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Abstract 

In all living organisms, various types of DNA damage pose a constant risk to genomic DNA. 

Among these DNA damages, DNA double-strand breaks (DSBs) are one of the biggest threats 

to genomic integrity, as they can cause gross chromosomal aberrations and rearrangements, if 

left unrepaired. Two major DSB repair pathways exist: Non-homologous end joining (NHEJ) 

and homologous recombination (HR). NHEJ repairs DSBs in a template-free mechanism by 

direct ligation of two DNA ends. While this enables NHEJ to act throughout the cell cycle, it 

may also lead to insertions or deletions. HR on the other hand, is a more complex repair 

pathway, using sister chromatids as a template to allow error free DSB repair, but is restricted 

to S and G2 phases of the cell cycle. 

A key player in the initial steps of DSB repair is the Mre11-Rad50-Nbs1 (MRN) complex. The 

heterotetrameric Mre11-Rad50 core complex (MR) is conserved throughout all domains of life 

and is formed by the Mre11 nuclease and the ATP-binding cassette (ABC)-type ATPase Rad50 

with its long protruding coiled coils (CCs). Complemented by Nbs1 in eukaryotes, the MR(N) 

complex forms a versatile ATP-dependent nuclease complex able to sense and process DSB 

ends. Aside of its physiologically critical nuclease functions, the MRN complex acts in DSB 

end tethering, DNA damage response signaling and telomere maintenance. 

After 25 years of research on MR(N), several key questions about the complex’s functionality 

remain unanswered. Lacking a structural basis for MR(N)’s conserved exo- and endonuclease 

activities, it is not clear how the DNA can access the Mre11 nuclease active site to enable 

cleavage. Although it was shown that Rad50’s CCs are essential for MR(N) functionality, the 

mechanistic role of the coiled coils is still not understood. Here, the recent resolution revolution 

in cryo-EM enabled us to structurally investigate the full-length E. coli MR (EcMR) complex. 

The first part of this thesis describes two structures of the EcMR head complex: an ATPγS 

bound resting and an ADP (ATP post-hydrolysis) and DNA bound exonuclease active state. In 

the resting state, EcMR matches former MR crystal structures, where the ATP-bound Rad50 

NBDs block the Mre11 nuclease active sites, forming an autoinhibitory state. Moreover, the 

CCs point outwards from the globular head domain, suggesting a ring-shaped conformation. 

Upon DNA binding and ATP hydrolysis, the exonuclease state reveals large conformational 

rearrangements. The CCs move inwards to clamp around the DNA, transitioning from a ring- 

to rod-shape conformation that could be resolved up to 200 Å in distance. In addition, the Mre11 

dimer relocates to the side of the Rad50 NBD, forming a DNA cutting channel. This positions 
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the free DNA end close to the nuclease active site of one Mre11 monomer to enable 

exonucleolytic cleavage. 

The second part of this thesis presents the structures of EcMR bound to a protein-blocked DNA 

end, as well as a DNA hairpin. These ATP-regulated endonuclease states of EcMR match the 

previously described exonuclease state. Our data reveals that the formed DNA cutting channel 

can accommodate and process free DNA ends, hairpins and internal sites of DNA in a unified 

nuclease mechanism. The endonuclease state further shows that EcMR bends internal DNA for 

endonucleolytic cleavage and is loaded onto blocked ends with Mre11 pointing away from the 

block. Taken together, this not only explains the distinct biochemistries of the exo- and 

endonuclease activities through the way Mre11-Rad50 interacts with diverse DNA ends, but 

also unifies MR’s enigmatic nuclease diversity in a single structural framework. 
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1 Introduction 

1.1 DNA damage and its role in aging and disease 

DNA damage is a naturally occurring event in all living organisms, steadily threatening 

genomic integrity. Unlike most macro-molecules in the cell, being degraded and replaced when 

damaged, the genome acts as a persistent blueprint for all cellular functions. Thus, upon harmful 

events, it is dependent on rapid and precise DNA repair mechanisms1,2. 

Underlying causes for DNA damage include numerous endogenous and exogenous factors1,2. 

These share common chemical events and mechanisms such as hydrolysis, exposure to reactive 

oxygen species (ROS) or other reactive metabolites3. Spontaneous occurring DNA damage 

adds up to the order of 104-105 events per cell and day, leaving the maintenance of genomic 

stability as a continuous challenge. While endogenous sources of DNA damage, e.g. metabolic 

ROS, are known to appear continuously, exogenous factors such as chemicals or ionizing 

radiation can be more potent2-4. Examples of DNA damage include for instance ultraviolet light 

(UV)-induced photo-products, inter- and intrastrand crosslinks, bulky chemical adducts, abasic 

sites, base pairing mismatches or ROS-driven oxidative damage products such as 8-oxoguanine 

(8-oxoG) (Figure 1)5. Among these DNA threats, abasic sites formed by hydrolysis of the 

glycosidic bond between the DNA base and the sugar moiety is known to be the most abundant 

one3,4. Less frequent but potentially more toxic are single- or double-stranded breaks (SSBs and 

DSBs) in the phosphate deoxyribose backbone of the DNA. These DNA strand breaks can 

either arise as a consequence of exogenous influences, e.g. ionizing radiation, or intrinsic DNA 

metabolism, such as replication or decatenation of closed, circular chromosomes2,3. If left 

unrepaired, DSBs may lead to large chromosomal rearrangements or aneuploidy, threatening 

chromosomal stability and overall genomic integrity5. 

Accumulation of damage in cells, tissue and organs over time is associated with gradual 

functional decline and aging. However, the influence of DNA alterations on aging and the 

underlying molecular basis is still not fully understood5,6. The central role of intact genomic 

DNA is exemplified by a rapidly expanding family of rare inherited disorders called segmental 

progeroid syndromes. In these syndromes, genome maintenance is compromised with the 

phenotypic outcome of many accelerated features of aging5,7. Intriguingly, this also indicates 

functional genome maintenance as a potential anti-aging mechanism5,7. 



1 Introduction 

2 

 

While DNA damage is the driving force behind both, cancer and aging, the consequences of 

the accumulated damage are essentially twofold. First, misrepair or replication of damaged 

DNA templates will lead to the consolidation of mutations. This will further result in permanent 

changes of the genetic code as well as chromosomal aberrations, ultimately increasing the risk 

of cancer formation. Second, DNA damage might dysregulate the process of DNA transcription 

or lead to replication arrest, resulting in cell death or cellular senescence, which is linked to 

aging5. 

To protect the cell from the effects of DNA damage, all organisms developed a series of robust 

repair mechanisms and signaling cascades. These help to sense the various types of DNA 

damage, halt the cell-cycle to prevent mutagenic consolidation and repair the genomic lesions 

that occur2,5. 

 

 

Figure 1: Examples of DNA damage sources, types and their impact on cancer and aging. The upper 

part shows different DNA damaging agents accounted to the two main groups of exo- and endogenous 

sources and the kinds of damage that can be inflicted on DNA. The lower section illustrates the twofold 

consequences of those various damage types on cancer development contrary to the process of aging, as well 

as the antagonistic effect of DNA repair mechanisms. Figure based on Hoeijmakers, 20095. 
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1.1.1 DNA damage by exogenous sources 

Exogenous sources of DNA damage, also known as environmental DNA damaging factors, 

include ionizing radiation (IR), UV light, and a variety of chemical agents (Figure 1)5. 

Epidemiologic studies showed that exogenous factors are the pivotal cause in the development 

of about 75-80% of sporadic cancers3,8,9. These numbers are probably even underrated, 

considering the numerous currently unidentified exogenous DNA damaging factors likely 

playing a role in many cases of cancer3. 

One of the most prominent examples of exogenous sources of DNA damage is the exposure to 

high energy radiation, such as X-rays or γ radiation10. Those ionizing radiations damage the 

DNA in a twofold manner, either by direct or indirect effects, leading to single- or double-

strand breaks and ROS formation. Direct DNA damage by IR results from absorption of the 

radiation energy by the DNA. This leads to ionization and thus alterations in nucleobases and 

sugar molecules11. Indirect damage on the other hand, manifests in cleavage of water molecules, 

generating highly reactive hydroxyl radicals10,11. Due to the water dominated nature of 

biological systems, ROS formed by water radiolysis are a major source for high energy 

radiation-induced indirect DNA damage11. The produced hydroxyl radicals have been found to 

induce the formation of e.g. DNA-protein crosslinks (DPCs). These DPCs are formed through 

a covalent linkage of nuclear proteins to the DNA. Furthermore, formation of DPCs is 

preferentially induced in actively transcribing or replicating regions of the genome12-14. 

Another example of an exogenous source of DNA damage is UV light. Upon exposure to UV 

radiation, e.g. from sunlight, cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts are 

frequently formed DNA lesions. They are further classified among the UV-induced photo-

products, covalently linking two adjacent pyrimidines11. 

A ubiquitous group of DNA damaging chemicals frequently found in the environment, although 

generally in low concentrations, are alkylating agents15. Alkylating agents are electrophilic 

compounds able to react with many sites in DNA, based on their affinity for nucleophilic centers 

as found in DNA bases11. In principle, alkylating reagents react with the extra-cyclic oxygen 

and ring nitrogen atoms of the nucleobase, generating a large variety of covalent alkyl-adducts 

with varying complexity15,16. Following up on those primary alkylation products, the damaged 

sites are also highly susceptible for consecutive damage by generation of abasic sites, strand 

breaks or inter-strand cross-links. In human, N-nitroso compounds (e.g. N-nitrosodimethyl-

amine), e.g. found and formed in tobacco smoke, are known to be the major exogenous source 

of alkylation DNA damage15,17. 

Aside from direct DNA interaction and damage, some exogenous agents also promote genomic 

instability by direct interference with a specific repair pathway, rather than DNA itself. For 

example, it was shown that chronic exposure to environmental levels of cadmium inactivates 

the mismatch repair (MMR) pathway in yeast, both, in vivo and in vitro18,19. As MMR takes a 
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pivotal role in the maintenance of genome stability, interference with the latter is a great risk 

factor for the development of cancer. Hence, even moderate inhibition of the MMR pathway 

by Cadmium or other exogenous agents might harbor drastic implications for human health19. 

1.1.2 DNA damage by endogenous sources 

Based on their concentrations and mutagenic potentials, exogenous factors of DNA damage are 

not sufficient to explain the full incidence of sporadic cancer cases, to date3,20. Hence, a 

comprehensive knowledge of endogenous DNA damage types and their prevalence, also in 

combination with exogenous factors, appears to be crucial to understand the process of 

carcinogenesis3. 

Endogenous DNA damage includes a variety of different factors, e.g. oxidative damage via 

ROS, alkylation, hydrolysis or hydrolytic deamination. Even though those types of DNA 

damage are produced by ordinary cellular processes, they are chemically very similar to the 

damages caused by some exogenous agents and their metabolites3,10. 

A major source of endogenous DNA damage occurs on the basis of ROS. ROS are generated 

as a natural byproduct of cellular processes such as cellular respiration. Here, the cytochrome 

oxidase of the respiratory chain metabolizes some oxygen only by a sequence of one electron 

reductions resulting in ROS molecules. Metabolism of approximately 1012 molecules of oxygen 

per human cell and day, results in 1% ROS production of this total metabolic turnover – a vast 

source of endogenous DNA damage10,21. In addition, cell injury, inflammation, phagocytosis or 

hydroxylation of steroids and drugs are further examples for sources of ROS generation10,22,23. 

The generated ROS species include not only hydroxyl radicals, which are assumed to be the 

predominant species, but also hydrogen peroxide, superoxide, as well as singlet oxygen. The 

damaging effects of the latter are numerous, ranging from SSBs and DSBs, to abasic sites after 

oxidative attack on the sugar moiety, or direct nucleotide modifications, such as 5-

hydroxycytidine10,24,25. 

Another source of endogenous DNA damage are various classes of naturally occurring 

enzymes, e.g. topoisomerases. Topoisomerases are a class of enzymes, which release 

superhelical stress from DNA during replication and transcription. Furthermore, they aid 

recombinatorial processes such as meiotic recombination through generation of single- and 

double-strand breaks26. TOP1, for example, introduces single-strand nicks to initiate DNA 

relaxation. During this DNA cleavage event, a covalent phosphodiester bond is formed between 

the conserved catalytic tyrosine and the 3'-phosphate DNA residue at the break site27-29. 

Stabilization of this cleavage complex, by e.g. topoisomerase poisoning, is detrimental to cells 

due to disrupted DNA uncoiling, increased strand breaks, incomplete DNA replication and 



1 Introduction 

5 

 

unstable RNA transcripts. This knowledge is nowadays also exploited for cancer treatment 

using novel TOP1 inhibitors based on the initially discovered agent camptothecin29-31. 

Aside of topoisomerases, polymerases are another class of enzymes, which may contribute to 

endogenous DNA damage. Polymerases may introduce insertions or deletions, when the 

replication machinery encounters repetitive DNA sequences, causing polymerase slippage32. 

Several of the 15 known mammalian DNA polymerases adopt important roles in base excision 

repair (BER) and nucleotide excision repair (NER). Here, they fill in the gaps left by the 

removal of damaged bases and nucleotides33. In case of unrepaired DNA lesions, some of those 

polymerases are specialized on a process called translesion DNA synthesis (TLS). Thereby, the 

polymerases are able to insert a nucleotide opposite to a DNA lesion and bypass the damaged 

site as part of a DNA damage tolerance mechanism33. However, this process also leads to the 

accumulation of point mutations and hence carries a high mutagenic risk33,34, particularly in 

cancer tissue exhibiting elevated DNA lesion rates compared to normal tissues35. On the other 

hand, a deficiency of one of those TLS polymerases, e.g. Pol η in xeroderma pigmentosum 

variant XP-V, predisposes humans to cancer33,36. Pol η normally bypasses TT-cyclobutane 

pyrimidine dimers (CPDs) and correctly inserts Adenosine deoxynucleotides, upon DNA 

damage by UV radiation37. However, in XP-V patients, mutations in the POLH gene leave the 

enzyme dysfunctional38,39. This results in DSBs due to replication fork stalling and collapse at 

sites of UV-induced DNA damage and ultimately in a greatly increased risk of sunlight-induced 

carcinomas40. 

1.1.3 DNA double-strand breaks promoted by exo- and endogenous factors 

DSBs are one of the least occurring but most toxic DNA lesions, requiring repair to ensure 

chromosomal integrity41. Studies estimated breakage rates of ~50 break sites per cell and cell 

cycle for vertebrate cells, derived from experiments in chicken DT40 cells42,43. In comparison, 

spontaneously occurring DNA damage by exo- and endogenous factors, such as oxidative 

damage to DNA bases, adds up to the order of 104-105 events per cell and day5. This illustrates 

the low abundance of DSB events in comparison to other DNA lesions5,41. High doses of IR, 

for example, normally create DNA SSBs but can also give rise to DSBs, if two nicks are present 

within one turn of the DNA double helix. Moreover, usage of topoisomerase inhibitors, such as 

camptothecin or etoposide in cancer treatment, will lead to the formation of DNA single- and 

double-strand breaks, respectively41,44. But even without exogenous stress factors, the cell cycle 

and in particular the process of genome replication, leaves DNA vulnerable to damage, 

promoting genomic instability if unrepaired41. Many of those endogenous hazards are prone to 

lead to replication fork stalling, e.g. due to altered DNA or chromatin structures. This may then 

give rise to DSBs due to replication fork regression and formation of a Holliday junction (HJ) 
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“chicken foot” intermediate, which is cleaved by HJ resolvases, leading to a fork collapse. The 

collapsed replication fork reflects a one-ended DNA double-strand break, able to initiate 

homologous recombination by strand invasion and bypass potential DNA lesions to restart 

replication41,45 (Figure 2). 

 

 

Figure 2: Example of replication fork stalling and restart due to a DNA lesion. In this schematic 

illustration, DNA replication stalled at an UV-induced thymidine dimer (TT). The stalled replication fork 

may now undergo regression, initially forming a holiday junction (HJ) “chicken foot” intermediate by pairing 

of the newly synthesized strands. HJ resolvases, which are endonucleases, are now cleaving this HJ 

generating a collapsed fork. This collapsed fork is effectively a one-ended chromosome or double-strand 

break, able to subsequently initiate homologous recombination (HR) by strand-invasion to bypass the DNA 

lesion and restart replication. Dashed lines illustrate newly synthesized DNA in the same color as the parental 

strand. Arrowheads indicate the 3' ends of the DNA strand. Figure based on Mehta and Haber, 201441. 

 

Despite their threatening nature and the resulting gross chromosomal aberrations, if left 

unrepaired, DSBs are central to a couple of cellular processes. These processes, involved in 

immunity and meiosis, utilize DSBs as a recombinatorial force in a controlled and regulated 

framework46. 
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1.1.4 Programmed endogenous DNA double-strand breaks 

Even though, DSBs are the most toxic DNA lesions given their oncogenic potential, 

programmed DSBs (prDSBs) are essential to a number of biological processes. Such prDSBs 

are e.g. generated during V(D)J recombination, immunoglobulin class switching or meiotic 

recombination. As defects in these processes may lead to sterility, aneuploidy or severe immune 

deficiency, efficient control mechanisms co-evolved to avoid the deleterious consequences of 

uncontrolled or misrepaired prDSBs46. 

1.1.4.1 V(D)J recombination and immunoglobulin class switching 

In V(D)J recombination, exons encoding for the variable domains of T cell receptors and B cell 

immunoglobulins are varied and assembled prior to expression. A “cut and paste” transposition 

mechanism physically links previously shuffled variable (V), diversity (D), and joining (J) 

segments in a combinatorial somatic rearrangement process46,47. The initiating prDSBs for this 

mechanism are generated by the lymphoid-specific enzymes RAG1 and RAG2 (recombination-

activating genes 1 and 2) forming the RAG endonuclease47. To ensure site-specificity, RAG1 

and 2 are only acting on V(D)J segment flanking recombination signal sequences (RSSs). Here, 

endonucleolytic DNA cleavage by RAG occurs by a nick-hairpin mechanism. Using 3'-OH 

ends exposed by initial single-strand nicking, the reaction yields a pair of blunt, 5'-

phosphorylated signal ends and a pair of covalently sealed hairpin-terminated coding ends48,49. 

Due to the limitation of V(D)J recombination to the G0/G1 phase of the cell cycle, resulting 

prDSBs are predominantly repaired by NHEJ (see also 1.2.1 NHEJ – Non-homologous end 

joining)46,50. The NHEJ mediated repair results in two types of joined products. First, a due to 

the blunt-ends precisely formed signal joint. Second, a coding joint often accompanied by small 

nucleotide insertions or deletions. The latter is due to the required hairpin-rescission prior to 

ligation, but may even increase the gained sequence variability49. Overall, this guarantees a 

mere infinite bandwidth of antigenic recognition specificities by the adaptive immune systems 

B and T lymphocytes46. Yet, the inability to perform V(D)J recombination, either by non-

functional prDSB introduction or insufficient repair, leads to B- and T cell maturation arrest 

and finally to severe combined immune deficiency (SCID) syndromes in human and mice51. 

Another mechanism related to the B lymphocyte mediated immune response is the 

immunoglobulin (Ig) class switch recombination (CSR). B lymphocytes use this gene 

rearrangement process to change the isotype of the Ig heavy chain constant region from IgM 

(µ), to IgG (γ), IgA (α) or IgE (ε). Roughly speaking, class switching from IgM to a different 

Ig class occurs as an intrachromosomal DNA deletion between preceding repetitive switch 

regions (S-region). This then results in replacement of the IgM constant region with a 

downstream one (γ, α or ε)52,53. At the molecular level, activation-induced deaminase (AID), a 
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B cell and ssDNA specific enzyme54, catalyzes the conversion of cytosine nucleobases to uracil 

by a deamination reaction at transcribed regions55. This deamination can either be recognized 

as a base damage or as a U:G mismatch, which generally would be processed by BER or MMR 

pathways, respectively. However, repair of AID-generated uracils was shown to be highly 

mutagenic in B lymphocytes leading to DSBs during CSR, even though the exact mechanism 

for this error-prone outcome still remains elusive52,56. Once the DSBs are formed between the 

S-regions, the generated ends will be processed and ligated by the NHEJ repair pathway57. 

1.1.4.2 Spo11-dependent DSBs in meiotic recombination 

Meiosis is the fundamental process for sexual reproduction, due to its ability to generate haploid 

cells containing a single copy of each chromosome. During meiotic prophase of sexually 

reproducing organisms, hundreds of prDSBs are generated along the chromosomes which need 

to be repaired in the subsequent process. DSB formation and repair is pivotal for meiotic 

recombination of DNA segments between homologous chromatids, generating genetic 

diversity. However, due to the numerous prDSBs, meiotic recombination may also harbor a 

serious threat for the genomic integrity and stability, if malfunctions occur46,58. 

The mechanism of meiosis, and meiotic recombination in particular, is evolutionary conserved. 

Initiation of this process was early on found to be connected to DSB formation by the dimeric 

topoisomerase-like protein Spo11, which cleaves both DNA strands creating a DSB site 59. 

Extrapolation of the structure of the closely related Topoisomerase VIA enzyme helped to 

understand this cleavage mechanism in greater detail60. The dimeric Spo11 contains two metal 

binding sites which are positioned in close proximity to the scissile bonds on either strand of 

the DNA duplex. A catalytic tyrosine residue in the active site of each monomer can now 

interact with the pre-positioned metal binding pocket of the mutual monomer61. Thereby, two 

hybrid active sites are formed on both DNA strands of the duplex, enabling DSB formation by 

a transesterification reaction59,61. The newly created 5' DNA ends remain covalently bound to 

the catalytic tyrosine residues in each of the active sites of the Spo11 monomers. Due to the 

dimeric nature of Spo11, this cleavage mechanism further results in a spatial tethering of the 

newly generated DSB ends62. To enable DSB repair by HR, the covalent Spo11 adducts need 

to be removed, but to date the underlying mechanism is not fully understood. Different studies, 

mainly performed in yeast, suggest that Spo11 is removed by asymmetric endonucleolytic 

incisions of the attached 5' ended DNA strand by the Meiotic recombination 11 homolog A 

(Mre11) nuclease63,64. 
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1.2 DNA repair 

To cope with the constant challenge of environmental and metabolic sources of DNA damage, 

several DNA repair pathways have evolved. Upon accumulation of DNA damage, deficiencies 

in these repair mechanisms may lead to genomic instability, apoptosis or senescence on a 

cellular level. These cellular effects in turn are the basis for drastic functional consequences 

including embryonic lethality, rapid aging, a variety of medical syndromes or the development 

of cancer. Hence, efficient recognition and repair of DNA damage through coordinated 

checkpoints and repair pathways is crucial for cells and organisms65. Figure 3 summarizes the 

main DNA repair pathways and examples for their corresponding types of DNA damage. 

 

 

Figure 3: DNA damage repair pathways. Several DNA repair pathways exist to deal with a vast number 

of different DNA lesions from which some are illustrated here. The existing DNA repair pathways include: 

direct reversal of DNA lesions, mismatch repair (MMR), nucleotide excision repair (NER), base excision 

repair (BER), single-strand break repair (SSBR), non-homologous end joining (NHEJ) and homologous 

recombination (HR). Figure based on Hakem, 200865. 

 

Comparably small DNA lesions, such as alkylations of nucleobases, can be repaired by a single 

step direct reversal pathway. One example would be the reversal of O6-methylguanine, e.g. 

generated upon exposure to N-nitroso compounds such as N-nitroso-N-methylurea. In 

mammals, the enzyme O6-methylguanine-DNA methyltransferase (MGMT) executes single-

step repair by transfer of the methyl group to an inherent, specific cysteine residue65,66. 

Base-base mismatches can be caused by DNA polymerase errors, defective proof-reading 

functions or extrahelical insertion/deletion loops (IDLs) due to slippery microsatellite repeats 

(e.g. [A]n or [CA]n). If present, they are main targets of the mismatch repair system (MMR). As 

MMR is a complex, but evolutionary conserved pathway, large parts of our understanding of 

the mammalian mechanism come from studies of the E. coli MMR proteins MutS, MutL and 
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MutH. In brief, post-replicative MMR recognizes and degrades the mismatched section of the 

newly synthesized DNA strand and corrects them with the help of DNA polymerases67. 

Intriguingly, it is essential for successful mismatch repair to only recognize and target the newly 

synthesized strand, which contains the error – a requirement not met in alternative repair 

pathways such as BER or NER68. 

The majority of endogenously derived and nucleobase-focused DNA damage, e.g. alkylations, 

oxidations or deaminations and depurinations, are the target of BER. DNA glycosylases take 

over the initial step of damaged DNA base recognition. Here, they share the mechanistic feature 

of turning the damaged base out of the DNA helix into a substrate-specific binding pocket. By 

cleavage of the N-glycosyl bond an abasic site is generated, that is subsequently excised69. In 

short patch BER, Pol β removes the remaining sugar by its lyase activity, further enabling it to 

fill the gap, which is then sealed by ligase 1 or ligase IIIα/XRCC1. If, however, the sugar 

removal is impaired, a long patch alternative is initiated. Here, the damage containing strand is 

displaced and removed by flap structure-specific endonuclease 1 (FEN1), enabling re-synthesis 

by different replicative polymerases such as Pol λ69,70. 

Nucleotide excision repair (NER) acts on the clearance of bulky DNA lesions, such as UV-

induced CPDs (see also 1.1.1 DNA damage by Exogenous Sources) using a multifaceted “cut 

and patch” reaction11,71. In the early NER stages, there are two main sub-pathways: Global 

genome NER (GG-NER) and transcription-coupled NER (TC-NER) – both involved in lesion 

detection and initiation of latter uniform steps of NER. GG-NER examines the genome for 

nucleotide alterations which are associated with DNA helical distortions, while TC-NER 

focuses on selective repair of transcription-blocking lesions due to RNA Pol II stalling. Upon 

damage detection, the latter is verified in a mechanism dependent on the transcription factor 

IIH (TFIIH) complex. TFIIH’s intrinsic helicase activity extends the ssDNA region around the 

lesion until a point of no return is reached. At this point, a 22-30 nucleotide ssDNA stretch 

containing the DNA lesion is bilaterally excised and correctly reconstituted with the help of 

DNA polymerases and ligases71. 

The vast majority of SSBs are repaired by a global single-strand break repair (SSBR) pathway, 

including the main four steps of SSB detection, end processing, gap filling re-synthesis and 

ligation. Poly-(ADP-ribose) polymerase (PARP) superfamily proteins, e.g. PARP1, take a 

central position in the recognition and signalling phases of SSBR via their poly-(ADP-ribose) 

modifications on themselves and many other factors. As most DNA SSB termini are chemically 

altered, they need to be cleared by processing of various nuclease active enzymes, e.g. AP 

endonuclease 1 (APE1) which is also involved in BER. The restored termini can then be subject 

to the finalizing steps of gap filling and ligation, mediated by DNA polymerases and ligases72. 

For the repair of the less abundant but in comparison to other DNA lesions more toxic DSBs, 

two main repair pathways – NHEJ and HR – have evolved, which are further described below. 
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1.2.1 NHEJ – Non-homologous end joining 

In non-dividing haploid or diploid organisms in G0/G1-phase, NHEJ is the predominant DSB 

repair pathway, due to the lack of a homology donor for homology-directed repair. By 

definition, NHEJ repairs DSBs by direct re-ligation of the DNA ends – an error-prone 

mechanism. First identified and mainly studied in eukaryotic systems, NHEJ consists of the 

following three main steps: limited nucleolytic resection to clear damaged and altered DNA 

ends, refilling DNA synthesis to create blunt ends and joint ligation to restore genomic 

integrity50. 

In canonical NHEJ (c-NHEJ), the double-ring shaped, heterodimeric complex Ku70/80 is one 

of the first proteins to arrive at the DSB site. Here, Ku70/80 binds to the DNA ends with high 

affinity, protecting them from uncontrolled nuclease attacks50,73. The Ku:DNA complex formed 

on both DNA ends of the break site can be seen as a central docking node for other NHEJ core 

proteins, e.g. nucleases, polymerases and ligases50. After formation of the Ku:DNA complex, 

the PIKK-kinase family member DNA-dependent protein kinase catalytic subunit (DNA-PKcs) 

is recruited to form the DNA-PK holoenzyme74. Recent structural studies used cryo-electron 

microscopy (cryo-EM) to reveal a structural model for the NHEJ supercomplex. The latter is 

formed by assembly of the additional NHEJ core proteins X-ray repair cross-complementing 

protein 4 (XRCC4), XRCC4-like factor (XLF) and ligase IV around the central DNA-PK 

holoenzyme75,76 (Figure 4). This also provides a structural basis for DNA end tethering and 

formation of a DNA-PK dimer, either mediated via a conserved C-terminal helix of Ku80 or a 

bridging element formed by XLF, XRCC4 and ligase IV74-77. Initiation of further 

conformational changes in the NHEJ supercomplex leads to the transition from a long-range 

(LR) to a short-range (SR) synaptic complex, where DNA-PKcs gets removed after 

autophosphorylation. The short-range synaptic complex, bringing the broken DNA ends into 

closer proximity, ultimately provides the structural and mechanistical basis for sequential DNA 

end ligation by both ligase IV subunits (Figure 4)76. 

The discussed c-NHEJ pathway may be relatively straight forward for free DNA ends, but 

DSBs bear many structural difficulties. For example, non-complementary and different length 

overhangs or chemical modifications can arise, that require additional excision and 

resynthesis78. Although limited in capacity, NHEJ includes several other factors to clean these 

ends and modify minor alterations. The nuclease Artemis is one of the most prominent 

examples of NHEJ co-factors, combining DNA-PKcs autophosphorylation regulated endo- and 

exonuclease activities to clean altered DNA ends78,79. Another example would be polymerases 

of the Pol X family, e.g. mammalian Pol µ, which is able to catalyze template-independent 

synthesis to restore a nucleotide gap of a broken strand, despite a disrupted template strand78,80. 
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Figure 4: Schematic structure and transition of the DNA repair NHEJ supercomplex. The DNA DSB 

ends are detected by Ku70/80 and DNA-PKcs is recruited to form the DNA-PK holoenzyme (1). LigIV, 

XRCC4 and XLF act as a scaffold in a 2:2:1 ratio to arrange the two DNA-PK holoenzymes in a LR complex 

(2). Autophosphorylation leads to the dissociation of DNA-PKcs (3), enabling sequential sealing of one DNA 

nick after another, coupled to conformational transition from a LR to a SR complex (4). Dissociation of the 

ligase factors after successful DNA repair by joint ligation (5). Figure modified from Chen, 202176. 

 

Aside from c-NHEJ, alternative NHEJ (alt-NHEJ), also known as microhomology-mediated 

end joining (MMEJ) serves as an optional substitute pathway, if c-NHEJ or HR fail (Figure 5)78. 

The MRN-CtIP (see also 1.3 The MRN complex) complex gets recruited and activated by 

PARP1 to resect the DNA ends and expose short homology domains (2-20 nucleotides) to 

bridge the DNA ends and guide repair81,82. Furthermore, more recent studies suggested PARP1 

to recognize and compete with Ku70/80 for DNA ends83,84. Potential, non-homologous 3' tails 

are cleaved by the ERCC1/XPF (ERCC1, Excision repair cross-complementing 1; XPF, 

Xeroderma Pigmentosum type F) heterodimeric nuclease. The resulting single-stranded gaps 

are then filled by PARP1-mediated recruitment of DNA Polymerase θ82, before DNA end 

ligation by the ligase III/XRCC1 complex81,82. 

In prDSB repair during immunoglobulin CSR, alt-NHEJ was also shown to act as a less efficient 

c-NHEJ substitute, e.g. in the rare case where Ku70 and DNA ligase IV are absent85. Moreover, 

beyond the role of acting as a backup pathway, alt-NHEJ may also adopt a physiological role 

in mitochondrial DNA maintenance since DNA ligase III is the main mitochondrial DNA 

ligase81. 

With the discovery of bacterial Ku-like proteins and several ATP-dependent ligases in 2001, it 

first became apparent that NHEJ may also be present in bacteria86,87. Studies on bacterial NHEJ 

have shown that a reduced two-component pathway exists, based on a homodimeric Ku 

homolog and an ATP-dependent Ligase called LigD, substituted by LigC in case of absence86,88. 

Intriguingly, LigD adopts a multifunctional role, occurring as a multidomain protein with an N-

terminal polymerase, a central 3' to 5' exonuclease and a C-terminal ligase domain86,89. Hence, 
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LigD not only mediates DSB ligation in bacterial NHEJ, but also DNA end processing and 

resynthesis, which enables independent end joining of a wide range of DNA breaks86. 

 

 

Figure 5: Non-homologous end joining (NHEJ) DSB repair pathways in mammalian cells. Both, 

canonical and alternative NHEJ pathways start with DSB end detection and protection by Ku70/80. In 

c-NHEJ this is followed by recruitment of DNA-PKcs, to form the end-tethering DNA-PK holoenzyme, and 

different other cofactors, e.g. the nuclease Artemis to process chemically altered DNA ends. XLF, XRCC4 

and DNA ligase IV are recruited to form the NHEJ supercomplex and mediate the final ligation step (see also 

Figure 4). In alt-NHEJ the MRN-CtIP complex gets recruited and activated by PARP1 to resect the DNA 

ends and expose short homology domains to bridge the DNA ends. Eventually, non-homologous 3' tails are 

cleaved by ERCC1/XPF nucleases. The resulting single-stranded gaps are then filled by PARP1-mediated 

recruitment of DNA Polymerase θ, before DNA end ligation by the ligase III/XRCC1 complex. Eventual 5' 

flaps generated by the Pol θ activity can be cleaved by the nuclease FEN1, prior to ligation81,82. Figure based 

on Trenner and Sartori, 201982. 
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1.2.2 HR – Homologous recombination 

Homologous recombination (HR) plays a pivotal role as template-based DSB repair pathway 

in somatic cells and during meiosis of germline cells90. HR’s need for a DNA template or a 

sister chromatid restricts it to the S and G2 phases of the mitotic cell cycle. However, this also 

offers the advantage of complete and accurate restoration of genetic information lost during 

DSB formation or initial DNA end processing. In general, canonical HR combines steps of 

initial DSB recognition and end processing with long-range resection to generate 3' ssDNA 

overhangs that can invade the template DNA for homology search, enabling subsequent DNA 

resynthesis and repair82,90,91. 

In eukaryotic HR, DSB recognition, initial end processing and downstream repair pathway 

signalling are initiated by binding of the MRN (Mre11; Rad50; Nijmegen breakage syndrome 

protein 1 (Nbs1), Xrs2 in yeast – denoted MRX) complex to the DSB ends91,92. Upon DNA 

binding, MRN generates short 3' overhangs by ATP-dependent 5' single-strand endonucleolytic 

cleavage. This is strictly dependent on the additional eukaryotic cofactor CtBP-interacting 

protein (CtIP; Ctp1 in fission yeast; Sae2 in budding yeast)93 and further followed by 3' to 5' 

exonuclease resection from the nick towards the DSB end92,94. Several biochemical and single-

molecule studies have demonstrated that human MRN-CtIP and its yeast homologs can actively 

remove Ku70/80 from DSB ends (Figure 6)95-99. Thus, while mainly counteracting c-NHEJ 

repair initiation and promoting HR92, MRN mediated short-range resection may also give rise 

to microhomology domains, which can lead to DNA end tethering and initiate alt-NHEJ repair 

(see also 1.2.1 NHEJ – Non-Homologous End Joining; Figure 5)81,82. 

In canonical HR the nicks introduced by MRN, as well as the following clean, short 3' 

overhangs, serve as an entry point for the downstream long-range resection. The latter 

attenuates additional nicking by MRN-CtIP and is mediated by either Exonuclease 1 (Exo1)100 

or the nuclease DNA2 (DNA replication helicase/nuclease 2) in complex with the Bloom’s 

syndrome helicase (BLM; Sgs1 in yeast)92,94,101. Extensive long-range resection and generation 

of 3' ssDNA tails by Exo1 or BLM/DNA2 is accompanied by replication protein A (RPA) 

single-strand coating (Figure 6). The ubiquitous, heterotrimeric RPA is a key player in both, 

coordination of long-range resection and high affinity binding to ssDNA to prevent 

degradation82,91. Furthermore, RPA activates the Ataxia Telangiectasia and Rad3 related (ATR) 

central signalling kinase to promote replication checkpoint arrest and stabilize replication 

forks102,103. Using the protected 3' ssDNA overhang, the central steps of HR can be initiated – 

strand exchange and homology search. Main catalyst of the DNA strand exchange reaction is 

the ATP-dependent recombinase Rad51 that needs to replace RPA on ssDNA, forming helical 

nucleoprotein filaments91. While RPA was found to prevent and negatively regulate Rad51 

loading and filament formation on DNA104, it stimulates the Rad51 strand exchange reaction105. 

Yet, RPA is not the sole interacting protein involved in the process of Rad51 filament formation 
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and strand exchange. Breast cancer 2 (BRCA2), for example, forms a complex with 

BRCA1/BARD1 (BRCA1-associated RING domain protein 1) and PALB2 (Partner and 

localizer of BRCA2), which mediates delivery of Rad51 monomers to RPA coated ssDNA to 

enable strand invasion and homology search (Figure 6)82,91. BRCA2 not only enhances Rad51 

binding to ssDNA but also stabilizes the filament. This is mainly based on direct interaction of 

the BRCA2 C-terminal BRC repeats with Rad51, resulting in inhibition of Rad51’s ATPase 

activity and thus promoting filament stabilization91,106. The Rad51 filament probes the template 

DNA by destabilization and opening of the dsDNA helix. In a resulting base-flipping 

mechanism, the DNA is sampled for sequence homology and once found, a meta-stable 

synaptic complex is formed90,107,108. The synaptic complex generates a 3' end primer-template 

junction - an intermediate known as displacement loop (D-loop) - building the basis for DNA 

synthesis. The D-loop can now be extended by DNA synthesis executed by an interplay of 

Replication factor C subunit 1-5 (RFC1-5), Proliferating-cell nuclear antigen (PCNA) and DNA 

Pol δ (Figure 6)90. 

This template-dependent extension of the invading strand is then either followed by “synthesis-

dependent strand annealing” (SDSA), resulting in a non-crossover repair product or a second 

end annealing event where a double Holliday Junction (HJ) is formed (Figure 6)82,90. The latter 

annealing event has been shown to be catalysed by Rad52 in yeast109,110. SDSA has the 

advantage that the extended D-loop can be unwound, followed by annealing of the newly 

synthesized homology regions between the two ends to achieve DSB repair. This, in 

combination with the favoured use of sister over homologous chromosomes for HR in somatic 

cells111, further limits the risk of a potential loss of heterozygosity due to crossover events82,90. 

Double HJ’s on the other hand, are migrated in both directions during DNA synthesis. They 

can be resolved by decatenation, forming non-crossover repair products or by nucleolytic 

resolution, resulting in either a non-crossover or a crossover product between the repaired and 

the template DNA (Figure 6)82,90,109. Dissolution by decatenation is catalysed by the BLM-

TopIIIα-RMI 1/2 (BTR) complex in humans112. Nucleolytic resolution leads to non-crossover 

products, if it occurs asymmetrically by MUS81-EME1 or SLX1-SLX4113,114. On the other 

hand, symmetrical GEN1 mediated resolution results in formation of crossover products115,116. 

Aside from this canonical HR pathway, long-range resection tracts may also promote another 

non-canonical pathway called single-strand annealing (SSA). This happens particularly in the 

absence of important downstream HR components, e.g. Rad51. Here, in contrast to alt-NHEJ, 

more extensive DNA resection is needed to enable Rad52 mediated annealing of >20 bp 

homologous tandem repeat sequences and downstream repair of the broken ends. As the 

annealing sequences only flank the DSB site, the SSA repair pathway causes loss of genetic 

information between the repeats. Due to the previous extensive end resection the deletions are 

also expanded compared to the alt-NHEJ repair pathway82,117. 
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Figure 6: Eukaryotic Homologous recombination (HR) DSB repair pathways. HR repair is initiated via 

DSB detection by MRN. MRN in complex with CtIP cleans DSB ends from protein blocks and other 

obstructions and generates the essential long 3' ssDNA overhang, counteracting c-NHEJ. The 3' overhangs 
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are protected by RPA binding and serve for Rad51 mediated homology search to form a D-loop, which allows 

template-dependent DNA synthesis and repair. If end resection is limited or the Rad51 filament gets 

disrupted, alternative repair pathways as alt-NHEJ or SSA can take over. In the SDSA pathway, the D-loop 

gets disrupted after a short DNA replication cycle, enabling re-annealing to the homologous original strand 

followed by DNA resynthesis and ligation. This leads to a non-crossover repair product. Alternatively, via 

second end annealing, a double Holliday Junction can be formed. This structure either needs to be resolved 

by dissolution or nucleolytic resolution, leading to non-crossover or crossover repair products. Figure based 

on Wright et al., 2018, and Trenner and Sartori, 201982,90. 

 

As homologous recombination is a mechanistically conserved pathway throughout all domains 

of life, it is also found in prokaryotes. Intriguingly, aside of acting as a classical DNA repair 

and maintenance pathway, bacterial HR was also found to be central to DNA integration 

following horizontal gene transfer86. In most bacteria, recombinatorial repair is divided into two 

tightly connected pathways, the RecBCD and RecF pathways. Studies in E. coli showed that 

the RecBCD pathway is crucial for the repair of DSBs, while the RecF pathway focuses on the 

repair of single-stranded DNA gaps (SSGs)118. The bacterial heterotrimeric and dsDNA end 

specific complex RecBCD combines DNA helicase and recombination hotspot χ regulated 

ssDNA nuclease activities to ensure the initial DSB end processing and resection. RecBCD 

further reveals the specialty of a bidirectional helicase motor activity, mediated by the ATP-

driven subunits RecB (3' to 5' helicase and nuclease activity) and RecD (5' to 3' helicase). At 

first, RecBCD unwinds and rapidly degrades both DNA strands. Upon encounter with a χ 

hotspot, RecBCD’s nuclease activity is shifted towards the 5' and away from the 3' strand, 

creating and preserving the recombinatorial important 3' overhang – a process initiated by 

binding of the χ sequence to RecC, followed by a cascade of structural rearrangements118. 

Furthermore, the χ -activated RecBCD mediates RecA (bacterial homolog of eukaryotic Rad51) 

loading and thus displacement of the protective RPA homolog single-strand binding protein 

(SSB). In the RecF pathway, this process is substituted by the joint 3' to 5' helicase RecQ and 

the 5' to 3' ssDNA nuclease RecJ118. Moreover, there are several members of the SMC-family 

(structural maintenance of chromosomes) playing important roles, not only in the bacterial 

world of homologous recombination repair. One complex is formed by the Mre11-Rad50 

bacterial homologs SbcD and SbcC, which were found to be essential for the processing and 

repair of hairpin-capped DSB ends (see also 1.4 The bacterial Mre11-Rad50 complex)118-120. 

The formed RecA filaments mediate sequence homology search and DNA strand exchange. 

They share the main features described for the eukaryotic Rad51 and rather differ in details. 

Similar to eukaryotic BRCA1/BARD1-PALB2-BRCA2, the so-called RecFOR complex acts 

as an additional mediator, catalysing RecA filament formation on SSB-coated ssDNA118,121. 

More recent single-molecule data on E. coli RecA revealed new mechanistic insights into the 

RecA-mediated homology search. Depending on the dsDNA coiled structure and the RecA 

filament length, homologous DNA is sampled via weak contact formation of the RecA filament 

DNA - a mechanism described as the intersegmental contact sampling model. Upon encounter 

of homologous DNA stable contacts are formed, which will trigger binding of additional parts 
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of the filament to find a homologous sequence109,122. Finally, as described for eukaryotes, the 

strand-invasion process will lead to formation of a heteroduplex, the so-called D-loop90,118. 

In case of a double HJ formation, prokaryotic branch migration is catalysed by RuvAB, where 

RuvA recognizes and RuvB pushes the HJ forward via its motor activity123-125. Dissolution of 

dHJ in bacteria is mediated by the RecQ helicase and the type IA topoisomerase Topo III, 

resulting in strictly non-crossover repair products as in eukaryotes126. Alternatively, nucleolytic 

resolution is mediated by the endonuclease RuvC, either forming non-crossover or crossover 

repair products118,127. 

1.2.3 NHEJ or HR - Regulation and pathway choice in DSB repair 

The choice between the main DSB repair pathways NHEJ and HR, as well as their regulation, 

is very versatile and complex. Primary influences on the choice between NHEJ and HR are the 

cell-cycle phase and the complexity of the break site. The cell-cycle influences pathway choice 

as NHEJ is active throughout the cell-cycle, but favored in G1 phase, while HR is restricted to 

S/G2 phases due to the requirement of an intact sister chromatid. Another major regulatory 

mechanism is again coupled to the cell cycle stage and associated protein phosphorylation 

patterns due to changing cyclin-dependent kinase (CDK) activities128. Phosphorylation of 

human CtIP at Thr847 or the Saccharomyces cerevisiae homolog Sae2 at Ser267 are important 

examples for CDK-mediated regulation, and hence cell cycle dependent signal transduction. In 

this case, phosphorylation triggers activation of the MRN-CtIP short-range resection machinery 

and thus drives DSB repair pathway choice towards HR93,129. This also further explains HR’s 

restriction to only function in S and G2 phases of the cell cycle, where suitable CDK levels are 

available128. 

Varying complexity of DNA ends in form of chemical modifications or protein blocks might 

further influence pathway choice as NHEJ’s ability to clean those ends is rather limited 

compared to HR130. During the last decades, a competitive model was drawn for pathway 

choice, mainly based on the initial NHEJ and HR factors – Ku70/80 and MRN-CtIP. Both 

factors are sensors of DSB ends and among the first ones to arrive at a break site. Hence, a first 

decisive crossroad would be the initiation of MRN-CtIP mediated (endo-)nucleolytic 

processing of DNA ends, as a first HR initiating and NHEJ counteracting step131. Consistent 

with biochemical observations made in vitro, this competition model suggests a race between 

Ku70/80 and MRN for DNA end binding to dictate the pathway choice131-133. Even though, 

MRN-CtIP end resection is also able to initiate template-free repair pathways, such as alt-NHEJ 

or SSA, it still promotes long-range resection dependent canonical HR in the majority of 

cases131. However, there were also several observations made in yeast and mammals opposing 

this competitive model, while favoring a sequential model as basis for DSB repair decisions. 

Contradicting the idea of a competition between NHEJ and HR factors, this new model suggests 
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that nearly all DSB ends are initially bound by generally faster associating NHEJ-promoting 

factors83,131,134. If however, NHEJ is unsuccessful, this will lead to association of MRN-CtIP, 

which resects and removes the DNA-PK holoenzyme from the DNA end to enable DSB repair 

by HR96,131,135. 

Furthermore, chromatin and associated histone post-translational modifications have an impact 

on DSB repair pathway choice and regulation. This is not least due to DSB-induced extensive 

changes on chromatin. On one hand, the central DNA damage response kinases Ataxia 

Telangiectasia Mutated (ATM), ATR and DNA-PKcs phosphorylate Ser139 of the DNA 

damage associated histone variant H2AX. Thereby, γ-H2AX chromatin domains are formed, 

able to recruit the adaptor protein MDC1 (Mediator of DNA damage checkpoint 1). MDC1 in 

turn, helps to drive different processes, e.g. HR between sister chromatids, also mediated by 

BRCA-1 recruitment, and ATM signal amplification. On the other hand, p53-binding protein 1 

(53BP1), a key regulator of c-NHEJ, gets recruited to and binds monomethylated histones H2A 

and H4. There, it antagonizes the DNA resection functions of BRCA1 and thus shifts the poise 

towards c-NHEJ. As a consequence of this, chromatin and various associated histone 

modifications mediate different regulatory functions in a complex higher level fight for DSB 

repair pathway choice92,128. 
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1.3 The MRN complex 

Intensive research over the past 25 years, combining different insights from biochemistry, 

structural biology and related fields, has shaped our understanding of the MRN complex. MRN 

is sensing, binding to and actively processing DNA double-strand break ends as an integral part 

of the HR repair pathway, but is also involved in alt-NHEJ. Compared to mammalian cells, 

where MRN does not take part in c-NHEJ, budding yeast MRX adopts a special role, 

contributing to c-NHEJ through interactions with Ku70/80 and DNA LigIV102,136. The MRN 

complex consists of the Meiotic recombination 11 homolog 1 (Mre11) nuclease, the Radiation 

sensitivity 50 (Rad50) ATPase and the regulatory, eukaryote-specific factor Nijmegen breakage 

syndrome 1 (Nbs1; X-ray sensitive 2, Xrs2, in yeast, denoted MRX), also known as 

Nibrin136,137. The catalytic Mre11-Rad50 (MR) subcomplex exists as a hetero-tetrameric 

assembly of Mre11 and Rad50 dimers137-139. A recent cryo-EM study clearly showed a single 

Nbs1 bound to the Chaetomium thermophilum MR core complex as well as the sole human 

Mre11 dimer with Rad50 dissociated139. Hence, these structures reveal an evolutionary 

conserved 2:2:1 stoichiometry for the eukaryotic MRN/X complex (Figure 7)139. 

 

 

Figure 7: Domains and structural architecture of the MRN complex. (A) Illustration and comparison of 

the domains in human MRN and EcMR (also known as SbcCD). (B) Model of the MR(N) complex with the 

globular head domain formed by Mre11 and the Rad50 NBDs, interacting with Nbs1 in eukaryotes, the 

characteristic long, antiparallel coiled coils and the apical Zn-hook dimerization motif. 

 

Early electron microscopy (EM) and atomic force microscopy (AFM) studies already revealed 

that the MR(N/X) forms a globular DNA-binding head domain composed of the Mre11 dimer 

and the globular Rad50 ABC-type ATPase domains, with long protruding and flexible Rad50 

coiled coils, joined at an apical Rad50 zinc hook dimerization domain (Figure 7)140-144. 
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Intriguingly, MR is conserved throughout all domains of life, with homologs ranging from 

archaea and eubacteria, to phages and up to eukaryotes119. This further underlines MR’s 

essential role as one of the first responders and interactors within a cell’s complex DNA damage 

response and repair networks. MRN performs various tasks to orchestrate and regulate damage 

recognition, signalling and repair in response to at least four main types of genotoxic and 

cellular stress: DSBs, stalled replication forks, dysfunctional telomeres and viral invasion137. 

The following chapters will focus on the structural composition, enzymatic functions and 

cellular roles of the MRN complex and individual components – an overall intriguing, 

multifunctional molecular machine. 

1.3.1 Mre11 

Already 30 years ago, Mre11 was first identified and found to be involved in meiotic 

recombination by a mutational screen in S. cerevisiae145. Some years later, biochemical studies 

also identified Mre11 as an active DNA exo-/endonuclease involved in DSB repair, a feature 

conserved through all homologs of Mre11120,146,147. 

Mre11 can be seen as the core module of the MRN complex as it interacts with both, Rad50 

and Nbs1138. With the first Mre11 crystal structure derived from the archaeon Pyrococcus 

furiosus it became clear that the Mre11 catalytic core consists of two-domains, embedded in an 

overall U-shaped dimer architecture (Figure 8)140. N-terminal, there is a calcineurin-like 

phosphoesterase domain, bearing the nuclease catalytic residues as well as a coordination site 

for two manganese ions, which are essential for nuclease activity. The structure further revealed 

an adjacent capping domain, involved in strengthening of DNA binding specificities137,138,140. 

In later studies, dimerization was shown to be mediated via a conserved hydrophobic four-helix 

bundle in the Mre11-Mre11 homodimeric interface148,149. The dimerization’s functional 

importance was also shown in yeast, where mutations disrupting the dimer interface mimic a 

mre11 knockout148,150. To date, several Mre11 crystal structures from homologs of all three 

domains of life149-154, as well as a cryo-EM structure of human Mre11 wrapped by a single 

Nbs1139 have been solved, showing a conserved overall dimer architecture. Thus, the two-

domain and overall dimer architecture seem to be universally conserved features of Mre11, 

despite the low sequence conservation between species138. 

The described catalytic core of Mre11 is further added by a C-terminal flexible linker and a 

Rad50-binding domain (RBD), also known as helix-loop-helix (HLH) motif149,153,155-157. In 

eukaryotes, the Mre11 C-terminus comprises some additional domains. First, two additional 

DNA binding sites – one following the capping domain, which is essential for DSB repair 

functions and another one positioned at the very C-terminus of Mre11, shown to be critical for 

meiotic DSB formation and spore viability in yeast158,159. The latter was also recently shown to 

bind DNA in an ATP-independent fashion139. Second, a glycine/arginine-rich (GAR) motif that 
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was shown to be crucial for MRN localization at DNA damage foci in vivo, as well as DNA 

binding and nuclease activity in vitro138,160. 

 

 

Figure 8: Crystal structure of the Mre11 nuclease dimer. Crystal structure of the P. furiosus Mre11 dimer 

nuclease and capping domains in complex with Mn2+ ions (purple) and dAMP (PDB: 1II7) in front view. A 

closeup on one nuclease active site highlights the metal-coordinating residues, essential for Mre11’s nuclease 

activity. An orange hexagon shows the Rad50 NBD dimer binding site in the assembled MR complex. 

 

As described earlier, the Mre11 dimer forms an evolutionary highly conserved complex with 

the Rad50 ATPase, supplemented by Nbs1/Xrs2 in eukaryotes136,137. In the context of a MR(N) 

complex, Mre11 shows Mn2+-dependent 3' to 5' dsDNA exonuclease, ssDNA endonuclease and 

hairpin opening activities in the presence of ATP146,161-163. It is further important to note that 

the MR(N) endonuclease activity requires and is further promoted by Rad50 ATP 

hydrolysis93,164,165. 

Aside of the apo Mre11 dimer, several DNA bound crystal structures were solved during the 

last two decades, suggesting that the Mre11 catalytic core can bind DNA in at least two different 

conformations148,166. However, they all show the DNA end structures positioned too far away 

from either nuclease active site, leaving the mechanism for DNA end processing by Mre11 

unresolved148,166. The study by Sung et al. further suggested that DNA binding would induce a 

rotation of the Mre11 dimer, resulting in melting of the DNA end to enable its relocation to the 

Mre11 active site for nucleolytic cleavage166. Yet, it is still not clear how this would be possible 

in a MR(N) complex with Mre11s DNA binding and nuclease active sites blocked by the Rad50 

NBDs (Figure 8)139,153,167. 

In HR mediated DSB processing and repair, initial resection should occur in 5' to 3' direction 

to produce the observed 3' ssDNA overhangs. This stands in contrast to the discussed 3' to 5' 

exonuclease activity of the MRN complex – a contrariety better known as the “nuclease polarity 

paradox”92,136. An explanation to this paradox can yet be given by the additional MRN cofactor 

and phosphorylation regulated protein CtIP, also known as Sae2 in yeast MRX. CtIP actively 
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transforms MRN into a strand-specific endonuclease that preferentially nicks the 5' terminated 

strand93,168,169. Experiments in yeast support this model, showing that the close homologs of 

human CtIP, Ctp1 (S. pombe) and Sae2 (S. cerevisiae), are required for the removal of proteins 

covalently linked to the 5' end of DSBs63,170,171. This initial endonucleolytic incision is followed 

by subsequent 3' to 5' exonuclease resection towards the DSB end to create a 3' ssDNA 

overhang93,97,100,172-174. The described “cutting-from-a-flank” mechanism enables the MRN 

complex to bypass bound obstacles at the DNA end and initiate DSB repair by HR, even at non-

canonical DNA ends92. Analysing various DNA end blocks in vitro, the endonucleolytic 

nicking sites were found to be ~15-45 nt away from the DNA end, depending on the nature of 

the block92,93,97,135. However, in vivo experiments reported cleavage positions up to ~300-400 

nt from the DSB end92,100. Due to the diverse nature of DSB ends, including protein adducts 

such as the meiotic recombination factor Spo1159,63, DNA hairpins175 or clean breaks, the MRN-

CtIP complex needs to be very versatile to resolve a variety of non-canonical structures92. In 

some cases, where the protein-DNA adduct is not restricted to the 5' end, limited but 

coordinated cleavage of the opposite 3' strand may further aid to release e.g. a protein adduct 

and generate a clean 3' end, crucial for downstream HR steps173. 

1.3.2 Rad50 

At its core, Rad50 consists of a bipartite nucleotide binding domain (NBD) with a N-terminal 

Walker A and a C-terminal Walker B motif, interspaced by a 600-900 amino acid long heptad 

repeat insertion. The N- and C-terminus fold back onto each other to form the globular NBD, 

also referred to as Rad50 catalytic domain (Rad50cd)120,176. NBDs of all Rad50 orthologs show 

sequence similarity with the class of ABC-type ATPases, thus implying a shared three-

dimensional structure and catalytic mechanism176,177. Rad50 exhibits ATPase activity upon 

dimerization in an ATP-regulated manner, where two ATP molecules are sandwiched between 

the conserved Walker A, B and signature motifs of two opposing Rad50 NBDs (Figure 9 

A)149,156,176. From the Rad50 head domain flexible antiparallel coiled-coils (CC) are protruding, 

formed by the heptad repeat insertion. At the apex of these long coiled-coils a second dimer 

interface, the Zinc hook (Zn-hook), is built by a pair of conserved C-x-x-C motifs forming 

interlocking hooks around a single Zn2+ ion119,141. The described architecture with the globular 

head domain and the long coiled coils closely resembles the Structural Maintenance of 

Chromosomes (SMC) family of proteins, which are mainly involved in chromatin condensation 

and chromosome cohesion120. 
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Figure 9: Crystal structures of the Rad50 NBDs bound to DNA substrates and the MR head transition. 

(A) Crystal structure of the P. furiosus Rad50 NBD bound to ATP (NBDs monomers in yellow/orange; PDB: 

1F2U) in bottom view. Conserved ATPase motifs are highlighted in color and named consistent with Figure 

7 for human Rad50. (B) Illustration of the MR head conformational transitions upon nucleotide binding from 

an “open” nucleotide free (T. maritima, PDB: 3QG5) to a central “closed” ATP-bound (T. maritima, PDB: 

3THO) and a final closed, DNA-bound state (M. jannaschii, PDB: 5DNY). (C) Crystal structure of C. 

thermophilum Rad50 bound to ATPγS (green, sticks) and dsDNA (red), depicted in top view (PDB: 5DAC). 

(D) Crystal structure of T. maritima Rad50 bound to AMP-PNP (green, sticks), dsDNA (red) and peptides 

of the Mre11 HLH motif (light/dark blue; PDB: 4W9M) in front view. 
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Despite structural advances for the individual Mre11 and Rad50 subunits, the structural basis 

of the catalytic MR core complex remained elusive until the first crystal structure of the 

bacterial MR head domain was solved102,149. The structure revealed the tethering of the Mre11 

C-terminal HLH motif to the Rad50 CC base, close to the globular ATPase head domain. The 

overall “open” conformation of this nucleotide-free state displays the Rad50 ATPase domains 

in a separated state, facing away from each other (Figure 9B)149. In contrast to that, ATP-bound 

structures of the MR complex revealed a “closed” conformation with Mre11 still bound, but the 

Rad50 ATPase dimer sandwiching two molecules of ATP and two Mg2+ between their NBD 

domains (Figure 9B)167,178. This nucleotide-dependent “open to closed” structural 

rearrangement was also captured by a more recent study, reporting notable conformational 

changes upon ATP binding and hydrolysis179. The nucleotide-state dependent conformational 

switching of Rad50, was further found to have an impact on MR’s biological functions. While 

the ATP-bound closed conformation is suggested to promote, both, DNA end binding and 

tethering, the release of the ATP-state during hydrolysis would promote endonuclease activity 

and DNA end resection164,179. 

The ATP-dependent dimerization of Rad50 forming a closed state further leads to the formation 

of a DNA binding groove between the extending coiled coils149,167,176,178. This is also confirmed 

by crystal structures of Thermotoga maritima and Chaetomium thermophilum Rad50 

NBDs156,157 and by the MR head complex of Methanococcus jannaschii bound to dsDNA and 

ATP analogues (Figure 9B-D)153. As already visible by the ATP-bound but DNA-free 

state167,178, the Mre11 nuclease active sites are occluded by the dimerized Rad50 NBDs sitting 

on top in the DNA-bound M. jannaschii structure (Figure 9B)153. Hence, in this conformation 

of the MR head complex, the DNA duplex can still not access the Mre11 active sites to enable 

nucleolytic cleavage153. So how does DNA access the Mre11 active site? 

Structural analysis of the MR structures from T. maritima and M. jannaschii in concert with 

biochemical experiments support a model in which ATP hydrolysis induces an opening of the 

Rad50 NBDs that enables DNA to access the Mre11 active sites149,153,179. While the model 

derived from the T. maritima structure suggests a complete “closed to open” transition149, the 

M. jannaschii model only proposes a partial opening of the Rad50 NBDs upon ATP 

hydrolysis153. Complete Rad50NBD disengagement would either enable the Mre11 active sites 

to directly access DNA in an open conformation157,179 or via formation of a transient clamp 

around the DNA upon binding of new ATP149. In case of DNA processing in a closed state or 

upon mere partial Rad50NBD opening, ATP-hydrolysis induced DNA melting may enable the 

DNA to access the Mre11 active sites for nucleolytic cleavage153,167. However, as structural 

information of a DNA-bound nuclease active state is still lacking, the structural and mechanistic 

basis for the nuclease activities of the MR complex remain elusive. 

Despite the necessity of ATP hydrolysis for endonucleolytic cleavage, it has been evident for 

many years that Rad50 is a slow ATPase and thus may occupy the closed ATP-bound state for 
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relatively long periods in vivo102. Biochemical studies showed that human and yeast MRN/X 

share the characteristic of a very slow ATPase with <0.1 ATP/min164,165,180. A recent study in 

E. coli further supported this slow ATPase activity, reporting a similar ATPase rate of ⁓0.48 

ATP/min for the bacterial MR homolog SbcCD165. Furthermore, the ATPase rate of all three 

Rad50 homologs can be stimulated by dsDNA – 20-fold in human MRN, 10-fold in yeast MRX 

and 26-fold in E. coli SbcC164,165,180. In sum, this shows an evolutionary conserved, slow basal 

ATPase rate of Rad50, as well as the stimulatory effect of dsDNA binding on ATP 

hydrolysis164,165,180. Intriguingly, the slow ATPase rates could also act as a regulatory 

mechanism102. Especially in the human system for example, where Mre11 was shown to be 

capable of conducting 3' to 5' exonuclease activity independent of Rad50102,146. 

Another important structural and mechanistic part are the described long coiled coils, 

protruding from the globular Rad50 head with the apical Zn-hook dimerization domain 

(Figure 10A and B)102. Even though the mechanistic role of the CCs is still not clear, they have 

been proven to be essential for Rad50 function. This is connected to the fact that they physically 

tether the globular Rad50 head domain together102. Truncations and deletions of the CCs and 

the apical Zn-hook, respectively, result in abolished telomere maintenance and meiotic DSB 

formation, as well as severe defects in HR and, notably, NHEJ repair102,181. In vitro experiments 

showed that the CCs are important for ATM activation182 and their removal directly impairs 

MRN’s abilities to hydrolyze ATP, bind dsDNA and tether DNA ends179,182. Yet, it is important 

to note that shortening of the CCs by 243 amino acids, but retaining the Zn-hook, rescued 

homologous recombination functionality in vivo102,181. The Zn-hook was further shown to be 

crucial for the activation of ATM and ATR mediated DNA damage response pathways183 and 

loss of its dimerizing interaction also impaired ATM activation182. While deletion of the Hook 

domain showed Rad50 deficiency in budding yeast in vivo, replacement with a ligand-inducible 

FKBP dimerization domain partially mitigated all phenotypes184. 

As already depicted by early EM imaging141, AFM and time-resolved single molecule analysis 

also showed that the CCs are highly dynamic and flexible (Figure 10C)143,144. Different crystal 

structures of the apical Rad50 Zn-hook solved to date reveal open and closed, rod-shaped 

conformations, emphasizing the dynamic nature of the entire CCs (Figure 10B)141,185,186. 

Furthermore, the Zn-hook forming motifs were found to interact not only within a single MR 

complex, but also in an intercomplex fashion between two complexes. Spanning a long range 

of ⁓1,200 Å between complexes in eukaryotes, combined with the DNA binding characteristic 

of the globular head domain, the MR core complex was proposed to be involved in DNA end 

tethering141-144. These mechanistic features, seem to be further promoted by DNA binding of 

the globular head domain, which affects the dynamic nature of the CCs and brings them into a 

rod-shaped orientation, favoring intercomplex associations102,144. 
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Figure 10: Conserved Rad50 Zn-hook architecture and open to rod-shaped conformational transition. 

(A) Top view on the crystal structure of the P. furiosus Rad50 Zn-hook dimer (monomers in yellow/orange, 

respectively; PDB: 1L8D) in open conformation. Zn2+ (cyan) coordinating cysteines are highlighted in a 

close-up. (B) Illustration of the Zn-hook “open” to “rod-shape” conformational transition, depicted by 

structural alignment of the open and rod-shaped P. furiosus crystal structures (open in yellow/orange, PDB: 

1L8D; rod-shaped in light/dark grey, PDB: 6ZFF) on the coordinated Zn2+ ions. Figure based on Soh et al., 

2021186. (C) AFM images of human MRN in apo and dsDNA-bound states in the presence of the ATP-

analogue AMP-PNP. Comparison shows the high flexibility of the coiled-coils and the discussed CC shape 

changes, from ring to rod, upon DNA binding. Figure adopted from Moreno-Herrero et al., 2005144. 

 

Even though some AFM studies reported states of transiently opened Zn-hook domains to 

date144,187, a recent high-speed AFM study only found complexes of human Rad50 with 

constantly engaged Zn-hooks, but transiently disconnecting head domains188. Additional 

experiments also showed that the human Rad50 Zn-hook is interchangeable with the 

structurally related SMC hinge domain of bacterial MukB (Condensin in human) and that this 

chimeric construct preserves DNA repair functions in vivo188. This is supported by another 

study, showing that B. subtilis can still grow normally upon exchange of the SMC hinge for the 
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Rad50 Zn-hook from P. furiosus189. Thus, it is proposed that the Zn-hook rather serves as a 

stable dimerization interface, similar to a SMC hinge, than as a transiently opening interface188. 

A recent cryo-EM study on eukaryotic C. thermophilum MRN bound to ATPγS reported the 

60 nm long Rad50 CCs in a rod configuration without addition of DNA. Intriguingly, the CC 

apices of two MRN complexes were found to form intercomplex MRN-MRN assemblies via 

dimerization of their stably interacting Zn-hook domains. Spanning ~120 nm in total, the 

structure provides a new molecular basis for DNA tethering by MRN without a transient 

opening of the Zn-hook139. 

In sum, the above described emphasizes the importance of the Rad50 CCs and Zn-hook for a 

proper biological function of the MR(N) complex102,181. 

1.3.3 Nbs1 

The third and eukaryote-specific component of the MRN complex, Nbs1 (Xrs2 in yeast), is a 

multifunctional protein, associated to the Mre11-Rad50 core complex. Binding of Nbs1 to the 

eukaryotic MR core complex was shown to be necessary for the re-localization of Mre11-Rad50 

to the nucleus and foci formation upon DNA damage190,191. In human, Nbs1 is required to 

promote the MR endonuclease activity on blocked DNA ends and hairpins and adopts a 

regulatory role for the ATP hydrolysis by Rad50161,164,173. Moreover, Nbs1 promotes 3' to 5' 

exonuclease on blocked DNA ends, while restraining it on free ones173. 

Nbs1 has a structured N-terminus, containing an FHA (fork head associated) domain, followed 

by two consecutive BRCT (breast cancer associated 1 C-terminus) domains. A region that was 

found to be involved in binding of phosphorylated substrates and repair foci organization, e.g. 

the conserved CtIP/Ctp1 pS-x-pT motif (Figure 11A and B)192-194. The C-terminus of Nbs1, 

however, is generally unstructured without recognizable structural folds (Figure 11A). Still, it 

contains a number of highly conserved and functionally critical motifs, involved in DSB repair 

via MR and CtIP interactions, as well as ATM recruitment and activation150,192,195,196. 

Biochemical studies further showed that human Nbs1 serves as a main MRN interactor to CtIP, 

crucial for endonuclease activity169,194. Structural studies in yeast showed that this interaction 

is based on the Nbs1 N-terminal FHA domain binding phosphorylated Ctp1 (CtIP homolog in 

S. pombe; Figure 11B)192,193. 

Recent cryo-EM structures revealed that a single Nbs1 wraps asymmetrically around both 

Mre11 protomers, suggesting stabilization of the Mre11 dimer as one of its key functions139. 

The interaction is centred around Nbs1’s evolutionary conserved KNFKxFxx motif binding to 

a negatively charged Mre11 binding pocket, which fits well to an earlier S. pombe crystal 

structure139,150. Intriguingly, the KNFKxFxx motif directions are reversed for human and 

C. thermophilum protein, highlighting quite significant species-specific adaptations (Figure 

11C)139. 
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Nbs1-mediated interaction and activation of ATM via an acidic patch and a FxY/F motif 

triggers the latter to phosphorylate a large number of proteins, including Nbs1 itself197,198. This 

in turn enables MRN to act downstream of ATM in the DNA damage response192,193. 

Nevertheless, the complete structural and mechanistic model for the interactions of Nbs1 with 

MR, ATM and CtIP, having a central impact on DSB signalling and repair, still remains elusive. 

 

 

Figure 11: Structural features of Nbs1 and its interactions with the Mre11 nuclease dimer and 

CtIP/Ctp1. (A) Schematic illustration of the S. pombe Nbs1 domains with highlighted Mre11 and ATM (also 

known as Tel1 in S. pombe) interaction sites. Figure taken from Schiller et al., 2012150. (B) Crystal structure 

of the S. pombe Nbs1 structured N-terminal domain, composed of an FHA and two consecutive BRCT 

domains (purple/light purple; PDB: 3HUF). The FHA domain is bound to an interacting Ctp1 

phosphopeptide, containing a conserved pS-x-pT motif. (C) Direct comparison of human (purple) and C. 
thermophilum (magenta) Nbs1 paths across the Mre11 dimer (contoured in white). Alignment of both MN 

complexes highlights the reversed orientation of Nbs1. Figure taken from Rotheneder et al., 2023139. 

1.3.4 CtIP 

The eukaryotic CtBP1 interacting protein (CtIP, Ctp1 in fission yeast and Sae2 in budding 

yeast) combines several functional roles in DSB repair: acting as an important eukaryote-

specific MRN cofactor for endonucleolytic cleavage of protein-blocked DSB ends, mediating 

DNA binding and bridging, as well as forming an interaction platform for important factors of 

the cell cycle regulatory network199. While Sae2 is essential for S. cerevisiae MRX 

endonuclease activity168, human MRN is only stimulated by CtIP and also requires Nbs1173. 

A major structural characteristic shared among all CtIP homologs is their largely unstructured 

shape based on expanded low complexity sequence regions. An exception to this is the 
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structurally conserved and compact N-terminus that bridges CtIP oligomers by forming a 

tetrameric helical dimer of coiled coil dimers (THDD) domain, also referred to as tetrameric 

four-helix bundle199-201 The THDD domain is flexibly adhered to a C-terminal DNA-binding 

regulatory hub, which e.g. influences MRN/X nuclease activities and thus also affects pathway 

choice in DSB repair199-201. A more recent AFM study also showed that, mediated by the THDD 

domain interactions, human CtIP forms an overall dumbbell-shaped architecture202. Mediated 

by the THDD domain, the C-terminal DNA binding regions are reported to be able to bridge 

two DNA molecules in trans (Figure 12)202. 

 

 

Figure 12: Overall architecture of human CtIP and crystal structure of the N-terminal THDD domain. 

The schematic highlights the overall dumbbell shape built by the three main domains of CtIP: The N-terminal 

THDD tetramerization domain, a flexible IDR domain with the phosphorylated pS-x-pT motif for Nbs1 

interaction, and the C-terminal Sae2-like domain. A crystal structure of the human CtIP THDD domain 

(dark/light grey; PDB: 4D2H) shows the conserved tetramerization interface formed by interlocking α-

helices. Figure based on Andres and Williams, 2017199. 

 

Many proteins, e.g. Nbs1169,192 or BRCA1194,203, interact with CtIP via short peptide motifs 

within the interspersed intrinsically disordered region (IDR)199. Yeast Ctp1 was shown to 

interact with the N-terminal FHA domain of S. pombe Nbs1 via a conserved, phosphorylated 

pS-x-pT tandem repeat domain in the IDR192-194. Disruption of this Ctp1-Nbs1 interface blocked 

the Nbs1-mediated recruitment of Ctp1 to DSBs in vivo192 and thus suggests a direct tethering-

related coordination mechanism (Figure 12)192,193,199. 

A second conserved region, called Sae2 like domain, is located at the very C-terminus. The 

Sae2-like domain was found to mediate DNA binding and bridging, regulation of MRN 

interactions and nuclease activity, as well as G2-M checkpoint activation93,168,169,200. It further 

contains a “RHR” (“RNR” is Sae2) and a Zn2+ binding “CxxC” (absent in Sae2) motif (Figure 

12). While the RHR motif, based on studies in fission yeast, mediates the DNA binding and 

bridging activities of the Sae2 like domain201, the precise function of the Zn2+ binding CxxC 

motif remains elusive199. However, despite the recent advances on CtIPs structural and 
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functional characteristics, a mechanistic basis, especially regarding its essential function for 

MRNs endonuclease activity, is still lacking. 

1.3.5 The MRN complex in health and disease 

The MRN complex is a key player acting on the maintenance of essential aspects of genome 

stability in all cells. This is not least also shown by its discussed conservation through all 

kingdoms of life119,137. Thus, mutations in any genes encoding for MRN components cause 

diseases, especially in humans. On one hand, studies of the International Cancer Genome 

Consortium showed that mutations in all three MRN component genes are found in >50 

sporadic cancers. A fact that marks MRN, and in particular associated mutations in the 

individual components, as a risk factor for the development of various cancer types137. Germline 

mutations in Mre11, Nbs1 and Rad50 on the other hand, are known to cause ataxia 

telangiectasia (A-T)-like disorder (ATLD), Nijmegen breakage syndrome (NBS) and NBS-like 

disorder, respectively137,204. 

Both, ATLD and NBS cells show phenotypic similarities to those from patients with A-T, 

inherited by mutations of the central DDR kinase ATM137,204. The phenotypes include 

hypersensitivity to DSB inducing clastogens, defects in DDR cell-cycle checkpoint arrest and 

chromosomal fragility. However, clinical symptoms of ATLD and NBS patients are distinct204. 

While ATLD patients show neurodegeneration and ataxia like in A-T205, NBS and NBS-like 

patients suffer from morphological abnormalities such as “bird-like” faces and microcephaly, 

accompanied by a high cancer predisposition204,206. 

The described syndromes and disorders connected to MRN mutations, highlight MRNs 

important cellular functions. Thus, the following chapters will take a closer look at MRNs 

multifaceted functional roles in cell cycle and DSB response signalling, telomere maintenance 

and dysfunction, as well as in viral defence and innate immunity mechanisms. 

1.3.5.1 MRN as a cell cycle checkpoint mediator in DNA damage signaling 

Using Cas9-directed DNA cleavage, it has been demonstrated that already the small number of 

1-4 DSBs are sufficient to retard mammalian cell cycle progression due to DDR signaling 

activation207. Budding yeast cells are shown to be even more sensitive, with a single DSB being 

enough to provoke a robust G2/M arrest208,209. Thus, DDR signaling and cell-cycle checkpoint 

activation upon DSB events are based on sensitive mechanisms, essential for eukaryotic DSB 

repair and genome maintenance209. 

Aside of being a key modulator in DSB signaling and repair, the MRN complex acts as a cell 

cycle checkpoint mediator209. Upon DSB detection, the C-terminus of Nbs1/Xrs2192,195,196,210 
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but potentially also Mre11-Rad50 themselves211, activate ATM/Tel1 as shown in mammals and 

yeast209. Furthermore, MRN/X also activates ATR/Mec1. This occurs indirectly after the 

MRN/X initiated end resection produced RPA coated 3' ssDNA overhangs, where ATR/Mec1 

gets recruited to, by their specific binding partners ATRIP/Ddc2209,212. Hence, with progressing 

resection, checkpoint signaling shifts from ATM to ATR dependence209,213. 

Activation of ATM and ATR leads to a broad cellular signaling cascade by phosphorylation 

mediated activation of numerous substrates, of which many are kinases themselves, and the 

first substrates being the Checkpoint kinase 2 (CHK2) and 1 (CHK1), respectively209. 

Consequently, via phosphorylation of the central transcription factor p53 and multiple p53-

independent mechanisms such as CDC25 phosphatase inhibition, CHK1 and 2 can induce the 

G2/M checkpoint. This enables the signaling cascade to enforce cell cycle arrest, cell 

senescence or apoptosis, if multiple or persistent DSBs accumulate209. 

As depicted by these regulatory examples, the MRN complex functions as a cell cycle 

checkpoint mediator in response to DSBs. Either through direct or indirect signal transduction, 

to and downstream of the central DDR signaling kinases ATM and ATR209. 

1.3.5.2 MRN in telomere maintenance and dysfunction 

Eukaryotic linear chromosomes bear two threats to genomic stability as their ends not only 

structurally resemble a DSB, but also naturally get shortened with every replication cycle. The 

chromosome shortening is a side effect of the lagging strand replication, resulting in a short 3' 

overhang of the opposing strand. To avoid a DSB-related DNA damage response and potential 

associated loss of genetic information, telomeres protect the ends of eukaryotic linear 

chromosomes. Yet, reaching a critical telomere length, the cell will be sent to senescence or 

apoptosis, acting as a tumor suppressing mechanism that limits replication cycles to a finite 

number137,214-216. 

Telomeres generally consist of long non-coding duplex-DNA with a repetitive sequence of 

“-TTAGGG” in human137,215,217. An attached 3' ssDNA overhang, especially for the blunt-ended 

leading strand, is generated by Apollo and Exo1 nuclease resection218. In case of a functional 

telomere, MRN senses the newly synthesized ends and promotes resection215,219. The overhang 

not only prevents NHEJ-mediated generation of circular and unstable chromosomes217, but also 

serves as a binding platform for the telomere protecting Shelterin complex137. The six protein 

Shelterin complex stabilizes and protects the telomeric ends via t-loop formation, a process 

where the 3' ssDNA is folded back onto the dsDNA region137,215. 

Eukaryotic MRN/X was shown to be associated with telomeres during S-phase in a DSB-

independent fashion, and in case of higher eukaryotes directly interacts with the Shelterin 

component Telomeric-repeat binding factor 2 (TRF2)220,221. A co-crystal structure of the human 

TRF2 TRF homology domain bound to a Nbs1 peptide (aa 419-449) containing a YQLSP (aa 
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429-433) motif suggests an interaction also involved in telomeric recruitment of MRN222. 

Intriguingly, S432 gets phosphorylated in S/G2 by CDK2, which disrupts the TRF2-MRN 

interaction, resulting in TRF2 driven Apollo recruitment to new telomere ends and hence NHEJ 

prevention. In contrast, during G1, dephosphorylated Nbs1S432 binds to TRF2, which prevents 

MRN-mediated ATM activation and thus again inhibits NHEJ of telomeres222. In case of 

dysfunctional or “uncapped” telomeres, e.g. due to TRF2 depletion, telomeres are recognized 

as DSBs by the MRN complex. This then results in phosphorylated Nbs1S432 dependent ATM 

activation222 and MRN mediated removal of the 3' telomeric overhang223, promoting 

chromosome segregation and apoptosis due to NHEJ-mediated chromosome fusion204,215. 

Yet, it is still not fully understood to which extent important other MRN-related end-processing 

cofactors as e.g. CtIP are involved in this process215. At S. cerevisiae telomeres for example, 

Sae2’s coactivator function for MRX endonuclease activity, and thereby endonucleolytic 

cleavage itself, is inhibited by the telomeric factor Rif2 (Rap1-Interacting Factor 2)224-227. 

1.3.5.3 MRNs functional role in innate immunity 

Another layer to MRNs multifunctionality in vivo, is its participation in innate immunity 

mechanisms involved in viral defense. Among other factors, MRN can detect viral dsDNA and 

initiate cascades of the described DDR, but also innate immunity signals137,228. Due to the small 

size of viral DNA, and in contrast to canonical DDR, only a local and less amplified MRN-

mediated ATM activation is happening. By that MRN helps to avoid cell cycle arrest and global 

damage responses upon viral infection. Hence, MRN-mediated responses deliver the regulatory 

basis to block viral replication in the nucleus through a genome related self- and nonself-

recognition mechanism137,229. Moreover, MRN, in association with NHEJ factors, is able to 

directly inhibit viral replication via concatenation of viral DNA 137,230,231, forming stretches too 

big to package and with buried terminal replication origins137,232-234. 

A direct immune response via type I interferons (IFNs) production can also be induced by 

Mre11-Rad50, while being independent of Nbs1. A study on an ATLD-patient cell line showed 

that DNA-binding impaired Mre11 induces defects in IFN production137,235. MR was further 

shown to be required for activation of Stimulator of interferon genes (STING), nuclear factor 

κβ (NF- κβ) and Interferon regulatory factor 3 (IRF3), which are crucial factors for IFN 

production137,235. However, this opens a constant battle between viral defense mechanisms and 

infecting viruses. For example, oncoproteins from human Adenovirus early region 4 (E4) genes 

open reading frames 3 and 6 (E4-ORF3 and 6) actively relocalize and mark MRN for 

degradation to render it inactive137,232. 
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1.4 The bacterial Mre11-Rad50 complex 

The bacterial MR complex is formed by the Rad50 and Mre11 homologs SbcC (ATPase) and 

SbcD (nuclease)119,236. Already early experiments, using multiple sequence alignments, found 

conserved motifs of nuclease and ATPase catalytic domains shared among Mre11 and Rad50 

protein homologs from e.g. yeast, E. coli (further denoted as EcMR; also known as SbcCD) and 

T4 phages (gp46 ATPase; gp47 nuclease)119. This first evidence of evolutionary conservation 

of the MR complex in prokaryotes was supported by EM imaging, illustrating the typical MR 

“head-rod-tail” structure for EcMR120. Hence, even though the prokaryotic system lacks the 

important eukaryotic MR cofactors Nbs1 and CtIP, it exhibits structural and functional 

similarity compared to its eukaryotic counterparts92,119,172. As for eukaryotic MRN/X, in vitro 

experiments showed that EcMR detects DNA end structures, processes protein-blocked or 

obstructed ends, as well as hairpins by nucleolytic cleavage to enable DSB repair by HR (Figure 

13)120,172,237. EcMR was furthermore shown to bind a stretch of 25-30 bp of dsDNA and having 

increased affinity towards free DNA ends165. Clearance of blocked DNA ends and secondary 

structures relies on EcMR’s 3' to 5' dsDNA exonuclease and a hairpin-opening single-strand 5' 

endonuclease172,237. Whereas EcMR’s exonuclease activity only needs ATP binding, but not 

hydrolysis, the DNA end block stimulated endonuclease activity was biochemically shown to 

require ATP hydrolysis165, according to observations made in eukaryotic homologs93,168,173. 

Yet, one has to note that other investigations on EcMR showed that ATPγS is sufficient for 

endonuclease cleavage172,238. Quantitative estimates revealed that multiple ATP hydrolysis 

cycles are necessary per endonucleolytic cleavage165. A putative mechanism was proposed, in 

which ATP binding and hydrolysis leads to local, but potentially also reversible, melting of the 

DNA double-strand prior to cleavage165. In support of that, ATP-dependent local DNA melting 

has been observed for other eu- and prokaryotic Mre11 homologs153,161,239. Furthermore, the 

putative DNA melting required for endonuclease activity was shown to likely being dependent 

on a properly formed EcMre11 dimer, as mutational weakening of the dimer interface reduced 

endonuclease, but could be rescued by introduction of a pre-melted DNA bubble165. 

A recent biochemical study revealed that DNA cleavage on opposing 3' and 5' strands, exo- or 

endonucleolytically, are chemically distinct165. This is due to the cleavage-coupled hydrolysis 

of the DNA phosphodiester bond either happening at the 3' (P-O'5 cleavage) or 5' (3'O-P 

cleavage) side, looking from a blocked end (Figure 13). Based on this chemical signature, 

EcMR’s binding polarity is suggested to be opposed when binding to a free or a blocked DNA 

end165. 

Overall, the enzymatic activities are equal to the ones described for eukaryotic MRN/X172,237. 

Thus, deblocking of protein-blocked ends and hairpin-opening activities seem to be 

evolutionary conserved enzymatic activities of MR165. However, due to the lack of prokaryotic 

counterparts for the important regulatory MR cofactors Nbs1 and CtIP in eukaryotes, EcMR’s 
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enzymatic activity is thought to be less tightly regulated. In contrast to eukaryotic MRN/X, 

EcMR exhibits an intrinsic, non-cofactor dependent and more robust endonuclease activity that 

was reported to be binary, cleaving both DNA strands in ~10 bp intervals238. As discussed in a 

previous chapter, this double cleavage of both DNA strands was recently also reported for MRN 

in a limited way, e.g. helping to release protein blocks bound to the 3' end173. Consequently, 

this further supports the idea of an evolutionary conserved cleavage activity of blocked DNA 

ends for pro- and eukaryotic Mre11-Rad50 complexes165. 

Additional studies revealed EcMR to cleave topoisomerase DPCs, hairpins and cruciform 

structures formed by long DNA palindromes, in vivo (Figure 13)236,240,241. Due to the formation 

of hairpin-capped ends and cruciform structures, long DNA palindromes are sites of genomic 

instability, gene amplification and interfere with DNA replication – a threat conserved from 

prokaryotes to eukaryotes242,243. In support of EcMR’s capability to resolve hairpin and 

cruciform structures, the nuclease activity of budding yeast MRX-Sae2 has also been shown to 

prevent palindrome derived duplications175,244. Adding up, mutations of a component of MRX-

Sae2, preventing nuclease activity, can result in replication of hairpin-capped ends, inducing 

formation of di- and acentric chromosomes in mitotic cells175,240. In a more recent study, EcMR 

in cooperation with ExoI has been shown to adopt a crucial role in replication termination. In 

this case, two convergent replication forks pass each other, which generates a DNA bridge 

between the duplicated chromosomes, that needs to be resolved by EcMR and ExoI245. 

 

 

Figure 13: Main DNA substrates and nuclease activities reported for the bacterial MR complex. (A) 

Schematic illustration of the main DNA substrates processed by the bacterial MR complex SbcCD. (B) 

Schematic illustration of endo- and exonuclease cleavage reactions at free, hairpin and protein-blocked DNA 

ends. 
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1.5 Objectives 

The evolutionary conserved MR(N) complex has been extensively studied over the last decades, 

being a key player in DSB repair. Yet, several structural and mechanistic questions still remain 

unanswered. Former structural studies on MR core complexes derived from different species 

could show that in an ATP-bound state, the Rad50 NBDs block DNA entry to the Mre11 

nuclease active sites153,167,178. Furthermore, the former structural studies were all drawn on 

protein X-ray crystallography, which required the functionally vital Rad50 CCs to be drastically 

shortened, likely impairing MR(N)’s overall functionality153,167,178. Thus, a structural and 

mechanistic basis for the MR(N) complex’s conserved exo-, endonuclease and hairpin-opening 

activities remains elusive. 

On these grounds, the aim of this thesis was to elucidate the structural and functional 

characteristics of the MR core complex, using structural and biochemical approaches. Here, the 

EcMR complex is used as a model system, providing the advantage of conserved structural and 

enzymatic features compared to the eukaryotic MR(N) orthologs, while being independent of 

additional cofactors or post-translational modifications92,119,172. Hence, the EcMR complex can 

be used as a simplified model system to investigate the structural and mechanistic principles of 

the MR core complex. The recent resolution revolution in cryo-EM further enables us to 

investigate the full-length EcMR complex at near-atomic resolution, without shortening of the 

functionally essential Rad50 CCs. 

Within the course of this thesis, we aimed to obtain structural and mechanistic insights into the 

Mre11-Rad50 complex with its enigmatic nuclease diversity, able to process a large variety of 

DNA substrates. 

To better understand the structural and functional effects of the flexible CCs on the Rad50 head 

domain, a cryo-EM structure of the full-length EcMR complex bound to ATPγS should be 

solved. This then should serve as a ground state in the following, where we aimed to elucidate 

the structural changes upon DNA binding and processing. Here, the cryo-EM structure of the 

full-length EcMR complex bound to a free DNA end should be solved. Supported by 

biochemical assays the structure will help to clarify how the DNA can access the Mre11 

nuclease active site, building the mechanistic basis of DNA end sensing and exonucleolytic 

processing by Mre11-Rad50. 

The main goal of this thesis was seized in the second part, where we aimed to investigate the 

structural mechanism of MR’s physiologically important endonuclease, as well as the hairpin-

opening activity. Using cryo-EM, we aimed to solve the structures of EcMR bound to a protein-

blocked DNA and a DNA hairpin. Supported by biochemical studies, this will help to clarify 

how Mre11-Rad50 generates an endonucleolytic incision to remove protein blocks and open 

hairpins. In sum, this work will help to understand the structural and mechanistic basis of 

Mre11-Rad50’s enigmatic nuclease diversity. 
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2.1 Mechanism of DNA End Sensing and Processing by the 

Mre11-Rad50 Complex 

Lisa Käshammer*, Jan-Hinnerk Saathoff*, Katja Lammens, Fabian Gut, Joseph Bartho, Aaron 

Alt, Brigitte Kessler, Karl-Peter Hopfner, Mechanism of DNA End Sensing and Processing by 

the Mre11-Rad50 Complex, Molecular Cell, Volume 76, 07 November 2019, Pages 382-394 

https://doi.org/10.1016/j.molcel.2019.07.035 

* These authors contributed equally 

Summary 

In this publication we performed cryo-EM on the bacterial EcMR complex (also known as 

SbcCD) to solve the first full-length Mre11-Rad50 structures. The reported structures depict 

the EcMR complex in two defined states, a resting and a DNA-bound cutting state. In the 

ATPγS bound resting state the Mre11 nuclease active sites are blocked by the Rad50 NBDs, 

resembling previously published crystal structures of the MR head complex. The long 

protruding Rad50 CCs adopt a ring-like open conformation, but could only be resolved in close 

proximity to the Rad50 NBDs due to their flexibility. Upon DNA binding, the complex 

transitions to an active, nuclease-proficient cutting state. Here, the CCs interact and zip up to 

form a rod-like state that could be resolved up to 200 Å in length, clamping the DNA in close 

collaboration with the Rad50 NBDs. Consecutively, the Mre11 dimer undergoes a large 

conformational rearrangement by ~120° to relocate at the side of Rad50, through which a DNA 

cutting channel is formed. Here, Mre11 binds the DNA end, enabling nucleolytic processing of 

the free 3' DNA end via MR’s conserved 3' to 5' exonuclease activity. This exonuclease state 

has not been observed in previous crystal structures and hence describes for the first time the 

structural mechanism of how Mre11-Rad50 can sense and process a free DNA end. 

These structural and mechanistic insights on the DNA end sensing and processing by Mre11-

Rad50 were further supported by biochemical assays. The exonuclease state showed that DNA 

binding is mainly mediated by the Rad50 NBDs and CCs. In support of this, mutational analysis 

https://doi.org/10.1016/j.molcel.2019.07.035
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in associated DNA binding residues abolished DNA binding. Furthermore, mutations in the 

Mre11 fastener, which locks the Mre11 dimer in active conformation, strongly decreased the 

exo- and endonuclease activities of EcMR, while a charge reversal mutant is able to partially 

restore activities. 

Based on the described results we propose a model in which the EcMR complex scans the DNA 

for a DSB in an autoinhibited conformation with open CCs. Upon encounter of a DSB end, the 

CCs close-up to allow relocation of the Mre11 dimer into a nuclease-proficient exonuclease 

state. 

 

Author Contribution 

I performed biochemical assays, in particular nuclease and blocked dsDNA degradation assays, 

as well as associated quantification and statistical analysis together with Lisa Käshammer to 

analyse the biochemical properties of EcMR and specific mutants. Furthermore, I was involved 

in the analysis and discussion of the results with Lisa Käshammer, Karl-Peter Hopfner and all 

other authors. 
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Figure S2 Related to Figure 1| Resting State Analysis 

(A) Portion of the electron density superimposed with the 1.8 Å X-ray structure of EcMre11 (4M0V) 

shows the quality of the map. This starting model was subsequently adjusted and refined. 

(B)  Gel filtration retention volumes of EcMR in absence and presence of ATP and/or DNA shows 

homogeneous species and no formation of stable higher order oligomers as a function of ATP or 

DNA. ATP/DNA leads to a slight reduction of hydrodynamic radius.   

(B) Comparison of the resting state EcMR head with X-ray structures of the MR head from 

Thermotoga maritima (PDB: 3THO) and Methanocaldococcus jannaschii (PDB: 3AV0). All three 

structures show a related fold with slightly different orientations of the coiled coil. 
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Figure S3 Related to Figure 1| Cryo-EM processing scheme of the cutting state 

 (A) Size exclusion profile of full-length EcMRH84S. The peak used for grid preparation is indicated 

by an asterisk.  

 (B) Representative micrograph with the cutting state EcMRH84S in complex with ADP and DNA. 

 (C) The local resolution of the cutting state reconstruction was calculated using ResMap and is 

shown as a color-coded surface representation. 

 (D) The fifteen highest populated classes from the 2D classification of the EcMR in the cutting 

state are shown. 

 (E) Gold standard Fourier shell correlation (FSC) for the cutting state reconstruction. The red line 

indicates the 0.143 cutoff criterion which indicates a nominal resolution of 4.2 Å. 

 (F) Angular distribution of the cutting state reconstruction particles. 

 (G) Sorting scheme that was used to obtain the 4.2 Å reconstruction of the cutting state. 
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Figure S4 Related to Figure 1 and 2| Structural details of nucleotide and metal binding 

 (A) ATPγS-Mg2+ is visible in the nucleotide binding domain of the resting state reconstruction. 

The density for the nucleotide is shown and important nucleotide binding motifs are highlighted 

and color coded. 

 (B) ADP-Mg2+ is visible in the nucleotide binding domain of the cutting state reconstruction.  

 (C) Interaction of EcMR to fluorescein-labeled 60 bp DNA in the presence of ATP, ADP, ATPγS 

and no nucleotides monitored by the change in fluorescence anisotropy. DNA binding was 

detected in the presence of ATP and ATPγS, but not ADP. The data were fit to a 1 to 1 binding 

equation. Mean and standard deviation are indicated (n = 3, technical replicates).  

 (D) The linker between the HLH motif and the capping domain of Mre11 adopt different 

conformations in both monomers. In monomer B (left) no DNA is bound and the linker adopts a 
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closed conformation while in the DNA binding monomer A (right) an extended conformation is 

formed. 

(E) Steady-state ATPase rates of EcMR charge reverse mutants EcRad50E115K, EcMre11K149E and 

EcMre11K149ERad50E115K, stimulated by 60 bp DNA. Mean and individual data point (n = 3, 

technical replicates). 

(F) Interaction of EcMR charge reverse mutants with double-stranded DNA monitored by the 

change in fluorescence anisotropy. The data were fit to a 1 to 1 binding equation. Mean and 

standard deviation are indicated (n = 3, technical replicates). The following Kd values were 

calculated: EcMR: 51 ± 5 nM; EcMRE115K: 14 ± 4 nM; EcMK149ER: 132 ± 17 nM; EcMK149ERE115K: 17 

± 4 nM. 
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Figure S5 Related to Figure 2 and 3| Mutational analysis of Fastener-NBD interface and 

coiled-coil 

(A) Map at the EcMre11 active site (blue) bound to DNA (red).  

(B) Difference density analysis of EcMR in the cutting shows robust density (left panel) at the di-

metal site where crystallographic analysis of EcMre11 showed two manganese ions (right panel). 

The difference density was calculated using the command phenix.real_space_diff_map, for pdb 

maps without (left) and with (right) manganese ions. 

(C) Comparison of the Mre11 resting state to Mre11-DNA orientation of the cryo-EM EcMR cutting 

state and to the X-ray structures of Pyrococcus furiosus Mre11-DNA (pdb: 3DSC; bottom, left) 

and Methanocaldococcus jannaschii Mre11-DNA (pdb: 4TUG; bottom, right). 

(D) Rearrangement of the EcMre11 sealing loop (yellow) and EcMre11 fastener (green) in the 

resting- and cutting-state respectively. 

(E) Nuclease activity of EcMR mutants analyzed with fluorescently labeled 60 bp DNA containing 

a free DNA end (DNA I) and a DNA end which is blocked by a single-chain fragment against 

fluorescein (DNA II). To prevent exonucleolytic degradation, the unlabeled 3’ DNA end is 

protected by 10 consecutive phosphothioate linkages. The residues of EcMre11sealing loop are 

deleted in the EcMre11Δ188-203 mutant. 

 (F) Analysis of coiled-coil propensity along the protein sequence using DeepCoil (Ludwiczak et 

al., 2019) as implemented in the MPI ToolKit (Zimmermann et al., 2018). NBD’s N and C-terminal 

regions as well as the Zn-hook have low CC propensity as expected. However, the N- and C-

terminal parts of the CC domain have another 4 (1N,3N,4N,5N) and 5 (5C,4C,3C,2C,1C) regions 

of low CC propensity. 2N still has high CC propensity, but in our cryo-EM map pairs with 2C to 

form the CC break element 2. In total our density shows three CC break elements (1,2,3 in Figure 

3D) matching the sequence regions of 1N:1C, 2N:2C, 3N:3C. 4N:4C and 5N:5C might form two 

additional CC break elements towards the Zn-hook. 

 (G) Interaction of EcMRΔCC with double-stranded DNA monitored by the change in fluorescence 

anisotropy. The data were fit to a 1 to 1 binding equation. Mean and standard deviation are 

indicated (n = 3, technical replicates). 

(H) Plasmid assay of linearised pBR322 with the coiled-coil mutants EcMRhook and EcMRΔCC. Time 

points were taken after 10 and 30 min. 
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Figure S6 Related to Figure 4 and 5| Characterization of the LisH-EcMR constructs 

(A) Comparison of standard B-form -DNA (gray) to the DNA structure in theEcMR cutting-state 

structure (red). 

(B) Nuclease activity assays as in Figure 3A, B but with different DNA/streptavidin ratio leading 

to a larger fraction of the double-blocked linear species (II) over the circular (III). EcMR selectively 

degrades linear DNA. 

(C) Nuclease activity of EcMR wild type analyzed with 5’ fluorescently labeled 80 bp DNA 

containing a DNA end which is terminally-blocked by a single-chain fragment against fluorescein, 

scFv (DNA I) and in the presence Chaetomium thermophilum Ku70/80 (DNA II). The 3’ 

endonuclease shifts from 25 nucleotides (scFv-bound) to 35 nucleotides (Ku70/80-bound) 

approximately 10 bp inwards. 

(D) Size exclusion profiles of LisH-EcMre11NUC and EcMre11NUC. 
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(E) Size exclusion profiles of LisH-EcMR with 11 and 20 residue linker and EcMR. The runs were 

done with a S6 5/150 column. 

(F) Nuclease activity of LisH-EcMR with 11 and 20 residue linker and EcMR analyzed with 

fluorescently labeled 60 bp DNA containing a free DNA end. To prevent exonucleolytic 

degradation, the unlabeled 3’ DNA end is protected by 10 consecutive phosphothioate linkages. 

(G) Quantification of the exonuclease activity shown in (F), (n=3, technical replicates) 
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Table S1 Related to Key Resource Table| DNA oligomers used for the assays and the 

cryo-EM sample 

 

Oligonucleotide  Sequence 5’ to 3’ 

60 bp DNA fwd for nuclease CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAA
GTACATTACCCTCTC*A*T*A*G*G*A*G*G*T*G 

60 bp DNA rev for nuclease CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGT
GTCCCTGCGCTCATCTACTACCCG-6-FAM 

60 bp DNA fwd for size 
exclusion analysis 

CGGGTAGTAGATGAGCGCAGG*G*A*C*A*C*C*G*A*G
*GTCAAGTACATTACCCTCTCATAGGAGGTG 

60 bp DNA rev for size 
exclusion analysis 

CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGT
GTCCCTGCGCTCATCTACTACCCG 

80 bp DNA fwd for nuclease 
with Ku70/80 

CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAA
GTACATTACCCTCTCATAGGAGGTGCGCTTTATCAG
AAGCCAGAC 

80 bp DNA rev for nuclease 
with Ku70/80 

GTCTGGCTTCTGATAAAGCGCACCTCCTATGAGAGG
GTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCT
ACTACCCG-6-FAM 

60 bp DNA fwd for ATPase 
assay 

CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAG
AAACTCAACGAGCTGGACGCGGAT 

60 bp DNA rev for ATPase 
assay 

ATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGT
TAATGTCTGGCTTCTGATAAAGCG 

35 bp DNA fwd for DNA 
binding assay 

CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGA 

35 bp DNA rev for DNA 
binding assay 

6-FAM- 
TCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG 

60 bp DNA for EM fwd CGCTTTATCAGAAGCCAGACATTAACGCTTC 
TGGAGAAACTCAACGAGCTGGACGCGGAT 

60 bp DNA for EM rev ATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGT
TAATGTCTGGCTTCTGATAAAGCG 
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Movie S1 Related to Figure 1| Depiction of the conformational changes occurring upon 

DNA binding in EcMR 

The first part of the movie explains the structure of EcMR in the resting state and the movement 

of the Mre11 dimer upon DNA binding. Additionally, it depicts important structural features of the 

cutting state structure. The second part of the movie explains closing of the CCs using a morph 

between the resting state and the cutting state of EcMR. 
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2.2 Structural mechanism of endonucleolytic processing of blocked 

DNA ends and hairpins by Mre11-Rad50 

Fabian Gut*, Lisa Käshammer*, Katja Lammens, Joseph D. Bartho, Anna-Maria Boggusch, 

Erik van de Logt, Brigitte Kessler, Karl-Peter Hopfner, Structural mechanism of 

endonucleolytic processing of blocked DNA ends and hairpins by Mre11-Rad50, Molecular 

Cell, Volume 82, 19 August 2022, Pages 3513-3522 

https://doi.org/10.1016/j.molcel.2022.07.019 

* These authors contributed equally 

Summary 

In this publication we use cryo-EM on the bacterial EcMR complex (also known as SbcCD) to 

reveal how the Mre11-Rad50 nuclease removes protein blocks from a DSB end via its 

conserved endonuclease activity, to enable DSB repair. We report a cryo-EM structure of 

EcMR bound to a protein-blocked DNA end in 5' endonuclease mode, which closely resembles 

the previously reported exonuclease state. The endonuclease state further reveals that Mre11-

Rad50 bends DNA for endonucleolytic cleavage. This is supported by biochemical assays, 

which show that EcMR preferentially cleaves at DNA sites with higher flexibility. Furthermore, 

we show that MR is loaded onto blocked DNA ends with opposing polarity compared to free 

DNA ends, resulting in Mre11 pointing away from the block. This is sufficient to explain a 

broad range of previous biochemical data, for example, the reversal of cleavage strands in 3' 

exo- and 5' endonuclease activities, through the way MR interacts with different DNA ends. 

Furthermore, we report a cryo-EM structure of EcMR bound to a DNA hairpin, explaining the 

structural and mechanistic basis for MR’s hairpin-opening activity. The observed conformation 

of the hairpin-bound state is again very similar to the reported exo- and endonuclease states of 

EcMR. Thus, the structures show how Mre11-Rad50 is able to process internal DNA, free DNA 

ends, and hairpins through a similar ATP-regulated conformational state. In summary, our 

results provide the structural and mechanistic basis for how blocked DNA ends and hairpins 

are processed by Mre11-Rad50 and unify its enigmatic nuclease diversity in a single structural 

framework. 

 

Author Contribution 

Together with Lisa Käshammer and Brigitte Kessler, I purified the proteins used within this 

study. I prepared cryo-EM grids and performed data collection, structure determination, 

analysis and modelling together with Lisa Käshammer, Katja Lammens and Joseph Bartho. 

https://doi.org/10.1016/j.molcel.2022.07.019
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With the help of Anna-Maria Boggusch and Erik van de Logt, I performed biochemical 

nuclease assays. I wrote the manuscript together with Karl-Peter Hopfner, Lisa Käshammer and 

with contributions from all other authors. 
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3 Discussion 

As a key player in DSBs repair, the MRN complex has been extensively studied over the last 

25 years. Combining structural, biochemical and biophysical approaches, major advances have 

been made towards a structural and mechanistic understanding of the MRN complex. Yet, 

several questions still remain unanswered, especially in regard of the DNA binding and 

processing mechanisms of the full-length MR(N) complex. 

Structurally, the MR(N) complex and its individual components have been mainly studied by 

X-ray crystallography over the last decades. As a result, several structures of the MR(N) 

complex with and without DNA149,153,167,178, sole Mre11140,148,166,246, but also in complex with 

Nbs1 peptides139,150, and sole Rad50156,157,176 could be solved for various organisms. A recent 

study also reported a cryo-EM structure of the full-length C. thermophilum MRN complex 

bound to ATPγS139. However, the solved structures of the MR(N) complex in ATP-bound states 

all show, that the Mre11 dimer remains underneath the Rad50 head domain, with or without 

DNA bound to Rad50. Hence, an autoinhibitory state is formed, where the Mre11 nuclease 

active sites cannot be accessed by the DNA153,167,178. Due to the prevalent limitations in protein 

crystallization, the highly dynamic and functionally crucial coiled coils (CCs) with the apical 

Zn-hook always needed to be drastically shortened. However, the latter were shown to affect 

the biological and enzymatic functions of the complex179,181,182,184. 

Despite the major structural and biochemical advances during the last two decades, many more 

questions concerning the MRN complex remained elusive. Four enigmatic, but previously 

unresolved questions tackled within this work are: 

 

(I) How does the dsDNA enter the Mre11 nuclease active site? 

(II) What is the underlying structural mechanism of the MR(N)’s conserved exo- and 

endonuclease activities? 

(III) Is there a uniform structural basis to MR(N)’s nuclease diversity? 

(IV) What is the functional and mechanistic role of the CCs? 
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3.1 From resting to cutting state – a unified nuclease mechanism for 

different DNA substrates 

The bacterial EcMR complex provides a good model system to study the structural and 

biochemical mechanisms of the MRN complex. Even though it is lacking eukaryote-specific 

interaction partners, such as Nbs1 or CtIP, it still shows highly conserved structural and 

biochemical properties compared to eukaryotic MRN/X92,119,120,172. Enzymatically, this mainly 

includes the conserved 3' to 5' dsDNA exonuclease, the single-strand 5' endonuclease on 

hairpin-capped and blocked DNA ends and the coupled ATPase activity120,172,237. With the 

advent of the so-called “resolution-revolution” in cryo-EM, structural biology obtained a new 

arm, enabling structural studies on the full-length MR complex. Hence, we set out to answer 

the above mentioned, still unsolved questions by investigation of the full-length EcMR complex 

using cryo-EM and biochemical approaches. 

Using cryo-EM we solved the globular head domain of full-length EcMR in an ATPγS bound 

state (Section 2.1, Figure 1; Figure 14). The overall conformation matches the previously solved 

MR crystal structures from several different organisms, resembling ATP-bound states (Section 

2.1, Figure S2)153,167,178. The Rad50 NBDs adopt a closed state, sandwiching two ATPγS 

molecules coordinated by two Mg2+ ions. Mre11 is kept in an autoinhibitory state underneath 

the Rad50 head, where the Rad50 NBDs block DNA access to the Mre11 nuclease active sites. 

Thus, the ATPγS state has been further referred to as “resting state”. The high structural 

conservation compared to previously solved crystal structures not only further highlights the 

structural conservation of the MR complex, but also indicates a rather minor impact of the CCs 

on the MR head conformation of the resting state. Underlining the flexibility observed in 

previous studies, only a short part of the CCs could be reconstructed143,144. Moreover, they 

clearly point outwards from the Rad50 NBDs, which matches the crystallographic 

observations153,167,178 and suggests a ring-shaped conformation (Section 2.1, Figure 1; 

Figure 14). However, this ring-shape is further dependent on joined apical Rad50 Zn-hook 

motifs, forming a second stable dimerization domain. This was not only shown in AFM studies 

for the M2R2 complex143,188, but also in recent structural studies on eukaryotic MRN and the 

Zn-hook in particular139,141,185,186. Yet, it is important to note that there are also studies that 

showed an opening of the Zn-hook144,187. 

Intriguingly, the ATPγS-bound resting state of prokaryotic EcMR with open CCs stands in 

contrast to a recent structure of the eukaryotic C. thermophilum MRN complex. The eukaryotic 

MRN complex revealed an ATPγS-bound auto-inhibited resting state structure with closed, rod-

shaped CCs139. This underlines the potential structural and mechanistic influence of eukaryote-

specific cofactors, such as Nbs1. 
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Figure 14: Cryo-EM reconstructions of EcMR in resting and DNA-bound exonuclease state. (A) The 

ATPγS bound resting state of EcMR depicted in two different views – front and top view. The Rad50 and 

Mre11 subunits are colored in shades of orange and blue, respectively. The Mre11 dimer remains in an 

autoinhibited resting state underneath the Rad50 head module. The flexible, unresolved CCs are implied by 

orange dots. (B) The dsDNA and ADP bound exonuclease state of EcMR depicted in two different views – 

front and top view. The subunits of the MR complex are colored according to panel A with the dsDNA 

colored in red. In the side view, a transparent overlay of the resting state reconstruction is shown. This 

illustrates the relocation of the Mre11 dimer in the asymmetric exonuclease state conformation with the 

Mre11 (A) active site contacting the DNA end. 

 

Using ATP and 60 bp dsDNA, the structure of EcMR bound to a free DNA double-strand in a 

nuclease proficient “cutting state” was solved (Section 2.1, Figure 1; Figure 14). In comparison 

to the resting state structure, large conformational rearrangements take place in the cutting state. 

The Mre11 nuclease and capping domains undergo a large movement of ~120° to relocate to 

the side of Rad50, forming an active site channel that harbours the DNA end. Intriguingly, this 

further holds the transition from an overall symmetric resting to an asymmetric cutting state 
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(Section 2.1, Figure 1; Figure 14). Here, the Mre11 C-terminal linker domain, inserted between 

the capping domain and the HLH motif, plays a crucial role acting as a flexible tethering 

element between Mre11 and Rad50. The described conformational change brings the nuclease 

active site of Mre11 (A) with its two coordinated Mn2+ ions in close proximity to the free 3' 

dsDNA end (Section 2.1, Figure 1, 2 and S5). Hence, this likely represents a nuclease-proficient 

3' to 5' exonuclease state (further denoted as exonuclease state) - a conformation that has not 

been observed in any of the previous structural studies148,153,166. Structural analysis showed, that 

exonucleolytic cleavage would occur between the last two terminal bases at the 3' end. Based 

on recent biochemical data, the 3'O-P bond is cleaved in this 3' to 5' exonuclease state, leaving 

a 3'-OH on the residual DNA strand and a 5' phosphate on the leaving dNMPs165. The 

positioning of the Mre11 dimer on the DNA end helps to explain EcMR’s elevated affinity 

towards dsDNA ends (Section 2.1, Figure 5). Here, Mre11 adopts a central role in DNA end 

sensing and binding, which is also consistent with results from single molecule imaging on 

human MRN96. 

The majority of the dsDNA is bound by residues of the Rad50 NBDs and the adjacent CCs, 

which partially matches observations from previous crystal structures153,156,157. Furthermore, 

this indicates a conserved DNA binding mode for Rad50 from different species. Point mutations 

at NBD and CC DNA binding residues drastically diminished DNA binding, DNA induced 

stimulation of ATPase activity and nuclease activities (Section 2.1, Figure 4). This further 

underlines the tight mechanistic interaction between Rad50 DNA binding, ATP hydrolysis and 

nuclease activity. Crystal structures of Rad50:DNA complexes indicate a footprint of ~20 

bp153,156,157, while biochemical data indicates a minimum of 25-30 bp for DNA binding and 

ATPase stimulation165. In sum, this matches the observed footprint of the EcMR exonuclease 

state structure, with the 22 bp spanning DNA binding platform formed by the Rad50 NBDs 

(Section 2.1, Figure 1 and 4). 

The conformational changes are not restricted to the globular head domain of EcMR. Upon 

DNA binding and triggering of the conformational rearrangements, the CCs move inwards in 

close cooperation with the Mre11 dimer relocation (Figure 14). By interacting with one another, 

they transition from an open ring-shaped to a rod-like conformation, clamping the Rad50NBD 

bound DNA duplex. As a result, the CCs are more rigid and could be resolved to ~1/3 of their 

total length, which corresponds to ~200 Å (Section 2.1, Figure 3). A previous AFM study 

revealed DNA-driven structural transitions between free and DNA-bound human MRN144, 

which matches the described DNA-induced rod-formation very well. Hence, the ring to rod 

transition of the CCs might also likely be a feature conserved from pro- to eukaryotes. This is 

further supported by crystal structures of the human and P. furiosus Zn-hook domains, showing 

open ring- and closed rod-shaped conformations141,185,186. Thus, the Zn-hook likely acts as a 

dynamic hinge, allowing the CCs to transition between open and closed states141,185,186. 

Moreover, the ring to rod transition may explain MR’s topological specificity for DNA ends, 
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irrespective of the type of block. While a single DNA duplex fits through the small opening at 

the base of the clamped CCs, presence of a second DNA duplex, e.g. upon binding of internal 

or circular DNA, might prevent rod formation and thus also formation of the cutting state to 

enable nuclease cleavage (Section 2.1, Figure 4 and 6). 

A recent study also showed that the rod-shaped Zn-hook apices of two eukaryotic MRN 

complexes can dimerize. Forming 120 nm spanning MRN-MRN structures, this mechanism is 

likely to be involved in DSB repair DNA tethering139. However, gel filtration experiments 

merely showed a M2R2 stoichiometry for the bacterial MR complex without higher-order 

complex formation by ATP or DNA addition (Section 2.1, Figure S2). This supports the model 

where the CCs are stably connected by the Zn-hook within a M2R2 complex188, but opposes Zn-

hook mediated higher-order complex formation for EcMR, as observed for eukaryotic MRN139. 

To examine EcMR in an endonuclease state conformation, we needed to switch to a protein-

blocked DNA substrate. It was already shown in previous biochemical studies that Ku70/80 

(further referred to as Ku) serves as a suitable DNA end block and specifically stimulates MR’s 

endonuclease activity (Section 2.1, Figure S6)95-99. Using a 120 bp dsDNA substrate with 

C. thermophilum Ku70/80 blocked ends and ATP, we were able to solve the structure of EcMR 

in “endonuclease state”. 

The structure revealed the EcMR head complex bound to 31 bp of internal dsDNA in 

endonuclease mode (Section 2.2, Figure 1; Figure 15). Overall, the head complex adopts a 

highly similar conformation compared to the exonuclease state. The DNA, again, binds along 

both Rad50 NBDs and is further bound by the clamping conformation of the CCs, before 

traversing through the active site channel. In this state, Rad50 makes more extensive DNA 

contacts, compared to the exonuclease state. Residues R102, N108 and Q110 additionally 

contact the DNA phosphate backbone on the proximal Rad50NBD (B) side, near the active site 

channel (Section 2.2 Figure S3; Figure 15). This suggests, that EcMR bound to a free DNA end 

in exonuclease mode does not fully occupy all Rad50 DNA binding sites. The active site 

geometry and coordination of the Mn2+ di-metal moiety contacting a DNA backbone phosphate 

are highly similar to the exonuclease state structure (Section 2.2, Figure 1 and S3). Using a 

structurally inferred water molecule from a high resolution EcMre11 crystal structure from Liu 

and colleagues (PDB: 4M0V)152, clearly identifies the biochemical cleavage positioning, 

characteristic of a 5' endonuclease cleavage. As described in a recent biochemical study, the 5' 

endonuclease shows consistent biochemistry with the 3' to 5' exonuclease activity, as both 

cleave the 3'O-P bond of the DNA phosphate backbone165. Most importantly, in contrast to the 

exonuclease state, the DNA is now clearly extending past the nuclease active site and exits the 

channel on the opposite side of the Mre11 di-metal center. This is even further elucidated by a 

lower resolution reconstruction depicting extended density of the post-active site DNA (Section 

2.2, Figure 2; Figure 15). Both densities revealed that the continuous dsDNA is bent sideways 

to exit the active site channel and not end at the Mre11 nuclease di-metal center. Monitoring 
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nuclease cleavage events on Ku-blocked and more rigid poly(dA·dT) dsDNA substrates247 

showed that endonucleolytic cleavage predominantly occurs in regions with higher flexibility 

(Section 2.2, Figure 2; Figure 15). Hence, the active DNA bending seems to be a mechanistic 

feature of the MR endonuclease state, as already proposed from structural analysis of the 

exonuclease state (Section 2.1, Figure 2). Here, a simple extension of the dsDNA past the 

Mre11 active site in exonuclease state would lead to a steric clash, even though the nuclease 

channel is principally wide enough. To overcome this, active bending is needed to 

accommodate continuous DNA in the endonuclease state (Section 2.1, Figure 1 and 2). The 

need for active DNA bending, has also been implied by the observation that nicks in the 

opposing strand, which lead to increased flexibility, promote endonuclease cleavage of the 

other strand173. 

In a recent biochemical study, weakening of the Mre11 dimer interaction by a EcMre11V68D 

mutation drastically reduced endonuclease activity in vitro165. Introduction of a pre-melted 

DNA bubble compensates for this endonuclease defect, interpreted as a hint towards DNA 

melting in wild-type protein165. However, it may also be that the weakening Mre11 interface 

mutation impairs EcMR’s capability of active DNA bending in endonuclease mode. In that 

case, introduction of the DNA bubble would compensate for the reduced bending capability of 

EcMR due to the increased local DNA flexibility. 

During the last years several studies reported biochemical evidence for DNA binding and 

nuclease activity related DNA melting or unwinding by the MR(N) complex153,161,187,239,248,249. 

However, based on our structural work, we do not have any evidence for active DNA melting 

or winding. Rather, the dsDNA is bent in a manner that conserves the base-pairing. 

Nevertheless, based on our structural and biochemical data, it is not excluded that DNA melting 

could occur. This in particular holds true for scenarios where MR/MRN may form oligomers 

on DNA, e.g. mediated by intercomplex Rad50 β-sheet interactions, as reported recently for S. 

cerevisiae MR(X)250. Intriguingly, MR oligomerization was shown to drive 5' endonucleolytic 

cleavage at multiple sites, while leaving exonuclease activity unaffected250. Oligomerization 

could force torsional stress on the internally bound dsDNA that is released via DNA melting. 

This in turn could also aid the proposed endonuclease mechanism, as the partially melted 

dsDNA may be more flexible and thus also more easily bendable in endonuclease mode. 

Aside of influencing the endonuclease cleavage efficiency of the MR complex, local DNA 

characteristics may apparently also have an effect on cleavage positioning. As DNA with a 

more rigid poly(dA·dT) sequence revealed preferential cleavage at regions with predicted 

higher flexibility of the DNA, this apparently also shifted the cleavage pattern with respect to 

a generic DNA (Section 2.2, Figure 2). Structurally rigid poly(dA·dT) sequences have been 

shown to exist in vivo and are proposed to affect nucleosome positioning and remodelling and 

thereby also contribute to transcriptional regulation247. Thus, sequence-based DNA mechanical 

and shape properties can influence the cleavage reaction positioning in vitro and potentially 
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also in vivo. Recent in vivo and in vitro experiments in yeast suggested a direct sequence-

dependence in the resection of mitotic DSBs by MRX251,252. However, in our structures EcMR 

only interacts with the DNA phosphate backbone without evidence of any direct 

protein-nucleobase contact that could serve as part of a sequence recognition mechanism. 

Hence, on the contrary, it might be that DNA sequence rather directly influences mechanistic 

DNA parameters, and thus also DNA shape, than the cleavage pattern itself. To further elucidate 

the physiological relevance of that will be an interesting area for future studies. 

 

 

Figure 15: Cryo-EM reconstruction and DNA binding properties of EcMR in endonuclease state. (A) 

The ADP and DNA-bound endonuclease state of EcMR shown in side view. Rad50, Mre11 and dsDNA are 

colored in shades of orange, blue and red, respectively. The flexible, unresolved CCs are implied by orange 

dots. Additional dsDNA extending past the active site is illustrated by a white dotted circle. (B) Top view of 

the EcMR structural model with color coding according to panel A. The Mre11 nuclease active sites are 

highlighted and contain the Mn2+ ions shown as purple spheres. (C) Close-up views on the Rad50 DNA 
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binding sites in endonuclease mode. DNA contacting residues are depicted as sticks. Endonuclease-specific 

DNA binding residues on the proximal side are highlighted in pink. (D) Top view of the EcMR endonuclease 

state with extended dsDNA, illustrating the active ~45° DNA bending. The extended DNA based on the low 

resolution reconstruction is highlighted in shades of grey. 

 

Another cryo-EM structure determined in the course of this study is the EcMR complex in a 

“hairpin-bound state” using a DNA hairpin and ATP. Intriguingly, EcMR adopts a highly 

similar overall conformation, again, as already described for the 3' to 5' exo- and the 5' 

endonuclease states (Section 2.2, Figure 2 and 3). Structural fitting is in accordance with a 

positioning for endonucleolytic cleavage between the first two nucleotides of the hairpin loop, 

seen from the 5' end. This agrees well with our presented biochemical data (Section 2.2, Figure 

2 and S3) and several other biochemically observed MR hairpin cleavage patterns120,172. It is 

further important to note, that a study on human MR reported primary incisions at the 3' side of 

the hairpin loop146. A possible explanation for this would be the flexible nature of the ssDNA 

hairpin loops, which may result in a different binding and cleavage conformation at the Mre11 

active site, depending on the hairpin substrate. Furthermore, additional ⁓100 Å of the rod-

shaped, interacting CCs could be resolved and modeled compared to the exo- and endonuclease 

structures, further supporting their proposed general DNA gating and clamping function 

(Section 2.1, Figure 1 and 3; Section 2.2, Figure 2). 

While ATPγS is bound in the resting state structure, ADP is present in all three active cutting 

states (Section 2.1, Figure S4 and Section 2.2). As the cryo-EM sample preparation for the exo-, 

endonuclease and hairpin-bound states included ATP, the bound ADP molecules indicate the 

latter as post-hydrolysis states. Given the presence of dsDNA in the samples, this is further 

supported by the reported dsDNA dependent 26-fold increase of EcMR’s ATPase activity165. 

A characteristic that was also shown to be conserved in human and yeast MR complexes by 

similar stimulation rates164,180. 

Surprisingly, all three active cutting state structures, forming the exo-, endonuclease and 

hairpin-bound states, share the characteristic of highly similar large conformational 

rearrangements (Section 2.2, Figure 3). The active site DNA cutting channel formed by Mre11 

and Rad50 with the CCs acting as a molecular DNA clamp, revealed Mre11’s ability to 

accommodate and process a variety of different DNA substrates in a single conformational 

state. Hence, these structures not only reveal a structural basis for DNA end sensing and 

processing by MR, but also provide a unified mechanistic basis for MR’s nuclease diversity. 
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3.2 Reversed polarity of MR on free versus blocked DNA ends 

The Ku-RM-MR-Ku state revealed that both EcMR complexes are oriented on the DNA with 

the active, re-located Mre11 dimer pointing away from the protein-blocked end. Thus, Mre11 

is oriented “inwards”, looking from the DNA end – an orientation that stands in contrast to the 

“outward” orientation of the exonuclease state on a free DNA end (Section 2.2, Figure 1 and 

S3; Figure 16). This change in orientation was already hypothesized in a former biochemical 

study165 and explains a whole body of biochemical results. It not only clarifies differences in 

cleavage site locations and strand preference for the 3' to 5' exo- and the 5' endonuclease 

activities, incising either the 3' or 5' ended strand, but also explains the shared 3'O-P cleavage 

chemistry (Section 2.1, Figure 1 and 2; Section 2.2, Figure 1 and S3)165. Moreover, it 

structurally clarifies why biochemically in exonuclease mode the phosphates are part of the 

leaving dNMPs, while in endonuclease they are attached to the newly formed DNA end165. 

Hence, biochemical and topological differences between exo- and endonuclease activities are 

not based on conformational differences, but on the polarity of EcMR binding to internal 

dsDNA or free ends (Section 2.2, Figure 3 and S3; Figure 16). 

EcMR’s inwards orientation with the active Mre11 dimer pointing away from the block, 

supports MR’s suggested role within the described “nuclease polarity paradox” in HR 

repair92,136. In the observed 5' endonuclease mode, MR is able to nick the 5' strand adjacent to 

the blocked end, while subsequently being able to exonucleolytically back-resect in 3' to 5' 

direction. This orchestrated enzymatic mechanism was also shown in vitro for yeast 

MRX-Sae297,174. Combining those two nuclease functions in a single conformational state is 

possible due to the revealed unified nuclease mechanism (Section 2.2). Yet, it is still unclear 

how a protein block covalently bound to the 3' or both DNA ends would be removed by MR. 

While a block bound to the 5' end, e.g. Spo11 in meiotic recombination62, can be resolved by 

exonucleolytic back resection from the initial nick site63,64, blocks associated with the 3' end 

would remain attached. Here, the cleavage of the opposing strand by EcMR’s 3' endonuclease, 

which was also reported for human MRN in a limited amount173, would further aid to release 

the protein-DNA adduct92. However, the structural basis for this conserved 3' endonuclease 

activity remains elusive. 

The inwards orientation of both EcMR complexes on the Ku-blocked DNA positions the Mre11 

nuclease active site of either complex ⁓55 bp from the respective end (Figure 16). This matches 

the biochemically observed incision sites at ⁓50 nt from the 5' end (Section 2.1, Figure S6, 

Section 2.2, Figure 1 and 2). Analysing various blocks in vitro, the MRN/X endonucleolytic 

nicking sites were found to be ~15-45 nt away from the DNA end92,93,97,135. Depending on the 

nature of the block in vitro, e.g. using a Streptavidin bound 5' biotin tethered to the DNA end 

via a short chemical spacer, the observed cleavage position will change compared to Ku-

blocked ends97. In vitro experiments on yeast MRX reported a robust cleavage pattern at ~35 



3 Discussion 

112 

 

nt from the Ku-blocked DNA end97,174. Given the observed space between EcMR and Ku in the 

Ku-RM-MR-Ku state, this ~35 nt cleavage pattern could also be achieved by just sliding the 

MR complex back towards the blocked end until the proteins just touch. In support of this, 

human MRN was shown to be able to diffuse along DNA until a block is reached96. So far, we 

have no structural evidence for a direct interaction between EcMR and Ku, or a protein block 

in general. The same holds true for the two loaded EcMR complexes, where we do not see 

evidence for an intercomplex interaction between MR complexes. However, such interactions 

could still occur, especially in the eukaryotic MR system, where e.g. oligomerization was 

shown to drive 5' endonucleolytic cleavage at multiple sites250. 

 

 

Figure 16: The Ku-RM-MR-Ku state reveals the reversed polarity of MR on free versus blocked DNA 

ends. (A) Low resolution recontruction and derived composite map of the Ku-RM-MR-Ku state. (B) 

Schematic illustration of the Ku-RM-MR-Ku state on 120 bp dsDNA. (C) Schematic illustration depicting 

the reversed polarity of MR on free versus blocked DNA ends. 

 

In their in vitro study on yeast MRX, Wang et al. not only reported a predominant cleavage 

event at ~35 nt, but also a second cleavage event at ~65 nt when increasing the DNA length 

from 70 to 100 bp174. This result is further supported by a recent in vivo study on yeast MRX 

that also reported cleavage at ~65 nt251. This cleavage pattern fits our observed incision sites 

considering potential influences of local DNA sequence and shape variations or sliding of the 

MR complex on DNA96,251. Furthermore, the consecutive incisions in combination with 

observations of cleavage sites up to 300-400 bp from the DNA end in vivo100, suggest a stepwise 

endonuclease mechanism by the MRN/X complex to initiate DSB resection253. However, we 

do not see any structural evidence for such a mechanism at the moment. 



3 Discussion 

113 

 

3.3 Towards a structural model for the full MR reaction cycle 

The discussed results illustrate that the MR complex undergoes large conformational 

movements. Thereby, it transitions from an open ring-shaped resting state to a rod-shaped and 

unified nuclease-active conformation, enabling processing of several different DNA substrates. 

However, the mechanistic bases for the resting to cutting state, as well as the “reverse” cutting 

to resting state transitions, still remain elusive. Hence, it will be the task of future research to 

fill in the gaps and progress towards a complete structural model for the full MR reaction cycle. 

In regard to this, the following chapter will focus on mechanistic hypotheses for the transition 

between the different structural states. 

Starting from a point in the reaction cycle where a DSB end is sensed and the DNA is bound 

by MR, the complex needs to transition from resting to an active cutting state. Thinking of a 

free DNA end, the Mre11 dimer could, in theory, relocate across the break end to adopt the 

unified nuclease active conformation. However, on a blocked DSB end things appear to be 

more complex. Due to the reversed polarity of the MR complex on free versus blocked DNA 

ends, with a continuous DNA duplex in the latter, a simple relocation of the Mre11 dimer is 

prevented. Thus, based on our current EcMR structures, there are three possible mechanistic 

theories that could explain the conformational rearrangements via an intermediate transition 

state. 

A first model suggests a transient opening of the Mre11 dimer interface, to relocate over the 

dsDNA duplex and reassemble on the other side in endonuclease mode. In this scenario, the 

Mre11 monomers would stay flexibly attached to the DNA-bound Rad50 dimer via the C-

terminal linker and the HLH motif (Figure 17). Our biochemical experiments on fusion proteins 

of EcMR and the LisH (Lis1 homology) dimerization domain254,255, further support a transient 

opening of the Mre11 dimer. Here, N-terminal fusions of LisH domains to the respective Mre11 

subunits were done, connected by different length linkers, tethering the nuclease dimer together. 

Using a short 11 amino acid linker severely compromised EcMR’s endonuclease activity on 

blocked 1500 bp linear dsDNA, while an extended linker length of 20 amino acids showed 

residual endonuclease activity (Section 2.1, Figure 5 and S6). While the shorter 11-aa linker 

might prevent a Mre11 dimer opening and relocation, the 20-aa linker might be long enough to 

allow more conformational freedom. Overall, this biochemically supports a potential 

involvement of the transient Mre11 dimer opening in the transition state mechanism. 

The second model would need detachment of at least one HLH motif from the Rad50 binding 

site. This transient HLH detachment would enable the Mre11 dimer to swing around the DNA 

as a whole and relocate to the other side of the DNA in endonuclease state. Afterwards, the 

HLH-motif would need to bind to the Rad50 head again, to form the observed active nuclease 

state conformation (Figure 17). In principle, it would also be possible that not one but both 

HLHs detach from the Rad50 head domain, disrupting the MR complex as a whole. However, 
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based on our current biochemical and cryo-EM experiments, there is at least no evidence of 

pronounced EcMR complex dis- and reassociation upon addition of DNA and ATP (Section 

2.1 and 2.2). 

 

 

Figure 17: Schematic illustration of the full MR reaction cycle and potential structural models for the 

unsolved resting to active transition state. 

 

In a third potential mechanistic model, the transition state would be coupled to an additional 

ATP hydrolysis cycle and an associated opening of the Rad50 head domain to allow nucleotide 

exchange. Starting from the point where a DSB end is sensed and DNA is bound to the Rad50 

head, but the Mre11 dimer is still in the autoinhibited resting state (Figure 17), ATP would be 

hydrolysed by Rad50. This may induce the opening of the Rad50 head domain to release 

ADP+Pi, leading to a conformation which resembles the nucleotide-free open state crystal 

structure of the T. maritima MR head complex149. During this time frame, the disengaged Rad50 

NBDs could relocate to the other side of the DNA double-strand, before binding of two new 

ATP molecules would induce head engagement again. However, the Rad50 dimer would still 

need to flip by 180° over the DSB end for the CCs to be able to clamp and gate the DNA as 

depicted in the unified nuclease active state model. This might be further aggravated in a 

scenario where the MR complex might act several hundred bases upstream of the break site100, 

with the continuous DNA blocking a simple flipping mechanism. Here, the Zn-hook would 

either be forced to remain on the side of the Rad50 head or would also need to dissociate, as 

shown in several AFM studies143,144,187, followed by re-association on the other side of the 

DNA. The described ADP-release and Rad50 head disengagement is also necessary for the 
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ADP to ATP exchange to complete the full MR reaction cycle (Figure 17). However, the 

mechanistic basis for the induction of the nucleotide release is missing to date. 

 

 

Figure 18: Structural alignment of the EcMR resting and endonuclease states and associated structural 

changes of the Rad50 NBDs. Structural alignment of the ATPγS bound resting and the ADP and 

dsDNA-bound endonuclease states of EcMR, aligned on the Rad50 NBDs. Resting state Rad50 and Mre11 

are colored in shades of orange and blue, respectively. Endonuclease state Rad50, Mre11 and dsDNA are 

colored in shades of grey, transparent blue and red, respectively, with the bound ADP shown as green sticks. 

For clarity reasons, the resting state ATPγS is not shown. Domain movements at interface 1 and 2, likely 

coupled to ATP hydrolysis, are illustrated by black arrows. In interface 1, the Rad50 signature and Walker 

A motifs are highlighted in purple and red, respectively. 

 

Structural alignment of the resting and endonuclease states on the Rad50 head modules may 

support a mechanistic basis for the Mre11 dimer opening model. Comparing the two 

conformational states, at least two noticeable structural rearrangements became apparent. 

First, in interface 1, a loop formed by Rad50938-944 moves inwards and away from the resting 

state Mre11 capping domain, when ATP is hydrolysed (Figure 18). In resting state, this loop 

seems to interact with Mre11 via Ala942Rad50 binding to a small hydrophobic patch formed by 

the Mre11 capping domain, complemented by surrounding polar interactions. A structurally 

similar interface was described for the T. maritima MR complex and suggested to stabilize a 

nucleotide and DNA free open conformation149. The loop is also directly connected to the 

ATPase catalytically important Rad50 signature motif (Figure 18). Hence, there might be a 

direct connection between ATP hydrolysis, induced structural changes transitioning from the 
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Rad50 signature motif towards the loop and a resulting destabilization of the resting state 

Rad50-Mre11 interface 1. 

Second, in interface 2, the C-terminal helix of Rad501017-1025 gets pushed down towards the 

Mre11 dimer interface upon transition from ATP to ADP state (Figure 18). This may further 

destabilize the Mre11-Rad50, but also the Mre11 dimer interface interaction. A process that is 

potentially further amplified by clamping of the CCs and resulting potential pulling forces, 

transmitted via the Mre11 linker and HLH-motif. In sum, the described ATP hydrolysis induced 

structural rearrangements may lead to an overall destabilization of the MR resting state and 

could result in a Mre11 dimer opening.  

It is important to note that the loop movement can only be observed in the Rad50 (B) subunit, 

while the C-terminal helix is only relocated in the distal Rad50 (A). This one-sided movements 

may add the possibility for an active directionality in the resting to active state transition 

mechanism. However, it is also possible that these movements do happen in both Rad50 

monomers and may be masked by the large conformational rearrangements associated with 

active state formation. It will be the task of future studies to structurally and biochemically 

elucidate the proposed models and clarify the missing pieces of the complete MR reaction cycle. 

3.4 A model for the 3' endonucleolytic cleavage activity based on the 

existing 5' endonuclease structure 

While we were able to solve the structural and mechanistic basis for EcMR’s 5' endonuclease 

activity, we still do not understand how MR additionally cleaves the opposing 3' strand. This 3' 

endonuclease cleavage, although reported in a limited way, was shown to be conserved in 

eukaryotic MRN173, but in comparison to the 5' endonuclease depends on a different cleavage 

chemistry165. Even though, the structural basis of the 3' endonuclease still remains unclear to 

date, a mechanistic model can be derived based on the existing 5' endonuclease structure 

combined with recent biochemical insights. 

During repair of obstructed DNA ends, the MR(N) complex endonucleolytically incises the 5' 

strand, followed by 3' to 5' exonucleolytic back resection towards the end92,94,100,173. This 

combined nuclease activity is also matching our unified structural and mechanistic basis for the 

5' endo- and 3' to 5' exonuclease activities (Section 2.2, Figure 3). Based on the described 

biochemical insights, a model was drawn that suggests the 3' endonucleolytic incision as a 

secondary cleavage event, after the initial incision and back resection (Figure 19)173. Structural 

analysis of our 5' endonuclease state shows that the two closest DNA backbone phosphates of 

the opposing 3' strand are only ~13.5 Å away from the 5' strand phosphate positioned for 

cleavage (Figure 19). However, 3' to 5' back resection from the initial 5' strand incision will 
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leave this part of the opposing 3' strand as ssDNA with increased flexibility. Thus, in a 

secondary reaction, the DNA phosphate backbone of the 3' strand might be relocated to the 

Mre11 active site and positioned for nucleolytic cleavage. 

Nevertheless, it might be that the MR(N) complex adopts a different conformation than the one 

depicted by the unified nuclease mechanism. This might in particular be the case in the 

alternative scenario, where the initial endonuclease incision is executed on the opposing 3' 

strand, as reported for human MRN173. Furthermore, it is still not understood how eukaryote 

specific cofactors such as CtIP contribute and potentially influence certain conformational 

states. Thus, it will be the task of future structural studies to further elucidate the conformational 

state of MR(N)’s 3' endonuclease activity. 

 

 

Figure 19: Model for the 3' endonucleolytic cleavage activity based on biochemical and structural 

insights. (A) Schematic illustration of MR(N)’s stepwise resection of a blocked DNA end, combining 

MR(N)’s different nuclease activities. Panel based on Deshpande et al., 2016173. (B) Top view of EcMR in 

endonuclease state. Rad50, Mre11, dsDNA and Mn2+ ions are colored in shades of orange, blue, red and 

purple, respectively. Close-up on the Mre11 (A) nuclease active site with highlighted distances of the nearest 

DNA backbone phosphates of the opposing 3' strand. 
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3.5 EcMR as a model system for MRN - transferring the unified 

nuclease mechanism to eukaryotes 

Our results also have implications for eukaryotic MRN/X, as the EcMR nuclease active states 

with the derived unified mechanistic framework can serve as a structural model system. We 

performed structural alignments of eukaryotic MR crystal structures and human AlphaFold2 

models on the EcMR exo- and endonuclease states, respectively. These showed that the 

eukaryotic models are sterically able to adopt a very similar DNA-bound active conformation 

(Section 2.1, Figure S7; Section 2.2, Figure S3). However, it is still not clear how the eukaryote-

specific and enzymatically important cofactors CtIP/Sae2 and Nbs1/Xrs2, which was also 

shown to be essential for resection in humans93,173, are structurally involved in this process. 

In the EcMR exo- and endonuclease states, the EcMre11fastener loop (amino acids 137-149) binds 

to the outer β-sheet of the EcRad50 NBD, locking the complex in the nuclease active 

conformation (Section 2.1, Figure 2 and S7; Section 2.2., Figure S3). In C. thermophilum and 

human Mre11 models, this element is much shorter and lacks the EcMre11 specific loop, acting 

as a conformational latch. Moreover, the fastener bound Rad50 NBD surface cluster 

corresponds to the sites of yeast Rad50S mutations256, which phenocopy a Sae2 knockout176,257. 

It is therefore possible that in the absence of an intrinsic fastener, the cutting state interactions 

between eukaryotic Mre11Nuc and Rad50NBD are mediated by CtIP/Sae2 (Section 2.1, Figure 

S7)258. Supporting this, experiments with yeast MRX showed a phosphorylation dependent 

physical interaction of the Sae2 C-terminus with Rad50, which is important for DNA end 

resection and can be impaired by the Rad50S mutation K81I93,168,259. A recent study mapped 

this C-terminal region further down to a conserved 15 amino acid long CtIP/Ctp1 polypeptide, 

sufficient to stimulate the endonuclease activity of human and S. pombe MRN258. An 

AlphaFold2 (AF2)260 model of a human CtIP831-860 C-terminal part, including the conserved 15 

amino acids with the endonuclease critical T847 and adjacent T859 phosphorylation 

sites129,135,258,261,262, shows binding to the Rad50 NBD (amino acids 1-228 and 1079-1312) outer 

β-sheets (Figure 20). The model suggests binding of T847 to a polar pocket formed by Rad50 

β-sheet residues Q81, R83 and Q97. R83 is the human counterpart to yeast K81Rad50, and thus 

helps to structurally explain the observed Rad50S mutant K81I induced inhibition of MRN/X 

DNA end resection (Figure 20)227,263. Structural alignment of the CtIP831-860 model on the AF2 

model of human MR pre-aligned on the EcMR endonuclease state (Section 2.2, Figure S3) 

shows, that the N-terminal part of the CtIP peptide wraps closely underneath the nuclease 

domain of the active Mre11 (A) at the DNA exit site (Figure 20). Hence, this conformation may 

give an idea how the CtIP C-terminus might structurally bridge the interaction between Rad50 

and Mre11, replacing the bacterial fastener in an active cutting state conformation. 
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Adding up on this, the telomeric factor Rif2 was recently shown to inhibit MRX endonuclease 

activity in yeast226,264. Genetic and structural modelling approaches found yeast Rad50 residues 

K6, N18, K81 and I93 to be important for the inhibiting Rad50-Rif2 interaction226,227,264. As 

Rad50K81 is also an important residue in MRX-Sae2 binding, Rif2 likely competes with Sae2 

for Rad50 binding to limit MRX endonuclease stimulation263. In mammals, it was speculated 

that the telomeric factor TRF2 may adopt Rif2’s inhibitory role227. Interestingly, this idea is 

further supported by an AF2 model of a human TRF2448-474 inhibitor of DDR (iDDR) domain265 

polypeptide bound to Rad50 that shows an overlapping binding position compared to the human 

CtIP model (Figure 20). Two very recent studies published on bioRxiv, focusing on the 

inhibition of MRN/X-CtIP/Sae2 by TRF2/Rif2 binding at telomeres, support the above 

discussed prediction results for the CtIP/TRF2-Rad50 binding266,267. 

Taken together, this supports a model in which CtIP/Sae2 may act as an evolutionary conserved 

Rad50NBD bound fastener surrogate, promoting stabilization of an MRN/X active nuclease 

cutting state similar to EcMR (Section 2.1, Figure S7; Section 2.2 Figure S3)258. Nevertheless, 

future studies will be needed to clarify the resection-related interactions and mechanistic 

interplay of CtIP with Mre11 and Nbs1. 

 

 

Figure 20: Structural alignments of pre-aligned AlphaFold2 models of the human MR complex in 

active state with CtIP and TRF2 binding to the outer β-sheets of the Rad50 NBD. (A) AlphaFold2 

models of human Rad50 (amino acids 1-200 and 1133-1312 connected by a G6 linker) and Mre11 (1-356) 

dimers, structurally aligned on the EcMR endonuclease state and coloured in shades of orange and blue, 

respectively. The dsDNA in red is positionally inferred from the EcMR endonuclease state and the CtIP831-860 

C-terminal peptide (pink) from structural alignment of a predicted monomeric Rad50-CtIP831-860 AF2 model. 

(B) Close-up on the structural alignment of the Rad50-CtIP831-860 and human MR nuclease active state AF2 
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models. Rad50 (B) and Mre11 (A) of the human MR are coloured in orange and blue. Rad50 and CtIP831-860 

of the human MR are coloured in dark grey and pink. Interacting residues around the essential CtIP phospho-

site T847 are depicted as sticks. (C) Structural overlay of a Rad50-TRF2448-474 AF2 model on the alignment 

of panel B, showing positional overlap of the binding locations of CtIP and TRF on the Rad50 NBD. 

Colouring according to panel B with TRF2448-474 depicted in purple. 

 

In sum, the results generated within this thesis not only provide the first structures of the full-

length E. coli Mre11-Rad50 complex, but also reveal a unified structural mechanism as basis 

for MR’s nuclease diversity. The presented data allows further structural and mechanistic 

insights into the exo-, endonuclease and hairpin-opening activities of the bacterial MR, which 

can also be extrapolated to eukaryotic MRN/X. These insights build the basis for future studies 

on the remaining elusive parts of the full MR reaction cycle, as well as for the DNA end sensing 

and processing mechanism by eukaryotic MRN/X. 
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