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Abstrakt

Dvouvldknovy zlom DNA (DSB) je nebezpecny typ poskozeni DNA, ale zaroven
také slouZi ke kontrolovanému zvySovani genetické variability. Za hlavni drahy opravy
DSB se povazuji homologni rekombinace (HR), vyuZivajici homologni sekvence,
a nehomologni spojovani koncti DNA (C-NHEJ). Dva rostlinné modely Arabidopsis
thaliana (Arabidopsis) a mech Physcomitrella pattens (Physcomitrella) se lisi strategii
opravy DSB. Arabidopsis dava ptednost C-NHEJ a Physcomitrella zase HR. Tyto
modelové rostliny jsou porovnany na zékladé méfeni kinetiky opravy DSB
a jednovlaknovych zlomtt DNA (SSB) kometovym testem.

U obou rostlinnych druhti je polocas prvni rychlé faze opravy DSB kolem
5 minut. | kdyZ je C-NHEJ povaZzovana za hlavni drahu opravy DSB u Arabidopsis,
rychla oprava neni zavisld na jejich faktorech AtKu80 a AtLIG4, coZ poukazuje
na existenci efektivnich z&loZnich nehomolognich drah (A-NHEJ). U Physcomitrella
dominuje rychla oprava DSB v mitoticky aktivnich buikach a také neni zavisla
na PpLIG4. Naopak PpLIG4 se piekvapive Gcastni opravy alkyla¢niho poSkozeni DNA.

Esenciélni ligdzou rychlé opravy DSB u Arabidopsis je replika¢ni AtLIGI,
Kterd je také zodpovédna za opravu alkylaéniho poskozeni DNA, a tak piedstavuje
funk¢ni homolog LIG3. Rychla oprava DSB je také zcela zavisla na AtSMC6b, ktery
patii do skupiny proteini udrzujicich strukturu chromozomu (SMC). Mensi defekt
v opravé DBS je pozorovan u mutanti podjednotky kohezini AtRAD21 a AtGMII,
nov¢ identifikovaného clena skupiny proteinti, které minimaln€ obsahuji SMC
dimeriza¢ni doménu (SMCHD). Role AtSMC6b, AtRAD21 a AtGMI1 v opravé DSB
spociva v organizaci sesterskych chromatid.

Komplex proteini MRE11, RAD50 a NBS1 (MRN), je jeden z kli¢ovych senzori
a mediatori opravy DSB. U Physcomitrella se na vétsiné funkci MRN komplexu podili
pouze PPMRE11 a PpRADS0. Extrémni citlivost ppmrell a pprad50 viéi indukci DSB
sice poukazuje na zna¢ny defekt v oprave, ten vSak nesouvisi s rychlosti jejich opravy,
ale naopak s kumulaci mutaci, zejména deleci. V tomto ohledu je dilezity pifedevsim

PpRADS0, nebot’ v jeho nepiitomnosti se mutabilita zvySuje az o dva fady.



Cile prace

e Porovnani kinetiky opravy DSB a vymezeni role C-NHEJ u Arabidopsis
a Physcomitrella.

e Charakterizace tlohy MRN komplexu v opravé DSB u Physcomitrella.

e Vymezeni role AtLIG1 a PpL1G4 v opravé DSB a SSB.

e Prozkoumani vlivu defektu v AtSMC6b, AtRAD21 a SMCHD proteinu
AtGMI1 na opravu DSB.



Uvod

Rizeny vznik DSB a jeho nasledna rekombinantni oprava je soucasti fady
prirozenych procest. DSB se zarovenn povazuje za velmi nebezpecny typ poskozeni
DNA, nebot’ neopraveny zlom muze vést k reorganizaci genomu, ztraté DNA pii déleni
buriky, nebo indukci buné¢né smrti (Bennett et al. 1996). U rostlin se nachazi homology
vétsiny proteint, které se u savcu podileji na opravé DSB. V tomto ohledu se rostliny
podobaji savctim vic neZz kvasinky (Shrivastav et al. 2008).

Z hlediska opravy DNA pfedstavuji rostliny velmi zajimavy systém. Prisedly
zpusob Zivota, vyuzivani nejsilngjsi biologické redoxni reakce - fotolyzy vody, tvorba
rostlinného téla délenim nékolika apikdlnich bunék, u nékterych druht dlouhovékost
a schopnost vegetativniho mnoZeni poukazuji na existenci efektivnich drah opravy
DNA. Atraktivni je také wviabilita jednotlivych, ale i viceCetnych mutantt tady
opravnych proteint, které jsou cCasto letalni u jinych organizmu (Charbonnel et al.
2011).

Indukce DSB

Rada nezadoucich DSB vznika kolapsem replikaéni vidli¢ky a pii selhani funkce
topoizomerdz. Mitochondrie a chloroplasty jsou vyznamnym zdrojem radikalt
(Triantaphylides a Havaux 2009), jejichz reakce s DNA mize vést aZz k DSB
(Kuzminov 2001). V piipadé rostlin je také dulezitym zdrojem DSB proces vysychani
a op&tovné hydratace (Kranner et al. 2010).

K indukci DSB se nejcastéji pouziva ionizujici zateni (IR), které pii prichodu
prostfedim buiiky ionizuje molekuly vody a produkuje radikaly. DalSi moZnost
je ptirodni antikancerogenni antibiotikum Bleomycin (BLM), které napodobuje ucinek
IR. BLM chelatuje kovy a po interkalaci do DNA a reakci s kyslikem produkuje
superoxid poskozujici DNA. Redukci se komplex opét aktivuje a nésleduje dalsi Stépeni
za vzniku DSB (Strekowski et al. 1988). Aktivita BLM se vlivem interkalace omezuje
piedevsim na DNA, a proto ve srovnani s IR produkuje méné¢ SSB na 1 DSB (Povirk
etal. 1977).

Méieni opravy DSB
Opravu DSB je mozné monitorovat mnoha zpusoby, které vSak vzdy pokryvaji
jen cast zkoumané problematiky. Jednotlivé metody umoznuji sledovat fyzické spojeni

DNA, kovalentni modifikace opravnych proteint, jejich Casoprostorové rozdéleni,



¢i zmény sekvence v mist¢é opravy. Jednou zbéznych ptimych metod detekce
fragmentace genomu je také kometovy test, ktery je zaloZzen na elektroforéze
jednotlivych bunék ukotvenych v agarézovém gelu. Vznikly atvar pfipomina kometu,
ve které mnozstvi DNA v ohonu komety (%T DNA) koreluje s mirou poSkozeni DNA
v dané bunce (Ostling a Johanson 1984). Nejbézné&jsi je neutralni, anebo alkalické
provedeni kometového testu, ktera umozniuji detekci DSB, anebo SSB. Ptipadna
inkubace vzorki s repara¢nimi endonukledzami umoziuje méfeni poSkozeni DNA,
které se samo o sobé neprojevuje jako zlom, napiiklad alkylované a oxidované baze
DNA (Angelis et al. 1999; Collins et al. 1997; Angelis et al. 2000).

Cytotoxické testy slouzi nejen Kk identifikaci citlivych mutantd opravnych
proteind, ale vypovidaji také o kvalité¢ opravy DSB. Tu je mozné dale studovat uréenim
mutability selekéniho genu a sekvenaci vzniklych mutaci. U Physcomitrella umoziuje
haploidni genom muta¢ni analyzu genu pro adenin fosforibosyltransferdzu (APT),
jehoZ inaktivaci mutant ziskava schopnost ristu na médiu obsahujicim jinak toxicky
2-fluoroadenin (Trouiller et al. 2007). Muta¢ni analyza APT tak v kombinaci
s kometovym testem umoznuje méfeni kvality i Kinetiky opravy DSB (Kamisugi et al.
2012; Hola et al. 2013).

Drahy opravy DSB

Za hlavni mechanizmy rekombinace se u rostlin povazuji HR a C-NHEJ. Nutnost
existence homologni sekvence omezuje HR piedevsim do S a G, faze buné¢ného cyklu.
Naopak C-NHEJ probiha po cely bunéény cyklus, nebot’ spojuje konce DNA nezavisle
na homologii. Béhem C-NHEJ muze dochazet k resekci nebo prodlouzeni koncti DNA,
a tak je C-NHEJ vice nachylna ke zméné sekvence DNA neZ HR (Pfeiffer et al. 2004).
C-NHEJ je realizovana komplexy Ku70/Ku80 a XRCC4/LIG4 (West et al. 2002;
van Attikum et al. 2003). Pro HR je klicovy RAD51 (obr. 1) (Abe et al. 2005).

Preferovani HR, nebo C-NHEJ se do jisté miry odrazi ve schopnosti cilené
integrovat cizorodou DNA. U Arabidopsis, zastupce vysSich rostlin, se za hlavni drahu
opravy DSB povaZzuje C-NHEJ, nebot’ Groven cilené integrace je aZ tisic krat nizsi
ve srovnani s nahodilou (Britt a May 2003; Puchta 2005). Naopak snadné cileni gent
u ¢lena nizSich rostlin mechu Physcomitrella svéd¢i o preferenci HR (Kamisugi et al.
2005).

U Arabidopsis jsou mutanti C-NHEJ citlivi vuci IR, ale na druhou stranu u nich

stale probiha faze telomer, ligace linearizovanych plastida a integrace cizorodé DNA



(Friesner a Britt 2003; Heacock et al. 2004; Gallego et al. 2003). Tato C-NHEJ
nezavisla oprava DSB neni mediovana HR (Charbonnel et al. 2011; Decottignies 2013)
a citlivy fenotyp atku80 a atligd svédéi o jisté mutabilité A-NHEJ (West et al. 2002;
van Attikum et al. 2003). U Arabidopsis se nachazi vice A-NHEJ drah. Jedna z nich
vykazuje zavislost na mikrohomologiich v misté opravy DSB (MMEJ) a podili se na ni
AtXPF/AtERCC1 komplex a AtMRE11 (Charbonnel et al. 2011; Heacock et al. 2004).
DalSi odlisné A-NHEJ se tucastni AtXRCC1 (obr. 1) (Charbonnel et al. 2010;
Charbonnel et al. 2011).
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rehybridizace
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Obrazek 1.: Zakladni drahy opravy DSB.

Viabilita mutantt, ale i viceCetnych mutantd opravnych proteind, umoziiuje urcit
hierarchii opravy DSB u Arabidopsis. U mitotickych bunék vede defekt ve vSech dosud
znamych drahach opravy DSB, tedy C-NHEJ, HR, A-NHEJ a MMEJ k extrémné
citlivému fenotypu vici DSB, avsak oprava DSB u tohoto mutanta stile probiha.
Tato zbytkova ligacni aktivita se projevuje zvySenou frekvenci fuzi telomer

(Charbonnel et al. 2011).

Rostlinné DNA ligazy

Rostliny se od jinych eukaryot liSi v zastoupeni DNA ligaz, pticemz v jejich
genomu se nenachazi homolog LIG3, ktera je u savcl soucasti bazové excizni opravy
(BER) a A-NHEJ (Cappelli et al. 1997; Simsek et al. 2011). U Arabidopsis se defekt
v AtLIG4 projevuje zvySenou expresi dvou zbyvajici DNA ligaz, replika¢ni AtLIG1
a pro rostliny specifické AtLIG6 (Furukawa et al. 2015). Kumulativni efekt deficience
8



v AtLIG4 a AtLIG6 poukazuje na minimalné dvé odlisné drahy opravy DSB v kli¢icich
semenech, av3ak viabilita dvojittho mutanta AtLIG4/AtLIG6 naznacuje, Ze AtLIG1
musi byt sama o sob& dostate¢né efektivni v odstranovani zlomi DNA (Waterworth
et al. 2010).

MRN komplex v opravé DSB

MRN komplex se u savcu povaZuje za jeden z klicovych senzord DSB,
jenZ aktivuje kinazy ATM a ATR, které spousti bunéénou odpovéd’. Pro aktivaci ATM
je dulezita interakce s NBS1 (Girard et al. 2002; Lamarche et al. 2010). MRN komplex
je vyznamnou soucasti opravy DSB vystupujici v HR, A-NHEJ a C-NHEJ (De Jager
etal. 2001; Lamarche et al. 2010). Struktura MRN komplexu je podminéna RADS5O0,
ktery umoziuje pieklenout DSB (obr. 2) (De Jager et al. 2001). Nukledzovéa aktivita
MREI11 muze vést k resekci koncti DSB a produkei 3'- jednovlaknovych tsekit DNA
(Jazayeri et al. 2006). Tyto konce DNA jsou substratem pro HR, ale i A-NHEJ.
A-NHEJ je vSak spojovana s translokacemi (Simsek a Jasin 2010), a proto je vhodné
nukledzovou aktivitu MRE11 omezit ptedev§sim do Sa G, fidze bunécného cyklu.
U Arabidopsis je MRN komplex esenciélni pro meidzu a atrad50 a atmrell jsou citlivi
k indukci poSkozeni DNA (Gallego et al. 2001; Bundock a Hooykaas 2002). Stejn¢ jako
u savci i u rostlin je MRN komplex nezbytny pro aktivaci ATM a ATR (Amiard et al.
2010).

Arabidopsis AtSMC6b, AtRAD21 a AtGMI1 v opravé DSB

Procesy spojené s opravou DSB probihaji na Grovni chromatinu. Na organizaci
chromozomut se podileji také SMC proteiny, které tvoii zaklad tii typi komplext
(obr. 2). Komplex SMC1/3 odpovida za kohezi sesterskych chromatid, SMC2/4
komplex se podili na kondenzaci chromosomti béhem bunééného déleni a SMC5/6
komplex se ucastni HR. Nutnost stabilizace sesterskych chromatid se u savéich mutantt
SMC1/3 a SMC5/6 komplexii projevuje defektem v HR (Potts et al. 2006). Dilezitost
SMC proteini podporuje fakt, Zze se evolu¢né objevily diive nez histony (Nasmyth
a Haering 2005).

SMC proteiny obsahuji na N- a C-konci motivy pro vazbu ATP, které jsou
oddélené spojnikem, jenz ma uprostied dimeriza¢ni doménu. Sbaleni SMC proteinu
vede ktvorbé ATPazy (Haering et al. 2002). Zakladni funkéni jednotkou SMC
komplext je dimer, ktery spole¢né s dalSimi proteiny vytvaii prstence kolem DNA
duplext (Chiu et al. 2004; Hirano 2006). Podobnou strukturu ma i RAD50, ktery je

9



souc¢asti MRN komplexu (obr. 2) (He et al. 2012). Spojeni dvou MRN komplext
umoziuje rizné zpusoby podpory DNA v misté DSB (Lammens et al. 2011).

SMC5/6 SMC1/3 SMC2/4 MRN SMCHD1

komplex koheziny kondenziny komplex AtGMI1

dimerizaéni dimerizaéni dimerizaéni Zn"*dimerizaéni dimerizaéni
doména doména doména domeéna doména

AtGMI1
AtGMI1

ATPazova
doména

Obrazek 2.: Struktura SMC a MRN komplext (Murray a Carr 2008 - upraveno) a model
struktury SMCHD1 a AtGMI1 (Bohmdorfer et al. 2011).

Mimo kohezi esencialni pro déleni bun¢k existuje také dodatecna koheze, kterd je
indukovana DSB, a to specificky vSa G, fazi buné¢ného cyklu (Kim et al. 2002).
U lidskych bunék je sméfovani kohezini do mist s DSB zavislé na SMC5/6 komplexu
(Potts et al. 2006). Soucasti SMC1/3 komplexu je také RAD21 (SCC1) (obr. 2),
ktery byl poprvé identifikovan u kvasinek skrze citlivy fenotyp vici IR, a to jesté ptred
objevem jeho role v organizaci sesterskych chromatid (Birkenbihl a Subramani 1992).
Arabidopsis vlastni tfi homology RAD21, av8ak pouze mutant v AtRAD21.1 je citlivy
vici IR a jeho exprese se zvySuje po indukci DSB (da Costa-Nunes et al. 2006).

U Arabidopsis se nachdzi dva AtSMC6 proteiny AtSMC6a a AtSMCG6Db.
V semenaccich je exprese AtSMC6b aZ dvacetkrat vyssi neZ exprese AtSMC6a, a tak se
AtSMC6b jevi jako hlavni jednotka AtSMC5/6 komplexu. Mutant v AtSMC6b, atmim,
je citlivy vuci indukci poSkozeni DNA a vykazuje defekt v opravé DSB (Mengiste et al.
1999; Takeda et al. 2004). AtSMC6b participuje na uspoiadani sesterskych chromatid
a tak se podili az na 75 % vSech HR udalosti (Watanabe et al. 2009).

Mysi SMCHD1 je modelovy protein SMCHD skupiny proteini. SMCHD1
piipomina SMC proteiny, nebot’ a je tvofen dimeriza¢ni doménou a ATPazou,
které jsou oddéleny dosud neuréenym spojnikem (obr. 2). SMCHDL1 se ucastni metylace
DNA a tim se podili na inaktivaci X chromozému (Blewitt et al. 2008). Na zakladé
sekvence SMCHD1 byl vgenomu Arabidopsis nalezen dosud neidentifikovany
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strukturni homolog AtGMI1. Nazev AtGMI1 je odvozen z pozorovani indukce jeho
exprese po pusobeni IR nebo Mitomycinem C (Béhmdorfer et al. 2011).
Seznam metod

Kultivace rostlin
Stanoveni toxicity
Kometovy test

11



Diskuze

Oprava DSB u Arabidopsis a Physcomitrella

Casové nenaro¢na priprava vzorkl pro kometovy test umoziuje detekci rychlé
opravy DSB. Hodinové pisobeni BLM o koncentraci 30-50 pg/ml vede k rozséhlé
fragmentaci genomu, ktera je u obou rostlinnych druht velmi rychle opravena. Kinetika
opravy DSB ma klasicky bifazicky prubéh. V ramci prvni faze je opravena vétSina
indukovaného poSkozeni s polo¢asem okolo 5 minut. U Physcomitrella je rychla oprava
DSB do jisté miry vizana na mitoticky aktivni buiky (Kozak et al. 2009; Kamisugi
etal. 2012).

Rozsahla fragmentace genomu je biologicky relevantni, nebot 10 dni staré
semenacky Arabidopsis a 1 den stard protonema Physcomitrella piezivaji akutni
pusobeni BLM o koncentraci az 50 pg/ml. VétSina DSB je opravena spravnym
zpusobem, nebot” indukce DSB se projevuje jen pomalejSim rustem rostlin (Kozak et al.
2009; Kamisugi et al. 2012). Naopak v ptipadé chronické toxicity BLM
je Physcomitrella vyrazné citlivéjsi nez Arabidopsis. To ziejmé souvisi S obecné vyssi
toxicitou DSB vuci mitoticky aktivnim bunikam, nebot’ 1 den stara protonema obsahuje

az 50 % mitoticky aktivnich bunék (Kamisugi et al. 2012).

Oprava DSB v mutantech C-NHEJ

U Arabidopsis a Physcomitrella se na pozadi C-NHEJ projevuji dalsi drahy
s masivni ligacni aktivitou, nebot’ kinetika opravy DSB je u atku80, atlig4 a ppligd
srovnatelna s divokym kmenem (wt) (Koz&k et al. 2009; Hola et al. 2013).

U Physcomitrella je ppligd stejné citlivy vac¢i BLM jako wt, coz naznacuje,
Ze by defekt v C-HNEJ mohl byt nahrazen HR (Hola et al. 2013). Na druhou stranu,
i kdyz se kompletni eliminace HR u pprad51AB projevuje vyraznou citlivosti vi¢i DSB
(Schaefer et al. 2010), kinetika opravy DSB je srovnatelnd s wt (nepublikovano).

U Arabidopsis nelze C-NHEJ nezavislou rychlou opravu DSB piipsat HR, nebot’
jeji uroven je velmi nizka (Puchta 2005). Na rychlé opravé DSB se tak podili zbyvajici
A-NHEJ (Charbonnel et al. 2011), které mizou byt v podminkach rozsahlé fragmentace
genomu stejné¢ vykonné jako C-NHEJ (Kozak et al. 2009). O efektivit¢ A-NHEJ svédci
také schopnost 10 dni starych semenackt atku80 a atligd prezivat Srovnatelné s wt

i tydenni ptisobeni BLM o koncentraci az 100 pg/ml (Kozak et al. 2009).
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AtLIGI1 je uréujici pro rychlou opravu DSB

Kinetika opravy DSB u atligd a ppligd poukazuje na efektivitu zbyvajicich
rostlinnych DNA ligaz (Kozék et al. 2009; Hola et al. 2013). U Physcomitrella nebyla
zatim nalezena jina ligaza nez PpLIG4 a PpLIG1, a tak je rychla oprava DSB u pplig4
principialné zavisla na PpLIG1.

U Arabidopsis se mimo AtLIG4 a AtLIG1 vyskytuje uZ jen pro rostliny specificka
AtLIG6 (Waterworth et al. 2010), avSak kinetika opravy DSB je i u atligé srovnatelna
s wt (nepublikovano). Jedinou opravdu esencialni DNA ligazou je replika¢ni AtLIGI
(Waterworth et al. 2010), a tak byli pomoci RNA inhibi¢ni technologie ptipraveni dva
mutanti se snizenym obsahem AtLIG1 (Waterworth et al. 2009).

Zatimco se defekt v AtLIG4 a AtLIG6 v Kinetice opravy DSB neprojevuje (Kozak
et al. 2009; nepublikovano), pokles v mnozstvi AtLIG1 vede aZz k dvojnasobnému
prodlouzeni prvni faze opravy. AtLIG1 tak pfedstavuje klicovy faktor rychlé opravy
DSB (Waterworth et al. 2009). Uroveii HR je u Arabidopsis velmi nizka, a tak AtLIG1
participuje na néjaké A-NHEJ, ktera je v ptipadé rozsahlé fragmentace genomu dokonce

Oprava SSB v rostlinach

U Arabidopsis a Physcomitrella probih& oprava SSB vyrazné¢ pomaleji nez DSB.
Deficience v AtLIG1 a PpLIG4 se neprojevuje kumulaci endogennich SSB, ale vede
ke zpomaleni opravy modifikovanych bazi DNA (Waterworth et al. 2009; Hol4 et al.
2013).

U Arabidopsis se snizena uroven AtLIG1 projevuje zcela odlisSnou kinetikou
opravy alkylaéniho poSkozeni DNA, kde b&hem prvni hodiny opravy dochazi dokonce
K narustu v mnozstvi SSB. Soucasti BER je excize modifikovanych bazi DNA a vznik
SSB, jejichz méné efektivni ligace u atligla je pfi¢inou po¢ate¢ni kumulace poSkozeni
DNA. AtLIG1 tak piedstavuje rostlinny funkéni homolog LIG3 (Cappelli et al. 1997,
Waterworth et al. 2009).

U Physcomitrella se defekt v PpLIG4 neprojevuje v kinetice opravy DSB,
ale pfekvapivé v kinetice opravy modifikovanych bazi DNA. U pplig4 neni defekt
v kinetice opravy SSB tak vyrazny jako u atligla, avSak poukazuje na ucast PpLIG4
v BER (Waterworth et al. 2009; Hola et al. 2013). PpLIG4 opravuje SSB nezavisle
na C-NHEJ, nebot’ po indukci poskozeni DNA dochazi u ppligd ke kumulaci pievazné
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bodovych mutaci ve srovnani s ppku70 a wt (Hola et al. 2013). Na rozdil od PpLIG4
se AtLIG4 nepodili na opravé SSB (Cordoba-Cafiero et al. 2011).

MRN komplex v opravé DSB u Physcomitrella

Pro funkce MRN komplexu u Physcomitrella jsou esenciéalni pouze PpRAD50
a PpMRE11, nebot u mutantd téchto proteini dochazi k defektim v diferenciaci
a produkci spor a jsou dokonce citlivéjsi vaéi BLM nez pprad51AB (Markmann-
Mulisch et al. 2007; Kamisugi et al. 2012). PpRAD50 a PpMRE11 umoziuji vysoce
efektivni cilenou integraci cizorodé DNA. V jejich neptitomnosti klesa t¢innost HR
na 10 %. PpNBSL1 se vSak na téchto funkcich nepodili, a tak u mechu mtze byt aktivace
ATM a ATR nezavisla na PpPNBS1 (Kamisugi et al. 2012; Girard et al. 2002).

I ptes citlivy fenotyp vici BLM a defektu v HR je kinetika opravy DSB u 1 den
staré protonemy pprad50 a ppmrell srovnatelna s ppnbsl a wt (Kamisugi et al. 2012).
Mutanti MRN komplexu jsou efektivni v opravé rozsahle fragmentovaného genomu,
prestoze je MRN komplex obecné soucasti HR, C- i A-NHEJ (De Jager et al. 2001;
Lamarche et al. 2010). U 14 dni staré protonemy pprad50 se niZsi zastoupeni mitoticky
aktivnich bunék projevuje ubytkem ¢asti rychlé opravy DSB. S rostoucim stafim tedy
PpPRADS50 a pravdépodobné cely MRN komplex nabyva na dilezitosti (Kamisugi et al.
2012).

Rychla oprava DSB u pprad50 a ppmrell kontrastuje s jejich extrémné citlivym
fenotypem vic¢i BLM, ktery by mohl souviset s kumulaci mutaci DNA. Po indukci DSB
se u pprad50 mutabilita PpAPT zvySuje az o dva tady, avSak u ppmrell a ppnbsl
dochdzi pouze k nasobnému navySeni. Nejvétsi vliv na kvalitu opravy DSB
ma piedevsim schopnost MRN komplexu pieklenout DSB. Sekvenace selektovanych
PpAPT klona ukazuje, Ze za citlivy fenotyp pprad50 a ppmrell muze kvalita opravy
DSB, respektive kumulace delSich deleci. Defekt v MRN komplexu vede i bez indukce
DSB k akumulaci transkripti genti podilejicich se na opravé DNA. I ptfes vyrazné
navyseni exprese PpRAD51, neni HR odpovédna za rychlou opravu DSB v pprad50
appmrell, nebot navySeni mutability a kumulace deleci poukazuji spiSe na
C- a A-NHEJ (Kamisugi et al. 2012).

Role AtSMC6b, AtRAD21 a AtGMI1 v opravé DSB

U Arabidopsis je kinetika opravy DSB u mutanti AtSMC6b (AtMIM), AtRAD21
a AtGMI1 pomalejsi ve srovnani s wt (Kozék et al. 2009; da Costa-Nunes et al. 2014;
Bohmdorfer et al. 2011). V souladu s ptedchozi studii se nejvétsi defekt projevuje
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u atsmcéb (Takeda et al. 2004), kde oprava DSB probihd bez prvni rychlé faze,
monofazicky a s polocasem kolem 1 hodiny (Kozék et al. 2009). Stabilizaci sesterskych
chromatid se AtSMC5/6 komplex podili na HR (Watanabe et al. 2009), avSak ztrata
rychlé opravy u atsmc6b se neda vysvétlit pouze narusenim strukturalni podpory HR.
Minoritni role HR u Arabidopsis (Puchta 2005; Britt a May 2003) a stale funkéni
A- a C-NHEJ poukazuji na néjakou obecnéjsi ulohu AtSMC6b v rychlé opravé DSB.
V navrhovaném modelu AtSMC6b piispiva k opravé DSB nejen stabilizaci sesterskych
chromatid, ale také pieklenutim DSB podobné jako Ku70/Ku80 heterodimer,
nebo MRN komplex (Kozak et al. 2009; Lammens et al. 2011).

Indukce DSB vede k navyseni exprese AtRAD21.1 az o dva tady, zatimco se
exprese AtRAD21.3 téméf neméni (da Costa-Nunes et al. 2006; da Costa-Nunes et al.
2014). Defekt v kinetice opravy DSB se u atrad21.1 a atrad21.3 projevuje piredevsim
na prelomu mezi rychlou a pomalou fazi. Pfekvapivé oprava DSB u dvojitého mutanta
AtRAD21.1/AtRAD21.3 probiha stejné rychle jako u wt. U dvojitého mutanta se posun
od AtRAD21 dependentni bezchybné HR krychlejsi a vice chybové AtRAD21
nezavislé opraveé projevuje citlivéjSim fenotypem vici IR, pfi¢emz mezi AtRAD21.1
a AtRAD21.3 panuje synergisticky a neredundantni vztah. Navrhovany model funkce
AtRAD21 v opravé DSB je zaloZen na stabilizaci sesterskych chromatid a jejich
de novo kohezi po indukci DSB. V nepiitomnosti DSB je koheze dana predevsim
AtRAD21.3 a jeho hlavni ptispévek k opravé DSB spociva uz v piedem pfipravené
kohezi sesterskych chromatid. Naopak masivni indukce exprese AtRAD21.1 po IR vede
ke zvySeni z&soby proteinu AtRAD21.1, ktery pak umoziiuje de novo kohezi
v oblastech s DSB (da Costa-Nunes et al. 2014).

Dele¢ni mutanti AtGMI1 postradaji dimerizaéni doménu, a tak snizena uroveit HR
u téchto mutantl poukazuje na dilezitost dimerizace ve funkci AtGMI1. Defekt
v kinetice opravy DSB je nejvice patrny na ptelomu mezi rychlou a pomalou fazi.
Indukce exprese AtGMI1 v reakci na poSkozeni DNA je fizena ATM. Podobnost
AtGMI1 s SMC komplexu je zakladem modelu, ve kterém AtGMI1 funguje jako dimer
(obr. 2), pti¢emz stabilizaci sesterskych chromatid usnadnuje HR (Bohmdorfer et al.
2011). AtGMI1 je prvnim ¢lenem SMCHD skupiny proteinti S prok&zanou roli v opravé
DNA.
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Z7.avér

V piedkladanych publikacich jsou prezentovany vysledky, které do jisté miry

meéni pohled na opravu DNA u rostlin. Analyza kinetiky opravy DSB a SSB pfispéla

k témto zaveéram:
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U Arabidopsis a Physcomitrella je oprava DSB vyrazné rychlejsi nez SSB
a polocas prvni rychlé faze opravy DSB je kratSi nez 5 minut.

Oba rostlinné druhy opravuji DSB nezavisle na proteinech C-NHEJ.
Physcomitrella PpL1G4 se podili na opravé SSB.

Extrémné citlivy fenotyp ppmrell a pprad50 vici BLM nesouvisi
s kinetikou opravy DSB, ale s kumulaci mutaci, pfedevsim deleci.

Rychla oprava DSB u Arabidopsis zavisi na AtLIG1, kterd je zaroven
funk¢ni homolog LIG3 a podili se na opravé alkyla¢niho poskozeni DNA.
Pomalejsi oprava DSB u mutanti proteini AtSMC6b, AtRAD21
a AtGMI1 souvisi s organizaci sesterskych chromatid a HR.

Absolutni zavislost rychlé opravy DSB na AtSMC6b naznac¢uje moznou

obecngjsi funkei tohoto proteinu v opravé DSB.



Abstract

DNA double-strand break (DSB) is a dangerous type of DNA damage, but it also
serves in controlled increase of genetic variability. The two major DSB repair pathways
are homologous recombination (HR) using homologous sequences and non-homologous
end joining (C-NHEJ). Two model plants Arabidopsis thaliana (Arabidopsis)
and the moss Physcomitrella patens (Physcomitrella) differ in DSB repair strategies.
Arabidopsis uses C-NHEJ, however Physcomitrella prefers HR. These plant models
are compared on the basis of measurement of DSB and single strand breaks (SSB)
repair by comet assay.

The half-life of the first rapid phase of the DSB repair is about 5 minutes in both
plant species. Although the C-NHEJ is considered as the main DSB repair pathway
in Arabidopsis, rapid repair isindependent of AtLIG4 and AtKu80, suggesting
the existence of the effective backup non-homologous repair pathways (A-NHEJ).
In Physcomitrella, the rapid DBS repair dominates in mitotically active cells and is also
independent of PpLIG4. Conversely, PpLIG4 is surprisingly involved in the repair
of the DNA alkylation damage.

An essential DNA ligase of the rapid DSB repair pathway in Arabidopsis
is the replication ligase AtLIG1, which is also responsible for the alkylation DNA
damage repair, and thus represents a functional homolog of L1G3. The rapid DSB repair
is totally dependent on structural maintenance of chromosomes protein (SMC)
AtSMC6b. A slight defect inthe DSB repair is also observed in mutant of cohesin
subunit AtRAD21 and AtGMI1, a newly identified member of a SMC-hinge domain-
containing protein family (SMCHD). The role of AtSMC6b, AtRAD21 and AtGMI1
in the DSB repair lays mainly in the organisation of sister chromatids.

The complex of proteins MRE11, RAD50 and NBS1 (MRN) is one of the key
sensors and mediators of the DSB repair. In Physcomitrella, only PpMRE11l
and PpRADS0 participate on MRN complex functions. Extreme sensitivity of ppmrell
and pprad50 to the induction of DSB suggests extensive defect in repair, which is not
related to the rate of the repair, but rather to the accumulation of mutations, especially
deletions. In this regard, PpPRADS0 is particularly important, because in its absence

the mutability increases up to two orders of magnitude.
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Aims of the thesis
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Comparison of the DSB repair kinetics and defining the role of the
C-NHEJ in Arabidopsis and Physcomitrella.

Characterisation of the MRN complex role in the DSB repair
in Physcomitrella.

Defining the role of PpL1G4 and AtLIG1 in the DSB and SSB repair.
Examining the influence of defects in AtSMC6b, AtRAD21 and
SMCHD protein AtGMI1 on the DSB repair.



Introduction

Controlled DSB formation and its subsequent recombinant repair is a part of many
natural processes. DSB is also considered as a very dangerous type of DNA damage
as an unrepaired break may lead to reorganisation of the genome, the loss of DNA
during cell division, and induction of cell death (Bennett et al. 1996). Plants possess
most of the mammalian homologous proteins that are involved in the DSB repair. In this
manner, plants resemble mammals more than yeast (Shrivastav et al. 2008).

In terms of DNA repair, plants represent a very interesting system. Sessile
lifestyle, usage of the strongest biological redox reactions - photolysis of water, creating
a plant body by the division of a few apical cells, longevity of some species and
the ability of vegetative propagation point to the existence of efficient DNA repair
pathways. Also interesting is the viability of single and multiple mutants of repair

proteins, that are often lethal in other organisms (Charbonnel et al. 2011).

Induction of DSB

A series of wundesired DSB arises from replication fork collapses
or topoisomerases failure. Mitochondria and chloroplasts are the major source
of radicals (Triantaphylides and Havaux 2009), whose reaction with DNA can lead to
DSB (Kuzminov 2001). An important source of DSB in plants is also the drying process
and subsequent re-hydration (Kranner et al. 2010).

lonizing radiation (IR), which passes through the cell environment and produces
radicals, is the most common way of the DSB induction. Another possibility is a natural
anti-carcinogenic antibiotic, Bleomycin (BLM), which mimics the effect of IR. BLM
chelates metals and after intercalation into DNA it reacts with oxygen and produces
superoxide, which in turn damages DNA. The reduction of the complex leads
to reactivation s may be followed by further cleavage resulting in the DSB (Strekowski
et al. 1988). The intercalation restricts BLM activity close to DNA and therefore BLM
produces less SSB per one DSB compared to IR (Povirk et al. 1977).

Measurement of the DSB repair

The DSB repair can be monitored in many ways, but each of them always covers
only a part of the investigated area. The various methods allow detection of the physical
DNA joining, covalent modification of repair proteins, their spatiotemporal distribution,

or sequence modification atthe site of repair. The comet assay, which is based
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on electrophoresis of individual cells anchored in agarose gel, is one of the conventional
methods for direct detection of the genome fragmentation. The resulting object
resembles a comet, in which the amount of DNA in the comet tail (% T DNA)
correlates with the level of DNA damage in the cell (Ostling and Johanson 1984).
The most common is neutral or alkaline version of comet assay that enables
the detection of DSB or SSB. An optional incubation of samples with repair
endonucleases allows measurement of DNA damage, which itself is not expressed
as a break, for example alkylated or oxidised DNA bases (Angelis et al. 1999; Collins
et al. 1997; Angelis et al. 2000).

Cytotoxic tests serve not only to identify sensitive mutants of repair proteins,
but also reveal the quality of the DSB repair. This can be further studied by determining
the mutability of selection gene and sequencing of generated mutations.
In Physcomitrella, the haploid genome allows the mutation analysis of the gene
for adenine phosphoribosyltransferase (APT) whose inactivation mutant acquires
the ability to grow on media containing otherwise toxic 2-fluoroadenine (Trouiller et al.
2007). The APT mutational analysis in combination with the comet assay allows
measuring both quality and kinetic of the DSB repair (Kamisugi et al. 2012; Hola et al.
2013).

The DSB repair pathways

C-NHEJ and HR are considered as the main mechanisms of recombination
in plants. The necessity of the existence of homologous sequences restricts HR mainly
to S and G, phase of the cell cycle. Conversely, the C-NHEJ can take place throughout
the cell cycle, as it connects the ends of the DNA independently of homology.
The resection or extending of the DNA may occur during C-NHEJ and thus it is more
prone to change the DNA sequence than HR (Pfeiffer et al. 2004). C-NHEJ is carried
out by Ku70/Ku80 and XRCC4/LIG4 complexes (West et al. 2002; van Attikum et al.
2003). RAD51 is crucial for HR (fig. 1) (Abe et al. 2005).

Preference for HR or C-NHEJ reflects to some extent the ability of the targeted
integration of foreign DNA. In Arabidopsis, the representative of higher plants, C-NHEJ
is considered as the main DSB repair pathway, because the level of targeted integration
is a thousand times lower compared to random integration (Britt and May 2003; Puchta
2005). Conversely, efficient gene targeting in a member of lower plants, moss
Physcomitrella, indicates preference for HR (Kamisugi et al. 2005).
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In Arabidopsis, C-NHEJ mutants are sensitive to IR, however they are still
proficient in telomeres fusion, ligation of linearised plasmids and random integration
of foreign DNA (Friesner and Britt 2003; Heacock et al. 2004; Gallego et al. 2003).
This C-NHEJ independent DSB repair is not mediated by HR (Charbonnel et al. 2011;
Decottignies 2013) and sensitive phenotype of atku80 and atligd suggest a certain
mutability of A-NHEJ (West et al. 2002; van Attikum et al. 2003). There are more
A-NHEJ pathways in Arabidopsis. One of them shows a dependency
on microhomology at the site of the DSB repair (MMEJ) and is carried out
by AtXPF/AtERCC1 complex and AtMRE11 (Charbonnel et al. 2011; Heacock et al.
2004). Another distinct A-NHEJ is performed by XRCC1 (fig. 1) (Charbonnel et al.
2010; Charbonnel et al. 2011).

Q& DSB

Ku70/Ku80 (’

A =
DNA-PK g \l/ XRCCA/LIGA \lér ﬁFz’ERCCl \l/ polymerase \l/. RADS1
— _
K polymerase = XRCC1/LIG3 @/
\l/ DNA ligase \l{ nebo LIG1

rehybridization
/ lofDNA 3"-end
MMEJ Holliday junction

Figure 1.: The DSB repair pathways.

The viability of single as well as multiple mutants of repair proteins allows
determination of the DSB repair hierarchy in Arabidopsis. In mitotic cells, a defect in all
known DSB repair pathways, namely C-NHEJ, HR, A-NHEJ and MMEJ, leads
to an extremely sensitive phenotype towards DSB, however the DSB repair is still
active in this mutant. This residual ligation activity is reflected in an increased
frequency of telomere fusions (Charbonnel et al. 2011).

Plant DNA ligases
Plants differ from other eukaryotes in representation of DNA ligases, wherein

their genome lacks any homolog of LIG3, which is a part of a base excision repair
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(BER) and A-NHEJ in mammals (Cappelli et al. 1997; Simsek et al. 2011).
In Arabidopsis, the defect in AtG4 leads to the increased expression of the two
remaining DNA ligases, replication AtLIG1 and plant specific AtLIG6 (Furukawa et al.
2015). The cumulative effect of deficiency in both AtLIG4 and AtLIG6 reveals at least
two distinct DSB repair pathways in germinating seeds, but viability of the double
mutant AtLIG4/AtLIG6 suggests that AtLIGL itself must be sufficiently effective
in the removal of DNA breaks (Waterworth et al. 2010).

MRN complex in the DSB repair

In mammals, MRN complex is considered to be one of the key DSB sensors,
which activates signaling kinases ATM and ATR, which in turn trigger a cellular
response. ATM interaction with NBS1 is important for its activation (Girard et al. 2002;
Lamarche et al. 2010). MRN complex is a significant part of the DSB repair affecting
HR, A-NHEJ and C-NHEJ (De Jager et al. 2001; Lamarche et al. 2010). The structure
of the MRN complex is determined by RAD50, which enables to over-bridge the DSB
(fig. 2) (De Jager et al. 2001). The nuclease activity of MRN complex can lead
to a resection of the DSB ends and production of 3'- single-stranded overhangs (Jazayeri
et al. 2006). These overhangs are substrate for HR as well as A-NHEJ. However,
A-NHEJ is associated with translocations (Simsek and Jasin 2010), and therefore
is desirable to restrict MRE11 nuclease activity predominantly to S and G.,.
In Arabidopsis, MRN complex is essential for meiosis and atrad50 and atmrell
are sensitive to induction of DNA damage (Gallego et al. 2001; Bundock and Hooykaas
2002). As in mammals, the plant MRN complex is required for the activation of ATM
and ATR (Amiard et al. 2010).

Arabidopsis AtSMC6b, AtRAD21 and AtGMI1 in the DSB repair

Processes associated with the DSB repair occur at the level of chromatin. SMC
proteins that form the basis of three different complexes are also involved
in the organisation of chromosomes (fig. 2). Complex SMC1/3 is responsible for
the sister chromatid cohesion, SMC2/4 complex participates on the chromosome
condensation during cell division and SMC5/6 supports HR. The necessity of sister
chromatid stabilisation is reflected in defects of HR in mammalian mutants of SMC1/3
and SMC5/6 complexes (Potts et al. 2006). The significance of SMC proteins
is supported by the fact that they appeared in evolution before histones (Nasmyth
and Haering 2005).
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SMC proteins contain N- and C- terminal motifs for ATP binding, which are
separated by a linker that has a dimerisation domain in the middle. The folding of SMC
protein leads to the formation of ATPase (Haering et al. 2002). A basic functional unit
of SMC complexes is a dimer, which forms together with other proteins rings around
DNA duplexes (Chiu et al. 2004; Hirano 2006). RAD50, a part of the MRN complex,
has a similar structure (fig. 2) (He et al. 2012). The combination of two MRN
complexes offers a variety of structural support to DNA in the area of DSB (Lammens
etal. 2011).

Beside cohesion that is essential for cell division, there is also an additional
cohesion, which is induced by DSB and specifically in the S and G, phase of the cell
cycle (Kim et al. 2002). In human cells, direction of cohesins to DSB is dependent
on SMC5/6 complex (Potts et al. 2006). A part of the cohesin complex is also RAD21
(SCC1) (fig. 2) , which was first identified by a sensitive phenotype against IR in yeast
even before the discovery of the cohesins role in the sister chromatid organisation
(Birkenbihl and Subramani 1992). Arabidopsis contains three homologs of RAD21,
but only the mutant of AtRAD21.1 is sensitive to IR and its expression increases after
DSB induction (da Costa-Nunes et al. 2006).

SMC5/6 SMC1/3 SMC2/4 MRN SMCHD1

complex cohesins condensins complex AtGMI1

dimerisation dimerisation dimerisation Zn" dimerisation dimerisation
domain domain domain domain domain

AtGMI1
AtGMI1

ATPase
domain

Figure 2.. The structure of SMC and MRN complexes (Murray and Carr 2008 -
adapted) and a model of SMCHD1 and AtGMIL1 structure (Bohmdorfer et al. 2011).

In Arabidopsis, there are two AtSMC6 proteins AtSMC6a and AtSMC6b.

In seedlings, the expression of AtSMC6b is more than twenty times higher than
the expression of AtSMCG6a, therefore AtSMC6b appears as the main unit of the
AtSMC5/6 complex. The mutant of AtSMC6b, atmim, is sensitive to the induction
of DNA damage and reveals defect in the repair of DSB (Mengiste et al. 1999; Takeda
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et al. 2004). AtSMC6b participates on the sister chromatid organisation and thus
accounts for 75 % of all HR events (Watanabe et al. 2009).

Murine SMCHD1 is model protein of SMCHD protein family. SMCHD1
resembles SMC proteins, because it is formed by a dimerisation domain and ATPase
domain, which are separated by a yet unidentified linker (fig. 2). SMCHD1 participates
in DNA methylation and thus contributes to the X chromosome inactivation (Blewitt
etal. 2008). Using the sequence of SMCHD1 allowed the identification
of an uncharacterised homolog AtGMI1 in the Arabidopsis genome. The name AtGMI1
is derived from the observation of its increased expression after the treatment with IR
or Mitomycin C (Béhmdorfer et al. 2011).

List of methods

Plant cultivation
Toxicity testing
Comet assay
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Discussion

The DSB repair in Arabidopsis and Physcomitrella

The time-efficient sample preparation for the comet assay enables detection
of the rapid DSB repair. One-hour treatment with at the concentration of 30-50 mg/mi
leads to an extensive fragmentation of the genome that is very quickly repaired in both
plant species. The kinetics of the DSB repair has a classic biphasic nature. Most of the
induced damage is repaired within the first phase with the half-life of about 5 minutes.
In Physcomitrella, the rapid repair of DSB is to some extent bound to mitotically active
cells (Kozak et al. 2009; Kamisugi et al. 2012).

The extensive genome fragmentation is biologically relevant, because 10 days old
Arabidopsis seedlings as well as 1 day old protonema of Physcomitrella survive
the acute treatment with BLM at the concentration up to 50 pg/ml. Most of the DSB are
repaired in the right way, because the induction of DSB is only reflected by a slower
plant growth (Kozédk et al. 2009; Kamisugi et al. 2012). Conversely, in the case
of the chronic BLM toxicity, Physcomitrella is much more sensitive than Arabidopsis.
This is probably related to a generally higher toxicity of DSB to mitotically active cells,
because the one day old Physcomitrella protonema contains up to 50 % of mitotically

active cells (Kamisugi et al. 2012).

The DSB repair in C-NHEJ mutants

The other repair pathways with the extensive ligation activity operate
on the background of C-NHEJ in Arabidopsis and Physcomitrella, as the DSB repair
Kinetic in atku80, atlig4 and pplig4 is comparable to the wild type (wt) (Kozék et al.
2009; Hola et al. 2013).

In Physcomitrella, pplig4 is as sensitive to BLM as wt suggesting that HR may
substitute C-HNEJ defects (Hol& et al. 2013). On the other hand, although the complete
elimination of HR in pprad51AB reveals high DSB sensitivity (Schaefer et al. 2010),
the DSB repair Kinetic is also similar to wt (unpublished).

The rapid C-NHEJ independent DSB repair in Arabidopsis cannot be attributed
to HR, because of its very low level (Puchta 2005). Thus, remaining A-NHEJ
contributes to the rapid DSB repair (Charbonnel et al. 2011), which can be as powerful
as C-NHEJ under the condition of the extensive genome fragmentation (Kozék et al.
2009). The effectiveness of A-NHEJ is documented by the ability of 10 days old
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seedlings of atku80 and atlig4 to survive comparable to wt even a week-long BLM

exposure at the concentration of 100 pg/ml (Kozak et al. 2009).

AtLIG1 determines the rapid DSB repair

The DSB repair Kkinetics in atligd and ppligd reveal the effectiveness
of the remaining plant DNA ligases (Kozdk et al. 2009; Hola et al. 2013).
In Physcomitrella, no other DNA ligases have been found other than PpLIG4 and
PpLIG1, therefore the rapid DSB repair in ppligd is fundamentally dependent
on PpLIG1. Beside AtLIG4 and AtLIG1, there is only plant specific AtLIG6
in Arabidopsis (Waterworth et al. 2010), but the DSB repair Kinetic in atligb
is comparable to wt (unpublished). The only essential DNA ligase is replication AtLIG1
(Waterworth et al. 2010), therefore two mutants with the reduced amount of AtLIG1
were prepared using the RNA inhibition technology (Waterworth et al. 2009).

While the defect in both AtLIG4 and AtLIG6 is not revealed in DSB repair Kinetic
(Kozék et al. 2009; unpublished), the decrease in the AtLIG1 amount leads to the
twofold prolongation of the first repair phase. Therefore AtLIG1 is the key factor of the
rapid DSB repair (Waterworth etal. 2009). As the level of HR is very low in
Arabidopsis, AtLIG1 participates on some A-NHEJ, which is even more important than
C-NHEJ in the case of extensive genome fragmentation (Kozéak et al. 2009; Waterworth
et al. 2009).

Plant SSB repair

The repair of SSB is slower than DBS in Arabidopsis and Physcomitrella.
The AtLIG1 and PpLIG4 deficiency is not exhibited in the accumulation of endogenous
SSB, but leads to the delayed repair of modified DNA bases (Waterworth et al. 2009;
Hola et al. 2013).

In Arabidopsis, the reduced level of AtLIGL1 is reflected in a completely different
repair kinetic of the DNA alkylation damage, while within the first hour of the repair
there is even an increase in the amount of the detected damage. A part of the BER
is excision of modified DNA bases and formation of SSB whose less efficient ligation
in atligla causes the initial DNA damage accumulation. Therefore AtLIG1 represents
plant functional homolog of LIG3 (Cappelli et al. 1997; Waterworth et al. 2009).

In Physcomitrella, the defect in PpLI1G4 is not reflected in the DSB repair Kinetic,
but surprisingly in the repair kinetic of modified DNA bases. The defect in the repair
kinetic of SSB in atligd is not as pronounced as in atligla, but it points
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to the participation of PpLIG4 in BER (Waterworth et al. 2009; Hola et al. 2013).
PpLIG4 repairs SSB independently of C-NHEJ, because after the induction of DNA
damage pplig4d shows the accumulation of mostly point mutations in comparison
to ppku70 and wt (Hola et al. 2013). Unlike PpLIG4, AtLIG4 is not involved in the SSB
repair (Cérdoba-Cafiero et al. 2011).

The MRN complex in the DSB repair in Physcomitrella

Only PpRAD50 and PpMRE11l are essential for MRN complex functions
in Physcomitrella, as mutants of these proteins reveal defects in differentiation
and spore production and are even more sensitive to BLM than pprad51AB (Markmann-
Mulisch et al. 2007; Kamisugi et al. 2012). PpRAD50 and PpMRE11 enable a highly
efficient targeted DNA integration. In their absence, the HR efficiency drops to 10 %.
However, PpNBSL1 is not involved in these processes, so the activation of ATM
and ATR can be independent of PPNBS1 (Kamisugi et al. 2012; Girard et al. 2002).

The DSB repair kinetic in one day old protonema of pprad50 and ppmrell
is comparable to ppnbsl and wt, despite the sensitive phenotype towards BLM and HR
defect (Kamisugi et al. 2012). Mutants of the MRN complex are efficient in the repair
of the extensively fragmented genome, although the MRN complex is generally a part
of HR, C- and A-NHEJ (De Jager et al. 2001; Lamarche et al. 2010). The partial loss
of the rapid DSB repair in the two weeks old protonema of pprad50 is caused
by the lower amount of mitotically active cells. Therefore, PbRAD50 and probably
the whole MRN complex become more important during ageing (Kamisugi et al. 2012).

The rapid DSB repair in pprad50 and ppmrell contrasts with their extremely
sensitive phenotype towards BLM, which could be associated with the cumulation
of DNA mutations. After the DSB induction, the mutability of PpAPT increases
up to two orders of magnitude in pprad50, but there is only the fold enhancement
in ppmrell and ppnbsl. The ability of the MRN complex to bridge DSB has the
greatest influence on the quality of the DBS repair. Sequencing of selected PpAPT
clones reveals that the sensitive phenotype of pprad50 and ppmrell is caused by the
quality of the DSB repair, eventually by cumulation of large deletions. The defect in the
MRN complex causes, even without the DSB induction, the accumulation of transcripts
of genes involved in DNA repair. Despite the significant increase in the expression

of PpRADS51, HR is not responsible for the rapid DSB repair in pprad50 and ppmrell,
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because the increase in mutability and the cumulation of deletions suggest
the involvement of C- and A-NHEJ (Kamisugi et al. 2012).

Role of AtSMC6b, AtRAD21 and AtGMI1 in DSB repair

In Arabidopsis the DSB repair kinetics of mutants of AtSMC6b (AtMIM),
AtRAD21 and AtGMI1 are slower compared to wt (Kozak et al. 2009; da Costa-Nunes
et al. 2014; Bohmdorfer et al. 2011). In the accordance with the previous study
the greatest defect is manifested in atsmc6b (Takeda et al. 2004), where the DSB repair
is carried out without the first rapid phase, monophasically and with the half-life
of about one hour (Kozak et al. 2009). The sister chromatid stabilisation by AtSMC5/6
complex contributes to HR (Watanabe et al. 2009), but the loss of the rapid DSB repair
in atsmc6b cannot be explained only by the disruption of the structural support for HR.
The minor role of HR in Arabidopsis (Puchta 2005; Britt and May 2003) and still
functional A- and C-NHEJ suggest a more general role of AtSMC6b in the rapid DSB
repair. In the proposed model, AtSMC6b contributes to the DSB repair not only through
the chromatid stabilisation, but also by the bridging of the DSB in a similar manner
as Ku70/Ku80 heterodimer or the MRN complex (Kozék et al. 2009; Lammens et al.
2011).

Induction of the DSB leads to the increased expression of AtRAD21.1 by up to
two orders of magnitude, while the expression of AtRAD21.3 is almost unchanged
(da Costa-Nunes et al. 2006; da Costa-Nunes et al. 2014). The defect in the DSB repair
Kinetic in atrad21.1 and atrad21.3 is manifested mainly at the turn of the fast and slow
phase. Surprisingly, the DSB repair in AtRAD21.1/AtRAD21.3 double mutant proceeds
as quickly as in wt. For the double mutant, the shift from AtRAD21 dependent error-
free HR to faster but more error-prone AtRAD21 independent repair is manifested
by more sensitive phenotype to IR, wherein between AtRAD21.1 and AtRAD21.3 there
is a synergistic and non-redundant relationship. The proposed model of the AtRAD21
function in the DSB repair is based on the sister chromatids stabilisation and their
de novo cohesion after the DSB induction. In the absence of DSB, the cohesion
is mainly based on AtRAD21.3 and its major contribution to the DSB repair lays
in the prearranged sister chromatid cohesion. Conversely, the extensive induction
of the AtRAD21.1 expression after IR leads to the increase in the AtRAD21.1 pool,
which then enables the de novo cohesion in the DSB containing areas (da Costa-Nunes
et al. 2014).
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The deletion mutants of AtGMI1 lack the dimerisation domain, therefore
the reduced levels of HR suggest the importance of the dimerisation in the AtGMI1
function. The defect in the DSB repair kinetics is most evident at the turn between fast
and slow phase. The induction of the AtGMI1 expression after DNA damage
is controlled by ATM. The similarity of AtGMI1 and the SMC proteins is the basis
of the proposed model, in which AtGMI1 functions as the dimer (fig. 2), wherein
the sister chromatid stabilisation facilitates HR (Bohmdorfer et al. 2011). AtGMI1
is the first member of the SMCHD protein family with proven role in the DNA repair.
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Conclusion

In the submitted publications are presented results, which to some extent change

the view of the plant DNA repair. The analysis of DSB and SSB repair kinetics

contributes to the following conclusions:

30

In Arabidopsis and Physcomitrella, the repair of DSB is significantly
faster than SSB and the half-life of the first rapid phase of the DSB repair
is less than 5 minutes.

Both plant species repair DSB independently of C-NHEJ proteins.
Physcomitrella PpL1G4 is involved in the SSB repair.

The highly sensitive phenotype of ppmrell and pprad50 towards BLM
is unrelated to the DSB repair kinetic but to the cumulation of mutations,
especially deletions.

The rapid DSB repair in Arabidopsis is dependent on AtLIG1, which
is also the functional homolog of LIG3 and is involved in the repair
of the alkylation DNA damage.

The slower repair in mutants of AtSMC6b, AtRAD21 and AtGMI1
proteins is connected with the sister chromatid organization and HR.

The absolute dependency of the rapid DSB repair on AtSMC6b suggests

broader role of this protein in the DSB repair.
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