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Abstrakt

Poskozenim DNA se rozumi jakdkoli zména nebo modifikace struktury DNA, kterd se
odchyluje od jejiho pfirozené¢ho stavu. Abasické misto (Ap misto) je jednim z
nejcastéjSich poskozeni DNA, které vznika spontdnni depurinaci/depyrimidinaci nebo
enzymatickym odstranénim baze. Pokud se neopravi, miiZze vést ke genetické mutaci a
potencialné zplisobit onemocnéni, jako je napiiklad rakovina. Pochopeni mechanismu

opravy DNA je zasadni pro lékaisky vyzkum a aplikaci.

Bakteridlni MutM je glykosylaza opravujici DNA, kterd odstraniuje poskozeni DNA
vzniklé oxida¢nim stresem a zabranuje mutacim a genomové nestabilité¢. MutM patii do
rodiny prokaryotickych enzymi Fpg/Nei a je strukturné i funkéné podobné se svym
eukaryotickym proté¢jSkiim, jako jsou NEILI-NEIL3. Zde prezentuji dvé krystalové
struktury MutM z patogenni Neisseria meningitidis: MutM holoenzym a MutM vazany
na DNA. Volny enzym existuje v oteviené konformaci, zatimco po vazbé na DNA,

dochazi k podstatnym strukturnim zméndm a preskupeni domén enzymu 1 ohybu DNA.

Jednou z poSkozeni DNA opravovanych MutM je Ap misto, které, pokud neni
opraveno, miZze spontanné vést k vytvoteni mezivlaknového kovanetniho proktizeni
DNA (Ap-ICL) se sousednim adeninem na opac¢ném vlakné¢ DNA. Je znamo, ze
glykosylaza NEIL3 odstrafiuje Ap-ICL. Pomoci série riiznych oligonukleotidi jsme
zkoumali rychlost tvorby, vytézky a stabilitu Ap-ICL. Nase zjisténi ukazuji, jak rGzné
baze v blizkosti Ap mista méni rychlost a vytézek tvorby Ap-ICL in vitro. Na zékladé
naSich experimentalnich udaji o tvorbé Ap-ICL a zndmé biochemii Ap mista jsme

odhadli pocet Ap-ICL v burice.



Uvod

Tato prace se zabyva DNA opravnym enzymem MutM, ktery néleZi k rodiné Fpg/Nei

a je zodpovédny za opravu DNA poskozeni zvané abazické misto.

DNA podléha riznym spontannim chemickym procestim, které mohou vést k poskozeni
DNA a ztraté integrity genomu. Vysoce reaktivni sloueniny neustale napadaji citlivé
skupiny DNA, coz vede k velkému poctu poskozeni. Za zmény v molekule DNA, které
mohou vést k jejimu poskozeni, jsou nejcastéji zodpovédné jak endogenni, tak exogenni
slouCeniny, napiiklad ionizace nebo oxidacni stres. Pokud nejsou tyto poskozeni

opraveny, mohou vést ke genetické nestabilité a vzniku rakoviny [1-3].

Ackoli se zdroje mohou u mnohobunéénych i jednobunéénych organismii lisit, za hlavni
Cinitele zodpovédné za oxidované léze DNA se povazuji hydroxylovy radikal,
singletovy kyslik a peroxid vodiku [4]. PoSkozeny mohou byt purinové i pyrimidinové
nukleotidy, coZ vede ke vzniku vice nez 100 rGznych 1ézi DNA. Aby se zabranilo
Skodlivym u¢inkiim hromadiciho se poSkozeni DNA, vyvinuly se rizné opravné drahy

DNA, z nichz kazda se specializuje na opravu specifickych typi poSkozeni [5].
Abazické misto

Prvni obrannou linii proti poSkozené DNA je drdha odstraniujici bazy (BER), kterd je
zahdjena enzymatickym nebo spontannim Stépenim N-glykosidické vazby poskozené
baze za vzniku abasického mista (Ap - Apurinic/Apyrimidinic) jako meziproduktu pied
uplnou opravou DNA. Ap misto je rozpoznano Ap endonukledzou, coz vede k preruseni
jednoho fetézce DNA. Dadle je misto vyplnéno DNA polymerazou a ligovano DNA
ligazou. Eukaryoticki DNA polymerdza se vyskytuje s chybovosti 1 chyba na 107

syntetizovanych bazi. Je schopna samoregulace a opravovani vlastnich chyb [6-8].

Ap mista mohou vznikat také spontanné ve znaéném mnozstvi, pficemz v jedné lidské
buiice vznikd kazdy den piiblizné¢ 10 000 mist Ap [10,11]. V ustdleném stavu je v
savCich bunikach ptitomno nekolik tisic Ap mist. Uracil DNA glykosylasa (UDG) je

dobfe prozkoumani enzym, ktery se podili na opravé odstranéné baze [12-15]. Jeji



primarni funkci je eliminovat uracilova rezidua, ktera mohou vzniknout spontanné nebo

enzymatickou deaminaci cytosinu [16].

V Ap misté mize kromé spontanni tvorby mezivlaknové pticné vazby DNA (ICL)
dochazet k samovolnému nebo enzymatickému Stépeni. Konkrétné Ap endonukledzy
Stépi fosfodiesterovou vazbu v Ap misté, ¢imz vznikd konec s 3’-deoxyribdza-5’-
fosfatem a jednotetézcovy zlom [17]. Alternativné mtize dojit ke spontdnnimu pieruseni
poskozeni s polo¢asem rozpadu 8 dni. Rychlost reakce je ovlivnéna aminy a zvySenym

pH vzhledem k povaze reakce, kterd zahrnuje katalyzu bazickou hydrolyzou.
Formamidopyrimidin DNA glycosylasa (MutM)

MutM je bifunkéni enzym charakterizovany jednak glykosylasovou aktivitou, ktera je
zodpovédnd za odstranéni baze, a jednak B,56-lyasovou aktivitou, kterd opravuje vzniklé
Ap misto odStépenim 3" fosfodiesterové patefe a zpusobuje zlom DNA [26].
Pocatecnim krokem v mechanismu opravy je nukleofilni atak, kdy iminova skupina
Pro2 napadd kovalentni vazbu CI1° ribosy poSkozené baze. Tato reakce vytvofii
Schiffovu bazi s ribosylovym zbytkem v DNA. Glu3 MutM hraje klicovou roli jako
donor protonu a stabilizuje meziprodukt. MutM pomoci 3,6-eliminace ribosyna 3" a 5’
konci tvofi vedlejsi produkt 4-hydroxypenta-2.4-dien [27]. Pro2 je soucasti
konzervovaného N-konce katalytického motivu PELPEV proteinii MutM, ackoli tfeti a

Sesta aminokyselina se mohou lisit [28].

K dne$nimu dni bylo publikovdno obrovské mnozstvi krystalovych struktur Fpg/Nei
glykosylas. Vlibec prvni poskytnutd struktura byla holoenzym z organismu Bacillus
stearothermophilus (PDBID: 1EE®) [29]. Nasledn¢ byla publikovana struktura MutM
vazan¢ho na DNA (PDBID: 1LIT, 1L1Z, 1L2B, 1L2C, 1L2D) [28,30]. Dalsi vyzkum
byl pfednostné zaméfen na hleddni substratu, rozpoznavani, preferenci a vyznam

neparové baze pro poskozené a detaily reakéniho mechanismu [27,31-34].



Kovalentni prokrizeni opacnych DNA retézcu (ICL)

ICL je poskozené DNA, kde se vytvafi kovalentni vazba mezi komplementarnimi
vlakny DNA a vytvafi tak bariéru, ktera zastavuje replikaci DNA [48]. Byla studovana
fada forem ICL, kter¢ se lisi jak strukturnim sloZenim, tak chemickymi vlastnostmi [56-
59]. ICL je toxické poSkozeni, které miZe vzikat jako disledek ptisobeni endogennich
1 exogennich ¢inidel. MliZe vznikat také spontannég, kdy volnd aminoskupina na adeninu
nebo guaninu na opacném vlakné DNA reaguje s aldehydovym zbytkem Ap mista.
Aldehydova skupina oteviené¢ formy ribozy na C1° vytvatri N-glykosidickou vazbu s
aminoskupinou bdze na opa¢ném vlakng. ICL brani replika¢nimu a transkripénimu
mechanismu kovalentni vazbou mezi obéma vldkny DNA, coZ vyZaduje odstranéni

opravu drahou specializovanou na ICL.

V soucasné dob¢ jsou znamy tfi drahy pro opravu ICL: NEIL3 glycosylasova,
acetaldehydova a Fanconiho anémie (FA) [47,49]. FA opravuje cisplatinovy ICL a ICL
zodpovédnd za dvouietézcovy zlom, ndsledné¢ opravovany homologni rekombinaci
(HR). Obé¢ drahy jsou spojeny s replikacnim mechanismem DNA a pii opravé ICL se
vzajemn¢ dopliuji. Drdha NEIL3 piebird odpovédnost v ranych fazich replikace a je
spojena s replikacni vidli¢kou, ktera se zastavi pted ICL. NEIL3 je specializovana drdha
zodpovédnd za opravu Ap-ICL a psoralenovy ICL, v tomto pifipadé¢ nedochazi ke

generovani dvoufetézcovych zlomt [61].
NEIL3 glycosylasa

Bylo prokédzano, ze NEIL3 miiZe §tépit jednu z nenativnich N-glykosidickych vazeb ve
struktufe Ap-ICL, coZ vede k rozpojeni vazby tohoto poSkozeni. Tyto experimenty byly
provedeny v extraktech z vajicek Xenopus laevis a stanovily NEIL3 jako primérni drahu
pro opravu Ap-ICL [47-50]. Pfesné molekularni mechanismy opravy Ap-ICL a

kompletni reakéni mechanismus NEIL3 vSak zlistdvaji nezndmé.

NEIL3 rekrutovan k zastavené replikacni vidli¢ce se pravdépodobné zaméZuje na baze

nachazejici se v blizkosti spojnice vldken DNA v konfiguraci tvaru X nebo Y
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[48,52,53]. Schopnost NEIL3 katalyticky odstranovat psoralen a ICL odvozen¢ od Ap
lze demonztrovat na znamych stbstratech. Nenativni glykosidickd vazba pfitomna v
Ap-dA ICL vykazuje podobnost s glykosidickou vazbou, ktera se nachazi ve FapyA a
FapyG. Obdobn¢ nasycené thyminové kruhy v psoralenové ICL vykazuji podobnost se
substraty, jako jsou DTH a thyminoglykol.



Cile prace

Struktura MutM: Pomoci proteinové krystalografie ur¢it atomarni strukturu
proteinu MutM z patogenni bakterie Neisseria meningitidis a na tomto

zaklad€ charakterizovat jeho roli pii opravé DNA.

Strukturni a funkcni charakterizace komplexu MutM:DNA: Pomoci
proteinové krystalografie odhalit atomarni strukturu komplexu MutM s jeho
substraitem. Charakterizace vazby vazebnymi experimenty, urceni
disociacnich konstant pomoci fluorescen¢ni anisotropie a eseje zaloZené na

pohybu DNA na gelu.

Tvorba Ap-ICL: Optimalizovat spontdnni tvorbu Ap-ICL a zjistit, jak
sekvence DNA v blizkosti vznikajiciho poSkozeni ovliviiuje tvorbu a stabilitu

Ap-ICL.



Pouzité metody

V této praci byly pouzity standardni metody molekularni biologie a proteinové

krystalografie:

Molekularni biologie: Klonovani DNA pro pfipravu expresnich vektorti, exprese a
purifikace protein, enzymatické aktivitni eseje — fluorescencni anisotropie, metoda

zalozena na déleni a posuvu na gelu, neenzymatické eseje.

Proteinova krystalografie: Krystalizace proteinu a protein:DNA komplexu, sbér
difrakénich dat na rotacni anod€ a synchrotronu, procesovani dat a feSeni struktury

pomoci metody molekularniho nahrazeni, uptfesiiovani struktury.



Vysledky

Vysledky v této praci byly publikovany ve dvou mezindrodnich c¢asopisech s

impaktovym faktorem.

Krystalové struktury a konformaéni zmény MutM pfi vazbé na
DNA

V prvni publikaci byl protein MutM krystalizovan jako holoenzym a v komplexu s
navazanym substratem, DNA s poSkozenim napodobujicim Ap misto (THF), které je
jeho pfirozenym substratem. Pro komplexni charakterizaci byly provedeny vazebné
experimenty s vyuZitim biofyzikalnich metod fluorescen¢ni anizotropie a pohybu DNA

na gelovu.

Hodnoty Kp byly vypocteny na zakladé métfeni fluorescencni anizotropie zahrnujici
dvouvldknovou 1 jednovldknovou DNA, s napodobenim Ap mista THF, i bez
poSkozeni. Oligonukleotidy byly komeréné syntetizovany. NejslabS§i vazbu jsme
naméfili se ssDNA (bez imitace poskozeni), kde Kp bylo ptiblizné 27 nM. Disocia¢ni
konstanty pro zbyvajici substraty, véetné¢ dsDNA (bez poskozeni), ssTHF a dsTHF (s
napodobenim poskozeni), byly podobné a pohybovaly se mezi 7-9 nM.

Byla vyteSena krystalova struktura holoenzymu MutM z patogenni bakterie Neisseria
Meningitidis (PDBID: 6TC6). Krystal z uspofddani sedici kapky difraktoval s
rozliSenim 2,9 A a struktura byla feSena metodou molekularniho nihrazeni s pouZitim
vychoziho modelu MutM z E. coli (PDBID: 1K82). Zpocatku model neposkytoval
uspokojivé mapy elektronové hustoty. Pro dosazeni uspé€Sného feSeni byl model
rozdélen na subdomény NTD a CTD. Tyto subdomény byly pouzity jako nezavislé
modely pro hledani molekuldrniho nahrazeni, pficemz byly vytipovany rozdily v
orientaci CTD a NTD mezi strukturou holoenzymu a strukturou s navazanou DNA.
Oblast od Thr217 po Tyr242 vykazovala na mapé elektronové hustoty Spatnou
viditelnost, a proto byla z konecného modelu vylou€ena. Tato oblast je typicky dobie

uspotfaddand u MutM vazaného na DNA.



Krystalovad struktura MutM vazaného na DNA (PDBID: 6TC9) z Neisseria
Meningitidis, obsahujici THF pro napodobeni Ap mista, byla také vyfeSena pomoci
metody molekularniho nahrazeni, kde jako vychozi model byla pouzita struktura MutM
z této studie (PDBID: 6 TC6). Pro Gspésné dosazeni molekularniho nahrazeni byly opé&t
NTD a CTD rozdéleny a kazdd subdoména byla samostatné umisténa do softwaru
Phaser. Vysledny model dosahl rozliSeni 2,15 A. Vazba na MutM na DNA zptisobyla
ohyb DNA pfiblizn¢ 60°. Dilezité je, Ze ptitomnost THF nemd vliv na konformacni

zmeénu.

Vazba na DNA vyvolava vyrazné konformacni zmény 1 ve strukturnim usporadéani
MutM, pti¢emz CTD 1 NTD prochazeji znacnou reorganizaci. V programu PyMol jsme
vypocitali celkovou stfedni kvadratickou odchylku (RMSD), kterd pro cely protein
¢inila 2,41 A. Superpozice jednotlivych subdomén odhalila rotaci CTD i NTD smérem
k DNA o uhel 22,3° (viz obr. 1). Pfi superpozici NTD se navic atom zinku z domény
ZnF posunul o 11,4°.
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Obrdzek 1. Strukturni zarovnaniporovnani CTD MutM navazaného na DNA oranzové
a volného MutM modre (A-D) ukazujici konformacni zmeény pri vazbé na DNA (zelené).
llustrace rotacniho pohybu o 22° v panelu A s pohledem shora v panelu C. Pohledy z
ruznych uhlu (B, D) ukazuji detaily pohybu aminokyselinovych zbytkit Met 74, Argl 14

a Phe 116 smérem k navazané DNA.

Data jsou soucasti nasledné publikace.

Landova, B., and Silhan, J. (2020) Conformational changes of DNA repair glycosylase
MutM triggered by DNA binding, Febs Letters 594, 3032-3044.

Rychlost tvorby mezivlaknové pri¢né vazby v abasickém misté

Jak Ap mista, tak Ap-ICL se spontanné vytvareji v molekule DNA v jakémkoli kontextu
sekvence DNA. V této studii jsme provedli komplexni vyzkum Ap-ICL, specifické
podtiidy DNA poSkozeni s vyznamnymi disledky pro stabilitu genomu. Navrhli jsme
sadu oligonukleotidd, u nichZ jsme zpocatku ménili baze v blizkosti poskozeni (4. a 5.
pozice), pfi¢emz jsme ponechali fixovany pouze adenin na protilehlém vlakng. Pozdéji
jsme variabilni sekvenci rozsifili o oblasti bohaté na AT a GC. Rychlost tvorby Ap-ICL
jsme méfili ve tfech samostatnych experimentech a v kazdém z nich jsme urcili
maximalni vytéZek. Kromé toho jsme provedli kontrolni méteni s hypoxantinem na 4.
1 6. pozici, abychom potvrdili vyhodnost ndmi zvolené pozice pro tvorbu kovalentni

vazby Ap-ICL.

Nase udaje jasné prokazaly zavislost na sekvenci v blizkosti poskozeni. Bylo zjisténo,
ze vznik poSkozeni zavisi jak na 4., tak 5. pozici, pfi¢emz guanin v 5. poloze (naproti
mistu Ap) vykazoval nejvyssi potencidl pro tvorbu 1éze a adenin ve 4. poloze rovnéz
ovlivnil tvorbu. Dale jsme ucinili zajimavy objev, ze oblast bohata na AT zvySuje

vytézek i rychlost tvorby Ap-ICL (viz obrdzek 2). Byl proveden experiment méteni
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stability tohoto poSkozeni, kde jsme ukézali, Ze béhem 14 dni se rozpadne 30% z

pocate¢niho mnozstvi Ap-ICL.
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Obrdazek 2. Tvorba Ap-ICL v dsDNA obsahujici oblasti bohaté na AT a GC. Schematické
znazorneni duplexit DNA obsahujicich oblasti bohaté na AT nebo GC v blizkosti Ap
mista (A). Oligonukleotidy bohaté na AT s thyminem nebo cytosinem na 4. pozici se
oznacuji TT nebo TC. Stejné tak oligonukleotidy bohaté na GC s thyminem a cytosinem
na 4. pozici se oznacuji GT nebo GC. Zastavené reakce byly separovany na 20%
denaturacnim PAGE gelu (B), kde DP znamend degradacni produkt. (C) Reakcni
kinetika tvorby Ap-ICL pro oligonukleotidy bohaté na AT a GC. (D) Rychlost tvorby
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Ap-ICL a (E) maximalni vytézek vyneseny do grafu pro vsechny sekvence. Chybové

usecky pochazeji ze tri nezavislych meéreni.
Data jsou soucasti nasledné publikace.

Huskova, A.*, Landova, B.*, Boura, E., and Silhan, J. (2022) The rate of formation and
stability of abasic site interstrand crosslinks in the DNA duplex, DNA Repair 113.

*S ekvivalentnim piispénim obou autort.
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Zaver

Jednim z hlavnich cilti prace bylo prozkoumat zavislost tvorby Ap-ICL na sekvenci
nukleotidd v okoli vznikajictho poSkozeni a =zaroven objasnit mechanismus

piedchézejici vzniku poskozeni.

NaSe zjiSténi zduraznuji dileZitou roli sousedni sekvence, zejména v usporadani
napodobujicim oblasti bohat¢ na AT nebo GC, kde jsme pozorovali napadnou
preferenci vzniku tohoto poSkozeni ve volnéjSich oblastech bohatych na AT. Tato
preference naznacuje vétsi prostorovy pozadavek pro vznik tohoto typu poSkozeni. Déle
jsme zjistili, ze baze sousedici s poSkozenym mistem ma taktéz mensi vliv na rychlost

vzniku Ap-ICL.

Nase prace vyznamné piispéla k pochopeni tvorby Ap-ICL, coZ je oblast, které byla v
ramci poSkozeni a oprav nukleovych kyselin vénovéna pomérn¢ mala pozornost. Nase
vysledky, zejména pokud jde o zavislost na sekvenci a frekvenci vyskytu, nabizeji

cenné poznatky o slozitosti tvorby Ap-ICL.

Dalsim aspektem nasi prace je, Ze jsme jako prvni provedli komplexni srovnani volné
a DNA vazané formy proteinu MutM pochdzeji ze stejného organismu, a to krystalizaci
jak holoenzymu, tak formy vazané na DNA. Tato analyza poskytuje cenny pohled na
strukturni zmény, ke kterym dochézi pti interakci MutM s DNA, a také na to, jak tyto

zmény souviseji s jeho ulohou pii opravé DNA.
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Abstract

DNA damage refers to any alteration or modification in the DNA structure that deviates
from its natural state. Abasic site (Ap site) is one of the most common DNA lesions
resulting from spontaneous depurination/depyrimidination or enzymatic base excision.
When left unrepaired it can lead to a cascade of genetic mutations, potentially causing
diseases like cancer. Understanding DNA repair mechanisms is vital for medical

research and applications.

Bacterial MutM is a DNA repair glycosylase, removing DNA damage generated by
oxidative stress and preventing mutations and genomic instability. MutM belongs to the
Fpg/Nei family of procaryotic enzymes, sharing structural and functional similarities
with their eukaryotic counterparts, such as NEIL1-NEIL3. Here, I present two crystal
structures of MutM from pathogenic Neisseria meningitidis: MutM holoenzyme and
MutM bound to DNA. The free enzyme exists in an open conformation, while upon
binding to DNA, both the enzyme and DNA undergo substantial structural changes and

domain rearrangement.

One of the DNA lesion repaired by MutM is the Ap site, which, if not repaired, may
spontaneously lead to the formation of an abasic site interstrand crosslink (Ap-ICL)
with an adjacent adenine in the opposite strand. NEIL3 glycosylase is known to remove
Ap-ICL. With a panel of different oligonucleotides, we investigated the rates of
formation, the yields, and the stability of Ap-ICL. Our findings demonstrate how
different bases in the vicinity of the AP site change crosslink formation in vitro. Based
on our experimental data on Ap-ICL formation and known biochemistry of the Ap site

we have estimated the number of Ap-ICLs within the cell.

15



Introduction

DNA undergoes various spontancous chemical reactions that could lead to DNA
damage and loss of genome integrity. Moreover, highly reactive compounds constantly
attack susceptible groups of DNA molecule, resulting in a vast number of DNA lesions.
Both endogenous and exogenous compounds, such as ionization or oxidative stress, are
the most often responsible for changes in DNA molecule that can lead to DNA lesions.

If not repaired, these lesions may result in genetic instability and cancer [1-3].

Although the sources may differ for both multicellular and single-cellular organisms,
the main agents responsible for oxidized DNA lesion are thought to be hydroxyl radical,
singlet oxygen and hydrogen peroxide [4]. Both purine and pyrimidine nucleotides are
damaged, leading to more than 100 different DNA lesions. To prevent the harmful
effects of accumulating DNA damage, various DNA repair pathways have developed,

each specialized in repairing specific types of lesions [5].
Abasic site (Ap site)

The first line of defence against damaged DNA is the base excision repair pathway
(BER), which is initiated by enzymatical or spontaneous cleavage of the N-glycosidic
bond of the damaged base, forming an abasic site (Ap - Apurinic/Apyrimidinic) as an
intermediate before the DNA is fully repaired. The Ap site is recognized by Ap
endonuclease, resulting into a single-stranded break. Furthermore, it is filled by DNA
polymerase and ligated by DNA ligase. Eukaryotic DNA polymerase occurs with an
error rate of 1 error per 107 synthetised bases. It is capable of self-regulation and

repairing its own mistakes [6-8].

Ap sites can also be generated spontaneously in significant quantities, with
approximately 10,000 Ap sites formed each day in a single human cell [9,10]. Several
thousand of Ap sites are present in mammalian cells at steady state. Uracil DNA
glycosylase (UDG) is a well-known enzyme involved in base excision repair, and

somatic hypermutation during antibody diversification is yet another source of Ap sites
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[11-14]. Its primary function is to eliminate uracil residues, which can result from the

spontaneous or enzymatic deamination of cytosine [15].

The Ap site, in addition to its spontaneous formation of DNA interstrand crosslink
(ICL), can undergo either spontaneous or enzymatic cleavage. Specifically, Ap
endonucleases cleave the phosphodiester bond at the Ap site, generating a nick with a
3’-deoxyribose-5"-phosphate and a single-strand break [16]. Alternatively, the lesion
can spontaneously break with a half-life of 8 days. The reaction rate is influenced by
amines and pH increase due to the nature of reaction, which involves base hydrolysis

catalysis.
Formamidopyrimidine DNA glycosylase (MutM)

MutM is bifunctional enzyme characterized by both glycosylase activity, responsible
for removing the base, and its ,0-lyase activity, which processes the generated Ap site
by cleaving phosphodiester backbone 3" causing a DNA break [17]. The initial step in
the repair mechanism is nucleophilic attack, where the imine group of Pro2 attacks
C1’of the ribose of the damaged base via a covalent bond. This reaction creates a Schiff
base with ribosyl residue in DNA. Notably, Glu3 of MutM plays a crucial role as a
proton donor and stabilizes the intermediate, making it relatively stable. MutM is
regenerated by 3,6-elimination of the ribose at the 3" and 5" ends, liberating a by-product
4-hydroxypenta-2,4-diene [18]. Pro2 is a part of conserved N-terminus catalytic motif

PELPEV of MutM proteins, although the third and sixth amino acids may vary [19].

Up to this date, a vast number of crystal structures of Fpg/Nei glycosylases have been
published. The very first provided architecture was of the holoenzyme from Bacillus
stearothermophilus (PDBID: 1EES) [20]. Afterwards, DNA-bound MutM was reported
(PDBID: 1LI1T, 1L1Z, 1L2B, 1L2C, 1L2D) [19,21]. Subsequent investigations
preferably focused on substrate search, recognition, preference, the importance of the

orphaned base to the lesion, and the details of the reaction mechanism [18,22-25].
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DNA interstrand cross-link

DNA interstrand cross-link (ICL) is a DNA lesion that forms covalent bonds between
DNA strands, creating a barrier that stops DNA replication [26]. Numerous forms of
ICLs have been studied, exhibiting difference in both structural composition and
chemical properties [27-30]. This ICL is a toxic lesion that could originate from both
endogenous and exogenous factors. Moreover, it can form spontaneously through a
process where the exocyclic amino group on a base reacts with the aldehyde residue at
the Ap site of adenine or guanine on the opposite DNA strand. The aldehyde group of
the ring-opened ribose at C1 forms an N-glycosidic bond with an amine group of a base
on the opposite strand. ICLs obstruct replication and transcription machinery by
covalent bond between the two DNA strands, requiring removal by DNA repair

pathway specialized for ICLs.

Currently, three pathways are now known for the repair of interstrand crosslink lesion:
the NEIL3 glycosylase pathway, the acetaldehyde pathway and the Fanconi anaemia
(FA pathway) [31,32]. FA it is known to repair cisplatin-ICL and nitrogen mustard-
ICL. If the NEIL3 pathway fails, FA proteins are responsible for double strand breaks,
which are than repaired by homologous recombination (HR). Both pathways are linked
to DNA replication machinery and complement each other in repairing ICLs. The
NEIL3 pathway takes charge in the early stages of replication and is coupled with
replication fork, which stalls on the ICL. NEIL3 pathway is responsible for repairing
Ap-ICL, psoralen-ICL, aldehyde-ICL, without generating double-strand breaks [33].

Endonuclease VIlI-like 3 (NEIL3 glycosylase)

Significantly, NEIL3 plays a key participant in Ap-ICL repair. It has been demonstrated
that NEIL3 can cleave one of the non-native N-glycosidic bonds within the Ap-ICL
structure, resulting in the unhooking of this lesion. These experiments were conducted
in Xenopus laevis egg extracts and have established NEIL3 as the primary pathway for
Ap-ICL repair [26,31,32,34]. However, the precise molecular mechanisms of the Ap-

ICL repair and complete reaction mechanism of NEIL3 remain unknown.
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When NEIL3 is recruited to a stalled replication fork, it appears to target bases located
near the junction of DNA strands in X-shaped or Y-shaped DNA configuration
[26,35,36]. The ability of NEIL3 to catalytically remove psoralen and Ap-derived ICL
can be explained. The non-native glycosidic bond present in the Ap-dA ICL exhibits
resemblance to the glycosidic bond found in FapyA and FapyG. Similarly, the saturated
thymine rings in the psoralen ICL exhibit similarity to well-established substrates such

as DTH and thymine glycol.
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Aims of the study

MutM structure: Investigate the Neisseria meningitidis MutM structure using
protein crystallization to reveal its atomic structure and understand its role in
DNA repair.

MutM:DNA structural and functional characterization: Examine MutM from
Neisseria meningitidis while it is bound to DNA substrate, utilizing protein
crystallization to reveal atomic structure. Conduct binding experiments and
determine dissociation constants to understand its interaction with potential
substrates using fluorescence anisotropy and gel-based assays.

Ap-ICL formation: Optimize spontaneous production of abasic site DNA
interstrand crosslink and explore how DNA sequence in the vicinity of the rising

damage influences Ap-ICL formation and stability.
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Used methods

Standard methods of molecular biology and protein crystallography were used in this

work.

Molecular biology: DNA cloning for preparation of expression vectors, protein

expression and purification, enzymatic and non-enzymatic activity assays.

Protein crystallography: Protein and Protein-DNA complex crystallisation, diffraction
data collection using both synchrotron and home source rotation anode, data processing,

structure model preparation using molecular replacement method, structural refinement.
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Results

Results of this thesis are summarized in two published articles in foreign impact

journals.

Crystal structures and conformational changes of MutM upon
DNA binding

In the first publication, the MutM protein was crystalized as the holoenzyme and in
complex with its bound substrate, DNA with mimicking Ap site, which is its natural
substrate. To provide a comprehensive understanding, binding experiments were

performed using biophysical methods fluorescent anisotropy and gel-based assays.

Kp values were calculated based on fluorescence anisotropy measurements involving
both double-stranded and single-stranded DNA, with and without a mimic of damaged
DNA (THF). The oligonucleotides were commercially synthetized. We observed the
weakest affinity for ssDNA (without mimicking damage), which was approximately 27
nM, which is still within the nanomolar range. Dissociation constants for the remaining
substrates, including dsDNA (without damage), ssTHF and dsTHF (with mimicking

damage), were similar, ranging between 7-9 nM.

The crystal structure of the holoenzyme MutM from the pathogenic bacteria Neisseria
Meningitidis (PDBID: 6TC6) was solved. The crystal from the sitting drop setup
diffracted to a resolution of 2.9 A and the structure was determined by molecular
replacement method using the MutM form E. coli (PDBID: 1K82) as the initial model.
At first, the model did not produce satisfactory electron density maps. To achieve a
successful solution, the model was divided into NTD and CTD subdomains. These
subdomains were used as independent search models for molecular replacement,
punctuating differences in the orientation of CTD and NTD between the holoenzyme
and DNA-bound structures. The region from Thr217 to Tyr242 exhibited poor visibility
in the electron density map and therefore was excluded from the final model. Typically,

this region is well ordered when MutM is bound to DNA.
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The crystal structure of DNA-bound MutM (6TC9) from Neisseria Meningitidis,
containing THF to mimic Ap site, was also solved by molecular replacement using
MutM structure from this study (PDBID: 6TC6). Again, to achieve successful
molecular replacement, NTD and CTD were divided, and each subdomain individually
placed in Phaser software. The resulting model reached a resolution of 2.15 A. Upon
DNA binding, MutM induced a twist of approximately 60°. Importantly, the presence

of THF is not attributed for a conformational change.

The DNA binding induces significant conformational changes in structural MutM
arrangement of MutM, with both CTD and NTD undergoing substantial reorganization.
In PyMol we calculated overall root-mean-square deviation (RMSD) which for the
entire protein was 2.41 A. Aligning of individual subdomains revealed a rotation of both
CTD and NTD towards the DNA by an angle of 22.3° (see Figure 1). Moreover, during

NTD superimposition, the zinc atom from the ZnF domain moved by 11.4°.
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Figure 1. Structural alignments of CTDs of DNA bound MutM in orange and free MutM
in blue (4-D) showing conformation changes upon DNA (green) binding. Illustration
of the rotation movement of 22° in A panel with the top view in C panel. Views from
different angles (B, D) show detail of residues Met 74, Argl 14 and Phe 116 movement
toward bound DNA.

Data are included in followed publication.

Landova, B., and Silhan, J. (2020) Conformational changes of DNA repair glycosylase
MutM triggered by DNA binding, Febs Letters 594, 3032-3044.

The rate of formation of abasic site interstrand crosslink

Both Ap sites and Ap-ICLs are spontaneously generated within the DNA molecule at
any given DNA sequence context. In this study, we performed a comprehensive
investigation of Abasic site DNA interstrand crosslink (Ap-ICL), a specific subclass of
DNA lesion with significant implications for genomic stability. We designed a set of
oligonucleotides where, initially, we varied the bases in the vicinity of the lesion (4"
and 5™ position), while keeping only adenine on opposing strand fixed. Later, we
extended the variable sequence to include AT-rich and GC-rich regions. We measured
the rate of the Ap-ICL formation in three separate experiments and determined the
maximum Yyield of each of them. Additionally, we conducted control measurements
with hypoxanthine at both 4™ and 6" positions to confirm the preferable position for the

covalent bond formation of Ap-ICL.

Our data clearly demonstrated a dependency on the sequence near the lesion. Both the
4™ and 5™ position were found to be crucial, with guanine at the 5" position (opposite
to Ap site) showing the highest potential for lesion formation, and adenine at the 4™
position being significant as well. Furthermore, we made an interesting discovery that
AT-rich region increasing both yield and rate of Ap-ICL formation (see Figure 2). We
also performed stability assay where we showed relative stability when 30% of the

lesion was dissolved in 14 days.
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AT-rich GC-rich
HIGTCAGATCAAAUTAAACCTG XIGTCAGATCCCAUTCCACCTG
CAGTCTAGTTTGATTTGGAC CAGTCTAGGGTGAGGTGGAC
S GTCAGATCAAGUTAAACCTG G TCAGATCCCGUTCCACCTG
CAGTCTAGTTCGATTTGGAC CAGTCTAGGGCGAGGTGGAC
B C
TT TC GT GC 159 TT
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Figure 2. Formation of Ap-ICL in dsDNA containing AT-rich and GC-rich regions.
Schematic representation of DNA duplexes containing AT-rich or GC-rich regions in
the vicinity of the Ap site (A). AT-rich oligonucleotides with thymine or cytosine on the
4™ position are named TT or TC. Likewise, GC-rich oligonucleotides with thymine and
cytosine on the 4" position are named GT or GC. Stopped reaction were run on 20%
denaturating PAGE gel (B), where DP stands for degradation product. (C) The reaction
kinetics of Ap-ICL formation for AT and GC-rich oligonucleotides. (D) The rate of Ap-
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ICL formation and (E) the maximum yield plotted for all sequences. Error bars comes

from three independent repeats.

Data are included in followed publication.

Huskova, A.*, Landova, B.*, Boura, E., and Silhan, J. (2022) The rate of formation and
stability of abasic site interstrand crosslinks in the DNA duplex, DNA Repair 113.

*Both authors contributed equally

26



Conclusion

One of the main goals of the thesis was to investigate the dependence of Ap-ICL
formation on the nucleotide sequence in the vicinity of the rising damage, while also

shedding light on the mechanism prior to the damage origin.

Our findings highlight the critical role of the neighboring sequence, particularly in
arrangement mimicking AT or GC-rich regions, where we observed a notable
preference for this lesion to manifest in the less tightly packed AT-rich regions. This
preference indicates a spatial requirement for the formation of this type of damage.
Moreover, we discovered that the base adjacent to the damaged site has a slide impact

on the rate of Ap-ICL formation.

Our work has significantly contributed to understanding Ap-ICL formation, an area that
has received relatively limited attention within the field of nucleic acid damage and
repair. Our results, particularly regarding sequence dependency and the frequency of

occurrence, offer valuable insights into the complexity of Ap-ICL formation.

Another aspect of our work is that we were the first to conduct a comprehensive
comparison between the bound and unbound form of the MutM protein, both
originating from the same organism by crystallization both holoenzyme and DNA-
bound form. This analysis provide a valuable insight into structural changes that occur
when MutM interacts with DNA and also how these changes are linked to its role in

DNA repair.
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Zkratky/Abbreviations

Ap

Ap-ICL

BER

CTD

DNA

dsDNA

dsTHF

DTH

FA

FapyA

FapyG

HEX

HR

ICL

Apurinic/apyrimidinic, abasic
Apurinové/apymidinové, abasické

Abasic site interstrand crosslink

Kovalentni spojeni fetézcl s abazickym mistem
base excision repair

Oprava odstranénim baze

C-terminal domain

C terminélni doména

Deoxyribonucleic acid

Deoxyribonukleova kyselina

double-strand DNA

dvouretézcovd DNA

double-strand DNA containing tetrahydrofuran
dvouretézcovd DNA obsahujici tetrahydrofuran
dihydrothimine

dihydrothimin

Fanconi anemia

Fanconiho anémie
4,6-diamino-5-formamidopyrimidine
4,6-diamino-5-formamidopyrimidin
2,6-diamino-4-hydroxy-5-formamidopyrimidine
2,6-diamino-4-hydroxy-5-formamidopyrimidin
hexachlorofluorescein

hexachlorofluorescein

homologue recombination

homologni rekombinace

interstrand crosslink

29



Nei

NEIL
NTD

RMSD

ssDNA

ssTHF

THF
UDG

ZnF

kovalentni prokiiZeni fetézci DNA
Endonuclease VIII

Endonukleasa VIII

Endonuclease VIII-like

N-terminal domain

N terminalni doména

root-mean-square deviation

stfedni kvadraticka odchylka

single-strand DNA

jednofetézcova DNA

single-strand DNA containing tetrahydrofuran
jednotetézcova DNA obsahujici tetrahydrofuran
tetrahydrofuran

Uracyl-DNA glycosylase

Uracyl-DNA glykosylasa

Zinc finger

ZineCnaty prst
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