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1 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. 
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2 Abstrakt 
 

 

Poškozením DNA se rozumí jakákoli změna nebo modifikace struktury DNA, která se 

odchyluje od jejího přirozeného stavu. Abasické místo (Ap místo) je jedním z 

nejčastějších poškození DNA, které vzniká spontánní depurinací/depyrimidinací nebo 

enzymatickým odstraněním báze. Pokud se neopraví, může vést ke genetické mutaci a 

potenciálně způsobit onemocnění, jako je například rakovina. Pochopení mechanismu 

opravy DNA je zásadní pro lékařský výzkum a aplikaci.  

Bakteriální MutM je glykosyláza opravující DNA, která odstraňuje poškození DNA 

vzniklé oxidačním stresem a zabraňuje mutacím a genomové nestabilitě. MutM patří 

do rodiny prokaryotických enzymů Fpg/Nei a je strukturně i funkčně podobná se 

svým eukaryotickým protějškům, jako jsou NEIL1-NEIL3. Zde prezentuji dvě 

krystalové struktury MutM z patogenní Neisseria meningitidis: MutM holoenzym a 

MutM vázaný na DNA. Volný enzym existuje v otevřené konformaci, zatímco po 

vazbě na DNA, dochází k podstatným strukturním změnám a přeskupení domén 

enzymu i ohybu DNA.  

Jednou z poškození DNA opravovaných MutM je Ap místo, které, pokud není 

opraveno, může spontánně vést k vytvoření mezivláknového kovanetního prokřízení 

DNA (Ap-ICL) se sousedním adeninem na opačném vlákně DNA. Je známo, že 

glykosyláza NEIL3 odstraňuje Ap-ICL. Pomocí série různých oligonukleotidů jsme 

zkoumali rychlost tvorby, výtěžky a stabilitu Ap-ICL. Naše zjištění ukazují, jak různé 

báze v blízkosti Ap místa mění rychlost a výtěžek tvorby Ap-ICL in vitro. Na základě 

našich experimentálních údajů o tvorbě Ap-ICL a známé biochemii Ap místa jsme 

odhadli počet Ap-ICL v buňce. 
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3 Introduction 
 

DNA undergoes various spontaneous 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].  

Unlike proteins, lipids and RNA, DNA cannot be replaced when damaged, making 

DNA repair crucial for maintaining genomic integrity. Failure to repair DNA damage 

can lead to cell death through apoptosis or necrosis, preventing the transmission of 

mutations to daughter cells and development of diseases, including cancer. 

Interestingly, certain cancer therapies use DNA-damaging agents to trigger apoptosis 

in tumor cells.  

 

3.1 Abasic site (Ap site) 
 

 First line of defence against damaged DNA is the base excision repair pathway 

(BER), which is initiated by enzymatical or spontaneous cleavage of 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 (Figure 3.1.) 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 
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with an error rate of 1 error per 107 synthetised bases. It is also able to control itself 

and repair its mistakes [6-8]. 

 

Figure 3.1. Structure of two equilibrating forms of abasic site (Ap site) – closed form 

of hemiacetal and open form of aldehyde.  

Table 3.1. DNA lesions summary [9] NER stands for nucleotide excision repair, HR 

for homology recombination and BER for base excision repair. 

Source of the lesion Type of lesion DNA repair pathway 

IR light, radicals, 

alkylating agents 

Altered base, Ap site, 

single strand break 

BER 

UV light, polyaromatic 

hydrocarbons, cisplatin 

ICL, bulky DNA adduct NER 

IR light, cisplatin, 

alkylating agents 

ICL, double strand break HR recombination 

Replication errors Insertion, deletion, 

mismatched base 

Mismatched repair 

 

Ap sites can also be generated spontaneously in significant quantities, with 

approximately 10,000 Ap sites formed each day in a single human cell [10,11]. 

Several thousand of Ap sites are present in mammalian cells at steady state. Uracil 

DNA glycosylase is a well-known enzyme involved in base excision repair and 

somatic hypermutation during antibody diversification is yet another source of Ap 

sites [12-15]. Its primary function is to eliminate uracil residues, which can result 

from the spontaneous or enzymatic deamination of cytosine [16].  
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The Ap site, besides spontaneous formation of DNA interstrand crosslink (ICL) it 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 [17]. 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.  

Adenine and guanine are liberated from DNA at similar rates. In comparison, the 

release of thymine and cytosine is only 5% of the rate of purines, and the most 

common pyrimidine lesion are thymine glycol and cytosine glycol, which can lead to 

5-hydroxycytosine or undergo rapid deamination to uracil glycol, resulting in 5-

hydroxyuracil formation. In dsDNA. the velocity of depurination is only four times 

higher than in ssDNA [10,18].   

 

3.2 Fpg/Nei family 
 

One of the most common oxidative lesions is 8-oxoguanine (8-oxoG), which can 

cause G/C to T/A transversion after DNA replication. 2,6-diamino-4-hydroxy-5-

formamidopyrimidine (FapyG) results from 8-oxoG, and similar fate awaits oxidized 

adenine, leading to 4,6-diamino-5-formamidopyrimidine (FapyA) [19,20]. Therefore, 

Fapy lesions has been shown to block DNA replication [21]. Fapy lesions are 

potentially lethal or, at least, mutagenic, as these lesions can spontaneously 

depurinate, leaving Ap site that could lead to GC – TA transversions [22]. One of the 

key enzymes repairing all the lesions mentioned above is MutM DNA glycosylase, 

belonging to Fpg/Nei family. It is also called Formamidopyrimidine DNA glycosylase 

(Fpg/MutM) due to its ability to repair Fapy lesions [23]. In this whole study, the 

enzyme is addressed as MutM. 

Besides Fpg, Endonuclease VIII (Nei) is an important member of Fpg/Nei family 

responsible for repairing oxidised DNA bases. Despite high sequence homology E. 
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coli has a copy of each in its genome [24]. In mammalian cells, three Nei-like proteins 

have been characterized, NEIL1, NEIL2 and NEIL3 (Nei Endonuclease VIII-like 1-3).  

DNA glycosylases are divided into two groups: Helix-Hairpin-Helix (HhH) 

represented by 8-oxo-guanine DNA glycosylase (Ogg1), and Fpg/Nei represented by 

Fpg (MutM) and Nei. Fpg/Nei family possesses two domains connected by a linker 

region. The active site is located in the clench of the two domains, and binding amino 

acids are on the very N-terminus, making the N-terminus conserved [18,19]. 

Two main families of lesions originate directly from it: 8-oxopurines and 

formamidopyrimidines.  Both these lesions are repaired by the MutM protein [25]. 

The expression of MutM is correlated with the mutagenicity of gamma radiolysis, 

reflecting its biological relevance. These enzymes are conserved among procaryotes, 

and their homologues are often found in eucaryotic cells.  

 

3.3 Formamidopyrimidine DNA glycosylase (MutM) 
 

Fpg is bifunctional enzyme with its glycosylase activity that removes the base and its 

β,δ-lyase activity that processes the generated Ap site by cleaving phosphodiester 

backbone 3´ resulting in a break (Figure 3.2.) [26]. The first step of the repair 

mechanism is nucleophilic attack, where imine group of Pro2 attacks to C1´of the 

ribose of the damaged base via a covalent bond. A Schiff base with ribosyl residue in 

DNA is formed and Glu3 of MutM acts as a proton donor and stabilizes the 

intermediate, making it relatively stable. MutM is regenerated by β,δ-elimination of 

the ribose at the 3´ and 5´ ends, liberating a by-product 4-hydroxypenta-2,4-diene 

[27]. The reaction catalyzed by MutM leads to a DNA gap with another lesion, a toxic 

3´-phosphate. This 3´-phosphate blocks the subsequent DNA repair polymerisation 

step and is commonly removed by the Xth family of Ap-endonucleases in bacteria. 

Pro2 is a part of conserved N-terminus catalytic motif PELPEV of MutM proteins, 

although the third and sixth amino acids may vary [28].  
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Figure 3.2. Schematics of the DNA repair mechanism of 8-oxo-guanine by MutM. 

Firstly, second amino acid proline attacks C1´of the DNA lesion ribose. Amino acids 

Glu-3, Lys-56 and Arg-258 stabilises the intermediates during damaged base 

unhooking. 

To date, a vast number of crystal structures of Fpg/Nei glycosylases have been 

published (Figure 7.5.). The very first described the architecture of the holoenzyme 

from Bacillus stearothermophilus (PDBID: 1EE8) [29]. Subsequently, DNA-bound 

MutM for the same organism was reported (PDBID: 1L1T, 1L1Z, 1L2B, 1L2C, 

1L2D) [28,30]. Most of the subsequent studies focused on substrate search, 

recognition, preference, the importance of the orphaned base to the lesion, and the 

reaction mechanism [27,31-34]. 

MutM and other members of the Fpg/Nei family exhibit a similar domain organization 

and secondary structure (Figure 3.3.), characterized by two main domains separated 

by a flexible region that acts as a hinge. Previous studies have provided insights into 

the overall architecture of holoenzymes and the DNA-bound structures of MutM 

enzymes. Specifically, the N-terminal domain is composed of eight β-sandwiched 

sheets, with two adjacent α-helices flanked on each side. On the other hand, the C-

terminal domain consists of four α-helices and two antiparallel β-strands, forming a 

Zn-finger motif that is characteristic of this protein family. Notably, the last two α-

helices within the CTD feature a conserved helix-two-turn-helix (H2TH) motif [35-
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37], which contributes to the structural and functional diversity of these enzymes 

(Figure 3.4.). 

 

Figure 3.3. Structure of meningococcal MutM (PDBID:6TC6). (A) Crystal structure 

of MutM from this study from Neisseria meningitidis. Important structural motifs and 

amino acids involved in repair mechanism of this enzyme are labelled and named in 

the structure. (B) Sequence alignment of MutM proteins both from this study and 

previously published studies. Identical residues are labelled in red and the least 

conserved regions with the most deletions and loops are labelled in grey. The rest of 

the residues stay in blue.  

The H2TH motif, along with other DNA-binding motifs such as helix-hairpin-helix 

(HhH) and helix-turn-helix, is commonly found in a wide range of DNA-binding 

proteins, including DNA glycosylases, transcription factors, and nucleases. In the case 
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of the Fpg/Nei family of proteins, the Zn-finger motif has been identified as crucial 

for DNA binding, although it is not directly in contact with the DNA. Interestingly, 

certain eukaryotic homologues of NEIL1 exhibit a distinct “Zincless” finger fold in 

this region of the C-terminus, suggesting variations in the DNA binding mechanisms 

between procaryotes and eukaryotes (Figure 3.4.) [26,38]. Enzymes from the Fpg/Nei 

family typically induce significant bend of approximately 45-60° in the substrate 

DNA upon binding [30,33,38]. This distortion in the DNA allows for efficient 

recognition and processing of damaged bases.  

Understanding of the dynamic and conformational changes that occur in MutM during 

the DNA binding process is limited. Nevertheless, a comparative study of a MutM 

paralogue called EcoNei from Excherichia coli provided some insight. In this study, 

both the structures of free and DNA-bound EcoNei enzymes were examined (PDBID: 

1Q3C, 1K3W). The findings revealed that EcoNei undergoes significant interdomain 

conformational changes upon DNA binding. Notably, both NTD and CTD undergo a 

substantial rotation towards the DNA molecule by an angle of approximately 50° 

[39,40].  

A similar structural comparison was carried out with a more distant MutM homologue 

from Arabidopsis (PDBID:3TWL) that contains a “Zincless” finger domain instead of 

the canonical Zn-finger. Furthermore, this homologue, which lacks the ability to 

remove 8-oxoG, undergoes no significant structural change between DNA-bound and 

unbound form, in contrast to the E. coli EcoNei enzyme [41]. Additionally, the 

crystallographic studies of thermophilic MutM showed slight domain rotations along 

the flexible hinge region between monomers in the asymmetric unit (PDBID: 1EE8). 

Significantly, biophysical measurements conducted on MutM from E. coli have 

provided evidence supporting the dynamic nature of the enzyme, which undergoes a 

transition towards increased rigidity upon binding to DNA [42-44]. 
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Figure 3.4. Schematic sequence representation of members of the Fpg/Nei family with 

marked important functional and structural motifs.  

 

3.4 Endonuclease VIII-like 3 (NEIL3 glycosylase) 
 

Earlier, NEIL3 was reported to exhibit limited Ap-lyase activity when repairing 

dsDNA substrates. However, subsequent investigations revealed that NEIL3 displays 

higher activity and specificity for ssDNA substrates [45]. Further research revealed 

that NEIL3 interacts with telomere sequences through its C-terminus, contributing to 

safeguarding telomere integrity during the S/G2 phase of cell proliferation [46].  

Importantly, NEIL3 is a key participant in Ap-ICL repair. It has been shown that 

NEIL3 cleaves one of the N-glycosidic bonds within the Ap-ICL structure, resulting 

in the unhooking of this lesion. These experiments were carried out in Xenopus laevis 

egg extracts, and it represents the primary pathway for Ap-ICL repair [47-50]. 

However, the molecular details of the repair Ap-ICL and complete reaction 

mechanism of NEIL3 remains unknown.  

The glycosylase domain of NEIL3 is catalytic and structurally similar to other 

members of the Fpg/Nei family. It has been shown that the presence of additional zinc 

fingers in the C-terminal domain could enable interaction with replication machinery, 

allowing the right DNA repair pathway to be initiated in case of DNA damage [47].  
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Figure 3.5. Structural alignment of MutM apoenzyme (blue) from this study (6TC6) 

and published structure (3W0F) of NEIL3 from Mus Musculus (green) [51]. Layout of 

both MutM and NEIL3 NTD are similar as shown (A,B). (C) Focus on Fpg/Nei ZnF.  

It has been previously shown that short version containing only glycosylase domain 

(324 aa) of full length (606 aa) mNEIL3 maintain glycosylase activity. Moreover, it is 

significantly more stable and expression yields are higher [51]. Glycosylase domain is 

cut after the NTD typical for Fpg/Nei family which differ much in sequence but 

structurally is similar to Fpg (Figure 3.5.).  

When NEIL3 recruited to a stalled replication fork, it likely targets bases positioned 

near the junction of a strand separated X-shaped or Y-shaped DNA configuration 

[48,52,53]. The ability of NEIL3 to catalytically remove psoralen and Ap-derived ICL 

can be explained. Comparing structures of these ICLs to previously characterized 

NEIL3 substrates – dihydrothymine (DTH), thymine glycol, FapyG and FapyA could 

provide insight to its activity (Figure 3.6.) [54,55]. The non-native glycosidic bond 

present in the Ap-dA ICL exhibits resemblance to the glycosidic bond found in FapyA 

and FapyG. Likewise, the saturated thymine rings in the psoralen ICL exhibit 

similarity to established substrates such as DTH and thymine glycol. 
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Figure 3.6. Psolaren-ICL (C) and Ap-ICL (B) are analogues to known NEIL3 

substrates DTH (D) and Fapy-G (A). Identical parts of lesions are shown in blue. 

 

3.5 DNA interstrand cross-link 
 

An internal DNA interstrand cross-link (ICL) is a DNA lesion that covalently bonds 

both DNA strands, creating a barrier that prevents DNA replication [48]. Several 

forms of ICLs have been studied, differing both structurally and chemically [56-59]. 

The ICL is a toxic lesion originating from both endogenous and exogenous sources. It 

can also spontaneously form 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 (Figure 3.7.). 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. 



18 
 

This reaction leads to the formation of carbinolamine, imine and aminoglycoside 

cross-links. The presence of the reducing agent NaBH3CN in the reaction mixture can 

significantly enhance the ICL yields and 3-aminopurine nucleobases [58,60]. 

Interstrand DNA cross-links derived from the reaction of a 2-aminopurine residue 

with an Ap site. ICLs block replication and transcription machineries by covalently 

linking the two DNA strands, necessitating removal by DNA repair pathway 

specialized at ICLs.  

 

Figure 3.7. (A) Enlarged part from NMR structure of Ap-ICL with labelled 

nucleotides in the vicinity. N-glycosidic bond between Ap site and adenine from 

opposing strand is marked as ICL. (B) Top view of Ap-ICL from the same structure. 

Three pathways are now known to be able to repair interstrand crosslink lesion: 

NEIL3 glycosylase pathway, acetaldehyde pathway and Fanconi anaemia (FA 

pathway) [47,49]. Initially, it was believed that FA pathway is responsible for 

repairing various types of ICLs. Nowadays, 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 
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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 [61].  

 

Figure 3.8. Schematic formation of stable crosslink (borohydride trapped complex) 

between Ap site and enzyme formed from Shiff base under reduction conditions 

created by addition of NaBH3CN.  

Initially, the Ap site undergoes a series of chemical reactions, starting with β-

elimination followed by δ-elimination, resulting in the formation of a 3´-phosphate as 

the final product [62-65]. These 3´-lesions are highly toxic and can impede DNA 

ligation and replication processes. To address this, specific enzymes such as PNK or 

Ap exonucleases are responsible for repairing these lesions by recognizing and 

processing the 3´-phosphate [66-68]. Consequently, the resulting ssDNA break, which 

possesses a 3´-OH group, is repaired through the action of DNA polymerase and 

ligase enzymes [1,65,69]. Interestingly, the Ap site can also undergo nucleophilic 

attack, resulting in the formation of a DNA interstrand crosslink or a DNA-protein 

crosslink, both of which can have significant consequences for DNA structure and 

function [30].  
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Figure 3.9. Schematic formation of Ap-ICL. Ap site was created in the lab using 

UDG, the rest of the reaction is spontaneous.  

From a chemical perspective, an Ap site undergoes structural alterations, including 

mutarotation and spontaneous degradation [70]. The hydrolysis-induced spontaneous 

cleavage out of a base is caused by the attack of a water molecule on the C1 atom of 

the deoxyribose from the opposite side of the N-glycosidic bond which leads to the 

formation of alpha-hydroxyl at C1. The Ap site undergoes mutarotation until reaching 

the thermodynamic equilibrium. Notably, this equilibrium is established when only 

1% of the ribose ring transforms into its aldehyde configuration [71,72]. Aldehyde 

form being reactive leads to formation of Shiff base when it interacts with amines [73-

75]. Generating ICL from Ap site was widely investigated, mostly these experiments 

were carried under non-physiological low pH conditions around pH = 6.5. Estimated 

value of ICLs formed at pH = 6.8 in T7 phage DNA was 1 ICL per 140 Ap sites [76-

79].  

In vitro reconstruction of Ap-ICL at a specific site has been successfully achieved in 

relatively acidic conditions of pH = 5 and stabilized through reduction by NaBH3CN 

(Figure 3.8.). This Ap-ICL was formed between guanine and Ap site on the 
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complementary DNA strand within the 5´-dC-Ap sequence and characterized by mass 

spectroscopy [58]. Subsequently, Ap-ICL formed between Ap site linking with 

opposing adenine was characterized and confirmed to be stable under physiological 

conditions [80]. In this study we chose to create Ap-ICL using UDG, which cleaves 

out uracil and leaves Ap site and spontaneously Ap-ICL is formed (Figure 3.9.).  

 

3.6 The NEIL3 pathway of ICL repair 
 

The aforementioned NEIL3 pathway is responsible for Ap-ICL repair. ICLs pose a 

significant obstacle to DNA replication, potentially resulting in severe consequences. 

It is not surprising that the ICL repair process could be triggered by DNA replication 

forks [51]. During G1 phase of the cell cycle, cells undergo preparation for 

replication, characterized by the assembly of prereplication complexes consisting of 

minichromosome maintenance 2-7 (MGM2-7) double hexamers along vertebrate 

chromosomes. In the subsequent S phase, activation of cyclin-dependent kinase leads 

to the association of the cell division cycle 45 (CDC45) and go-ichi-ni-san (GINS) 

proteins with MCM2-7, forming the CDC45-MCM2-7-GINS (CMG) helicase 

complex. The CMG helicase translocates along the leading strand template, 

unwinding DNA at the forefront of the replisome [81].  

All currently known mechanisms of replication coupled ICL repair (Figure 3.10.) are 

initiated when the TRAIP-dependent CMG helicase encounters the ICL resulting in a 

collision between the helicase and the lesion. After fork convergence at the lesion, 

CMG is activated by ubiquitylation and probably in the case of this ICL, it is placed to 

ssDNA which is NEIL3´s preferred substrate. If NEIL3 is not able to repair the ICL, 

for instance, in the case of cis-platin ICL, further ubiquitin chain growing leads to 

repair with FA pathway. NEIL3 cleaves one of the two N-glycosyl bonds which form 

cross-link, generating an Ap site and a monoadduct which is in the case of Ap-ICL 

normal adenosine in the other strand. The Ap site is bypassed by TLS, but generation 

of Ap itself promises the occurrence of a point mutation.  
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Figure 3.10. Schematic representation of NEIL3 pathway. After replication fork 

convergence at the ICL (red), CMG (green) helicase is ubiquitylated (1). NEIL3 is 

recruited (2) to unhook the lesion leaving one strand with monoadduct, in the case of 

Ap-ICL it is adenosine, and the other strand with Ap site (blue), which is bypassed by 

TLS (3) leaving nascent strand (green) with potential point mutation. 

Neisseria meningitidis is a human pathogen responsible for severe infections, 

including bacterial meningitis, septicemia, and meningococcal pneumonia. Despite its 

relatively high fatality rate, this bacterium is primarily found in proximity to the 

human larynx [82,83]. Its small genome contains only a limited number of DNA 

repair genes, including one for Fpg/Nei glycosylase [84,85]. Through the study of this 

bacterium, insights can be gained into its DNA repair enzymes and pathways, 

providing a valuable model for understanding minimal DNA repair systems [86,87]. 
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Investigating Neisseria meningitidis has contributed to our understanding of its 

pathogenicity and DNA repair mechanisms, which can have broader implications in 

the field of DNA repair research and potential therapeutic developments. Moreover, 

Neisseria meningitidis with its limited repertoire of DNA repair enzymes serves as an 

ideal model organism to study various DNA repair pathways and their interactions. 
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4 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 bound to DNA substrate, utilizing protein crystallization 

to reveal its 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 the 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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6 Materials and Methods 
 

6.1 Protein expression and purification 
 

MutM from Neisseria meningitides (strain MC58, UniProt P55044) was expressed in 

E. coli BL21 Star (DE3) and RosettaRM (DE3) pLys strains. Bacterial suspensions 

were grown in LB medium at 37°C at 220 rpm until O.D. (600 nm) = 0.6 was reached 

and then the temperature was lowered to 20°C. Protein production was induced by 

adding IPTG of final concentration 0.5 mM. The cells were incubated for further 12 – 

16 h and then pelleted using centrifugation at 6000g for 6 min (JLA 9.1 centrifuge 

rotor). These pellets were frozen, thawed and resuspended in 1x PBS supplemented 

with 2 mM β-ME and 10% glycerol. The cells were homogenized using Dounce like 

homogenizator and sonicated 3 min at 80 % amplitude with protocol 1 s pulse and 3 s 

regeneration. Sonicated suspension was separated by centrifugation at 35 000 g and 

clarified lysates were loaded at anion – cation exchange chromatography tandem setup 

using 5 ml HiTrap Q HP and 5 ml Sp HP (GE Healthcare) columns. Loading buffer 

was 20 mM Tris buffer pH = 7.4, 125 mM NaCl, 2 mM β-ME, 10% glycerol. After 

the lysate was loaded, the anion column was removed from the tandem and cation 

column was washed. MutM protein was eluted with gradient of an elution buffer 

composed of 20 mM Tris buffer pH = 7.4, 1 M NaCl, 2 mM β-ME, 10% glycerol. The 

peak of MutM was observed at conductivity 25 mS.cm-1. The final purification step 

was gel permeation chromatography where protein was loaded on Superdex 200, 

16/60 (GE Healthcare) equilibrated in buffer: 20 mM Tris pH = 7.4, 500 mM NaCl, 2 

mM β-ME, 10% glycerol. Protein was concentrated to 8 mg ml-1 and frozen for further 

use. The protein identity was confirmed using mass spectrometry. 

His-tagged mNEIL3 from Mus Musculus was expressed in E. coli NiCo BL21 DE3 

strain. Expression was the same as described above. Bacterial pellets were 

resuspended in lysis buffer containing 20% Tris pH 8.0, 300 mM NaCl, 20 mM 

Imidazole pH 8.0, 2 mM β-ME and 10% glycerol. Homogenization was again similar 

as in the case of MutM. First purification step for mNEIL3 was affinity Ni-NTA 

chromatography, where clarified lysates was incubated with Ni resin for 30 min at 
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4°C and rotating. After the incubation resin was washed with lysis buffer and then 

protein was eluated with elution buffer containing 20 mM Tris pH 8.0, 300 mM 

Imidazole pH 8.0, 300 mM NaCl, 2 mM β-ME and 10% glycerol. His-tag was cleaved 

out using 3C protease prepared in our lab during dialysis over night against buffer 

without imidazole. Last purification step was gel permeation chromatography carried 

in crystallisation buffer containing 20 mM Tris pH 8.0, 200 mM NaCl, 2 mM β-ME 

and 10% glycerol. Pure protein was concentrated to 10 mg ml-1 and frozen for further 

use.  

 

6.2 MutM - DNA binding gel-based assay 
 

HEX (hexachloro-fluorescein) labelled and unlabelled oligonucleotides containing 

THF (tetrahydrofuran) analogue that mimics Ap site were custom synthetized (Sigma-

Aldrich, sequences are listed in Table 1. For binding assays all oligonucleotides, 

single-stranded (ssDNA) and double-stranded (dsDNA) substrates both containing 

THF or not were resuspended in reaction buffer composed of 20 mM Tris pH = 7.4, 

120 mM NaCl, 0.5 mM TCEP, 5% glycerol. DsDNA substrates were prepared by 

mixing the complementary oligo strands in equimolar ratio and annealed by heating at 

95°C for 2 min and allowed to slowly cool to 25°C at room temperature. 50 nM of 

each of the labelled DNA substrates (namely ss THF and ss no THF for ssDNA, ds 

THF and ds no THF for dsDNA) was titrated with pure MutM form 0 concentration to 

2 uM and separated on 15% native PAGE and visualized on TYPHOON FLA 7000 

fluorescence imager (GE Healthcare). Gels were qualitative control of DNA binding 

completing fluorescence anisotropy. No loading dye was used for native PAGE, only 

10% glycerol. 
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Table 6.1. Sequence of oligonucleotides used in binding assays. 

 Sequence 5´-3´ 

no THF [HEX]GCAGCACCGACCACG 

THF [HEX]GCAGCAC[THF]GACCACG 

comp CGTGGTCGGTGCTGC 

 

 

6.3 Fluorescence anisotropy DNA binding assay 
 

To determine KD we used the fluorescence anisotropy measurements in identical 

reaction buffer and with the same substrates as described in gel-based assays. 

Concentration of HEX labelled DNA was 50 nM in the reaction buffer. This reaction 

mixture was titrated with meningococcal MutM. Fluorescence spectrometer 

FluoroMax-4 HORIBA Scientific was set-up on wavelength 535 nm for absorption 

max and 556 nm fir emission max. Quantum yield (Q) represents the ratio of total 

intensities (Itot) of free and bound fluorophore. Following formula was used for 

calculation of total intensity increases during titration:  

𝐼𝑡𝑜𝑡 = 𝐼𝑉𝑉 + 2 × 𝐺 × 𝐼𝑉𝐻     (1) 

Where G is the G-factor depending on the optical system of the instrument. It is 

calculated using horizontal and vertical intensities. The fraction of bound DNA (fB) 

was calculated using formula: 

𝑓𝐵 =  
(𝐴𝑜𝑏𝑠− 𝐴𝑚𝑖𝑛)

(𝐴𝑚𝑎𝑥− 𝐴𝑜𝑏𝑠)×𝑄+(𝐴𝑜𝑏𝑠− 𝐴𝑚𝑖𝑛)
     (2) 

Where Aobs is observed anisotropy for MutM concentration, Amin is the minimal 

observed anisotropy and Amax is the maximum observed anisotropy in the case of 

saturation [88]. We did four different measurements and therefore the error bars were 

calculated. Using formula: 

𝑓𝐵 = (
1

2
[𝐷𝑁𝐴]) × ((𝐾𝐷 + [𝐷𝑁𝐴] + [𝑀𝑢𝑡𝑀] − √(𝐾𝐷 + [𝐷𝑁𝐴] + [𝑀𝑢𝑡𝑀]2) − 4[𝐷𝑁𝐴][𝑀𝑢𝑡𝑀])) 

     (3) 
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The dissociation constant KD was calculated. [DNA] and [MutM] are concentrations 

at given point of the titration. The nonlinear fit of the data was performed in GrafPad. 

 

6.4 Crystallization, data collection and data analysis 
 

The sitting drop vapor diffusion method was used to conduct the crystallization trials 

of Apoform of MutM enzyme, which were ser up on the Mosquito crystallization 

robot (TTPlabtech, Melbourn, UK). Commercialy composed crystallization screens 

mixed in our lab were used – ProPlex, JCSG Core I Suite, JSCG Core II Suite, Helix 

and Morpheus (Molecular Dimensions Limited, Sheffield, UK). Drops were set in 

ration 150:150 nl reservoir vs. protein solution and 250:150 nl. Crystals were grown in 

18°C for minimum 48 hours and those chosen for diffraction experiment were grown 

in well solution containing 100 mM Bicine pH 8.5, 20% (w/v) PEG 6000, final pH 

9.0. For cryoprotecting crystals before freezing in liquid nitrogen it was used 

supplemented original well solution with 20% glycerol. For testing diffraction on the 

frozen crystal, it was used the home source (Cu-Kα). Final dataset leading to the 

structure (PDBID: 6TC6) was collected on BESSY II Hemholtz-Zentrum Berlin, 

Germany. 

For crystal structure of MutM bound to DNA firstly, the complement DNA oligos 

commercially synthetized: TGTCCA[THF]GTCTACC and AGGTAGACCTGGAC 

were annealed in buffer containing 20 mM Tris pH 8.0, 50 mM NaCl and 1 mM 

EDTA by heating at 98°C for 5 minutes and allowed to cool to the room temperature 

in PCR block. Enzyme was mixed with duplex DNA in molar ratio 1:1.5, desalted into 

crystallization buffer containing 10 mM Tris pH 8.0, 50 mM NaCl, 1mM β-ME using 

HiTrap Desalting Column (GE Healthcare). Afterwards the complex was purified on 

Superdex 200 (GE Healthcare) and concentrated before crystallization experiment. 

Complex presence and purity was confirmed using SDS PAGE and 15% native urea 

gel, where DNA was visualised with SYBR Gold Nucleic Acid Stain (Thermo Fisher 

Scientific, Waltham, MA, USA) and protein gel was coloured by Coomassie Brilliant 

Blue R-250. Fractions containing both protein and DNA were concentrated to final 
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concentration 200 µM. Crystals were grown at 18°C 1:1 ratio of complex to well 

solution set up in the same composition as described above. Crystals were observed in 

condition containing 100 mM Tris/HCl, 200 mM MgAc, 15% (w/v) PEG 6000. As 

cryoprotectant was again used 20% glycerol in the well solution and crystal was 

frozen in liquid nitrogen. Dataset was collected at the Diamond Light source, Didcot, 

UK. 

Several datasets for bound enzyme form with DNA were collected and indexed in 

XDS, all with the same cell parameters. Two of them with the best parameters were 

combined in XSCALE and merged into mtz file [89]. The crystal structure of bound 

DNA form (6TC9) was determined using holoenzyme (6TC6) as the model. Unbound 

form structure was determined with molecular replacement in Phaser using model 

generated in Phyre2 based on E.coli MutM structure (1K82). In both cases CTD and 

NTD domains were separated because of their flexibility and solved individually. 

Afterwards, both domains were joint together by manual building in Coot and the 

refinements were performed in Phenix Refine [90,91]. All represented figures were 

modelled in PyMol.  

 

6.5 Structure alignment 
 

Structures were aligned in PyMol software using superposition tool. Holoenzyme 

(6TC6) was aligned to DNA bound form (6TC9) using conserved CTD domain (Ser-

141 – Lys-275) composed of H2TH, HTH and ZnF, in total 704 atoms form CTD 

were used.  

 

6.6 Preparation of DNA containing Ap site 
 

All oligonucleotides used in this study were commercially synthetized by Sigma-

Aldrich and all oligonucleotides are listed in Table 2. For Ap preparation all 
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oligonucleotides in need of Ap site were ordered with deoxy-uracil and all were 

labelled by HEX. 

Table 6.2. Sequences of oligonucleotides used in ICL formation experiments. 

 

Name 

 

5´-3´sequence 

Comp. 

strand 

 

5´-3´sequence 

4G GTCGATGAACUTAGACAGCT 4Gc AGCTGTCTAAGTTCATCGAC 

4C GTCGATGAAGUTAGACAGCT 4Cc AGCTGTCTAACTTCATCGAC 

4T GTCGATGAAAUTAGACAGCT 4Tc AGCTGTCTAATTTCATCGAC 

4(5)A GTCGATGAATUTAGACAGCT 4Ac AGCTGTCTAAATTCATCGAC 

5G GTCGATGAACUTAGACAGCT 5Gc AGCTGTCTAGATTCATCGAC 

5C GTCGATGAACUTAGACAGCT 5Cc AGCTGTCTACATTCATCGAC 

5T GTCGATGAACUTAGACAGCT 5Tc AGCTGTCTATATTCATCGAC 

4I GTCGATGAACUTAGACAGCT 4Ic AGCTGTCTAAITTCATCGAC 

6I GTCGATGAACUTAGACAGCT 6Ic AGCTGTCTIAGTTCATCGAC 

TT GTCAGATCAAAUTAAACCTG TTc CAGGTTTAGTTTGATCTGAC 

TC GTCAGATCAAGUTAAACCTG TCc CAGGTTTAGCTTGATCTGAC 

GT GTCAGATCCCAUTCCACCTG GTc CAGGTGGAGTGGGATCTGAC 

GC GTCAGATCCCGUTCCACCTG GCc CAGGTGGAGCGGGATCTGAC 

 

  

6.7 DNA crosslink formation 
 

Reaction buffer were optimized to its final composition of 20 mM HEPES pH 6.5, 

140 mM NaCl, 0.5 mM TCEP, 5% glycerol. Experiments under physiological 

conditions were carried in 20 mM Tris pH 7.4, 140 mM NaCl and 5% glycerol for 

comparison. Labelled DNA oligonucleotides were mixed with nonlabelled 

complementary oligonucleotides in ratio 1:1 and annealed in Biometra Tprofessional 

Termocycler by heating at 95°C for 5 minutes and left to cool to room temperature. 

Final concentration in reaction buffer of dsDNA was 2.5 µM. Reactions were carried 
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out in 50 µl volume. Ap site was prepared by adding 0.5 U Uracyl-DNA-glycosylase 

(UDG) (New England Biolabs) per one reaction and kept for 5 min at room 

temperature. Subsequently, UDG was deactivated by heating the reaction in another 

round of annealing in thermocycler. To verify annealing process reactions were 

separated on 15% native gel. Afterwards, reactions were kept in 37°C and at given 

points 1 µl of crosslinking reactions were taken out and stopped by addition of 9 µl of 

formamide and either frozen or directly separated on 20% denaturating urea gel 

composed of 1x TBE buffer, 20% acrylamide/bisacrylamide (19:1) and 7M urea. Gels 

were visualised using Amersham Typhoon Biomolecular Imager (GE Healthcare) set 

up at 532 nm laser and using Cy3 570BP20 filter. Separated visualised gels were 

quantified using commercial software ImageQuant TL. The lines were manually 

chosen, and the rolling ball method was applied for background subtraction. All bands 

were calculated in separate lines including substrate, product and intermediates to 

calculate percentage of the crosslink formed. The percentage of the ICL formation 

was calculated from three independent reaction sets and gels. The methodology was 

described before in detail. 

 

6.8 Isolation of ICL from polyacrylamide urea gel for further use 
 

Ap-ICL was purified from 20% denaturating polyacrylamide urea gel. Separated 

bands were visualized using HeroLabUVT-20 S/M/L and the crosslinked band was 

cut out and transferred to a tube containing 200 µl of elution buffer composed of 20 

mM Tris pH 7.4, 140 mM NaCl, 0.5 mM TCEP, 5% glycerol. The tube was left in 

rotating mixer at 8°C over night. The sample was centrifugated at 800 rpm for 1 min a 

supernatant was transferred into desalting columns (Cytiva MicroSpin Comlumns G-

25) equilibrated with elution buffer to remove excess urea. For verification, pure 

sample was run at 20% denaturating gel to confirm its purity. 
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6.9 Degradation analysis of ICL 
 

The stability experiments were carried out in 37°C incubator in elution buffer. 2 µl of 

the reaction was taken out at given time points (every 1 day at the same time for 14 

days). Reaction was stopped by addition of 8 µl of formamide and stopped reaction 

was frozen at -80°C to prevent further degradation before gel analysis. All terminated 

reactions were run on 20% denaturation urea gel. Gels were visualised using 

Amersham Typhoon Biomolecular Imager (GE Healthcare) set up at 532 nm laser and 

using Cy3 570BP20 filter. Separated visualised gels were quantified using commercial 

software ImageQuant TL. The lines were manually chosen, and the rolling ball 

method was applied for background subtraction. The percentage of the ICL 

degradation products was calculated from three independent reaction sets based on the 

ratio of the remaining crosslinked DNA and the degradation product.  
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7 Results 
 

7.1 Crystal structure of Meningococcal MutM 
 

Initially, the crystal structure of holoenzyme MutM from Neisseria Meningitidis was 

solved from crystal diffracting to a resolution of 2.9 Å. This structure was solved by 

molecular replacement using the MutM from E. coli (PDBID: 1K82). A homology 

model was constructed using Phyre2 web server, with a sequence identity of 54% 

[92,93]. The initial homologous model, based on the protein-DNA complex, did not 

produce satisfactory electron density maps after performing molecular replacement 

using Phaser [91]. However, we achieved a successful solution by dividing the model 

into NTD and CTD subdomains. These subdomains were used as independent search 

models for molecular replacement, highlighting differences in the orientation of the 

NTD and CTD subdomains between the free and DNA-bound structures [30]. 

Subsequently, the model of the meningococcal MutM enzyme was refined to its final 

structure at a resolution of 2.9 Å. Notably, the region spanning Thr217 to Tyr242, 

typically well-ordered only when a base is flipped out, exhibited poor visibility in the 

electron density and was therefore excluded from the final model. 

In general, the crystal structure of full-length MutM protein from Neisseria 

meningitidis exhibits a similar fold to its homologues in other organisms. The NTD 

consists of a large and one small α-helix positioned on opposite sides of a β-stranded 

sandwich. This sandwich structure is composed of two halves, each containing four 

antiparallel β-sheets (Figure 7.1.). The NTD is connected to the CTD through a 

coiled-coil region (Pro130-Phe144) with well-defined electron density. This region 

includes the flexible hinge region mentioned earlier.  The CTD consists of four 

helices, with the last two helices featuring an H2TH motif, followed by a zinc finger 

domain characterized by four cysteine residues ([Cys]4) [29]. 
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Figure 7.1. Topology plot of apo structure MutM (6TC6). Helices are visualised in 

blue and β-sheets in purple.  

 

7.2 MutM binds synthetic oligonucleotides with Ap-like analogue 

THF 
 

Before crystallization bound MutM with its substrate, we carried out binding 

experiments to identify the best binding partner with Ap site analogue THF (replaces 

ribose, i.e., 1´,2´-dideoxyribofuranose-5´-phosphate). For comparison, we also used 

DNA without any damage and a mimic of damaged DNA. Both double-stranded and 

single-stranded DNA were tested using fluorescence anisotropy to measure 

dissociation constants (Figure 7.2.). The oligonucleotides were commercially 

synthetized and their sequence was GCAGCAC(THF/C)GACCACG/ 

CGTGGTCGGTGCTGC, where in THF replaced cytosine to mimic the Ap site in one 

strand. The complement strand for dsDNA and dsTHF remained the same. We 

observed the weakest affinity, measured at 27 nM, in the case of ssDNA (without 

damage), which still falls within the low nanomolar range. KD values for the rest of 

the substrates, including dsDNA, ssTHF and dsTHF were similar, ranging between 7 

– 9 nM.  
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Figure 7.2. DNA binding properties of MutM. DNA containing THF which mimics Ap 

site in DNA substrates was used. (A) Gel-based DNA binding assay based on 

electrophoretic mobility shift used for determination of qualitative access of the THF-

containing ssDNA labelled by fluorescent dye HEX to MutM. The oligonucleotide was 

incubated with the MutM protein, and reaction separated on 15% native PAGE. (B) 

Fluorescent anisotropy binding assay used to compare the KD of substrates, either 

containing or lacking THF, which mimics the Ap site in both ssDNA and dsDNA. Blue 

curves represent undamaged oligonucleotides, while black curves represent 

oligonucleotides containing THF. KD values were fitted using formula (3). Error bars 

represent standard errors resulting from four independent titrations.  

 

7.3 Crystal structure of MutM bound to DNA 
 

An oligonucleotide containing Ap site analogue THF and the sequence 

TGTCCA[THF]GTCTACC/AGGTAGACCTGGAC was used for diffraction 

experiment in its double stranded form. The crystal structure of MutM with DNA 

(PDBID: 6TC9) was solved by molecular replacement using MutM structure from our 

study (PDBID: 6TC6) as a search model. To achieve a successful molecular 

replacement, the model had to be further divided into NTD and CTD parts. Each 

domain was independently placed in Phaser software [91]. The resulting model of 

DNA-bound MutM was subsequently refined to a resolution of 2.15 Å using Coot 

software (Figure 7.3.) [90]. Data collection statistics for both crystal structures can be 

found in Table 7.1. Upon binding to DNA molecule, MutM induces a twist of 
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approximately 60° in the DNA, in comparison to the canonical B-DNA structure. 

Importantly, this conformational change in the DNA is not attributed to the presence 

of THF, as unbound DNA containing similar Ap sites maintains a normal B-DNA 

structure.  

 

Figure 7.3. Crystal structure of DNA-bound meningococcal MutM (6TC9). (A) 

Structure of MutM enzyme (orange) bound to THF containing dsDNA substrate 

(green). (B) Focus on the Fpg/Nei family ZnF - Zn[Cys]4, where Cys250 is hidden 

behind. The omit map of electron density (green) is shown at sigma level=3.  (C) 

Focus on highly conserved residues Met74, Arg114 and Phe116 with electron density.  

 

Specifically, the presence of THF in the DNA structure is exposed and rotated towards 

the active site, accompanied by the catalytic Pro2 residue as if the base were “flipped 

out.” It is important to note that this MutM:DNA structure does not contain any 

damaged bases; instead it features an Ap site analogue. The binding process to the 

damaged base involves the nucleophilic attack of the Pro2 nitrogen side chain on the 

sugar at position C1´ of the damaged base. The resulting ring-opening intermediate is 

stabilized by Glu3 through protonation at the C5´-OH position. Additionally, Lys 54 

protonates the 3´-phosphate, leading to β-elimination [39]. These observations align 

with previous MutM:Ap-DNA structures, where the presence of a damaged base was 
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not necessary for the occurrence of the “base-flipping” mechanism [94]. During DNA 

binding, a distinct “void space” emerges between the orphaned base and the THF 

residue.  

Within the Fpg/Nei family of proteins, three highly conserved residues, namely 

Met74, Arg114 and Phe116, play significant roles in the region. These residues extend 

into the space between the orphaned base and the widened minor groove of the DNA 

substrate. Specifically, Phe116 is positioned in a stacked arrangement between the 

orphaned base and the neighbouring base pair. Arg114 extends into the major groove 

of the DNA, establishing hydrogen bonding interaction with the orphaned cytosine. 

Met74 undergoes an inward movement towards the damage site (THF), located 

opposing to the catalytic Pro2 residues. These observations highlight the intricate 

structural rearrangements that occur within the DNA-protein complex during the 

recognition and binding of damaged DNA. 
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Table 7.1. Data collection and refinement statistics 

Crystal structure Fpg: DNA THF (6TC9) Fpg (6TC6) 

Diffraction source Diamond I-04-1 BessyII 

Wavelength (Å) 0.91730  0.9184 

Space group C121 P 1 21 2 

Cell  a, b, c (Å) 130.2 80.1 83.4  66.4 38.0 110.3  

Cell  α, β, γ (°) 90, 90.035, 90 90, 89.96, 90 

Resolution range (Å) 34.1 - 2.2 (2.28  - 2.2) 42.43 - 2.85 (2.95 - 2.85) 

Total no. of reflections 80506 (8009) 375339 (36903) 

No. of unique reflections 40438 (4140) 12736 (1162) 

Multiplicity 2.0 (1.9) 29.5 (29.5) 

Completeness (%) 0.93 (0.96) 0.90 (0.90) 

Mean I/σ(I) 15 (2.61) 9.23 (1.05) 

R-merge (%) 3.4 (50.1) 4.11 (31.41) 

CC1/2 0.999 (0.693) 0.844 (0.207) 

CC* 0.998 (0.905) 0.957 (0.586) 

R-work (%) 25.26 (38.97) 23.02 (37.82) 

R-free (%) 27.79 (39.22) 25.53 (36.96) 

Number of non-H atoms 4934 3971 

RMSD  Bonds (Å) 0.004 0.013 

RMSD Angles (°) 0.85 1.6 

Ramachandran (%) 92/0.8 96.14/0.4 

Statistics for the highest-resolution shell are shown in parentheses. 

 

7.4 The conformational changes induced in MutM after binding DNA 
 

The binding of DNA induces significant conformational changes in MutM. Upon 

comparing the structures, it is evident that both domains undergo substantial 
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reorganization. To examine these molecular movements in more detail, the proteins 

were superimposed using least-square methods, both as whole and for individual 

domains, using PyMol software. The overall root-mean-square deviation (RMSD) for 

the entire protein chain was relatively high at 2.41 Å, resulting in poor overlap of the 

protein chains. However, aligning the individual domains revealed a rotation of the C-

terminal domain (CTD) and N-terminal domain (NTD) towards the DNA by an angle 

of 22.30°. Additionally, the superimposition of NTDs showed a relative displacement 

of the zinc atom from the ZnF domains by 11.4 Å (Figure 7.4.).  

 

Figure 7.4. Structural alignments of CTDs of DNA bound MutM in orange and free 

MutM in blue (A-D) showing conformation changes upon DNA (green) binding. View 

is identical as in Figure 1.4 and 7.3 A illustrates 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, Arg114 and Phe 116 movement toward bound DNA. Met74 moves 

towards the THF to the opposite position to Pro2. All three residues seem to stabilize 

the protein in the substrate recognition state. 
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In summary, the overall RMSD was relatively high, indicating notable structural 

changes upon DNA binding. However, when examining the separate domains 

individually, the CTDs showed a low RMSD of only 0.649 Å, while the NTDs 

exhibited an even lower RMSD of 0.562 Å. This suggests that the domains largely 

maintain their overall architecture and experience primarily rotational and 

translational movements upon binding to DNA. 

Structure alignment of previously published structures of related proteins to MutM or 

from different organisms from PDB database to structures from this study (Figure 

7.5.). RMSD values of individual structures are shown in Supplementary table 1. Both 

our holoenzyme (PDBID:6TC6) and DNA-bound MutM (PDBID:6TC9) were aligned 

to Bacillus stearothermophilus holoenzyme (PDBID:1EE8), E. coli DNA-bound 

MutM (PDBID:1K82), A. Thaliana both DNA-bound and holoenzyme of MutM 

(PDBIDs: 3TWL, 3TWK) and DNA-bound and free Nei form E. coli (PDBIDs: 

1K3W, 1Q3C) [27-34]. 



42 
 

Figure 7.5. Structural superposition of previously solved structures of MutM from 

different views with meningococcal MutM apoenzyme (PDBID: 6TC6) (blue) and 

MutM (6TC9) (magenta) with DNA (wheat) from this study. E. coli MutM (PDBID: 

1K82) is shown in yellow and the rest of the structures from different organisms all in 

green (PDBIDs: 1EE8, 1XC8, 1L1T, 3GQ5, 4CIS, 3TWL, 3TWK). All structures were 

aligned by their CTDs (A, C) and structures aligned by their NTDs (B, D). Alignment 

values RDSM are shown in Supplementary table 1. 
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7.5 DNA substrates design 
 

The oligonucleotide duplex has the uracil residue, representing the Ap site, located at 

the center. To ease naming, all residues in the vicinity were labelled accordingly, and 

the position of the Ap site was designated as position 2. The crosslinks primarily 

formed with adenine at position 6, which was a fixed base in our experimental setup. 

Consequently, position 2 and 6 remained constant as they were involved in the 

formation of Ap-ICL, except for the control experiment that verified the preferential 

formation of these sites. Sequences with labeled positions are shown in Table 7.2. As 

control we performed experiments with guanine at position 6, which is another ICL 

possibility. In the vicinity of the Ap site, we introduce alternations only to the natural 

DNA nucleobases in order to explore all potential combinations. Position 5 served as 

the complement to the Ap site lesion. Given the natural complementarity between 

position 1 and 4, subsequent experiments focused on position 4 and 5. Additionally, a 

broader region surrounding the Ap site was examined with the specific aim of 

comparing the AT-rich and GC-rich regions. 
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Table 7.2. DNA oligonucleotides sequences 

 

Sequences of dsDNA oligonucleotides used as substrates in this study shown with 

their names. Ap site is generated by UDG from uracil (U) on the position 2 and Ap-

ICL is formed with adenine on the position 6. 

 

7.6 Ap site and Ap-ICL formation 
 

The synthetic DNA oligonucleotides, commercially synthetized, contained 

deoxyuridine and were labelled at 5´with the fluorescent dye HEX. The presence of 

uracil allows generation of the Ap site. Initially, the complement oligonucleotides 

were annealed and subsequently incubated with Uracil-DNA glycosylase [95]. UDG 

was titrated into the reaction mixture to determine the minimal amount required. To 

assess the presence of the generated Ap site, the reaction mixture was separated on 

native PAGE gel electrophoresis after hydrolysis by NaOH. Typically, an incubation 

of 5 minutes with UDG was sufficient for complete conversion of uracil to the Ap site.  

The crosslinking reaction was kept in cabinet incubator at 37°C. To obtain timepoints, 

aliquots of reaction were taken, and the reaction was stopped by adding formamide. 

All timepoints were analyzed by separation of 15% denaturating PAGE gels, 

visualized and quantified. The percentage of ICL formed was plotted on a graph. 
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Maximum yields of Ap-ICL were measured values and initial ones were calculated 

using a linear fit to the data.  

 

7.7 The influence of the opposite base to the Ap site to the rate of 

formation of Ap-ICL 
 

Ap sites are generated in DNA molecules spontaneously, regardless of the DNA 

sequence context. In our initial experiments, we focused on varying the single base 

located opposite the Ap site while keeping the sequence of the remaining DNA duplex 

identical. This position was referred to as the 5th position. We measured the rate of 

Ap-ICL formation with all four nucleotides and determined the maximum yields for 

each of them. The obtained data are presented in both graph and bar chart formats 

with error bars generated based on three different measurements.  

The observed rates of Ap-ICL formation were as follows: 1.1% per hour for 5A, 

0.76% per hour for 5G, 0.91% per hour for 5C, and 0.99% per hour for 5T. We 

express the rates via converting them into the percentage of original Ap sites that were 

converted to Ap-ICL within one hour. The maximum yields for the respective 

oligonucleotides were 24.25% for 5A, 47.2% for 5G, 25.8% for 5C, and 35.9% for 5T, 

relative to the total DNA (Figure 7.6.). 

As the amount of degradation product increases over time, the amount of Ap-ICL 

decreases. The graph shows significant differences in the rate of Ap-ICL among the 

tested bases. However, these changes were relatively small, and regardless of the 

nucleobase present opposite the Ap site, the formation of Ap-ICL occurred to a similar 

extent.  

 

7.8 Varying of the base-pairs in the vicinity of Ap on its 5´end 
 

Similarly, variations of the opposite bases, nucleotides occupying position 4 and 1 

were tested (Figure 7.6.). For these positions, all four possible base pair combinations 
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were tested, resulting in the DNA oligonucleotides named 4G, 4T, 4C, and 4(5)A. 

Notably, sequences 4A and 5A were co-named 4(5)A since 4A remained constant 

when vary 5th position, and vice versa for sequence 5A. Significant differences in the 

formation of Ap-ICL were observed among these combinations. Surprisingly, despite 

these differences, Ap-ICLs were formed in all possible base combinations. The 

variations in formation rates were not exceptional, showing only an approximate 2-

fold difference. The maximum yield varied slightly among the combinations and was 

reached at different time points. The initial rate of ICL formation was lower for the 

pyrimidine bases. Both thymine and cytosine-containing duplexes reached their 

maximum yield of ICL later, but the percentage were not significantly different from 

the other two bases at this position. As with previous experiments, the amount of ICL 

eventually started to decline due to irreversible decomposition into smaller 

degradation products.  
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Figure 7.6. Reaction kinetics of the Ap-ICL formation when varying bases at 4th and 

5th position respectively. (A) Schematic representation of DNA duplex containing Ap 

site with the nomenclature of differing positions. Uracil at position 2 is cleaved out by 

UDG and Ap-ICL is formed between positions 2 (where Ap is present) and adenine at 

position 6. The spontaneous reaction of Ap-ICL formation began after uracil 

cleavage. Reaction was kept in the dark at 37 °C and stopped by addition of 

formamide at defined time points (each 24 h) and resolved on 20% denaturating 

PAGE gel (B), where DP stands for product of degradation. After evaluation of Ap-

ICL formed from DNA oligonucleotides with different bases in position 4 (C) and 5 
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(D) the proportion were plotted in the graph. The rates of Ap-ICL formation (E) and 

maximum yields of the reactions (F) were plotted as a bar chart. Error bars were 

calculated from 3 independent repeats.  

To validate previously published work and demonstrate the specificity of Ap-ICL 

formation from Ap with adenine residues, two control experiments were conducted. In 

the case of sequence 4G, hypoxanthine was placed at positions 4 and 6. No Ap-G 

crosslink was formed when hypoxanthine was placed at position 6. On the other hand, 

when hypoxanthine was placed at position 4, an Ap-A crosslink was formed. These 

control experiments provide further evidence supporting the specificity of Ap-ICL 

formation with adenine residues. 

 

7.9 AT-rich and GC-rich regions relation to amount of Ap-ICL 

formation 
 

By investigating the sequence surrounding the Ap site, we have observed differences 

in the rate of Ap-ICL formation. However, to obtain a more comprehensive 

understanding, further investigation is required to explore additional sequence 

variations that may influence the overall rigidity of the region surrounding the Ap site. 

To accomplish this, we modified the sequences in the wider vicinity of the Ap site by 

incorporating two AT or GC pairs on both sides. Our intent was to examine how AT-

rich and GC-rich sequences impact the rate of Ap-ICL formation. These sequences 

were tested in non-identical duplicated, where the base at 4th position was either 

cytosine or thymine. Consequently, the oligonucleotides were named accordingly 

(e.g., TT, TC, GT, GC). For instance, TC represents an At-rich oligonucleotide with a 

cytosine at the 4th position. We specifically chose these bases to extend the AT-rich or 

GC-rich region around the Ap site.  

The experimental setup was similar to the previous experiments, where the reaction 

progress was monitored using denaturating PAGE gel analysis. The formation of Ap-

ICL was visually confirmed on the gel images. Subsequently, the gels were evaluated, 
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and the initial reaction rated were determined by calculating the slopes of the data 

points. This analysis allowed us to assess the impact of the modified sequences on the 

rate of Ap-ICL formation (Figure 7.7.). 

Swapping the AT-rich and GC-rich regions resulted in noticeable disparities in the 

rate of Ap-ICL formation. The impact of the cytosine or thymine base at 4th position 

on the reaction rate was relatively minor, with the rates for oligos containing cytosine 

being slightly faster than those with thymine. This observation held true for both AT-

rich and GC-rich DNA duplexes, affirming the reliability of our approach. 

Notably, the AT-rich sequence with a cytosine at the 4th position (TC) exhibited an 

almost four-fold higher rate of formation compared to the GC-rich sequence with 

thymine at the 4th position (GT). This trend persisted across both pairs of sequences 

(TC˃TT˃˃˃GC˃GT), and it also manifested in the maximum yield, which showed an 

approximate 2.5-fold difference.  
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Figure 7.7. 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. AT-rich oligonucleotides with thymine or cytosine on the 4th 

position are named TT or TC. Likewise, GC-rich oligonucleotides with thymine and 

cytosine on the 4th 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-ICL formation and (E) the maximum yield plotted for all sequences. Error 

bars comes from three independent repeats.  
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These findings highlight the significant influence of sequence composition, 

specifically the AT-rich and GC-rich regions, on the rate of Ap-ICL formation. 

Additionally, the presence of a cytosine or thymine base at the 4th position contributed 

to subtle variations in the reaction rates. These results emphasize the importance of 

considering sequence context when studying Ap-ICL formation dynamics. 

 

7.10 Stability of Ap-ICL 
 

Finally, we conducted experiments to assess the stability of Ap-ICL under 

physiological conditions, without involvement of additional proteins or enzymes. The 

purified Ap-ICLs were obtained by isolating them from the gel. For this purpose, we 

halted the crosslinking reactions at a timepoint corresponding to the maximum yield 

of Ap-ICL. Following isolation, the pure Ap-ICLs were desalted to a physiological 

buffer to create a suitable environment for spontaneous degradation. Based on our 

initial experiment and existing literature, it has been indicated that the decomposition 

of Ap-ICL is a prolonged process [96].  

To investigate the stability of Ap-ICL over time, subsamples were taken at 24-hour 

intervals. The collected samples were resolved on denaturating PAGE gels after a 

two-week period. The proportions of degrading Ap-ICL were plotted against time, and 

the initial rates of their decomposition were fitted using exponential decay and 

displayed on a bar chart (Figure 7.8.). 

During the decomposition process, the ICL band gradually disintegrated into a band of 

similar size as the original substrate. Over time, additional products emerged, resulting 

from the spontaneous hydrolysis of the Ap site. Both AT-rich and GC-rich sequences 

were utilized in this experiment, and for the most part, the rates of decomposition 

were comparable among all reactions. However, there was a slightly slower rate of 

decomposition observed for AT-rich sequence with a thymine at the 4th position (TT). 

Within the first 10 days, less than one-fifth of the initial material had undergone 

decomposition. 
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Figure 7.8. Stability and degradation of Ap-ICL in AT-rich and GC-rich 

oligonucleotides. Ap-ICL from AT-rich and GC-rich regions was gel purified and left 

for spontaneous degradation at physiological conditions. (A) Illustrative 20% 

denaturating PAGE gel showing Ap-ICL degradation in time. P1, P2 and P3 are 

degradation products. (B) Degradation of Ap-ICL plotted over time and fitted with 

exponential decay. (C) The rate of Ap-ICL degradation plotted and represented as a 

bar chart. The half-lives for TT, TC, GT and GC are 60.6; 29.3; 31.7 and 28.8 days.  
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8 Discussion 
 

 

8.1 Structural characterization of MutM glycosylase 
 

Firstly, two structures from pathogenic Neisseria meningitidis were solved, one in 

unbound form (6TC6) and one in DNA-bound form (6TC9). Upon DNA binding, 

there is a notable alternation in the relative orientations of the NTD and CTD. 

Specifically, the NTD undergoes rotation towards the DNA, resulting in the 

characteristic bending of the DNA molecule. This conformational change is likely 

facilitated by NTD´s strong affinity for DNA, allowing the energetically demanding 

alteration to occur. To our best knowledge, the study presented the first example of 

procaryotic MutM in both free and DNA-bound form from the same organism. 

Furthermore, the MutM protein utilized in this research is a full-length wild-type 

chain, adding to the significance of the findings. When considering the previously 

solved crystal structures, and biophysical measurements of the MutM domain 

movements, our data provide substantial support for the dynamic nature of the MutM 

enzyme. Specifically, it undergoes distinct conformational changes upon DNA 

binding, highlighting the dynamic adaptable characteristics of the enzyme in response. 

The overall movement and binding mechanism observed in MutM closely resembles 

the action of molecular clamps or pliers. These mechanical analogies help illustrate 

how MutM functions, efficiently recognizing and processing its DNA substrate. 

Despite the changes induced by binding, it is intriguing to note that the structures of 

the individual domains in MutM remain relatively unchanged upon DNA binding. 

Instead, these domains undergo subtle rearrangements, allowing efficient substrate 

binding and processing. A similar movement with wider degree of rotation has 

previously been described in a related protein, Nei from E. coli (1K3W) [40]. So far, 

such movements have not been observed in the case of eucaryotic MutM orthologs 

from A. thaliana (3TWL, 3TWM) [39]. Untill now, only one structure of free MutM 

from thermophilic bacterium has been solved (1EE8). Unexpectedly, the conformation 

of the two domains of this holoenzyme was similar to DNA-bound form. Minor 
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structural changes were observed between monomers of the asymmetric unit. The 

flexible hinge-bending region between NTD and CTD enables them to adjust their 

relative position [29]. This flexibility within the protein structure could have 

functional implications, as it allows MutM to accommodate various DNA substrates 

and repair DNA lesions. To compare the different results regarding conformational 

changes in our study, the lack of conformational changes in E. coli study (1K3W), and 

the minor changes in the study of A. thaliana (3TWL, 3TWM), we have a few 

hypotheses.  

Firstly, the movement of the NTD and CTD could be dependent on the organism from 

which the studied protein originated. The source organism in the studies described 

above could lead to discrepancies in published studies. Another suggestion is that 

domain organization of MutM is dynamic in solution, allowing the NTD and CTD to 

change along the hinge region.  

 

Figure 8.1. Schematic view of conformational changes in both DNA and MutM. (A) 

NMR structure of NDA (PDBID: 1XCY) with Ap site analogue α-hydroxy carbocyclic 

analogue of deoxyribose) does not show bends due to the presence of the mimic 

lesion. (B) DNA from DNA bound MutM complex form this study (PDBID:6TC9). 

MutM binding to DNA induces a DNA bend to an extent of 60°. At the same time the 

angle between the NTD and the CTD increases by 22°. 
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Originally, it was hypothesized that MutM, in contrast to Nei from E. coli, which 

shares only 21% similarity with Neisseria MutM, would not exhibit significant 

conformational changes upon binding to DNA. This hypothesis primarily relied on 

study showing crystal structure of apoform of MutM from thermophilic bacterium 

(PDBID:1EE8). The mechanism of this movement is similar to the much-accentuated 

domain movement observed in this study.  

A comparison of the previously published MutM with DNA-bound MutM 

(PDBID:6TC9) from this study resulted in an RMSD = 1.661 Å for A. Thaliana 

(PDBID:3TWM), RMSD = 1.119 Å for thermophilic MutM (PDBID:1EE8), and 

RMSD = 0.908 Å for E. coli MutM (PDBID:1K82) (Figure 3.3.). These values 

indicate that the structures are very similar. In the contrary, when we compared them 

with the free MutM from this study (6TC6), those values increase dramatically (Table 

S.1.). As mentioned earlier, the increase in RMSD strongly depends on the rotation 

movement of NTDs and CTDs along the hinge region. We speculate that the 

differences in angles observed in this study compared to previous Fpg/Nei family 

structures result from crystal packing as an artifact, reflecting one of the possible 

conformations among all existing ones in solution. Furthermore, the difference 

between parted CTDs and NTDs among species are small, as these domains are 

structurally similar across species.  

Both previously shown crystal structures and our structures show that both the open 

and closed conformations are supported, which is also confirmed by biophysical 

studies and NMR experiments for MutM from E. coli [43].   

However, the “base flipping” mechanism remains unresolved, especially the energy 

source responsible for inducing  DNA bending and flipping the damaged base towards 

the active site. The repairing process in biophysical studies requires no additional 

energy. 
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8.2 Formation and stability of Ap-ICL 
 

 

Previous investigations of specific Ap-ICL formation have revealed two potential 

mechanisms for its occurrence [57,75]. These studies have presented evidence that 

within a duplex containing the sequence 5´-dC-Ap-dT, Ap-ICL can be formed through 

the crosslinking of Ap with either guanine or adenine in the complementary DNA 

strand. However, it was observed in subsequent study that an Ap-G crosslink is not 

inherently stable unless reduced with NaBH3CN. This instability likely results from 

the steric unfavorable arrangement of the ICL, causing it to revert to the Ap site. 

Interestingly, the same sequence motif was used to determine NMR structure of Ap-

ICL within a DNA duplex. In this study, only one type of ICL was observed, 

underscoring the significance of the 5´Ap-dT sequence as a “hotspot” for Ap-ICL 

formation in vivo. These findings underscore the intricate nature of Ap-ICL formation 

and highlight the importance of specific sequence motif and crosslink stability. 

Further research is necessary to gain a comprehensive understanding of the factors 

influencing Ap-ICL formation and its implications in DNA damage and repair 

processes.  

A recent study shows another type of Ap-ICL, specifically involving the linking of the 

Ap site with the amino group of cytosine from the complementary DNA strand (Ap-

C). This crosslink was observed to be preferentially formed in cases where cytosine 

was mispaired with adenine. Notably, this crosslink was found to occur under acidic 

conditions with a pH of 5, but it does not form under physiological conditions in non-

mispaired DNA [97]. This new finding expands our understanding of Ap-ICL 

formation, highlighting the potential for different types of crosslinks depending on the 

specific mispairing of nucleotides and the surrounding conditions. Further exploration 

is warranted to elucidate the underlying mechanisms and physiological relevance of 

Ap-C crosslink formation, as it may provide insights into the repair processes and 

consequences of DNA damage associated with mispaired bases. 
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In our study, we focused on Ap-ICL formed within the 5´-Ap-dT sequence. We 

designed and have synthesized panel of DNA oligonucleotides with diverse DNA 

sequence surrounding the Ap site. Throughout the investigation, we focused on non-

enzymatic Ap-ICL formation and aimed to elucidate the kinetics of this process by 

examining the influences of the surrounding DNA sequence. To initiate the generation 

of Ap-ICLs, we enzymatically converted uracil to the Ap site using UDG. 

Subsequently, we conducted reactions using individual oligonucleotides with varying 

sequences to measure the rates of Ap-ICL formation. The reactions were allowed to 

proceed for specific durations, after which they were terminated. The resulting 

reaction products were separated and analyzed using PAGE gels. By quantifying the 

fractions of crosslinks formed at each time point, we constructed a time-dependent 

profile, providing insights into the kinetics of Ap-ICL formation. This approach 

revealed that different nucleotides in the vicinity of Ap site influence the rate of Ap-

ICL formation. While we observed some variations in the rates, one of the most 

notable findings from our study is the consistent formation of Ap-ICL across all tested 

DNA sequences. It is also remarkable the stability within all sequences, where half-

life exceeds 30 days. This finding aligns with literature, which has also demonstrated 

the relative stability of different Ap-ICLs [96-98]. 

The data indicates that a single nucleotide near the Ap site only minimally affects the 

rate of Ap-ICL formation. The presence of AT-rich or GC-rich sequences around the 

Ap site significantly impacts ICL formation. Notably, AT-rich sequences exhibit 

considerably higher formation rates. We hypothesize that this phenomenon could be 

credited to the lower melting temperature of AT-rich regions, which facilitates 

structural fluctuations in DNA, known as “DNA breathing.” We speculate that weaker 

base-pairing in such regions may promote crosslinking reactions, resulting in faster 

and more frequent ICL formation. While our study focuses only on the in vitro 

studies, non-enzymatic formation of Ap-ICLs, it contributes to a broader 

understanding of the frequencies and conditions under which these crosslinks can be 

formed in vivo.  
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To enhance the importance of the study recently published paper showed 

reproducibility of our data and presented similar results in the Nucleic Acid Research 

journal [99]. 

10,000 Ap sites are generated through spontaneous processes such as depurination and 

deamination each day within a cell [10,11]. Furthermore, various DNA glycosylases 

contribute to the production of Ap sites during DNA damage repair processes. 

However, accurately quantifying this number can be a challenging task. Our rough 

estimate does not take into consideration the presence of DNA repair enzymes, which 

actively eliminate most of the Ap sites. Consequently, the observable Ap sites at any 

given moment may only represent a fraction ranging from 0.25% to 4% of the total Ap 

sites that could potentially lead to the Ap-ICL formation through the day [96,100-

102]. 

Recent research involved estimating the relative number of Ap sites and comparing it 

with the knockdown of human Ap endonuclease. This study revealed that an 

additional 77% more Ap sites were detected in the knockdown scenario, when the 

removal the enzyme was 90% [103]. While it remains challenging to precisely 

determine the real number of Ap sites from the relative comparison, these findings 

strongly suggest that a substantial number of Ap sites persist within the genome.  

Further methods for Ap site determination have been developed. One of them is 

chemical O-(pyridine-3-yl-methyl) hydroxylamine (PMOA) mass spectroscopy, 

which is a sensitive quantitative technique for directly detecting Ap sites within the 

DNA duplex [104].  This technique’s sensitivity allows the identification of up to 2 

Ap sites in 108 nucleotides, leading to an estimated count of approximately 2 Ap sites 

per 107 nucleotides in a steady-state scenario [105]. Considering the human genome 

size of 3.2 x 109 nucleotides, one human cell would have about 160 Ap sites. Most of 

the Ap sites are conjugated with an aldehyde reactive probe linked to biotin if 

sufficient time and reagents are supplied, as demonstrated in a biochemical study 

[106]. However, it is important to note that experiments involving aldehyde reactive 

probes could be biased, as these probes can interact with other aldehydes in DNA. 

While both Ap sites and sugars can undergo mutarotation, but usually only less than 
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1% of the sugars exist in the aldehyde form [70]. Therefore, the Ap site is determined 

by a ring-opening reaction leaving aldehyde form of the ribose, detectable by mass 

spectrometry with the PMOA reagent. PMOA studies use excessive quantity of 

PMOA, leading to first-order kinetics, where aldehyde form of Ap site is rate-limiting. 

Finally, the steady state value of Ap sites present in the genome is about 100-200 Ap 

sites. DNA repair mechanisms or DNA binding proteins could protect the genome by 

interfering with Ap-ICL formation [107,108]. NEIL3 glycosylase is responsible for 

repairing Ap-A ICL, while Ap endonuclease is responsible for repairing Ap-G ICL. 

These protective processes help explain the relatively low number of Ap sites detected 

by PMOA mass spectroscopy. Taking these predictions together with data from our 

study, we estimate that approximately 1-5 Ap-ICLs are formed or presented in a 

human cell. 
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9 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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10 Abbreviations 
 

Ap  Apurinic/apyrimidinic, abasic 

Ap-ICL Abasic site interstrand crosslink 

BER  base excision repair 

CDC45 cell division cyclw 45 

CMG  CDC45-MCM2-7-GINS 

CTD  C-terminal domain 

DNA  deoxyribonucleic acid 

dsDNA double-strand DNA 

DTH  dihydrothimine 

EcoNei Endonuclease 

FA  Fanconi anemia 

Fapy  Formamidopyrimidine 

FapyA  4,6-diamino-5-formamidopyrimidine 

FapyG  2,6-diamino-4-hydroxy-5-formamidopyrimidine 

Fpg  Formamidopyrimidine DNA glycosylase 

GINS  go-ichi-ni-san 

HEX  hexachlorofluorescein 

HhH  Helix-Hairpin-Helix 

HR  homologue recombination 

H2TH  helix-two-turn-helix 

ICL  interstrand crosslink 

IR  infrared 

MGM2-7 minichromosome maintenance 2-7 

Nei  Endonuclease VIII 

NEIL  Endonuclease VIII-like  

NER  nucleotide excision repair 

NMR  nuclear magnetic resonance 
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NTD  N-terminal domain 

Ogg1  8-oxo-guanine DNA glycosylase 

PMOA O-(pyridine-3-yl-methyl) hydroxylamine 

ssDNA single-strand DNA 

THF  tetrahydrofuran 

UDG  Uracyl-DNA glycosylase 

UV  ultraviolet 

ZnF  Zinc finger 

8-oxoG 8-oxoguanine 
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12 Supplementary 
 

Supplementary table 1. Structural alignments of individual MutM  

PDB  MutM M-DNA NTD6 CTD6 NTD9 CTD9 I.(%) Organism Interesting feature 

1K82 2.598 0.908 0.654 0.841 0.526 0.544 54.4 E.coli  DNA bound 

1EE8 3.133 1.119 1.061 0.968 1.134 0.749 42.6 Thermus thermophilus Free MutM 

3TWL 2.779 1.527 1.389 1.194 1.461 1.14 27.7 A. thaliana DNA bound  

3TWK 2.713 1.634 1.484 1.361 1.585 1.297 27.1 A. thaliana Free MutM 

1K3W 3.290 2.275 2.106 1.12 1.952 1.02 25.7 E.coli  DNA NEI 

1Q3C 6.889 9.142 2.451 1.225 2.474 1.102 25.4 E.coli  Free NEI 

6TC9 2.408  0.562  0.562  100 N. meningitidis this study 

6TC6   2.408  0.649   0.649 100 N. meningitidis this study 

 

RMSD values in Å were computed for the structural alignment of individual PDB 

structures. The alignments were performed between the free MutM structure obtained 

in this study (6TC6) and DNA-bound MutM (6TC9). In these calculations, both the 

NTD and CTD regions of the protein were considered. “6” and “9” serve as the 

identifier for free and DNA-bound structures. The RMDS value determination is 

described in materials and methods. I (%) indicated sequence identity when compared 

to the meningococcal MutM. The last two rows present a comparison of 6TC6 with 

6TC9. 
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