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Seznam zkratek

2-FA - 2 - fluoroadenin
6-4PP - 6'-4' pyrimidin-pyromidon fotoprodukt

AMP - adenosin monofosfat

AP misto - misto DNA bez baze (apurinové/apyrimidinové misto)

APT - adenosin fosforibosyltransferaza

BER - excisni reparace bazi (Base Excision Repair)

BLM - Bleomycin

CPD - pyrimidinovy dimer vytvarejici cyklobutanovy kruh
DSB - dvouvlaknovy zlom DNA

HR - homologni rekombinace

IR - ionizujici zareni

NER - nukleotidova excizni reparace

NHE] - nehomologni rekombinace, pfimé spojovani koncti DSB
MMS - methyl methansulfonat

PCD - programovana bunécna smrt (apoptoza)

PEG - polyetylenglykol

ROS - reaktivni kyslikové radikaly (Reactive Oxygen Species)
SSB - jednovlaknovy zlom DNA

SMC - proteinové komplexy udrzujici strukturu chromozdémi (Structural

Maintenance of Chromosome)
TLS - syntéza pres poSkozeni (Translesion Synthesis)
UV - ultrafialové zareni

wt - divoky typ (wild type)



Abstrakt

Genomy organisml jsou béhem Zzivotniho cyklu vystaveny pisobeni
vnéjsich i vnitinich chemickych, fyzikalnich i biologickych faktori - genotoxini.
Genotoxiny zptlisobuji zmény jak struktury DNA tak jejich zakladnich stavebnich
komponent - cukernych zbytkl, fosfodiesterovych vazeb i purinovych a
pyrimidinovych bazi. Vzhledem k rozmanitosti a cetnosti mozZnych poSkozeni DNA
si pro udrzeni stability genomu organismy v pribéhu evoluce vyvinuly radu
reparaCnich mechanismii, které jsou casto propojené s dalSimi bunécnymi
drahami, napft. prestavbou - ,remodelaci“ chromatinu, replikaci DNA, transkripci,
kontrolou bunécného cyklu ¢i apoptdzou - programovanou bunécnou smrti (PCD).

Mechanismy reparace DNA jsou zatim nejlépe prostudovany u kvasinek a
savcich bunék, u rostlin vSak stale zbyva radu detaild a vztahti objasnit. [ pies to, Ze
zakladni mechanizmy reparacnich drah jsou evolu¢né konzervovany, jsou mezi
drahami zivociSnych a rostlinnych bunék vyznamné rozdily.

Predkladana disertatni prace se zabyva a shrnuje vysledky zavedeni
rostlinného modelového organismu mechu Physcomitrella patens (Physcomitrella)
a vyuziti jeho unikatnich vlastnosti jako je vysoka frekvence homologni
rekombinace, haploidni vegetativni stav gametofytu a apikalni rist filament
protonemy pfi studiu reparace DNA. Studiem plisobeni radiomimetika Bleomycinu
indukujiciho dvouvlaknové zlomy DNA (DSB), alkylatniho mutagenu methyl
methansulfonatu (MMS) a UV zareni je demonstrovano, Ze Physcomitrella je jednim
z nejvyhodnéjsich modelovych organismii.

Kombinovanym vyuZitim studia reparace DNA a indukované mutageneze v
kulture délicich se bunék bylo ukazano, ze fenotyp citlivy k plisobeni genotoxinii
neni prinejmenSim u Physcomitrelly disledkem neschopnosti eliminovat
indukovana poskozeni, ale naopak, rychlé a UCinné reparace vedouci k obnové
struktury DNA, nicméné za cenu zmény jeji sekvence v jejimz dlsledku vznikaji
razné typy mutaci. Pak zejména ty, které vznikaji v zivotné dilezitych genech,
vedou k citlivému fenotypu. Zvlasté dobre patrny je tento koncept u mutant
pprad50 a ppmrel1 komplexu MRN u kterych je mutaci vyrazena draha bezchybné
homologni rekombinace (HR) a posilena k chybam nachylna draha nehomologniho

spojovani koncti (NHE]).



Abstract

Over the course of an organism’s life, its genome is exposed to endogenous
and exogenous chemical, physical and biological agents - genotoxins. These
genotoxins alter DNA structure and also its basic structural components - sugar
residues, phosphodiester bonds, and nitrogenous bases.

Organisms have therefore evolved a plethora of different strategies to both
repair DNA lesions and maintain genomic stability. These DNA repair pathways are
linked with several other cell pathways, including chromatin remodelling, DNA
replication, transcription, cell cycle control, apoptosis - programmed cell death
(PCD), thereby providing a coordinated cellular response to DNA damage.

Biochemical mechanisms of DNA repair are relatively well understood in
yeast and mammals, however, far less so in plants. While these repair mechanisms
are evolutionary conserved, significant differences still remain. Therefore, further
investigation is required.

This thesis summarises the introduction of a novel plant model - the moss,
Physcomitrella patens (Physcomitrella). As a haploid gametophyte with unique
characteristics of high frequency of homologous recombination (HR), and apical
growth of filaments, it is an ideal organism to study DNA repair in plants. Previous
research on Physcomitrella regarding mechanisms of DNA lesion repair induced by
radiomimetic Bleomycin, alkylating methyl methanesulfonate (MMS), and by UV
irradiation has provided strong evidence of its capability to be one of the best plant
models.

The combined DNA repair and induced mutagenesis study using a
Physcomitrella culture of protonema dividing apical cells displays how the
genotoxin-sensitive phenotype is not a consequence of a repair defect to eliminate
induced damage. Rather this hypersensitivity is the result of rapid and effective
DNA repair, thus allowing for the restoration of DNA structure at the cost of
potential sequence changes prone to mutations. Mutations, particularly those
occurring in essential genes, are then responsible for the sensitive phenotype.

This concept is well illustrated in the mutants, pprad50 and ppmrel1, of the
MRN complex with an eliminated, error-free HR pathway and an enhanced, error-

prone non-homologous end joining pathway (NHE])



Cile prace

Studium reparace indukovaného posSkozeni DNA u mechu Physcomitrella

patens

* Vypracovani uc€inné metody transformace mechu pro tvorbu
transformant a cilenych mutant.

e Studium indukce poskozeni a reparace DNA po plisobeni mutageny s
rozdilnym mechanismem ucinku u wt a reparacnich mutant
deficientnich v reparaci DSB u Physcomitrelly.

* Studium indukované mutageneze a analyza mutaci v genu pro
adenin fosforibosyltransferazu (PpAPT) slouZicim jako pozitivni

selekéni marker mechu Physcomitrella.



1. Mechanismy reparace DNA

Poskozeni DNA predstavuje pro buiiku vazny problém, ktery ji bud
znemoZnuje primo vykonavat funkce spojené s jeji transkripci, popf. translaci nebo
neprimo vznikem mutaci a tim moznym ovlivnéni funkce prakticky vSech genti.
Zavazna poskozeni DNA vedou u savci, v pripadé saturace kapacity reparacnich
mechanismi, k apoptoéze a eliminaci bunék s posSkozenou DNA, popripadé
v diisledku fixace mutaci vedoucich ke zvyseni proliferace, ke vzniku rakovinného
bujeni a s nim spojenym onemocnénim.

Zlomy a dalsi poskozeni DNA branici replikaci a transkripci, mohou vést ke
vzniku mutaci a celkové ovliviiuji bunécnou fyziologii. Vznik poSkozeni DNA
pritom neni nijak vyjime¢nou udalosti, podle Lindahla a Barnese (2000) dochazi v
jediné savci burice denné ke vzniku desitek tisic defektii DNA.

Jednim z hlavnich zdroji spontanniho poskozeni DNA jsou reaktivni
kyslikové radikaly (ROS), které vznikaji béhem aerobniho metabolismu, deaminace
bazi predevsSim ta, ktera vede k preméné cytosinu na uracil, metylace a spontanni
hydrolyza vedouci ke vzniku abazickych, tj. apurinnich nebo apyrimidinovych mist
(Lindahl 1993).

Kromé toho miiZe ke vzniku DNA poskozeni vést piisobeni fady exogennich
faktort, jednak prirozené pritomnych v Zivotnim prostiedi jako ionizacni (IR)
nebo UV zareni, sucho, salinita, téZké kovy a dale rada chemickych latek
pripravenych lidmi a vyskytujicich se jako priimyslové chemikalie, 1éCiva, odpady a
zneciSténi Zivotniho prostredi jako napt. MMS nebo benzo[a]pyren vznikajici pri
spalovani organickych latek (napt. tabakovych listti) (Friedberg et al. 2006).

Siroké spektrum moznych poskozeni DNA vedlo k evoluci riiznych strategii,
kterymi se burika miiZe s poskozenim vyrovnat (obr. 1). Tyto tzv. reparacni drahy
zahrnuji Sirokou skalu mechanismt od primého zvratu poskozeni, napt. Stépeni UV
fotodiméra fotolyazami, pies nékolik typl excisnich reparaci: nukleotidova excisni
reparace, excisni reparace bazi, oprava chybného parovani bazi po komplexni
reparaci DSB bud’ HR nebo NHE] mechanismem.

Kromeé vlastni reparace existuji mechanismy umoznujici bunnkam doc¢asnou
toleranci poskozeni. Jeden z mechanismii tolerance spociva ve schopnosti buriky
replikovat DNA i pres posSkozeny templat, obsahujici modifikované baze. Bez

moznosti docasné tolerance DNA posSkozeni by musela burika Celit riziku kolapsu



replikacni vidlicky vedouciho k translokacim, chromozomalnim aberacim a

pripadné bunécné smrti (Waters et al. 2009).
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Obrazek 1: Poskozeni a reparace DNA. Podle typu poskozeni vznikajicim rtzné
plsobicimi genotoxiny jsou spoustény rozdilné repara¢ni mechanismy.
S poskozenim a reparaci DNA jsou propojeny drahy, které rozhoduji o tom, zda a
jak bude posSkozeni reparovano. V pripadé tak zavazného poSkozeni genomu, Ze
dojde k saturaci nebo selhani reparace dochazi k aktivaci kontrolniho bodu
bunécného cyklu, ktera mize vést k zablokovani postupu bunécnym cyklem, coz
poskytne burice ¢as na opravu DNA nebo jeji zanik - PCD (upraveno podle Rastogi
etal. 2010).

1.1 Pfima reverze poskozeni

Existuje nékolik mechanisml umoziiujicich opravovat urcité typy poskozeni
DNA primo, bez nutnosti vyStépovat a nahrazovat poSkozenou €ast vlakna DNA.

Jednim z ptikladl primé reverze poskozeni je fotoreaktivace UV-dimerd.
U rostlin je fotoreaktivace hlavni reparacni drahou fotodiméri indukovanych UVC
a UVB, kterou provadi fotolyazy specificky Stépici bud cyklobutanovy kruh

pyrimidinového dimeru (CPD) anebo 6°-4‘ vazbu pyrimidin-pyromidonového
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diméru (6-4PP) (Stapleton 1992). Po vazbé na dimér jejich aktivita zavisi na
pritomnosti a absorbci modrého svétla (320-400nm), jehoZ energii vyuZivaji ke
Stépeni a monomerizaci dimera (Carell et al. 2001).

Dal$im mechanismem je draha primé reverze 0°-metylguaninu vznikajiciho
plisobenim nitrosolatek zpét na guanin 0°-metylguanin DNA metyltransferazou,

kera se vyvinula u bakterii (Ada) a savci (0°MeT) (Veleminsky et al. 1994).

1.2 Excisni reparace DNA

VSechny drahy excisni reparace maji spolecny mechanismus zahrnujici
rozpoznani poSkozeni, Stépeni fosfodiesterové kostry v tésném, nebo vzdalenéjSim
okoli poskozeni, odstranéni useku s poSkozenim a jeho nahrazeni DNA syntézou de
novo (reparacni syntéza) a ligaci nové syntetizovaného useku se stavajicim (Ataian
a Krebs 2006).

Excisni reparaci podle délky nahrazené casti délime na tfi typy: excisni
reparaci bazi (BER), nukleotidovou excisni reparace (NER) a reparaci chybného

parovani bazi (, miss-match” repair).

Excisni reparace bazi (BER)

Objemové malé adukty DNA, které jsou vétSinou smérovany do mélkého
zlabku dvousSroubovice a nevedou ke zméné struktury DNA, jsou odstranovany
excisni reparaci bazi (Lindahl a Barnes 2000). K posSkozeni bazi, které je
rozpoznavano BER, dochazi zejména plisobenim kyslikovych radikald a
alkylac¢nich Cinidel, napt. MMS.

BER je iniciovana DNA glykosylazami, které rozpoznavaji a odstranuji
poskozenou bazi, ¢imZ vznikda AP misto, které je nasledné Stépeno AP-
endonukleazou. Vznikly jednovlaknovy zlom (SSB) je dale opraven de novo bud
syntézou pouze nékolika nukleotidli v misté zlomu, tzv. ,short-patch“ repair nebo
syntézou dlouhého useku DNA tzv. ,long-patch“ BER, kdy je nahrazeno 2-10
nukleotidi (Memisoglu a Samson 2000).

V savcich burikach je zavérecna ligace provadéna v zavislosti na bunéc¢ném
cyklu bud’ ligazou 3 (LIG3) nebo ligazou 1 (LIG1) (Moser et al. 2007). U rostlin
byly sice identifikovany tfi geny pro DNA ligazy - LIG1, LIG4 a LIG6, nicméné

ekvivalent sav¢i LIG3 se u rostlin nevyskytuje (Bonatto et al. 2005). Waterworth et
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al. (2009) ukazala, Ze u Arabidopsis je LIG3 pri BER zastoupena LIG1. Hola et al.
(2013) navic zjistila, Ze u mechu Physcomitrella se na ligaci zlom vzniklych béhem

BER pravdépodobné podili i LIG4. O specifité LIG6 zatim nejsou udaje.

Nukleotidova excisni reparace (NER)

NER je univerzalni a flexibilni repara¢ni mechanismus, ktery dokaze
odstranit Siroké spektrum strukturné odliSnych poSkozeni narusSujicich geometrii
dvousSroubovice DNA a zabranujicich jeji funkci templatu, tj. blokujicich replikaci a
transkripci. Mezi takova poskozeni patfi i fotodiméry CPD a 6-4PP. Pokud nejsou v
bunice pritomny funkéni fotolyazy, je NER hlavni reparacni drahou odstranujici
tato poskozeni.

Béhem opravy timto mechanismem je vlakno s DNA 1ézi Stépeno po obou
stranach poSkozeni a 20-40 nt dlouhy oligonukleotid (2-4 zavity dvouSroubovice)
nesouci poskozeni je z dvousSroubovice odstranén. Vznikld mezera je zaplnéna
reparacni syntézou DNA a nové syntetizovand DNA je pripojena k ptvodnimu
vlaknu ligaci (Reardon a Sancar, 2005).

U Cclovéka vedou defekty v genech ucCastnici se NER ke vzniku
fotosenzitivnich syndroml Xeroderma pigmentosum (XP) nebo Cockayniv
syndrom (CS). Dosud bylo identifikovano osm geneticky komplementac¢nich skupin
pro XP (XPA-G, XPV) a dvé skupiny pro CS (CSA, CSB). Bioinformaticka analyza
NER proteinti u rostlin naznacuje, Ze se u nich nachazi vétSina homologti savc¢ich a

kvasinkovych proteini této reparacni drahy (Schroeder 2011).

1.3 Oprava dvouvlaknovych zlomt

DSB vznikaji ptirozené béhem fyziologickych bunécnych procest jako je
mitotickd a meiotickd rekombinace, V(D)] rekombinace, ptisobenim topoizomeraz
nebo jako disledek kolapsu replikacniho komplexu. K endogennim cinidlim
indukujicim vznik DSB patfi zejména IR a nékteré chemické latky, jako napfr.
DNA, protoZe neopraveny zlom DNA mize mit dalekosdhlé disledky od ztraty

genetické informace po prestavby chromozomu.
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Proto se jiz zahy vyvinuly mechanismy sdilené vSemi organismy, které
dokazi dvouvlaknové zlomy DNA rozpoznat, v zavislosti na posSkozeni regulovat
bunécny cyklus, aktivovat opravu DNA, popripadé iniciovat rizeny rozpad bunék,
apoptdzu u rostlin popisovanou jako programovanou bunéc¢nou smrt (PCD).

U eukaryot se vyvinuly dva principialné odliSné mechanismy reparace DSB.
HR, ktera k opravé vyuZziva sekvence homologni alely, podle které se nahradi
poskozeny usek DNA a dokadze tak kompenzovat pripadnou ztratu genetické
informace. Druhym typem opravy je pfimé spojovani konci DSB NHE], kdy neni
vyuzivdna 7zadna, nebo jen minimdlni homologie nékolika nukleotidi

(mikrohomologie) v okoli zlomu.

SMC proteiny a MRN komplex a jejich vyznam v opravé DNA

Evolu¢né konzervovana rodina SMC genl koduje proteiny tii funkénich
komplexti: kohesinu (SMC1/3) zajistujicim kohezi sesterskych chromatid,
kondensinu (SMC2/4) ucastnicim se kondenzace chromozéml béhem mitozy a
komplexu SMC5/6, ktery ma dosud ne zcela jasnou roli v rekombinaci a reparaci
DNA (Harvey et al. 2002, Lehmann 2005).

VSechny SMCx/y komplexy jsou heterodiméry, ve kerych je kazdy SMC
protein tvoren dlouhou aniparalelni supersSroubovici, tzv. ,coiled-coil“ doménou,
ktera ma na jednom konci globularni ATPasovou doménu a na druhém tzv. ,hinge®,
oblast ohybu, ktera je dtlezita jednak pro dimerizaci SMC proteinti a jednak pro
vazbu komplexu k DNA. Ke globularnim ATPasovym doméndm se pripojuji
kleisiny, které heterodimér uzaviraji a tim umoznuji SMC komplexiim vytvaret

prstencové utvary kolem DNA (Hirano 2006) (obr. 2).
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Cohesin Condensin MRN

Obrazek 2: Struktura SMC a MRN komplexu (Murray a Carr, 2008).

0 SMC5/6 komplexu je znamo, Ze u kvasinek stabilizuje replikacni vidlicku,
a je dilezity pro reparaci DSB homologni rekombinaci (Murray & Carr 2008).
Predpoklada se, Ze SMC1/3 a SMC5/6 komplexy vazi a stabilizuji poSkozené
molekuly DNA v kontaktu s odpovidajicimi sesterskymi chromatidami, a tim
umoznuji a podporuji homologni rekombinaci mezi nimi (Lehmann 2005).

U Arabidopsis se SMC5/6 komplex podili na rychlé opravé DSB
mechanismem nezavislym na klicovych proteinech NHE] drahy, heterodimeru
KU70/80 a LIG4. Oproti tomu mutant smc6b (atmim, Mengiste et al. 1999; atsmc6b,
Watanabe et al. 2009) vykazuje na rozdil od atlig4 a atku80 vyrazny defekt opravy
DSB, pricemZ predevSim zcela postrada pro rostliny typickou rychlou 1. fazi
reparace DSB (obr. 3).

Caste¢na porucha reparace DSB se také projevuje u atrad21.1 (Kozak et al.
2009). RAD21/SCC1 patri do rodiny Kkleisinti, které jsou podjednotkou komplexu
kohesinu a interaguji s SMC1/3 proteiny. Mutant v genu RADZ21 kvasinek je vysoce
citlivy vici Cinidlim poskozujicim DNA (Birkenbihl a Subramani, 1992). U
Arabidopsis se RAD21 vyskytuje ve tiech alelach, které vzajemné kooperuji v

pribéhu reparace DSB (da Costa-Nunes et al. 2014).
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Obrazek 3: Kinetika opravy DSB po plisobeni 50 pg/ml bleomycinu u Arabidopsis.
Maximalni poSkozeni je normalizovano jako 100% v c¢ase t = 0 pro vSechny
mutanty. Divoky typ a atku80 a atlig4 (dokonce rychleji) opravuji vétSinu
indukovanych DSB jiz béhem prvnich 10 minut. Oproti tomu atrad21.1 a atmim
vykazuji zretelné pomalejsi reparaci DSB s vyraznym defektem u atmim, ktery
zcela postrada pro rostliny typickou rychlou 1. fazi reparace DSB. (Kozak et al.

2009)

Strukturné podobny SMC komplexiim je komplex MRN (obr. 2), ktery
vystupuje ve vétSiné, pokud ne ve vSech, procesech spojenych s konci
dvouvlaknové DNA, vcetné signalizace poSkozeni, homologni i nehomologni
rekombinace, udrZzovani telomer a meiotické rekombinace (Lamarche et al. 2010).

Sklada se ze tii proteini z nichZ dva - MRE11 a RAD50 - Ize nalézt u vSech
fylogenetickych domén (Lammens et al. 2011). Tretim, v evoluci méné
konzervovanym proteinem komplexu je NBS1 (Nijmegen Breakage Syndrome).
Cely komplex je heterohexamer, ve kterém je kazdy z proteinii zastoupen vzdy
dvakrat (M2R2Nz) (Williams et al. 2010).

MRE11 nese na svém N-konci Mn?*/Mg?* dependentni fosfodiesterazovou
doménu a na svém C-konci dvé DNA vazebné domény. In vitro tvori stabilni

dimery, které maji schopnost vazat se ke konclim dvouvlaknové DNA a vykazuji
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endo- i exonukleazovou aktivitu u jednovlaknové i dvouvlaknové DNA, postradaji
vSak 5°-3" exonukleazovou aktivitu nezbytnou pro tvorbu dlouhych 3’
jednovlaknovych koncli vyZadovanych pro homologni rekombinaci (Lamarche et
al. 2010). Nicméné pro vznik dlouhych jednovlaknovych 3’-koncti je MRN komplex
esencialni jako ridici faktor, ktery in vivo zajiStuje jejich vznik v soucinnosti s
dalSimi 3°-5" exonukleazami (Mimitou a Symington 2008).

Protein RAD50 zastava v MRN komplexu podobnou strukturni roli jako SMC
proteiny tim, Ze vytvari cirkuldrni jAdro MRN komplexu podobné SMC komplexiim
(obr. 2). Walker A motiv na N‘-konci a Walker B motiv na C‘-konci spolu interaguji
a vytvari ATPasovou doménu s afinitou k dvouvlaknovym DNA konclim (Hopfner
et al. 2001). Oblast mezi témito motivy vytvari antiparalelni supersroubovici, ktera
je zakonCena zinkovym hackem (Zn-hook) (Hopfner et al. 2002). K MRE11 se vaze
RAD50 ATPasovou doménou a spolecné vytvareji globularni ,hlavu®, ktera asociuje
s konci dvouvlaknové DNA (Hopfner et al. 2001). Zinkovymi hacky se mohou MR
komplexy propojovat a diky tomu udrzuji konce DNA ve vzajemné juxtapozici a
nedovoli jim, aby se od sebe vzdalily.

Tretim proteinem v MRN komplexu je NBS1. Prostrednictvim flexibilniho
retézce se pripojuje k MRE11 a tim stimuluje vazbu k DNA, nukleazovou aktivitu
MR komplexu a je také zodpovédny za translokaci MRN do jadra. V centralni
oblasti nese nékolik SQ motivi, které jsou fosforylovany ATM kinazou. Na C‘-konci
nese doménu, ktera interaguje s ATM kinazou a pritahuje ji k DSB (Williams et al.
2009). NBS1 je také diilezity pro indukci apoptézy u savci a PCD u rostlin jako
odpovédi na masivni poskozeni DNA.

U savcili vede nulova mutace nékteré z komponent MRN komplexu k letalité
(Lamarche et al. 2010), zatimco u rostlin tomu tak neni. Napt. u Arabidopsis jsou
mutanty atrad50 a atmrell zivotaschopné, i kdyz vykazuji rlistové poruchy,
casteCnou sterilitu, defekty v opravé DSB, meiose a udrZovani telomer (Gallego et
al. 2001; Puizina et al. 2004). NBS1 deficientni rostliny nevykazuji ristové poruchy
ani poruchy reprodukce (Najdekrova a Siroky, 2012).

Podobné jako u Arabidopsis jsou i u Physcomitrelly mutanty ppmrell,
pprad50 a ppnbs1 Zivotaschopné. Nicméné ppnbs1 oproti ppmrell a pprad50, které
jsou extrémneé citlivé k poskozeni DNA IR a radiomimetiky indukujicimi DSB a je u
nich vyrazné sniZena schopnost cilené integrace transgenni DNA, vykazuje

z tohoto hlediska témér divoky fenotyp.
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Prekvapivé u vSech mutant MRN komplexu probiha reparace DSB stejné
rychle a efektivné jako u divokého typu, ale zifejmé mechanismem nezavislym na
MRN komplexu, béhem néhoz dochazi k chybam reparace na trovni sekvence DNA

(error-prone) a tim vzniku a akumulaci mutaci (Kamisugi et al. 2012).

Homologni rekombinace (HR)

Jednou z cest opravy dvouvldknovych zlomtl je HR. Jde o velmi presny
mechanismus reparace, pri némz je pri odstranovani DSB jako templat vyuZita
neposkozena sesterska chromatida nebo alela na homolognim chromozomu. Proto
je tento zplisob reparace omezen pouze na dobu, kdy je homologni DNA v buiice
piitomn3, coZ u somatickych bunék haploidnich organismli znamena pozdni S a G2
fazi bunécného cyklu. U diploidnich organism@ i presto, Ze je homologni
chromozom pritomen stale, je HR béhem G faze vyrazné redukovana, zfejmé jako
prevence ztraty heterozygosity (Mao et al. 2008; Rothkamm et al. 2003).

Ostatni mechanismy opravy DSB mohou s homologni rekombinaci
spolupracovat, nebo s ni o opravdu DSB soutézit (Jasin a Rothstein 2013). O
mechanismu opravy DSB tak rozhoduje fada faktorii. Jednim z nich je zptlisob
upravy koncli zlomu tak, aby byly kompatibilni pro naslednou ligaci. Pro iniciaci
HR je potieba generovat 3‘ jednovlaknové konce DNA resekci 5‘ koncti (Symington
a Gautier 2011). Poc¢atku upravy DNA konct se ticastni mimo jiné i MRN komplex,
ktery interaguje s KU proteiny, které naopak konce DNA pred resekci chrani a jsou
jednémi z Kklicovych proteinti NHE] drahy. Tim se mtize MRN komplex podilet na
vybéru zpisobu opravy DSB (Mimitou a Symington 2009; Garcia et al. 2011).

DalSim klicovym krokem pro opravu DSB mechanismem HR je navazani
DNA - dependentni APTazy RAD51. RAD51 se vaze k jednovlaknovému konci DNA,
kde za podpory BRCA2 a paralogii RAD51, nahrazuje replikac¢ni protein A (RPA).
Zprostredkovava vstup/invazi jednovlaknové DNA do templatové, tedy
neposkozené, dvousroubovice a vyhledani homologni sekvence (Baumann a West
1998; Effrossyni Boutou 2011; Mcllwraith et al. 2000).

HR, je mezi eukaryoty velmi dobre konzervovan. Ortology RAD51 byly
identifikovany i u nékolika rostlin, v¢etné Arabidopsis a Physcomitrelly. Zatimco u
Arabidopsis byl nalezen jeden paralog RAD51 (Doutriaux et al. 1998),
Physcomitrella kéduje dva proteiny RAD51 - PpRAD51.1 a PpRAD51.2, které jsou
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velmi podobné a v pribéhu HR ziejmé spolupracuji (Ayora et al. 2002). Na rozdil
od savCich mutant jsou mutanty atrad51 i pprad51 Zivotaschopné (Li et al. 2004;
Schaefer et al. 2010).

Po nalezeni homologie prodlouzi DNA polymerazy 3’-konec invazniho
vlakna syntézou nové DNA, ¢imzZ dochazi k tvorbé Hollidayova kriZe (Szostak et al.
1983; Sung a Klein 2006). Po reparacni syntéze DNA pokracuje HR pripojenim
druhého 5’-konce zlomu k templatovému vlaknu. Toto pripojeni zajiStuje protein
RAD52, ktery je schopny k templatové dvousSroubovici pripojit DNA vlakno i s
navazanym RPA proteinem (Sugiyama et al. 1998; Sugiyama et al. 2006). Vysledny
Hollidaytv kriZ je pak substratem pro komplex BLM helikazy a topoizomerazy Illa
(Bizard a Hickson, 2014), nebo pro specifické endonukleazy, u Clovéka je to
resolvaza A a komplex Mus81-Emel (Boddy et al. 2001; Constantinou et al. 2002).

Homologni rekombinace je nékdy chapana v uzs$im slova smyslu jako
klasickd oprava dvouvlaknovych zloml. Oprava DSB zalozend na vyhledavani
homologie vSak zahrnuje nékolik podobnych drah, které jsou az do kroku
reparacni syntézy DNA shodné (Paques a Haber 1999).

Specifickym zpisobem opravy DSB homologni rekombinaci liSicim se od
predchozich tim, Ze k vyhledani homologie nevyuziva ani vlakno sesterské
chromatidy ani homologniho chromozomu je model SSA (z angl. Single-Strand
Annealing). Vyhledavani homologie probiha v ramci vlakna, na dvousroubovici u
které doSlo ke vzniku zlomu. Tento mechanismus je sice efektivni, ale vysoce
mutagenni, protoze pri ném dochazi ke ztraté DNA, ktera leZi mezi homolognimi
useky (Helleday et al. 2007).

SSA spolecns s dalsim modelem opravy - SDSA (z angl. Synthesis-Dependent
Strand Annealing) jsou povazovany za mechanismy opravy DSB v somatickych
rostlinnych bunikach. Podle SDSA modelu je po reparacni syntéze DNA invazni
vlakno uvolnéno z D-smycky a spojeno s druhym koncem dvouvlaknového zlomu,
takZe z principu nemiiZe dojit ke crossing-overu (McMabhill et al. 2007).

BIR (z angl. Break-Induced Replication) prispiva k opravé DSB v pripadé, ze
v genomu muiiZe homologii nalézt pouze jeden konec zlomu. MiiZe hrat dilezitou
roli pfi kolapsu replikacni vidlicky a je nezbytnd pro udrzovani konci
chromozému (Malkova a Ira 2013).

Kromé opravy DSB je homologni rekombinace jednim z mechanism,

kterym miiZze byt do genomu buinky zaclenovana transgenni DNA. U vysSich
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eukaryot, jak rostlin tak obratlovcl, se vklddand DNA integruje do genomu
prostrednictvim NHE] drahy, coz vede k inzerci DNA do nahodnych mist. Nicméné
integrace homologni rekombinaci u savct i rostlin také probiha (Siebert a Puchta
2002; Liang et al. 1998), byt s mnohem niZsi frekvenci - u Arabidopsis je to asi
jedna integrace homologni rekombinaci na 3000 integraci NHE] drahou (Kempin
etal. 1997).

Oproti tomu u Physcomitrelly je vétSina transgenni DNA inkorporovana do
genomu homologni rekombinaci (Kamisugi et al. 2006). Jakym zptisobem bude
transgenni DNA integrovana zavisi pravdépodobné na expresi proteinti, které se
ucastni opravy DSB. U Physcomitrelly vede napriklad ztrata funkce MRE11 a
RADS50 k silnému potlaceni cilené integrace DNA, zatimco nehomologni integrace
zUstava prakticky nezménéna (Kamisugi et al. 2012). Podobny vliv ma ztrata
funkce obou proteini RAD51 (Schaefer et al. 2010). MSH2 - centrdlni protein
opravy chybného parovani bazi - plsobi naopak proti rekombinaci a jeho

vyrazenim frekvence HR stoupa (Trouiller et al. 2006).

Nehomologni rekombinace (NHEJ)

DalSim zplisobem reparace DSB je tzv. nehomologni rekombinace, ktera
spociva v pfimém, nehomolognim spojovani volnych konci DNA - NHE] (Non-
Homologous End Joining). Na rozdil od HR je Ucinnéjsi, rychlejsi, ale z principu
vede ke vzniku mutaci (Mao et al. 2008). Bylo popsano nékolik drah nehomologni
rekombinace: klasicky minéné primé nehomologni spojovani konci (C-NHE]),
mikrohomologii zprostiedkované spojovani koncti DNA (MME]) a tzv. alternativni
spojovani koncii DNA (Alt-NHE]). Tyto drdhy jsou charakterizovany predevsim
jejich zavislosti respektive nezavislosti na KU komplexu (Mladenov a Iliakis, 2011).

KU nezavisla je Alt-NHE] a MME] draha. MME] podobné jako homologni
SSA, vyhledava homologie na protilehlém vlakné DNA, na rozdil od SSA ale vyuziva
k opravé vyrazné krat$i homologie, u Arabidopsis 1-16 nukleotidii (Gorbunova a
Levy 1997; Windels et al. 2003). Studium na kvasinkach ukazalo, Ze touto drahou
jsou prednostné opravovany zlomy DNA s nekompatibilnimi konci. Jde o reparacni
drahu Casto vedouci k rozsahlym delecim a tim letalnim mutacim (Frit et al. 2014;
Ma, Kim et al. 2003).

O opravé Alt-NHE] mechanismem je toho zatim znamo velmi malo. Zda se,
Ze tato draha nevyuziva ke spojovani koncti DNA Zadné homologie a Ze se na tomto
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zplisobu opravy podili DNA-ligaza 1 (LIG1). Alt-NHE] i MME] jsou v pritomnosti
funkéniho KU komplexu potlaCeny a slouZi zfrejmé jako ,zaloZni“ opravné drahy
(Decottignies 2013). Pokud se ukaZe, Ze v této reparacni draze jsou volné konce
DSB stabilizovany misto KU SMC komplexy, lze predpokladat, Ze diive popsana
KU/LIG4 nezavisla draha rychlé reparace DSB u Arabidopsis (Kozak et al. 2009)
patri do této skupiny.

Hlavnim mechanismem opravy DSB nehomologni rekombinaci u vétSiny
eukaryotnich organismi je NHE]. Klicovymi proteiny této drahy jsou: heterodimer
KU70/80, katalyticka podjednotka DNA dependentni proteinkinazy (DNA-PKcs),
endonukleaza Artemis, protein XRCC4, DNA ligaza 4 (LIG4) a protein XLF.
Homology téchto proteinii se nachazeji u savci (Williamset al. 2014) a s vyjimkou
DNA-PKcs i u rostlin (Friesner a Britt, 2003; Tamura et al. 2002; West et al. 2000).

Klicovym proteinem NHE] drahy je heterodimer KU70/80, ktery
rozpoznava a vaze konce dvouvlaknové DNA (Tamura et al. 2002). V savcich
bunkach se ke KU komplexu na DSB vaze DNA-PKcs a tento DNA-PK komplex
chrani konce DNA pred nukledzami a fosforyluje celou radu dalSich proteint.
Zaroven k DSB pritahuje endonukleazu Artemis se kterou DNA-PKcs vytvari
komplex schopny Stépit 5’ a 3’ presahujici konce DNA a DNA vlasenky (Ma et al.
2002) a komplex XRCC4-LIG4, ktery dokoncuje reparaci DSB spojenim konci DNA
(Hsu et al. 2002).

LIG4 u Physcomitrelly je jak se zda nejen proteinem drahy C-NHE], ale je
vyznamna i pro reparaci objemové malych poskozeni mechanismem BER. Kinetika
reparace jednovlaknovych zloml a poSkozeni DNA indukovanych ROS u pplig4
mutanta ukazuje, Ze odstranovani tohoto typu poskozeni u néj probiha pomaleji

neZ u wt (Hola et al. 2013).

1.4 Tolerance poskozeni DNA

Mechanismy tolerance poskozeni DNA se od repara¢nich mechanismi lisi v
principu tim, Ze jejich cilem neni obnoveni ptivodni struktury DNA, ale pfekonani
docasné pretrvavajictho poSkozeni DNA ve formé neinstrukéniho templatu (AP-
misto) a rlznych typt adukti. Mechanismy tolerance posSkozeni DNA jsou
optimalizovany pro podporu preziti bunikky umoznénim dokonceni replikace DNA,

nikoliv pro zachovani presné genetické informace. Jeden z hlavnich mechanismi
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tolerance poSkozeni DNA spociva ve schopnosti replikovat DNA i pres stavajici
poskozeni, jde o tzv. syntézu pres poSkozeni (translesion synthesis, TLS).

Béhem syntézy pres posSkozeni je DNA léze prekonana inkorporaci
nukleotidu proti poSkozeni. V tomuto kroku vystupuji specifické polymerazy, tzv.
TLS polymerazy, protoze replika¢ni DNA polymerazy, optimalizované pro presnou
replikaci DNA, nejsou obvykle schopné poskozeni prekonat (Waters et al. 2009).

TLS polymerazy postradaji korekcni 3‘-5’exonukleazovou aktivitu a oproti
replika¢nim polymerazam jsou mnohem méné procesivni a jejich aktivni centrum
je vétsi a vice otevrené, aby mohly obsahnout objemna poSkozeni DNA (Prakash et
al. 2005; Curtis a Hays 2007). V disledku toho, Ze TLS polymerazy prednostné v
misté neinstrukéniho nebo poskozeného templatu inkorporuji adenin je TLS silné
mutagenni draha (Rabkin et al. 1983). To je zejména dobre patrné v pripadé UV

mutageneze (Hola et al. 2015).
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2. Mutageneze — modelové genotoxiny

Aby bylo moZzné studovat urcitou drahu reparace je potreba indukovat
vznik posSkozeni, které dana draha reparuje. K tomuto ucelu jsou vyuZivany v
laboratornich podminkach genotoxiny se znamym mechanismem tcinku.

V disertacni praci bylo pouZzito radiomimetikum Bleomycin plisobici v misté
ucinku mnohacetna poskozeni DNA vCetné DSB prostrednictvim generovnych ROS,
alkyla¢ni cinidlo methyl methansulfonat (MMS) k indukci objemové malych
alkyla¢nich poskozeni bazi odstranovanych BER mechanismem a UV zareni pro

indukci objemnych DNA 1ézi odstranovanych NER.

2.1 Bleomycin (BLM)

Bleomycin je glykopeptid hojné vyuZivany jako protinadorové lécCivo. Je
produkovan bakterii Streptomyces verticillus. V laboratornich podminkach
simuluje Bleomycin efekt pilisobeni ioniza¢niho zareni, protoZe se dokaze vazat k
DNA a za pritomnosti reduk¢nich iontd (Fe?*, Cu?*) a kysliku indukovat stépeni
DNA (Stubbe a Kozarich 1987).

Fe2*-Bleomycin komplex interkaluje DNA a poté reaguje s O; (Buettner a
Moseley 1993). Vznika tzv. aktivovany Bleomycin, ktery generuje ROS a Stépi
vlakno DNA. Pokud je komplex reaktivovan redukci oxidovaného iontu, miizZe
indukovat dalsi Stépeni a zptlsobit tak vznik DSB (Hecht 1986; Steighner a Povirk
1990). Pomér jednovldknovych a dvouvldknovych zlomi indukovanych
Bleomycinem je priblizné 10:1(Povirk et al. 1977).

Aktivovana forma Bleomycinu je vysoce oxidacni ¢inidlo, které mtze z DNA
odcerpavat vodikové radikaly (He) a generovat hydroxylové radikaly (HO¢), diky

¢emuz zpusobuje oxidativni poSkozeni DNA (Oberley & Buettner 1979).

2.2 UV zareni

Mutagenem zevniho prostredi, se kterym prichazeji do kontaktu vSechny
Zivé organismy moZzZna nejCastéji je UV zareni, které je prirozenou soucasti
slunecniho svétla.

Podle vinové délky rozliSujeme tfi druhy UV. UVC ma nejkratsi vinovou

délku (< 280 nm). Na biotickou sféru Zemé nema vliv, protoZe jeho slozka je ve
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slunec¢nim zareni kompletné pohlcovana zemskou atmosférou obdobné jako slozka
UVB (280-315 nm), ktera je také z velké Casti pohlcena, nicméné c¢ast ji pronika.
NejvétSi davku UV zareni, které dopada na zemsky povrch, tvori UVA o vinové
délce 315-400 nm.

NeZadouci ucinky slune¢niho zareni jsou pripisovany hlavné UVB, které je
absorbovano bunécnou DNA. UVA nativni DNA absorbovano neni a proto je pri
piimé indukci DNA poSkozeni méné ui¢inné nez UVC a UVB. Miize vSak byt pric¢inou
sekundarnich fotoreakci jiz existujicich DNA fotoproduktli nebo poskozovat DNA
nepiimo generovanim ROS (Sinha a Hader 2002).

UVC a UVB zareni indukuje prevazné vznik fotodimért CPD a 6-4PP (obr.
4). CPD tvori kolem 75% a 6-4PP asi 25% vSech poSkozeni DNA indukovanych UV
zatenim. Oba dva typy poskozeni zpisobuji distorzi dvousroubovice DNA a blokuji
transkripci i replikaci DNA (Sinha a Hader 2002).

Neptimé piisobeni UV, predevSim UVA zpilisobuje i dalsi typy poskozeni
DNA, jako je vznik dvouvldknovych zlomi pii kolapsu replikacni vidlicky
zablokované neopravenymi fotoprodukty nebo oxidativni poSkozeni DNA
zplisobené ROS, vznikajicimi prevazné plisobenim UVA zareni a vedouci jak k SSB
a DSB, tak ke vzniku kriZovych vazeb DNA-protein (Heck et al. 2003; Rastogi et al.
2010; Rapp a Greulich 2004).

Cyklobutan 6 - 4 fotoprodukt
thyminovy dimer

Obrazek 4: Cyklobutan pyrimidinové dimery a 6°-4‘ fotoprodukty vznikaji mezi
sousednimi pyrimidiny ptisobenim UVB zareni. Zptsobuji distorzi dvousroubovice
DNA a jsou rozpoznavany jako objemné léze DNA (bulky lesions) mechanismem
NER (Horrell 2015).
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2.3 Methyl methansulfonat (MMS)

MMS je elektrofilni alkylacni cinidlo, které zptlisobuje modifikaci DNA
pridavanim metylacni skupiny mechanismem SN2 na radu nukleofilnich mist v
DNA. Prednostné jsou metylovany pozice N7 a N3 v adeninu, protoZe se jedna o
mista s nejvySSim negativnim elektrostatickym potencidlem v DNA (Wyatt a
Pittman 2006). Jedna se prevazné o objemové mala poskozeni bazi smérovana do
mélkého Zlabku dvousSroubovice DNA, kterd nevedou k vyrazné zméné struktury a

proto je tento typ poSkozeni odstranovan mechanismem BER (Kondo et al. 2010).

3. Metody detekce posSkozeni a studium reparace DNA

Existuje fada metod, kterymi lze studovat mechanismus reparace poSkozeni
DNA na rliznych drovnich od kvantitativniho méreni opravy jednotlivych 1ézi DNA
po zjistovani zmén na molekularni tirovni DNA (Kumari et al. 2008). Rada metod je
zaloZzena na sledovani projevii reakce na poskozeni, napf. na remodelaci
chromatinu (Price a D’Andrea 2013), fosforylaci H2AX (Redon et al. 2009),
translokaci a modifikaci reparacnich proteinti (Polo a Jackson 2011), zmény v
replikaci, transkripci ¢i translaci atd.

V soucasné dobé oblibena a prednostné vyuzivana metoda detekce a studia
kinetiky reparace DSB prevazné v savcCich burkach, je zaloZena na kvantifikaci
yH2AX ohnisek (foci), vznikajicich fosforylaci, ktera je diisledkem rychlé bunécné
reakce na indukci DSB (Mah et al. 2010). yH2AX vznikaji fosforylaci C‘-koncového
serinu histonu H2AX a to aZ do vzdalenosti 2Mb od poSkozeni DNA (Rogakou et al.
1999). Jedna se o neprimou metodu detekce poSkozeni zaloZenou na sledovani
kinetiky fosforylace histon yH2AX (Chowdhury et al. 2005).

Mezi metody monitorujici primé fyzické poSkozeni DNA patri gelova
elektroforéza jednotlivych bunék nebo jader, tzv. kometovy test (comet assay). Jde
o citlivou a rychlou metodu detekce SSB a DSB genomové i organelové DNA
(Ostling a Johanson 1984; Koppen a Verschaeve 1996; Angelis et al. 1999).

Elektroforéza jednotlivych jader ukotvenych v agarézovém gelu na
mikroskopickém sklicku vede k pohybu fragmentované DNA a rozvolnénych

nukleoidti v elektrickém poli z kruhovych jader a vzniku objekt(i ne nepodobnych
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kometam. PoSkozeni DNA je stanoveno jako pomér signalu hlavy a ohonu komety,
pozorovany fluorescenc¢ni mikroskopii (Collins 2004). Inkubace jader pred
elektroforézou s endonukleazami rozpoznavajicimi specificka poSkozeni umoznuje
detekovat i 1éze DNA, které primarné nevedou ke vzniku zlomu DNA, napft.
oxidacni poSkozeni bazi (Collins et al. 1996).

Samotny kometovy test indikuje pfitomnost zlomti DNA a nevypovida nic o
pribéhu a diisledcich reparace. Ke zjisténi vlivu reparace na sekvenci DNA je nutné
pouzit jiny pristup, napft. analyzu indukce mutaci zaloZenou na méreni frekvence
vzniku mutant, popripadé kombinovanou se zjiSténim vzniku konkrétniho typu
mutace sekvenovanim. U Physcomitrelly je mozné sledovat frekvenci vzniku 2-
fluoroadenin (2-FA) rezistentnich mutant, nesoucich mutaci v genu pro adenin
fosforibosyltransferazu (APT), umoznujicim pozitivni selekci a, naslednou
sekvenaci APT lokusu, urceni typu mutace.

Kometovy test spole¢né s mutacni analyzou je kombinaci kvalitativniho a
kvantitativniho pohledu na opravu DNA (Kamisugi et al. 2012; Hola et al. 2013;
Hola etal. 2015).
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4. Modelovy organismus Physcomitrella patens

Physcomitrella patfi mezi mechy (Bryophyta), které spolecné s
liSejniky (Marchantiophyta) a jatrovkami (Anthocerotophyta) predstavuji jednu z
nejstarSich rostlinnych skupin (Kenrick a Crane 1997). Na rozdil od pozdéjSich
cévnatych rostlin maji mechy pomérné jednoduchou morfologii, vytvareji jen
nékolik druhii pletiv s omezenym poctem bunécnych typf.

U Physcomitrelly stejné jako u ostatnich mechl dochazi béhem zivotniho
cyklu ke stridani generaci (obr. 5). Minoritni sporofyt vznikajici po oplozeni
vajecné bunky pohyblivym spermatozoidem predstavuje diploidni stadium vyvoje.
Sporofyt produkuje haploidni spory, ze kterych vyrilista gametofyt, ktery, na rozdil
od semennych rostlin kde je tvoren jen nékolika butikami, u mechu prevlada (Cove
et al. 1997).

Gametofyt je haploidni a dimorfni - zpoCatku roste ve formé filament, ktera
vytvareji dvoudimenzionalni sit nazyvanou protonema. Vldkna protonemy se
prodluzuji diky délicim se apikdlnim bunkam na obou koncich kazdého vlakna.
Pozdéji dochazi k vétveni filament a diferenciaci protonemy a vznika
charakteristicka struktura - gametofora, na které se posléze vytvareji pohlavni
organy: samci antheridia produkujici pohyblivé spermatozoidy a samici
archegonia, ve kterych se tvori vajecné bunky (Cove 2005).

V laboratornich podminkach se vyuziva témér vylucné gametofyt ve stadiu
protonemy, ktery ma radu vlastnosti, jenZ z néj délaji velmi vyhodny rostlinny
model. Mezi vyhody patfi nenaro¢na kultivace na jednoduchém anorganickém
médiu (Cove 1992), kdy Physcomitrella mize byt péstovana jak na médiu
zpevnéném agarem, tak v kapalnych kulturach, které jsou vhodné i pro
velkoobjemové bioreaktory (Hohe a Reski 2005). Tato moZnost je zajimava pro
biotechnologické vyuziti mechu (Smidkova et. al 2012)

Kromé spor lze dlouhodobé uchovavat také gametofyt Physcomitrelly. Pri
snizené teploté a za omezeného osvétleni mize kultura mechu prezivat ve
sterilnim prostiedi na dostatecné vrstvé média radu mésici. V pripadé vétSiho
poCtu mutant nebo pro dlouhodobéjsi skladovani je mozné mech uchovavat
pomoci kryokonzervace (Schulte a Reski 2004).

Physcomitrellu 1ze jednodusSe vegetativné propagovat. U jakéhokoli pletiva -
gametofor nebo protonemat, lze mechanickym rozruSenim indukovat v

naruSenych oblastech preménu bunék v chloronemalni apikalni bunky, které dale
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rostou ve formé filament (Prigge a Bezanilla 2010). Ranné stadium protonemy ve
fazi ristu filament je pro experimentalni praci nejvhodnéjsi a proto se také
nejcastéji vyuziva.

Plisobenim enzymy degradujicimi bunécnou sténu protonemat lze izolovat
protoplasty, které v osmoticky vhodném médiu bunécnou sténu opét regeneruji.
Na rozdil od cévnatych rostlin nevyZaduji pro regeneraci fytohormony, ani
nevytvareji kalus, ale po vytvoreni bunécné stény zacinaji rist jako filamenty
protonemy (Schween et al. 2003).

Protoplasty Physcomitrelly se rutinné vyuzivaji pro transformaci pomoci
polyethylenglykolu (PEG) (Hohe et al. 2004). Alternativou protoplasti jsou kratké
fragmenty jednodennich protonemat. Ty jsou pripravovana dikladnou
homogenizaci mladého (vétSinou tydenniho) pletiva. Jednodenni protonemata jsou
sloZena z fragmentl filament obsahujicich aZ 50% délicich se apikalnich bunék
(Hola et al. 2013; Hola et al. 2015). Takova protonemata lze vyuzit k radé operaci
podobné jako protoplasty. Jednim z vyuziti je transformace mechu biolistickou
metodou, pri které je transgenni DNA vnaSena do bunky na kovovych
mikrocasticich (Smidkova et al. 2010).

Integrace transgenni DNA do genomu rostlin se uskuteciiuje rekombinaci
prostirednictvim mechanismi reparace dvouvlaknovych zlomt DNA. U kvetoucich
rostlin se transformujici DNA zavedena do bunky zacleniuje do genomu prevazné
nahodné a cilena integrace DNA mechanismem homologni rekombinace (HR)
probihd s velmi nizkou frekvenci (104-10-) (Britt a May 2003). Nahodna
integrace vyZaduje enzymy nehomologni rekombina¢ni drahy NHE], b€hem které
jsou konce DNA spojovany primo, popripadé bez vyhledavani rozsahlych
homolognich usekd.

Unikatni vlastnosti Physcomitrelly je vzhledem k vysoké ucinnosti HR, Ze
vnaSend DNA, pokud nese uUseky shodné s genomovou DNA, se prednostné
integruje v misté homologie. Podobny jev je znamy u kvasinky Saccharomyces
cerevisiae a naznacCuje, ze HR je pri opravé dvouvldknovych zlomd DNA
uprednostiiovana i presto, Ze u Physcomitrelly je pritomna také reparacni draha
NHE] (Kamisugi et al. 2005; Kamisugi et al. 2006).

Dal8i unikatni vlastnosti Physcomitrelly je haploidni genom gametofytu,

ktery umoZznuje snadnou identifikaci transformant, protoze ztrata funkce nemuze
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byt kompenzovana funkéni alelou homologniho chromozomu a proto je vyrazeni ¢i
modifikace genu haploidni Physcomitrelly ihned manifestovana zménou fenotypu.

Pro identifikaci a selekci transformant jsou casto s transformujici DNA
vnaseny také selek¢ni markery rezistence k antibiotikim (kanamycin,
hygromycin), poptripadé reportérové geny jako B-glucuronidaza (GUS), nebo rtizné
formy fluoreskujicich proteind (GFP a jeho derivaty, RFP atd.).

Jako pozitivni selekéni marker, kromé vneseni napf. externiho genu pro
bakterialni cytosin deaminazu (codA), lze vyuzit i prirozené se vyskytujici geny
metabolismu nukleovych kyselin, po jejichZ inaktivaci prestava organismus
vytvaret toxické metabolity a ziskava tak rezistenci vii¢i selek¢nimu ¢inidlu. Jako
priklad muiZze slouzit u Physcomitrelly gen pro adenin fosforibosyltransferazu
(APT), ktera se ucastni syntézy adenosin monofosfatu (AMP) z adeninu a
fosforibosyl pyrofosfatu. Ztrata funkce APT dovoluje rostliné prezivat na médium
obsahujicim halogenované analogy adeninu napt. 2-FA, které jsou pro rostliny s
funk¢ni APT toxické (Gaillard et al. 1998; Trouiller et al. 2007). Proto lze gen APT
vyuzit pro vyhledavani a identifikaci mutaci vznikajicich po plisobeni genotoxini a
neni potreba sekvenovat cely genom (Hola et al. 2013; Hola et al. 2015).

Physcomitrella predstavuje modelovy organismus vhodny jak pro ,primou”
tak reverzni genetiku, kdy lze diky vysoké frekvenci HR a haploidnimu stadiu
snadno pripravovat a izolovat Zivotaschopné mutanty v poZadovanych genech.
Cilenou mutagenezi lze také pripravit mutanty s upravenou posttranslacni
modifikaci glykosylaci tak, aby odpovidala modifikaci savéi ¢i lidské. Pro
biotechnologické vyuziti lze z téchto mutant pripravit transformaci expresni
kazetou produkeni linie, které budou v kapalné kulture v bioreaktoru produkovat
,humanizované“ formy bioaktivnich proteinti (Smidkova 2012; Reski et al. 2015).

Dale je Physcomitrella také vhodnym modelem pro studium bunécnych
procest jako napf. reparace DNA. Zejména ve formé kultury kratkych fragmenti
filament protonemy, ktera dobfe aproximuje kulturu délicich se savc¢ich nebo
kvasni¢nych bunék.

Technicky jde o jednodenni kulturu po pasazi do ukonceni jednoho
bunécného cyklu (20-24 hodin). Kultura, podle stupné fragmentace filament
obsahuje azZ 50% délicich se apikalnich bunék, a predstavuje tak délici se pletivo,

které se u vysSich rostlin nachazi pouze ve velmi omezeném mnozZstvi ve
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vrcholovych, listovych nebo korenovych meristémech (Hola et al. 2013; Hola et al.
2015).

Obrazek 5: Zivotni cyklus Physcomitrelly. A) haploidni spéra vyklici v B)
protonemu tvofenou buiikami chloronemy, které pokracuji v riistu a méni se v C)
buiiky kaulonemy. Z protonemy vyristaji D) ,listky“ gametofor, na kterych se
vytvareji E) samici archegonia (Sipky) a samci antheridia (hroty). Pohybliva
spermie oplodni vaji¢ko a vznikne F) diploidni sporofyt. (Prigge a Bezanilla, 2010).
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5. Material a metody

V pribéhu disertacni prace byla pro studium reparace a indukované
mutageneze vyhradné pouZivana jednodenni kultura protonemy Physcomitrelly,
péstovana in-vitro, pripravovana diikladnou homogenizaci sedmidenniho pletiva.
Pro izolace DNA byla pouzivana sedmidenni kultura protonemy péstovana na

agarovém médiu.

Seznam metod

Izolace DNA

Kometovy test

Klonovani DNA - priprava transformacnich vektort

Kultivace Physcomitrelly

Mutageneze jednodenni kultury mechu ptisobenim genotoxint

PCR

Sekvenovani

Transformace biolistickou metodou

Zpracovani sekvenacnich dat, vytvareni kontigli a porovnavani sekvenci

pomoci programu MacVector, Inc.
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The moss Physcomitrella patens is unique for the high frequency of homologous recombination, haploid state, and filamentous
growth during early stages of the vegetative growth, which makes it an excellent model plant to study DNA damage responses. We
used single cell gel electrophoresis (comet) assay to determine kinetics of response to Bleomycin induced DNA oxidative damage
and single and double strand breaks in wild type and mutant lig4 Physcomitrella lines. Moreover, APT gene when inactivated by
induced mutations was used as selectable marker to ascertain mutational background at nucleotide level by sequencing of the APT
locus. We show that extensive repair of DSBs occurs also in the absence of the functional LIG4, whereas repair of SSBs is seriously
compromised. From analysis of induced mutations we conclude that their accumulation rather than remaining lesions in DNA
and blocking progression through cell cycle is incompatible with normal plant growth and development and leads to sensitive

phenotype.

1. Introduction

Plants developed several strategies to protect integrity of their
genome against various environmental stresses. Common
denominator of most of them is oxidative stress mediated
by reactive oxygen species (ROS). The origin of ROS within
the cell could be a consequence of physical or chemical
genotoxic treatment, as well as byproduct of internal oxygen
metabolism often triggered by external stimuli as drought
and salinity. To be able to cope with oxidative stress we have
to assess all faces of this challenge for plants; in particular,
how it affects genetic material of the cells and how eventual
changes are temporarily or permanently expressed in plant
phenotype. This is why we need a flexible and robust model
system, which experimentally enables the use of reverse
genetics for genotoxic and biochemical studies. In this paper
we describe a novel system to be considered for genotoxicity
testing in plants.

The moss Physcomitrella patens is an emerging model
plant [1] with the following differences/advantages as com-
pared to other plant test systems: efficient homologous
recombination (enabling reverse genetics of virtually any

gene), dominant haploid phase (enabling assessment of muta-
tion phenotype), small size plantlets colonies with a quick
and during early vegetative stage also filamentous growth,
easy cultivation in inorganic media and several options of
long term storage. Here we describe and validate a system of
small protonemata fragments with high fraction of apical cells
primarily developed for the purpose of genotoxicity testing.
However, these one-day-old protonemata could be used as a
substitute of protoplasts for other purposes, for example, for
moss transformation [2].

APT (adenine phosphoribosyltransferase) is an enzyme
of the purine salvage pathway that converts adenine into
AMP and its loss of function generates plants resistant to
adenine analogues, for example, 2-FA (2-Fluoroadenine) [3].
Mutational inactivation can be used as selectable marker for
mutator genotyping as well as analysis of mutations in APT
locus on nucleotide level [4-6].

This paper is an extension of our previous study of
Physcomitrella knockout mutants of a key MRN (MREIl,
RADS50, and NBS1) complex [6] with a pleiotropic effect
on DSB repair in whole. We explore and validate the above
outlined moss model system for genotoxicity testing in
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plants. We describe a parallel use of SCGE (single cell gel
electrophoresis, comet) assay for detection of DNA damage
and its repair and of APT assay with sequencing analysis of
mutants. On example of lig4, mutated in a key component
of nonhomologous DSB-end joining pathway (C-NHE]),
we show consequences of mis repair. For strengthening
the model concept we also present preliminary results of
pprad51AB sensitivity to genotoxin treatment and on ppku70
mutation rate.

2. Material and Methods

2.1. Plant Material. Physcomitrella patens (Hedw.) B.S.G.
“Gransden 2004” wild type and pplig4 were vegetatively prop-
agated as previously described [7]. The lig4 and ku70 mutants
of C-NHE]J were generated by D. G. Schaefer, Neuchatel
University, Switzerland, and E. Nogue, INRA, Paris, France,
and kindly provided by F. Nogue. Detailed characteristic of
this mutant will be published elsewhere. Mutant in both
alleles of Physcomitrella RAD5I gene (pprad51AB, clone 721) is
described elsewhere [8] and was kindly provided by B. Reiss,
MPIZ, Cologne, Germany.

Individual plants were cultured as “spot inocula” on
BCD agar medium supplemented with 1mM CaCl, and
5mM ammonium tartrate (BCDAT medium) or as lawns of
protonemal filaments by subculture of homogenized tissue
on BCDAT agar medium overlaid with cellophane in growth
chambers with 18/6 hours day/night cycle at 22/18°C.

One-day-old protonemal tissue for repair and muta-
tion experiments were prepared from one-week-old tissue
scraped from plates, suspended in 8 mL of BCD medium, and
sheared by a T25 homogenizer (IKA, Germany) at 10 000 rpm
for two 1-minute cycles and let 24 hours to recover in cultiva-
tion chamber with gentle shaking at 100 rpm. This treatment
yielded suspension of 3-5 cell protonemata filaments, which
readily settle for recovery. Settled protonemata could be
handled without excessive losses by tweezers on glass Petri
plates.

2.2. Bleomycin Treatment and Sensitivity Assay. For treat-
ments was used Bleomycin sulphate supplied as Bleomedac
inj. (Medac, Hamburg, Germany). All solutions were pre-
pared fresh prior treatment from weighted substance in
BCDAT medium.

Protonemal growth was tested by inoculating explants
of wild type and 5 mutant lines onto 6 x 4 multiwell
plates organized to allow in line comparison of the effect of
increasing Bleomycin concentrations. The wells were filled
with 2mL of standard growth BCDAT agar medium without
or with 0.01, 0.1, and 1ug mL™" Bleomycin. The experiment
was carried in 3 independent replicas and monitored up to 3
weeks for growth of “spot inocula”

Treatment of one-day-old protonemata was performed
on glass 5cm Petri plates with the aid of bent tweezers to
handle tissue and pipettes to remove excess liquids. Opening
of yellow tips is generally small enough to avoid suction of
moss filaments when drawing majority of liquid from tissue
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prior blotting of collected tissue on filter paper to remove the
rest.

In dose-response and repair kinetic experiments, one-
day-old protonemata were after the Bleomycin treatment
thoroughly rinsed in water, blotted on filter paper, and either
flash-frozen in liquid N, (dose response and repair t = 0)
or left to recover on plates in liquid BCDAT medium for the
indicated repair times, before being frozen in liquid N,.

For induction and regeneration of apt mutants one-day-
old protonemata were after Bleomycin treatment thoroughly
rinsed with H,O, suspended in 2mL of BCDAT medium,
and spread on cellophane overlaid BCDAT agar plates, which
were for selection supplemented with 2-FA (2-Fluoroadenine,
Sigma-Aldrich, cat. Nr. 535087) and further incubated in
growth chamber.

2.3. Detection of DNA Lesions. DNA single and double strand
breaks were detected by a SCGE assay using either alkaline
unwinding step A/N [9, 10] or fully neutral N/N protocol
[11,12] as previously described. In brief, approximately 100 mg
of frozen tissue was cut with a razor blade in 300 uL PBS
+10mM EDTA on ice and released nuclei transferred into
Eppendorf tubes on ice. 70 uL of nuclear suspension was
dispersed in 280 uL of melted 0.7% LMT agarose (GibcoBRL,
cat. Nr. 15510-027) at 40°C and four 80 uL aliquots were
immediately pipetted onto each of two coated microscope
slides (in duplicate per slide), covered with a 22 x 22mm
cover slip and then chilled on ice for 1 min to solidify the
agarose. After removal of cover slips, slides were immersed
in lysing solution (2.5 M NaCl, 10 mM Tris-HCI, 0.1 M EDTA,
and 1% N-lauroyl sarcosinate, pH 7.6) on ice for at least 1 hour
to dissolve cellular membranes and remove attached proteins.
The whole procedure from chopping tissue to placement
into lysing solution takes approximately 3 minutes. After
lysis, slides were either first incubated 10 minutes in 0.3 M
NaOH, 5mM EDTA, pH 13.5 solution to allow partially
unwind DNA double helix to reveal SSBs (A/N protocol) or
without unwinding step (N/N protocol) directly equilibrated
twice for 5 minutes in TBE electrophoresis buffer to remove
salts and detergents. Comet slides were then subjected to
electrophoresis at 1V cm™ (app. 12 mA) for 3 minutes. After
electrophoresis, slides were placed for 5min in 70% EtOH,
5min in 96% EtOH, and air-dried.

Comets were viewed in epifluorescence with a Nikon
Eclipse 800 microscope stained with SYBR Gold (Molecular
Probes/Invitrogen, cat. Nr. S11494) according to manufacture
recommendation and evaluated by the LUCIA Comet cyto-
genetic software (LIM Inc., Czech Republic).

2.4. SCGE Assay Data Analysis. The fraction of DNA in
comet tails (% tail-DNA, % T DNA) was used as a measure
of DNA damage. Data for the wild type and the mutant
pplig4 line analysed in this study were obtained in at least
three independent experiments. In each experiment, the %
T DNA was measured at seven time points: 0, 5, 10, 20, 60,
180, and 360 min after the treatment and in control tissue
without treatment. Measurements included four independent
gel replicas of 25 evaluated comets totalled in at least 300
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comets analysed per experimental point. The percentage of
damage remaining as plotted on Figure 2(b) after given repair
time (t,) is defined as

% damage remaining (t,)

mean % tail-DNA (f,) — mean % tail-DNA (control)

mean % tail-DNA (f,) — mean % tail-DNA (control)

* 100.
()]

Time-course repair data were analysed for one- or two-phase
decay kinetic by Prism v.5 program (GrafPad Software Inc.,

USA).

2.5. Isolation and Analysis of apt Mutants after Bleomycin
Treatment. Mutation rates were measured as the number
of apt mutants that appeared as green foci of regenerating
clones resistant to 2-FA (Figure 3). Treated protonemata were
first incubated approximately 3 weeks on plates with 2 or
3 mM 2-FA until first green foci start to emerge. Then whole
cellophane overlay was transferred to a new plate with 8 mM
2-FA and emerging clones were allowed to form colonies.
Stable clones were then counted.

Some clones were further propagated on plates with
8mM 2-FA and their APT locus was subsequently PCR
amplified and sequenced to identify the mutation(s) respon-
sible for the resistance. Approximately 100 mg of tissue was
used to isolate genomic DNA with DNeasy Plant Mini Kit
(Qiagen, cat. Nr. 69104) using “ball” mill Retsch MM301
to homogenize the tissue in 2mL round bottom Eppendorf
tubes. APT locus was amplified from isolated genomic DNA
with KOD Hot Start DNA Polymerase (Millipore/Novagen,
cat. Nr. 71086), purified with the QIAquick PCR Purification
Kit (Qiagen, cat. Nr. 28104) and used as a template for
sequencing with BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, cat. Nr. 4337455). Locations of PCR
primers used for APT amplification and sequencing are
depicted on Supplementary Figure 2 and their sequences are
listed in Supplementary Table 1 (see Supplementary Material
available online at http://dx.doi.org/10.1155/2013/535049). To
keep sequencing cost down only half volume of the BigDye
Ready Reaction Mix was used in a standard sequencing
reaction and combined with the same volume of Half-Term-
Dye-Termination mixture (Sigma-Aldrich, cat. Nr. H1282).

2.6. Analysis of Sequencing Data. Sequences of each clone
obtained on genetic analyser Prism 3130x1 (Applied Biosys-
tems, USA) were stiched together with MacVector program
Assembler 12.75 (MacVector, USA) into contigs and aligned
to the latest annotated APT sequence Pplsll4.124V6.1 in
the COSMOSS—the Physcomitrella patens resource database
(https://www.cosmoss.org/).

3. Results and Discussion

In all experiments a model Physcomitrella patens has been
used as one day recovered fragments of 3-5 cell size derived
from the lawn of growing protonema filaments by extensive

wt  ppmrell

ppligd  ppnbsl pprad51AB  pprad50

REM LA H IPMSS '{%"ﬁ\‘“

Bleomycin (ug/mL)

FIGURE 1: Sensitivity of the Physcomitrella patens repair mutants
mrell, ligd, nbsl, rad5I1AB, and rad50 to chronic exposure of
Bleomycin. Physcomitrella explants were inoculated as “spot inoc-
ula” onto BCDAT-agar plates supplemented with 0, 0.01, 0.1, and
1ug mL™" Bleomycin and photographed 10 days after inoculation.

shearing. Such one-day-old protonemata represent a unique
system among plants to study plant tissue with up to 50%
of apical dividing cells. Convenient mechanical handling
enables quick processing of tissue after the treatment to
address short repair times and with fine tip tweezers also for
uniform spotting to test sensitivity. In this respect one-day-
old protonemata are preferred system to so far widely used
protoplasts, which could be collected only by centrifugation.
Another reason for using protonemata is possibility their
mechanical disintegration by razor blade chopping for rapid
release of nuclei for SCGE assay. In this way direct use of
protoplasts for comet assay is obstructed by nearly instant
regeneration of the cell wall within 4 hours after the release
from cellulase treatment (unpublished observation), because
cell wall prevents DNA movement from nuclei during elec-
trophoresis.

3.1. Sensitivity to Bleomycin Treatment. Moss wild type and
pplig4, mrell, nbsl, rad51AB, and rad50 [6, 8] mutant lines
were analysed for their sensitivity to radiomimetic Bleomycin
in chronic “survival” assay when test plates with various
concentrations of Bleomycin were inoculated with equal
tissue “spots” of one-day-old protonemata and incubated
up to 3 weeks (Figure1). Only rad5IAB and rad50 strains
displayed one order of a magnitude higher sensitivity in
comparison to other tested lines. The survival growth of
ppmrell is somehow in contradiction with pervious results
of Kamisugi et al. [6], but one has to realize different assay
conditions, for example, acute versus chronic exposure and
protoplast cells versus protonemata. In protonema tissue
under permanent genotoxic stress mrell express phenotype
similar to wild type, nbsl, and also lig4. One can speculate that
3" to 5’ exonuclease and endonuclease activity associated with
MREII is dispensable for tissue survival, but proteins RAD50
and RAD51 supporting DNA structure are not. Kozak et al.
[12] previously showed crucial role of structural maintenance
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FIGURE 2: SSB and DSB repair kinetics determined by SCGE. One-day regenerated protonemal tissue from wild type and pplig4 lines was
treated with Bleomycin for 1h prior to nuclear extraction and the analysis. (a) Dose-response as the percentage of the free DNA moved by
electrophoresis into comet tail (% T DNA) at the indicated Bleomycin concentrations. DSBs were determined by N/N protocol: green: wild
type, blue: pplig4, whereas SSBs were determined by A/N protocol: red: wild type, dark purple: pplig4. (b) Repair kinetics is plotted as %
of DSBs remaining over the 0, 5, 10, 20, 60, 180, and 360 min period of repair recovery. Maximum damage is normalised as 100% at t = 0
for all lines. SSBs were induced by 1-hour treatment with 2 ug mL™" Bleomycin; bright blue: wild type, dark blue: pplig4, and determined by
A/N protocol. DSBs were induced by 1-hour treatment with 30 ug mL™" Bleomycin, green: wild type, orange: pplig4, and determined by N/N

protocol. (Error bars-standard error).
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FIGURE 3: Plates with 2-FA resistant foci of wild type Physcomitrella (a and b) and pplig4 (c) after 3 weeks of selection. (a) Untreated
Physcomitrella wild type, (b) 50 ug mL™" Bleomycin treated wild type protonemata for 2 hours, and (c) 5 g mL™" Bleomycin treated pplig4
protonemata for 1 hour prior being spread on plates with BCDAT medium supplemented with 2 yM 2-FA and cultivated for 3 weeks.

of chromosome complex SMC5/6 in the repair of Bleomycin
induced DSBs. In this context RAD50s have similar structural
role in MRN complex as SMCs in the structure of the SMC5/6
complex [13]. Both these complexes can function in tethering
of broken ends in close proximity.

3.2. Induction of DNA Lesions and Their Repair. Bleomycin,
an jonizing radiation mimicking agent, functions as a catalyst
activated by interaction with DNA and attachment of Fe**
to produce oxygen radicals leading to lesions as SSBs, DSBs,
AP-sites, and damaged bases [14, 15], which all could be
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readily detected by SCGE [16]. DNA breaks and other lesions
converted to breaks lead to DNA fragmentation and nucleoid
unwinding allowing relaxed DNA to move in electric field
from nuclei out to form a “comet” like object in which
increased quantity of fragmented DNA in comet tail (% T
DNA) is proportional to breakage. DSBs are detected by an
N/N assay when pH of lysing and electrophoretic solutions is
kept under pH 10, whilst for the detection of SSBs DNA after
the lysis is allowed to unwind DNA double-helix in alkali [17]
to separate individual strands and expose their fragmentation
(A/N protocol [9]).

Bleomycin fragmentation of genomic DNA by induction
of SSBs and DSBs is documented on Figure 2(a). Ten times
higher efficiency to induce SSBs than DSBs is in agreement
with generally accepted ratio of 1:10, DSBs versus SSBs,
induced by ionizing radiation. Evidently this also applies for
Bleomycin treatment of Physcomitrella. The background level
of genomic DNA damage in wild type and pplig4 is similar,
between 20 and 25% T DNA, indicating that the repair defect
has no significant effect on natural levels of genomic DNA
fragmentation. Nevertheless, in comparison with wild type,
pplig4 is vulnerable to Bleomycin induction of DSBs and SSBs.

In both wild type and pplig4 lines, the Bleomycin
induced DSBs are repaired with a rapid, biphasic kinetics
(Figure 2(b)). Half-lives of DSB survival 7,, 1.5 min for wild
type and 2.5min for pplig4 are similar to 7;,, 2.9 min for
pprad50, Ty, 4.1 min for ppmrell, and 1, 1.9 min for ppnbsi
previously reported in [6].

Contrary to DSBs, SSBs are repaired far less efficiently.
Slow SSB repair might be common feature of plants since
Dona et al. [18] recently observed similar phenomenon in
Medicago truncata cell culture irradiated with different doses
of y-ray. The SSB repair kinetic in wild type Physcomitrella
is clearly biphasic and in this respect parallels repair of
MMS induced SSBs in Arabidopsis [19]. In comparison to
DSBs, substantially smaller fraction of SSBs is repaired with
fast kinetics; the defect even more manifested in pplig4.
It suggests an important role for LIG4 in the repair of
DNA lesions like modified basis, AP sites that are usually
detected as SSBs and are repaired via BER (base excision
repair). It is noteworthy that LIG3, the ligase finishing BER
pathway, is not represented in plants. We showed earlier
that principal substitute for LIG3 in Arabidopsis is LIGI [19].
The repair kinetic of MMS induced SSBs in atligl posed an
exceptional route. After the treatment the number of breaks
continues to increase during the first hour of repair and after
3 hours returns to the level at the end of treatment. Then
repair continues similarly as in the wild type (see Figure 4
in [19]). Because atligl is an RNAi line with only 40% of
remaining LIGI activity, such repair course is a consequence
of unbalanced BER due to attenuated ligation step. Evidently
the knockout mutation in pplig4 does not have such severe
effect on repair of SSBs; nevertheless, the defect clearly shows
that LIG4 is also involved in the repair of SSBs in plants.

3.3. Induction and Analysis of apt Mutants. The mutator
phenotype was assessed as the loss of function of the APT
gene [4] due to presence or error prone repair of endogenous

DNA damage in the wild-type moss and lig4, mrell, and rad50
repair mutant lines.

We found dramatic, over two orders of magnitude,
variation of mutator phenotype in response to mutagenic
treatment. While wild type Physcomitrella with low mutator
phenotype needed 2 hours and 50 ug mL™" Bleomycin treat-
ment to induce any apt clone, in pprad50 with high mutator
phenotype 1 hour treatment with only 0.1 ug mL ™" Bleomycin
was enough for massive induction of apt clones. Other lines,
ppligd and ppmrell, assumed as having “moderate” mutator
phenotype, were mutagenized either with 5 or, respectively,
lugmL™ Bleomycin for 1 hour. Mutagenesis and clone
selection in Physcomitrella wild type and pplig4 is depicted
on Figure 3. For comparison we normalised the yield of 2-
FA resistant clones to 1 ug mL™" Bleomycin treatment per 1g
dry tissue weight in each line as “relative number of ppapts”
The values of these normalised yields range from 9 in wild
type to 875 for pprad50 (see Supplementary Figure 1 where
are plotted summarized results of Bleomycin mutagenesis in
Physcomitrella wild type and lig4, ku70, rad50, mrell, and nbsl
mutants).

Randomly picked apt clones from selection plates were
further propagated on 2-FA media to provide enough mate-
rial for isolation of genomic DNA and sequencing analysis
of APT locus. Results of sequencing analysis are pictured in
Figure 4 and detailed annotations of identified mutations are
summarized in Supplementary Table 2. In total were analysed
5 clones of Physcomitrella wild type, 4 clones of pplig4, 3
clones of ppmrell, and 6 clones of pprad50 and identified 48
mutations. Mutations were according to assumed mechanism
of formation classified as reversions, single base insertion or
deletion, and insertions or deletions larger than 2 bases either
in coding (exons) or noncoding regions of APT locus.

Most of the identified mutations are as expected localised
within CDS, in particular within exon 4 that is annotated as
coding for adenine salvage activity (see Figure 4). Neverthe-
less, in wt:1, lig4:1, lig4:2, and mrell:6 apt clones, mutations
were identified only in the noncoding region and their con-
tribution to mutated APT phenotype has to be established.
Majority of mutations in CDS are point mutations (base
substitution, single base insertions, and deletions) and it is
difficult to dissect the route of their formation. Some of single
base deletions could come from classical or altered NHE]
repair of DSBs [20], but more likely they represent along with
other point mutations outcome of processing base oxidative
damage. Interesting point is that only single base insertions
were identified in APT CDS of pplig4. Insertion of extra base
might imply defect in BER repair of oxidative damage in the
absence of LIG4 and could be associated with defective repair
of SSBs in pplig4.

Long deletions are clearly associated with NHE] repair
of DSBs, because, besides one rather short (8 bp) deletion
in wt:3 clone, all appear in clones derived from mrell and
rad50 background. This supports our working hypothesis
that MRN-unsupervised repair generates more severe forms
of genomic damage [6].

Only one 4 base insertion was identified in noncoding
region of wt:2.
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FIGURE 4: Map of identified mutations within APT locus. Bleomycin induced mutations are identified by color (blue: substitutions, green:
insertions, and red: deletions) and tagged according to background as wt, ligd, mrell, and rad50 and the number of line in which mutation was
detected. Deletions are shown as boxes of size proportional to their length. On the locus map are depicted 500 nucleotide size markers and
eight turquoise hollow arrows representing exons of APT CDS. Detailed description of each mutation is provided in Supplementary Table 2.

4. Conclusions

We validated the use of regenerating one-day-old protone-
mal tissue of Physcomitrella patens for complex analysis of
genotoxic stress by parallel study of DNA damage, its repair,
and mutagenic consequences in wild type and lig4 mutant
plants. From experimental point of view we developed a novel
model system where 3-5 cell protonemata filaments with up
to 50% of apical cells can substitute and surplus protoplasts
use. Bleomycin was used to model DNA oxidative genotoxic
stress with all its consequences as SSBs and DSBs, which
can be followed by SCGE. We confirmed in Physcomitrella
as previously in Arabidopsis rapid DSB repair even in the
absence of LIG4, the key ligase of major DSB repair pathway
by NHE] mechanism [12]. Moreover, we showed crucial role
of LIG4 in the repair of SSBs by BER mechanism, where it
can substitute along with LIG1 [19] in plants missing LIG3.
We selected and analysed by sequencing 2-FA resistant clones
with Bleomycin mutated APT locus and found out that
mutation spectra of lig4 mutant reflects rather the defect of
SSB than DSB repair. Nevertheless, as previously described
[6], we interpret that mutations due to the error prone

repair in pplig4 rather than unrepaired lesions within DNA
and interfering with progression through the cell cycle are
responsible for pplig4 sensitive phenotype.

Abbreviations

A/N:  Comet assay with alkaline unwinding step
AP: Apurinic/apyrimidinic (site)

APT:  Adenine phosphoribosyltransferase
BER:  Base excision repair
CDS:  Coding DNA sequence

DSB(s): DNA double-strand break(s)
2-FA:  2-Fluoroadenine
HR: Homologous recombination

MMS: Methyl methanesulfonate
NHEJ: Nonhomologous end joining
N/N:  Neutral comet assay

ROS:  Reactive oxygen species
SCGE: Comet assay

SSB(s): DNA single-strand break(s)
Ty Half-life.
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We tested an idea that induced mutagenesis due to unrepaired DNA lesions, here the UV photoproducts,
underlies the impact of UVB irradiation on plant phenotype. For this purpose we used protonemal
culture of the moss Physcomitrella patens with 50% of apical cells, which mimics actively growing tissue,
the most vulnerable stage for the induction of mutations. We measured the UVB mutation rate of various
moss lines with defects in DNA repair (pplig4, ppku?0, pprad50, ppmre11), and in selected clones resistant

Key wo rds: to 2-Fluoroadenine, which were mutated in the adenosine phosphotrasferase gene (APT), we analysed
UV dimers . . . .
DNA repair induced mutations by sequencing. In parallel we followed DNA break repair and removal of cyclobutane

pyrimidine dimers with a half-life 7 = 4 h 14 min determined by comet assay combined with UV dimer
specific T4 endonuclease V. We show that UVB induces massive, sequence specific, error-prone bypass
repair that is responsible for a high mutation rate owing to relatively slow, though error-free, removal of

Error-prone bypass
Comet assay

APT mutagenesis

photoproducts by nucleotide excision repair (NER).

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

The majority of UVB photoproducts, pyrimidine dimers (CPD)
and pyrimidine(6—4)pyrimidinone dimers (6—4 PP), are removed
in plants by blue light (320—450 nm) induced direct dimer reversal
with photolyases specific for CPDs as well as 6—4 PP (Britt, 1995).
Light repair is efficient and error free, nevertheless half-life of CPDs
removal is about 1 h (Pang and Hays, 1991) and for complete
elimination of 6-4PPs are needed at least 2 h (Waterworth et al.,
2002; Chen et al., 1994), during which other mechanisms can
take place. In contrast to photoreactivation, dark repair pathways
do not directly reverse DNA damage, but instead replace the
damaged DNA with new, undamaged nucleotides. There are
recognized to be two possible mechanisms relying either on exci-
sion of dimers or on their tolerance by trans-lesion synthesis, of
which replicative polymerases are also capable (Rabkin et al., 1983).
CPDs and 6—4 PP are recognized and removed due to their “bulky”
distortion of the DNA double helix by nucleotide excision repair
(NER), a repair mechanism able to cope with a broad spectrum of

Abbreviations: AIN, comet assay protocol with alkaline unwinding step; APT,
adenine phosphotrasnferase; BER, base excision repair; CPD, cyclobutyl pyrimidine
dimer; 2FA, 2-Fluoroadenin; NER, nucleotide excision repair; N/N, neutral comet
assay; 6—4 PP, pyrimidine(6—4)pyrimidinone dimer; SSB, DNA single strand break;
7, half-life; T4EndoV, T4 Endonuclease V.
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E-mail address: karel.angelis@gmail.com (KJ. Angelis).

http://dx.doi.org/10.1016/j.plaphy.2014.12.013
0981-9428/© 2014 Elsevier Masson SAS. All rights reserved.

DNA lesions that disturb the conformation of DNA, by error-free
replacement of the DNA strand containing the lesion in a range of
2—4 helical turns (20—40 nucleotides) by a newly synthesized
patch. Both photoreactivation and NER are error free, and so we
asked which mechanism underlay the generally observed high
mutagenic as well as severe carcinogenic risk caused by UV irra-
diation. The most relevant form of UV for the induction of biological
effects is UVB, since UVC hardly penetrates the Earth's atmosphere.
In the present research we used a recently-described approach
employing regenerating one-day-old protonemal tissue of Phys-
comitrella patens (Hola et al., 2013) for complex analysis of UVB
genotoxic stress in laboratory conditions by parallel study of DNA
damage, its repair and its mutagenic consequences in wild type and
pplig4, pprad50, ppmre11, ppku70 mutants, to ascertain the nature of
observed high rates of UV mutagenesis.

2. Materials and methods

Detailed description of Materials and Methods is in Appendix A.
2.1. Plant material

P. patens (Hedw.) B.S.G. “Gransden 2004"wild type and pplig4,
pprad50, ppmrell were described previously (Hola et al,, 2013;
Kamisugi et al.,, 2012) along with cultivation and treatment con-

ditions. The ppku70 mutant in the canonical non-homologous DSB
repair pathway (C-NHE]) was generated and kindly provided by D.
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G. Schaefer, Neuchatel University, Switzerland.
2.2. UV and Bleomycin treatment

Laboratory broadband UVB irradiation was carried in a Hoefer
UV crosslinker with the unwanted UVC fraction filtered out by a
cellulose acetate sheet (Britt et al., 1993) overlaying samples and a
crosslinker UV gauge (Figure A.2). Insertion of the sheet increased
by about 20% the time needed for the crosslinker to achieve the set
irradiation dose; e.g. from 40 to 50 s to deliver dose 3 k] m~2. To
block light repair, irradiation and recovery cultivation were per-
formed in dark and collection and freezing of samples under red
light in a darkroom. In mutation experiments, samples were kept in
the dark for 24 h after irradiation to allow induction of mutations.

Bleomedac inj. (Medac, Hamburg, Germany) was used for
Bleomycin treatment as previously described (Hola et al., 2013).

All studies were performed with protonemata 1 day following
homogenisation, having approximately 50% of actively dividing
cells (Fig. A.1).

2.3. Detection of DNA lesions

DNA single strand breaks (SSBs) were detected by an A/N comet
assay using neutral protocol with an alkaline unwinding step
(Angelis et al., 1999; Menke et al., 2001; Olive and Banath, 2006).
For specific detection of CPDs, T4 endonuclease V (T4EndoV)
digestion step was included in the protocol after cell lysis. T4EndoV
enzyme was prepared as a crude lysate from overexpressing bac-
teria (Collins, 2011; Valerie et al., 1985). Thirty minutes digestion of
nuclear DNA of cells irradiated by 3 kJ] m~2 with T4EndoV diluted
1:500 at room temperature generated app. 95% DNA fragmentation
(Fig. A.3). Without T4EndoV treatment, the fraction of fragmented
DNA in comet tails increased after irradiation only to 10% from 1 to
2 % of background value.

Comets on slides were stained with SYBR Gold (Molecular
Probes/Invitrogen), viewed in epifluorescence with a Nikon Eclipse
800 microscope and captured and evaluated by the LUCIA Comet
cytogenetic software (LIM Inc., Czech Republic).

2.4. Analysis of comet assay data

The fraction of fragmented DNA in comet tails (% T DNA) was
used as a measure of DNA damage, nevertheless for an easy com-
parison of SSBs and CPDs repair kinetics, comet data are rather
expressed as % of remaining damage, where damage after UV
irradiation at t = 0 is set 100% for both lesions (Eq. (A.1)).

Data in this study were obtained in at least three independent
experiments. Measurements of blind-labelled comet slides
included 25 evaluated comets of four independent gel replicas in
each experiment that totalled at least 300 comets analysed per
experimental point. Time-course data were analysed for one-phase
decay kinetics by Prism v.5 program (GrafPad Software Inc., USA).

2.5. Isolation and analysis of APT mutants

The dose 500 ] m~2 was used to induce mutations in APT. After
irradiation, samples were kept in darkness for 24 h to block light
repair and generate mutations. Mutation rates were measured as
the number of APT mutants that appeared as green foci of regen-
erating clones resistant to 2-Fluoroadenine (2FA). Treated proto-
nemata were cultivated on plates with 8 uM 2FA and emerging foci
were allowed to form colonies. Stable clones were then counted.
Randomly selected clones were further propagated and their APT
locus was PCR amplified and sequenced to identify the mutation(s)
responsible for resistance. Details of mutant analysis are in

Appendix Figure A.4 and Table A.1.

3. Results and discussion
3.1. Repair of UVB induced lesions

Repair of CPDs and 6-4PPs by excision NER pathway proceeds in
four steps: Recognition of distorted DNA double helix by a “bulky”
lesion, incision of the DNA strand on both sides of a lesion, filling
the gap by DNA repair synthesis and religation of a newly synthe-
sized patch.

DNA breaks formed during the incision step of dimer repair can
be followed as SSBs by the A/N comet assay because they lead to
fragmentation of nuclear DNA. Kinetics of formation and removal of
SSBs during repair is plotted in Fig. 1 (open circles). Data are
expressed as % of remaining damage, with damage after UV irra-
diation at t = 0 set to 100%. An increased number of SSBs due to NER
is observed during period of approximately 6 h, with a peak at 1 h,
when the number of breaks nearly doubles and is then followed by
a gradual decrease, indicating saturation of repair capacity after 1 h
and steady-state progression of repair afterwards. After 6 h the
level of SSBs is the same as immediately after UV irradiation.

Removal of CPDs from nuclear DNA was followed after their
conversion to SSBs by digestion of nuclei already embedded on
comet slides with the CPD specific endonuclease T4EndoV prior to
DNA unwinding and electrophoresis. T4EndoV has two associated
enzyme activities: pyrimidine dimer glycosylase cleaving the
glycosyl bond of the 5-pyrimidine of CPD and AP-endonuclease
cleaving the phosphodiester bond at a glycosylase-generated AP
site. The kinetics of CPD removal in P. patens follows first order
kinetics with an estimated half-life 7 = 4 h 14 min (Fig. 1, closed
circles). As reported in Arabidopsis, CPD dark repair is several times
slower than light repair and this might be true also in P. patens (Britt
et al.,, 1993).
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Fig. 1. The repair kinetics of SSBs and CPDs induced by 3 k] m™2 UVB irradiation. Both
SSBs and CPDs were determined in the same sample from which comet slides were
prepared and processed either with or without the T4EndoV digestion step. Data are
expressed as % of remaining damage, when damage after irradiation t = 0 is set to
100%. The number of SSBs first increases as a consequence of NER incisions, reaching a
maximum after 1 h and then as NER proceeds their number decreases (opened circles).
The number of induced CPDs gradually decreases from t = 0 following first order ki-
netics with a CPD half-life 7 = 4 h 14 min (closed circles).
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3.2. UVB mutagenesis

Slow dark NER repair of UV dimers opens the possibility for their
eventual, more rapid error-prone repair or any other error-prone
tolerance mechanism that might underlie observed UV mutage-
nicity. For this reason we decided to detect mutagenesis endpoints
as changes at the DNA sequence level.

Mutations in genes of nucleotide metabolism like APT confer
resistance to halogenated bases like 2FA, which, when utilized by
cell metabolism are toxic. This feature is used as a positive selection
marker for identification of mutants. PCR amplification of the
mutated gene DNA and its sequence analysis provides a description
of the acquired mutations and gives an insight into how they
occurred.

Firstly we examined the number of regenerating APT mutants in
P. patens wild type and pprad50, ppmrell, pplig4d and ppku70 mu-
tants, appearing spontaneously or induced by 500 ] m~2 UVB, 1 mM
MMS and 1 pg mL ! Bleomycin and normalized the count to 1 g of
dry tissue weight. Results are summarized in Fig. 2 (partial results
of Bleomycin mutagenesis were previously published in (Hola et al.,
2013; Kamisugi et al., 2012)). UV mutagenesis proved to be effective
in the wt and repair mutants studied. Aside from an exceptional
and enigmatic role of RAD50 in UV mutagenesis, we can speculate
about the higher rate of UV mutagenesis in the pplig4 background.
Hold et al. (Hola et al., 2013) described a repair defect of oxidative
damage by base excision repair (BER) and showed that LIG4,
perhaps along with LIG1 (Waterworth et al., 2009) could substitute
in plants that lacked LIG3 in this pathway. If we assume that
absence of LIG4 abolishes the active error free BER pathway, then
any error-prone repair or bypass of UV induced dimers becomes
more relevant and could contribute to higher rates of mutagenesis.
This is an interesting point, because BER repair of CPDs in plants
was never previously seriously considered (Britt, 1995) regardless
of the fact that this mechanism is active in bacteria (bacteriophage
T4EndoV used in this study for detection of CPDs is an example) and
perhaps also in other organisms.

3.3. Sequence analysis of UVB induced mutations

For detailed analysis of induced mutations we picked at random
clones from mutation experiments and after their propagation
isolated DNA and sequenced the APT locus. In all sequenced APT
mutants we found mainly cytosine to thymine transitions (Table 1)
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that are typically formed after UV irradiation generating nearly
exclusively pyrimidine dimers, but that rarely occur after other type
of treatment like Bleomycin. UVB and Bleomycin induced muta-
tions are summarized in Table B.1.

The production of mutations by agents that block DNA synthe-
sis, such as CPDs, requires that there should be a mechanism to
bypass the lesion so that the cell can remain viable even if the lesion
is not removed. Trans-dimer bypass involves two steps: addition of
abase opposite the damaged site and subsequent synthesis past the
lesion. Error-prone bypass of CPD not compensated by removal of
CPDs is responsible for a high mutation rate. The tendency to insert
adenine opposite the first pyrimidine (and presumably also oppo-
site the second) means that a large proportion of mutations will be
“lost” because of insertion of the “correct” base, because thymine is
the most frequent pyrimidine in dimers. Also, transitions should be
more frequent than transversions because of the preference for
purine insertions opposite pyrimidines (Rabkin et al., 1983). The
high UV mutation rates indicate that in P. patens the error-prone
bypass is very frequent and efficient on CPDs and on 6—4PPs that
have not been removed by photolyases or by NER. This is also
manifested by exclusive localization of UV induced transitions
within exons 3, 4 and 5 in contrast to far more dispersed distri-
bution of Bleomycin mutations (Fig. 3) that range from transitions/
transversions, small (=2 bp) deletions or insertions to large de-
letions up to 748 bp (Table B.1).

In our study we used artificial laboratory conditions (total dark
or red light illumination) to dissect dark repair during dimer repair
or 24-h fixation of mutations. Nevertheless in the real world under
the daylight, when source of UV is sunshine, there is still approxi-
mately a 2-h window between induction of dimers by UV irradia-
tion, before their elimination by light repair (Waterworth et al.,
2002; Chen et al.,, 1994). NER is even slower than photoreactiva-
tion and thus cannot significantly contribute to offset consequences
of quick error-prone repair. Moreover bypass is independent on the
repair mechanism tested here by studying moss repair mutants and
is solely dependent on ongoing DNA synthesis during irradiation.
This is why we were able to follow the consequences of UV irra-
diation in a 1 day-subcultured protonemal culture with 50% of cells
active in mitosis.

4. Summary

In actively dividing, apical plant cells, exposure to UVB induce

zBLM

ByuvB

BMMS

B spont

pprad50 ppmrell

Fig. 2. Relative numbers of 2FA resistant mutants of Physcomitrella patens wild type and pprad50, ppmre11, pplig4 and ppku70, differentiated into spontaneously appearing mutants
and mutants induced by 500 ] m 2 UVB, 1 mM MMS and 1 ug mL~" Bleomycin respectively. The number of detected APT mutants is normalised to 1 g of dry tissue weight.
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Table 1

Mutations induced by UVB irradiation within the APT locus of wt, pprad50, ppmrell, pplig4 and ppku70. The observed spectra of induced mutations are principally base-

—substitution transitions.

Mutant line Noncoding parts Exons
APT mutant Deletion Insertion Substitution Deletion Insertion Substitution
WT uvb3 A(3199) TCCA — T(1369)
uvb25 AGGT — T(2351)
pprad50 uvb2 TTGA — A(1809)
uvb23 TCCA — TI(1894)
uvb29 ACCA — T(1650)
ppmrell uvb3 GCTC — T(1813)
uvb5 TCCA — T(1893)
ppligd uvb4 TCCA — T(1369) CCGA — A(1576)
uvb5 GCCA — T(1834)
uvb20 A(643)
ppku70 uvb1 TCCA — TI(1368)
mre11:uvb3
rad50:uvb29
rad50:uvb2
lig4:uvb4 mre11:uvb5
wt:uvb3 wt:uvb25
lig4:uvb4
ku70:uvb1 rad50:uvb23 lig4:uvb5
ATG
lig4:uvb20 ku70:uvb1 lig4:uvb5 rad50:uvb23 wtiuvb3 | lig4:uvbs
AN
F5 (b & B
400 1200°1|| 1600 | 2000 ["2400(| 2800 3200 3600
I ]
mre11:bim1 rad50:bim4 rad50:bim4 mre11:blm1 lig4:blm2
rad50:bim7 rad50:bim4 ‘
rad50:bim4 mre11:bim4 mre11:bim9
mre11:bim1 |||]|rad50:blm2 rad50:bim1° | rad50:bim11
rad50:bim4 mre11:bim6
rad50:bim4 lig4:blm4
rad50:bim4 ku70:bIm3
rad50:bIm7 rad50:bim4
rad50:bim4
womts”) ||| |
wt:bim16 rad50:bim4
rad50:bim4
wt:bim15
rad50:blm7
rad50:bim2
rad50:blm3
rad50:bim3
rad50:bim3
JJrads50:bim2

lligd:blm1 rad50:blm5~

Fig. 3. Map of UVB and Bleomycin induced mutations within the APT locus. UVB induced mutations are depicted above and Bleomycin mutations below the schematic drawing of
the APT locus, with ATG translation start indicated and exons represented as arrows. Mutation types for UVB are generally base substitutions, predominantly transitions in coding
regions (Table 1 and Table B.1), whereas Bleomycin induces broad spectra of mutations from base substitutions of both types (transitions and transversions), insertions to deletions,

in particular long deletions in pprad50 and ppmre11 (Table B.1).

robust mutagenesis via error-prone CPDs and 6-4PPs bypass DNA
synthesis. Mutagenic activity is limited to DNA replication within
dividing cells. When a mutated cell is not eliminated and mutation
is tolerated during further plant development, then due to the
clonal character of plant tissue it can initiate a change of phenotype

(with or without external selection pressure). These changes do not
need to be recognized as consequence of induced mutation, but
rather considered as physiological effect of UVB. In this respect we
proved the idea that induced mutagenesis due to unrepaired UV
photoproducts could underlie the mechanism of UV impact on
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plant phenotype.
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Efficient biolistic transformation of the moss Physcomitrella patens
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Na Karlovee 1, CZ-16000 Prague, Czech Republic

Abstract

High rates of homologous recombination (HR) in comparison to other plants make the moss Physcomitrella patens an
attractive model organism for genetic studies as well as biotechnological applications. We describe a simple protocol
for the efficient biolistic transformation of protonemal tissue with minimum tissue handling steps. The transformation
efficiency depends on the biolistic conditions. The bombardment of tissue with 1 pm gold particles yielded between
20 and 40 stable transformants per 1 pg of DNA. Transformation with circular plasmids generates higher frequencies of

random transgene integration, whereas linear plasmids are more efficient in generating gene-targeted insertions.

Additional key words: Helios biolistic gun, moss protonemal tissue, particle size, random and targeted integration, regeneration.

The moss Physcomitrella patens is an attractive plant
model (Cove 2005) to study gene function as well as a
biotechnologically useful production plant (Frank et al.
2005). Particularly attractive features are its efficient
somatic homologous recombination (HR) enabling
targeted gene modification, not possible in higher plants
(Schaefer 2002), and its dominant haploid phase during
most of the life cycle, which make genetic changes
directly evident.

Several methods have been successfully tested for
delivery of DNA into Physcomitrella cells including even
Agrobacterium T-DNA transfer. Currently, the method
most commonly used to transform Physcomitrella is
PEG-mediated delivery of dsDNA into protoplasts
(Schaefer et al. 1991). This approach has several
drawbacks, including the requirement for extensive tissue
and protoplast manipulation, the relatively complicated
procedure of PEG-mediated DNA uptake and the need to
regenerate protoplasts with high efficiency under
scrupulously sterile conditions. An alternative possibility
is biolistic delivery of transforming DNA into intact
tissue on metal microparticles (Sawahel et al. 1992, Cho
et al. 1999, Bezanilla et al. 2003). We decided to evaluate
biolistic approach in detail when we experienced only
low efficiency of transformation (0.5 - 1 transformant
per ug DNA) mediated by PEG.

Received 1 July 2009, accepted 7 September 2009.

There are two biolistic systems routinely used for
acceleration of DNA-coated microparticles to penetrate
tissue. The system firstly developed uses an accelerated
plug (macrocarrier) carrying DNA-coated microparticles.
Newer systems accelerate microparticles directly by a
burst of helium from a rapidly opened valve (Gray at al.
1994). Gal-On et al. (1997) later simplified Gray’s
approach by showing that microparticles accelerated by a
helium burst do not need a vacuum for efficient
penetration of plant tissue and designed a simple hand
held instrument for in planta transformation.

The potential of biolistic transformation has
stimulated significant technical improvement and
commercialization of delivery devices in recent years.
The PDS-1000/He model represents the macrocarrier/
microcarrier system, whereas the Helios gene gun (both
made by BioRad, Hercules, USA) is an acceleration
device for direct bombardment of a target. The Helios
gun uses DNA-coated gold particles, deposited on the
inner wall of a plastic tube that are flushed off and
accelerated by a burst of pressurized helium. However,
the procedure developed by BioRad for coating of plasic
tubing with microparticles is a time-consuming and error-
prone procedure that requires a dedicated “Tubing Prep
Station”.

Here we describe a modified, low-cost biolistic

Abbreviations: dsSDNA - double stranded DNA; PEG - polyethylene glycol; T-DNA - transfer DNA of Ti-plasmid.
Acknowledgements: We acknowledge financial support from Grant Agency of the Czech Republic (No. 521/04/0971), Grant Agency
of AS CR (No. S5038304) and Ministry of Education, Youth and Sports of the Czech Republic (Nos. 1M0505 and LC06004).
Special thanks goes to Drs. A. Cuming and Y. Kamisugi, CPS, University of Leeds, UK, for inspiring discussions and suggestions.

* Author for correspondence; fax: (+420) 224322603, e-mail: angelis@ueb.cas.cz
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application for delivery of the DNA-gold particle
suspension to Physcomitrella protonemal tissue with the
Helios gene gun and show high yields of both, random
and targeted transformants. Our simple transformation
protocol circumvents the technical complexity of the
PEG-mediated protoplasts transformation.

For construction of the random integration vector we
used plasmids and cassettes of the pGreen system
(www.pgreen.ac.uk). To express enhanced yellow
fluorescence protein (EYFP) we first modified the
multiple cloning site (MCS) of the 2 x 35S cassette of the
pJIT60 vector to contain a Ncol site upstream of the
EcoRI site. The whole expression cassette was then
recloned between the Sacl and EcoRV of pGreenl 0029,
which already contains an NPTII selection cassette. The
Ncol/EcoRI fragment from pEYFP-C1Kana (kind gift of
Dr. Y. Eshed, WIS, Rehovot, Israel) containing the EYFP
coding region was then directly inserted into the cloning
site to produce binary pKA127 vector (Fig. 14). For
delivery of linear DNA, Apal site was used to cut the
vector between reporter and selection cassette.

Gene-targeting vector was based on the sequence

6867 bps

pKA127

Stul Sacl

derived from the moss dehydrin gene PpLEA2
(Phypal 1:173331; GenBank Accession XM _001785041).
Into pBS::Lea2 vector (kindly provided by Dr. A. Cuming,
CPS, University of Leeds, UK) containing genomic
coding region from amino acid 9 Lea24 and
3‘-untranslated termination region Lea2B (Fig. 1B) , there
was cloned in frame with 5'-Lea2 region NPTII amplified
by PCR from pGreenl 0029 . The NPTII 5’-end PCR
primer was designed to contain an Ncol site and the
fragment was made blunt ended at the 5’-end by cutting
with Ncol, and fill-in with the Klenow fragment of DNA
Poll. Digestion at the 3’-end with EcoRI generated a
fragment that could be cloned in frame with Lea24
between the Smal and EcoRI sites generating the plasmid
pKA133 (Fig. 1B). In this vector NPTII should only be
expressed if a correct targeting event occurs, because
there are two introns upstream of the NPTII fusion. If
these are not spliced out, they will not permit NPTI/
expression, since there are 4 in-frame termination codons
(3 in the first and 1 in the second intron). Vector was
linearized for biolistic transformation by digestion with
Xbal at the 3’-end of the targeting cassette.

C ‘Lea2B

EcoRI

Ncol

5479 bps
pKA133

Accl

Scal

Fig. 1. Transformation vectors: 4 - pKA127 for random integration, B - pKA133 for targeted insertion into Lea2 gene. For detail

description see text.

The wild-type moss Physcomitrella patens
Grandsen was grown on Petri plates with modified
PPNH4 medium (Knight et al. 2002) with [g dm?]
0.8 Ca(NOs),.4H,0, 0.25 MgSO,.7H,O, 0.062
FeSO,.7H,0, and 0.25 KH,PO,, pH 5.8 before
autoclaving. Medium was enriched with 0.5 g dm™
ammonium tartrate, A/tTES macro- and microelements
[ug dm™]: 55 CuSO,.5H,0, 614 H;BOs, 55 CoCl,.
6H20, 25 Na2M004.2 Hzo, 55 ZHSO4.7H20,
389 MnCl,.4 H,O, and 28 KI and solidified with
8 g dm™ agar (Duchefa, Haarlem, The Netherlands) and
overlaid with cellophane discs.

A Helios gun and microcarriers were used. The gun
was operated according to the manufacturer’s
recommendation, although a new protocol for preparation
of the DNA-coated microcarrier suspension and gun
loading was developed. We tested four types of
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microcarriers, three gold particles (0.6, 1.0 and 1.6 pm),
and Tungsten MI17. The microcarriers (50 mg) were
resuspended in 1 cm® of 100 % ethanol for 10 min to
break particle clumps. Purified plasmid DNA was used
either linearized or circular. The transforming DNA (2 u%
in 2 mm’) was added to the bottom of a 0.5 cm
Eppendorf tube and 5 mm® of 100 % ethanol were slowly
pipetted dropwise down the side of the tube. Immediately
11 mm® of the particle/ethanol suspension were added to
DNA/ethanol mixture, briefly vortexed and immediately
used for delivery. A 5 mm’ aliquot of DNA/
ethanol/microcarrier suspension was as a single droplet
directly loaded into pieces of plastic tubing (cartridges) in
the holder and the “charged” holder was then inserted
into a gun. An armed Helios gun was then used for
shooting moss tissue on Petri plates by 550 kPa helium
bursts. One-week-old protonemal tissue on one plate
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(equivalent of approximately 15 mg of moss dried tissue)
was pooled into two “humps”, approximately 3 cm in
diameter and shot with particles from 3 cartridges
(2 helium bursts through each cartridge). After shooting,
tissue was roughly dispersed on the plate and allowed to
recover on modified PPNH4 medium for 3 d without
selection.

After 3 d of recovery, tissue was sheared by a
homogenizer 725 (IKA, Staufen, Germany) at 10 000 rpm
in 8 cm® of distilled water and subcultured on four
PPNH4 plates containing 50 pg cm™ of G418 (Gibco
BRL, Eggenstein, Germany) as needed for two or more
weeks, when transformed foci were clearly visible. To
select stable transformants individual foci were
transferred for two-week release period onto medium
without antibiotic and a second two-week selection
period. Plants surviving the third round of selection were
considered to be stable transformants. Transformants
expressing EYFP were identified with Leica MZ16
fluorescence stereo-microscope equipped with a Leica
YFP (excitation 510/20, barrier 560/40 nm) filter set.

DNA for analysis was isolated from 100 mg of
7-d-old protonema tissue using a NucleoSpin plant DNA
kit (Macherey-Nagel, Diiren, Germany). 7.5 pg of
genomic DNA  were digested with  BamHI,
electrophoresed in a 0.7 % agarose gel and transferred to
Hybond-N" nylon membrane (GE-Healthcare, Uppsala,
Sweden) by alkali capillary transfer with 0.4 M NaOH
and 0.6 M NaCl without UV fixation. Hybridization
probe was an Ncol/Xhol fragment of pKA127 (Fig. 14),
labeled with  digoxigenin-dUTP and used for
hybridization at concentration 25 ng cm®. Labelling,
hybridization and detection were carried out according to
the manufacturer’s instructions using a DIG DNA
labeling and detection kit (Roche, Indianapolis, USA) and
chemilumini-scence ~ CDP-Star  substrate  (Roche).
Chemiluminiscence signals were captured on ChemiDoc
(BioRad).

To avoid damage of protonemal tissue we have tested
the pressure range 400 - 800 kPa for direct shooting. The
regular growth medium solidified with 8 g dm™ agar
shows severe signs of tissue damage when pressure over
550 kPa was used. To avoid a grouped impact pattern we
found it necessary to use a diffusion screen (BioRad).
With such a set up it was possible repeatedly to shoot
plates from a distance of 5 cm and continue cultivation on
the same plate. Two helium bursts were enough to
remove all microcarriers from a single cartridge. During
the first shot approximately 80 % of the microcarriers
were flush out and remainder with the second shot.

The biolistic transformation was dependent on
microcarrier size. The best yields of stable transformants
per 1 ng of DNA were obtained with 1 pm spherical gold
particles (20 transformants). Tungsten M17 particles, a
rod like crystals rated as 1 um provided 9 transformants.
Smaller particles 0.6 pum might not have sufficient
momentum to effectively penetrate the tissue
(3 transformants), whereas larger particles may disrupt
tissue to an extent that prevents efficient recovery

BIOLISTIC TRANSFORMATION OF MOSS

(8 transformants). In contrast to Cho et al. (1999) we
have not detected any significant difference in
transformation efficiency when using denatured DNA. In
most transformants after the first round of G418 selection
and in all stable transformants the yellow signal of
expressed EYFP was positively detected in foci of 2 mm
in diameter by fluorescence microscopy.

Construction of the targeting vector pKA133 does not
allow selection without in frame intergration into the
Lea2 locus of the Physcomitrella genome. This is
demonstrated by 5 - 10 time lower recovery of primary
transformants in comparison to transformation with
pKA127, where a substantial number of transient
transformants expressing NPTII could be recovered
(Table 1). The yield of transformants after the third round
of G418 selection was only 30 % lower than the number
of primary transformants for both, circular and linear
form of the pKA133 vector.

[kbp]

10— 5
8- _
6—

1 2 3 4

Fig. 2. Southern blot of Physcomitrella transgenic lines.
Genomic DNA (7.5 pg) of two independent transformants was
digested with BamHI (lane 2 and 3). EcoRI-linearized plasmid
PpKA127 at concentration 50 ng (lane 1) and 10x diluted in plant
extract (lane 4) were positive controls. 502 bp digoxigenin-
labeled Ncol/Xholl restriction fragment of pKA127 was used as
hybridization probe.

To prove insertion into Physcomitrella genome
several random transformants were analysed by Southern
blot hybridization. For this purpose the moss genomic
DNA was cut with BamHI, which does not have a
recognition site within transformation vector pKA127.
Surprisingly in 10 transformants analyzed (Fig. 2) we
found only single copy of the vector inserted in genome.

Biolistic transformation provides several advantages
over PEG transformation mainly by reducing handling
steps to a minimum and avoiding potential microbial
contamination. Transformation is carried out on the same
plate where Physcomitrella is grown until transfer to
selective medium, and is completed within an hour.
Optimized biolistic conditions, e.g., the microcarrier size
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and helium pressure, provide a high yield of stable
transformants per pg of DNA. The limiting factor in the
Table 1. Number of transformants during three cycles of G418
selection. Targeted transformation into Lea2 locus was carried
out with pKA133, whereas random transformation with
pKA127.

Circular Linear
1 2 3 1 2 3

Integration to Lea 2 35 17 23 56 45 41
Random integration 322 55 40 236 46 22

wider use of this approach is the need of a delivery
device. We have adopted the BioRad hand-held Helios
gene gun, instead of the BioRad PDS-1000/He, which is
more widely used by the plant science community. The

References

Bezanilla, M., Pan, A., Quatrano, R.S.: RNA interference in the
moss Physcomitrella patens. - Plant Physiol. 133: 470-474,
2003.

Cho, S.H., Chung, Y.S., Cho, SK., Rim, Y.W., Shin, J.S.:
Particle bombardment mediated transformation and GFP
expression in the moss Physcomitrella patens. - Mol. Cells
9: 14-19, 1999.

Cove, D.J.: The moss Physcomitrella patens. - Annu. Rev.
Genet. 39: 339-358, 2005.

Frank, W., Decker, E.L., Reski, R.: Molecular tools to study
Physcomitrella patens. - Plant Biol. 7: 220-227, 2005.

Gal-On, A., Meiri, E., Elman, C., Gray, E., Gaba, V.: Simple
hand-held devices for the efficient infection of plants with
viral-encoding constructs by particle bombardment. - J.
Virol. Meth. 64: 103-110, 1997.

Gray, D.J., Hiebert, E., Lin, C.M., Compton, M.E., McColley,
D.W., Harrison, R.J., Gaba, V.P.: Simplified construction

780

advantage of using the hand-held gun is the freedom of
handling as well as a lower cost per shot. Direct loading
of a microparticle suspension in the helium path is often
used in custom-built systems (e.g. Gray et al. 1994, Gal-
on et al. 1997) and also works well in the Helios gun,
even though according to the manufacturer’s protocol
cartridges should be prepared in advance.

The transformation efficiency depends on the form of
the transforming DNA. Random integration is
approximately twice as effective with a circular than with
a linear vector. This suggests that random integration
preferentially occurs as a single crossover event. In
targeted transformation the situation is opposite and
linearized pKA133 is nearly as twice as effective than
circular, suggesting that linear form of transforming DNA
promotes gene replacement by double crossover.

and performance of a device for particle bombardment. -
Plant Cell Tissue Organ Cult. 37: 179-184, 1994.

Knight, C.D., Cove, D.J., Cuming, A.C., Quatrano, R.S.: Moss
gene technology. - In: Gilmartin, P.M., Bowler, C. (ed.):
Molecular Plant Biology. Vol. 2A Practical Approach. Pp.
285-301. Oxford University Press, Oxford 2002.

Sawahel, W., Onde, S., Knight, C.D., Cove, D.J.: Transfer of
foreign DNA into Physcomitrella patens protonemal tissue
by using the gene gun. - Plant mol. Biol. Rep. 10: 315-316,
1992.

Schaefer, D.G.: A new moss genetics: targeted mutagenesis in
Physcomitrella patens. - Annu. Rev. Plant Biol. 53: 477-
501, 2002.

Schaefer, D.G., Zryd, J.-P., Knight, C.D., Cove, D.J.: Stable
transformation of the moss Physcomitrella patens. - Mol.
gen. Genet. 226: 418-424, 1991.

53



MRE11 and RADS50, but not NBS1, are essential for gene targeting in the

moss Physcomitrella patens

KAMISUGI, Y., D. G. SCHAEFER, ]J. KOZAK, F. CHARLOT, N. VRIELYNCK, M.
HOLA, K. ]. ANGELIS, A. C. CUMING a F. NOGUE

Nucleic Acids Research. 2012, 40(8): 3496-3510
[F2012: 8,278

Prispévek autora: izolace apt mutant po pulsobeni bleomycinu, identifikace

mutaci v sekvenci lokusu genu APT u wt a pprad50 2-FA rezistentnich mutant.

54



3496-3510 Nucleic Acids Research, 2012, Vol. 40, No. 8
doi:10.1093/nar|gkr1272

Published online 30 December 2011

MRE11 and RADS50, but not NBS1, are essential for
gene targeting in the moss Physcomitrella patens

Yasuko Kamisugi', Didier G. Schaefer®3, Jaroslav Kozak®, Florence Charlot?,
Nathalie Vrielynck?, Marcela Hola* Karel J. Angelis®, Andrew C. Cuming* and

Fabien Nogué®*

Centre for Plant Sciences, Faculty of Biological Sciences, Leeds University, Leeds LS2 9JT, UK,

2INRA AgroParisTech, IJPB, UMR 1318, INRA centre de Versailles, route de Saint Cyr, 78026 Versailles
CEDEX, France, 3Laboratoire de Biologie Moléculaire et Cellulaire, Institut de Biologie, Université de Neuchatel,
rue Emile-Argand 11, CH-2007 Neuchatel, Switzerland and “Institute of Experimental Botany, Czech Academy
of Sciences, Na Karlovce 1a, 160 00 Praha 6, Czech Republic

Received November 3, 2011; Revised December 7, 2011; Accepted December 8, 2011

ABSTRACT

The moss Physcomitrella patens is unique among
plant models for the high frequency with which
targeted transgene insertion occurs via homologous
recombination. Transgene integration is believed to
utilize existing machinery for the detection and
repair of DNA double-strand breaks (DSBs). We
undertook targeted knockout of the Physcomitrella
genes encoding components of the principal sensor
of DNA DSBs, the MRN complex. Loss of function of
PpMRE11 or PpRAD50 strongly and specifically in-
hibited gene targeting, whilst rates of untargeted
transgene integration were relatively unaffected. In
contrast, disruption of the PobNBS1 gene retained
the wild-type capacity to integrate transforming
DNA efficiently at homologous loci. Analysis of the
kinetics of DNA-DSB repair in wild-type and mutant
plants by single-nucleus agarose gel electrophor-
esis revealed that bleomycin-induced fragmentation
of genomic DNA was repaired at approximately
equal rates in each genotype, although both the
Ppmre11 and Pprad50 mutants exhibited severely
restricted growth and development and enhanced
sensitivity to UV-B and bleomycin-induced DNA
damage, compared with wild-type and Ppnbs1
plants. This implies that while extensive DNA
repair can occur in the absence of a functional
MRN complex; this is unsupervised in nature
and results in the accumulation of deleterious

mutations incompatible with normal growth and
development.

INTRODUCTION

DNA double-strand breaks (DSBs) represent one of
the most cytotoxic forms of damage an organism can
acquire (1). Such events occur with high frequency result-
ing from cellular metabolism (such as reactive radicals or
stalled replication forks during S phase) and through the
action of exogenous agents (such as ionizing radiation or
chemical mutagens). Failure to repair such damage can
lead to the irrecoverable loss of genetic material, with
both immediate and long-term consequences: the onset
of cancerous transformation in animal cells, or the
failure to transmit genetic information in gametes (espe-
cially in plants, where there is no early developmental par-
titioning of germ-line and somatic cell lineages).
Unsurprisingly, all living organisms have evolved effi-
cient mechanisms that can be deployed to sense DNA
DSBs, activate DNA repair, cell-cycle arrest and some-
times apoptosis. Such is the importance of these mechan-
isms, that the genes encoding many of the essential
components of the DNA repair machinery are highly
conserved in evolution (2). In particular, this is true of
the mechanism by which the broken ends of DNA mol-
ecules are recognized and recruited into DNA repair
complexes. In eukaryotes, the MRN/MRX complex
undertakes this task (3,4). This conserved complex is
composed of three proteins, Meiotic recombination
11 (MREI11), Radiation sensitive 50 (RADS50), and

*To whom correspondence should be addressed. Tel: +33 01 30 83 30 09; Fax: +33 01 30 83 33 19; Email: fabien.nogue@versailles.inra.fr
Correspondence may also be addressed to Andrew C. Cuming. Tel: +44 113 343 3094; Fax: +44 113 343 3144; Email: a.c.cuming(@leeds.ac.uk

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

© The Author(s) 2011. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

55

2102 ‘b ady uo Ayruejoq rufejuawzad Xy Aevls() Je /310" s[eunolpIogxo reu//:dny woiy papeorumoy



Nijmegen Breakage Syndrome 1 (NBS1) (X-ray sensitive
2, XRS2 in the yeast, Saccharomyces cerevisiae). Together,
the MREI1l, RADS0 and NBS1 proteins form a
multisubunit complex (M;R;,N;) that binds the ends of
broken DNA molecules, and can tether the broken ends
through dimerization between adjacent MRN complexes
mediated by an association between the RADS0 compo-
nents (3,5). The formation of MRN-DNA complexes also
initiates a cell-cycle checkpoint through interaction with
the phosphoinositide 3-kinase-related protein kinases
(PIKKs) ATM and ATR (for ‘Ataxia Telangiectasia
Mutated” and ‘Ataxia Telangiectasia mutated-like and
Rad 3 related’) and the DNA Protein Kinase catalytic
subunit (DNA-PKcs) (6). These proteins phosphorylate
multiple targets to initiate a cascade of downstream
events leading to DNA DSB repair either by non-
homologous end joining (NHEJ), a rapid but occasionally
inaccurate mechanism, or through homologous recombin-
ation (HR), a conservative mechanism that uses an hom-
ologous sequence (e.g. a sister chromatid) as a template to
restore the original sequence at the DSB site. In this latter
pathway, an Mrell-specific nuclease activity is required
(with other components) for the resection of DNA ends
necessary for strand invasion (7).

Transgene integration into flowering plant genomes
occurs through the agency of endogenous mechanisms
that have evolved for the repair of DNA DSBs.
In flowering plants, the integration of exogenous DNA
whether directly delivered via microprojectile bombard-
ment or protoplast transfection, or delivered by
Agrobacterium-mediated transformation occurs predom-
inantly at random positions throughout the genome,
whereas gene targeting frequencies remain extremely
low (8). Random integration of transgenes requires
enzymes from the NHEJ pathway, and the inefficiency
of GT probably reflects the prevalence of the NHEJ
pathway in repairing DNA DSBs in angiosperms (9-11).
In contrast with flowering plants, transformation of the
moss, Physcomitrella patens, with DNA containing
homology with genomic sequences results in preferential
incorporation of the transforming DNA at these homolo-
gous sequences (12). This facility for ‘gene targeting’ is
similar to that seen in Saccharomyces (13) and suggests a
preference for the use of the HR-dependent pathway as
the primary means of undertaking DSB repair, although
molecular analyses of gene targeting events provide clear
evidence for modification of the transforming DNA by
both NHEJ and HR reactions upon integration (14,15).
Physcomitrella thus represents an excellent model in which
to analyse DNA-DSB repair pathways in plants, particu-
larly in regard to its outstanding gene targeting effi-
ciency (12). Previous studies have shown that PpPRADSI,
the protein at the core of the HR reaction, was required
to preserve genome integrity and essential to achieve gene
targeting (16,17). The mismatch repair PpMSH?2 gene was
also shown to be essential to preserve genome integrity
and to prevent homeologous gene targeting (18).

We have characterized the role of the Physcomitrella
MRN complex in DNA DSB-repair and gene targeting.
We find that in moss the major loss of function pheno-
types of the MRN complex depends on PpRADS50 or
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PpMREI1IL, but not PpNBSI. Inactivation of -either
PpRAD50 or PpMREII reduced GT ~11-fold in both
Pprad50 and Ppmrell mutants, while illegitimate integra-
tion rates only slightly affected. Gene expression studies
further show that Ppmrell and Pprad50 strains display
constitutively high expression of the DNA damage
response, implying the activation of alternative pathways
to minimize endogenous DNA damage in the mutant
strains. The mutants exhibit a severe developmental
phenotype, possibly associated with early senescence
processes, and hypersensitivity to UV-B and bleomycin-
induced DNA damage.

MATERIALS AND METHODS
Plant material

Physcomitrella patens (Hedw.) B.S.G. ‘Gransden2004” was
vegetatively propagated as previously described (19).
Individual plants were cultured as ‘spot inocula’ on
BCD agar medium supplemented with 1 mM CaCl, and
SmM ammonium tartrate (BCDAT medium), or as lawns
of protonemal filaments by subculture of homogenized
tissue on BCDAT agar medium overlain with cellophane
for the isolation of protoplasts. Transformation experi-
ments were performed as previously described (20) using
linear fragments of DNA generated either by digestion of
transforming vectors with restriction enzymes (19) or by
polymerase chain reaction (PCR) amplification (14).
Growth conditions for the generation of deletion strains
were as described previously (17).

Gene identification and isolation

Genomic DNA and total RNA were isolated from
Physcomitrella as previously described (19). For verifica-
tion of gene models, RNA was extracted from a
polyribosome-enriched  fraction: 7-day  subcultured
protonemal tissue (~5g squeeze-dried chloronemal
tissue) was homogenized in 30ml extraction buffer
[200mM sucrose 40 mM Tris—-HCI, pH 8.5, 60 mMKCl,
30mM  MgCl,, 1% (v/v) Triton X-100, 2mM
dithiothreitol] and the extract was clarified at 25000g
for 20min (Sorvall SS34 rotor). The supernatant was
layered over a cushion comprising 1 M sucrose, 40 mM
Tris-HCI, pH 8.5, 20mM KCI, 10mM MgCl, and
centrifuged for 3h at 141000g (Beckman SW28 rotor).
The pellet was drained and resuspended in 0.5ml
RNA extraction buffer for aqueous phenol extraction (19).
RNA used for RT-PCR was first digested with RQ DNase
I (Promega) to remove residual DNA. Physcomitrella
genomic sequences encoding the MREII, RAD50 and
NBSI genes were identified by BLAST search (http://
genome.jgi-psf.org/Phypal 1/Phypal 1.home.html). The
available gene models were used for the design of PCR
primers to amplify cognate genomic sequences, which
were cloned in the plasmid pBluescript KS™. PCR
primers used are listed in Supplementary Table S1. In
order to obtain a correct gene model for each sequence,
full-length complementary DNA (cDNA) sequences were
amplified from Physcomitrella polyribosome-derived
RNA by RT-PCR. Total RNA (l1ug) was reverse
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transcribed using an oligo-dT, ;5 primer and AMV
reverse transcriptase as supplied in the Promega Reverse
Transcription system in a 20-ul reaction. Following
cDNA synthesis, the reaction mixture was diluted by the
addition of 80 pul water, and 1l aliquots were used for
PCR amplification using primers predicted to anneal
with 5- and 3'-untranslated region (UTR) sequences
(Supplementary Table S1). PCR products were cloned
by blunt-end ligation into the EcoRV site of pBluescript
KS" for sequence analysis (ABI3130) in the DNA
sequencing facility of the Leeds University Faculty of
Biological Sciences. Predicted polypeptide sequences
were aligned with the orthologous genes from
Arabidopsis thaliana, Homo sapiens and Saccharomyces
cerevisiae using CLUSTALW.

Targeted gene knockout

Gene disruption cassettes were constructed by ligating a
selection cassette comprising a neomycin phospho-
tranferase gene driven by the Cauliflower Mosaic Virus
35S promoter and terminated with the CaMV gene 6 ter-
mination sequence (35S-mptll-g6ter) derived from the
vector pMBL6 (14) into convenient restriction sites
within the cloned PpMREII, PpRADS50 and PpNBSI
genes to replace endogenous coding sequences. For the
PpMREI] gene, the selection cassette was placed
between residues 1763501 (in exon 4) and 1764332 (in
exon 8) in JGI Phypal_1/scaffold 18. For the PpRADS50
gene the selection cassette was placed between residues
1431738 (in intron 13) and 1433260 (in intron 16) in JGI
Phypal_1/scaffold 51. For the PpNBS1 gene, the selection
cassette was placed between residues 276622 (in intron 4)
and 277547 (in intron 7) in JGI Phypal_1/scaffold 219.
For targeted knockout of the moss genes, fragments of
DNA containing these cassettes and flanked by ~1kb
of 5- and 3'-flanking genomic sequence were PCR
amplified. These linear fragments were used to transform
Physcomitrella protoplasts, and stable transformants were
selected following regeneration in medium containing
50pgml~! G418 for 2 weeks, followed by subculture
onto medium lacking antibiotic for 2 weeks, and a final
subculture on selective medium. Targeted replacement of
the native genes by the disruption cassette was confirmed
by PCR reactions using external, gene-specific primers in
combination with ‘outward-pointing’ selection cassette-
specific primers (Supplementary Table S1). Single-copy
allele replacements were identified by PCR using the
external primer pairs, and the absence of additional trans-
gene insertion in the genome was confirmed by Southern
blot analysis. Conditions for PCR analysis were as previ-
ously described (14) and Southern blot analysis of
genomic DNA was carried out as previously described
(21), using the 35S-nptll-gbter cassette as a hybridization
probe.

For generation of deletion mutants mrel 1A and rad504,
the 5-and 3'-targeting fragments were amplified from
P. patens genomic DNA and cloned upstream (5) and
downstream (3') of the loxP sites flanking the resistance
cassette in plasmid pBNRF (17) to create the plasmids
pMRElldelta and pRADSOdelta, respectively. For the

PpMREII gene, a 1009-bp 5'-targeting fragment (coord-
inates 1763137-1764146 in JGI Phypal _1/scaffold 18) and
an 803-bp 3'-targeting fragment (coordinates 1765334—
1766184) were PCR-amplified. For PpRad50, an 831-bp
5" targeting fragment (coordinates 1426648-1427479 in
JGI Phypal_1/scaffold 51) and an 819-bp 3’-targeting
fragment (coordinates 1435197-1436016) were
PCR-amplified.

Moss protoplasts were transformed with pMREI11delta
digested with BstXI and Asel, or with pRADS50delta
digested with Xbal and Nsil. Stable disruptants were
selected by successive subculture on selective and non-
selective medium and PCR analysis as described above.
Clean deletions in the PpMREII (encompassing exons
7-10) and PpRADS50 genes (exons 4-20) were obtained
by transient Cre recombinase expression (18). Deletions
in the recombinant loci were confirmed by PCR amplifi-
cation using gene-specific external primers MRE11#1 and
MREI11#2, and RADS0#1 and RADS0#2, respectively.
Primers APT#14 and APT#19 were used as positive
controls (Supplementary Table S1).

For gene targeting studies the vectors PpPAPT-KO2 (17)
and PpAPT-KO3 have been used. To obtain PpAPT-
KO3, an internal 1631-bp Sall/BgllI fragment containing
the 35S:HygR-LoxP marker was deleted in PpAPT-KO2
and replaced by an Xhol/Bglll fragment from pBNRF
(17) containing the 35S:Neo"-LoxP marker.

Analysis of gene expression in mutants

Transcript abundance in selected knockout lines
was determined by RT-PCR of ¢cDNA. Total RNA
was isolated from protonemal tissue (19) and 1pg was
reverse-transcribed using a Promega reverse transcription
system. The 20-ul reaction mixture was diluted 25-fold
and Spl aliquots were used for PCR. Detection of
Mrell, Rad50 and Nbsl mRNA in mutant lines was
by RT-PCR using primers indicated in Supplementary
Table 1.

For quantitative determination of the relative abun-
dances of transcripts encoding DNA repair genes in
wild-type and mutant strains, quantitative real-time PCR
was carried out using a Qiagen Rotor-Gene Q instrument
and Qiagen SYBR-Green PCR kit. RNA was isolated
from 7-day subcultured protonemal tissue from each
of three independent lines (wild-type, PpmrellKO,
Pprad50K0O and PpnbslKO, respectively), with two repli-
cates for each sample. Transcript abundance was
estimated by reference to both internal and external refer-
ence sequences. As an external reference, Physcomitrella
RNA samples were ‘spiked” with tenfold serial dilutions
(107'-107%) of an in vitro transcript from a full-length
wheat ‘Em’ ¢cDNA (22) prior to reverse transcription.
These were used to test a number of candidate internal
reference sequences, corresponding to Physcomitrella
gene models Phypal 1:227826 (SAND family endocytosis
protein), Phypal_1:209451 (Clathrin adapter complex
subunit), Phypal 1:224488  (Acyltransferase) and
Phypal_1:163153 (Ribosomal protein S4) for stability
of expression in response to bleomycin treatment.
Phypal _1:227826 was subsequently selected as the
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internal reference standard for the determination of the
abundances of PpRad51-1 (Phypal_1:206066), PpRad51-2
((Phypal_1:207856), PpPARP-1  (Phypal_1:150949),
PpPARP-2 (Phypal_1:188096) PpKu70 (Phypal_I:
60909), PpKu80 (Phypal _6:23553) and PpCtIP
(Phypal_6:453490) transcripts. Relative transcript abun-
dance was calculated using the AACt method and
normalized to the wild-type value.

Bleomycin and UV-B sensitivity assays

Physcomitrella explants were inoculated as ‘spot inocula’
onto BCDAT-agar plates supplemented with bleomycin
(Bleocin inj., Euro Nippon Kayaku GmbH, Germany)
at concentrations indicated in the text, to determine sen-
sitivity to chronic exposure to the drug. Plant growth was
assessed by measurement of the surface area of each plant
at intervals following inoculation by digital photography
of the plates. The image analysis software ‘Image]’ (23)
was used to convert the digital images to binary format
and determine the colony area based on counting the
number of pixels corresponding to each colony. Colony
area determinations based on different photographs
were normalized for each colony using the estimated
area of the plate.

For acute toxicity testing, protoplast viability and
protonemal growth were analysed. Viability was tested
when protoplasts of wild-type and mrell, rad50 and
nbsl mutants in BCD liquid medium supplemented with
mannitol were treated with bleomycin at concentrations
indicated in the text for 1h. Protoplasts were washed
two times and then resuspended in liquid mannitol
medium. After 20h in the dark, the protoplasts were
spread on BCD agar medium supplemented with
mannitol (~10° protoplasts per Petri dish). After 6 days
regeneration, the number of survivors was counted. We
repeated these experiments three times.

Protoplasts of wild-type, mrell and rad50 mutants were
spread (~50000/plate) on protoplast agar medium
(PpNH4+0.5% glucose +8.5% mannitol). Plates were
immediately irradiated with UV-B light (308 nm) in a
Stratagene Stratalinker. The intensity of the irradiation
was controlled using the internal probe of the
Stratalinker and one plate of each strain was treated sim-
ultaneously. The experiment was repeated three times.
Plates were immediately transferred to darkness for 24 h
after treatment then to standard growth conditions for
protoplast regeneration. Survival was determined after
1 week by microscopic observation.

Protonemal growth was tested by incubating 7-day-old
protonemal tissue in BCDAT liquid medium containing
bleomycin at concentrations indicated in the text for 1h.
The tissue was washed three times with medium lacking
bleomycin and homogenized. Explants were inoculated
onto BCDAT agar medium and recovery following treat-
ment was determined by measuring the increase in plant
surface area over a 3-week period.

Evaluation of spontaneous mutation frequency

Mutations in the PpAPT gene confer resistance to
2-Fluoroadenine (2-FA), a toxic compound for cells.
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The number of 2-FA resistant colonies that grow follow-
ing protoplast regeneration reflects the frequency of spon-
taneous mutations. Protoplasts of wild-type, murell,
rad50, nbsl and msh2 (18) mutants were regenerated for
6 days on BCD agar medium supplemented with mannitol
(~10° protoplasts per Petri dish) and then transferred
on to BCD agar medium supplemented with 5uM
2-FA (Fluorochem). After 2 weeks, the number of re-
sistant clones was counted. Experiments were repeated
three times and statistically analysed using Fisher’s
exact test.

Isolation of apt mutants after bleomycin treatments

One-day-old protonemata prepared from 10 plates of
7-day-old tissue (around 25.10° dividing cells) of
wild-type and the Pprad50KO mutants were exposed to
sublethal acute doses of bleomycin: 50 pg/ml for 2h for
wild-type and 0.1 pg/ml for 1h for the Pprad50KO
mutant, before being transferred onto cellophane-overlaid
BCDAT agar medium supplemented with 2-3 pM 2-FA.
After 3 weeks, resistant foci were clearly visible.
Cellophane discs bearing resistant colonies were
transferred to plates without 2-FA. This process was
repeated three times until stable Ppapt clones were estab-
lished. The results of selection are summarized in
Supplementary Table S2. Genomic DNA was isolated
as previously described (19) and the mutant Ppapt genes
were amplified by PCR and sequenced using the primers
listed in Supplementary Table S1 and indicated in
Supplementary Figure S4.

Gene targeting assays

Transformation efficiency and APT targeting frequency
were measured as previously described (17). Moss proto-
plasts  (4.8x10°) were transformed with the
nonhomologous pBHRF or pBNRF plasmids (17)
digested respectively with HindIII or Xmall to produce
a linear fragment containing the 35S::hygR or 35S::neoR
markers, or with PpAPT-KO2 or PpAPT-KO3 plasmids
digested respectively with BsaAl/HindIII or Pvul/BsrGI
to produce the targeting APT fragment containing the
35S::hygR cassette (from pBHRF) or the35S::neoR
cassette (from pBNRF) flanked by genomic PpAPT se-
quences. Targeted integration of PpAPT-KO2 or
PpAPT-KO3 at the APT genomic locus confers resistance
to 2-FA. We selected primary transformants (un-
stable + stable) with 25mgl™' hygromycin B (Duchefa)
for PpAPT-KO2 or with 50mgl~' G418 (Duchefa) for
PpAPT-KO3. Integrative transformants were isolated fol-
lowing a second round of selection. Protonemal explants
from these transformants were then transferred onto
medium containing 5 uM of 2-FA to detect APT gene tar-
geting events. Experiments were repeated three times.

DNA-DSB repair assays

Protonemal lawns of wild-type and mutant strains
subcultured for 1 week were used to generate protonemal
tissue for DNA repair assays by shearing tissue collected
from single 9-cm plates with an IKA T2T Digital Ultra
Turrax homogenizer at maximum speed (24 krpm) for
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I min in 5ml of liquid BCD medium. This was spread on
BCD-agar medium overlaid with cellophane and grown
for 1, 7 or 14 days prior to harvesting for bleomycin
treatment.

Protonemata were gently transferred from cellophane to
liquid BCD medium in 4-cm wells of a six-well microtitre
plate to avoid drying. DSBs were induced by addition of
bleomycin to 10, 20, 30 and 50 pgml~" for 1 h. Following
treatment, the tissue was thoroughly rinsed in H,O in dis-
posable 22 -pm mesh funnels (Partec GmbH, Germany),
blotted on filter paper and either flash-frozen in liquid N,
(t = 0) or left to recover on BCD-agar plates overlaid with
cellophane for the indicated repair times, before being
frozen in liquid N,. All handling and transfer of
protonemata was with tweezers.

DNA-DSBs were detected by a neutral comet assay (24)
as described previously (25,26). Approximately 100 mg of
frozen tissue was cut with a razor blade in 300 pl
phosphate-buffered saline (PBS)+10mM ethylenediami-
netetraacetic acid (EDTA) on ice and the tissue debris
removed by filtration through 50-pm mesh funnels
(Partec GmbH, Germany) into Eppendorf tubes on ice.
Fifty microlitres of nuclear suspension was dispersed
in 200l of melted 0.7% LMT agarose (15510-027,
GibcoBRL, Gaithersburg, USA) at 40° C and four
80-ul aliquots were immediately pipetted onto each of
two agarose coated microscope slides (two duplicates per
slide), covered with a 22 x 22-mm cover slip and then
chilled on ice for 1min to solidify the agarose. After
removal of cover slips, slides were dipped in lysis
solution (2.5M NaCl, 10mM Tris—=HCI, 0.1 M EDTA,
1% N-lauroyl sarcosinate, pH 7.6) on ice for at least 1h
to dissolve cellular membranes and remove attached
proteins. The whole procedure from chopping tissue to
dipping into lysis solution takes ~3min. After lysis,
slides were twice equilibrated for 5min in Tris—borate—
EDTA (TBE) electrophoresis buffer to remove salts and
detergents. Comet slides were then subjected to electro-
phoresis at 1 V/cm (~12 mA) for 5 min. After electrophor-
esis, slides were dipped for 5min in 70 % EtOH, Smin in
96% EtOH and air-dried.

DNA ‘comets’ were viewed in epifluorescence with a
Nikon Eclipse 800 microscope after staining with
SybrGold stain (Molecular-Probes Invitrogen, USA) and
evaluated by the Comet module of the LUCIA cytogenet-
ics software suite (LIM, Praha, Czech Republic).

Comet assay data analysis

The fraction of DNA in comet tails (% tail-DNA) was
used as a measure of DNA damage. Data for the
wild-type strain and the three mutant lines (Pprad50,
Ppmrell and Ppnbsl) analysed in this study were
obtained in at least three independent experiments. In
each experiment, the % tail-DNA was measured at
seven time points: 0, 5, 10, 20, 60, 180 and 360 min after
treatment and in control tissue without treatment.
Measurements included four independent gel replicas of
25 evaluated comets totalling at least 300 comets analysed
per experimental point.

The percentage of damage remaining as plotted on
figures after given repair time (z,) is defined as:
% damage remaining ()
{ mean % T DNA damage (z,)

| —mean %T DNA damage (control) } % 100
" [mean %T DNA damage (f9) }

—mean %T DNA damage (control)

Repair kinetics following two-phase decay kinetics
defined as:

SpanFast = (Y0-Plateau)*PercentFast*0.01

SpanSlow = (Y0-Plateau)*(100-PercentFast)*0.01

Y = Plateau + SpanFast*exp(-KFast*X) + SpanSlow*
exp(-KSlow*X)

was analysed by linear regression of experimental data
with the Prism v.5 program (GrafPad Software Inc.,
USA). Goodness of fit characterized by R-squared was
better than 0.99.

RESULTS
Identification of MRN complex genes

Sequence homology searches of the draft Physcomitrella
genome identified single putative homologues of the
MREILl, RAD50, and NBSI genes on sequence scaffolds
18, 51 and 219, respectively. Whilst EST sequences were
available to provide partial support for predicted gene
models for the PpMREII and PpNBSI genes, no corrob-
orative evidence was available for the PpRADS50 gene, and
the automated gene prediction software had not generated
a gene model. We therefore generated gene models for all
three genes based on BLASTX similarity to flowering
plant proteins (Arabidopsis, rice and maize) to identify
putative full-length protein coding sequences, and used
these models to design PCR primers for the amplifica-
tion of full-length protein coding sequences by reverse
transcription-PCR of moss polyribosome-derived RNA.
The resulting cDNA sequences and genomic models
have been deposited in GenBank (Accession Nos:
JF820817 and JF820820 for PpMREII; JF82018 and
JF82021 for PpRADS50; JF82019 and JF82022 for
PpNBSI) and the curated and structurally annotated
gene models entered in the JGI Physcomitrella genome
browser in which they were assigned the Protein ID
numbers Phypal _1:235701 (PpMRE11), Phypal _1:235526
(PpRADS50) and Phypal_1:235702 (PpNBS1).

The deduced polypeptide sequences were compared
with the corresponding human, yeast and flowering plant
sequences (Supplementary Figure S1). Like both the
Arabidopsis and human genes, the PpMREII gene com-
prises 22 protein-coding exons. There is extensive similarity
among all the MREI1 polypeptides (Supplementary
Figure Sla) especially within the N-terminal two-thirds
of the protein. The Physcomitrella MREI1 protein
contains the characteristic phosphoesterase motifs within
the nuclease domain, the capping domain and amino acids
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(N123 and W225) shown to be essential for the MRE11-
NBSI interaction (4).

The RADS0 sequences (Supplementary Figure S1b) are
also well conserved at the amino-acid sequence level, and
show good conservation of functionally important
domains. The Physcomitrella protein contains the charac-
teristic Walker A and Walker B adenosine triphosphatase
(ATPase) motifs at either end of the sequence that associ-
ate to form a crucially important ATP-binding cassette
(27) and that typify the RADS0 protein. These are
separated by a long coiled-coil domain with a central
CXXC zinc-hook (CPCC in both Physcomitrella and
Arabidopsis) by which pairs of RADS50 proteins interact
in the tethering of broken chromosome ends by the MRN/
MRX complex (28).

The Physcomitrella NBS1 protein (Supplementary
Figure Slc) has an N-terminal fork-head associated
domain, a partial BRCT domain, and putative SQ-
dipeptide phosphorylation sites and conserved MREI1-
interacting motifs in the C-terminal region, as identified
in all previously identified NBS1 orthologs (4).

Generation of targeted knockouts of the MRN
complex genes

We used gene targeting to generate mutant alleles of the
PpMREII, PpRAD50 and PpNBSI genes. For the
PpMREIl and PpRADS50 genes, two types of mutant
were generated: disruption mutants, designated
mrel KO and rad50KO, in which several exons were
replaced by an antibiotic selection cassette and deletion
mutants, designated mrellA and rad504, in which a
number of exons were replaced by a selection cassette
that was subsequently removed by cre-lox recombination
(Figure 1A). For the PpNBSI gene, we generated a dis-
ruption mutant (nbs/ KO) and a deletion mutant in which
the complete coding sequence was deleted (nbsiA). Gene
targeting events were identified by PCR and Southern blot
analyses to identify lines in which precise modification of
the target genes had occurred without additional insertion
of the targeting constructs at adventitious loci. For the
deletion mutants we confirmed by PCR that a portion of
the coding regions was removed using primers that flanked
the deletion (Supplementary Figure S2). RT-PCR analysis
established that the full-length transcripts were no longer
produced in the mutants (Figure 1B). For all further
experiments, we used two independent disruption or two
independent deletion strains which displayed similar
phenotypes.

Gene targeting is strongly decreased in mrell and
rad50 mutants

The MRN complex is one of the earliest respondents to
DNA-DSBs and plays a central role in controlling repair
pathway choice between NHEJ and HR (5). The import-
ance of the MRN complex for DSB repair by HR has been
shown in mrell-deficient chicken DT40 cells in which
gene targeting efficiency is strongly reduced (29). In
contrast, a somatic hyper-recombination phenotype has
been described in the Arabidopsis rad50 mutant (30). In

Nucleic Acids Research, 2012, Vol. 40, No.8 3501

order to examine the involvement of the MRN complex in
genetic transformation of Physcomitrella we determined
transformation and gene targeting rates in wild-type,
mrellA, rad504 and nbsIKO cells after transformation
with either an homologous vector designed to inactivate
the PpAPT gene (PpAPT-KO2 or PpAPT-KO3) or a
vector sharing no homology with the moss genome
(pBHRF or pBNRF) to determine the rate of untargeted
transgene integration. Relative transformation frequency
(RTF) was reduced to approximately one-third of the
wild-type level in mrell and rad50 mutants, but gene tar-
geting (GT) was reduced by at least an order of magnitude in
both PpmrellA and Pprad504 strains compared to
WT, while untargeted integration frequencies were
approximately double that observed in WT (Table 1).
These data demonstrate that an active MRN complex is
required to achieve high GT efficiencies in Physcomitrella,
but thatalow level of GT is possible in its absence. They also
indicate that the untargeted integration of DNA is still sup-
ported following the loss of MRN function but that this
pathway is not significantly up-regulated as has been
observed to occur in Pprad51 mutants (17). Noticeably,
RTF, GT and untargeted integration rates were unaffected
in the nbs1 KO mutant. These observations suggest that both
PpRADS0 and PpMRE11, but not PpNBSI, are directly
involved in DNA DSB recognition and the targeted inte-
gration of transgenes following transformation.

PpMRE11 and PpRADS0 but not PpNBSI1 are essential
for normal growth and development

All the plants containing disruptions or deletions in the
PpMREII and PpRADS0 genes exhibited a severe devel-
opmental phenotype (Figure 2). On minimal BCD
medium, protonemal growth was strongly reduced and
eventually ceased after a month (Figure 2A, C and G).
At this stage, colonies comprised both chloronemal and
caulonemal cells and carried only a few abortive
gametophore initials, whereas WT colonies carried
numerous fully differentiated leafy shoots (Figure 2A, C
and G). In both mutants, the proportion of chloronemata
was enhanced on ammonium tartrate-supplemented
medium (BCDAT), which improved protonemal growth
(Figure 2B, D and H) and enabled the isolation of
numerous protoplasts. The rate of protoplast regeneration
was approximately half that of WT (data not shown).
Gametophore differentiation was also slightly improved
on BCDAT medium, with numerous leafy shoot initials
observed in 2-month-old colonies of both mutants
(Figure 2E, F, I and J). However, further development
into fully expanded leafy shoots was arrested in both
strains, although at an earlier stage in rad50 mutants
than in mrell mutants (compare Figure 2F and J) and
both mutants were thus unable to differentiate reproduct-
ive organs. In contrast, all of the PpnbsIKO disruptant
lines were indistinguishable from wild-type in both
growth rate and developmental progression, producing
normal gametophores and viable spores, demonstrating
that the disruption of PpNBSI was neither detrimental
to development nor to meiosis. These data show that a
functional MRN complex is essential for normal
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Figure 1. Targeted disruption of Physcomitrella MRN genes. (A) Structure of the PpMREI1, PpRADS50 and PpNBSI genes. Exons are represented
by shaded boxes, with 5'- and 3’-UTR sequences in darker grey. The region deleted by cre-lox excision of a selection cassette is shown as a line above
each gene. For the replacement constructs (below each gene) the extent of targeting sequence homology is indicated by the line, and the P35S-
nptll-g6ter selection cassette is shown as a white box, replacing the genomic region indicated by the lines joining the gene structure diagram and the
replacement cassette. Arrows indicate position of primers used for RT-PCR analysis. (B) RT-PCR analysis of MRN transcripts in wild-type and
mutant plants. RNA was isolated from protonemal tissue of wild-type and mutant lines for cDNA synthesis and PCR amplification using
gene-specific primers (PpMREI1#1+PpMREILI#2 for MREII, PpRADS0#1+PpRADS50#2 for RAD50, PpNBSI1#1+PpNBSI1#2 for NBSI).
The PpAPT transcript has been used as control (primers: PpAPT#14 + PpAPT#19). Primers are listed in Supplementary Figure S4.

Table 1. Comparison of transformation and gene targeting efficiencies

Genotypes PpAPT-KO pBHRF or pBNRF

RTF* Antib® 2FAR GT" RTF* Antib®
Wild type 1+£0.1° 287 (95.7 £ 10.8%) 212 (70.7 £ 11.2°) 73.9 +3.3° 0.09 + 0.04¢ 14 (7 +£2.8%
mrellA 0.37 £ 0.1° 81 (27 + 49 6 (2+0.59 74 +1° 0.2+0.01¢ 34 (17.7 £ 2.89
rad504 0.35 £0.1° 76 (25.3 £ 4.5 4 (1,3 £ 0.6 53 +£2.1° 0.17 + 0.01¢ 31 (15.5 £ 2.5
nbsiA 0.94 £ 0.1° 261 (87 + 5.6 178 (59.3 + 4.5 68.2 &+ 1.4° 0.17 +0.03¢ 24 (12 £ 1.4

Relative transformation frequencies (RTF in /o) express the frequency of antibiotic-resistant transgenic strains in the whole regenerated
Eopulalion.

GT efficiencies (in percentage) express the frequency of 2-FA resistant among the population of antibiotic-resistant transgenic strains.

“Average and standard deviation was determined from three independent experiments, each of them performed in duplicates.

dAverage and standard deviation was determined from two independent experiments, each of them performed in duplicates.

completion of processes involved in development.
Noticeably, PpNBSI is not required to complete these
processes. The similar phenotype displayed by both
rad50 and mrell mutants argues for the involvement of
the whole MRN complex in these processes. Our data

will assess the molecular mechanisms underlying these
MRN functions.

The mrell and rad50 mutants display increased sensitivity

indicate that this complex is involved in the coordination
between developmental programme and DNA damage
repair and/or cell-cycle control, and future experiments

to DNA damage but no significant mutator phenotype

Wild-type and mrell and rad50 mutant plants were also
analysed for their sensitivity to DNA damaging agents.
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Sensitivity of mutants and WT strains to UV-B (308 nm)
was investigated using a protoplast survival assay (17).
Both strains displayed increased sensitivity to UV-B
compared to the WT (Figure 3). We further investigated
sensitivity of the mutants to the DSB inducing agent bleo-
mycin. We first monitored the growth of WT and mutant
explants submitted to chronic exposure to different con-
centrations of bleomycin over a 3-week period. In WT
and nbsIKO strains, growth was impaired at low doses
(1-40 ng/ml), whilst higher concentrations (200ng/ml-
1 pg/ml) were lethal (Figure 4A and Supplementary
Figure S3). In contrast, Ppmrell and Pprad50 disruption
and deletion mutants displayed hypersensitivity to bleo-
mycin. At concentrations below 8ng/ml, little or no
growth took place, although the tissue remained green.
At or above this concentration, all mrell and rad50
mutant lines were killed (Figure 4A, Supplementary
Figure S3A and B).

We tested the acute toxicity of bleomycin in wild
type and of the different mutants at the cellular level.
Following incubation for 1h with increasing concen-
trations of bleomycin, the ability of protoplasts to div-
ide and regenerate into colonies was assessed by
subculture on drug-free medium. Survival was calculated
as the ratio of protoplasts surviving after 15 days regene-
ration following treatment to the number of proto-
plasts undergoing normal regeneration  without
treatment. The LDS50 for the wild type and nbs! mutant
was about 500 ng/ml bleomycin, whereas the mrell and

= Le
Figure 2. Vegetative developmental phenotypes of mrell and rad50 mutants. WT (A and B), Rad50 7-20 (C-F) and Mrell 1-195 (G-J) 30-day-old

colonies grown on BCD (A, C and G) or BCDAT (B, D and H) medium, scale 1cm. (E, F, I and J) aborted gametophores observed at the edge of
2-month-old colonies grown on BCDAT, scale bar 500mm in E and I, 200mm in F and J.

9 T ——WT
80 \\ \ ——rad50
70 \\ \ —&—mrell

o N\
o N\ N
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N AN\ N\
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Regeneration rate (%)

120 150 180 210 240 270

mloules UV-B

Figure 3. Hypersensitivity of the rad50 and mrell mutants to UV-B
treatment. Survival curves of wild type and rad50 and mrell mutant
protoplasts regenerating after exposure to UV-B treatment. Wild-type
survival is represented with diamonds, rad50 mutant survival is repre-
sented with squares and mrell mutant survival is represented with tri-
angles. Error bars indicate SDs based on at least two independent
experiments in all cases.

rad50 cells were more sensitive, with an LD50 of ~50 ng/
ml (Figure 4B). The mrell and rad50 cells were even more
sensitive than the rad51-1-2 double mutant, already
described as hypersensitive to bleomycin (16).
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Figure 4. Hypersensitivity of the rad50 and mrell mutants to bleo-
mycin. (A) Wild-type and mutant plants were inoculated as six
explants into quadrants of plates containing standard growth medium
with or without bleomycin at 8§ngml~'. For the mutant strains, each
inoculum represents an independent disruption line. The photograph
illustrates the extent of growth 10 days following inoculation of the
explants. (B) Survival curves of wild type and nbsl, mrell, rad50 and
rad51 mutant protoplasts regenerating after exposure to bleomycin
treatment. Error bars indicate SD based on at least two independent
experiments in all cases.

Acute treatment of intact protonemal tissue also
adversely affected the subsequent growth rate of the re-
covering protonemata, with the mrell and rad50 mutants
being more sensitive to bleomycin than the wild type
(Supplementary Figure S3C).

Mutator phenotypes in the absence of proteins essential
for HR have been described in S. cerevisiae or A. nidulans
(31,32). We therefore evaluated the mutator phenotype of
the moss MRN mutants to assess their ability to repair en-
dogenous DNA damage, using as reporter loss of function
of the adenine phosphoribosyl transferase gene (PpAPT) as
previously described (18). The frequencies of apr muta-
tions were lower than 3 x 1077 in wild type, rad50 and
nbsl mutants, was 4 x 10~7 for mrell but was ~100-fold
higher (3.3x 107°) in msh2 mutants (Supplementary
Table S3), which is in good accordance with previous re-
sults obtained with this mutant (18). These results indicate
that loss of proteins of the MRN complex does not lead to a
significant mutator phenotype in P. patens. It is most likely
that DNA-DSB repair defects in the mrell and rad50
mutants cause genomic damage so much more severe than

the point mutations seen in the msh2 mutant that cell death
results.

DNA-DSB repair is not affected in mrell and
rad50 mutants

Gene targeting in the mrell and rad50 mutants was
severely impaired, while untargeted integration fre-
quencies were 2-fold higher than those observed in WT.
Since the rad50 and mrell mutants were clearly impaired
in growth and hypersensitive to DNA damage, we
reasoned that the mutants remained capable of ligating
broken ends of DNA molecules, but in an ‘unsupervised’,
and therefore inaccurate manner. We tested this by
directly estimating the ability of wild-type and mutant
strains to repair DNA damage following acute exposure
to bleomycin using single nucleus gel electrophoresis (the
‘comet assay’). Treatment with bleomycin for 1h resulted
in a linear, dose-dependent fragmentation of genomic
DNA in both wild-type and mutant lines, with the rad50
and mrell lines exhibiting a greater susceptibility to DNA
damage than the wild-type and Ppnbsl lines, respectively
(Figure 5A). The rate of repair of DSBs was determined
by measuring the proportion of fragmented DNA at inter-
vals during a recovery period.

Both wild-type and mutant lines exhibited similarly high
rates of DNA repair with a characteristic biphasic profile:
an initial rapid phase (¢;/» 1-4min) accounting for ~60%
of the fragmented DNA, followed by a slower phase
(t12 790 min) accounting for the remainder (Figure 5B,
Table 2). The rate of DNA repair was closely correlated
with the age of the protonemal tissue following subculture.
Tissue that was homogenized and subcultured for only
1 day comprised largely short protonemal fragments,
four to seven cells in length. This tissue exhibited the
most rapid repair kinetics (Figure 5B, Table 2). Tissue
that was subcultured for 1 week comprised longer fila-
ments 15-20 cells in length, whilst after subculture for
2 weeks, the filaments were over 30 cells long. These
tissues were progressively slower in their DNA repair
kinetics (Figure 5C, Table 2) with an increasing propor-
tion of the DNA-DSBs being repaired with slow-phase
kinetics. We ascribe these age-related differences to
the relative representation of apical cells within the
protonemal population. Physcomitrella protonemata
grow by serial division of the apical cells, so that in a
1d-subcultured homogenate, we estimate the propor-
tion of mitotically active apical cells to comprise
30-50% of the total cell population. This proportion
will be 10-15% in 7d-subcultured tissue, and ~3% in
14d-sucbultured protonemata. Thus, the initial rapid
phase of DNA repair can be accounted for by
processes undertaken in the mitotically competent apical
cells, whilst the slow-phase repair kinetics is likely
due to processes carried out in mitotically inactive
subapical cells.

Although differences can be seen in the rates of DNA
repair between mutant and wild-type strains, these are not
dramatic. Clearly, the extensive fragmentation of DNA
that occurs during the initial bleomycin treatment is
being rapidly reversed, even in mutants in which
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Figure 5. Kinetics of DNA repair in wild-type and mutant plants. (A) Bleomycin dose-response. Protonemal tissue from wild-type and mutant lines
was treated with bleomycin for 1h at the indicated concentrations, prior to nuclear extraction and the analysis of DNA damage by single-cell
electrophoresis (the ‘comet assay’). The extent of DNA damage is indicated by the proportion of DNA detected in the fragmented fraction (the
‘comet tail’). The background level of genomic DNA damage in all lines is similar, at between 20 and 30%, indicating that the mutations have no
significant effect on natural levels of DNA fragmentation. (B) Repair kinetics in 1-day regenerated protonemata. In both wild-type and mutant lines,
the fragmentation of DNA induced by bleomycin is repaired with rapid kinetics (7, between 1 and 4min). (C) Repair kinetics in relation to
protonemal age. As protonemata are regenerated for longer periods (resulting in a concomitant reduction in the proportion of mitotically active
apical cells), so the proportion of the rapid phase DNA repair declines. This occurs in both the wild-type and the rad50KO mutant lines.

Table 2. Kinetics of DNA repair in wild-type and mutant strains

Genotypes  Tissue age  fypfast (min) % fast 7, slow (min)
wild-type 1d 1.2 61.4 7.6
wild-type 7d 4.0 67.6 329
wild-type 14d 38 67.7 103.4
mrel1KO 1d 4.1 96.5 84.1
nbs1KO 1d 1.9 84.1 17.0
rad50K0 1d 2.9 71.4 5.6
rad50K0 7d 2.9 52.6 18.2
rad50K0 14d 2.7 46.8 100.0

components of the principal DNA surveillance and repair
system for both HR and NHEJ-mediated repair
(PpPMREI1 and PpRADS0) have been eliminated.

MRN mutants exhibit enhanced repair
gene expression

One possibility is that in the absence of a viable MRN
complex, DNA-DSBs are repaired, but in an ‘unsuper-
vised” manner. In the absence of the tethering function
to hold broken ends in close proximity, repair may be
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Figure 6. Gene expression analysis of DNA repair genes in the
MRN mutants. Quantitative determination of the relative abundances
of transcripts encoding DNA repair genes (PpRad51-1, PpRad51-2,
PpPARP-1, PpPARP-2, PpKu70, PpKu80 and PpCtIP) in 7-day-old
wild-type, PpmrellKO, PpRad50KO and PpnbsIKO strains was done
by quantitative real-time PCR. Relative transcript abundance was
calculated using the AACt method and normalized to the wild-type
value. Error bars indicate SD based on at least three independent ex-
periments with two replicates for each sample in all cases.

inaccurate, generating increased numbers of deletions and
promoting end joining between inappropriate ends, result-
ing in increased disruption of essential genes and conse-
quent loss of viability and cell death. Analysis of the
expression of a selection of DNA repair genes, implicated
in HR, NHEJ and alternative end-joining processes,
showed a significantly enhanced accumulation of repair
gene transcripts in MRN mutants relative to wild-type,
and this was most marked in the PpmrellKO and
Pprad50KO mutants (Figure 6). This suggests that in the
absence of a functional MRN complex, the cell initiates an
emergency response by the rest of the DNA repair ma-
chinery. The levels of induction of the repair genes
observed in the mutant lines are comparable to those
seen in wild-type protonemal tissue in response to
DNA-DSB induction by bleomycin (Whitaker,J.,
personal communication).

We then directly tested the nature of DNA repair in an
MRN mutant line, by screening a series of apt mutants
generated by bleomycin treatment of both wild-type and
the Pprad50KO mutant. Sublethal doses of bleomycin,
determined by growth tests of bleomycin-treated
protonemal tissue (Supplementary Figure S3C), were
used to generate mutants selected on the basis of resistance
to 2-FA. The mutability of the PpAPT gene in the
Pprad50KO line was observed to be at least an order
of magnitude greater than that in the wild type
(Supplementary Table S2). The nature of the induced mu-
tations was examined by PCR-amplification and
sequencing of the APT gene from a number of lines.
For wild-type, each mutant analysed contained only
point mutations within the APT coding sequence and
introns (Table 3). In contrast, three of the seven mutants
analysed in the Pprad50KO background contained
deletions, varying in length between 10 and 747bp
(Table 3). This supports our working hypothesis that

MRN-unsupervised repair generates more severe forms
of genomic damage.

DISCUSSION

GT Efficiency is reduced in the Physcomitrella rad50
and mrell mutants

In Physcomitrella the protein at the heart of the HR
pathway, PpRADS], is required simultaneously to enable
targeted integration by HR, and to repress untargeted in-
sertion by an as yet unidentified molecular mechanism (17).
The unique GT efficiency of Physcomitrella suggests that
DNA DSBs are predominantly repaired by HR in moss
cells. Our analysis of mutants in the principal sensor of
DNA DSBs, the MRN complex, further shows that
although a fully active MRN complex clearly appears to
be necessary for high-efficiency targeted transgene integra-
tion, a background level of HR with gene targeting reduced
to ~8.6% of wt is still maintained in the absence of either a
functional PPMREI11 or PpPRADS0 protein. This contrasts
with the complete abolition of gene targeting seen in rad51
null mutants, a component specific to the HR pathway
(17). Noticeably the overall frequency of untargeted trans-
gene integration is not reduced in the mrell and rad50
mutants relative to wild type (Table 1), implying that
whatever mechanisms undertake random transgene inte-
gration, these are relatively unimpaired in the absence of
PpMREI11 or PpRADS0. Together with the observation
that a number of DNA repair genes show enhanced expres-
sion levels in mrell and rad50 mutants, our results suggest
that while some HR-mediated repair may still operate in
mrell and rad50 mutants, the HR pathway is unlikely to
account for the majority of the DNA-DSBs that are
rapidly religated in these mutants.

NBSI1 is not required for growth and development or for
HR in Physcomitrella

Phenotypic analyses of mutants in the MRN complex in
moss failed to identify a detectable difference between
wild-type and Ppnbsi knock-outs. In eukaryotes, the
MRN-complex proteins act as the ‘gatekeepers’ of the
DNA-DSB response, directing the repair of DSBs into
either the NHEJ or HR pathways through the activation
of the ATM or ATR kinases that (in mammalian cells) are
recruited to sites of DNA damage through analogous
mechanisms involving conserved interaction motifs (6).
The NBSI protein is involved in the recruitment of ATM
to DNA-DSBs and ATRIP is involved in the recruitment
of ATR to single-stranded DNA (ssDNA). The recruit-
ment of ATM is mediated by its direct interaction with
NBS1 which becomes phosphorylated at residues
conserved between the Arabidopsis and Physcomitrella
NBS1 sequences (6,33). In A. thaliana, nbsl/atm double
mutants appear additive in their negative consequences
for growth and fertility relative to the wild-type and
single mutants (34). ATM is necessary for the imposition
of a cell-cycle checkpoint, and for the induction of
DNA-damage-responsive gene expression in Arabidopsis,
in which the principal DNA repair pathway is through
NHEJ (33,35). DNA repair in Physcomitrella is believed
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Table 3. Mutations identified in the APT genomic sequence in wild-type and Pprad50-KO 2-FA resistant clones

Clone# Genotype Mutations in CDS Mutations in introns
Point mutations Deletions® Point mutations Deletions®
1 rad50/apt + T (2095)* + T (1683)* -
A T (2517)*
2 rad50/apt A T (1706)* 14501455 + T (1683)* -
3 rad50/apt A to T (1461) 1466-1521 + T (1683)* -
G to C (1534)*
4 rad50/apt T to C (1291)* A G (1524)" -
C to G (1752)* + T (1683)*
A T (1730)* + T (2517)*
5 rad50/apt A G (1524)* - + T (1683)* -
rad50/apt - 1050-1797 - -
11 RADS50/apt A to G (1491)* - A A (1052)* -
A to C (1498)" T to C (2330)*
G to C (2327)*
+ GT (2328)"
12 RAD50/apt - - A A (1052)* -
T to G (1376)*
C to A (1569)*
+ G (2328)*
13 RADS50/apt A to C (2475)" - A to T (1591)* -

A T (2499)*

“Position 1 corresponds to the first nucleotide in the genomic PpAPT sequence DQ117987.

to operate primarily via the HR pathway, which in mam-
malian cells, at least, depends principally on the activity of
the ATR kinase. Thus, impairment of ATM-related
signalling in the PpnbsIKO mutant may have relatively
little impact on growth and fertility, if NHEJ is subordin-
ate to HR. This conclusion is also supported by the obser-
vation that HR-dependent gene targeting is unaffected in
the Ppnbsl KO mutant. In contrast, NBS1 has been shown
to be essential to HR in chicken DT40 cells, possibly by
processing recombination intermediates (36) and in human
cells recruitment of ATR to sites of DNA damage is de-
pendent on ATM (37). This implies that in Physcomitrella
NBSI may not be involved in the production of
single-stranded tails that are the substrates for HR and
that induction of the HR pathway, potentially by the
ATR signalling, is independent of ATM. In this respect
Physcomitrella would more resemble budding yeast than
mammals, as Tell, the yeast equivalent of ATM, has only
minor effects on end-processing and is not required for
focus formation by Mecl, the yeast homolog of ATR
(38,39). Alternatively, despite the conservation of the
ATM interaction domain in the PpNBS1 protein, ATM
activation might be independent of NBSI in
Physcomitrella. In this context, it would be of interest to
study the exact roles of ATM and ATR in Physcomitrella.

RADS0 and MRE11 are essential for growth and
development in Physcomitrella

Null mutants in any components of the MRN complex are
lethal in vertebrates (5) and are severely compromised in
both budding (40) and fission yeast (41). This is not the
case in plants: in Arabidopsis, AtRad50 and AtMrell
mutants are impaired in growth, fertility and in their
ability to recover from genotoxic stress (42,43), whereas
Atnbs] mutant plants grow normally and are fully fertile

but are sensitive to the DNA cross-linking agent,
mitomycin C (34).

Our analyses show that defects in the MRN complex
can adversely affect moss development. While the
Ppnbs1 KO mutant completed its life cycle normally and
displayed wild-type levels of susceptibility to DNA
damage, the Ppmrell and Pprad50 strains displayed a
strong and similar developmental phenotype. This
included defects in cell viability (reduced protoplast regen-
eration rates), in cell-cycle progression and cell growth
(reduced colony growth) and in the completion of a
complex developmental programme (abortive leafy shoot
development). Precocious arrest of colony growth was
also observed on minimal medium, which most likely
reflects early senescence. This pleiotropic phenotype is
much stronger than that observed in the HR-deficient
Pprad51 mutants (16,17) and implies that genome integ-
rity is more severely impaired by loss of function of the
MRN complex than by the inactivation of the HR
pathway. The phenotype of Ppmrell and Pprad50
mutants also differs from that previously reported for
Ppmsh2 mutants which do not display a strong juvenile
phenotype but accumulate mutations and phenotypic al-
terations during development (18). Noticeably both
Pprad51 and Ppmsh2 mutants also displayed a detectable
mutator phenotype that is absent in Ppmrell and
Pprad50, probably because MRN mutants accumulate a
more extensive and harmful type of DNA damage that
accelerates senescence.

Induced DSBs in Physcomitrella can be repaired via a
mechanism independent of the MRN complex

Direct analysis of DNA-DSB repair by single-cell electro-
phoresis showed little difference in the rate of repair of
DNA-DSBs in the mrell and rad50 mutants compared to
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wild type. Whilst some HR-mediated transgene integra-
tion still occurs in mrell and rad50 mutants, it is
unlikely that single-strand annealing (SSA) or homolo-
gous strand exchange (HR), which require end-processing,
account for this rapid religation. Therefore, the repair of
DSBs in the mrell and rad50 mutants probably occurs
via a pathway related to NHEJ. However, the reduced
growth and survival of these mutants indicate that such
a pathway reduces the genetic stability characteristic of
MRN:-supervised DNA repair.

Two different NHEJ pathways have been already
described, the highly efficient canonical Ku- and DNA
ligase IV-mediated NHEJ pathway (C-NHEJ) in which
most ends are successfully rejoined without alteration of
DNA sequence information (44) and an evolutionarily
conserved alternative end-joining pathway (A-NHEJ)
(45) thought to proceed via microhomology-mediated
end joining (MMEJ), even if the relationship between
A-NHEJ and MME] is still unclear (45). A-NHEJ repre-
sents a major source of DSB-induced genome rearrange-
ments (translocations, deletions and inversions) (46-48)
and appears to utilize binding of DNA ends by PARP-1
(polyADP ribose polymerase) and ligation by DNA
Ligase III in a Ku-independent process (49,50) and
involve the interaction between the MRN complex and
DNA ligase IIlo/XRCC1 (51). The function of DNA
ligase I1I is absent in plants, being substituted by DNA
ligase I in base-excision repair (52). It may therefore be
significant that the Ppmrell and Pprad50 mutants show
substantially elevated levels of expression of PARP and
other DNA-repair associated genes, relative to the wild
type, and this elevated gene expression may be responsible
for the activity of an A-NHEJ repair pathway in the
absence of an active  MRN complex. Existence of
A-NHEJ in plants has been inferred from observations
that although the frequency of transgene insertion was
reduced in mutants deficient in NHEJ components such
as Atku80 and AtliglV, it was not abolished (53-55), from
the observation of illegitimate fusions between chromo-
some arms in telomerase-deficient Arabidopsis, even in
an Atku80/Atmrell mutant background (56), from the
recent demonstration of rapid ligation of bleomycin-
induced DNA-DSBs in the NHEJ-deficient Atku80 and
Atlig4 mutants (57) and from kinetic measurements of
assembly and processing of DSB-specific y-H2AX
complexes in Arabidopsis mutants deficient in core com-
ponents of the C-NHEJ and A-NHEJ pathways (58). In
budding yeast both C-NHEJ and A-NHEJ are MRX-
dependent processes, with the exonuclease activity of
Mrell playing an important role (59-62), whilst in verte-
brates varying roles for MRN complex components have
been reported (63-66). Whatever the role of the MRN
complex in C-NHEJ or A-NHEJ in plants, it is likely
that an NHEJ-like pathway mediates the rapid DSB
repair observed in Physcomitrella mrell and rad50
mutants. However, because these mutants are clearly
hypersensitive to DNA damage yet do not show a
mutator phenotype, it would appear that whatever rejoin-
ing of DNA ends is occurring, it is ‘unsupervised’ and
results in genomic perturbations so severe that cells suf-
fering bleomycin-induced breakage soon die.

The rapid interaction of the MRN complex with
DNA-DSBs is essential for their stabilization, through
the tethering of the adjacent free ends by the Rad50
coiled-coil/zinc hook domains (5). By retaining broken
ends in close proximity, the MRN complex thereby super-
vises the DNA repair process, ensuring that the correct
ends are rejoined, and recruiting additional factors
required for either NHEJ or HR-based repair. In the
absence of such tethering, unsupervised end-joining by
backup pathways might occur between unrelated DNA
sequences, with the concomitant accumulation of cyto-
toxic mutations accounting for the reduced rates of
growth and enhanced sensitivity to DNA-damaging
agents observed in the Ppmrell and Pprad50 mutants.
Combinations of mutations affecting C- or A-NHEJ (58)
with mrell or rad50 mutations should give us insight into
the mechanism behind this DSB DNA repair.
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Comet assay in plants,

From the first description of the comet assay with isolated nuclel rather than whole cells it became evident that assay is well suited to
be applied in plants {(Koppen & Verschaeve, 1996). Disintegration of tissue by quick chopping with a razor blade, direct collection of
released nuclel by patting and pipetting enables to process samples in time shorter than 2 minutes, the time prereguisite to study
quick repair (Kozak et al, 2009).

Plants are due to their sessile nature permanently exposed to environmental stresses (drought, salinity), jonkzing (IR} and UV
radiation and genotoxins, which divectly or indivectly via generation of reactive oxidative species (ROS) damage their DNA.
Radiomimetic Bleomycin functions as a catalyst to produce ROS leading to clusters of oxidized DNA lesions, single (SSB) and double
(DSBs) strand breaks similardy as IR (Steighner & Povirk, 1990). Incurred SSBs and DSBs are easily distinguished and measured by
comet assay when varying conditions of mainly used protocol with electrophoresis in 0.3 M NaOH, pH>13 solution (A/A assay). DSBs
are detected under “neutral” conditions by N/N assay in regular electrophoretic buffer (Kozak et al, 2009; Olive & Banath, 2006),
whilst 88Bs are revealed by A/N assay, with alkali-unwinding step in 0.3 M NaOH prior electrophoresis {Angelis et al, 1999; Menke et
al, 2001). Better resolution in DSBs and SSBs assays is observed when “neatral” conditions are set between pH g-10, still well bellow
DNA denaturing pH<11.6 {Bradley & Kohn, 1979).

Repair of DSBs.

DSBs are one of the most eytotoxie forms of DNA damage that must be repaired by recombination, predominantly via non-
homologous joining of DNA ends (NHEJ) in higher eukaryotes. However, analysis of DSB repair kineties of Arabidopsis NHEJ
mutants atligs and atkuSo with the N/N assay showed that repair of Bleomyein induced DSB is biphasic and rapid alternative repair
pathways is active (Fig. 1). Surprisingly, kinetie measurements showed that rapid DSB repair was faster in the NHEJ mutant lines
(t1/2 5.5 min.) than in wild-type Arabidopsis (t1/2 7.9 min.). Kozdk et al. (Kozak et al, 2009) provided the first characterization of this
alternate KU/LIG4-independent repair pathway that rapidly removes the majority of DSBs present in nuclear DNA and found its
dependence on components of structural maintenance of chromosomes (SMC) complexes, namely SMC6b (MIM) of SMC5/6
complex, kleisin AIRAD21.1 and 3 of cohesin SMC1/3 complex (da Costa-Nunes et al, 2014) and structurally related SMCHD protein
GMI1 (Bohmdorfer et al, 2on).

Moreno-Romero et al. (Moreno-Romero et al, 2012) studied CK2 protein required for maintenance and control of genomie stability
and used N/N assay to show that DSBs were more rapidly repaired in ateka mutant than in control plants. Their results suggest that
atckz plants are more proficient in repairing DSBs and other lesions produced by IR or Bleomycin, despite their hypersensitivity to
these agents,

The moss Physcomitrella patens is unigue besides the high frequency of homologous recombination for hapleid state and flamentous
growth during early stages of the vegetative growth. Sheared filaments enables to establish protonemal cultures with up to 50%
dividing cells and makes Physcomitrella an excellent model plant to study DNA damage responses.

Kamisugi et al. (Kamisugl et al, 2012) used N/N assay to study Physcomitrella mutants of pivotal DSB repair MRN complex {(MRE1,
RAD50, NBS1). Kineties of DNA-DSB repair in wild-type and mutant plants revealed that Bleomycin-induced fragmentation of
genomic DNA was quickly repaired at approximately equal rates (t1/2 3 min) in each genotype, although both, the ppmrerr and
ppradso mutants exhibited severely restricted growth and development and enhanced sensitivity to UV-B and Bleomycin-induced
DNA damage. This implies that while extensive DNA repalr can occur in the absence of a functional MRN complex; it is unsupervised
in nature and results in the accumulation of deleterious mutations incompatible with normal growth and development, the similar
phenomenon as observed by Morene-Romero et al. (Moreno-Romero et al, 2012} in atekz plants. When MRN complex and CKz2, both
assumed to be associated with error-free homologous recombination are disabled, then NHEJ ervor-prone repair prevails at a cost of
induced mutations in continuons DNA. And indeed this was proved by sequencing of mutated APT locus in which we identified
deletions of various lengths as could be expected as an outcome of NHEJ repair mechanism.

Combination of comet and mutation assays explained contradictory observation of rapid DSB repair in mutants with phenotype
sensitive to induction of DSBs. Evidently plants evolved this attitude of rapid reconstitution of genome integrity from the early
evolution stages {mosses were one of the first plants to colonize land) to higher eukaryote seed plants, where during every plant eycle
embryos undergo severe DNA damage during seed maturation (generated by ROS released upon desiccation) and efficient recovery
during seed germination.

Repair of SSBs.
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Induction of DSB in not an isolated event and depends on inducing agent. Often DSB is a result of clustered damage induced e.g. by
impact of radiation beam on DNA or by interaction of agents like Bleomycin with DNA.

Hold et al. (Hola et al, 2013) used N/N and A/N assays to find out whether the vepair kinetics of Physcomitrella wt and ppligq differ in
response to Bleomyein-induced DSBs and SSBs. In both lines, the Bleomyein induced DSBs are rapidly repaired with a biphasic
kinetic (Fig. 2A) and the half-lives of DSBs survival are similar to half-lives of other Physcomitrella mutants mentioned above.
Contrary to DSBs, SSBs are repaired far less efficiently. Slow SSB repair might be common feature of plants sinee Dond et al. {Dond et
al, 2013) using N/N and A/A assays described similar phenomenon in Medicago trancata cells irradiated with oo-ray. The SSB repair
kinetic in wild type Physcomitrella is clearly biphasic and in this respect parallels repair of MMS induced SSBs in wild type
Arabidopsis {Waterworth et al, 2009). In contrast to DSBs, substantially smaller fraction of SSBs s repalired with fast kinetics; the
defect even more manifested in ppligs. It suggests an important role for LIG4 in the repair of DNA lesions like modified basis, AP
sites that are usually detected as SSBs and are repaired via base excision repair (BER). It is noteworthy that LIG3 is not represented in
plants and as showed earlier {(Waterworth et al, 2009) principal substitute for L1G3 in BER is LIGL. Because LIG1 i3 essential {or cell
viability, atlign was generated as an RNA line with 40% of remaining LIGE activity. SSBs repair course in atligt is a consequence of
unbalanced BER due to attenuated ligation step leading to accumulation of breaks during early stages of recovery followed by their
later gradual removal. Evidently the knockout mutation in ppligs does not have such severe effect on repair of SSBs; nevertheless, the
SSH repair defect of ppligs cleardy manifests that LIG4 is also involved in the repair of SSBs in plants. Effect of break accumulation
during early stages recovery is not unique to LIG mutants. Similar effect is depicted on Fig. 2B in Arabidopsis plants with PARPL
impaired either by knockout mutation leading to atparpi or by two inhibitors, the selective PARP1 inhibitor AG14261 devised by Plizer
for sensitization of cancer cells prior irradiation treatment or unspecific PARP inhibitor 3-aminobenzamide (3-ABA). It is interesting
to point out the conservation of PARP system between kingdoms, since selective AG14261 inhibitor of HsPARP1 is also effective in
Arabidopsis and provides same repair phenotype as knockout APARPT mutation.

Conclusions

Plant comet assay proved to be a reliable method for studies of damage and the repair of genomic DNA, like in mammals and humans
also in plants. Rapid isolation of nucled from virtually any plant tissue enables to study rapid response of plant cells to DNA damage at
virtually any conditions. Comet assay is now suceessfully applied for basic and applied research from lower {algae, moss) to higher
eukaryotic erop plants (rice, wheat). However, even in time of contemporary boom of indireet methods to study repair, direct,
unbiased measurement of the integrity of genomic DNA remains beloved domain of the comet assay over counting of yH2AX foct,
whose formation depends anyway on phosphorylation signaling cascade.

Fig. 1. Kinetic of DSB repair in Arabidopsis. Fractions of remaining DSBs were caleulated for 0, 5, 10, 20 and 60 min repair time
points after the treatment with 20 pg/mL Bleomycin. Maximum damage is normalized as 100% at t = o for all lines. Wild type Colo
and atligg rapidly repair induced DSBs during the first 10 min, while atligq has even faster repalir rates than wild type. Contrary to
wild type, atligy and atsme6b have clearly slower initial DSB repair, with a striking repalr defect in SMC6B mutant. Adopted {rom
(Kozak et al, 2009).

Fig. 2A. SSB and DSB repair kinetics in Physcomitrella. SSBs were induced in Physcomitrella protonemata with 50% of dividing cells
by 1 hr treatment with 2 cog/mL Bleomycin; bright blue: wild type, dark blue: ppligs, and determined by A/N assay. DSBs were
induced in the same tissue by 1 hr treatment with 30 oog/mL Bleomyein, green: wild type, orange: ppligq, and determined by N/N
assay. Repair kineties is plotted as % of DSBs remaining over the o, 5, 10, 20, 60, 180, and 360 min recovery period. Maximum
damage s normalized as 100% at oo = o for all lines, Adopted from (Hola et al, 2013).

Fig. 2B. Effect of mutation and of inhibitors of PARF1 on SSB repair kinetics. SSBs induced by 1 hr treatment with 2 mM MMS in
atparpt (red) and in Arabidopsis wt in presence of 3 mM 3-aminobenzamide {3-ABA, turquoise) and 10 pM HsPARPL specific
AG14361 {(green) inhibitors. (Angelis and Kozik, unpublished data)
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7. Diskuse

O dilezitosti reparacnich mechanismi svédci fakt, Ze u rady organismii jsou
mutace v genech reparacnich drah letalni, nebo vedou ke vzniku zavaznych
defektli ve vyvoji, fertilité a ke sniZené vitalité. U Zivocichli ¢asto vede inaktivace
genll pro reparacni proteiny k letalité jiZz béhem embryogeneze, coZ stéZuje
charakterizaci repara¢niho mechanismu.

Oproti tomu mutanti v reparacnich genech u rostlin byvaji vétSinou
zZivotaschopni a fertilni. To miiZe souviset se specifickymi vlastnostmi rostlin, ktera
je nuti udrZovat vysokou miru genomové stability. Mezi tyto vlastnosti patfi mj.
absence zarodecné linie a vznik gamet diferenciaci somatickych bunék, nebo jejich
zplisob Zivota vazany na jedno misto, béhem néhoz jsou vystaveny riiznym a casto
extrémnim stresim zivotniho prostiedi jako napf. zvySend radiace, sucho,
opakovana dehydratace/hydratace, zvySenad koncentrace soli v¢etné tézkych kovi
ap. Proto rostliny potrebuji uc¢inné a robustni reparacni mechanismy, které zajisti
stabilitu a integritu DNA i v pripadé rozsahlého poskozeni genomu. Potreba
zachovani stability a integrity genomové DNA miiZe pievazit nad nutnosti
zachovani presnosti genetické informace. Dlisledkem toho je, Ze pouZité reparacni
drahy mohou byt nachylné k tvorbé chyb (error-prone) a vnaset do genomu
mutace.

Moznost pripravy zivotaschopnych mutant reparacnich genli usnadinuje
studium jejich ucasti a zplsobu zapojeni do reparace. Cennym ndastrojem pro
ziskani konkrétniho mutanta je cilené vyrazeni genu - tzv. genovy knockout. U
vysSich eukaryot vcetné rostlin se transformovana DNA integruje prevazné
nehomolognim zpusoben, nezavisle na sekvenci. Prestoze bylo vynaloZeno znacné
usili, vSechny pokusy o vytvoreni efektivni techniky cileného vyrazovani genti u
kvetoucich rostlin se ukazaly jako malo ucinné (Puchta, 2002). Oproti tomu u
Physcomitrelly se diky vysoké frekvenci homologni rekombinace integruje vnasena
DNA prevazné homolognim zptisobem a ucinnost cileného vyrazovani gent je tedy
vysoka (Kamisugi et al. 2006).

Transformace Physcomitrelly je rutinné provadéna PEG zprostfedkovanou
transformaci protoplastli (Hohe et al. 2004). Tento zplisob transformace je vysoce
ucinny, nicméné je Casové a navic i technicky naro¢ny a vyZaduje znaCnou
manipulaci s rostlinnym materialem coz zvysSuje riziko kontaminace. Alternativou

je transformace biolistickou metodou, ktera je rychlejSi, snazSi a riziko
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kontaminace transformovaného materidlu je elimininovano diky minimalni
manipulaci s rostlinnym pletivem (Smidkova et al. 2010). Limitujicim faktorem
SirSiho pouZivani této metody je porizeni specidlniho vybaveni tzv. genové zbrané
(Gene gun).

Biolisticky je transformovana sedmidenni kultura protonemy, ktera je po
transformaci homogenizovana na kratké fragmenty filament a vysazena na
médium se selekci. Uspé$né transformované butiky se déli a rostou jako
protonemalni filamenta bez podpory rilistu rostlinnymi hormony ¢i indukce
kalogeneze.

Diky haploidnimu stadiu protonemy, lze snadno identifikovat mutanty
vznikajici cilenou i ndhodnou mutagenezi, protoZe zména nebo vyrazeni genu se
projevi ihned ve fenotypu.

U mutant reparacnich genti se obvykle zjiStuje citlivost viic¢i genotoxiniim. U
linii Physcomitrelly mutantnich v genech pro proteiny reparace DSB bylo srovnani
citlivosti fenotypu stanoveno jejich schopnosti prezivat na médiu se vzruastajici
koncentraci Bleomycinu (Kamisugi et al. 2012; Hola et al. 2013). Hypersenzitivita
vici Bleomycinu byla pozorovana u mutant pprad50 a ppmrell komplexu MRN
(Kamisugi et al. 2012). Jelikoz MRN komplex je klicovou slozkou reparace DSB,
piredpokladalo se, Ze citlivost vii¢i Bleomycinu je zplisobena snizenou schopnosti
mutant opravovat DSB.

Proto byl studovan vliv mutace na kinetiku reparace primym stanovenim
pritomnych DSB metodou kometového testu. Kometovy test na rozdil napt. od
Casto pouzivaného neprimého stanoveni DSB v savcich bunkach, zaloZzeném na
imunofluorescen¢ni detekci YH2AX, monitoruje primé fyzické posSkozeni DNA.
Rychla izolace bunécnych jader prakticky z jakéhokoli rostlinného materialu po
plisobeni genotoxini umoznuje zachyceni a studium rychlé reparace (Kozak et al.
2009). Kometovy test je volbou podminek testu vhodny nejen pro studium
reparace DSB, ale po upravé experimentalnich podminek i pro studium kinetiky
opravy SSB a specifickych 1ézi jako CPD (Angelis et al. 2015; Hola et al. 2013; Hola
etal. 2015).

Studium kinetiky reparace DSB u mutant pprad50 a ppmrell
ukazalo, Ze pres jejich citlivost k Bleomycinu, u nich reparace DSB probiha stejné
rychle a efektivné jako u wt (Kamisugi et al. 2012). Na zakladé tohoto zjisténi byla

zformulovana hypotéza, Ze citlivost mutant neni dlisledkem absence reparace DSB,
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ale naopak pritomnosti ucinné reparacni drahy, ktera je podle vysledku
kometového testu schopna rychle a uc¢inné DSB odstranit, nicméné za cenu vzniku
zavaznych mutaci. Duasledkem vzniku takovych mutaci, zejména vznikaji-li
v Zivotné dillezitych genech, je pozorovany citlivy fenotyp.

Pro potvrzeni této hypotézy bylo zjiStovano, jaky druh mutaci vznika u wt,
pprad50 a ppmrell po pusobeni Bleomycinu v prirozené se vyskytujicim APT
genu. Mutace v APT vede ke vzniku rezistence k 2-FA (Gaillard et al. 1998), coz
umoznuje snadnou selekci apt mutanti a charakterizaci mutaci sekvenovanim APT
lokusu.

Zatimco u wt 2-FA rezistentnich mutant byly nalezeny prevazné bodové
mutace - substituce a 1 bazové inzerce, u pprad50 a ppmrell 2-FA rezistentnich
mutantl byly kromé bodovych mutaci objeveny i rozsahlé delece nékolika desitek
az stovek bazi (Kamisugi et al. 2012; Hola et al. 2013). Kumulace téchto zavaznych
mutaci v celém genomu je pricinou hypersenzitivniho fenotypu pprad50 a ppmrel1
vici Bleomycinu.

Studium bylo pozdéji rozsSifeno na linii mechu mutantni v genu pro LIG4,
klicovy protein reparace dvouvldknovych zlomt DNA C-NHE] mechanismem. U
pplig4 2-FA rezistentnich mutantii nebyly nalezeny Zadné rozsahlé delece, vétSina
nalezenych mutaci byly inzerce 1 baze (Hola et al. 2013). Kinetika opravy DSB
neukazala, stejné jako u pprad50 a ppmrell, vyraznou odchylku od wt. Nicméné
Bleomycin indukuje vznik nejen DSB, ale i SSB, oxidativniho poSkozeni bazi a
vzniku AP mist. Tato poSkozeni jsou v kometovém testu detekovana jako SSB.
Kinetika reparace SSB ukazala, Ze oprava probiha u pplig4 vyrazné pomaleji nez u
wt (Hola et al. 2013). Tento typ poSkozeni je prednostné opravovan drahou excisni
reparace bazi. V savcich burikach tato draha zahrnuje LIG3, ktera se ale u rostlin
nevyskytuje a u Arabidopsis je principialné zastoupena LIG1 (Waterworth et al.
2009). Defekt v reparaci jednovlaknovych zlomt u pplig4 ukazuje, Ze na opravé
mechanismem BER se u Physcomitrelly vyznamné podili i LIG4.

BER odstranuje prednostné poskozeni, kterd nezplisobuji vyraznou
deformaci dvousroubovice. Objemné léze, zpisobujici distorzi dvousroubovice
jsou odstranovany zejména nukleotidovou excisni reparaci. Typickymi objemnymi
lézemi jsou cyklobutan pyrimidinové dimery a 6°-4’ pyrimidin-pyrimidon
fotoprodukty vznikajici plisobenim UV zareni. Pro zjisténi, zda by se néktery ze

studovanych proteini mohl néjakym zplsobem podilet na odstranovani tohoto
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typu poskozeni, byl u jednotlivych linii Physcomitrella indukovan vznik poSkozeni
plisobenim UV zareni na jednodenni kulturu mechu. Jednodenni protonema
obsahuje az 50% délicich se apikalnich bunék, a predstavuje tak délici se pletivo,
které se u vysSich rostlin nachazi pouze ve velmi omezeném mnozZstvi ve
vrcholovych meristémech.

U rostlin jsou fotoprodukty odstranovany svétlem aktivovanymi
fotolyazami a v nepritomnosti aktivnich fotolyaz mechanismem NER. Obé tyto
drahy jsou bezchybné a nevedou ke vzniku mutaci. UV zareni je ale obecné velmi
mutagenni. Podle frekvence vzniku apt mutanti se zda, Ze mutagenita UV zareni je
dokonce vys$si neZ mutagenita BLM indukujiciho vznik DSB. Ozareni jednodenni
protonemy indukuje u vétSiny linif mechu vznik mnohem vétsiho poctu apt mutant
nez plsobeni Bleomycinu (Hol4 et al. 2015).

Kinetika opravy CPD ukazuje, Ze pyrimidinové dimery jsou v nepritomnosti
svétla odstraniovany pomérné pomalu. Polovina indukovanych dimerd je
odstranéna po vice nez 4 hodinach (Hola et al. 2015). Ve vSech UV indukovanych
apt mutantech byly nalezeny prevazné tranzice cytosinu na tymin. Pomala
reparace umoZziuje uplatnéni dalSich, potenciondlné mutagennich, mechanismi
opravy (i tolerance poskozeni. CPD blokuji replika¢ni komplex a mohou zplisobit
kolaps replikacni vidlicky a vznik dvouvlaknového zlomu (Kaufmann a Cleaver
1981; Petermann et al. 2010). Aby se této situaci vyhnuly, vyuzivaji bunky
mechanismus syntézy pres poSkozeni, ktery jim dovoluje poskozeni DNA prekonat.
Jedna se ale o nepresny mechanismu, ktery vede casto ke vzniku mutaci, ¢imz je

e

dana vysoka mutagenita UV zareni.
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8. Zavér

Disertactni prace se zabyva zavedenim nového modelového organismu

mechu Physcomitrella patens, ktery se diky kombinaci unikatnich vlastnosti

Physcomitrelly ukazal jako velmi vhodny model pro studium reparace DNA. Bylo

mozné ukazat, Ze:

Po wvyrazeni ,error-free* HR je vysledny, kindukci DSB
hypersenzitivni fenotyp mutantl ppmrell a pprad50, disledkem
rychlé a efektivni opravy DSB, ktera ale vede ke vzniku zavaznych
mutaci v celém genomu.

LIG4 - klicovy protein NHE] reparacni drahy, je u Physcomitrelly
vyznamny také pro reparaci objemové malych poskozeni
mechanismem BER.

Vysokda mutagenita UVB zareni je dana zejména vznikem mutaci
,error-prone“ syntézou DNA pres neodstranéné CPD a 6-4PP béhem

replikace DNA v délicich se bunkach.

Moznost vyuziti a kombinace riiznych metod u mechu Physcomitrella patens

potvrzuje, Ze Physcomitrella je skute¢né jednim z nejvhodnéjSich rostlinnych

modell pro studium reparace DNA.
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