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1 UVOD

Dizertaénii  pricu som vypracovala na Mikrobiologickom ustave AV CR,
v Laboratoriu bunkovych cyklov rias v Tteboni, ktoré sa zaobera kultivaciou riasovych
kultar a stadiom bunkovych cyklov uz po dobu vyse 35 rokov. Jednobunkové zelené riasy
rodu Chlamydomonas a Scenedesmus sa rozmnozuji netradiénym mnohonasobnym
delenim a vdaka nendro¢nej kultivacii a jednoduchej synchronizacii st vybornymi
modelovymi organizmami pre Stidium bunkového cyklu na fyziologickej, cytologickej a
v poslednych rokoch aj na molekularno-biologickej tirovni.

Tato praca je nedielnou stcast'ou aktualneho vyzkumneho programu Laboratoria a
obsahuje publikacie, ktorych obsah sice nie je monotematicky, ale napriek rozdielnemu
vedeckému pristupu ich spaja zaujem o podrobnejSie pochopenie principov a
mechanizmov regulacie bunkového cyklu u vysSie spominanych modelovych organizmov

Chlamydomonas a Scenedesmus.



2 LITERARNY PREHLAD

2.1 Modelové organizmy Chlamydomonas a Scenedesmus

2.1.1 Zakladna charakteristika

Riasy druhu Chlamydomonas reinhardtii a Scenedesmus quadricauda st vybornymi
modelovymi organizmami pre Stadium regulacie bunkového cyklu, fotosyntézy, fototaxie,
biogenézy organel, metabolizmu a gametogenézy a takisto pre réznorodé toxikologické
Stdie. Tiez st potrebné pre Stidium reparacie DNA eukaryotickych fotoautotrofnych
buniek a su dostupné pre molekularnobiologické a biochemické analyzy.

Chlamydomonas reinhardtii (kment Chlorophyta, trieda Chlorophyceae) (obr.1) je
zelena jednobunkova riasa, priblizne 10 um dlha a 3 um S$iroka, s dvoma bi¢ikmi na

anteriornom konci. V bunkach je pritomné haploidné jadro,

@ﬂ, iy chloroplast s 1-2 pyrenoidmi, ktory zaberd 40 % objemu

bunky a niekol’ko malych mitochondrii (Hoek et al., 1995).
Energiu moze ziskavat’ fotoautotrofne (v pritomnosti svetla

a CO, ako jediného zdroja C), mixotrofne (v pritomnosti

Obr. 1
Chlamydomonas reinhardtii svetla a acetatu ako organického zdroja C) alebo heterotrofne

(vyuzivanim acetatu v tme). Bunkové delenie riasovych kultir moze byt synchronizované
striedanim period svetla a tmy.

Bunky sa vyskytuji prevazne v haploidnom stave a rozmnozuji sa vegetativne.
V podmienkach hladovania na dusik a svetla z modrého spektra sa vegetativne bunky
vyvijaji na gaméty, ktoré moézu mat’ parovaci typ mt", alebo mt” (Weissig and Beck, 1991).
Krizenie prebieha po zmieSani gamét opacéného parovacieho typu. Za vhodnych
podmienok vznika zygota, ktora moze podstipit’ meidzu a produkovat’ tetradu haploidnych
spor. Tetradova analyza spolu s jednoduchou a rychlou genetickou analyzou haploidov a
s moznost'ou stabilnej DNA transformacie vSetkych troch gendmov poskytuje zaklad pre
dobry geneticky modelovy organizmus. Jadro mdéze byt transformované metodou
sklenenych guliciek (Kindle, 1990), alebo elektroporaciou (Brown et al., 1991).
Chloroplast a mitochondrie mézu byt transformované Specificky balistickou metddou
(Boynton et al., 1988; Randolphanderson et al., 1993).

Genetickd mapa je zlozend zo 148 lokusov zoskupenych do 17 védzbovych skupin.
U druhu C. reinhardtii bola zistena odchylka od univerzalneho genetického kodu (bias

kéd) u génov so silnou expresiou, ako su napriklad gény kodujice proteiny



fotosyntetického a bi¢ikového aparatu, alebo niektoré heat-shock proteiny (Harris, 1989).
Inou charakteristickou ¢rtou jadrovych génov riasy C. reinhardtii je pritomnost’ velkého
poctu intronov. Napriklad gén pre Hsp70 heat-shock protein obsahuje 6 intronov, zatial’ ¢o
jeho képia u rastlin neobsahuje ziaden, pripadne 1 intron (Muller et al., 1992).

V roku 2007 bolo dokonéené sekvenovanie jadrového genomu Chlamydomonas
(Merchant et al., 2007) a jeho velkost' sa odhaduje na 110 Mb, o je porovnatelné
s gendmom rastliny Arabidopsis thaliana. Vyhodou je v§ak mensi pocet génovych rodin,
ktory ulahcuje genetickul analyzu. Na rozdiel od vysSich rastlin a zivo¢ichov je vicSina
génov zodpovednych za regulaciu bunkového cyklu u Chlamydomonas pritomna v jednej
kopii (Bisova et al., 2005). Chloroplastovy a mitochondridlny gendm (GenBank accession
U03843) je tiez sekvenovany.

Scenedesmus quadricauda je sladkovodna zelena riasa (obr. 2), ktora sa uz
desatroCia vyuziva ako modelovy organizmus. Bunky rodu -
Scenedesmus su bezbi¢ikaté a mnozia sa vegetativne delenim. %
Dcérske bunky pochadzajtice z delenia jednej materskej bunky !
su spojené spolo¢nou bunkovou stenou a tvoria bud’ Stvor- ﬁ&%
alebo osem-bunkové cendbium, ktorého koncové bunky maju : ‘g
dva ostne. Jednotlivé bunky obsahuju jadro a jednoduchy gc'fé;é (Zjesmus quadricauda
chloroplast s pyrenoidom. Chloroplastovy a mitochondridlny
genom bol sekvenovany u iného zastupcu rodu Scenedesmus, u S. obliquus.

Riasy mézu sluzit’ nielen ako model regulacie bunkového cyklu vyssich rastlin, ale

mozu byt uzitocné aj v oblasti Stadia vztahu medzi bunkovym a organelovym delenim,

pripadne pri Studiu samotného delenia organel.

2.1.2 Bunkovy cyklus s nasobnym delenim

Riasovy bunkovy cyklus zac¢ina podobne ako u ostatnych organizmov rastovou fazou
G1, ktora je nasledovana zdvojenim DNA, rozdelenim jadra a cytokinézou. U rias sa
vyskytuju dva zakladné typy bunkového cyklu. Ide o bunkovy cyklus typu C1, pri ktorom
sa materska bunka rozdeli na 2 dcérske bunky. Castejsie sa vyskytuje bunkovy cyklus typu
Cn, ktorého vysledkom moze byt rozny pocet dcérskych buniek. Bunky rias
Chlamydomonas reinhardtii a Scenedesmus quadricauda sa mnozia spésobom zvanym
nasobné delenie (Setlik and Zachleder, 1984).



Bunkovy cyklus s nasobnym delenim prebieha dvoma odliSnymi spdsobmi. Bud’ ako
zoskupeny (clustered) (typicky pre C. reinhardtii a va¢sinu z radu Volvocales), alebo
postupny (consecutive) s mnohojadrovym S$tadiom (typicky pre S. quadricauda a rod
Hydrodictyon) (obr. 3).

Scenedesmus
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Obr. 3 Schéma bunkového cyklu rias Scenedesmus a Chlamydomonas.

Pocas jedného cyklu typu Cn prebehnu n-krat pochody charakteristické pre fazy G1,
S, G2 a M. Cytokinéza mdze byt niekedy ¢asovo oddelend od mitézy a tento Casovy usek
je mozné oznacit’ ako fazu G3 (obr. 3) (Zachleder et al., 1997). Pre tento typ bunkového
cyklu plati, ze v case, ked v riasovej bunke prebiehaji reprodukéné procesy (DNA
replikacia a mitoza), bunka stile rastie a nasledne moze byt zahdjené dalSie delenie.
V ramci jedného bunkového cyklu sa postupne spusta niekolko radov reprodukénych
procesov, ktoré sa navzijom prekryvaji (Setlik et al., 1972; Zachleder and Setlik, 1990;
Zachleder and van den Ende, 1992; Zachleder, 1995).

U riasy Chlamydomonas je bunkovy cyklus charakteristicky predizenou fazou G,
pocas ktorej mdzu bunky niekolkondsobne (2") zvicsit' svoj objem. Po rastovej faze

prebehne (n-krat) rychla séria striedania faz S (DNA syntéza) a M (mitdza) (obr. 4).



n - rychlych deleni Jedna materskd bunka takto produkuje 2"
dcérskych buniek, kde ,n“ je celé cislo udavajuce
pocet deleni, tj. pocet radov reprodukénych procesov,

S M ktoré prebichaju pocas jedného bunkového cyklu.
Kazdy z tychto radov je spusteny v pomyselnom bode
bunkového cyklu, tzv. bode rozhodnutia (CP;
,.commitment point*), ktory je obdobou bodu START
u kvasiniek a Restricného bodu v cicav¢ich bunkach
(John, 1984; John, 1987). Tento velkostou riadeny
kontrolny bod (CP) dosiahnu bunky s kazdym

G1

Obr. 4 Schéma bunkového cyklu zdvojenim objemu. To, ¢i konkrétna bunka (resp.

s nasobnym delenim u Chlamydomonas  opylacia  synchronnych buniek) presla v uréitom

okamihu bodom rozhodnutia, je mozné urCit’ spiatne. O dosiahnuti CP totiz vypoveda
schopnost’ bunky rozdelit’ sa, teda absolvovat’ vSetky reprodukéné procesy bez d’alSieho
dodania energie, ktorii u fotoautotrofnych organizmov predstavuje svetlo (Setlik et al.,
1972; Zachleder and Setlik, 1990; Zachleder and van den Ende, 1992; Zachleder, 1995).
V podmienkach striedania periddy svetla a tmy je mozné riasové bunky jednoducho
synchronizovat’, priCom rastova faza prebieha za svetla a fazy S a M prebiehajt v kratkom
intervale za tmy.

Z uvedeného popisu je zrejmé, ze priebeh ndsobného del enia riasovych buniek musi
byt starostlivo regulovany. Tato regulacia je zaloZzend na obdobnych molekularnych
principoch (John et al., 1989; Zachleder et al., 1997; BiSova et al., 2000) ako pri deleni na

2 dcérske bunky, ktoré je prestudované napr. u kvasiniek alebo cicavc¢ich buniek.

2.2 Kontrola bunkového cyklu

U jednobunkovych aj u mnohobunkovych eukaryotov je bunkové rozmnozovanie
cyklicky proces rastu, ktory zahfiia mitézu (karyokinézu) a bunkové delenie (cytokinézu).
Zivot bunky ohrani¢eny dvoma deleniami je oznatovany ako bunkovy cyklus, ktory
predstavuje sekvenciu na sebe zavislych dejov. Inicidcia neskorSej udalosti nastane iba po
uspesnom ukonceni predchadzajticej udalosti.

Bunkovy cyklus je starostlivo kontrolovany prechodom cez regulacné body. V tychto
bodoch sa rozhoduje, ¢i je bunka schopna pokracovat’ v bunkovom cykle. Kontrolné body
su oznacované ako ,.checkpoints® alebo ,,restriction points“. Hoci je kontrolnych bodov

v priebehu bunkového cyklu mnoho, dva z nich sa povazuju za kl'aicové. Jeden sa nachadza



v druhej polovici fazy G1 a spust’a reprodukéné procesy. U kvasiniek sa tento bod oznacuje
ako ,START“. U ostatnych organizmov, vritane rias, je oznatovany terminom
,»commitment point™ (CP). V pripade nedostatocnej vel'kosti bunky alebo poSkodenia DNA
je dana bunka zadrzana vo faze Gl, lebo nie je schopna vstupit' do fazy S. V druhom
klI'ai¢ovom bode vo faze G2 sa spustaju procesy veduce k jadrovému deleniu. Ak sa DNA
nereplikuje, pripadne bunka nie je dost’ velk4 a je v nepriaznivom prostredi, tak nie je
schopnd vstipit do fdzy M. AvSak nie vSetky kontrolné body upozoriiuji na DNA
poskodenia, ¢i replikacné chyby. Gendmové stabilita vyzaduje tiez presné rozdelenie
chromozémov v mitdze. V tomto pripade je dolezity kontrolny bod, ktory sa vyskytuje vo
faze M a kontroluje spravnost’ pripojenia chromozomov k mitotickému vretienku.

Prechod tymito kontrolnymi bodmi bunkového cyklu regulujii heterodimerické
kindzy. Enzymy tvori katalytickd podjednotka cyklin-dependentna kindza (CDK) a
regulac¢na podjednotka cyklin, ktord umoziuje periodicku ativaciu CDK. CDK kontroluju
prechod medzi fazami G1/S 1 G2/M (zahijenie replikacie DNA a vstup do mitozy)
u organizmov vo vSetkych troch riSach: v kvasinkach (Lorincz and Reed, 1984; Hindley et
al., 1987), v zivo¢isnych bunkach (Fang and Newport, 1991; Murray, 2004) aj
v rastlinnych bunkach (Doonan and Fobert, 1997; Dewitte and Murray, 2003).

2.2.1 Cyklin-dependentné kinazy

Cyklin-dependentné kinazy patria do rodiny proteinovych kinaz fosforylujucich
serinové a treoninové zvysky (Ser/Thr) (Hindley and Phear, 1984). Ulohou cyklin-
dependentnych kinaz je fosforylovat’ a tym regulovat’ mnoZzstvo proteinov potrebnych pre
DNA replikaciu a mitozu (Murray, 2004). Medzi ciel'ové proteiny patria napr. transkripcné
faktory, Rb protein, proteiny jadrovej membrany a cytoskeletu a mnohé d’alSie.

KTlucova funkcia CDK bola najskor popisana v regulacii mitotickych procesov
u zivo¢iSnych a kvasinkovych buniek ako tzv. MPF (,,mitosis promoting factor*). Na
zaklade prvotnej identifikacie génu ziskala tato mitoticka kinadza oznacenie cdc2 (cell
division cycle mutant) (Nurse, 1980) a podl'a molekulovej hmotnosti 34 kDa nesie nazov
p34 (Simanis et al., 1986).

Za regulaciu celého bunkového cyklu kvasiniek Saccharomyces cerevisiae
a Schizosacchromyces pombe zodpoveda jedina CDK s PSTAIRE motivom (CDC28/cdc2)
(Nurse and Bissett, 1981; Mendenhall and Hodge, 1998), hoci sekvenacia kvasinkového
gendmu odhalila pritomnost 5 CDK medzi 113 proteinovymi kindzami (Hunter and

Plowman, 1997; Andrews and Measday, 1998). Kindza Cdc28 (Cdc2) vytvara komplexy



s roznymi cyklinovymi podjednotkami a v zavislosti na zmene cyklinovej podjednotky sa
meni aj substratova Specificita danej kindzovej aktivity. Cdc28 (Cdc2) svojou aktivitou
reguluje deje v G1 aj G2 checkpointe.

Na rozdiel od kvasiniek, su v regulacii bunkového cyklu u vysSich eukaryotov
zahrnuté viaceré kinazy. Napr. u ¢loveka sa na regulacii BC podielaju tri PSTAIRE kinazy
(CDKI1, CDK2 a CDK3) a dve dalsie CDK4/6 kinazy s P(I/L)ST(V/I)RE motivom
(Meyerson et al., 1992; Reed, 1997; Lee and Yang, 2003). Kazda z tychto kindz moéze
asociovat’ s roznymi cyklinmi, ktoré urcuju substratova Specificitu a vzniknuté komplexy
vykazuju aktivitu v odlisnych S$tadiach bunkového cyklu, ¢o sved¢i o komplexnejSej

a SpecializovanejsSej kontrole bunkového cyklu vyssich eukaryot.

2.2.2 Cykliny

Cykliny st proteiny s kratkym pol¢asom rozpadu, ktoré sa v priebehu bunkového
cyklu rychlo obnovuju. Dostali nédzov podla toho, ze ich koncentracia kolise
v pravidelnych intervaloch pocas bunkového cyklu nasledkom rychlych zmien syntézy
(transkripcie) a proteolyzy (ubiquitinom-riadenej degradacie) tychto proteinov (Morgan,
1995). Viézba cyklinu na CDK a nasledné vytvorenie heterodiméru cyklin-CDK je
nevyhnutnou podmienkou pre kinazovu aktivitu.

Vroznych fazach bunkového cyklu asociuju s CDK rozne typy cyklinov.
U Saccharomyces cerevisiae rozliSujeme cykliny fazy Gl (Clnl, CIln2 a Cln3), dalej
cykliny fazy S (CIbS a Clb6) a nakoniec cykliny fazy M (Clbl, Clb2, CIb3 a Clb4), ktoré
posobia pri prechode z G2 do fazy M (Nasmyth, 1995, 1996). U rastlin a zivo¢ichov
existuju tri hlavné triedy cyklinov, regulujacich bunkovy cyklus. Cykliny typu D pdsobia
vo faze G1, cykliny typu A poOsobia vo faze S a cykliny typu B vykondvaji funkciu
v mitdze. Zatial’ €o rastlinné cykliny A a B maji homology u zivoc¢ichov, cykliny typu D sa
u rastlin a zZivo¢ichov odliSuju (Renaudin et al., 1996; Murray, 2004). U zivocichov cykliny
typu D asociuju s CDK4/6, avsak u rastlin asociuju s CDKA (Xiong et al., 1992; Bates et
al., 1994). U cicav¢ich buniek su v priebehu fazy G1 aktivne komplexy CDK s cyklinmi D
(Cdk2, Cdk4, CdkS) as cyklinmi E (Cdk2), pocas fazy S je Cdk2 asociovana s cyklinom
A a v priebehu fazy G2, ako aj na prechode G2/M su aktivne komplexy Cdk1 s cyklinmi B
a A (Sherr, 1993; Sherr, 1996).



2.3 Regulacia CDK

Eukaryotické serin-treoninové kinazy obsahuji 300 aminokyselinové katalytické
jadro (Hanks and Hunter, 1995). Struktira katalytického jadra 'udskej monomérnej Cdk2
pozostava z malej N-termindlnej Casti bohatej na B-listy a z vacSej C-termindlnej Casti
bohatej na a-helixy. Na rozhrani N- a C- termindalnej Casti sa nachadza hlboky Zzliabok,
ktory obsahuje T-slucku a védzobné miesto pre ATP fosfat a substrat. V Struktare
monomérnej Cdk2 sluZia dve oblasti ako regulaéné prvky (De Bondt et al., 1993). Jednou
znich je o-helix sunikatnou sekvenciou PSTAIRE, ktord sa vyskytuje iba u cyklin-

dependentnych kinaz. Druhu tvori T-slucka s aktivacnym regulaénym miestom.

2.3.1 Vazba cyklinu a fosforylacia

KIacovym krokom aktivacie kindz je naviazanie cyklinovej podjednotky na a-helix
s PSTAIRE motivom. Vézba cyklinu udeli kinadze Ciasto¢na aktivitu. Hladina cyklinov je
prisne kontrolovana na turovni transkripcie a ubiquitinom-sprostredkovanej degradécie
(Morgan, 1995). Aktivacia kindzy nastane v ddsledku konformacnej zmeny po vizbe
cyklinu, ktord indukuje rotaciu a-helixu do katalytického Zzliabku. Zmena konformaécie
spristupni okrem iné¢ho aj fosforylacné miesto (Thr 160) na T-slucke, ¢o umozni naslednti
celkovl aktivaciu kinazy.

Aktivita komplexov CDK-cyklin je d’alej regulovana pozitivne i negativne, a to bud’
fosforylaciou, vizbou s inhibitormi, alebo odstranenim cyklinu a jeho degradéciou.

Dalsim krokom je teda fosforylacia komplexu CDK-cyklin prostrednictvom
CDK-aktivujicej kindzy (CAK) (Fisher and Morgan, 1994), ktord zvySuje kinazovu
aktivitu az 100-ndsobne. Po fosforylacii Thr160 na T-slu¢ke dochédza ku konformacne;j
zmene samotnej T-slucky a C-termindlnej Casti l'udskej Cdk2 a je ukoncend reorganizacia
vizobného miesta pre substrat, ktord zacala vizbou cyklinu (Russo et al., 1996).

Naopak, fosforylacia Thr14 a Tyrl5 md na Cdk2 aktivitu inhibi¢ny vplyv. Vedlajsi
retazec Tyrl5 je zasunuty hlbsie do katalytického Zliabku, tym je inhibovana ATP fixacia
a zablokovana vizba substratu. Aktivita komplexu CDK-cyklin je regulovana negativne
kindzou Weel, ktora fosforyluje Thr14 a Tyrl5 a pozitivne prostrednictvom fosfatazy
Cdc25, ktora odstrani inhibi¢né fosfatové skupiny (Morgan, 1995).

Homolog kvasinkového Weel proteinu bol charakterizovany u kukurice
a Arabidopsis (Sun et al., 1999; Sorrell et al., 2002). Nadexpresia rastlinnych WEE1 génov

u S. cerevisiae inhibovala bunkové delenie. Inhibicia mitotickej CDK aktivity kindzou



Weel je pravdepodobne jednym z mechanizmov, ktoré blokuja G2/M prechod a aktivaciu
endocyklov (Sun et al., 1999). Dualne Specifickd fosfatdza Cdc25 defosforyluje Thr14 a
Tyrl5, ¢im znovu aktivuje komplex CDK-cyklin a umozni vstup bunky do fazy M.
V genome Arabidopsis nebol zatial identifikovany ziaden homolog génu CDC25. Avsak
pritomnost’ antagonistickej kinazy Weel sved¢i o pravdepodobnej existencii

Cdc25-podobne;j regulacie rastlinnych CDK (Zhang et al., 1996).

2.3.2 Inhibitory

Aktivita kindz v zivo¢iSnych bunkdch méze byt zablokovana inhibitormi bunkového
cyklu, ktoré radime do troch rodin (p21, KIP/CIP a INK4). Vézbou s proteinovymi
inhibitormi je regulovana aktivita komplexov CDK-cyklin vo faze G1. Inhibitor p21 a
zastupcovia rodiny KIP/CIP mézu bud’ branit’ fosforylacii CDK (Cdk2, Cdk4) kinazou
CAK a zamedzit’ tak aktivacii CDK, alebo sa mdzu viazat’ na aktivne komplexy CDK-
cyklin, ¢im ich inhibuji (Sherr and Roberts, 1995; Pavletich, 1999). Inhibitory patriace do
rodiny INK4 pdsobia nepriamo. Vazbou na samotnu CDK brania jej spojeniu s cyklinom,
ktory by ju aktivoval a tiez zamedzuji vdazbe ATP (Russo et al., 1998). INK4 inhibitory sa
vSak mdzu naviazat’ aj na vytvoreny komplex, ¢o sved¢i o ich viacnasobnom mechanizme
ucinku (prehl'ad (Serrano, 1997; Pavletich, 1999).

Inhibitor p27 zrodiny KIP/CIP sa viaze na fosforylovany komplex, pricom
interaguje s CDK aj s cyklinom. Dovnttra katalytického zliabku zac¢lenuje maly 3o-helix,
ktory priamo blokoje vizbu ATP. Kindza mdze byt nad’alej inhibovana aj v nepritomnosti
310-helixu, pretoze v dosledku vézby inhibitora sa zmeni tvar katalytického zliabku (Polyak
et al., 1994).

Inhibitor p16 z rodiny INK4 sa viaze vedl'a katalytického Zliabku a interaguje s N- aj
s C- terminalnou ¢astou Cdk6 (Russo et al., 1998; Brotherton et al., 1998). Zablokovanie
vizby cyklinu je nepriame a to prostrednictvom alosterickej zmeny CDK, ktord ma za
nasledok zmenu cyklin véizobného miesta. Interakcia inhibitora p16 s CDK je podmienena
rotaciou N- a C- terminalnej asti zhruba o 15° pozdiZ vertikalnej osi. Podobne ako cyklin,
aj inhibitor pl16 vyZaduje pre svoju aktivitu interakciu s CDK terminalnymi Cast'ami, ale
kazdy v odliSnej relativnej orienticii. Inhibitory rodiny INK4 st schopné sutazit’
s cyklinmi rodiny D vo vézbe na Cdk4 a Cdk6 a znemoznit’ vznik komplexu pri prechode
z G1 do fazy S (Sherr and Roberts, 1995; Zavitz and Zipursky, 1997). Vizobné miesta pre
inhibitor a cyklin sa v§ak neprekryvaju, takze INK4 proteiny sa mozu viazat’ aj na komplex

CDK-cyklin.



2.3.3 Degradacia cyklinov

K odstraneniu cyklinu z komplexu s CDK a k jeho naslednej degradacii dochadza na
prechode z fazy G1 do fazy S a v mitdze. Degradacia jednotlivych cyklinov je nevyhnutna
pre vstup bunky do fazy S, pre dokoncenie mitdézy a nasledny vstup do d’alSej fazy Gl.
Cykliny st degradované proteolyzou zavislou na proteine ubiquitin (King et al., 1996).
Ubiquitin je maly vysoko konzervovany protein, ktory slizi ako znacka pre zniCenie
proteinu v proteazéme 26S (Ciechanover and Schwartz, 1998).

U Saccharomyces cerevisiae je pre destrukciu cyklinu na prechode G1/S nutna
pritomnost’ proteinu Cdc34 (,,ubiquitin conjugating enzyme*) z rodiny E2 (Goebl et al.,
1988). Pre prechod bunky do fazy S nie je vSak odstranenie G1 cyklinov z komplexu
CDK-cyklin kl'icové. Omnoho doblezitejsia je degradacia kvasinkového proteinu Sicl,
ktory je funkény homoldg cicav€ieho inhibitora p27 zrodiny KIP/CIP (Barberis et al.,
2005). Sicl sa viaze na komplex CDK-cyklin fazy S (Cdc28/Clb5,6), ¢im blokuje jeho
aktivitu potrebni pre iniciaciu DNA replikacie (Schwob et al., 1994). Komplex
CDK-cyklin fazy S je vytvoreny uzZ pocas fazy Gl, ale az po degradacii proteinu Sicl sa
dany komplex stava aktivny (Mendenhall, 1993). Signidlom pre proteolyzu cyklinov fazy
G1 a inhibitoru Sicl je ich fosforylacia. Cykliny fazy G1 sa autokatalyticky fosforyluju
kinazou Cdc28 (Cdkl1) a su preto konstitutivne nestabilné. Inhibitor Sicl je fosforylovany
az komplexom kindzy Cdc28 s cyklinmi fazy G1 v neskorom S§tadiu G1 a nasledne je
destabilizovany pri vstupe do fazy S (Wittenberg and Reed, 2005).

Mitotické procesy su zavislé na aktivnom komplexe CDK s cyklinmi fazy S, ktory
bol oznacovany ako MPF (,,maturation promoting factor) (Minshull, 1989). Po urcitej
dobe aktivity navodi MPF svoje zruSenie spustenim proteolyzy mitotickych cyklinov, ktoré
je potrebné pre dokoncenie telofazy (cyklin B). Proteolytickd degradécia sa uskutoéni
v pripade, ze cykliny obsahuju aminokyselinovy motiv ozna¢ovany ako destrukény box
(D-box) (Sudakin et al., 1995). Za degradaciu cyklinov fazy M je zodpovedny komplex E3
(,,ubiquitin protein ligase*) oznaCovany tiez ako APC (,,anaphase promoting complex‘)

(King et al., 1995).

2.4 Kontrola bunkového cyklu rastlin

Objav konzervovanej skupiny génov kontrolujicich eukaryoticky bunkovy cyklus
vyznamne prispel k molekuldrnemu rozlasteniu rastlinného bunkového cyklu (Mironov et

al., 1999). Gény pre CDK a mitotické cykliny boli prvé gény bunkového cyklu
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charakterizované u rastlin (Colasanti et al., 1991; Ferreira et al., 1991; Hirt et al., 1991).
Rastlinny homoldég p34/cdc2 bol ako prvy identifikovany u jednobunkovej zelenej riasy
Chlamydomonas (John et al., 1989; John et al., 1991). Cyklin dependentné kinazy a im
odpovedajuca kindzova aktivita bola popisand aj v d’alSich riasach (John et al., 1989;
BiSova et al., 2000; BiSova et al., 2005; Corellou et al., 2000; Corellou et al., 2005).

V st€asnosti predstavuji CDK asi 50 odliSnych sekvencii u viac ako dvadsiatich
druhov niz8ich 1 vysSich rastlin (Joubes et al., 2000). Rastlinné CDK vykazuji vysoky
stupent homolodgie, ale aj urcité Struktirne a funkéné rozdiely v porovnani s kvasinkovymi

a zivocisnymi CDK (Jacobs, 1995; Mironov et al., 1999; Umeda et al., 1999).

2.4.1 Rastlinné CDK a cykliny

VysSie rastliny koduji 5 evoluéne konzervovanych tried génov pre cyklin-
dependentné kindzy, ozna¢ované pismenami A-E (CDKA-E) (Joubes et al., 2000).

Do najpocetnejsej skupiny CDKA sa radia gény koédujuce CDK s konzervovanym
PSTAIRE motivom. Rastlinna CDKA je schopnd funk¢ne komplementovat’ kvasinkovi
cdc2/Cdc28 (Colasanti et al., 1991; Ferreira et al., 1991; Hirt et al., 1991) a patri do
rovnakej skupiny ako Tludské CDKI1,2a3. Rastlinné CDKA st pribuznejSie
s kvasinkovymi (Sc;CDC28, Sp;CDC2) a l'udskymi (CDKI1, 2 a 3) kindzami ako
s rastlinnymi kindzami z inych tried (B-E) u tych istych druhov (Burssens et al., 1998;
Mironov et al., 1999). Rastlinné CDC2 homology, ktoré¢ st schopné komplementovat’
kvasinkové mutanty, st radené¢ do tejto triedy aj napriek malej modifikacii PSTAIRE
motivu (Colasanti et al., 1991; Hirt et al., 1993). Na transkripcnej a proteinovej Urovni
rastlinné CDKA vykazuju konstitutivhu expresiu poc¢as celého bunkového cyklu a v nizkej
koncentracii boli detekované aj v nedeliacich sa tkanivach (Martinez et al., 1992; Hemerly
et al., 1993). Hladina proteinu CDKA behom bunkového cyklu vyssich rastlin nekoliSe, to
vSak neplati o jeho aktivite (Bogre et al., 1997; Mironov et al., 1999). Kinazova aktivita
prisluchajuca CDKA je zvySena od fazy S az po mitézu (Mironov et al., 1999). Regulacia
jeho kinazovej aktivity je zaloZena na rovnakych principoch, ako s popisane v Zivocisnej
fi8i. Hoci u kukurice a lucerny boli identifikované 2 gény CDKA, ktorych produkty mdzu
regulovat’ bud’ G1/S alebo G2/M prechod (Colasanti et al., 1991; Hirt et al., 1993),
niektoré druhy rastlin maju len jednu CDKA (Joubes et al., 2000). Na rozdiel od situacie
vo vysSich rastlinach, hladina p34/cdc2 v jednobunkovej riase Chlamydomonas osciluje
podla priebehu bunkového cyklu (John et al., 1989).
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Rastliny maji aj dalSie gény podobné cdc2, nemozno ich vSak povazovat za jej
homology, pretoZe nemaji konzervovanu sekvenciu PSTAIRE a zéaroven nie st schopné
komplementovat’ funkciu cdc2 v kvasinkdch. Tieto CDK st podla modifikdcie motivu
PSTAIRE rozdelené do tried B-F.

CDKB je Specificky rastlinny typ cyklin-dependentnych kindz, ktoré boli najdené
u vSetkych rastlin. Konzervovany sekvencny motiv (PSTAIRE) je modifikovany na
PPTALRE (CDKBI) alebo PPTTLRE (CDKB2). Na rozdiel od CDKA, CDK typu B su
exprimované iba medzi fazami S a M, kde pravdepodobne spiiaju svoju funkciu (Mironov
et al., 1999; Porceddu et al., 2001; Boudolf et al., 2004). Presna funkcia tohto typu nie je
este do detailu objasnend, ale na zaklade intracelularnej lokalizacie a uc¢inkov ektopicke;j
nadexpresie sa predpoklada, ze CDKB zohrdva tlohu v kontrole G2/M prechodu pri vstupe
bunky do mitézy. Rastlinné CDKB nie st schopné komplementovat’ kvasinkové
cdc2/cdc28 mutanty (Mironov et al., 1999; Boudolf et al., 2004). V stcéasnej dobe vSak
bolo zistené, ze CDKB z morskej jednobunkovej riasy Ostreococcus tauri (Corellou et al.,
2005) a podobne aj CDKB z riasy Chlamydomonas reinhardtii (Cizkova et al., in press) si
schopné komplementovat’ kvasinkovia CDC28 mutaciu.

Trieda CDKC je mala skupina rastlinnych CDK s PITAIRE motivom, ktory je
pritomny aj v ludskej CDK-pribuznej CHED kinaze (Lapidotlieson et al., 1992) a
v CDK9-pribuznej kinaze u cerva Caenorhabditis elegans. Kinazy z tejto triedy boli
identifikované v hrachu, lucerne a rastline Arabidopsis (Burssens et al., 1998). CDK typu
C maju podobne ako zivo¢isne CDK8 a CDK9 pravdepodobnu ulohu v kontrole
transkripcie (Barroco et al., 2003).

CDKD a CDKF si CDK-aktivaéné kindzy (CAK) a sluzia k aktivacii CDKA
(Umeda et al., 1998; Yamaguchi et al., 1998; Yamaguchi et al., 2000; Shimotohno et al.,
2003). CDKD potrebuje na vytvorenie aktivneho CAK komplexu vizbu s cyklinom H
(Yamaguchi et al., 2000), zatial ¢o CDKF, ktord bola najdena len u Arabidopsis, je
schopné fungovat aj bez vizobného partnera.

Do triedy CDKE sa zarad'uje ojedineld sekvencia cdc2MsE lucerny, ktord obsahuje
SPTAIRE motiv. Funkcia rastlinnych CDK typu E nebola doposial’ zistena.

Po identifikécii rastlinnych CDK boli rychlo izolované cykliny z r6znych druhov
rastlin (Hata et al., 1991; Hemerly et al., 1992; Hirt et al., 1992; Renaudin et al., 1994).
Expresia rastlinnych cyklinov je obmedzend iba na deliace sa bunky (Hirt et al., 1992;
Ferreira et al., 1994; Szarka et al., 1995). V rastlinnej risi doslo k vyraznej amplifikacii

cyklinov, napr. Arabidopsis thaliana obsahuje 30 cyklinovych génov rozdelenych do
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Styroch tried (A, B, D a H) (Vandepoele et al., 2002). V rastlinach pravdepodobne chybaju
cykliny typu E (Vandepoele et al., 2002).

Cykliny typu A maja funkciu vo faze S a cykliny typu B hraja tlohu pri vstupe do
mitdézy. Hladina cyklinov typu A podobne ako cyklinov typu B je kontrolovana
proteolytickou degradaciou, za ktoru zodpovedd N-terminalny desStrukény box (Genschik
et al., 1998). Cykliny typu A su exprimované pred cyklinmi typu B, a to na zaciatku fazy S
(Fuerst et al., 1996; Ito et al., 1997). Mitoticky cyklin B2 interaguje Specificky s CDKB
a tento komplex je v bunkach tabaku pravdepodobne dodlezity pre udrzanie chromozémov
v metafaznom postaveni. Po metafaze je cyklin B2 degradovany a dokoncenie delenia riadi
CDKB v komplexe s inym cyklinom (Lee et al., 2003).

Cykliny typu D posobia v G1 faze. VicSina cyklinov typu D obsahuje typicky motiv
LXCXE pre vizbu proteinu Rb (Huntley et al., 1998; Vandepoele et al.,, 2002).
Za charakteristicku funkciu cyklinov D je povazované spustenie replikdcie DNA, ale
cyklin D3 je schopny indukovat’ aj mitézu (Schnittger et al., 2002).

Gény kodujuce cykliny typu H boli objavené u rastliny Arabidopsis, ryze a topola
(Vandepoele et al., 2002; Yamaguchi et al., 2000). Cyklin H u ryze Specificky interaguje
s CAK R2, ale nie s ostatnymi CDK, ¢o naznacuje, ze je regulacnou podjednotkou CAK

(Yamaguchi et al., 2000).

2.4.2 Riasové CDK a cykliny

Zelena riasa Chlamydomonas koduje homology vsetkych typov rastlinnych CDK
(CDKAL, B1, C1, D1 a El) okrem CDKF. Naviac vsak koduje Styry nové ¢leny CDK
rodiny, ktoré nie st homoldégy ziadnej znamej CDK u rastlin ani CDK z inych databaz
(tab. 1) (BiSova et al., 2005).

Gény pre CDKG1 a CDKG2 st navzajom vel'mi podobné, ale vyrazne sa odliSuju
v cyklin vdzobnej doméne (SDSTIRE a AASTLRE). Gén CDKHI1 koduje protein
s PVSTIRE motivom. Stvrta CDK koédovana génom CDKII je velmi podobna kinize
CDKEF u rastliny Arabidopsis, ale napriek tomu zjavne nebude CDKF homoldégom, pretoze

neobsahuje N-terminalnu inzerciu typicka pre CDKF.
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Rodina S. cerevisiae lidské | Arabidopsis Chlamy
CDK CDKA 1 3(6) 1 1
CDKB 0 0 4 1
CDKC 1 1 2 1
CDKD 1 1 3 1
CDKE 1 1 1 1
CDKF 0 0 1 0
CDKG 0 0 0 2
CDKH 0 0 0 1
Cyklin cyclin A 3 1 10 1
cyclin B 3 2 9 1
cyclin D 3 3 10 3
cyclin E 0 1 0 0
cyclin AB 0 0 0 1
Weel Weel 1 2 1 1
Cdc25/ -like Cdc25 1 3 1 3

Tab. 1 Porovnanie regulatorov bunkového cyklu BiSova et al., Plant. Physiol. 2005

Expresné profily cyklin dependentnych kindz u riasy Chlamydomonas su podobné
ako u rastlin. Mediatorovda RNA (mRNA) kinazy CDKA1 je pritomna konstitutivne pocas
celého bunkového cyklu, ale jej expresia je zvySend na zaciatku rastovej fizy a nasledne
pocas fazy S/M. CDKB1 vykazuje 2 piky expresie, jeden pocas prechodu CP (commitment
point) a druhy vel'mi ostry pocas fazy S/M. CDKCI1 a E1 su exprimované konstitutivne
pocas celého bunkového cyklu. Rovnako aj cyklin dependentné kindzy CDKG1 a H1
Specifické pre Chlamydomonas st exprimované konstitutivne, ale na nizkej urovni.
Expresiu CDKD1, G2 a I1 nebolo mozné z r6znych dovodov urcit’ (Bisova et al., 2005).

U riasy Chlamydomonas boli identifikované homolégy cyklinov typu A a B,
oznacené CYCAI a CYCBI a tri cykliny typu D, CYCD1, CYCD2, CYCD3. Pre cykliny
typu A a B je charakteristickd pritomnost’ deStruk¢ného boxu (D-box) v N-terminélnej
doméne, ktory je zodpovedny za ich degradaciu proteolyzou zdvislou na ubiquitine
(Glotzer et al., 1991). Rovnako ako rastlinné a zivoc¢isne D-cykliny aj CYCD2 a CYCD3
maju v ich N-terminalnej doméne LXCXE motiv, ktory je zodpovedny za vizbu RBR
proteinu. Chlamydomonas koduje dva nové typy cyklinov. Prvy je oznaceny CYCABI a
s cyklinmi A1 a B1 ma podobny iba D-box motiv v N-termindlej doméne. Druhy CYCM1
je velmi odlisny cyklin, ktory nevykazuje podobnost s ostatnymi charakterizovanymi
skupinami cyklinov (BiSova et al., 2005). Cyklin H, ktory po vdzbe na CDKD tvori CAK
komplex (Fisher and Morgan, 1994; Makela et al., 1994; Yamaguchi et al., 2000), u riasy
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Chlamydomonas chyba. Jeho funkciu pravdepodobne plni bud’ CYCCI1 z vel'mi pribuznej
vetvy, alebo novy typ CYCM1 (BiSova et al., 2005).

Komplexy CDK-cyklin st negativne regulované Weel kindzami, ktoré fosforyluju
konzervovany Tyr zvySok CDK podjednotky. Tato negativna regulacia je dolezita pre
presné nacasovanie mitozy (Gould and Nurse, 1989). Riasa Chlamydomonas ma len jeden
Weel homolog, kodovany génom WEEL. Jeho expresia je zvySena pocas fazy S/M (BiSova
et al., 2005).

Duélne-Specifickd fosfatdza, kodovana CDC25 génom, posobi na CDK aktivacne
tak, ze odstrani inhibi¢né fosfatové skupiny (Russell and Nurse, 1986). Gény kodujuce
funk¢énu Cde25 fosfatazu boli objavené u morskej riasy Ostreococcus tauri (Khadaroo et
al., 2004), ale nie su pritomné v genéme riasy Chlamydomonas ani rastliny Arabidopsis.
V stcasnej dobe bola u Arabidopsis najdena mala fosfataza podobna CDC25, s funkénou
fosfatdzovou doménou s rodaninom, ale bez N-termindlnej regula¢nej domény, ktord je
typicka pre CDC25 (Landrieu et al., 2004). Avsak tri proteiny v gendme Chlamydomonas,
oznac¢ené RPD1-3 (BiSova et al., 2005), vykazuji homologiu s doménami z CDC25 rodiny
a maju katalyticky motiv nevyhnutny pre fosfatazovu aktivitu (Denu and Dixon, 1995;

Fauman and Saper, 1996).

2.5 Substraty komplexov CDK-cyklin

CDK reguluju prechod bunkovym cyklom prostrednictvom fosforylacie svojich
substratov, priCom Specificita je dand cyklinovou podjednotkou. CKS (cyclin-dependent
kinase subunit) proteiny sG homolégy kvasinkového proteinu sucl®, ktory
sprostredkovava viazbu CDK so substratmi, alebo s regulacnymi proteinmi (Endicott and
Nurse, 1995). Riasa Chlamydomonas ma jediny CKS homolog, kodovany génom CKSL1,
ktorého expresia je konStitutivna v priebehu celého BC (BiSova et al., 2005). Pritomnost’
tohto proteinu u Chlamydomonas bola predvidana uz skoér na zaklade jeho reakcie so
$pecifickymi protilatkami proti suc1?'® (John et al., 1991).

Mechanizmus regulécie prechodu G1/S sa zda byt konzervovany medzi cicavcami
arastlinami. U cicavcov je vstup do fazy S iniciovany syntézou cyklinov typu D, ktoré
tvoria komplex s CDK (Cdk4 alebo Cdk6). Substratom dané¢ho komplexu CDK-cycD vo
faze G1 je retinoblastomovy tumor supresorovy protein Rb.

RBR (Rb-related) proteiny a E2F/DP transkripcné faktory su dolezitou sucastou
regulacie DNA replikacie u zivolichov a pravdepodobne hraji podobni ulohu aj

v rastlindch (Weinberg, 1995; Gutierrez, 1998). Zivo¢ichy a rastliny kéduju jeden alebo
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viac RBR a niekol’ko ¢lenov E2F/DP rodiny (Gutierrez, 1998; De Veylder et al., 2002;
Dewitte and Murray, 2003). E2F a DP tvoria heterodiméricky transkripcny faktor, ktory
nasada na promotory génov potrebnych pre spustenie a priebeh fazy S, ako je napr. tymidin
kindza, DNA polymerdaza o, Cdkl a niektoré¢ cykliny. Hypofosforylovand forma RB
proteinu sa viaze na komplex E2F/DP a brani transkripcii. Na prechode G1/S je RB
hyperfosforylovany CDK, uvolni z komplexu transkripény faktor a tym umozni aktivaciu
cielovych génov.

Pritomnost Rb drdhy vregulacii bunkového cyklu rastlin bola dokazana
identifikaciou cyklinov typu D s LXCXE motivom, ktory sprostredkovava vdzbu s Rb
proteinom. RBR gény boli ako prvé objavené u kukurice a neskor aj u inych rastlinnych
druhov. RBR protein je fosforylovany CDKA kindzou asociovanou s cyklinom typu D.
U riasy Chlamydomonas reinhardtii bol identifikovany RBR protein kdédovany MAT3
génom, ktorého mutacia, pripadne strata vedie k chybnej regulacii bunkovej velkosti
(Umen and Goodenough, 2001). V dosledku toho sa malé¢ mutantné bunky rozhoduju
vo faze G1 pre delenie a podstupuju viac radov fdzy S a mitdzy ako normalne bunky. Na
rozdiel od RB mutantov, mat3 mutanty nemaja skratent fazu G1 a nevstupuju do fazy
S predc¢asne, z ¢oho vyplyva, ze RB draha u riasy Chlamydomonas ma odlisna tlohu ako
u Zivocichov.

E2F/DP podobné proteiny st oznacované ako DEL (DP-E2F-like) proteiny u rastlin
(Kosugi and Ohashi, 2002; Vandepoele et al., 2002) a ako E2F7 proteiny u zivo¢ichov (de
Bruin et al., 2003; Di Stefano et al., 2003; Logan et al., 2004). V genome Chlamydomonas
sa nasli gény koédujice proteiny s DNA vdzobnymi doménami podobné E2F/DP rodine.
E2F1 koduje E2F homolog a DP1 kéduje DP homoldg. Ani jeden z nich nevykazuje
znacnu sekvenénu homologiu s konzervovanou C-termindlnou RBR-vézobnou doménou
ani s transkripnou aktivacnou doménou v rastlinnych a zivocisSnych E2F. Treti gén E2FR1
koduje protein Ciastocne podobny E2F/DP rodine transkripénych faktorov. Pravdepodobne
posobi ako novy typ E2F represoru u riasy Chlamydomonas (BiSova et al., 2005).

Substratom mitotického komplexu CDK-cyklin v mitoze je protein lamin, ktory je
zlozkou jadrovej membrany. Jeho fosforylacia vedie k rozpadu membrany, ktory je pre
mitdézu nevyhnutny. Zname su aj interakcie komplexu CDK-cyklin s cytoskeletovymi
proteinmi, ktoré sa podielaji na mitotickom deleni, ako napr. s aktinom a tubulinom.
Histon H1 je Specifickym substratom mitotického komplexu CDK-cyklin, ale nie je
fosforylovany ostatnymi serin/treoninovymi kindzami. Po fosforylacii histéonu H1

dochadza ku kondenzacii chromozémov.
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3 ZHRNUTIE VYSLEDKOV

Sucastou dizertacnej prace si 4 prilozené publikacie, z ktorych kazda obsahuje
literarny Gvod, podrobné metody, vysledky a diskusiu, prislichajice jednotlivym témam.

V tejto Casti uvddzam ich skratent podobu s najpodstatnejSimi informaciami (adajmi).

3.1 Komplementaény test

Publikacia 1: Cizkova M., Pichova A., Vitova M., Hlavova M., Hendrychova J.,
Umysova D., Galova E., Sevéovitova A., Zachleder V., and Bisova K.: CDKA and CDKB
kinases from Chlamydomonas reinhardtii are able to complement cdc28 temperature-
sensitive mutants of Saccharomyces cerevisiae. Protoplasma, v tlaéi.

Hoci je riasa C. reinhardtii intenzivne S$tudovana ako model eukaryotického
bunkového cyklu, schopnost komplementovat’ kvasinkové teplotne-senzitivne mutanty
prostrednictvom riasovych génov koédujucich cyklin-dependentné kindzy (CDK) nebola
doposial’ preskimana. Preto sme sa rozhodli overit’, ¢i CDKA (PSTAIRE kinaza) a CDKB
(rastlinne  Specifickd non-PSTAIRE kinaza) =z riasy Chlamydomonas mo6zu
komplementovat’ cdc28 mutaciu u kvasinky Saccharomyces cerevisiae.

cDNA pre CDKAl (CrCDKA) a CDKB1 (CrCDKB) z Chlamydomonas boli
rekombinované z plazmidu pENTR do kvasinkového expresného vektoru pYES-DESTS52,
ktory nesie ura3 gén. Expresia z tohto vektoru bola kontrolovand prostrednictvom
inducibilného GAL1 promotoru. Vysledné plazmidy, nazvané pYD52-CrCDKA a pYD52-
CrCDKB, boli transformované do S. cerevisiae CDC28 mutantného kmena cdc28-1N. Na
zdklade rastu a morfoldgie kvasinkovych transformantov, ako aj farbenia ich
mikrotubulového systému, sme dospeli k zaveru, Ze obe CDKA i CDKB st schopné
komplementovat’ mitotickt poruchu cdc28-1N mutanta S. cerevisiae.

Funkénd komplementicia CDC28 mutanta bola zavisla na transkripcii riasovej
cDNA pre CDKA alebo CDKB. Vyplyva to z toho, Ze transformované bunky rastli
v restricnej teplote (36°C), ak boli pestované v indukénom médiu s obsahom galaktozy a
rafindzy, ale nerastli v represnom glukézovom médiu pri tej istej teplote. Kmen cdc28-1N,
pouzity pre dany komplementaény test, md posSkodenu kontrolnu funkciu CDC28 génu
v G2/M prechode (Surana et al., 1990). CDKA je u riasy Chlamydomonas exprimovana
konstitutivne pocas celého bunkového cyklu, zatial¢o CDKB je exprimovana prednostne

pocas S/M fazy (BiSova et al., 2005; Fang et al., 2006).
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Tato praca dokazuje, ze rovnako ako CDK typu A aj CDK typu B riasy C. reinhardtii
je schopna komplementovat G2/M blok u teplotne-senzitivneho kvasinkového mutanta
cdc28-1N. To naznacuje, ze obe riasové kindzy by mohli hrat’ ulohu v regulacii mitézy, co
je v sulade s predpokladanou funkciou A- a B-typu CDK u vyssich rastlin. Je vel'mi
pozoruhodné, Zze schopnost’ komplementovat’ CDC28 mutaciu bola dokdzana uz u dvoch
riasovych CDK typu B, konkrétne u riasy O. tauri (Corellou et al., 2005) ariasy
C. reinhardtii (tato praca), avSak tato schopnost’ nebola zatial' dokdzana u ziadnej CDK
typu B vyssich rastlin (Mironov et al., 1999).

Bolo by zaujimavé zistit’, ¢i su schopné tito mutaciu komplementovat' aj CDKB

inych riasovych druhov a ¢i je CDKB u Chlamydomonas hlavny regulator mitdzy in vivo.

3.2 Charakterizacia uvsX1 a uvsX2 mutantov

Publikicia 2: SvieZend B., Sevéovitovd A., Galovda E., Hamzovad A.,
Hendrychova J., Cizkova M., Bisova K., Vitova M., Zachleder V., VI¢ek D.: The response
of novel Chlamydomonas reinhardtii uvsX1 and uvsX2 mutants to DNA damage and the
implications for cell cycle regulation. Plant Cell Reports, v 2. recenznom konani.

Na rozpoznané DNA poskodenie reaguji bunky spustenim signdlnej transdukcnej
kaskady (Weinert and Hartwell, 1990, 1993; Siede et al., 1994; de la Torre-Ruiz et al.,
1998; Paulovich et al., 1998; Vialard et al., 1998), ktora vedie k zastaveniu bunkového
cyklu v kontrolnom bode (checkpoint) a spusteniu reparacnych procesov (Hartwell and
Weinert, 1989). Schopnost’ rozpoznat’ primarne DNA poskodenie umoZni zabrzdit’ priebeh
bunkového cyklu, kym nie je poskodenie odstranené a tym zabranit’ gendémovej nestabilite.

V ramci vyskumu reparacnych procesov u rias boli izolované a charakterizované dve
alely, uvsX1 a uvsX2, nového mutantného kmena Chlamydomonas reinhardtii citlivého na
UV Ziarenie. Sledovali sme G¢inky r6znych mutagénov, vratene UV Ziarenia na priebeh
bunkového cyklu kontrolného kmena (wt, wild type) a mutantnych kmetiov uvsX1 a uvsX2.

Divy kmen (wt) tvoril po posobeni mutagénu prevazne zivotaschopné kolonie.
Niektoré bunky s neopravitelnym poskodenim DNA sa dalej nedelili a zomreli
v jednobunkovom S§tadiu. Na rozdiel od buniek divého kmena, vdcSina buniek uvsXl a
uvsX2 vyprodukovala letdlne mikrokoldnie, pretoze bunkovy cyklus nebol po posobeni
mutagénu zastaveny.

Prvotnd podobnost” uvsX1l a uvsX2 mutantov u C. reinhardtii s rad9 mutantom
u S. cerevisiae naznacuje pravdepodobnu ulohu UVSX1 a UVSX2 génov v regulacii

(zastaveni) bunkového cyklu po poskodeni DNA. Navyse, nase predchadzajuce vysledky
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ukazuju, Ze zelend riasa C.reinhardtii vlastni kontrolny mechanizmus zastavenia
bunkového cyklu v pripade DNA poskodenia (gén UVS1l) (Slaninova et al., 2002;
Slaninova et al., 2003). AvSak na druhej strane, umelé zastavenie bunkového cyklu
prostrednictvom mikrotubulového jedu MBC, neviedlo k vyraznému zniZeniu poctu
letalnych mikrokolénii uvsX1l a uvsX2 kmenov C. reinhardtii. Takze charakter uvsX1l a
uvsX2 mutacie sa zrejme 1isi od C. reinhardtii uvsll and S. cerevisiae rad9 (Slaninova et
al., 2002).

Mutantné bunky vykazovali zvySent indukovan(i mutabilitu a uvsX1 bunky navyse aj
zvySenu spontannu mutabilitu. Na zdklade molekularnej analyzy sme zistili, ze oba uvsX1l
aj UvsX2 kmene su deficitné v excizii pyrimidinovych dimérov. Tieto vysledky su v stilade
s ich citlivostou k UV Ziareniu.

Pomocou tetrddovej a komplementacnej analyzy uvsX1l a uvsX2 kmenov sme zistili,
ze uvsX1 a uvsX2 su alelické mutacie. Heteroalely s odliSnymi fenotypmi boli popisané aj
u S. cerevisiae radl4 mutantov (Giannattasio et al., 2004; Guzder et al., 2006). ZvySena
mutabilita uvsX1/uvsX2 sa zhoduje s narastom davkovo zavislej mutagenézy u radl4-
deficitnych buniek (Giannattasio et al., 2004; Guzder et al., 2006). Na zaklade tychto
vysledkov predpokladame, ze UVSX1/UVSX2 by mohol mat’ podobne ako RAD14 funkciu
v rozpoznavani DNA poskodenia.

Sledovanie rastovych a reprodukénych procesov, vratane zmien v histon Hl
kindzovej aktivite odhalilo nespravny priebeh bunkového cyklu, mozno prave v dosledku
neschopnosti rozpoznat’ primarne poskodenie. Bunky uvsX1l a uvsX2 boli zna¢ne mensie
ako bunky divého typu nezavisle na pdsobeni UV ziarenia a jadrové delenie UV
oziarenych UvSX2 buniek prebiehalo bez cytokinézy, o malo za nésledok vznik
mnohojadrovych buniek.

Na zaklade tychto vysledkov predpokladame, ze produkt(y) génu UVSX1/UVSX2
by mohli mat’ tilohu v niektorom z prvych krokov regulacnej drahy, najpravdepodobnejSie
v rozpoznani DNA poskodenia. Tuto hypotézu podporuje skutocnost, Ze mutanty
izolované ako UV citlivé, nevykazovali len poruchy v dosledku DNA poskodenia (citlivost’
na mutagén, zySena mutabilita, nei¢inné MBC-indukované zastavenie BC), ale aj poruchy
bunkového cyklu sposobené I'ahostajnostou voci DNA poSkodeniu (pomaly rast, obtiazne

uvolfiovanie dcérskych buniek, aberantné mit6zy).
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3.3 Cirkadianne hodiny a bunkové delenie

Publikacia 3: Vitova M., BiSova K., Hendrychova J., Cizkova M., Hlavova M.,
Umysova D., Zachleder V.: A circadian clock is not involved in the timing of cell division
in the alga Chlamydomonas reinhardtii, rukopis.

Cirkadianne rytmy kontroluju u rias mnoho bunkovych procesov, avsak ich uloha
v regulacii bunkového cyklu je nejasna a publikované vysledky su protichodné. Do dnesne;j
doby nebola urobend Zziadna podrobnad Studia, ktord by overila pripadnu aktivitu
cirkadidnnych oscilatorov v ¢asovani bunkového delenia v Sirokom rozmedzi rastovych
podmienok, ktorym moézu byt riasy vystavené.

V tejto publikacii uvadzame vysledky pokusov, ktoré mali otestovat, ¢i cirkadianne
hodiny riadia ¢asovanie bunkového delenia u riasy Chlamydomonas reinhardtii. Pokusy
sme navrhli tak, aby bolo mozné udrzat bunky dostatocne dlhy cas v podmienkach
spifajucich kritéria pdsobenia endogénnych cirkadiannych oscilatorov pre pripad, Ze by sa
skuto¢ne podiel’ali na ¢asovani bunkového delenia.

Pokusy boli robené¢ bud’ s asynchronnymi kulturami, ktoré rastli dostato¢ne dlhi
dobu (5 az 20 dni) v kontinudlnych, nemennych rastovych podmienkach, alebo so
synchronnymi kultarami v priebehu niekol’kych (4 az 20), po sebe nasledujucich
bunkovych cyklov za odlisnych svetelnych intenzit a teplot.

Zistili sme, Ze za urcitych danych podmienok bolo trvanie jednotlivych, po sebe
nasledujiicich bunkovych cyklov konstantné. V rozmedzi dizok bunkovych cyklov od 70
do 12 hodin bola zahrnuté aj dizka okolo 24 hodin. Takéto trvanie bunkového cyklu sme
dosiahli v $pecifickych rastovych podmienkach a iba v tizkom rozsahu svetelnych intenzit,
konkrétne medzi 40 a 115 umol.m'z.s'l. Bruce, Goto a Johnson, zastancovia cirkadianneho
riadenia bunkového delenia u Chlamydomonas, testovali kultiry prave za svetelnej
intenzity medzi 40 a 90 pmol.m™.s™'. Avsak podl'a nasich vysledkov kazdé zniZenie alebo
zvysenie svetelnej intenzity sposobilo prediZenie alebo skratenie bunkového cyklu, d’aleko
od cirkadiannych hodnét.

Dosli sme k zaveru, e medzi vietkymi moznymi dizkami bunkovych cyklov sa
mdze vyskytnit’ aj bunkovy cyklus, ktory trva priblizne 24 hodin. To vSak nie je spdsobené
ucinkom cirkadianneho oscilatora, ale je to odpoved na uréiti kombinaciu teploty a
svetelnej intenzity, ktoré v skuto¢nosti urcuja rastova rychlost’ buniek.

Nase zistenia vylucuju ulohu cirkadiannych hodin v bunkovom deleni, pretoze

nespliaji kritéria, ktoré charakterizuji cirkadidnny rytmus a neposkytujii ziaden dékaz na
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podporenie tedrie, ze cirkadianny oscilator vplyva na Casovanie bunkového delenia riasy

Chlamydomonas reinhardtii.

3.4 Casovanie chloroplastového delenia

Publikacia 4: Hendrychova J.,Vitova M., Cizkova M., BiSova K., Zachleder V.:
Chloroplast fission in the alga Scenedesmus quadricauda (Chlorophyta) occurs normally in
the presence of extremely elevated mitotic cyclin-dependent kinase activity. Protoplasma,
v recenznom konani.

Bunky riasy Scenedesmus quadricauda su vhodnym modelom pre Stadium delenia
chloroplastov, pretoze obsahuju iba jeden chloroplast na rozdiel od vyssich rastlin,
z ktorych vicsina ma priblizne 10 chloroplastov v jednej bunke (prehlad (Butterfass,
1995). Mnoho publikécii popisuje existenciu regulacného systému, ktory kontroluje proces
delenia chloroplastov, ale mechanizmus c¢asovania chloroplastového delenia ostava
neznamy (prehl’ad (Miyagishima, 2005).

Za celom $tadia samostatného delenia chloroplastov zelenej riasy S. quadricauda
sme zabranili jadrovému deleniu pouZzitim inhibitora 5-fluorodeoxyuridinu (FdUrd). FdUrd
Specificky blokuje replikaciu jadrovej DNA, ale neovplyviiuje replikdciu ptDNA, co
umoznuje delenie chloroplastov v absencii jadrového delenia (Zachleder, 1994; Zachleder
et al., 1996).

Za tychto podmienok rast kulttry, ako aj dosiahnutie bodov rozhodnutia (CP) neboli
pOsobenim inhibitora takmer ovplyvnené, avS§ak DNA replikécia, jadrové delenie a delenie
protoplastov boli blokované. Naopak, delenie chloroplastov prebiehalo va¢Sinou normalne,
v rovnakom case (veku bunky) ako v bunkédch kontrolnej kultary. Tieto vysledky teda
podporuju tedriu, ze vyskyt chloroplastového a bunkového delenia v rovnakom case
bunkového cyklu je vysledkom nezavislej regulacie. Uz skor bolo dokadzané, Ze
chloroplastové a bunkové delenie mdze byt oddelené (Zachleder, 1994; Zachleder et al.,
1996). Podobne bolo zistené, ze reprodukéné procesy v chloroplaste (ptDNA replikacia
a delenie nukleoidov) nie su prepojené s reprodukénymi procesmi jadra, ktoré zévisia skor
na rastovych podmienkach (Zachleder and Cepdk, 1987; Kuroiwa et al., 1989; Zachleder,
1995). My vSak uvazujeme, Ze iniciacia jadrového a plastidového delenia by mala byt
koordinovana, aby sa zaistilo, Ze pocCet dcérskych chloroplastov bude zodpovedat poctu
dcérskych buniek. Rovnaky impulz, napr. bod rozhodnutia (CP), by mohol spustat’ procesy
delenia chloroplastov aj jadier, ktoré by potom pokracovali nezavisle az do konca

bunkového cyklu.
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Za ucelom podrobnejSieho Studia chloroplastového delenia sme sledovali protein
FtsZ1 z hladiska jeho mnoZstva a lokalizdcie v bunke. Protein FtsZ tvori Z-prstence
a pravdepodobne sa zlcastiiuje na deleni chloroplastov. Jeho mnoZstvo a lokalizacia boli
porovnatel'né v kontrolnych a inhibovanych bunkach. V oboch kultarach bol protein FtsZ
lokalizovany okolo pyrenoidov a tvoril vel'ké mnoZstvo bodov a malych prstencov. To je
v stlade s vysledkami z mikroskopického sledovania chloroplastového delenia, ktorého
casovanie a charakter neboli ovplyvnené v pritomnosti FdUrd.

Je zaujimavé, ze bunky rastuce v pritomnosti inhibitora vykazovali vel'mi vysoku
mitoticku histon H1 kinazovu aktivitu aj za nepritomnosti jadrového delenia. Na rozdiel od
kontrolnej kultury bola tato kindzovéa aktivita nadmerne vysokd a nekolisala. Je to
prekvapujice, pretoze inhibicia DNA replikdcie u kvasiniek a cicavCich buniek aktivuje
DNA replika¢ny kontrolny bod. Aktivacia tohto bodu vedie nésledne k inhibicii aktivity
CDK. Z toho vyplyva, ze riasové bunky bud’ postradaji DNA replika¢ny kontrolny bod,
alebo kontrolny mechanizmus neovplyviiuje CDK aktivitu.

Nase vysledky podporuji hypotézu, Ze chloroplastové delenie je nezavislé na
jadrovom deleni, aj ked’ je pravdepodobne spustené sti¢asne s bunkovym delenim v bode
rozhodnutia (CP), aby sa zaistilo spravne nacasovanie a pocCet deleni. Predpokladame, ze
proces(y) veduce k DNA replikacii a mitotickej aktivacii CDK su spustené sucasne, zrejme
tiez v bode rozhodnutia (CP) a tym padom inhibicia DNA replik4cie uz neovplyvni CDK
aktivitu. Ind moznost’ je, ze bunky S.quadricauda postradaji kontrolny bod DNA

replikacie/DNA poskodenia, ktory je normalne schopny inhibovat’ CDK aktivitu.
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Summary. Cyclin-dependent kinases (CDK) play a key role in coor-
dinating cell division in all eukaryotes. We investigated the capability
of cyclin-dependent kinases CDKA and CDKB from the green alga
Chlamydomonas reinhardtii to complement a Saccharomyces cere-
visiae cdc28 temperature-sensitive mutant. The full-length coding
regions of algal CDKA and CDKB ¢DNA were amplified by RT-PCR
and cloned into the yeast expression vector pYES-DESTS2, yielding
pYD52-CDKA and pYD52-CDKB. The S. cerevisiae strain cdc28-1N
transformed with these constructs exhibited growth at 36 °C in induc-
ing (galactose) medium, but not in repressing (glucose) medium.
Microscopic observation showed that the complemented cells had the
irregular cylindrical shape typical for G2 phase-arrested cells when
grown on glucose at 36°C, but appeared as normal budded cells when
grown on galactose at 36°C. Sequence analysis and complementation
tests proved that both CDKA and CDKB are functional CDC28/cdc2
homologs in C. reinhardtii. The complementation of the mitotic phe-
notype of the S. cerevisiae cdc28-1N mutant suggests a mitotic role
for both of the kinases.

Keywords: Cell cycle; CDC28 homolog, Chlamydomonas reinhard-
tii; Cyclin-dependent kinases; Saccharomyces cerevisiae

Introduction

Progression through the eukaryotic cell cycle is con-
trolled by evolutionally highly conserved ser-
ine/threonine kinases, termed cyclin-dependent kinases
(CDKs). CDKs form heterodimers with an indispensa-
ble regulatory subunit cyclin and contain a variant of the
PSTAIRE motif in the cyclin-binding domain. Whereas
both budding and fission yeasts require only one CDK
for the regulation of the whole cell cycle (Nurse and
Bissett 1981), the majority of eukaryotic cells possess
multiple CDKs (for recent reviews, see Guo and Stiller
2004, Murray 2004). Plants encode a particularly elabo-
rate set of CDK subfamilies that have been organized
into five classes (CDKA—CDKE) (Joubes et al. 2000).
The main plant cell cycle regulators, A-type CDKs,
possess a conserved PSTAIRE motif. In contrast to
other eukaryotes, another CDK subfamily is involved in
cell cycle regulation in plants, a plant-specific B-type
CDK that contains a variant of the PSTAIRE motif
(PPTALRE or PPTTLRE) (for reviews, see Mironov et
al. 1999, Dewitte and Murray 2003, Inze 2005). The
role of CDKs in the exact timing of cell cycle processes,
e.g. DNA replication, karyokinesis and cytokinesis, is

*Correspondence and reprints: Laboratory of Cell Cycles of Algae,
Institute of Microbiology, Academy of Sciences of the Czech Repub-
lic, 379 81 Tiebon, Czech Republic

E-mail: bisova@alga.cz

performed via phosphorylation of target proteins that
include transcription factors, tumor suppressor Rb, cy-
toskeleton components and other proteins (Ubersax et
al. 2003, Archambault et al. 2004).

Chlamydomonas reinhardtii is a unicellular chloro-
coccal alga that has served as a model organism for the
study of photosynthesis, chloroplast biogenesis, flagel-
lar biosynthesis and cell cycle regulation (Goodenough
1992, Rochaix 1995, Gutman and Niyogi 2004). Its ge-
nome is about to be completely sequenced
(http://genome.jgi-psf.org/ Chlre3/Chlre3.home.html).

Chlamydomonas reinhardtii divides by a cell cycle
modification called multiple fission. The cell cycle” is
characterized by a long growth-dependent G1 phase
followed by growth-independent S, G2 and M phases
occurring in several rounds of repetitive sequence at the
very end of the cell cycle (Coleman 1982, Harper and
John 1986). Proper progression through the cell cycle is
ensured by control points, the key one being the com-
mitment point (CP). Progression through this point en-
ables the completion of the cell cycle (Spudich and
Sager 1980, Donnan and John 1983, Donnan and John
1984, John 1987, Zachleder and van den Ende 1992).
During the G1 phase, the cell may grow to several-fold
its original size (2"), and with each doubling of cell size
it attains a commitment point. Thus, several commit-
ment points (n) may be reached within one cell cycle,
leading to multiple cell divisions producing 2" daughter
cells (Setlik et al. 1972, Zachleder and Setlik 1990,
Zachleder and van den Ende 1992). Chlamydomonas
encodes homologs of the major plant CDK (CDKA-E)
and cyclin (cyclinA-D) families. Moreover, it encodes
four novel CDKs (G1, G2, H1 and I1) and two novel
cyclins (CYCABI1 and CYCMI1) that have not been
found in higher plants, fungi or animals (BiSova et al.
2005)

As stated above, CDKs are highly conserved proteins.
Genes encoding for cdc2 (fission yeast CDK) homologs
from humans (Lee and Nurse 1987), chickens (Krek and
Nigg 1989), mice (Cisek and Corden 1989) and Droso-
phila (Jimenez et al. 1990) were initially isolated by
complementation of yeast cell cycle mutants. Similarly,
complementation of yeast temperature-sensitive CDK
mutants by plant cDNA suggests that the yeast and plant
cdc2 genes are functionally interchangeable. The alfalfa
cdc2Ms cDNA is able to complement the cdc2 mutant
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phenotype of fission yeast at the restrictive temperature
(Hirt et al. 1991). Also, a full-length maize cDNA
clone, cdc2ZmA, has been shown to complement a
cdc28 mutation in budding yeast (Colasanti et al. 1991).
Arabidopsis thaliana cdc2 c¢DNA expressed in a
CDC28" Saccharomyces cerevisiae strain partially re-
stored its capacity to grow at 36°C, indicating that the
cDNA is a functional homolog of the p34°** kinase
(Ferreira et al. 1991). Moreover, CDKB from a marine
unicellular alga Ostreococcus tauri has been shown to
be able to rescue a yeast cdc28" mutant (Corellou et al.
2005).

Although Chlamydomonas has been intensively stud-
ied, the capability of its cell cycle genes to complement
yeast temperature-sensitive mutants has not yet been
demonstrated. We, therefore, decided to test whether
two types of Chlamydomonas CDKs (CDKA, CDKB)
can complement budding yeast cdc28 mutants. We
isolated cDNA clones encoding CDKA1 and CDKBI,
and, based on transformed yeast growth, morphology
studies and staining of the microtubular system, we
demonstrate that both A- and B-type CDKs can com-
plement the mitotic defects of the Saccharomyces cere-
visiae cdc28-1N mutant.

Material and methods

Isolation of RNA

Chlamydomonas reinhardtii wild-type strain 21gr (CC-
1690; Chlamydomonas Genetics Center, Duke Univer-
sity, Durham, NC) was cultured at 30°C in inorganic
nutrient high-salt (HS) medium (Sueoka 1960), aerated
with 2% CO, in air under a 12h:12h light-dark regime.
Total RNA was isolated from 1 x 107 cells using the
RNeasy Plant Mini kit (QIAGEN) according to the
manufacturer’s instructions.

Preparation of cDNA encoding cyclin-dependent
kinases from Chlamydomonas reinhardtii

Initially, total RNA (5 pg) was treated with RNase-free
DNase (QIAGEN). DNA-free RNA was reverse tran-
scribed by ThermoScript DNA polymerase (Thermo-
Script RT-PCR system, Invitrogen), using oligo(dT)
primers in a total volume of 40 pl according to the
manufacturer’s instructions. For each RT-PCR reaction,
1 ul of cDNA was used. PCR fragments were amplified
by ExTaq DNA polymerase (TaKaRa) in the presence
of 1 uM primers and 2% DMSO in a final volume of 20
pl. The gene-specific primers used to isolate the
CDKA1l and CDKB1 cDNA sequences from C.
reinhardtii were 5° CDKA (5> CACCATGGACAAG
TA TGAGAAGCT 3’), 3> CDKA (5 TCAGCGCATC
AC GCCC 3°), 5> CDKB (5° CACCATGGATGCCTA
CG AGAAGAT 3’) and 3° CDKB (5’ TCAGCAGACA
AC GTTGGCG 3°°), in which the nucleotides in italics
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corresponded to the start and stop codons. The products
of PCR amplification were subcloned into the pENTR
vector (Invitrogen) and the nucleotide sequences were
verified by sequencing. Sequence analyses, including
amino acid translations, comparisons and multiple
alignments, were performed using VectorNTI (Invitro-

gen).

Complementation of a Saccharomyces cerevisiae mutant
carrying a temperature-sensitive mutation of the
CDC28 gene

To complement a cdc28 mutation of S. cerevisiae, the
open reading frames of the Chlamydomonas reinhardtii
CDKA1 (CrCDKA) and CDKBI1 (CrCDKB) cDNAs
cloned in pENTR were recombined into the yeast ex-
pression vector pYES-DESTS2, which carries the ura3
gene, according to the manufacturer’s instructions (Invi-
trogen, Gateway system). Expression from this vector
was controlled by the inducible GAL1 promoter. The
resulting plasmids, named pYD52-CrCDKA and
pYDS52-CrCDKB, were transformed by the lithium ace-
tate method (Ito et al. 1983) into the S. cerevisiae
CDC28 mutant strain cdc28-1N (Mat a, adel, tril, ura3,
leu2, his2) obtained from Dr. Misako Ohkusu. The
transformants were grown for 4 days at 25°C, and the
resulting ura” colonies were cultivated overnight at
25°C in CM-ura medium containing glucose as a carbon
source. The cells were pelleted, washed, resuspended in
CM-ura medium containing 2% glycerol and grown
further at 25°C. This step was necessary to permit ex-
pression of the cloned gene(s) from the galac-
tose-inducible promoter, which was tightly catabolically
repressed on the glucose-containing medium. After 4 h,
the cells were pelleted and resuspended in CM-ura me-
dium containing 2% galactose-1% raffinose, and then
shifted to the restrictive temperature of 36°C. As con-
trols, non-transformed mutant and wild-type cells were
treated in the same way. Samples for phenotype obser-
vation and fluorescence staining were taken every 90
min and observed using a compound microscope. As a
control, cells were cultivated in parallel at 25 and 36°C
for 1 day in liquid glucose CM-ura medium. For growth
experiments, cells were cultivated on solid CM-ura me-
dium containing glucose or galactose, at 25 or 36°C.
The S. cerevisiae wild-type strain, which grew normally
at 36°C, and the non-transformed temperature-sensitive
mutant strain were used as controls.

Fluorescence staining of the microtubular system and
DNA

The microtubular system was stained as described
previously (Hasek et al. 1987). The mouse monoclonal
antibody DM-1A against o-tubulin (Sigma), diluted
1:10, was used as a primary antibody. The secondary
antibody was the fluorescein isothiocyanate-conjugated
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swine anti-mouse antibody SWAM/FITC (Sevac, Pra-
gue). Nuclei were visualized by staining with DAPI.

Microscopy

Observation in transmitted light and fluorescence mi-
croscopy was carried out using a BX51 microscope
(Olympus) equipped with a U-MWIBA2 filter block
(excitation 460490 nm, emission 510-550 nm),
Nomarski (DIC) and phase contrast. The photomicro-
graphs were taken using an F-View II CCD camera
(Olympus). The AnalySIS®™ pro software was used for
image analysis.

Results and discussion

It has been shown previously that the Chlamydomonas
CDKA1l and CDKBI1 genes branch on phylogenetic
trees with A- and B-type CDKs, respectively (BiSova et
al. 2005). Here, we present a sequence comparison (Fig.
1) of Chlamydomonas, yeast, plant and animal CDKs
showing sequence homologies among these proteins.

Fig. 1. Alignment of Chlamydomonas reinhardtii CDKA (CrCDKA)
and CDKB (CrCDKB) amino acid sequences with those of CDK
homologs from Saccharomyces cerevisiae (ScCDC28, CAA85119),
Schizosaccharomyces pombe  (SpCdc2, CAC37513), human
(HsCDK2, CAA43807), Drosophila melanogaster (DmCDC2,
CAA40733), Dictyostelium discoideum (DdCDKI1, AAA33178),
Arabidopsis thaliana (AtCDKA P24100, AtCDKB, P25859), rice
(OsCDKA, XP 463932, OsCDKB, XP 483316) and Cyanidioschyzon
merolae (CmCDKA, CmCDKB). Stars depict the conserved motifs.

CDKs are universally conserved serine/threonine
kinases. Conserved regions include the glycine-rich
loop of the ATP-binding site, the highly conserved
PSTAIRE motif and the GDSEID motif at the N-

terminal end. The inhibitory phosphorylation sites T14
and Y15 are both in the middle of the glycine-rich loop
that serves as a phosphate anchor in ATP binding (De
Bondt et al. 1993). The activating phosphorylation site,
T160, has been found at the apex of the T-loop, block-
ing the protein substrate-binding site (De Bondt et al.
1993).

The complete sequence of the budding yeast genome
has revealed the presence of 5 CDKs among the 113
conventional protein kinases of this unicellular eu-
karyote (Hunter and Plowman 1997, Andrews and
Measday 1998). However, CDC28 is the only CDK to
play an essential role in cell cycle regulation
(Mendenhall 1998). The amino acid sequences of
Cdc28/Cdc2p homologs from yeasts are well conserved,
especially the PSTAIRE motif involved in the cyclin-
binding domain. Their kinase activity is regulated by
activating phosphorylation of a conserved threonine (T)
residue in the T-loop domain and inhibitory phosphory-
lation of conserved threonine (T) and tyrosine (Y) resi-
dues within the ATP-binding domain (Mendenhall
1998). Of the five mammalian CDKs strongly impli-
cated in cell cycle control, three (CDC2/CDK1, CDK2
and CDK3) are closely related to the prototypical yeast
cdc2 and have the same characteristic PSTAIRE motif
in the cyclin-binding domain (De Bondt et al. 1993).
The other two CDKs, CDK4 and CDK6, form a distinct
subfamily, in which PSTAIRE is substituted with
PISTVRE or PLSTIRE, respectively. Both CDK4 and
CDK6 are known to function exclusively in the Gl
phase (Morgan 1997). In plants, CDKs harboring the
consensus PSTAIRE motif are referred to as to A-type
CDKs, whereas non-PSTAIRE cell cycle-regulating
CDKs encompass a class unique to plants, the B-type
CDKs (Joubes et al. 2000).

Chlamydomonas CDKs are characterized by a kinase
domain (ATP-binding site) and a cyclin-binding domain
with a PSTAIRE-like motif or with a variant thereof.
Chlamydomonas CDKA and CDKB possess the con-
served inhibitory phosphorylation T14 and Y15 sites
(Fig. 1), implying that they are Cdc28/Cdc2p homologs.
The threonine (T) residue can be found in all fungal
Cdc28/Cdc2p homologs at the equivalent of the T169
position of S. cerevisiae Cdc28. Both CDKs from
Chlamydomonas share this conserved stimulatory phos-
phorylation site. The threonine residues are located at
position 161 (T161) in CrCDKA and at position 169 in
CrCDKB (Fig. 1). The second indication for Chlamy-
domonas CDKA and CDKB being Cdc28/Cdc2p homo-
logs is the presence of the GDSEID motif, a well-
conserved sequence that is confined to the Cdc28/Cdc2p
homologs and is not conserved in other types of CDKs.
This motif is involved in phosphorylation of threonine
167 by CDK-activating kinase (Fleig et al. 1992). The
GDSEID motif is perfectly conserved in CrCDKA,
while a variant (GDSEYQ) is present in CrCDKB (Fig.
1). A similar situation is also true in the case of the
PSTAIRE motif. Most of the Cdc28/Cdc2p homologs
complementing CDC28/cdc2 mutations are known to
possess the conserved PSTAIRE motif. CDKA from
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Chlamydomonas, a presumed major cell cycle regulator,
contains this conserved motif. However, in CrCDKB,
we found a variant of the PSTAIRE motif, a PSTTLRE
amino acid sequence (Fig. 1). Nevertheless, some CDKs
with a variant of the PSTAIRE motif are known to be
able to complement CDC28/cdc2 mutations; for exam-
ple, CDKs with the PSTRVRE motif found in Caenor-
habditis elegans (Mori et al. 1994), the PSTALRE motif
in Dictyostelium discoideum (Michaelis and Weeks
1992), the PQTALRE motif in Leishmania major
(Wang et al. 1998) and the PSTSIRE motif in Crypto-
coccus neoformans (Takeo et al. 2004). Furthermore,
plant-specific CDKB from Ostreococcus tauri has been
shown to be able to rescue a yeast cdc28" mutant, de-
spite the lack of a consensus PSTAIRE motif
(PSTALRE motif) (Corellou et al. 2005).

The complementation of a CDC28 S. cerevisiae mu-
tant strain was undertaken to prove that the Chlamydo-
monas CDKs are functional homologs of CDC28/cdc2.
The open reading frames of the CDKA1 and CDKBI1
cDNAs were cloned into the yeast expression vector
pYES-DESTS52, downstream from the GAL1 promoter
regulating expression of the target gene in S. cerevisiae
(Invitrogen, Gateway system). The resulting plasmids,
named pYDS52-CrCDKA and pYDS52-CrCDKB, are
shown in Fig. 2A.

The above-mentioned plasmids were used to comple-
ment S. cerevisiae strain cdc28-1N carrying a tempera-
ture-sensitive mutation in the CDC28 gene. Cdc28-1N is
a single amino acid change from the conserved proline
at position 250 into leucine (Lorincz and Reed 1984). At
the restrictive temperature of 36°C, the mutant normally
undergoes Start and DNA replication but is impaired in
executing mitosis (Surana et al. 1990). The mutant
strain is unable to grow at this temperature, because the
cells are arrested in the G2/M phase of the cell cycle,
and therefore are unable to finish mitosis and stop divid-
ing. Cells were grown either in galactose-raffinose me-
dium, where expression of the cloned cDNA via the
GAL1 promoter was induced, or in glucose medium,
where expression was suppressed. Cells of the S. cere-
visiae mutant cdc28-1N carrying the Chlamydomonas
CDKA or CDKB exhibited growth and formed colonies
at the restrictive temperature in galactose-containing
media (Fig. 2B), while the cells of the non-transformed
control did not (Fig. 2B).

For detailed verification of the complementation abil-
ity of CDKA and CDKB, morphology studies were per-
formed. The wild type and both transformed and non-
transformed S. cerevisiae strains cultivated in glucose
medium at the permissive temperature (25°C) formed
new buds and were able to complete the cell cycle (Fig.
3). However, when the same strains were grown at 36°C
in glucose medium, all of the cells, except the wild-type
(rounded shape), were arrested in the G2/M phase of the
cell cycle with elongated buds, and some of them had
bizarre shapes. When grown at the restrictive tempera-
ture (36°C), cell division of the cdc28-1N strain ceased,
no new buds were present and S. cerevisiae the contin-
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Fig. 2. A Structure of yeast expression vectors pYD52-CrCDKA and
pYD52-CrCDKB. The Chlamydomonas CDKA1 or CDKB1 c¢DNA is
flanked at the 5° end by the galactose-inducible GAL1 promoter and
at the 3’ end by the CYCI polyadenylation region. Abbreviations:
CmR, chloramphenicol resistance gene; Amp®, ampicillin resistance
gene; URA3, selection for uracil prototrophy in yeast; 2 ori, origin of
replication of the yeast 2-um plasmid. The construction of the plasmid
is described in Material and methods. B Growth of the S. cerevisiae
non-transformed temperature-sensitive mutant cdc28-1N and of the
same strain transformed with the pYDS52-CrCDKA or pYDS52-
CrCDKB constructs in medium containing glucose (repressing) and
galactose (inducing) at 25 and 36°C.

(Fig. 3, second row, B-D), in contrast to the wild type
(Fig. 3, first row). When cdc28-1N strains carrying
pYD52-CrCDKA or pYD52-CrCDKB were grown at
36 °C in glucose medium, cell division did not occur
and the cells had an irregular cylindrical phenotype
(Fig. 3, fourth and fifth row, B), as in the non-
transformed cells. However, after the temperature shift
to 36 °C in galactose medium, the cdc28-1N cells trans-
formed with pYDS52-CrCDKA or pYD52-CrCDKB
formed small and large buds (Fig. 3, fourth and fifth
row, arrows). After this shift, the CDKA expression
induced by galactose brought about a normal phenotype
within 90 minutes. Although the cells expressing CDKB
formed normal buds, they showed a prolonged shape
even 180 min after the induction of expression and be-
came normal after 270 minutes. This functional com-
plementation of the CDC28 mutation was dependent
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upon transcription of the algal CDK c¢DNAs, because
cell division was arrested in the same way as in the mu-
tant strain in the presence of glucose, which repr-
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Fig. 3. Wild-type (first row), and both non-transformed (second row)
and transformed (third to fifth row) S. cerevisiae strains cultivated in
glucose medium at 25 °C (A), in glucose medium at 36 °C (B) and in
galactose (inducing) medium at 36 °C for different periods of time
(270, 360 min) after the temperature shift (C, D). All strains were able
to complete the cell cycle in glucose medium at the permissive tem-
perature (25 °C). However, when the same strains were grown at 36
°C in glucose medium, all of the cells, except the wild-type (rounded
shape), stopped dividing and some of them had an irregular shape.
After the temperature shift to 36 °C in galactose medium, the cdc28-
IN cells transformed with pYD52-CrCDKA or pYDS52-CrCDKB
formed small and large buds (arrows).

essed the galactose-inducible promoter of the pYD52-
CrCDKA and pYD52-CrCDKB plasmids, when the
cultures were shifted from 25 to 36 °C.

Additional evidence of complementation ability is
shown in Fig. 4, where nuclear morphology (bottom
panels of each foursome) and spindle formation (top
panels of each foursome) in formaldehyde-fixed cells is
revealed by DAPI staining and indirect immunofluores-
cence using the mouse monoclonal antibody DM-1A
against o-tubulin. In the wild type, large budded cells
were indicative of cells in G2 or M phase. Their nuclei
were normally located in the bud neck, or in the case of
cells that had completed mitosis, the divided nuclei
were found in both the mother and the bud (McMillan
and Tatchell 1994). As shown in Fig. 4 (bottom panels
of each foursome), wild-type (wt) cells that had grown
at 25 or 36 °C in glucose medium, had nuclei in one of
these two normal configurations. Note that a similar
situation can be seen in the cdc28-1N strain transformed
with either pYDS52-CrCDKA or pYD52-CrCDKB
grown at 25 °C in glucose medium or at 36 °C in galac-
tose medium. However, the pattern was different in the
non-transformed mutant strain. The cells grew normally
at 25 °C, but at 36 °C in galactose medium, abnormal
cells contained either one or two nuclei in one cell body.
After a period of growth at the restrictive temperature,
temperature-sensitive mutant cells showed rather uni-
form and sometimes unusual cellular and nuclear mor-
phologies. The cells of the cdc28-1N mutant continued
to elongate at the restrictive temperature and, after two
or more generations, displayed very elongated and even
branched structures (Hartwell et al. 1973, Sur- rana et

al. 1990). In yeast, microtubules emanate from the spin-
dle pole body (SPB), the functional equivalent of the

centrosome in animal cells, which is embedded in
cdc28-1N

Fig. 4. Morphology of wild-type, non-transformed and transformed
cdc28-1N temperature-sensitive mutant strain of S. cerevisiae. Each
foursome represents one strain at the permissive temperature (25 °C)
in glucose medium (left panels) and after 4 h at the restrictive tem-
perature (36 °C) in inducing galactose medium (right panels). The top
panels show indirect fluorescence of a-tubulin, bottom panels show
the nuclei stained by DAPIL.

the nuclear envelope (Hartwell et al. 1973, Byers 1981).
The SPB is duplicated at around the time of bud emer-
gence, and these later separate to opposite sides of the
nucleus. Astral microtubules extend from the SPBs into
the cytoplasm, while intranuclear microtubules extend
between the SPBs and from SPBs to kinetochores to
form a spindle (Byers 1981). Spindle formation was
evident in the wild type and the mutant strains trans-
formed with the Chlamydomonas CDKA or CDKB
genes, grown either at the permissive temperature (25
°C) in glucose medium or at the restrictive temperature
(36 °C) in galactose medium. However, in the case of
the temperature-sensitive mutant cdc28-1N (Fig. 4)
grown at 36 °C, spindle formation was not visible and
only astral microtubules were observed.

The presented results indicate that mutant yeast cells
expressing the Chlamydomonas CDKs were able to
progress through the cell cycle. The functional comple-
mentation of the CDC28 mutant was dependent upon
transcription of the algal CDKA or CDKB cDNA be-
cause transformed cells exhibited growth at the restric-
tive temperature (36 °C) in the inducing galactose-
raffinose medium, while there was no growth in the
repressing glucose medium at the same temperature.
The cdc28-1N strain used for the complementation is
impaired in the G2/M-specific functions of CDC28
(Surana et al. 1990). The ability of both CDKA and
CDKB to complement this mutation implies that they
could have a role in the regulation of mitosis. CDKA is
expressed ubiquitously during the Chlamydomonas cell
cycle, while CDKB is expressed preferentially during
the S/M phase (BiSova et al. 2005, Fang et al. 2006). It
would be interesting to know whether both kinases
regulate mitosis in vivo and if, and to what extent, their
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functions overlap. The ability of plant-specific CDKB
from Chlamydomonas to rescue the yeast temperature-
sensitive mutant suggests that it was capable of binding
yeast cyclins, despite a modification of the PSTAIRE
motif. This indicates that Chlamydomonas CDKB could
still be fulfilling an evolutionary primitive role in the
regulation of mitosis while higher plant CDKBs have
acquired other functions outside the cell cycle, as sug-
gested by Corellou et al. (2005). Previously, the only B-
type CDK known to be able to complement a CDC28"
mutation of S. cerevisiae was CDKB from the distantly
related green alga Ostreococcus tauri (Corellou et al.
2005). It is intriguing that O. tauri CDKB complements
the cdc28-4 mutation in S. cerevisiae, since this mutant
is impaired in the G1/S function of CDC28. However,
analysis of expression and kinase activity implied that
CDKB is the major regulator of mitosis in O. tauri
(Corellou et al. 2005). We, therefore, expect that it
should also complement the “mitotic” cdc28-1N muta-
tion.

The current work shows that both A- and B-type
CDKs from the green alga C. reinhardtii are able to
complement the G2/M block of the budding yeast
cdc28-1N temperature-sensitive mutant. This indicates
that both kinases may have a role in the regulation of
mitosis, which is in agreement with the presumed func-
tions of A- and B-type CDKs in higher plants. Interest-
ingly, while two algal B-type CDKs are known to be
able to complement CDC28 mutation: O. tauri (Corel-
lou et al. 2005) and C. reinhardtii (this work), none of
the higher plant B-type CDKs are able to do so (Mi-
ronov et al. 1999). It would be interesting to see whether
B-type CDKs from other algal species can complement
this mutation and whether Chlamydomonas CDKB is a
major mitotic player in vivo, or has more derived func-
tions similar to higher plant CDKBs.
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Abstract Two alleles of a novel Chlamydomonas reinhardtii UV-sensitive mutant, uvsX1
and uvsX2 have been isolated and characterized. The mutant cells showed higher induced
mutability, uvsX1 cells also showed higher spontaneous mutability. Both uvsX1 and uvsX2
were found to be deficient in pyrimidine-dimer excision. Moreover, in contrast to the wild
type cells, large proportion of uvsX1 and uvsX2 cells underwent divisions before dying and
formed microcolonies of dead cells after mutagen treatment. Interestingly, the mutant cells
were also significantly smaller than wild type cells. The tendency of the mutant cells to
form microcolonies of dead cells indicated a possible role of UVSX1/2 gene in the co-
ordination of the cell cycle in the presence of DNA damage. To study the possible in-
volvement of UVSX1/2 in DNA-damage dependent cell-cycle arrest, we artificially
blocked cell cycle in G2 delay by MBC, a drug affecting microtubules. This block was not
sufficient for the restoration of the standard phenotype implying that it is rather DNA dam-
age sensing/repair what is affected by the mutation. The effect of DNA damage on the cell
cycle progression of the mutant cells has been investigated. The course of growth and re-
productive processes including changes in the histone H1 kinase activity revealed affected
cell-cycle progression; probably due to the inability to detect the primary lesion. A putative
role of UVSX1/UVSX2 in DNA damage recognition is discussed.

Keywords Cell-cycle regulation; Cyclin-dependent kinase; DNA damage; Chlamydomo-
nas reinhardtii; UV sensitivity;
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Running title: Circadian clock and cell division in algae

ABSTRACT

Circadian rhythms control many cellular processes in algae. Their role in regulating the cell
cycle is, however, unclear and published results are controversial. To test the alleged circadian
timing of cell division in algae, we examined asynchronous and synchronized cultures of the alga
Chlamydomonas reinhardtii in a wide range of both light intensity and temperature. The length of
the cell cycle varied widely with minimal values below and maximal values far above the
circadian ones. We conclude that circadian clocks do not play a role in the timing of
Chlamydomonas cell division.

per hour.
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Chloroplast fission in the alga Scenedesmus quadricauda (Chlorophyta) occurs
normally in the presence of extremely elevated mitotic cyclin-dependent
kinase activity
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Running title: Chloroplast fission in Scenedesmus

Summary. Chloroplast and cellular divisions can be in green alga Scenedesmus quadricauda un-
coupled in the presence of a specific inhibitor of nuclear DNA replication, 5-fluorodeoxyuridine.
Under these conditions, growth of the culture and attaining of the commitment points was nearly
unaffected while DNA replication(s), nuclear division(s), and protoplast fission(s) were blocked.
On contrary, division of chloroplast occurred almost normally with same timing as in the control
culture. A Z-ring forming chloroplast protein FtsZ involved in the plastid fission was followed
during the cell cycle. FtsZ was localized around pyrenoids and formed numerous spots and mini-
rings. The abundance and localization of the protein were comparable in control and inhibited
cells. Interestingly, the cells grown in the presence of inhibitor possessed very high mitotic his-
tone H1 kinase activity in the absence of any nuclear division(s). Comparing to the control cul-
tures the kinase activity was excessively high without any oscillation. The data imply that either
a process/es leading to DNA replication and the mitotic activation of CDK are triggered simulta-
neously or the S. quadricauda cells lack a DNA replication/DNA damage checkpoint mechanism
inhibiting CDK activity.

Keywords: Cell cycle; Chloroplast fission; Cyclin-dependent kinase; Fluorodeoxyuridine; FtsZ;
Scenedesmus quadricauda



