

PC1 (86.8%)

Fig. 8 The 2D score graphs for PCA of FT-Raman data show the relationships between analyzed yeast (WT and lowPICC strains)
within the identified functional groups (lipids, polysaccharides, proteins, and RNA)

WT control (Fig. 7). This was indicated by both the
Raman spectrum and the PCA analysis.

The correlations between the content of macro-
molecules in cells and aging appear interesting. We
discovered a strong negative correlation between the
content of lipids, proteins, RNA, and polysaccharides
and the lifespan of cells (Fig. 9A-D). This means that
maintaining the content of these macromolecules in
the cell at a relatively low level ensures the mainte-
nance of the aging rate at the level of the WT strain.
On the other hand, the accumulation of these macro-
molecules in the cell leads to accelerated aging and
cell death, which was observed in SLD2/sld2A and
DBF4/dbf4A strains.

@ Springer

These results indicate the key importance of the
content of proteins, lipids, polysaccharides, and
RNA on aging in mitotically active yeast cells. These
results also underline that maintaining the proper bal-
ance of macromolecules in the cell is necessary to
maintain longevity.

Lipids perform a wide range of biological func-
tions, from keeping membranes structurally intact to
providing energy storage and signaling. Lipids also
play a significant role in the aging process of yeast
cells (Beach et al. 2013). The connection of lipids
to cell death is complex, and so far, it is been poorly
understood. Studies in yeast have revealed various
aspects of lipotoxicity, including the toxicity of free
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Fig. 9 Comparison between mean total lifespan and lipids (A), polysaccharides (B), proteins (C), and RNA (D) contents according
to Pearson’s correlation of the WT strain (BY4743) and the isogenic heterozygous lowPICC strains

fatty acids, cell death modulated by sphingolipids,
as well as the involvement of lipid peroxidation in
the mitochondrial pathways of apoptosis (Eisenberg
and Biittner 2014). Some recent studies have dem-
onstrated that the regulation of specific lipid species
plays an important role in the process of human aging.
It has been reported in several studies that senescent
cells accumulate more lipid droplets than proliferat-
ing cells. Therefore, in senescent cells, deregulated
lipid accumulation may be a result of increased lipid
uptake, an increase in lipid biosynthesis pathways, or
a deregulation of lipid breakdown pathways (Chee
et al. 2021; Flor et al. 2017).

Polysaccharides in yeast are found mainly in the
cell wall (Saadat et al. 2021). The role of polysac-
charide content in yeast aging has not been ana-
lyzed so far. However, we have previously reported
that the cell wall is a key factor determining the
reproductive potential of the cell and probably lon-
gevity (Molon et al. 2020, 2018). Interestingly, the
analyzed strains showed increased resistance to cell
wall inhibitors (Congo red and Calcofluor White)
compared to WT (Fig. 10). This indicates that the
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proteins involved in the initiation of DNA replica-
tion also play a role in cell wall biogenesis and the
adaptation of the yeast cells to changing environ-
mental conditions, including stress.

The link between cellular protein levels and yeast
aging is a topic of broad research. In yeast, prior
studies have demonstrated that disruptions in ribo-
some structure, which slow down translation, con-
tribute to the deceleration of aging (Borkiewicz
et al. 2019; Steffen et al. 2008, 2012). Conversely,
an increase in the quantity of ribosomal proteins
accelerates aging and diminishes the cell’s repro-
ductive potential (Molon et al. 2023). Therefore,
proteostasis, or protein homeostasis, refers to the
healthy maintenance of the cellular proteome and
involves highly complex and interconnected path-
ways that govern the fate of proteins from synthesis
to degradation. It is well-recognized that the abil-
ity of cells to maintain proteostasis declines dur-
ing aging (Sampaio-Marques and Ludovico 2018).
We have a hypothesis that the accumulation of pro-
teins in cells of accelerated aging strains may be
related to the deregulation of two main degradation

@ Springer
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Fig. 10 Drug sensitivity analysis results were performed for lowPICC strains, using drop test assay

pathways, i.e., ubiquitin—proteasome system and
autophagy.

The stability and metabolism of RNA, including
its levels, have been linked to cell life and aging in
yeast. However, it is important to note that the rela-
tionship between RNA levels and longevity in yeast
is complex and multifaceted (Falcone and Mazzoni
2018). Exact mechanisms and relationships between
RNA levels and longevity in yeast are still an active
area of research. Interestingly, the analyzed strains
exhibited a significantly prolonged doubling time,
yet their lifespan was shorter compared to the WT.
We have previously demonstrated that a decrease in
metabolic rate, coupled with an increase in doubling
time, is strongly correlated with longevity (Molon
et al. 2016). Elevated RNA levels, in general, may
suggest various factors, including potential impair-
ment of ribosome assembly.

Among the analyzed strains, SLD2/sld2A is
particularly noteworthy. Despite its reproduc-
tive potential being slightly higher than that of the
WT, it exhibits the most rapid aging. The improper
response to DNA damage (suggested by the
increased number of Rad52 foci during genotoxic
stress and accumulation of mtDNA in these cells)
is visible even though among all tested 1owPICC
strains, the expression of a respective gene from
heterozygous locus reached the highest level (63%
of control strain level versus e.g., 15% observed
for MCM10 gene). Thus, the maintenance of cel-
lular homeostasis is critical for yeast longevity, and
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disruptions in this balance can accelerate the aging
process.

There are many unknowns in the biology of aging.
In a recently published article by Suresh Rattan, the
author tried to tide up the knowledge concerning
aging and indicate the gaps in the biogerontology
field (Rattan 2024). We believe the yeast research
may help answer some questions posed in that article,
e.g., about the evolved public (universal) and private
(species-specific) longevity assurance genes for the
essential lifespan of a species. Our data demonstrated
the necessity of the trade-off between reproductive
lifespan and post-reproductive lifespan. Organisms
seem to allocate more resources to reproduction and
less to maintenance and repair. This strategy might
explain the reset clock of reproductive potential in
young cells and mitotic catastrophe in proliferatively
old cells.

In summary, our data unequivocally show that a
reduction in the copy number of genes encoding pro-
teins involved in the regulation and/or initiation of
DNA replication influences the acceleration of aging
in mitotically active yeast cells and delays the aging
of post-mitotic cells. All of the strains analyzed show
a significantly extended reproductive potential, which
may be associated with a subtle disruption of the cell
cycle and an extension of the doubling time. Impor-
tantly, here we demonstrate a strong negative correla-
tion between the content of cellular macromolecules
(RNA, proteins, lipids, polysaccharides) and aging.
The data we obtained show that disturbances in the
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initiation of genomic DNA impact not only the cell
cycle or the doubling time of the cell but also the
entire biochemical profile of the cells.
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Figure S1. DNA content analysis of lowPICC strains. Flow cytometry analysis of the haploid
(BY4741) and diploid (BY4743) WT strains used as controls (A) and the isogenic heterozygous
strains DBF4/dbf44, CDC6/cdc64, SLD7/sld74, SLD2/sld24° SLD3/sld34, MCM10/mem104

(B) was performed. The representative histograms from three biological repetitions are

presented. On the histograms, the gating conditions used to calculate the number of cells in the

individual cell cycle phases were shown.
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Figure S2. Chronological lifespan of the diploid WT (BY4743) and the isogenic heterozygous
strains CDC6/cdc64, DBF4/dbf44, SLD2/sld24, SLD3/sid34, SLD7/sld74 and
MCM1I10/mem104. Survival was determined by a colony-forming units (CFU) assay. Error bars
represent standard deviations obtained from three independent experiments. Statistical
significance was assessed using ANOVA and Dunnett’s post hoc test (* p < 0.05, ** p <0.01,
ok n < 0.001).
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Figure S3. Ploidy reduction and cell size increase accompany chronological aging. Results of

the DNA content analysis via flow cytometry during the chronological lifespan analysis at

selected time points (A, C, E, G, I, K, M). For the DNA content analysis, yeast cells were

stained with propidium iodide. The representative histograms are shown. Three independent

experiments were performed. Cell size of the WT diploid (BY4743) strain and the isogenic
DBF4/dbf44, CDC6/cdc64, SLD7/sld74, SLD2/s1d24° SLD3/sld34, MCM10/mem10A4 strains
during the chronological lifespan analysis in selected time points (B, D, F, H, J, L, N). Cell size

as measured by forward scatter (FSC histogram reflects the cells size in the assayed population).

The cells (10,000 cells per sample) were analyzed via flow cytometry as described in the

Materials and Methods section.
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OSWIADCZENIE

W zwigzku z przygotowywaniem przeze mnie rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw, o$wiadczam niniejszym, ze wkiad mojej pracy naukowej,
a tym samym pracy pozostatych wspétautoréw w opublikowaniu ponizszych artykutow, ktére
zamierzam przedstawi¢ jako wiasna dysertacje doktorska jest nastgpujacy:

1. Karolina Stepien, Adrianna Skoneczna, Monika Kula-Maximenko, fLukasz Jurczyk,
Mateusz Moton. Depletion of the Origin Recognition Complex Subunits Delays Aging
in Budding Yeast, Cells. 2022 Apr 7;11(8):1252. doi: 10.3390/cells11081252.

e koncepcja badan: 15% - wyznaczenie celéw

e metodyka: 30% - adaptacja metod do oznaczen

e praca terenowa: nie dotyczy

e praca laboratoryjna: 60% wykonanych oznaczen

e analiza i zestawienie wynikéw: 50%

e interpretacja wynikow i dyskusja: 40%

e prace nad manuskryptem (draft, wersja koficowa): 30%
e analiza bibliograficzna: 80%

e proces publikacji (autor korespondencyjny): 0%

Zatem moj wklad pracy naukowej w przygotowanie manuskryptu wynosi 50%

Jako promotor akceptuj¢ przedstawiony przez Panig Karoling Stgpien udzial
w przygotowaniu powyzej publikacji naukowej, ktora stanowi¢ bedzie czes¢ Jej dysertacji
doktorskiej.
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2. Karolina Stepien, Adrianna Skoneczna, Monika Kula-Maximenko, F.ukasz Jurczyk,
Mateusz Moton, Disorders in the CMG helicase complex increase the proliferative
capacity and delay chronological aging of budding yeast. Biochim Biophys Acta Mol
Cell Res. 2024 Jan;1871(1):119621. doi: 10.1016/j.bbamecr.2023.119621.

e koncepcja badan: 10% - wyznaczenie celow

e metodyka: 30% - adaptacja metod do oznaczen

e praca terenowa: nie dotyczy

e praca laboratoryjna: 60% wykonanych oznaczen

e analiza i zestawienie wynikéw: 50%

e interpretacja wynikow i dyskusja: 45%

o prace nad manuskryptem (draft, wersja koncowa): 30%
e analiza bibliograficzna: 80%

e proces publikacji (autor korespondencyjny): 0%

Zatem m6j wkiad pracy naukowej w przygotowanie manuskryptu wynosi 50%

Jako promotor akceptuj¢ przedstawiony przez Pania Karoling Stepien udzial
w przygotowaniu powyzej publikacji naukowej, ktéra stanowié¢ bedzie czgé¢ Jej dysertacji
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Stepieti K., Skoneczna A., Kula-Maximenko M., Jurczyk L., Motofi M. Depletion of the Origin
Recognition Complex Subunits Delays Aging in Budding Yeast. Cells. 2022 Apr; 11(8): 1252. -
doi: 10.3390/cells11081252.

byl nastepujgey:

o Wspéltworzenie koncepcji badafi (wyznaczanie celow)
e Adaptacja metod do oznaczeti
e (Cze$¢ eksperymentalna

L 2

e © o o o

Oznaczenie krzywych wzrostu

Sprawdzenie wzrostu na podiozu z fermentowalnym {(glukoza) i niefermentowalnym
(glicerol) zrédiem wegla

Test wydajnosci sporulacji

Wyznaczenie Sredniego czasu podwojenia

Tzolacja RNA i przygotowanie prébek do analizy RT-gPCR

Pomiar aktywnosci metabolicznej z wykorzystaniem sondy FUN-1

Transformacja komérek drozdzy plazmidem pWJi344 i ocena powstalych ognisk
Rad52 z wykorzystaniem techiik mikroskopii fluorescencyjnej

Okreslenie potencjatu reprodukcyjnego, czasu reprodukcji, czasu po reprodukeji oraz
catkowitego czasu zycia komorek drozdzy w modelu replikacyjnego starzenia, z
wykorZystaniem fechnik mikromanipulacji

Analiza chronologicznej diugosci zycia komorek drozdzy w modelu
chronologicznego starzenia z wykorzystaniem metody CFU oraz barwienia jodkiem
propidyny

Przygotowanie probek do analizy FACS w wybranych punktach czasowych podczas
analizy chronelogicznej diugosei Zyeia komérek Saccharomyces cerevisiae
Przygotowania probek do analiz spektroskopii Ramana

Wykonanie testow kropelkowych z wybranymi stresorami

e Analiza wynikOw oraz przygotowanie i oprawa graficzna rycin 1,4, 5,617
e Wspoliworzenie manuskrypiu
e Przegiad i analiza literatury
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= Oznaczenie krzywych wzrostu
e Test wydajnosci sporulacji
e Wyznaczenie Sredniego czasu podwojenia
= Izolacja RNA i przygotowanie prébek do analizy RT-qPCR
e Ocena powstatych ognisk Rad52 z wykorzystaniem technik mikroskopii
fluorescencyjnej
e  Okreslenie potencjatu reprodukcyjnego, czasu reprodukcji, czasu po reprodukeji oraz
calkowitegé czasu zycia komoérek drozdzy w modelu replikacyjnego starzenia, z
wykorzystaniem technik mikromanipulacji
s  Analiza chronologicznej dlugodci Zycia komérek drozdzy w modelu
chronologicznego starzenia z wykorzystaniem metody CFU
e Przygotowanie probek do analizy FACS w wybranych punktach czasowych podczas
analizy chronologicznej dtugosci zycia komérek Saccharonyces cerevisiae
e Przygotowania probek do analiz spekiroskopii Ramana
e Wykonanie testéw kropelkowych z wybranymi stresorami
e Analiza wynikow oraz przygotowanie i oprawa graficznarycin 1,5, 6,91 10
e  Wspdltworzenie manuskryptu
e Przegiad i analiza literatury

Karolina Stgpien

Hicolin Sy
7
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Warszawa, 17.06.2024 r.

dr hab. Adrianna Skoneczna, prof. instytutu

Kierownik Pracowni Mechanizmdw Stabilnosci Genetycznej
Instytut Biochemii i Biofizyki Polskiej Akademii Nauk
02-106 Warszawa, Pawinskiego 5A

OSWIADCZENIE

Niniejszym o$wiadczam, ze mdj udziat w pracy:

Stepien K, Skoneczna A, Kula-Maximenko M, Jurczyk t, Motori M. Depletion of the Origin Recognition
Complex Subunits Delays Aging in Budding Yeast. Cells. 2022 Apr 7;11(8):1252. doi:
10.3390/cells11081252. - polegat na przeprowadzeniu analiz cytometrycznych i wspdttworzeniu
manuskryptu.

Stepieni K, Skoneczna A, Kula-Maximenko M, Jurczyk £, Motori M. Disorders in the CMG helicase complex
increase the proliferative capacity and delay chronological aging of budding yeast. Biochim Biophys Acta
Mol Cell Res. 2024 Jan;1871(1):119621. doi: 10.1016/j.bbamcr.2023.119621. - polegat na
przeprowadzeniu analiz cytometrycznych i wspéttworzeniu manuskryptu.

Stepien K, Enkhbaatar T, Kula-Maximenko M, Jurczyk t, Skoneczna A, Mofori M. Restricting the level of
the proteins essential for the regulation of the initiation step of replication extends the chronological
lifespan and reproductive potential in budding yeast. Biogerontology. 2024 Jun 6. doi: 10.1007/510522-
024-10113-x. - polegat na przeprowadzeniu analiz cytometrycznych, analizie danych mikroskopowych
oraz wspoftworzeniu manuskryptu.

Adrianna Skoneczna

K‘S@MM&&
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dr Monika Kula-Maximenko Krakéw, 17.06.2024 r.
Zaktad Biologii Rozwoju

Instytut Fizjologii Roslin

im. Franciszka Goérskiego

Polskiej Akademii Nauk W Krakowie

Niezapominajek 21, 30-239 Krakéw

Oswiadczenie
Niniejszym o$wiadczam, ze mdj udziat w pracy:

Stepien K, Skoneczna A, Kula-Maximenko M, Jurczyk £, Motori M. Depletion of the Origin
Recognition Complex Subunits Delays Aging in Budding Yeast, Cells. 2022 Apr
7:11(8):1252. doi: 10.3390/cells11081252. — polegal na przeprowadzeniu analiz i
opracowaniu wynikow spektrometrii FT-Raman

Stepien K, Skoneczna A, Kula-Maximenko M, Jurczyk £, Motori M. Disorders in the CMG
helicase complex increase the proliferative capacity and delay chronological aging of budding
yeast. Biochim Biophys Acta Mol Cell Res. 2024 Jan;1871(1):119621. doi:
10.1016/j.bbamcr.2023.119621. — polegat na przeprowadzeniu analiz i opracowaniu wynikéw
spektrometrii FT-Raman

Stepien K, Enkhbaatar T, Kula-Maximenko M, Jurczyk £, Skoneczna A, Molon M.
Restricting the level of the proteins essential for the regulation of the initiation step of
replication extends the chronological lifespan and reproductive potential in budding yeast.
Biogerontology 2024, doi: 10.1007/s10522-024-10113-x — polegal na przeprowadzeniu analiz
i opracowaniu wynikéw spektrometrii FT-Raman

il - mo,

Monika Kula-Maximenko
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Rzeszow, 17.06.2024 r.
dr hab. inz. tukasz Jurczyk, prof. UR

Zaktad Gleboznawstwa, Chemii Srodowiska i Hydrologii
Instytut Nauk Rolniczych, Ochrony i Ksztaftowania Srodowiska
Kolegium Nauk Przyrodniczych

Uniwersytet Rzeszowski

ul. Zelwerowicza 8b, 35-601 Rzeszow

Oswiadczenie
Niniejszym o$wiadczam, ze mdj udziat w pracy:

Stepien K, Skoneczna A, Kula-Maximenko M, Jurczyk ., Moton M. Depletion of the Origin
Recognition Complex Subunits Delays Aging in Budding Yeast, Cells. 2022 Apr 7:11(8):1252.
doi: 10.3390/cells11081252. — polegal na przeprowadzeniu real-time RT-gPCR dla
poszczegdlnych loci i analizie otrzymanych danych A

Stepien K, Skoneczna A, Kula-Maximenko M, Jurczyk L, Moton M. Disorders in the CMG
helicase complex increase the proliferative capacity and delay chronological aging of budding
yeast. Biochim Biophys Acta Mol Cell Res. 2024 Jan;1871(1):119621. doi:
10.1016/j.bbamcr.2023.119621. — polegal na przeprowadzeniu real-time RT-gPCR dla
poszczegblnych loci i analizie otrzymanych danych

Stepien K, Enkhbaatar T, Kula-Maximenko M, Jurczyk £, Skoneczna A, Moton M. Restricting
the level of the proteins essential for the regulation of the initiation step of replication extends
the chronological lifespan and reproductive potential in budding yeast. Biogerontology 2024,
doi: 10.1007/s10522-024-10113-x — polegal na przeprowadzeniu real-time RT-gPCR dla
poszczegolnych loci i analizie otrzymanych danych

tukasz Juecz

A [2
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Warszawa, 17.06.2024
Instytut Biochemii i Biofizyki
Pracownia Mechanizméw Stabilnoéci Genetycznej

ul. Pawinskiego 5A, 02-106 Warszawa

Tuguldur Enkhbaatar

ul. Bernarda Wapowskiego 2/7
02-495 Warszawa

tel.: +48 668-849-619

OSWIADCZENIE
Oswiadczam, ze w pracy pt. ,Restricting the level of the proteins essential for the
regulation of the initiation step of replication extends the chronological lifespan and
reproductive potential in budding yeast”, opublikowanej w czasopi$mie Biogerentology, o
numerze doi: 10.1007/s10522-024-10113-x, oraz o identyfikatorze PMID: 38844751

wykonatem nastepujgce czynnosci:

1. Obrazowanie za pomocg mikroskopii fluorescencyjnej badanych szczepéw niosgcych
biatko fuzyjne Rfa1-YFP.

2. Obrazowanie za pomocg mikroskopii fluorescencyjnej badanych szczepow
wybarwionych barwnikiem DAPI, w celu okreslenia ilosci DNA mitochondrialnego.

3. Wykonanie analizy wynikow eksperymentu z uzyciem szczepéw Rfa1-YFP.

4. Wykonanie analizy wynikéw eksperymentu majacych za zadanie okre$lenie iloSci DNA
mitochondrialnego.

5. Wizualizacja wynikow ww. eksperymentow. W tym przygotowanie montazu zdjeé z
przyktadowymi komérkami.

6. Wykonanie analizy statystycznej w ww. eksperymentach.

Przygotowanie opisu metodologii do ww. eksperymentow.

——

Edlootos]

Z powazaniem, 0

Tuguldur Enkhbaatar
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dr hab. Mateusz Moton, prof. UR Rzeszéw, 17.06.2024 r.
Instytut Biologii

Kolegium Nauk Przyrodniczych

Uniwersytet Rzeszowski

ul. Zelwerowicza 4, 35-601 Rzeszow

Oswiadczenie
Niniejszym o$wiadczam, ze méj udziat w pracy:

Stepien K, Skoneczna A, Kula-Maximenko M, Jurczyk L. Molon M. Depletion of the Origin
Recognition Complex Subunits Delays Aging in Budding Yeast, Cells. 2022 Apr 7;11(8):1252.
doi: 10.3390/cells11081252. — polegal na autorstwie koncepcji pracy, interpretacii
i dyskusji otrzymanych wynikéw, projektowaniu starterow. dysckeji tetrad, przygotowaniu
wersji roboczej manuskryptu oraz koncowej pracy, korespondencji z wydawnictwem
(recenzentami i redakcja), wspotinansowaniu badan oraz opiece merytorycznej nad
Doktorantka.

Stepien K. Skoneczna A, Kula-Maximenko M, Jurczyk L., Moton M. Disorders in the CMG
helicase complex increase the proliferative capacity and delay chronological aging of budding
yeast.  Biochim  Biophys Acta Mol Cell Res. 2024 Jan;1871(1):119621. doi:
10.1016/j.bbamer.2023.119621. — polegal na autorstwie koncepcji pracy. interpretacji
i dyskusji otrzymanych wynikow, projektowaniu starterow, dysekeji tetrad. przygotowaniu
wersji roboczej manuskryptu oraz koncowej pracy. korespondencji z wydawnictwem
(recenzentami i redakcja), wspotfinansowaniu badan oraz opicce merytorycznej nad
Doktorantka.

Stepien K. Enkhbaatar T, Kula-Maximenko M, Jurczyk 1., Skoneczna A. Moton M. Restricting
the level of the proteins essential for the regulation of the initiation step of replication extends
the chronological lifespan and reproductive potential in budding yeast. Biogerontology 2024.
doi: 10.1007/s10522-024-10113-x — polegal na autorstwie koncepcji pracy, interpretacji
i dyskusji otrzymanych wynikow, projektowaniu starterow. dysekeji tetrad, przygotowaniu
wersji roboczej manuskryptu oraz koncowej pracy, korespondencji z wydawnictwem
(recenzentami 1 redakcjg). wspotinansowaniu badan oraz opiece merytorycznej nad
Doktorantka.

Mateusz Moton
— >/ "
= /‘\ /(“u': n/-‘—‘/"‘/.’? !
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