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Abstrakt 

DNA jako primární nositelka genetické informace zaručuje organismům žít, růst, 

rozvíjet se a množit. Tato nejpodstatnější molekula v buňce však podléhá každou chvíli 

rozličným poškozením. Pokud není opraveno, buňka a organismus nakonec podlehne 

nevyhnutelné destrukci. Jedno z nejzávažnějších poškození je meziřetězcové kovalentní 

spojení DNA vycházející z abazického místa (Ap-ICL, z angl. Abasic site interstrand 

crosslink). Ap-ICL se tvoří spontánně z abazického místa kovalentní vazbou s adeninem na 

opačném řetězci. Nedostatek informací o opravných mechanismech, vlivu lokální sekvence 

a jeho stabilitě vede k otázkám ohledně osudu, toxicitě a výskytu těchto lézí v buňkách. 

Evoluce vytvořila několik mechanismů jak tato a další jiná poškození opravit a 

zajistit organismu jeho přetrvání. Nedávno objevená dráha známa pro opravu Ap-ICL 

dostala název po glykosylase zodpovědné za odstranění Ap-ICL. DNA glykosylasa NEIL3 

je k Ap-ICL přivolána ubiquitylací DNA helikasy, která je součástí komplexu 

zodpovědného za replikaci DNA. Glykosylasa NEIL3 obsahuje několik domén s motivem 

zinkového prstu, které se vážou k poškozené DNA a zajišťují její katalytickou funkci. 

Momentálně není znám molekulární mechanismus opravného procesu glykosylasy NEIL3.  

S cílem odpovědět na zmíněné neznámé byla v předložené práci zkoumána in vitro 

rychlost vzniku, výtěžek a stabilita Ap-ICL v závislosti na lokální sekvenci. Experimenty 

odhalily vliv různých bází v blízkosti abazického místa na tvorbu ICL. Sekvence bohaté na 

A a T páry podléhají tvorbě Ap-ICL rychleji oproti sekvencím bohatých na G a C páry. 

Překvapivě se však Ap-ICL vytvoří z abazického místa prakticky nezávisle na okolní 

sekvenci, avšak s odlišnou rychlosti a výtěžkem. 

V druhé části práce byly zkoumány mechanismy rozpoznání nativního DNA 

substrátu glykosylasou NEIL3. Byla vyřešena struktura dvou GRF domén a katalytické Nei 

domény z NEIL3. Prostřednictvím strukturních a experimentálních dat práce odhaluje 

molekulární detaily a preferenci interakce GRF domén s DNA-replikační vidličkou. 

Nakonec získaná krystalová struktura Nei katalytické domény s DNA-replikačním 

meziproduktem umožnila návrh mechanismu rozpoznání dvou zastavených replikačních 

vidlic glykosylasou NEIL3. 

Klíčová slova: DNA poškození, abazické místo, neenzymatická kinetika, oprava DNA, NEIL3, GRF  
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Abstract 

DNA as the primary carrier of genetic information guarantees organisms to live, 

grow, develop and reproduce. However, this most vital molecule in the cell is subject to 

various damages every moment. If it is not repaired, the cell and the organism will 

eventually succumb to inevitable destruction. One of the most serious damages is abasic 

site interstrand crosslink (Ap-ICL). Ap-ICL is formed spontaneously when an abasic site 

covalently pairs with an adenine on the opposite strand. The lack of information on repair 

mechanisms, the influence of the local sequence and its stability leads to questions about 

the fate, toxicity and occurrence of these lesions in cells. 

During evolution, several mechanisms have evolved to repair these and other 

damages to ensure the organism’s survival. A recently discovered pathway known to repair 

Ap-ICL is named after the DNA glycosylase responsible for removing Ap-ICL. NEIL3 

DNA glycosylase is recruited to Ap-ICL by ubiquitylation of DNA helicase, which is part 

of the DNA replication complex. NEIL3 glycosylase contains several zinc-finger domains, 

that bind to the damaged DNA and ensure its catalytic function. The molecular mechanism 

of the NEIL3 glycosylase repair process is currently not known. 

In order to answer the aforementioned unknowns, the rate of formation, yield and 

stability of Ap-ICL depending on the local sequence were investigated in vitro. These 

experiments revealed the impact of different bases in the vicinity of the abasic site on Ap-

ICL formation. AT-rich sequences were found to undergo Ap-ICL more rapidly than GC-

rich sequences. Surprisingly, Ap-ICL is formed from the abasic site virtually 

independently of the surrounding sequence, albeit with different rates and yields. 

In the second part of the work, the mechanism of recognition of native DNA 

substrate by NEIL3 glycosylase was investigated. The structure of two zinc-finger GRF 

domains and catalytic Nei domain from NEIL3 is clarified. Via structural and experimental 

data, the presented work reveals the molecular details and preference interaction of GRF 

domains to DNA replication fork. The obtained crystal structure of the Nei catalytic NEIL3 

domain with DNA-replication intermediate allowed the proposal of a mechanism for the 

recognition of two stalled replication forks upon Ap-ICL by NEIL3 glycosylase. 

 

Keywords: DNA damage, DNA interstrand crosslink, abasic site, non-enzyme kinetics, DNA repair, NEIL3, GRF  
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CMG Cdc45-MCM-GINS helicase 
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CTD C-terminal domain 

DNAhp dsDNA hairpin 
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ICL interstrand crosslink 

IPTG isopropyl β-d-1-thiogalactopyranoside 

EDTA ethylenediaminetetraacetic acid 

EMSA electromobility shift assay 

FA Fanconi anemia 
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FANC Fanconi anemia complementation group 

Fpg formamidopyrimidine DNA glycosylase 
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NMR nuclear magnetic resonance 
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NEIL1 Nei-like DNA glycosylase 1 

NEIL2 Nei-like DNA glycosylase 2 

NEIL3 Nei-like DNA glycosylase 3 

NER nucleotide excision repair 

NLP4 nodule-inception-like protein 4 

nt nucleotide 

NTA nitrilotriacetic acid 

NTD N-terminal domain 
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NZF NLP4-type zinc finger 

MMR mismatch repair 

PCR polymerase chain reaction 

ppm parts per million 

SD standard deviation 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis 

SEM standard error of the mean 

TBE tris/borate/EDTA 

TCEP tris(2-carboxyethyl) phosphine 

TE tris/EDTA 

TEMED N, N, N´, N´-tetramethylethylendiamine 

TEV tobacco etch virus 

TLS translesion synthesis 

TRAIP TRAF interacting protein 
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3 Introduction 

3.1 DNA damage 

A DNA molecule persists as the primary carrier of genetic information that allows 

every living organism to live, grow, develop and reproduce. The alternations to the DNA 

sequence are the initial steps that subsequently lead to the damage or disruption of cellular 

functions, either in prokaryotic or eukaryotic cells.  

DNA damage was investigated long before revealing the famous photo of DNA 

“Photo 51” by Rosalind Franklin [1]. In 1927, research on the mutagenic effect of X-rays 

was conducted by Gager and Blakeslee [2]. Then in the 1940s, the work of Charlotte 

Auerbach and J. M. Robson demonstrated the mutagenic effect of mustard gas on the DNA 

of fruit flies [3]. In the same decade, Hermann J. Muller received the Nobel Prize for his 

contribution to the elucidation of genetic mutations induced by X-rays in fruit flies [4]. 

Subsequently, in 1944, researchers, namely Oswald Avery, Colin MacLeod and Maclyn 

McCarty presented strong evidence that DNA was our genetic material and shortly after, 

groundbreaking insight into the structure of DNA and its fragility emerged from the 

research of Rosalind Franklin, Watson and Crick [5].  

Soon after, research on DNA damage gained reasonable prominence and importance. 

Identification of additional mutagens, such as oxidizing agents, alkylating agents, diverse 

chemical agents and already mentioned X-rays and UV light further broaden the spectrum 

of factors inducing mutagenic effect. DNA is susceptible to damage like depurination, 

depyrimidation, deamination, insertion or deletion of nucleotide, thymidine dimers 

formation as well as single-strand breaks or more hazardous double-strand breaks (DSB). 

These genetic changes eventually lead to cancer or other age-related diseases. However, 

DNA damage and mutations are also indispensable sources of genetic diversity and a part 

of the evolution of all organisms [6–10].  

With approximately 70,000 various DNA lesions per day, DNA molecules would 

shortly degrade in the living cell and with that the living cell itself [6]. Thus, the repairing 

mechanism must evolve. The main research in this field started with investigations of 

Tomas Lindahl, Paul Modrich and Aziz Sancar, all carriers of the Nobel Prizes from 2015 

[11].  
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Tomas Lindahl defined the basic mechanism of base excision repair (BER). BER can 

be initiated by various DNA glycosylases that excise modified bases. One pioneering 

example, demonstrated by Lindahl, involves the removal of uracil generated from the 

deamination of cytosine within a G-C base pair. This DNA repair process is catalysed by 

uracil DNA glycosylase (UDG). Abasic (Ap) site endonuclease cleaves either the 

aforementioned site or Ap sites spontaneously generated, resulting in the creation of a 

DNA end with a sugar-phosphate group lacking a base, denoted as a 3′-deoxyribose-5′-

phosphate (dRP) group. DNA polymerase then fills the gap and the dRP group is excised 

and with DNA ligation the BER process is completed [12]. 

The previously mentioned UV light is a source of thymidine dimers and DNA lesions 

as such. These lesions can be directly reversed by DNA photolyase or removed or replaced 

by nucleotide excision repair (NER). These two repair processes were studied by Sancar as 

well as proteins involved in the repair processes and mechanisms of action [13]. 

The last Nobel laureate, Paul Modrich, devoted his research to the mechanism of 

mismatch repair (MMR), an important DNA repair for removing mismatched base pairs in 

the DNA [14]. 

3.2 DNA Interstrand crosslink  

DNA interstrand crosslinks (ICLs) are toxic DNA lesions where opposite strands of 

DNA are covalently linked. ICLs interfere with vital cellular processes, such as DNA 

replication and transcription, contributing to the overall cytotoxic and mutagenic potential 

of these lesions. ICLs thus pose a major threat to genomic stability and integrity [15].  

ICLs can emerge from diverse sources, both endogenous and exogenous, leading to 

the structural and chemical diversity of ICLs (Figure 1). Examples of exogenous sources 

include cis-platinum, psoralen, mitomycin C, acetaldehyde, formaldehyde and nitrogen 

mustards, which have found use as anti-tumour drugs but also as weapons of warfare. 

Endogenously, ICLs can also arise from small aldehydes, reactive forms of oxygen and 

spontaneously from an Ap site, where a DNA base is absent [16–23]. 
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Figure 1. Examples of interstrand crosslinks from various sources [24]. 

3.2.1 Abasic site interstrand crosslink (Ap-ICL)  

The formation of Ap sites, also known as apurinic/apyrimidinic sites, is a frequent 

phenomenon and can spontaneously arise in significant quantities within cellular DNA. 

Estimates suggest that roughly 10,000 Ap sites are generated per cell every day. This 

number is further heightened by products of certain DNA glycosylases. However, these 

enzymes play an important role in removing single base lesions from the genomic DNA 

[8,25,26].  

Considering the chemical dynamics, an Ap site exhibits various structural 

modifications, such as spontaneous decomposition and mutarotation. Spontaneous loss of a 

base is induced by hydrolysis, where a water molecule attacks the C1″ of deoxyribose from 

the opposite side of the N-glycosidic bond. This process results in the generation of an Ap 

site with an α-OH group at C1″. Ap site subsequently undergoes mutarotation until 

reaching the thermodynamic equilibrium which is achieved when just 1% of the ribose ring 

(a closed form) converts to its aldehyde form (an open form) [27–30]. Furthermore, 

aldehydes readily react with amines, forming a relatively stable covalent imine called a 

Schiff base [31–33]. 

The idea, that the Ap site has the potential to induce the formation of ICLs in double-

stranded DNA, emerged and it was later confirmed and further explored (scheme of Ap-

ICL formation in Figure 2). Moreover, it was found that the aldehyde group is responsible 

for crosslink formation on the Ap site and the optimal conditions for Ap-ICL formation are 

in the low pH range [34–39]. 
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Figure 2. Scheme of Ap-ICL formation. The generation of Ap-ICL occurs through the initial 

formation of an imine (Schiff base) intermediate followed by the cyclization of the C4-hydroxyl 

group onto the C1-carbon of the imine, resulting in the formation of a stable aminoglycoside 

crosslink [40,41]. 

Numerous types of Ap-ICLs were successfully reconstituted in vitro within 5′-dC-Ap 

sequence, where the Ap site crosslinked with guanine in the opposing DNA strand [42]. It 

was formed at pH 5 and stabilized with NaBH3CN. These crosslinks were characterized 

through mass spectrometry. Another type of Ap-ICL, occurring in a distinct sequence 

context (5′-Ap-dT) with adenine in the opposing DNA strand and demonstrating stability 

under physiological conditions, was subsequently discovered [43]. NMR study confirmed 

the Ap-ICL linkage between 5′-Ap-dT with the N6-amino group of the deoxyadenine from 

the opposite strand, while also providing insights into the equilibrium presence of different 

sugar moiety isomers within the Ap-ICL [44]. The latest NMR study uncovered the Ap-

ICL structure featuring the Ap site’s ribose ring in its furanose form [40]. 

Specific DNA repair mechanisms have evolved to prevent detrimental consequences 

linked with ICLs. Currently, two prominent DNA repair pathways have been characterized. 

3.3 Fanconi anaemia pathway 

The firstly described mechanism of replication-coupled ICL repair in mammalian 

cells was called the Fanconi anemia (FA) pathway. Three brothers who died in early life 

with birth defects and profound anemia were first described by Swiss pediatrician Guido 
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Fanconi almost a hundred years ago [45]. Subsequent research revealed that FA is linked 

not only to acute myeloid leukemia but also to solid tumours [46]. Researchers Sasaki and 

Tonomura observed that cells derived from FA patients, when exposed to bifunctional 

crosslinking agents, manifested an elevated frequency of chromosomal aberrations, 

indicating a deficiency in repair mechanisms [47]. 

These findings collectively established FA as a genome instability syndrome marked 

by congenital abnormalities, bone marrow failure, predisposition to cancer and crosslinker 

sensitivity of patient-derived cell lines. Also, FA is an autosomal recessive disorder and 

ongoing investigations have revealed associations with mutations in 22 distinct FANC 

genes [48]. 

The FA repair pathway is activated during the S phase of the cell cycle when two 

converging DNA replication forks stall upon ICL. This event triggers ubiquitylation of the 

replicative CMG helicase by the E3 ubiquitin ligase TRAIP, leading to the CMG helicase 

unloading. The next step initiating the repair process is monoubiquitylation of the FANCI-

FANCD2 complex. This complex is translocated to the chromatin, where it cooperates 

with downstream FA proteins. Nucleases and structure-specific endonucleases are then 

recruited to facilitate the unhooking of the ICL via incisions in the phosphodiester 

backbone and covalently linked DNA strands are separated. With the action of translation 

synthesis (TLS) polymerase the DNA is restored. Importantly, the FA repair pathway 

generates DSB intermediates, which also need to be repaired [49–52]. For the elimination 

of DSB the homologous recombination repair is engaged, a complex process that can lead 

to insertions or deletions [53]. 

3.4 NEIL3 pathway 

The second known ICL repair pathway is the NEIL3 pathway named after the DNA 

glycosylase participating in the repair process. At this point, this pathway is known for its 

role in repairing psoralen-ICLs and Ap-ICLs, as it was investigated in Xenopus egg 

extracts [54]. Whether a certain ICL is repaired by the NEIL3 pathway or the FA pathway 

depends on the level of ubiquitylation of CMG helicase by TRAIP. A short chain of 

ubiquitin recruits the NEIL3 and CMG helicase remains unloaded (Figure 3) [50].  

NEIL3 cleaves one of the two N-glycosyl bonds of the crosslink, generating 

adenosine on one strand and the Ap site on the other strand. This Ap site is bypassed by 

TLS by specific DNA polymerases. The state of knowledge indicates that NEIL3 doesn’t 



 16 

generate DSB as it avoids the need for DNA incisions. Due to its dependence on the level 

of CMG ubiquitylation, it seems that the NEIL3 pathway is the primary route of the repair. 

If NEIL3 is unable to repair the lesion, the FA pathway is activated by additional CMG 

ubiquitylation. This suggest that the FA pathway appears to be the most important player 

in suppressing genome instability and human disease [51]. 

 

Figure 3. Comparison of Fanconi anemia pathway and NEIL3 pathway. Whether a particular 

ICL is repaired through the NEIL3 pathway or the Fanconi anemia pathway, depends on the level 

of ubiquitylation of CMG helicase by TRAIP. In the NEIL3 pathway, CMG helicase remains 

unloaded and this pathway doesn’t generate double-strand breaks, that have to be repaired (DSB 

repair in Fanconi anemia pathway)[50,51,55]. 

3.5 DNA glycosylases 

DNA glycosylases are crucial in preserving the integrity of our genetic material. 

They recognise a wide range of DNA lesions resulting from exposure to ionizing radiation 

and oxidizing or alkylating agents, which often have the potential to cause cellular damage 

or genetic mutations [56]. DNA glycosylases cleave the N-glycosidic bond between the 

damaged base and the sugar backbone, leaving an apurinic or apyrimidinic site [57]. Some 

of these enzymes also possess an additional lyase activity, allowing them to further process 

the Ap site and they are referred to as bi-functional glycosylases 
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Generally, DNA glycosylases initiate the base excision repair (BER) pathway by 

generating substrates for subsequent repair processes conducted by a cascade of BER 

enzymes. These include phosphodiesterases, Ap endonucleases, DNA polymerases and 

DNA ligases, all of which are essential for restoration of the damaged region [58]. 

3.6 NEIL3  

NEIL3 (endonuclease VIII-like III) is a part of the Fpg/Nei DNA glycosylase family. 

Enzymes belonging to this family share structural and functional similarities and are 

preserved across diverse organisms, ranging from bacteria to humans. These enzymes play 

a fundamental role in the process of BER, primarily involved in locating and removing of 

single base lesions, often originating from oxidative stress [59–61].  

Three homologs of Fpg/Nei proteins were found in mammals, namely NEIL1, 

NEIL2 and NEIL3 [62–66]. In cells, NEIL3 is localized in the nucleus [65]. It has been 

shown, that NEIL3 is highly expressed in various tissues. Transcripts of NEIL3 were found 

in the thymus and testis and in primary malignant melanomas associated with metastasis, 

where tumour samples generally display a higher expression of NEIL3 compared to non-

tumour tissues. Additionally, mouse NEIL3 was found to be greatly expressed in 

hematopoietic tissues such as the spleen, bone marrow, thymus, in different mouse B-cell 

lines and during embryonal development [65,67–69] 

The members of the Fpg/Nei family have not only biochemical but also structural 

similarities. Several characteristic motifs define this family including a conserved helix-

two-turn-helix motif (H2TH), a zinc finger motif and a catalytic N-terminal proline (eq. in 

NEIL1 and NEIL2) or a valine residue as the active site nucleophile in the case of NEIL3. 

Moreover, the C-terminal extension of NEIL3 protein harbours additional zinc finger 

motifs, an NLP4-type zinc finger (NZF domain) and two GRF zinc finger motifs (GRF 

domains). Figure 4 demonstrates a sequence features of NEIL3 in comparison to NEIL1 

and NEIL2, as well as bacterial Fpg and Nei proteins [70]. 
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Figure 4. Schematics of the domain organisation in human NEIL3, NEIL1, and NEIL2 in 

comparison with Nei and Fpg from Escherichia coli. 

3.6.1 Catalytic Nei domain 

The N-terminal part of NEIL3 glycosylase contains a Nei domain, which is 

responsible for the catalytic activity of NEIL3 on the Ap-ICL (Figure 5). As previously 

mentioned, Nei domain in NEIL3 lacks the catalytic proline but contains catalytic valine, 

which plays an important role in forming the Shiff base intermediate [60]. 

Nei enzymes are bi-functional enzymes exhibiting a dual functionality of both 

glycosylase and Ap-lyase activities. The catalytic process initiates with a nucleophilic 

attack on the N-glycosidic bond of the damaged base, leading to its release. Subsequently, 

the enzyme forms a covalent linkage (Shiff base) with the unpaired ribose of the damaged 

DNA strand. The second albeit slower phase of the catalytic process involves the cleavage 

of phosphodiester bonds within the DNA via ß or ß-δ elimination mechanism (Ap-lyase 

activity). This process generates a detrimental 3′ DNA lesion and induces a single-strand 

DNA break [71–74]. 

Initially characterized, NEIL3 exhibited limited Ap-lyase activity on substrates with 

double-stranded DNA (dsDNA). However, NEIL3 unexpectedly exhibits heightened 

activity and therefore increased specificity for single-stranded DNA (ssDNA) or partially 

ssDNA such as bubble and fork structures [59,65,75,76]. Further it was unravelled 

NEIL3’s binding affinity to the telomere sequence via its C-terminus, protecting telomere 

integrity during cellular proliferation within the S/G2 phase [77]. Moreover, NEIL3 has 

been identified as a member in the repair of Ap-ICL. In Xenopus egg extracts, NEIL3 

facilitates the unhooking of Ap-ICL by cleaving one of the two N-glycosidic bonds 
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forming the ICL. This N-glycosyl cleavage by NEIL3 stands as the key pathway for the 

unhooking of the Ap-ICL [54]. 

 

Figure 5. Structure of mouse Nei domain from NEIL3 with Zn2+ ion. ID PDB code: 3W0F [78].  

3.6.2 The NZF domain 

The NLP4-type zinc finger (NZF) domain is a ubiquitin-binding domain containing a 

zinc finger motif. It has been shown, that the NZF domain is essential for the efficient 

repair of Ap-ICL lesions in Xenopus extracts ex vivo but is dispensable for DNA crosslink 

unhooking on model substrates in an in vitro setting. The NZF domain plays an important 

role in facilitating the precise recruitment of the NEIL3 glycosylase by TRAIP-induced 

CMG helicase ubiquitylation, as previously reported in the scientific literature [50]. 

3.6.3 The GRF domains 

Two zinc fingers, GRF1 and GRF2, show homology with the GRF zinc finger from 

Ap endonuclease APEX2. The GRFs are recognized for their interaction with ssDNA 

[79,80]. The nomenclature GRF originates from a triad of conserved residues: Gly (G), 

Arg (R) and Phe (F). In the case of GRF2, the Arg is replaced with Lys, which is distinct 

from the APEX2 GRF motif. Interestingly, a mutation in Lys (K553 in Xenopus laevis) in 

GRF2 disrupts binding with short ssDNA [81]. Sequence comparison of GRF1 and GRF2 

from different organisms is shown in Figure 6.  
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Figure 6. Sequence comparison of GRF1 and GR2 from different organisms with single GRF 

domain from hAPEX2. GRF motif is highlighted with asterisks. 

The solved crystal structure of the human GRF1-GRF2 dimer revealed a butterfly-

shaped structure (Figure 7). GRF1-GRF2 displays a higher affinity for binding ssDNA 

than individual domains, demonstrating an avidity effect [82]. Investigations conducted in 

Xenopus extracts have revealed the involvement of GRF domains in the effective 

unhooking of Ap-ICL. The absence of GRFs compromised the efficiency of the unhooking 

reaction, indicating that the role of GRFs in Ap-ICL repair may primarily involve the 

accurate recognition of the crosslinked substrate [50]. 

Contrariwise, a separate study has brought to light that GRF domains exhibit an 

inhibitory effect on the enzymatic activity of NEIL3 in vitro [82]. These divergent findings 

suggest a nuanced and complicated mechanistic role for GRF domains in the repair of Ap-

ICL, deserving further exploration and clarification. 

hNEIL3 (506-549)

mNEIL3 (506-550)

xNEIL3 (484-527)

bNEIL3 (507-550)

hAPEX2 (467-515)

hNEIL3 (552-595)

mNEIL3 (553-596)

xNEIL3 (528-575)

bNEIL3 (553-596)

hAPEX2 (467-515) * * *

* * *

GRF1

GRF2
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Figure 7. Structure of human GRF1&2 domains. ID PDB code: 7JL5. Two GRF1&2 in the 

asymmetric unit superimposed to GRF2 showing domain flexibility with close-up to conserve 

residues and residues responsible for DNA binding (some amino acids missing side chain)[82]. 
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4 Aim of the study 

1. To uncover the sequence of contexts and conditions that result in the formation of 

Ap-ICL in vitro and subsequently to predict relevance, occurrence rates and 

feasibility of Ap-ICL formation within living organisms. 

2. To explore and gain insights into the molecular mechanism leading to the 

recognition of stalled replication fork by NEIL3 DNA glycosylase during Ap-ICL 

repair. In particular, to conduct structural, biochemical and enzymological 

investigations of interactions of GRF and Nei domains with various DNA 

structures, including ssDNA, DNA duplexes and replication fork intermediates. 

These investigations aim to ultimately elucidate how NEIL3 recognizes the DNA 

replication X-structure and the role of GRF and NEI domains in recognition of 

native Ap-ICL substrates. 
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5 Materials 

5.1 Instruments used 

Analytical scales Adventurer Pro, Ohaus 

Apparatus and power supply for 

horizontal electrophoresis 

EV 231, Consort 

Apparatus and power supply for 

vertical electrophoresis 

PowerPac Basc, Mini-PROTEAN system, Bio-

Rad 

Centrifuges Centrifuge 5415 R, rotor F54-24-11, Eppendorf 

Centrifuge 5418, rotor FA-45-18-1, Eppendorf 

Allegra X-15 R Centrifuge, Beckman Coulter 

Avanti J-26S XPI, rotor JLA-9.1000, Beckman 

Coulter 

Avanti J30I, rotor JA 30.50, Beckman Coulter 

Concentrators Amicon Ultra 30K, Amicon Ultra 3K, 

Millipore Ireland Ltd. 

Desalting column Desalting 26/10, GE Healthcare Life Sciences 

DNA purifying columns MicrospinTM G-25, Cytiva 

FPLC-system ÄKTA purifier 10, GE Healthcare Life Sciences 

Gel filtration columns Superdex 200 10/300 GL Increase, Superdex 75 

10/300 GL Increase, Cytiva 

Gel visualiser Amersham Typhoon Biomolecular Imager, GE 

Healthcare 

Ion-exchange columns SP HP 5 ml, Cytiva 

Q HP 5 ml, Cytiva 

Incubator Innova 44, Incubator Shaker Series, New 

Brunswick Scientific 

IPP 400, Memmert 

Incubating Mini Shaker, VWR 

NMR spectroscope 850 MHz Bruker Avance 

Magnetic stirrer ARE,VELP 
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5.2  Chemicals used 

Agarose SERVA 

Acrylamide, bisacrylamide Rotiphorese gel 40 (19:1), Carl Roth 

Ampicillin Carl Roth 

Kanamycin Carl Roth 

Coomassie Brilliant Blue G 250 Sigma-Aldrich 

D-Glucose-
13

C6, ≥99%  Cambridge isotope laboratories 

D2O Euriso-top 

EDTA Carl Roth 

Ethidium bromide Carl Roth 

Escherichia coli BL21 StarTM (DE3) Thermo Fisher Scientific 

FeCl2 Carl Roth 

Formamide Sigma-Aldrich 

Gibson mix New England BioLabs 

Microplate reader TECAN Infinite M1000 Microplate Reader, 

Tecan Group Ltd. 

Spectrophotometer Spectrophotometer ND-1000, Nanodrop 

pH meter HI 3200 pH/ORP Meter, HANNA instrument 

Scale EMB 500-1 Kern 

Rotator TubeRoller, Benchmark 

Ultrasonic homogeniser Bandelin Sonopro 

Spectrofluorometer Fluoromax-4 spectrofluorometer, Horiba, 

Scientific 

Thermocycler Professional TRIO Thermocycler, Biometra 

Product Line 

UV gel visualisers QUANTUM ST4-1100, Vilbert Lourmat 

 HeroLab UVT-20 S/M/L 

Water bath JB Aqua 2 Plus, Grant 

Vortex Gene 2, Scientific Industries 
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HCl PENTA 

HEPES Carl Roth 

IPTG Carl Roth 

LB agar P-Lab 

LB medium P-Lab 

MgCl2 PENTA 

NaBH3CN Sigma-Aldrich 

NaH2PO4 PENTA 

(
15

NH4)2SO4  Cambridge isotope laboratories 

Ni-NTA agarose Machery-Nagel 

Ammonium persulfate Carl Roth 

SDS Carl Roth 

DNA Ladder Gene RulerTM 1kb Plus DNA Ladder, Thermo 

Fisher Scientific 

Protein Ladder PageRulerTM Plus Prestained Protein Ladder 

10-250 kDa, Thermo Fisher Scientific 

TCEP Thermo Fisher Scientific 

TEMED Carl Roth 

Tris-HCl Carl Roth 

ß -mercaptoethanol Sigma-Aldrich 

ZnSO4 PENTA 

5.2.1 Solutions, buffers, media 

CBB dye solution 3 mM Coomassie brilliant blue R250, 1.5 M CH3COOH 

Buffer for SDS 

electrophoresis 

25 mM Tris, 0.25 M glycine,0.1% SDS 

DNA purification kit QIAquick PCR Purification Kit, Qiagen 

QIAprep Spin Miniprep Kit, Qiagen 

TBE buffer 89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3 

TE buffer 10 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA pH 

8.0 

SDS Loading Dye 60 mM Tris pH 6.8, 25% glycerol, 2.9% SDS, 0.1% 

bromophenol blue, 714 mM ß -mercaptoethanol 
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ZY5052 medium 1% trypton, 0.5% yeast extract, 2.8 mM glucose, 6 mM 

lactose, 0.5% glycerol, 1 mM MgCl2, 25 mM (NH4)2SO4, 

50 mM KH2PO4, 50 mM Na2HPO4 

 M9 Minimal medium 1 g/l (
15

NH4)2SO4, 4 g/l 
13

C glucose, 50 mM Na2HPO4, 8.5 

mM NaCl, 22 mM KH2PO4, 0.68 mM Na2SO4, 1mM 

MgSO4, 0.3 mM CaCl2, 1 ug/l biotin, 1 ug/l thiamine  
 

5.2.2 Enzymes 

protease 3C PreScission prepared in laboratory 

protease Ulp1 prepared in laboratory 

UDG  New England Biolabs 

5.2.3 DNA oligonucleotides sequences 

Table 1: Sequences of dsDNA oligonucleotides and their designed nomenclature. The Ap site originates from 

uracil (U) at position 2 and the formation of Ap-ICL occurs in combination with adenine at position 6. DNA 

oligonucleotides with uracil were labelled with HEX on 5′ end. 
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Table 2: DNA substrates used in GRF and NEI assays in table and scheme. Y denotes replication fork. 

X or Z denotes the position of uracil in the DNA sequence. In fluorescence binding assays fluorescent 

dye FAM-dT was placed instead of adenine (x) in the apex of the hairpin 5′-GACGCGxAGCGTC-3′. 

Name Sequence (5′ - 3′) Name Sequence (5′ - 3′) 

7mer GTCATGA  1TY TGACGCGAAGCGTCT 

2T3′ GACGCGAAGCGTCTT 2TY TTGACGCGAAGCGTCTT 

3T3′ GACGCGAAGCGTCTTT 3TY TTTGACGCGAAGCGTCTTT  

4T3′ GACGCGAAGCGTCTTTT 4TY TTTTGACGCGAAGCGTCTTTT 

8T3′ GACGCGAAGCGTCTTTTTTTT 6Tx5′ TTTTTTTACGCGAAGCGTU 

10T3′ GACGCGAAGCGTCTTTTTTTTTT 6Tz5′ TTTTTTUACGCGAAGCGTT 

12T3′ GACGCGAAGCGTCTTTTTTTTTTTT 6T5′ TTTTTTGACGCGAAGCGTC 

2T5′ TTGACGCGAAGCGTC 6Tx3′ TACGCGAAGCGTUTTTTTT 

3T5′ TTTGACGCGAAGCGTC 6Tz3′ UACGCGAAGCGTTTTTTTT 

4T5′ TTTTGACGCGAAGCGTC 6T3′ GACGCGAAGCGTCTTTTTT 

8T5′ TTTTTTTTGACGCGAAGCGTC dsY3′ A GCCATTCGTAATCACTCGAGC 

10T5′ TTTTTTTTTTGACGCGAAGCGTC dsY3′ B GCTCGAGTGATTACGAATGGUTTTTTTT 

12T5′ TTTTTTTTTTTTGACGCGAAGCGTC dsY5′ A TTTTTTTUTCATTCGTAATCACTCGAGC 

hp GACGCGAAGCGTC dsY5′ B GCTCGAGTGATTACGAATGAG 
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6 Methods 

6.1 Formation of DNA crosslink 

The cross-linking reaction buffer was optimized to contain 20 mM HEPES (pH 6.5), 

140 mM NaCl, 0.5 mM TCEP and 5% glycerol. To assess the similarity of results under 

physiological conditions, comparative crosslinking experiments were carried out using 20 

mM Tris-HCl (pH 7.4), 140 mM NaCl and 5% glycerol.  

DNA oligonucleotides (Table 1), labelled and non-labelled, were mixed 1:1 in the 

optimized buffer to reach a final DNA concentration of 2.5 µM. The annealing of the DNA 

reaction mixture (50 µl) was carried out using the Biometra Tprofessional Thermocycler 

by gradually cooling from 95°C to room temperature for 25 minutes. For Ap site creation, 

0.5 units of uracil DNA glycosylase (UDG) was added per reaction and incubated at room 

temperature for 5 minutes. Subsequently, UDG was inactivated using another annealing 

cycle. The annealed DNA reaction mixture containing the Ap site was then incubated at 

37°C for the duration of the experiment. 

At specific time points, 1 µl of the crosslinking reaction was mixed with 9 µl of 

formamide to terminate the reaction. The terminated reaction was separated in 20% 

denaturing polyacrylamide gel (1×TBE, 7 M urea, 20% polyacrylamide/bisacrylamide 

19:1) and visualized using 532 nm laser and Cy3 570BP20 filter on Amersham Typhoon 

Biomolecular Imager. The progress of the crosslinking reaction was quantified using a 

commercial ImageQuant TL. All bands present in the individual lanes (substrate, product 

and intermediates) were densitometrically quantified to determine the percentage of 

crosslink formed. Manual selection of lines was performed, and background subtraction 

was executed utilizing the rolling ball method. Bands characterized by consistent 

dimensions, encompassing substrate, product and degradation product, were manually 

chosen for analysis. 

To demonstrate the specificity of crosslinking at the Ap site, a control reaction was 

conducted with thymine in place of uracil to prevent Ap-ICL reaction, with and without 

UDG. 
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6.2 Isolation of crosslinked DNA 

For the purification of Ap-ICL crosslink from the PAGE gel, the modified band 

excision method was used [83]. The crosslinked DNA sample was separated in 20% 

denaturing polyacrylamide gel. The resulting bands were visualised using HeroLab UVT-

20 S/M/L gel documentation system. A specific band of crosslinked DNA was excised, 

finely chopped and transferred into a tube with 200 µl of elution buffer (20 mM Tris pH 

7.4, 140 mM NaCl, 0.5 mM TCEP, 5% glycerol). The tube was rotated at 8 °C overnight to 

facilitate the elution of crosslinked DNA. The sample was subsequently centrifuged at 

800× g for 1 min. The supernatant was collected, and excess urea was removed by 

purifying the sample using Cytiva MicrospinTM G-25 Columns against the elution buffer. 

To determine the purity of the final Ap-ICL sample, it was separated in 20% denaturing 

polyacrylamide gel. 

6.3 Analysis of crosslinked DNA degradation 

Under controlled conditions at 37°C in a buffer containing 20 mM Tris pH 7.4, 140 

mM NaCl, 0.5 mM TCEP and 5% glycerol, the stability of crosslinked DNA was 

measured. At specific time points, typically 1 day, 2 µl of crosslinked DNA was mixed 

with 8 µl of formamide to terminate degradation. The samples were then frozen at -80°C. 

All samples were separated in 20% denaturing polyacrylamide gel to validate the progress 

of degradation. Gel images were scanned using 532 nm laser and Cy3 570BP20 filter on 

Amersham Typhoon Biomolecular Imager. The commercial ImageQuant TL software was 

used for the gel image analysis. The determination method is described in 5.1. The 

percentage of crosslinked DNA degradation was calculated based on the ratio of remaining 

crosslinked DNA to degradation product.  

6.4 Cloning of GRF and Nei protein domains 

The GRF and Nei domains were amplified from the complete mouse NEIL3 gene 

NM_146208 (Origene). Polymerase chain reaction (PCR) products were incorporated into 

vectors using the Gibson assembly method [84]. The consecutive GRF1&GRF2 domains 

(505-597) were integrated into a pSUMO vector, featuring an N-terminal 8xHis-SMT3 

fusion tag. The Nei domain (1-282) was inserted into a modified pET-24b vector with a C-

terminal 3C protease (HRV) site and subsequent 6xHis tag.  
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6.5 Expression and purification of GRF and Nei protein domains 

6.5.1 Bacterial expression of recombinant proteins 

The constructs were expressed in Escherichia coli BL21 StarTM (DE3) cells. Starting 

5 ml cultures were cultivated overnight at 37°C in LB medium supplemented with 

appropriate antibiotics. ZY5052 autoinduction medium was supplemented with 50 µM 

ZnSO4 inoculated with starting cultures and incubated at 37°C under vigorous shaking. 

Once the optical density at a wavelength of 600 nm (OD600) reached the range of 0.6 to 1, 

the temperature was lowered to 18°C and the cultivation was extended overnight.  

6.5.2 Isolation and purification of recombinant proteins. 

The cells collected after cultivation were lysed by sonication in a lysis buffer 

constituted of 20 mM Tris pH 8.0, 300 mM NaCl, 30 mM imidazole pH 8.0, 10% glycerol 

and 1 mM tris(2-carboxyethyl) phosphine (TCEP). Subsequently, the supernatant was 

obtained by centrifugation (25,000× g 25 min), mixed and incubated for 40 min with 2 ml 

of Ni-NTA resin and extensively washed using the batch technique with the same lysis 

buffer. The elution of proteins was performed using the lysis buffer enriched with 300 mM 

imidazole pH 8.0. 

The proteins were subjected to desalting using HiPrep 26/10 desalting column, 

followed by loading onto a cation-exchange HiTrap SP HP column equilibrated with buffer 

A (20 mM Tris pH 8.0, 125 mM NaCl, 10% glycerol, 2 mM ß-mercaptoethanol (ß -ME)). 

The NaCl concentration in buffer A was adjusted to 70 mM for the Nei protein. Protein 

elution was achieved through a gradient of NaCl. The solubility tag of the GRF domain 

was digested with yeast Ulp1 protease. After an overnight incubation at 4°C, the sample 

was desalted and loaded onto the cation-exchange column, following the previously 

outlined procedure. Ultimately, protein purification was conducted using size-exclusion 

chromatography through Superdex 75 Increase GL HiLoad 10/300 column with buffer A. 

Protein purity was verified using SDS-PAGE in 15% polyacrylamide gel stained 

with Coomassie brilliant blue method. The purified proteins were concentrated and rapidly 

frozen in liquid nitrogen (N2(l)) and stored at a temperature of -80°C. 
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6.5.3 Expression and purification of isotopically labelled GRF protein 

To prepare isotopically labelled GRF protein for nuclear magnetic resonance (NMR) 

experiments, M9 minimal medium containing [15N] NH4Cl and [13C] glucose was used. 

This medium was supplemented with 0.1 mg/ml ampicillin, 20 µM ZnSO4, 1 mM MgCl2 

and 10 µM FeCl2 in citric acid. The inoculated cells were cultivated in a shaker at a 

temperature of 37°C. Once the OD600 reached 0.6, protein expression was induced using 

600 µM Isopropyl ß-D-1-thiogalactopyranoside (IPTG). Subsequently, the temperature 

was lowered to 18°C, and the culture was grown overnight. The protein was purified 

following the previous protocol. 

6.6 NMR spectroscopy experiment 

The NMR spectroscopy experiment was conducted at a temperature of 25°C using 

850 MHz Bruker Avance spectrometer equipped with a triple-resonance (15N/13C/1H) 

cryoprobe. The sample volumes were either 0.16 ml or 0.35 ml in a solution consisting of 

12.5 mM sodium phosphate buffer pH 6.5, 50 mM NaCl, 1 mM TCEP and a mixture of 

5% D2O and 90-95% H2O. A series of double- and triple-specific resonance spectra were 

acquired to obtain sequence-specific resonance assignments in NMRFAM-SPARKY 

software. Distance restraints between hydrogen atoms (1H-1H) were derived from the 3D 

15N/1H NOESY-HSQC and 13C/1H NOESY-HMQC spectra, employing a Nuclear 

Overhauser Effect (NOE) mixing time of 100 ms. 

The structural calculation was executed using the CYANA software, employing 

Nuclear Overhauser Effect Spectroscopy (NOESY) data in combination with backbone 

torsion angle restraints, generated from assigned chemical shifts using the TALOS+ 

program [85,86]. For the automatic assignment of NOE cross-peaks, the combined 

automated NOE assignment and structure protocol, known as CANDID, was used. 

Subsequently, five rounds of simulated annealing combined with redundant dihedral angle 

restraints were applied to compute a set of converged structures characterised by no 

significant restraint violations, specifically with distance and van der Waals violations less 

than 0.5 Å and dihedral angle constraint violations less than 5°. The 35 structures 

displaying the fewest restraint violations were further subjected to refinement in an explicit 

solvent environment using the YASAEA software [87]. These refined structures were then 

subjected to additional analysis using the Protein Structure Validation Software suite. 

Summary statistics for the final structure are provided in Supplementary Table 1. The 
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structures, NMR restraints and resonance assignments were deposited in the Protein Data 

Bank (PDB ID 7OMK) and BMRB (accession code: 34630). 

For the acquisition of relaxation data, a sample labelled with 15N at a concentration 

of 300 µM was employed. The relaxation delays utilized were as follows: 0.0448 s, 0.0672 

s, 0.112 s, 0.179 s, 0.246 s, 0.381 s, 0.784 s, and 1.23 s for R1 measurements, and 0 s, 

0.0310 s, 0.0628 s, 0.0931 s, 0.124 s, 0.186 s, and 0.279 s for R2 measurements. The 

recovery delay was set to 1.2 s with 4 or 8 scans per Free Induction Decay (FID). Steady-

state NOE measurements for {1H}–15N were conducted in an interleaved manner using a 5 

s long train of selective 180° pulses for proton irradiation, separated by 22 ms delays. 

These pulses were centred at 8.2 ppm to prevent water saturation, with the offset of these 

pulses shifted by 50 kHz in the reference experiment to ensure consistent sample heating 

[88,89]. 

To follow alternations in the protein spectra upon DNA binding, chemical shift 

perturbations (CSPs) were calculated. For each assigned resonance in the 2D 15N/1H 

HSQC spectra of the protein in its unbound state, the CSP was determined as the 

geometrical distance in parts per million (ppm) relative to the corresponding peak in the 

2D 15N/1H HSQC spectra obtained under different conditions, following the formula (1); 

𝛿∆= √∆2
𝐻𝛿 + (Δ. 𝛼)2

 
 

where  represents a weighting factor of 0.2, accounting for differences in the proton and 

nitrogen spectral widths [90]. 

6.7 Gel-based and fluorescent anisotropy DNA binding assays 

Oligonucleotides used in the binding assays were assigned specific three-letter codes 

(NTX codes). In this code, N denotes the count of ssDNA nucleotides present in the single-

stranded arm of the DNA structure, T signifies the presence of thymidine, and X represents 

the shape of ssDNA (e.g. Y fork, 3′ or 5′ overhangs). 

Both fluorescently labelled (FAM) and unlabelled DNA oligonucleotides were 

custom-synthesized by Microsynth, and the DNA sequences are listed in Table 2. 

Fluorescent dye FAM-dT was placed instead of adenine (x) in the apex of the hairpin 5′-

GACGCGxAGCGTC-3′. The DNA oligos were resuspended in TE buffer. 

Double-stranded DNA substrates were prepared by mixing equimolar amounts of 

complementary strands and subjected to heating at 95°C, followed by gradual cooling to 
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room temperature, allowing them to anneal. In contrast, hairpin substrates were heated to 

95°C and subsequently rapidly cooled on ice. 

6.7.1 Native EMSA 

A mixture containing 5 µM of either labelled or unlabelled and 5 µM of GRF was 

prepared and incubated for 30 minutes at 25°C in a buffer consisting of 20 mM NaH2PO4 

pH 6.5, 100 mM NaCl, 10% glycerol, and 1 mM TCEP. Subsequently, the samples were 

subjected to electrophoresis using 15% native polyacrylamide gels (1×TBE, 15% 

polyacrylamide/bisacrylamide 14:1). Gels with unlabelled DNA were stained using 

Coomassie brilliant blue method to visualize the GRF:DNA complex. Gels with labelled 

DNA were scanned using Typhoon LASER imager. Image analysis was carried out 

utilizing commercial software ImageQuant TL. Gel regions with uniform width were 

manually selected and background subtraction was accomplished through the rolling 

sphere method. Bands that consistently contained the binding product were manually 

selected for analysis, and each gel band's intensity values were plotted on a graph.  

6.7.2 Fluorescence anisotropy binding assay 

Assays were performed through a titration series, wherein a constant concentration of 

FAM-labelled 50 nM DNA was mixed with pure GRF1&2 protein ranging from 0 nM to 

20,000 nM. Fluorescent anisotropy binding measurements were carried out on TECAN 

Infinite M1000 Microplate Reader at 25°C. The assay buffer consisted of 20 mM NaH2PO4 

pH 6.5, 100 mM NaCl, 10% glycerol and 1 mM TCEP. The excitation wavelength used 

was 470 nm and the emission was 520 nm. The total intensity (Itot) was calculated 

according to the formula (2): 

𝐼𝑡𝑜𝑡 = 𝐼𝑣𝑣 +  2 ∗ 𝐺 ∗ 𝐼𝑣ℎ  

where G represents the G-factor, a parameter, that depends on the optical characteristics of 

the instrument. The G-factor was experimentally determined to be 1.194, following a 

standardized protocol on the TECAN instrument with input polarization values (mP) of 

free DNA, as measured on the Fluoromax-4 spectrofluorometer. 

The fraction of DNA binding (fB) was determined according to formula (3): 

𝑓𝐵 =
𝐴𝑜𝑏𝑠  −  𝐴𝑚𝑖𝑛

(𝐴𝑚𝑎𝑥 −  𝐴𝑜𝑏𝑠) ∗ 𝑄 + (𝐴𝑜𝑏𝑠  − 𝐴𝑚𝑖𝑛)
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where Aobs represents the observed anisotropy for a given concentration of GRF, Amin is the 

minimum observed anisotropy and Amax represents the anisotropy at saturation [91,92]. The 

correlation of quantum yield (Q) refers to the ratio of total intensities (Itot) of bound to free 

fluorophore. 

Dissociation constants (KD) were determined as previously described [93], using 

formula (4): 

𝑓𝐵 = (
[𝐷𝑁𝐴]

2
) (𝐾𝐷 + [𝐷𝑁𝐴] + [𝐺𝑅𝐹]) −  √𝐾𝐷 + [𝐷𝑁𝐴] + [𝐺𝑅𝐹]2

 
− 4[𝐷𝑁𝐴][𝐺𝑅𝐹] 

where KD is the apparent dissociation constant and the values enclosed in parentheses, e.g. 

[DNA], denote the concentrations at a particular point during the titration experiment. It 

should be noted that this model for fitting is an approximation, as in the case of numerous 

DNA binding proteins, nonspecific binding is often observed during the titration. Non-

linear regression analysis of the data was performed in Graphpad Prism Software. 

6.8 DNA and NEIL3 trapping assay 

DNA oligonucleotides (Table 2) were annealed following the established protocol. 

To introduce the Ap site into the DNA, 0.5 U of uracil DNA glycosylase (UDG) was added 

to each sequence reaction and maintained at room temperature for 20 min. Subsequently, 

250 nM DNA substrates and 200 nM NEIL3 were incubated in the presence of 100 mM 

NaBH3CN in a buffer consisting of 20 mM HEPES pH 7.0, 50 mM NaCl and 1 mM TCEP 

at 25°C. At specified time intervals, 30 µl of the reaction was mixed with 5× SDS sample 

buffer to terminate the reaction. The samples were subsequently resolved on 15% SDS-

PAGE. 

6.9 Crystallization experiment and structure determination 

For the purpose of crystallographic experiments, DNA hairpin substrates were 

synthesized with the sequence of 5′ overhang 5′-TTTTTTUACGCGAAGCGTG-3′ or 3′ 

overhang. These DNA hairpin substrates (250 µM) were annealed by heating to 95°C for 5 

min and then rapidly cooling on ice. To generate an Ap site, 300 µl of the annealed DNA 

was treated with 3 µl of UDG (5000 U/ml) and incubated at room temperature. Following 

this, 300 µl of 300 µM purified Nei domain supplemented with 200 mM NaBH3CN was 

introduced into the reaction. The reaction was allowed to proceed for 1 h to form the 
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trapped Nei:DNA complex and the progression of the reaction was monitored through 15% 

SDS-PAGE. The reaction mixture was subjected to desalting via 5 ml HiTrap Desalting 

column and then loaded onto 5 ml HiTrap Q HP column which had been equilibrated with 

20 mM Tris pH 8.0, 50 mM NaCl and 1 mM TCEP. The column was eluted with a linear 

gradient of NaCl. The trapped complex was loaded onto Superdex 200 Increase 10/300 

GL. Fractions containing the Nei:DNA intermediate were concentrated to approximately 

200 µM ( OD260 nm = 30). 

Crystal growth occurred at 22°C using the sitting drop method, where 200 nl of the 

trapped complex was combined with 200 nl of a reservoir solution containing 50 mM 

PIPES pH 7.5, 4% PEG 8000, 20 mM MgCl2 and 1 mM spermine. Crystals were briefly 

soaked in a solution containing 20% glycerol added to the reservoir. The cryoprotective 

solution was prepared by mixing 8 µl of the reservoir solution with 2 µl of glycerol. The 

mounted crystals were flash-frozen in liquid nitrogen. All datasets were collected at the 

synchrotron beamline MX 14.2 at BESSY II Helmholtz-Zentrum Berlin, Germany. Data 

indexing was performed directly at the beamline using XDS [94]. Data were scaled with 

Aimless [95]. Molecular replacement was performed in Phaser software using the structure 

of the mNEIL3 Nei domain (PDB ID=3W0F) as a model [78]. Structure refinement was 

executed with Refine and model adjustments were made manually in Coot. All three 

software programs were integrated into the Phenix package [96,97]. Data collection and 

model refinement statistics are provided in Supplementary Table 2. Structural figures were 

generated using PyMOL  

  



 36 

7 Results 

The following results contain experiments in which I participated. Namely,in solving and 

analysing data of NMR structure Pavel Srb, Václav Veverka and Dinesh Dhurvas were 

involved. The crystal structure was solved by Jan Šilhán and the models were prepared by 

Jan Šilhán and Václav Veverka. Barbora Landová particiaped in the Ap-ICL formation 

assays. 

7.1  Sequence design to study the rate of Ap-ICL formation 

The position of uracil, thus the Ap site, was strategically located in the centre of 

oligonucleotide duplex with all neighbouring residues named accordingly. The Ap site was 

consistently placed on position 2 (Figure 9A). Adenine was fixed at position 6, the base to 

which the majority of crosslinks are formed [31]. Those two positions remained constant. 

All natural DNA nucleobases were systematically changed at various positions to explore 

all potential combinations in the Ap site proximity. Position 5 directly opposes the Ap site 

lesion, while positions 1 and 4 are linked by complementarity. Subsequent experiments 

were specifically on positions 4 and 5, followed by a broader exploration of the Ap site 

region comparing the AT-rich and GC-rich regions (Figure 10). 

7.2 Ap site and abasic crosslink formation 

All purchased synthetic DNA oligonucleotides with deoxyuridine contained a 

fluorescent dye (HEX) at 5′ end (Table 1). For generating a native Ap site, uracils were 

introduced in the sequence. Annealed oligonucleotides with a complementary DNA strand 

were incubated with UDG to generate the Ap site. Approximately a 5-minute incubation 

with UDG ensured complete conversion of uracil to the Ap site.  
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Figure 8. Formation of Ap-ICL in DNA duplex with uracil (U) or thymine (T) in the presence 

(+) or absence (-) of uracil DNA glycosylase (UDG). (A) UDG was added to introduce the Ap 

site into the DNA sample. The reactions were incubated over several hours at 37°C for the 

formation of Ap-ICL and analysed on 20% denaturing PAGE gel. In the presence of UDG with 

DNA duplex with uracil, the Ap-ICL band was formed whereas in the control reaction with 

thymine, no specific crosslink product was detected. (B) DNA oligo with (bottom) or without (top) 

uracil in the middle of the sequence with 5′ HEX label. (C) Scheme of Ap-ICL formation. 

Reactions were placed in a dark incubator to proceed with the crosslinking process 

(Figure 8). Aliquots were taken at various time points to monitor the time course. Samples 

were analysed on denaturing PAGE gels, visualised, quantified and the percentage of the 

generated crosslink was depicted in a graph. A linear regression was used for the 

determination of initial rates. Maximum Ap-ICL yields were obtained from the graph as 

the maximum measured value. 

7.3  The role of opposite nucleotide in Ap-ICL formation 

This experiment aimed to investigate the influence of the opposite nucleotide on Ap-

ICL formation. Initially, the single base opposing the Ap site was varied while keeping the 

remaining DNA sequence unchanged. The testing position was named as the 5th position 

and all four bases (A, G, C and T) were tested (Figure 9). The formation rates of Ap-ICL 

were monitored and all data with maximum yields were plotted in the graph and bar charts. 

The rates were 1.1 %/h for 5A, 0.76 %/h for 5G, 0.91 %/h for 5C and 0.99 %/h for 5T 

(expressed as the percentage of original Ap sites converted to Ap-ICL in one hour). The 

maximum yield for these oligos was 24.3% for 5A, 47.2% for 5G, 25.8% for 5C and 

35.9% for 5T of the total DNA. However, as the amount of degradation product grew, the 
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amount of Ap-ICL began to drop. The graph illustrates significant changes in the formation 

rate, although, these changes were rather insignificant and Ap-ICL generated similarly 

regarding the opposite nucleobase present (Figure 9E). 

7.4 Effect of the closest nucleotide on Ap-ICL formation 

Similarly to the previous experiment, the effect of the nearby base pair at positions 1 

and 4 was investigated. All four possible combinations were examined. DNA oligos were 

named 4G, 4C, 4T and 4(5)A. Sequences 4A and 5A were co-named 4(5)A as 4A was kept 

constant at the 5th position and vice-versa with sequence 5A. Despite notable differences in 

the formation of the Ap-ICL, the formation rates were not extraordinary. It is noteworthy, 

that the Ap-ICL was consistently formed in all possible combinations with overall rates 

varying by approximately 2-fold. The maximum yield exhibited only slight variations and 

occurred at different time points (Figure 9F). Interestingly, both pyrimidine bases exhibited 

the lowest initial rates and reached their maximum crosslink yields later. However, the 

differences in percentages were not significant compared to purine bases at this position. 

Again, formed Ap-ICL eventually began to decline due to irreversible degradation into 

smaller products (Figure 9C, D). 
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Figure 9. Impact of varying bases at 4th or 5th position on the reaction kinetics of Ap-ICL 

formation. (A) The schematic design of the DNA duplex and the nomenclature of different 

positions. 2nd position is a base from which the Ap site is formed by reaction with UDG. 

Subsequently, Ap-ICL is formed between 2nd and 6th position. Reactions were initiated by the 

formation of the Ap site by UDG and incubated in the dark at 37°C. (B) An illustrative 20% 

denaturing PAGE gel from a single time point. DP represents the degradation product. Gels were 

analysed and the proportion of Ap-ICL formed from DNA oligos with different nucleobases at 

position 4 (C) or position 5(D) was depicted in graphs. The initial rates of Ap-ICL formation (E) 

and the maximum yields (F) of Ap-ICL were illustrated as bar charts. Error bars represent SEM 

from three independent repetitions. 
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7.5 AT-rich regions promote Ap-ICL formation 

To gain further understanding of the impact of sequence variation on the rigidity of 

the entire region around the Ap site, the sequence in the broader area of the Ap site was 

modified. Specifically, either two AT or GC pairs were introduced on both sides of the Ap 

site. The aim was to investigate the influence of AT-rich or GC-rich regions on Ap-ICL 

formation rate. Two sets of AT-rich and GC-rich sequences were tested with the base at the 

4th position being either cytosine or thymine to widen the AT-rich or GC-rich region. The 

oligos were therefore titled (TT, TC, GT, GC), for example, TT stand for an AT-rich 

oligonucleotide with T at the 4th position (Figure 10A). The experimental setup mirrored 

that described in the previous experiment and the progression of the Ap-ICL formation was 

visualized on a denaturing PAGE gel (Figure 10B). The gels were analysed and initial 

reaction rates were calculated from the slope of the data points. 
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Figure 10. Ap-ICL formation in DNA duplexes with either AT-rich or GC-rich regions. (A) 

Schematics of DNA duplexes with AT-rich regions (left) or GC-rich regions (right) situated in 

proximity of the Ap site. AT-rich duplexes, where thymine and cytosine are switched in the 4th 

position are named TT or TC, similarly with GC-rich regions as GT or GC. (B) An illustrative 20% 

denaturing PAGE gel, DP represents degradation product. (C) Reaction kinetics of Ap-ICL 

formation with AT-rich or GC-rich regions. The rate of Ap-ICL formation (D) and the maximum 

yield (E) were illustrated as bar charts. Error bars represent SEM from four independent 

repetitions. 
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Significant differences in the formation rate were observed between sequences with 

AT-rich and GC-rich regions. On the other hand, the impact of the cytosine or thymine 

base at the 4th position on the formation rate was relatively modest with cytosine-

containing sequences showing faster rates than those with thymine (Figure 10D). This 

trend was seen for both AT-rich and GC-rich regions also consistently observed in 

previous experiments (Figure 9 and Figure 10). The AT-rich sequence with cytosine at the 

4th position (TC) had nearly a 4-fold higher formation rate than DNA duplex with GC-rich 

region with thymine at the 4th position (GT). This tendency can be observed for both pairs 

of sequences (TC>TT>>>GC>GT) also shown in a maximum yield with an estimate 2,5-

fold difference. 

7.6 Stability of Ap-ICL 

The important question to be addressed was how stable Ap-ICL under physiological 

conditions without the influence of other enzymes and proteins is as well as how the local 

sequence in the vicinity of the Ap site influences the stability. To investigate this, large 

volumes of crosslinking reactions were stopped at approximately the time point of 

maximum yield of Ap-ICL. The Ap-ICL were purified by excision of its band from the gel. 

After isolation, the pure Ap-ICLs were buffer-exchanged into a physiological buffer and 

spontaneous decomposition was monitored. Subsamples were taken at 24-hour intervals 

and after two weeks, all time points were resolved on denaturing PAGE gel (Figure 11A). 

The amounts of degraded Ap-ICL were plotted over time and the initial reaction rates of 

their decomposition were fitted with single exponential decay and presented in a bar chart 

(Figure 11B, C). 

The ICL band fragmented into a band of the original substrate size and after some 

time additional products appeared, likely from spontaneous hydrolysis of the Ap site. 

Sequences with AT-rich and GC-rich regions were used in this experiment and all 

reactions had a similar decomposition rate with the exception of an AT-rich sequence with 

thymine at the 4th position (TT), which decomposed more slowly. The half-lives for GC, 

GT, TC and TT were 28.8; 31.7; 29.3 and 60.6 days. In the initial 10 days, less than one-

fifth of the initial material had decomposed. 
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Figure 11. Stability of Ap-ICL with GC or AT-rich regions. (A) An illustrative 20% denaturing 

PAGE gel of Ap-ICL degradation timecourse, where P1, P2 and P3 denote products of degradation. 

Gel-purified Ap-ICL from DNA oligos with AT-rich or GC-rich regions were subjected to 

spontaneous degradation under physiological conditions. (B) The degradation of Ap-ICL was 

plotted over time and fitted with exponential decay. (C) The rate of Ap-ICL degradation is 

illustrated as a bar chart. 

7.7 NMR structure of GRF domains without DNA 

Up to now, only a structure of human GRF domains alone was determined [82]. The 

next aim was to obtain a structure of GRF domains from mouse NEIL3. Isotopically 

labelled GRF1&2 was used for the NMR experiment. The obtained NMR-based structure 

of the GRF1 and GRF2 domains of mouse NEIL3 has provided valuable insights into their 

three-dimensional arrangement (Figure 12). Comparing the NMR structure with previously 

reported crystal structures of individual human GRF domains reveals an overall 

consistency in the fold [82]. The RMSD analysis between the mouse and human GRF 

individual domains is calculated to be 1.94 Å for GRF1 and 0.87 Å for GRF2, indicating a 

high structural similarity. However, nuanced structural variations were identified, 

particularly in the loop regions, suggesting some structural differences. Each domain 

exhibits three antiparallel ß-sheets with a zinc finger motif, forming a distinctive butterfly-

like structure connected by a short helix linker (Figure 12B). Interestingly, the interdomain 

organization differs between the crystal structure of GRFs from human NEIL3 and the 

NMR structure. In the previously published structure of human GRF, two molecules GRF1 

and GRF2 occupy the asymmetric unit, each of the GRF pairs making a different angle 

between domains [82]. This comparative structural analysis enhances our understanding of 

the nuanced differences and conserved features in the organization of GRF domains 

between mouse and human NEIL3. 
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Figure 12. NMR structure of GRF domains. (A) Structural alignment between mouse NEIL3 

GRF1&2 (in pink) and human GRF1&2 domains. The crystal structure (in light and dark blue, 

PDB ID 7JL5) revealed two dimeric molecules within the asymmetric unit. Human GRF1 align 

with mouse GRF1. GRF2 (chain A as light blue) shows an angle difference of 43,9° and a lateral 

displacement of 9.5 Å, while GRF2 (dark blue, chain B) shows an angle difference of 61,4° with a 

displacement of 11,2 Å. (B) NMR ensemble illustrating the mouse GRF1&2 pseudo dimer. 

Structural elements such as loops (pink), ß-sheets (magenta) and linking α-helix (cyan) are shown 

(PDB ID 7OMK).  

7.8 GRF recognition of ssDNA using EMSA 

It was previously reported, that GRF domains interact with ssDNA [80]. Therefore 

the question arose as what is the minimal length of ssDNA to be recognized by GRF 

domains and subsequently, the aim was to elucidate the structure of GRF1&2 in the 

presence of ssDNA or other replication intermediates.  

A semi-quantitative electrophoresis mobility shift assay (EMSA) was used to 

evaluate the interaction between ssDNA and GRF domains. Because of the opposite charge 

of GRF, the GRF:DNA complexes with short ssDNA oligonucleotides (up to 11 nt long), 

did not migrate into the PAGE gel. To avoid this limitation, a dsDNA hairpin (DNAhp) 

measuring 13 nucleotides in length was used as a substrate with ssDNA overhangs at 5′ or 

3′ ends. Usage of DNAhp not only increased the overall negative charge of the complex 

but also enabled the complex to migrate within the gel. The DNAhp oligonucleotides 

contained 5′ or 3′ oligo-dT overhangs of varying lengths of 0, 2, 4, 6, 8, 10 or 12 

nucleotides (Table 2). The subsequent EMSA analysis revealed a breaking point of 

GRF:DNA binding around 4 nt, indicating the threshold for observable complex formation 

(Figure 13).  
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Figure 13. Native EMSA of GRF domains binding to different DNA hairpin duplexes with 

ssDNA 3′ (in blue) and 5′ (in red) overhangs, DNA forks and DNA with the abasic (Ap) site. 

(A) Impact of the length of 3′ or 5′ overhangs on GRF:DNA complex formation. Minimal binding 

was observed for 4T3′, while clear binding was evident for 4T5′. (B) Difference in GRF binding to 

replication forks compared to ssDNA overhangs. (C) comparison of hairpins with overhangs 

containing the Ap site (yellow star) within branching points. No complex was observed for 3′ 

overhang DNA hairpins with damage (Ap site) at either side. Error bars in bar charts indicate 

standard deviation (SD) from three independent repeats. C1 and C2 denote controls: C1 for GRF 

only and C2 for DNA only. The bottom row of gels verifies that the FAM label in the DNA hairpin 

turn did not impact GRF binding.  

7.9 Interaction of GRF with replication intermediates. 

Subsequently, semi-quantitative EMSA assays were performed to investigate GRF 

binding with replication intermediates, the DNA fork-like structures. A fluorescent dye 

was attached to the hairpin loop and its impact on the DNA binding was determined. No 

significant differences were observed between FAM-labelled and unlabelled DNA (Figure 

13.).  

Detailed quantitative analysis was performed through a fluorescence anisotropy 

binding assay to compare GRF binding to 5′ and 3′ ssDNA overhangs. Repeated 

measurements to determine binding constants of GRF with DNA oligonucleotides with 5′ 

and 3′ ssDNA overhangs were measured. A slightly higher affinity of GRF domains 

towards oligonucleotides with 5′ ssDNA overhang was detected. However, the overall 
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binding affinity has followed a consistent trend observed from EMSA experiments. In the 

control experiment, notably weaker binding was detected between the dsDNA helix and 

the GRF domains, confirming the specificity of GRF for ssDNA (Figure 16.)  

7.10  Interaction of GRF with damaged DNA 

Because GRF domains are an important part of NEIL3 glycosylase, which is 

essential in Ap-ICL repair, the next question mark hung above question, how the presence 

of DNA damage in the form of an Ap site impacts the DNA-protein interaction. The 

experimental setup was similar to the previous experiment. DNAhp with ssDNA overhang 

at either end were used and the Ap site as DNA damage was placed in the duplex near the 

branching point (Table 2). Yet again, the Ap site was generated from uracil. 

Native EMSA experiments have revealed a preference for the 5′ ssDNA overhang by 

GRF domains (Figure 13C). However, the KD measurements showed only a slight increase 

in affinity for the 5′ ssDNA overhang in the presence of the Ap site. This remained 

consistent whether the damage was on the top or bottom DNA strand. This finding 

suggests a subtle preference for the 5′ end, but not a significant enhancement of these 

differences when DNA damage is present close to the fork branching. 

7.11  Structure of GRF with ssDNA 

Through a series of NMR experiments, the binding between different lengths of 

ssDNA and isotopically labelled GRF domains was studied. NMR titrations have shown 

that the optimal length of ssDNA oligo is around 7-9 nt. Therefore, isotopically unlabelled 

7mer (3′-GTCATGA-5′) was used for further structural analysis of interactions. 

Specifically, NMR titrations between 7mer and 13C-15N GRF1&2 were carried out (Figure 

14). 

The position of the DNA backbone bound to GRF was triangulated and a data-driven 

HADDOCK model of their complex was generated. The ensemble of the lowest energy 

structure for GRF pseudo-dimer in complex with DNA exhibited a relatively rigid 

conformation without significant interdomain rearrangements. Notably, in the GRF:DNA 

complex structure the DNA molecule is oriented from its 5′ end situated at GRF2 to the 3′ 

end, leaning over GRF1. A junction of GRF dimers is observed in the middle of the DNA 

with minimal to no interaction between the two.  
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The obtained 15N/1H HSQC spectra of the free and DNA-bound states were 

compared, resulting in highlighted residues undergoing significant perturbation upon DNA 

interaction (Figure 15). 

 

Figure 14. Complex of GRF domains with ssDNA. (A) Electrostatic surface potential of the 

GRF:ssDNA complex, where ssDNA is represented by yellow sticks. The DNA molecule is 

oriented from the 5′ end positioned at GRF2 to the 3′ end leaning over GRF1. (B) Overlay of 

selected 15N/1H HSQC spectra illustrating the chemical shift of selected amino acids from free GRF 

domains (black cross-peaks) and GRF:ssDNA complex (red cross-peaks). (C) Detail of key 

residues (R518, V520, R521 and W547) responsible for GRF:DNA interaction. 
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Figure 15. Overlay of 15N/1H HSQC spectra and chemical shift perturbations of the 

GRF:ssDNA complex. (A) Overlay of 2D 15N/1H HSQC spectra of GRF alone (grey peaks) and in 

complex with ssDNA (coral peaks). (B) Chemical shift perturbation (CSPs) along the entire 

GRF1&2 chain. Residues with changes upon the DNA binding have the greatest CSP values. (C) 

Surface representation of GRF with ssDNA (CSP as a gradient of magenta) 
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7.12  GRF and its preference for fork structure 

The structure of GRF domains with ssDNA and its butterfly-like architecture 

suggested, that each domain could bind one arm of the DNA replication fork. To 

experimentally validate this hypothesis, the interaction between GRF domains and DNA 

replication-like structures with varying lengths of ssDNA arms was tested. DNA forks 

containing short ssDNA arms of identical lengths were designed. The length of ssDNA 

arms at both 5′ and 3′ ends were 0, 1, 2, 3, or 4 nt long. DNA duplex of the fork was 

identical for all substrates and terminated in a hairpin structure to ensure complete 

annealing of oligonucleotides (Table 2).  

The investigation was performed with EMSA to assess GRF binding with these DNA 

forks. Subsequently, a fluorescence anisotropy binding assay was performed to determine 

the binding affinity of GRF domains to the DNA forks with a comparative analysis against 

DNA oligonucleotides with short ssDNA overhangs tested previously. 

GRF domains were found to bind to a replication fork DNA substrate featuring short 

ssDNA overhangs. Interestingly, in cases of 2TY, 3TY and 4TY, GRF domains exhibited 

significantly enhanced binding to these forks compared to 3T3′ or 3T5′ oligonucleotides 

(and to 4T3′ and 4T5′, respectively) with ssDNA overhangs of the identical lengths.  

Furthermore, the binding affinity of GRF domains showed a notable preference for 

fork structures compared to oligonucleotides with ssDNA overhangs even though the total 

number of nucleotides was identical (e.g. 4TY vs 8T3′ or 8T5′). Additionally, GRF 

domains showed enhanced binding towards fork structures of shorter lengths in 

comparison to single overhangs, suggesting the potential involvement of both domains in 

the binding process of both arms of the fork. 
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Figure 16. Interaction of GRF domains with different hairpin structures. FAM-labelled (star) 

hairpin structures with 3′ (blue) and 5′ (red) ssDNA overhangs. (A) Comparison of binding of GRF 

domains to hairpins with various lengths of 3′ and 5′ overhangs revealing a decreasing KD value 

with increasing overhang lengths. (B) Comparison of the binding affinity of GRF to replication 

forks vs single ssDNA overhangs. Binding assays were performed in triplicate. Error bars represent 

standard deviation (SD). 

7.13  NEIL3 requires ssDNA at the 3′ end of the lesion 

The Nei domain of the NEIL3 glycosylase exhibits substrate preference when 

catalysing the repair of Ap-ICL where the original Ap site in the crosslink is positioned on 

the 3′ arm of the replication fork [98]. To understand the role of each arm of the fork, 

enzymatic assays using a simplified DNA replication fork containing only one ssDNA 

overhang were conducted. The Ap site was incorporated in the DNA duplex substrates 

with either 3′ or 5′ overhangs 6 nt long. The Ap site was generated from uracil using UDG. 

The enzymatic reactions with the Nei domain were terminated by covalent crosslinking of 
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the Nei domain to the DNA using NaBH3CN, resulting in the formation of a DNA-protein 

crosslink. This method enables the trapping of covalent intermediate at a particular time. 

These reactions were subsequently resolved on an SDS-PAGE gel. Bands in gels 

corresponding to products were quantified against substrate and plotted against reaction 

time in a graph (Figure 17).  

Enzymatic assays revealed a 33-fold rate enhancement when using the substrate with 

the 3′ overhang compared to the 5′ overhang. These experiments demonstrate that ssDNA 

in the 3′ direction of the Ap site is critical for efficient catalysis in Nei-mediated repair 

processes. 

 

Figure 17. Trapping assays of NEIL3 with dsDNA containing native Ap site and 3′ or 5′ 

overhang. Enzymatic reactions of catalytic Nei domain with DNA with (A) 3′ overhangs or 5′ 

overhang (B). Reaction intermediate covalent complex was captured by reducing the Schiff base 

with NaBH3CN and resolved on 15% SDS-PAGE gel (C) Bands corresponding to products were 

quantified against substrate (S) and plotted against reaction time. (D) Initial rates of complex 

formation were calculated and illustrated as a bar chart. Error bars in bar charts indicate standard 

deviation (SD) from independent triplicates. 

7.14  Crystal structure of DNA:Nei complex 

To fill the knowledge about mechanisms of NEIL3 repair pathway, it was necessary 

to get and solve the structure of the Nei catalytic domain from NEIL3 with DNA substrate. 

Expressed and purified Nei domain from mNEIL3 was used. To ensure the stability of the 

complex, a covalently trapped complex was prepared using NaBH3CN. This reduces the 

Shiff base of covalent intermediate of the repair reaction between the Ap site and the Nei 

domain.  

The crystallization experiment was initially set up using several different DNA 

substrates, such as DNA hairpins with 6 nt long ssDNA overhang on either side (on 3′ or 

5′) to mimic a very simplified DNA replication fork similarly used in section 7.13. Despite 
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the preference of NEIL3 for the Ap site in the DNA strand with a 3′ overhang, only well-

diffracting crystals with DNA hairpin with a 5′ overhang were obtained (Figure 18). The 

best resolution of diffraction data was 2,28 Å (PDB ID 7Z5A). The structure was solved by 

a method of molecular replacement with a mouse NEIL3 apo structure used as a search 

model (PDB ID 3W0F) The structure was refined to achieve satisfactory geometry and R-

factors (Supplementary Table 2). 

 

Figure 18. Structure of trapped Nei domain from mNEIL3 with DNA hairpin with 5′ 

overhang. (A) Structure overview of Nei domain (light blue, PDB ID 7Z5A) with DNA hairpin. 

(B) Top view of Nei:DNA complex with key interaction residues in sticks (NTD light blue, CTD 

light pink). (C, D) Interaction scheme between DNA and Nei domain and detail of DNA binding 

pocket showing M1 forming a covalent bond with Ap site and key residues interacting with the 

damaged strand. 

The Nei domain contains two subdomains: the N-terminal domain (NTD) and the C-

terminal domain (CTD). In the NTD, catalytically active residues with a reactive amino 

group at the N-terminus are followed by eight anti-parallel ß-sheets forming a sandwich-

like structure. This arrangement is flanked by a small pair of helices and a large loop 

partially visible in electron density, suggesting some degree of flexibility. The protein is 

connected via a pair of α-helices, with CTD containing four helices and a zinc finger with 

two antiparallel ß-sheets. This overall fold closely mirrors the apo form and aligns well 

with the structural motif seen in other Nei/Fpg family members [99]. The positioning of 

NTD and CTD remains identical as observed in the apo crystal structures of mouse NEIL3 

[78]. This is in contrast with other Nei/Fpg enzymes that undergo conformational changes 

when DNA binds to the enzyme [100]. Between individual domains, the network of 
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hydrogen and salt bridges connects CTD and NTD domains, possibly contributing to 

interdomain rigidity.  

When comparing the Nei domain with and without DNA, no significant 

conformational changes are visible due to DNA binding, only several loops on both sides 

of the DNA strand undergo rearrangement to accommodate the substrate (Figure 19). The 

trapped DNA molecule is selectively recognised near the active site residue and further on 

towards the hairpin and its 3′ end. Key residues K82, H96, R94 and N193 contribute to the 

interaction with the damaged site of the strand (Figure 18). Moreover, the active site 

methionine M1 forms a covalent bond with the Ap site, that is stabilized by the hydrogen 

bridge E3 and anchored by M99 and R272. In contrast, except for the hydrogen bridge 

with Y250, there seems to be a notable absence of specific interactions between the protein 

and the ssDNA backbone on the 5′ end from the damaged site. A significant finding is the 

absence of contact between the complementary DNA strands and the enzyme. 

Interestingly, N-terminal methionine was involved in catalysis and not cleaved off, unlike 

other family members [75]. 

 



 54 

 

Figure 19. Structural alignment of Nei domain with and without DNA. (A, D) Structural 

overview of DNA-free Nei domain (beige, PDB ID 3W0F) and Nei:DNAhp complex (blue, PDB 

ID 7Z5A). (B) Close-up of residues E269 and N270 with the main chain reorganisation within this 

region (loop) DNA represented as white sticks. (C) Detail of active site pocket. 

7.15  Superimposition of obtained structures using AlphaFold model 

To elucidate the recognition of the replication fork structures by NEIL3, a model 

driven by experiments was developed. Initially, AlphaFold (AF) was used to generate a 

model of full-length NEIL3 [101,102]. Structures of GRFs and Nei domains were 

superimposed onto the AF model with DNA (Figure 20). These structures showed a 

relatively good match to the AF model (RMSDNei = 0.453 Å, RMSDGRFs = 1.980 Å). 

Interestingly, GRFs and Nei domain orientation resulted in the overlap of the DNA of the 

Nei domain overlapping with the DNA of the GRF domains, forming a Y-like shape 

strongly mimicking the shape of the DNA replication fork. Based on this observation, an 

initial model of the DNA replication fork bound to NEIL3 glycosylase was designed. 

Interdomain arrangement from the AF was used and DNA strands from both structures 

Nei:DNA and GRFs:DNA were connected. For clarity, the hairpin turn in the dsDNA part 

was preserved in the model. 
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Figure 20. Integration of the AlphaFold model, the structure of Nei and GRFs complexes with 

DNA to a model of DNA fork recognition. (A) AlphaFold model of Nei (blue) and GRFs (red). 

(B) Overlay of crystal structures of Nei:DNAhp (light blue) and NMR model GRF1&2 (light red) 

with ssDNA on the AF model (white). The DNA backbone is highlighted (orange). (C) Schematic 

representation of the experimentally driven model of Nei and GRFs proteins recognizing one 

replication DNA fork. (D) Cartoon representation of Y-DNA:Nei:GRFs complex model. 
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8 Discussion 

8.1 Surrounding nucleotides and their effect on Ap-ICL formation 

Initial investigation into Ap-ICL formation suggested two types of crosslink[17,32]. 

Ap-ICL can be formed between the Ap site and guanine or adenine in the opposite DNA 

strand within the 5′-dC-Ap-dT sequence. Using the same sequence, the NMR study 

identified a 5′-Ap-dT as a “hotspot” for in vivo Ap-ICL formation [31]. Our study focused 

on the 5′-Ap-dT “hotspot” for further investigation.  

A variety of synthesized DNA oligonucleotides with different sequences around the 

Ap site was used for the study on non-enzymatic Ap-ICL formation. By measuring its 

kinetics, the impact of different surrounding nucleotides on Ap-ICL formation rates was 

revealed. Despite slight variations in rates, a key observation is the consistent and stable 

formation of Ap-ICLs across diverse sequences with also a half-life of stability longer than 

30 days. The stability of different Ap-ICL sequences was also observed in the literature 

[38,103–105]. 

The data revealed minimal impact on Ap-ICL formation rates while changing single 

nucleotide or base pair near the Ap site with a maximum yield of approximately 15%. 15% 

of Ap sites are transformed into Ap-ICLs. However, the presence of AT-rich or GC-rich 

regions significantly affects ICL formation with higher rates in the AT-rich sequence. That 

is potentially due to weaker base-pairing that may influence local melting and would 

contribute to crosslinking reactions to proceed more often. 

Even though our study is focused on in vitro non-enzymatic formation of Ap-ICLs, 

another aim was to shed light on an approximate amount of Ap-ICLs formed in one human 

cell. Previous articles estimate, that 10,000 Ap sites are generated one day in a cell by 

spontaneous deamination and depurination and this number is even further increased by the 

activity of different DNA glycosylases [8,25,27]. Mass spectrometry method using O-

(pyridine-3-yl-methyl) hydroxylamine (PMOA) estimated 2 Ap sites per 107 nt [106]. The 

human genome contains 3.2 x 109 nt and is diploid leading to approximately 160 Ap sites 

in one human cell. Our data shows that 15% of Ap sites are transformed into Ap-ICLs 

without the action of any reparation process. Most Ap-ICLs are however repaired by 

NEIL3 repair pathway or other reparation processes or are protected by DNA-protein 

crosslinks. Also, human Ap endonuclease and exonuclease APEX1 cleave the Ap-ICL by 
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exonuclease activity [54,103,105,107–109]. This all suggests that only 0.25-4% of the sites 

may form the Ap-ICL in one day, leading to around 1-5 Ap-ICLs present or formed in a 

human cell. 

8.2 Model of recognition of stalled replication forks by NEIL3 

The solved crystal structure of the catalytic Nei domain from NEIL3 in complex with 

DNA hairpin structure gave us important insight into the interaction of the Nei domain 

with its substrate. Nei domain did not undergo any significant conformational changes. It 

might be because the Nei domain was not in complex with its preferential substrate. 

It is also important to note the Shiff base was made between the Ap site and 

methionine M1, a residue typically cleaved off in the proteins the Fpg/Nei family. DNA 

glycosylases from Fpg/Nei family require post-translational modification by methionine 

aminopeptidase to cleave the first methionine [60,75]. This aspect could impact the 

catalytic activity of Nei domain and interaction with catalytic substrates and other residues 

as discussed in the subsequently published paper [110]. Our study aimed to get an insight 

mainly into the binding activity of the Nei domain. However, this perspective has opened a 

new door for further investigation of the effect of the first residue on catalytic activity and 

the substrate specificity not only of NEIL3 but perhaps the entire Fpg/Nei family. 

Using NMR spectroscopy, the structure of GRF domains from mouse NEIL3 was 

determined. While previous crystal structure studies of human GRF domains suggested 

interdomain motion, our data reveal limited movement between GRF1 and GRF2 

suggesting relative rigidity [82]. The limited movement is perhaps due to salt and hydrogen 

bridge interactions between the GRF dimer interface. In these interactions are involved 

residues R560, D549 and R529 and mainchain atoms from A548 with Q530 and R560 with 

F552. Residues at the N- and C-termini of the GRF domains including E595 and S505, 

R1514 and G597 are involved. Our NMR measurements do not support the suggested 

interdomain motion observed in the human homologue. For all ensembles whether in the 

apo or DNA-bound state, the structure of the mouse GRF dimer remains identical.  

Our biochemical data provide evidence supporting the ability of GRF to bind short 

replication forks in a specific manner. GRF dimer seems to have an ideal structural 

arrangement to accommodate the branching point of the replication fork with each domain 

binding to one DNA strand. These findings suggest a potential role for GRF domains in the 

binding to replication structures during the repair process. As previously reported, when 
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K553 from GRF2 is mutated, it disrupts binding activity to short ssDNA substrates [81]. 

This and our NMR structure indicate that DNA is initially bound to GRF2 with a 

preference for the 5′ strand. This further supports our finding, that GRF preferentially 

binds to 5′ ssDNA overhang. 

Recent work has stated that GRF domains inhibit the enzymatic activity of the Nei 

domain [82]. This observation seems surprising, as other articles propose that GRF 

domains stimulate the activity of enzymes containing this domain [80,111]. The observed 

decrease in the reaction rate catalyses by the Nei domain and therefore the inhibition could 

be explained by the competition between GRF and Nei for ssDNA of single DNA fork. 

Both GRF domains and Nei domain efficiently bind Y-forked substrates in their ssDNA 

parts suggesting a potential competition for the substrate of the NEIL3 enzyme. This 

competition could explain the previously observed inhibitory effect of GRF. 

Our study proposed two different models for the role of GRF domains in Ap-ICL. 

GRF may inhibit or regulate the enzymatic activity of the Nei domain. It also could 

enhance the selectivity of the NEIL3 enzyme towards structurally more complex substrates 

generated during the replication-coupled repair of the Ap-ICL. Our study proposes a model 

where GRF domains bind a DNA replication fork at the interface with Nei (Figure 20). 

Efficient crosslink repair in Xenopus egg extracts showed the convergence of two 

replication forks from each direction [49,50,54]. Therefore two-fork model with Nei and 

GRF domains was designed (Figure 21). However, the proposed single-fork model and the 

Nei crystal structure contain structures that are oriented unfavourably for enzymatic 

catalysis (Figure 18, Figure 20). A fork branching point or a 3′ ssDNA overhang is 

required in the opposite direction away from the GRF domains for efficient catalysis. This 

ensures that the 3′ ssDNA overhang of the fork is in the DNA binding pocket, where key 

residues for interaction (K82, H96 and R94) are situated. The predicted GRF:Nei 

interdomain interaction from AF and the binding preferences of GRF domains for 5′ ends 

and Nei for 3′ ends suggest that GRF bind one DNA fork whereas the Nei domain would 

demand a free 3′ ssDNA end for efficient catalysis. To meet this requirement and avoid 

substrate competition second fork must be present, eventually forming an X-shape 

structure (Figure 21).  
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Figure 21. Model of NEIL3 recognition of two stalled replication forks. (A) Scheme of 

replication-coupled repair of the Ap-ICL I) Two replication forks encounter the crosslink. The 

CMG helicase (yellow) is ubiquitylated by TRAIP1 (light purple) and ubiquitin chains recruit 

NEIL3 (Nei, GRFs, NZF; blue, red, grey). II) NEIL3 recognizes the double fork forming the DNA 

X-structure at Ap-ICL. III) Unhooking of the Ap-ICL followed by further repair steps. IV) 

Repaired strands. (B) Schematic design of the model. (C) Final experimentally driven model of 

NEIL3 bound to the X-structure. Stalled replication fork on the Ap-ICL recognized by Nei (blue) 

and GRF domains (red) of NEIL3 glycosylase. The damaged DNA strand with Ap site leading to 

the crosslink is shown in cyan while the undamaged strand is in orange. 

Nei and GRF domains bind the complementary ssDNA part of the fork-like 

structures with GRF’s preference for 5′ end and Nei’s preference for 3′ end while both 

domains bind one replication fork with such an orientation that the Ap site is situated in the 

Nei’s active site pocket. This all together predicts that GRF recognizes one fork and the 

Nei domain the other fork of the X-structure. In this case, the repair process won’t be 

slowed down by NEIL3 and GRF competing for the fork, if an X structure is present. This 

would result in efficient crosslink repair. Our structural and biochemical findings strongly 

support that efficient Ap-ICL repair by NEIL3 glycosylase requires two forks. However, 

further studies are needed to validate this model. 
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9 Conclusion 

This work significantly contributed to the understanding of sequence-related 

formation and stability of Ap-ICL. Most strikingly, Ap-ICL consistently forms within 

every sequence tested, which suggests the likelihood of its formation within the human 

genome. On top of that, stability experiments revealed, that Ap-ICL is very stable over 

time. This underscores the importance of the reparation machinery of Ap-ICL. 

Furthermore, this work expands knowledge about the Ap-ICL repair mechanism 

through the NEIL3 pathway. From a series of binding assays, the binding activity of GRF 

and Nei domains of NEIL3 DNA glycosylase was tested. GRF domains exhibit a 

preference for binding to DNA with 5′ ssDNA overhangs also regardless of the position of 

the Ap site. In contrast, the Nei domain favourably interacts with DNA when the Ap site is 

present near the 3′ ssDNA overhang. This all can result in cooperative work of these 

domains in Ap-ICL repair. Through the obtained NMR structure of GRF domains with and 

without DNA and the crystal structure of Nei domain with DNA hairpin, the intermediate 

state of Ap-ICL repair was modelled, where GRF and Nei domains play a role in the 

recognition of two stalled replication forks. This emphasizes the requirement for two forks 

for efficient binding of both domains from NEIL3 glycosylase. 
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11 Supplementary 

Supplementary Table 1: NMR Constraints and Statistics for the final set of structures. 

Non-redundant distance and angle constrains   

Total number of NOE restraints 1565 

Short-range NOEs   

Intra-residue (i = j) 421 

Sequential (| i - j | = 1) 400 

Medium-range NOEs (1 < | i - j | < 5) 169 

Long-range NOEs (| i - j | ≥ 5) 569 

Torsion angles 134 

Hydrogen bond restrains 30 

Total number of restricting restraints 1729 

Total restricting restraints per restrained residue 18.6 

Residual constraint violations   

Distance violations per structure   

0.1 – 0.2 Å 0.23 

0.2 – 0.5 Å 0 

> 0.5 Å 0 

r.m.s. of distance violation per constraint 0.01 Å 

Maximum distance violation 0.19 Å 

Dihedral angle viol. per structure   

1 – 10 ° 2.49 

> 10 ° 0 

r.m.s. of dihedral violations per constraint 0.66° 

Maximum dihedral angle viol. 8.50° 

Ramachandran plot summary   

Most favoured regions 89.6% 

Additionally allowed regions 10.4% 

Generously allowed regions 0.0% 

Disallowed regions 0.0% 

r.m.s.d. to the mean structure All / ordered1 

All backbone atoms 1. 0.8 Å 

All heavy atoms 1.4 / 1.2 Å 

PDB entry 7OMK 

BMRB accession code 34630 

1Residues with sum of phi and psi order parameters > 1.8 
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Supplementary Table 2: Crystallographic statistics PDB ID = 7Z5A 

Crystal structure mNEIL3(NEI)-DNAhp 

Diffraction source Bessy 14.2 

Wavelength (Å) 0.9184  

Space group P 21 21 21 

Cell (a, b, c) (Å) 56.16 71.56 94.44  

Cell (α, β, γ) (°) 90.0 90.0 90.0 

Resolution range (Å) 28.85 - 2.28 (2.341 - 2.28) 

Total no. of reflections 212864 (15869) 

No. of unique reflections 17642 (1761) 

Multiplicity 12.1 (10.8) 

Completeness (%) 0.99 (0.96) 

Mean I/σ(I) 9.65 (2.85) 

R-merge (%) 16.75 (62.0) 

CC1/2 0.992 (0.961) 

CC* 0.998 (0.99) 

R-work (%) 23.7 (33.0) [24.6] 

R-free (%) 26.1 (37.2) [27.6] 

Number of non-H atoms 2529 

RMSD Bonds (Å) 0.005 

RMSD Angles (°) 0.85 

Ramachandran (%) 98.06/1.94 

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

R-factors were calculated in the refinement in Phenix Refine (5)⁠, those in brackets [R-work/R-free] 

were calculated during deposition (https://deposit-pdbe.wwpdb.org/) 
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