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Summary 

The genetic material in every living organism, DNA, faces various endogenous and exogenous threats 

which damage its structure or sequence. The most deleterious lesions are double strand breaks (DSBs), 

potentially resulting in large chromosome aberrations, cell death or tumorigenesis. To repair this type 

of DNA damage, two main pathways emerged: Non-homologous end joining (NHEJ) and homologous 

recombination (HR). In the course of NHEJ, both broken DNA strands together are directly re-ligated 

in an error-prone manner. HR requires extensive resection of the broken DNA strands, leaving a single 

stranded DNA (ssDNA) overhang used for homology search in the sister chromatid followed by 

template dependent repair. This pathway is considered error-free whilst being restricted to the 

S/G2-phase of the cell cycle. The protein complex Mre11-Rad50-Nbs1 (MRN) acts in the very first steps 

of HR by recognizing and tethering DNA ends as well as initiating the resection. It consists of the 

manganese dependent nuclease Mre11, the ATPase Rad50 and the eukaryote specific, regulatory 

subunit Nbs1. To initiate the DNA damage response (DDR), MRN recruits and activates the signalling 

kinase Ataxia-Telangiectasia Mutated (ATM).  

ATM belongs to the evolutionary well-conserved phosphoinositide 3-kinase related kinases (PIKK) 

family, with most of the members being involved in different stress responses. Targeting one of these 

stress responses, the DDR, represents a promising way to develop novel cancer therapies with ATM 

as a central element. In the first part of this thesis, two potential therapeutic human ATM inhibitors 

were biochemically characterized and their inhibitory mechanism solved with structural analysis. Both 

inhibitors, the first-generation inhibitor KU-55933 and the more recently developed, 

pharmacokinetically improved inhibitor M4076, compete with the substrate ATP. They show high 

specificity towards ATM while displaying reduced inhibition to other PIKK family members such as 

mTOR, DNA-PK or ATR. High resolution cryo-electron microscopy (EM) structures of ATM with either 

KU-55933, M4076 or ATPγS bound explain these high specificities in a comparison of the catalytic 

centres to other PIKKs and checkpoint kinase (CHK)2 structures. Binding of these inhibitors reduced 

the total flexibility and therefor a higher overall resolution was obtained. This allowed for resolving 

the near-complete ATM protein, revealing two novel zinc-binding sites, mapping cancer mutation 

sites, and paving the path for future structure-based drug design.  

In contrast to the highly regulated eukaryotic HR process with all its additional regulatory factors and 

posttranslational modifications, the bacterial system displays a simplified yet in the core steps 

conserved system. In prokaryotes, the MR complex consists of only the catalytically active 

components, Mre11 and Rad50, lacking the regulatory subunit Nbs1. The second part of this thesis 

answers the question how a single complex, MR, can enzymatically process a variety of DNA substrates 

occurring after DSBs: free DNA ends, blocked DNA strands or hairpin structures. For all substrates, a 

unified mechanism underlies, solved by cryo-EM analysis and supported by biochemical data. Hereby, 

DNA is bound in the cleft between two Rad50 proteins, the Mre11 dimer translocates from the top of 

the head complex towards the designated cutting site, i.e. a free DNA end, the hairpin or an internal 

site for blocked ends. 

While the work on bacterial MR is able to explain large parts of the nuclease reaction mechanism, the 

other main MRN function, tethering and scaffolding of DNA, remained elusive. Integrating these two 

different aspects into a combined model is discussed in the third part of this thesis. Using cryo-EM 

analysis, MRN’s catalytic head domain in its ATPγS bound state was resolved for the Chaetomium 

thermophilum complex. The complex resides in an autoinhibited conformation: Mre11’s nuclease is 

blocked by Rad50’s ATPase domains and the DNA binding site in between two Rad50 proteins is 

occluded by a closed conformation of the coiled-coils, forming a linear, rod-like structure protruding 
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from the head. A newly characterized, eukaryote specific additional DNA binding site at the Mre11 

C-terminus allows binding to internal DNA sites, whereas the canonical Rad50 DNA binding site 

strongly prefers DNA ends in an ATP-dependent manner. A single Nbs1 wraps asymmetrically around 

the Mre11 dimer, potentially further locking the complex in a rigid conformation. This rigidity allowed 

to resolve large parts of the coiled-coil domains, which are interrupted by several interaction points. 

Combining cryo-EM data with a crystal structure visualized a zinc hook dimerization motif between 

the apices of two distinct Rad50 coiled-coils, thereby forming larger assemblies with the ability to 

tether distant DNA ends. In vivo DSB repair assays bolster the biological importance of this interaction.  

With the first full-length MRN structure solved, a mechanistic model for MRN activation can be 

proposed. Combining the insights of the ATM and MRN studies, one can deduce a possible mechanism 

for the highly discussed question of MRN-mediated ATM activation.  
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1. Introduction 

1.1 DNA 

The molecule deoxyribonucleic acid (DNA) contains the genetic instructions essential for all known 

organisms1. Life on earth stores, maintains, reads and replicates DNA for functioning, development, 

and reproduction purposes. This polymer is built of repeating units of nucleotides, with each 

nucleotide consisting of 2-deoxyribose sugar, a phosphate at the fifth carbon, and one of the four 

nucleobases Adenin (A), Thymin (T), Cytosin (C) and Guanin (G) attached to the first carbon of each 

sugar moiety. These nucleotides are covalently joined via phosphoester bonds between the third 

carbon of the sugar and the adjacent phosphate group, forming the sugar-phosphate backbone. Each 

DNA strand therefore has a polarity, ranging from the terminal 5’-phosphate group to the terminal 

3’-hydroxyl group. Two complement DNA strands pair up over specific hydrogen bonds (Watson-Crick 

base pairing) between the nucleobases to build a double-stranded helix in an antiparallel manner with 

stacked, complementary bases in the centre and the backbone wrapping around2.  

 

1.1.1 DNA damage 

While DNA is considered as a relatively stable macromolecule, various sources lead to alterations of 

its structure or sequence3. Although being an important evolutionary driving force, DNA damage can 

have very detrimental effects on living organisms, ranging from tumorigenesis to genetic instability, 

cell death and premature aging4-6. Therefore, effective repair pathways to counter all types of DNA 

damages have emerged (summarized in Figure 1)7. DNA damage originates from exogenous sources, 

present in the environment, and endogenous sources that arise from cellular processes8.  

Exogenous sources itself can be divided into high-energetic radiation or diverse chemicals. Ionizing 

radiation (IR), such as γ- or X-rays, leads to direct strand breakages and the generation of reactive 

oxygen species (ROS), subsequently damaging nearby molecules. For DNA, this damage comprises 

single strand breaks (SSB), double strand breaks (DSB) and base oxidations, such as 8-oxo guanine or 

8-oxo adenine9. The less energetic ultraviolet (UV) radiation excites molecular bonds, including 

carbon-carbon π-bonds occurring in pyrimidines, resulting in covalent linkages of adjacent bases10. 

Extensive exposure to UV light represents the major cause for skin cancer11.  

Alkylating agents are a large class of DNA damaging chemicals, arising from e.g. tobacco smoke but 

also used in chemotherapy12,13. One typical alkylating agent, acetaldehyde, found in smoke or food, 

reacts with the nucleobases to induce DNA interstrand crosslinks and base alterations14,15. Diverse 

chemotherapeutics utilize the ability of intra- or interstrand crosslinking to evoke enough DNA 

damage to repair-deficient cancer cells, leading to their death. Examples are cisplatin, 

cyclophosphamide or busulfan16-18. Some crosslinking agents like nitrogen mustard additionally 

introduce DNA-protein crosslinks (DPCs), these large adducts interfere with numerous chromatin 

processes19. The class of intercalating chemicals, mostly polycyclic planar molecules, with members 

like ethidium, aflatoxins or the chemotherapeutic daunorubicin insert non-covalently between the 

planar bases inside the double helix20-22. This distorts the helix structure, hindering the transcription 

and replication processes with the latter being the source for their mutagenic effect23.  

Endogenous agents are no less detrimental to cells as their exogenous counterparts. While one can to 

some extend avoid environmental sources, DNA damage arising from cellular process cannot be 

circumvented, be it due to basic underlying statistical problems such as the error rate of replication 

polymerases, spontaneous hydrolysis or various essential metabolic processes producing reactive 
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compounds24-26. As DNA is built up by a row of condensation reactions, this process can be reverted in 

spontaneous hydrolysis reactions. Purine bases as a well-suited leaving group are lost this way, leading 

to the formation of apurinic sites. This occurs roughly 2,000-10,000 times per day in a human cell27. 

Pyrimidines are also lost in a similar way, but at a much lower rate. The nucleobases itself are as well 

damaged by hydrolysis reactions. In the process of deamination, for example cytosine is converted to 

uracil. Single-stranded DNA, occurring during transcription or replication, is especially susceptible to 

deamination27.  

Different cellular processes, such as oxidative phosphorylation in the mitochondria, peroxisomal lipid 

metabolism or certain stress responses can as well generate ROS28,29. To protect itself and maintain a 

certain redox-homoeostasis, cells employ a variety of protective mechanisms and contain antioxidants 

such as glutathione or vitamin C30. These protective mechanisms also include compartmentalisation, 

spatially separating the ROS generating processes from DNA in the nucleus31. Although most reactive 

oxygen species are very short-lived and react in their direct vicinity, they are a major endogenous 

cause for SSBs31. 

Next to metabolic by-products such as ROS, different compounds utilized in regular cellular processes 

also have DNA-damaging properties. S-adenosylmethionine (SAM) is an endogenous methyl donor, 

which unspecifically alkylates DNA bases and therefore influences base pairing31. Other metabolites 

such as choline or betaine act in the same way, leading to point mutations after replication.  

However, metabolites or spontaneous reactions are not the only endogenous source for DNA damage. 

The DNA structure faces topological stress after unwinding in transcription or replication32. In order 

to relax the tensed strands, topoisomerases introduce SSBs (type I) or DSBs (type II), the free strand 

ends rotate to relieve the torsional stress after which the strands are resealed again. During the 

relaxation step, topoisomerases stay covalently bound to the 3’ DNA termini. If the catalytic cycle of 

these enzymes fails to complete, due to DNA distortions (damaged bases or abasic sites) or 

topoisomerase poisons (e.g. camptothecin), SSBs or DSBs in combination with DPCs occur33. 

 

 

Figure 1: Types of DNA damage and their repair pathways. MMR: Mismatch repair, BER: Base excision repair, 
HR: Homologous recombination, NER: Nucleotide excision repair.  

 

1.1.2 DNA double strand breaks 

Compared to other DNA lesions, DSBs are quite rare with around 10 lesions during one human cell 

division34. Nevertheless, they represent the most genotoxic damage as DSBs lead to chromosome 
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breakage and rearrangements, thereby possibly disrupting or mutating genes. Unrepaired DSBs might 

result in cell death or tumorigenesis35.  

The sources for DSBs are as well diverse. Next to ionizing radiation and abortive type II 

topoisomerases, a major source for DSBs arises during replication. When the common lesion of a SSB 

is left unrepaired, the replication fork stalls and collapses at this alteration, eventuating in a DSB36.  

Apart from accidentally induced DSBs, organisms developed ways to increase their genetic variability 

over programmed DSB intermediates. During meiotic recombination, a dimer of Spo11 proteins 

introduces a DNA DSB in one chromatid, the homologous chromatid is then used for repair which will 

eventually result in exchange of genetic material37. Lymphocytes employ a specialized type of 

recombination, denoted V(D)J recombination, to generate a highly diverse amount of different 

immunoreceptors and antibodies for the adaptive immune system. In this case, recombination-

activating genes (RAG) protein complexes create the breaks and the repair is facilitated homolog 

independent to additionally introduce a higher variability38.  

 

1.2 DNA repair 

With the pleiotropy of different DNA lesions, it is no surprise that a variety of repair mechanisms have 

evolved. They range from very simple pathways involving just a few proteins to highly complex 

networks with dozens of tightly regulated proteinaceous factors and the integration of other genome 

parts as repair templates.  

 

1.2.1 Direct reversal 

Direct reversal is a group of simple repair mechanism which revert a chemical base modification 

without the need of a template and are specific for only one type of damage. Thus, O6-methylguanine 

is reverted to normal guanine by the protein O6-methylguanine-DNA methyltransferase. Interestingly, 

the methyltransferase reacts stoichiometrically and not catalytically, therefor the protein is used up 

after a single reaction39. Pyrimidine dimers can as well be repaired to single pyrimidines by direct 

reversal through an enzyme called photolyase. The light-activated photolyase further utilizes visible 

light for its catalytic mechanism called photoreactivation. However, placental mammals evolutionary 

lost functional photolyases and rely on excision pathways to resolve pyrimidine dimers40. 

 

1.2.2 Excision pathways 

For chemically more complex lesions, direct reversal reactions do not suffice. To overcome the issue 

of directly reverting a variety of damages by an equal number of specifically reverting enzymes, cells 

have evolved three different so-called excision pathways. Commonly in these cases, base alterations 

are recognized and excised due to their induced distortion of the helical structure instead of a mere 

chemical change. For a single stranded damage, the undamaged strand can then act as a repair 

template to replace the excised parts.  

Damaged bases are mostly repaired by base-excision repair (BER). Hereby, a glycosylase removes the 

damaged base, leaving an abasic site. Apurinic/apyrimidinic (AP) endonuclease then introduces a SSB 

at this site, recognized by DNA polymerase (Pol) β or λ41. With their intrinsic exonuclease activity, the 
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polymerases first resect the abasic nucleotide and secondly resynthesize the strand with the 

complementary strand as template. A ligase seals the gap42.  

Nucleotide excision repair (NER) is used to repair bulky lesions or intrastrand crosslinks. The major 

difference to BER lies in the recognition of the damaged strand by additional, non-enzymatic factors 

(XPC-RAD23B) and the endonucleolytical processing by XPF/ERCC1 and XPG a few bases up- and 

downstream of the actual damage, resulting in a small stretch of ssDNA43.  

A similar mechanism is employed by the third excision pathway, the mismatch repair (MMR). This 

pathway recognizes and repairs base mismatches, as well as small insertions and deletions, which 

occur during replication, recombination or repair44. As these lesions are per se no damage to bases 

nor the backbone of DNA, cells need to discriminate the strand to be corrected and the template 

strand for repair. In gram-negative bacteria, newly synthesized DNA transiently exists unmethylated, 

thereby determining the strand specificity of MMR45. For other prokaryotes and eukaryotic cells with 

no such system, the daughter strands are identified due to internal nicks. These nicks originate in 

replication with the use of RNA primers which are excised and leave two disconnected strands. Over 

a yet unclear mechanism, the mismatch recognizing factor MSH detects these nicks and together with 

MLH introduces an SSB close to the mismatch on the faulty strand45. An exonuclease resects a short 

DNA stretch, leaving a single stranded template strand. This gap is filled by a polymerase and sealed 

with a ligase46. 

 

1.2.3 DNA-protein crosslink repair 

DNA-protein crosslinks are repaired by interplaying repair mechanisms tackling its 3 components: The 

DNA, the protein and the crosslink33. Whereas small protein adducts might still be directly repaired by 

NER, this excision pathway fails for proteins larger than 15 kDa33. To overcome this issue, different 

DNA-dependent proteases have evolved, with Wss1/SPRTN being the best characterized. These highly 

regulated proteases are activated upon recognition of DNA structures with ssDNA and dsDNA features 

in combination with a ubiquitin switch: The inactive form resides monoubiquitylated, upon DPC 

induction the inhibitory ubiquitin is removed47. An additional autocatalytic cleavage activity exerts the 

off-switch47. Proteasomal cleavage of DPCs occurs DNA independent, but requires prior substrate 

ubiquitylation48. Next to proteolysis, certain DPCs can be resolved by directly reverting the crosslink. 

Tyrosyl-DNA phosphodiesterases (TDP) 1 and 2 hydrolyse the chemically defined DPC between the 

active site tyrosine of covalently trapped topoisomerase (TOP) 1 and 2 with DNA respectively49. To 

gain access to the crosslink, proteolysis or remodelling of the bound topoisomerase is required50. 

When DPCs occur at DSBs, for example due to trapped TOP2 or Spo11, nucleases involved in DSB 

repair pathways (covered in 1.2.5 in detail) will clip off the crosslinked DNA strand, thereby removing 

the DPC51.  

  

1.2.4 Single strand break repair 

Being one of the most common DNA lesions, single strand breaks require a rapid and accurate repair 

to enable transcription and prevent double strand break formation during replication. Mainly the poly 

(ADP-ribose) polymerase 1 (PARP1) detects and signals direct breaks by generating chains of poly 

(ADP-ribose) (PAR) onto itself and other chromatin factors52. This strong signal is recognized by the 

scaffolding protein XRCC1, which recruits and stimulates downstream factors. Poly (ADP-ribose) 

glycohydrolase (PARG) quickly degrades the PAR chains to restore PARP1 and limit the signalling 



7 
 

cascade53. With the broad source of SSBs, the chemically diverse, abnormal DNA termini require 

different enzymes to clean the breaks and pave the way for the following gap filling and ligation steps. 

5′-deoxyribose phosphate (dRP) residues are processed by Pol β, polynucleotide kinase 

3′-phosphatase (PNKP) removes 3’ phosphates and adds 5’ phosphates, apurinic–apyrimidinic 

endonuclease I (APE1) resects nucleotide residues containing modified phosphates53. Aprataxin 

processes abortive ligation products, 5′-AMP–SSBs53. The gaps are closed by Pol β, either by insertion 

of the single nucleotide which was resected before (short-patch repair), or by synthesizing and 

displacing two or more nucleotides (long-patch repair)31. The displaced strand is nucleolytically 

cleaved by FEN1 and the nicks sealed by ligase I or IIIα54. 

 

1.2.5 Double strand break repair 

The particularly hazardous DNA double strand breaks rely on three different pathways for repair: 

classical non-homologous end-joining (C-NHEJ), alternative end-joining (A-EJ) and homologous 

recombination (HR)36. As the nature of a DSB disallows to directly use the existing complementary 

strand as a repair template, the choice of repair pathways is cell cycle dependent. During S/G2-phase, 

a sister chromatid is present and used as a template in HR, resulting in an error-free repair. In other 

cell cycle phases, the chromatids reside as single copies and end-joining pathways repair DSBs55.  

 

1.2.5.1 End-joining pathways 

C-NHEJ is the main end-joining pathway and functions throughout the whole cell cycle (Figure 2, left 

side). In the first step, a Ku70/80 dimer binds to DSBs and determines the pathway choice towards 

C-NHEJ56. The DNA-dependent protein kinase catalytic subunit (DNA-PKcs), a phosphatidylinositol 

3-kinase-related kinase (PIKK) family member, joins the Ku-bound ends, thereby forming the DNA-PK 

complex57. This complex holds both DNA ends in close proximity, activates the processing nuclease 

Artemis by phosphorylation and recruits polymerases µ/λ56. Analogous to SSBs, most DSBs have 

incompatible ends for a direct ligation, either due to chemical abnormal termini or mismatching ssDNA 

overhangs. Artemis cleaves overhangs exo- and endonucleolytically, whereas Pol µ/λ fill up ssDNA 

patches and can also extend the ends template-independently58. These two potential mutagenic 

processes, Artemis-mediated short resection and synthesis often produce short microhomologies 

(≤4 nucleotides), which are used to guide end-joining. Deletions and random insertions originate in 

this step. After processing, the ends are positioned by binding of XRCC4 and XLF to DNA-PK and ligated 

by ligase IV56.  

If C-NHEJ fails to repair DSBs in the G1-phase due to missing or mutated components, the alternative 

end-joining pathway complements DSB repair (Figure 2, right side)59. This backup pathway, also 

referred as microhomology mediated end-joining (MMEJ), is normally suppressed by a high 

abundance and very strong affinity of the C-NHEJ determining factor Ku70/80 towards DSBs60. A-EJ 

starts with the recognition of the DNA ends by PARP1 and their resection by the MRN/CtIP complex, 

creating 3’ overhangs between 15-100 nucleotides long60. Microhomologies in these overhangs, 

ranging from 2 to 20 nucleotides, pair to re-join both DNA ends. This typically leaves ssDNA flaps which 

are consecutively cleaved by XPF/ERCC159. Pol θ fills the gaps and ligase III in complex with XRCC1 

closes the SSBs59. Due to the pronounced resection step, A-EJ is highly mutagenic and leads to genomic 

instability.  
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Figure 2: Overview of end-joining pathways. Ionizing radiation or other factors (yellow arrow) can lead to DSBs 
(orange and grey strands). In C-NHEJ, the DNA ends are recognized and protected by a Ku70/80 dimer. DNA-PKcs 
bind to DNA with Ku70/80 attached, recruit the nuclease Artemis or polymerases µ/λ to resect or fill 
incompatible overhangs. The ends are bridged additionally by XRCC4/XLF. After DNA-PKcs leave the DSB, a ligase 
IV dimer reseals both strands together. A-EJ starts with the recognition of the DSB by PARP1, which recruits the 
MRN complex. Together with the bridging factor CtIP, MRN resects the DNA ends towards the break, leaving 
short single stranded DNA stretches. Microhomologies in the overhangs can then pair, potential flaps of 
protruding unpaired stretches are removed by XPF/ERCC1. Pol θ fills the gaps between the microhomologous 
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site and the remaining, unresected double strand. Ligase III in complex with the scaffolding protein XRCC1 closes 
the nicks.  

 

1.2.5.2 Homologous recombination 

In contrast to the error-prone end-joining pathways, HR uses the already replicated homologous sister 

chromatid as a template for error-free DSB repair. Therefore, HR is a tightly regulated process, 

restricted to the S/G2-phase55. Besides providing an accurate repair mechanism for all sorts of DSBs, 

HR is also utilized by germ cells to increase the genetic variability in the process of crossover of 

chromosome parts61.  

HR follows similar principles and steps of most DNA repair pathways discussed so far: DNA damage 

recognition, lesion processing, re-synthesis of processed nucleotides and eventual ligation of the 

sugar-phosphate backbone. In addition to excision pathways, which directly use the complementary 

strand as the repair template or end-joining pathways which skip the need of a template, HR relies at 

the core on a fifth, crucial step: the search for a homologous template.  

To reach this step, DNA ends are initially recognized by the multifunctional MRN complex (Figure 3)62. 

The C-terminal binding protein interacting protein (CtIP) then binds and activates MRN’s nuclease 

Mre1163. This very first step is highly regulated to prevent unwanted resection. CtIP requires different 

cell-cycle dependent phosphorylations by CDK, most importantly at T847, to act as a cofactor for 

MRN55. MRN introduces an endonucleolytic cut roughly 30 nucleotides upstream of the DNA ends and 

further resects the incised strand exonucleolytically 3’ – 5’ towards the break63. In the first steps, CtIP 

as well as MRN are thought to bridge the DNA ends together to limit their diffusion64,65. MRN recruits 

the DNA damage response (DDR) signalling kinase ATM, which in turn phosphorylates a pleiotropy of 

targets to orchestrate the course of HR and to initiate cell cycle arrest or apoptosis in case of extensive 

DSBs66. Following the initial short-range resection, the 3’ ssDNA overhangs are further extended by 

the action of the long-resection processive nucleases DNA2 and Exo167. DNA2 depends on the 

helicases Bloom-Syndrom (BLM) or Werner-Syndrom (WRN) to melt the dsDNA prior to nucleolytic 

attack68. The heterotrimeric single-strand binding protein Replication protein A (RPA) strongly 

associates with the overhangs, thereby dictating the directionality of long-range resection and 

protecting the ssDNA from further nucleolytic degradation69. Breast cancer type 2 susceptibility 

protein (BRCA2) recruits Rad51 monomers to ssDNA and mediates the displacement of RPA with the 

recombinase70. The ATPase Rad51 interacts with ssDNA in its ATP-bound state and forms helical 

nucleofilaments, promoted as well by BRCA271. In the next crucial and unique step, the ssDNA-Rad51 

filaments search for homology in the neighbouring sister chromatid by invading the dsDNA. The 

complementary strand is scanned during this process in 3-nucleotide increments in a distance of <1 kb 

up to >70 kb apart from the break71. The displaced template strand forms the so-called displacement 

(D-) loop. The homology search ends with a complementary base pairing of roughly 15 nucleotides 

and Pol η begins to accurately extend the invading strand72. This leads to the formation of a cross-

shaped DNA structure, referred to as single Holliday-junction73.  

Depending on the cell type, the junction is resolved by two possible mechanisms. In mitotic cells, DSBs 

are accidental lesions and require repair without transferring genetic material between chromatids. 

They mostly resolve single Holliday junctions with a mechanism denoted strand-displacement 

annealing (SDSA). Hereby, the junction spatially translocates due to DNA extension and disengages 

the invading strand from the sister chromatid. The displaced strand then anneals to the second end 

of the resected DSB. Eventually, the gaps are filled and the single strand breaks ligated by Ligase I to 

produce non-crossover DNA73. During meiotically programmed DSBs, the purpose of increasing 
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genetic variability favours the other junction resolving pathway, simply referred as double strand 

break repair (DSBR). In this mechanism, the other resected end invades the displaced strand as well, 

thereby forming a double Holliday junction. Both sister chromatid strands are consecutively utilized 

as synthesis templates for Pol η. For somatic cells, alternative to SDSA, double Holliday junctions are 

dissolved by the BTR complex, consisting of the BLM helicase, Topoisomerase IIIα and RecQ-mediated 

genome instability (RMI) 1 and 2 through a topoisomerase cleavage and ligation step, resulting in 

non-crossover products74. To produce crossover products, the different dimeric resolvases GEN1, 

MUS81-EME1, SLX1-SLX4, pairwise cut cross-shaped DNA into two nicked DNA duplexes, which can 

be directly repaired by ligases74. 
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Figure 3: Overview of HR. As a first step, MRN senses DSBs, and together with the bridging and activating factor 
CtIP, introduces an endonucleolytic incision upstream of the break. The following short-range resection towards 
the ends leaves brief 3’ overhangs. To initiate the DDR and coordinate the repair sequence, the kinase ATM is 
recruited and activated by MRN. The short single stranded overhangs are bound by RPA and further extended 
by two nucleases: DNA2 (in combination with the BLM helicase) and Exo1. BRCA2 displaces RPA by Rad51, the 
so-formed filaments invade the sister chromatid (grey) in the search for homology and form a displacement loop 
(D-loop). Pol η extends the strand in 5’ to 3’ direction, changing the D-loop to a cross-shaped Holliday junction. 
At this stage, the junction can be resolved by 2 ways: In the course of strand-displacement annealing (SDSA, right 
side), the junction spatially translocates due to DNA synthesis and displaces the invading strand from the 
template. The displaced strand anneals to the other end of the resected break. Eventually, the gaps are filled 
and the single strand breaks ligated to produce non-crossover DNA. The other Holliday-junction resolving 
pathway, referred as double strand break repair (DSBR, left side), involves the other 3’ overhang to anneal to 
the other homologous strand, thereby forming a double Holliday junction. This structure can be either resolved 
by the BTR complex, resulting in non-crossover products or dissolved by resolvase complexes (e.g. SLX4) to yield 
crossovers.  

 

1.2.5.3 Cell cycle dependency of DSB repair 

The mitotic cell cycle possesses two major phases: DNA synthesis (S-phase) and division into two 

separate daughter cells (mitosis, M-phase). Following the S-phase, the genome exists duplicated and 

the cell growths rapidly in the gap phase 2 (G2-phase)75. After M-phase, the two daughter cells enter 

the G1-phase or exit the cell cycle in a state of replicative dormancy (G0-phase)75. The cell cycle needs 

to be tightly regulated to ensure the availability of enough materials and to prevent genetically 

incomplete daughter cells. Progression in the cell cycle mainly depends on the interplay of non-

catalytic cyclins and the kinases they bind to and activate, Cyclin-dependent kinases (CDK)76. CDK 

protein levels remain constant during the different phases, whereas cyclin levels oscillate periodically 

in a cell-cycle dependent manner77. One of the many CDK targets are proteins involved in DSB repair55. 

With two very different, main DSB repair pathways in the repertoire, cells need to decide to either use 

the potential erroneous NHEJ or the error-free HR. While at the first glimpse HR would be the better 

choice to protect genomic stability, the requirement of a sister chromatid as template restricts this 

pathway to late S and G2-phase. Moreover, the extensive DNA end resection could result in a variety 

of mutations if HR is timed wrong and no template is available as in G1-phase. Therefore, this first 

catalytic step in HR (and A-EJ), is the critical node for regulation of DSB repair choices55. While 

resection simultaneously inhibits NHEJ, particularly through hampering Ku70/80 binding, it promotes 

HR and settles the competition between the two DSB repair pathways (Figure 4)55.  

Shortly after a DSB occurs, MRN is one of the first factors that binds dsDNA ends and activates ATM78. 

Cell cycle independently, ATM phosphorylates the histone variant H2AX and the scaffold protein 

MDC178. MDC1 binds to phosphorylated H2AX, denoted γH2AX, and accumulates more ATM in a 

positive feedback loop to amplify the signal79. In addition, MDC1 recruits the E3-uibiquitin ligase RNF8, 

which further recruits the E3-ubiquitin ligase RNF16880. The latter then ubiquitylates histone H2A at 

Lys1581. Tumor suppressor p53-binding protein 1 (53BP1) recognizes these ubiquitylation marks as 

well as pre-existing methylations on H4 Lys20 and becomes phosphorylated by ATM55. N-terminally 

phosphorylated 53BP1 interacts with the factors Rif1 and PTIP, eventually inhibiting the resection 

ability of MRN55. In post replicative chromatin, H4 Lys20 exists unmethylated, thereby hindering 53BP1 

recruitment82.  

On top of different histone modifications, the action of CDKs play the other major part in regulating 

the choice of DSB repair pathways. In late S and G2-phase, the respective cyclin levels rise (E in S-phase 

entry, A in G2-phase), and activate CDK276. This kinase phosphorylates one of the main regulatory 
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switches for end resection: CtIP. While CtIP contains multiple CDK phosphoresidues, the extensively 

investigated tyrosine 847 (human CtIP) is of special interest (see section 1.4.1 for more details)83. 

Several studies attend phosphorylated T847 to be essential to activate MRN nuclease, in combination 

with an ATM phosphorylation at T859 even a small CtIP fragment suffices to promote end resection 

in vitro84,85. Other CDK mediated CtIP phosphosites proved to be important for the CtIP-BRCA1 

interaction, which antagonizes 53BP1 inhibitory effect on resection55,86. A direct CDK phosphorylation 

of the nucleases DNA2 and Exo1 as well as the Nbs1 part of MRN, positively regulates their activity55. 

In an indirect manner, CDK phosphorylation of the resection limiting factor HELB exports this factor 

from the nucleus, hence releasing its inhibitory function55.    

During G1-phase, cyclin A and E levels remain low, which renders CDK2 inactive and inhibits end 

resection. Additionally, H4 Lys20 residues are methylated and promote 53BP1 recruitment. Reversely, 

NHEJ is utilized for DSB repair.    

 

 

Figure 4: Cell cycle dependent choice of DSB repair pathways. In G1-phase (left), CDK activity is low, CtIP, Nbs1 
and Exo1 exist unphosphorylated at certain key residues. Upon DSBs, histones in the vicinity are specifically 
modified (methylation at H4 Lys20 and ubiquitylation at H2A Lys15) and accumulate 53BP1. MRN activates ATM, 
phosphorylating 53BP1 which in turn recruits Rif1 and PTIP, these factors inhibit end resection. The cell utilizes 
NHEJ for repair. During the late S- and G2-phase (right), cellular cyclin levels rise, and CDKs are rendered active. 
Phosphorylated CtIP, constantly by CDK and during DSB repair temporarily by ATM, associates with BRCA1, 
prevents the inhibitory action of Rif1 and PTIP onto MRN and further activates the Mre11 nuclease. Recruitment 
of 53BP1 to DSBs is hampered after replication due to missing H4 Lys20 methylation (transparent). After initial 
end resection, CDK phosphorylated Exo1 facilitates long-range resection, determining the pathway choice 
towards HR.    

 

1.3 MRN 

As a central player in the initial HR steps, MRN fulfils a multitude of functions. MRN recognizes DSBs, 

integrates various regulatory signals, initiates end resection and starts the DDR by recruiting the 

master regulator ATM87. Therefore, MRN combines sensing, scaffolding, and enzymatic functions in a 

single protein complex by a yet poorly understood mechanism. Besides the tasks in DNA repair, this 
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multifaceted complex also plays important roles in telomere maintenance and meiotic 

recombination62,88. While the two enzymatically active parts, meiotic recombination 11 (Mre11) as the 

Mn2+-dependent nuclease, and the ATPase radiation sensitivity 50 (Rad50) are evolutionarily highly 

conserved, eukaryotes have a third, regulatory component, Nijmegen breakage syndrome 1 (Nbs1) 

(also referred to as Nibrin or Xrs2 in yeast)89. Interestingly, this conservation extends from all three 

domains of life, prokaryotes, archaea and eukaryotes to some phages90. Dimeric Mre11 and Rad50 

form the conserved core complex in a heterotetrametric assembly (M2R2), joined by one or two Nbs1 

proteins in eukaryotes91,92.  

 

1.3.1 Mre11 

Mre11 consists of an N-terminal nuclease domain with the di-metal active centre, followed by the 

capping domain to form the catalytic core (Figure 5)93. The nuclease centre is built by two Mn2+ ions, 

coordinated by several histidines, aspartates and an asparagine93. A short, flexible linker connects the 

Rad50 coiled-coils binding helix-loop-helix (HLH) motif to the well-structured N-terminal part94. The 

C-terminus is evolutionary less conserved and forms a mainly unstructured extension in eukaryotes 

(roughly 200 residues in human Mre11), harbouring DNA binding activities95,96. Mre11 dimerizes over 

conserved helical bundles between the nuclease domains and together with the capping domains 

forms a U-shape with a Rad50/DNA binding cleft97,98.  

Mre11 on its own possesses 3’ – 5’ dsDNA exonuclease activity99. In complex with Rad50, this activity 

is stimulated and further Mre11 is able to process ssDNA and DNA hairpins endonucleolytically as 

well99,100. To form 3’ overhangs, as occurring in HR, MR introduces an endonucleolytic incision 

approximately 20 bp from a DNA end and then processively resects the incised strand 3’ – 5’ towards 

the break63,101. In the eukaryotic system, CtIP and Nbs1 promote this ATP-dependent endonuclease 

cut63. For clearing protein-blocked DNA ends, e.g. due to abortive topoisomerases or Spo11, the 

endonuclease activity is essential to remove the block prior to repair97. Mre11 is an essential protein 

in vertebrates and mutations, in the nuclease domain as well as other parts, are associated with 

different types of cancer102,103. 
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Figure 5: Mre11 domain architecture and structure. Mre11 consists of an N-terminal nuclease domain, followed 
by the capping domain and the helix-loop-helix domain interacting with Rad50. The length of the flexible 
C-terminal region varies evolutionary. Crystal structure of Chaetomium thermophilum (Ct)Mre11 dimer (PDB: 
4YKE), catalytic domain. One active centre with two coordinated manganese ions (purple) is emphasized. 

 

1.3.2 Rad50 

The ATPase Rad50 is part of the structural maintenance of chromosomes (SMC) protein family, a group 

containing cohesin and condensin as well104. SMC proteins display a conserved fold, very N- and 

C-terminal, globular nucleotide binding domains (NBD) are connected via long coiled-coils in-between 

(Figure 6)105. In the case of Rad50, the coiled-coil domain folds backwards halfway to form a long, 

antiparallel assembly with the NBDs joined together93. At the coiled-coil apex, the CXXC motifs from 

two Rad50 proteins form a dimer interface by tetrahedrally coordinating a single Zn2+ ion with four 

cysteines, referred to as zinc-hook (see also Figure 8)106. Mre11s HLH motif binds at the very beginning 

of the coiled-coils (Mre11 binding domain, MBD)94,107. 

The NBDs resemble the structure of ATP-binding cassette (ABC) ATPases104. In this conserved fold, the 

binding of two ATP molecules dimerizes the globular NBD domains of two individual Rad50 proteins108. 

Thereby, ATP is sandwiched in between the dimer interface: The N-terminal NBD Walker A motif and 

the signature motif originating from the second Rad50 C-terminal NBD coordinate the β-phosphate, 

whereas the Walker B motif from the first Rad50s C-terminal NBD positions the γ-phosphate and a 

Mg2+ ion109. The second ATP is bound in the same way which leads to an opposed positioning of the 

globular NBDs. Due to the ATP-induced dimerization of the NBDs, a DNA binding cleft is formed 

between the commencing coiled-coils and the globular head109. Indeed, dsDNA greatly increases the 

ATPase activity of formerly slowly ATP hydrolysing Rad50110. In the human system, Nbs1 boosted the 

ATPase rate of MR as well, while the yeast equivalent Xrs2 was not able to affect the ATPase110. In a 

biological context, the ATPase function of Rad50 is essential. Mutating key residues involved in ATP 

hydrolysis leads to severe phenotypes, equivalent to deleting Rad50 as whole111,112. Next to ATPase 

activity, the NBDs play important roles in MRN oligomerization, thereby influencing overall DNA 

binding, nuclease activity and functions in meiotic recombination113,114.    

With the extended coiled-coils, Rad50 contributes unique structural and biochemical features to MRN. 

Thereby, the length of the coiled-coils varies across the domains of life, with the shortest being around 

10 nm in viral Rad50, and the longest extending up to 60 nm in higher eukaryotes. These marked 

differences in lengths possibly reflect the inherent inter-chromosomal distances and differences in 

chromosomal organization complexity115. While the length may vary across species, truncating the 

coiled-coils leads to severe defects in meiotic recombination, telomere maintenance and interestingly 

also in NHEJ116. Similar effects can be observed when the zinc-hook is disrupted, which as well points 

towards important roles of the MRN complex in pathways next to HR117. In HR, one of the main 

functions of MRN is thought to be end recognition and resection, whereas other pathways rely on the 

DNA tethering functions mediated by coiled-coil interactions.  
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Figure 6: Rad50 domain architecture and structure. Rad50 consists of N- and C-terminal nucleotide binding 
domains, followed and preceded by short Mre11 binding domains respectively. The two globular terminal parts 
are joined by long coiled-coils, forming a zinc-hook at their apex. The length of this coiled-coil domain varies 
between species. Crystal structure of CtRad50 globular head dimer (orange) with ATPγS (green) and Mre11 HLH 
(blue) bound (PDB: 5DA9). One ATP binding site in between the dimer is highlighted (phosphates: dark orange, 
magnesium ion: light green). Thereby the grey coloured peptide chains, the Walker A and the signature motif 
originate from one protomer, the Walker B motif from the other NBD.  

 

1.3.3 Mre11-Rad50 interplay in end resection 

While the majority of previous structural research was limited on Mre11 or Rad50 alone, already very 

early studies highlighted the importance of the interaction and functional dependence of Mre11 and 

Rad50118. This obstacles in understanding the molecular mechanism of MR(N) function existed mainly 

due to restrictions for specimen in X-ray crystallography, which requires very defined and rigid 

samples. Recent advances in cryo-electron microscopy techniques allowed to analyse more flexible 

and heterogenous specimen, including Rad50 and Mre11 in their full length in combination with DNA. 

Structurally solving the bacterial MR complex (often denoted SbcCD with SbcC being the equivalent 

to Mre11 and SbcD Rad50) shed light on how both proteins with their catalytic activity influence each 

other and visualized the dynamics of the complex (Figure 7)98. To prevent nucleolytic cleavage inside 

the intact genome, a Rad50 dimer blocks the active centres of a Mre11 dimer when no DNA end is 

engaged. In this so-called “resting”- or autoinhibited state, two ATPs are bound to Rad50, and the 

coiled-coils reside in an open conformation, primed to embed DNA in their binding cleft. When MR 

recognizes a DNA end, ATP is hydrolysed and ADP bound Rad50 adopts a closed coiled-coil 

conformation, with both coiled-coils and the globular head clamping the DNA in-between very defined 

residues. Mre11 translocates from binding Rad50 in its U-shape towards the DNA end and positions 

one active centre in proximity to the sugar-phosphate backbone. This prepares the complex for DNA 

cleavage. Disturbing the clamping mechanism by mutating the respective DNA contacting residues 

greatly inhibits the nuclease activity. In the “cutting”-state, the DNA is slightly bend through a channel 

formed between Rad50NBD and Mre11. This bending represents a potential end-recognition 

mechanism as undamaged Escherichia coli (E.coli) DNA resides negatively supercoiled, a state 
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counteracting extensive bending119. During the large relocation of Mre11, a flexible linker allows the 

HLH motifs to stay attached to the start of the coiled-coils.  

 

Figure 7: Exonucleolytic DNA processing by E. coli (Ec)MR. In the ATP-bound (green) resting state, the complex 
resides in an autoinhibited state: Rad50s globular head domains (orange) block Mre11s nuclease (blue) 
(PDB: 6S6V). Upon DNA (red) clamping in between the Rad50 coiled-coils and ATP hydrolysis, the Mre11 
nuclease dimer translocates to the DNA end and positions one active centre in the vicinity of the sugar-
phosphate backbone, poising the DNA for cleavage in this cutting state (highlighted, PDB: 6S85).  

 

1.3.4 Coiled-coil dynamics 

Besides the large relocation of the Mre11 dimer, Rad50’s coiled-coils undergo an extensive movement 

during the transition from the resting to cutting state. While the coils display an open conformation 

in the resting state, they are presumably joined at the zinc-hook to form a ring-like structure (Figure 

8)106. Data from atomic force microscopy (AFM) thereby support the underlying crystal and cryo-EM 

structures120-122. Viewed from the zinc-hook, the coiled-coils from two different Rad50 proteins run in 

an antiparallel manner. This state would allow the complex to scan along the genome for DSBs with 

the DNA sliding through the cleft formed by the open coils. The enormous length of the coiled-coils 

thereby permits MR to bypass even large DNA-bound proteins123.  
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In the DNA-bound cutting state, the coiled-coils zip up to form a rod-like shape98,121. For bacterial MR, 

five zipper contact points are predicted to interrupt the strict linear coiled-coils arrangement and to 

stabilize the dimeric rod-shape. At the apex, the zinc-hook is formed by two parallel coiled-coil 

domains124. AFM studies suggest a higher-ordered oligomerization of closed-coil MRN mediated by 

zinc-hook contacts, which could explain MRN’s DNA tethering ability121. Together with the 

multimerization ability of Rad50NBD, MRN contains at least two sites for transient oligomerization113. 

The coil dynamics during DSB recognition likely play an important role especially for the endonuclease 

activity. One model postulates that the zipping transduces a force onto the Mre11 dimer, thereby 

promoting its relocation into the active conformation.   

 

 

Figure 8: Proposed Rad50 coiled-coil movement during MRNs nuclease cycle. A: In the ATP-bound resting state 
(left side), the coiled-coils adopt an open conformation, and are probably joined at the apical zinc hook in an 
antiparallel manner (Mre11 greyed out, PDB resting state: 6S6V, PDB Pyrococcus furiosus (Pf)Rad50 zinc-hook: 
1L8D). Upon DNA clamping in between the coiled-coils and ATP hydrolysis (right side), the coiled-coils close to 
form a rod-like structure. At the apex, the zinc-hook is likely formed by parallel, joined coiled-coils. (PDB cutting 
state: 6S85, PDB PfRad50 zinc-hook: 6ZFF). B: AFM images of eukaryotic MR(N) show ring-like structures without 
DNA, the addition of DNA evoked rod-like coiled-coils as well as dimers of two MR(N) molecules, joined 
presumably at the zinc-hook120-122.  

 

1.3.5 Nbs1 

The eukaryote specific Nbs1 protein holds no enzymatic activity but has important regulatory and 

scaffolding features. At the well-structured N-terminus, two breast cancer-associated 1 C-terminus 

(BRCT) domains follow a fork head-associated (FHA) domain via a direct linkage and cease in the large, 

flexible C-terminal part (Figure 9)125. FHA as well as BRCT domains are conserved phosphopeptide 

binding folds, and can recruit a variety of phosphoproteins such as CtIP, BRCA1 and MDC1 to transform 

MRN into an interaction hub70,126. These domains further allows MRN to bind phosphorylated H2AX 
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histones, an important DSB signal introduced by ATM, to locally accumulate at DNA ends127. The 

C-terminal part harbours the Mre11-binding domain (MBD) with the conserved KNFKxFxx motif 

binding across the Mre11 dimer interface to further stabilize and thereby regulate the nuclease92. 

Mutational studies assign a 108 amino acid short sequence embracing the MBD domain essential roles 

to sustain MRN functions128. This region further contains the nuclear localisation sequence (NLS), 

missing in the other components of MRN129. An ATM-binding domain (ABD) resides at the very 

C-terminus, which associated over a conserved FXF/Y motif to the HEAT-repeat domain of ATM (see 

also Figure 11)130. This interaction plays important roles in recruiting and activating ATM at DSBs. ATM 

in turn phosphorylates Nbs1 at multiple sites, in combination with CDK-mediated phosphorylations, 

this pattern influences Nbs1 complex regulatory role via a yet poorly understood mechanism131.  

 

Figure 9: Nbs1 domain architecture and structure. A: Nbs1 consists of well-structured N-terminal FHA and 
tandem BRCT domains succeeded by a long, flexible region harbouring the Mre11 binding domain (MBD) and 
the ATM binding domain (ABD). B: Crystal structure of Schizosaccharomyces pombe (Sp)Nbs1 FHA-BRCT1/2 
domain (PDB: 3HUE). C: Crystal structure of SpMre11 catalytic domain with Nbs1MBD (PDB: 4FBW). Nbs1’s 
conserved KNFKxFxx motif is highlighted in dark purple. 

 

1.3.6 MRN in DNA repair  

Besides the already discussed roles of MRN in HR, namely DNA end recognition, resection and 

signalling, MRN interestingly influences C-NHEJ as well. While in HR MRN’s catalytic functions are 

essential, a nuclease-dead Mre11 mutant was able to rescue a C-NHEJ defective Mre11 deletion, 

suggesting a more structural than enzymatic role of MRN in NHEJ132. Similar to NHEJ, MRN is involved 

in the specialized repair process during somatic V(D)J recombination, explaining the deficiencies in the 

adaptive immune system of patients suffering from different MRN mutations133. The other type of 

programmed DSBs, in which during meiotic recombination Spo11 introduces a break and stays 

covalently attached until repair, requires MRN for repair as well134. Thereby, MRN resolves DNA-
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protein crosslinks at DSBs by endonucleolytically clipping of the adduct. As a common principle, MRN 

was shown to rapidly relocate and accumulate at DSBs from a usually uniform nuclear distribution135. 

In accordance, MRN possesses the ability to undergo cooperative oligomerization113. This enables a 

strong signal amplification and high local concentration of downstream factors such as ATM66.  

 

1.3.7 MRN in telomere maintenance 

The eukaryotic genome is divided into multiple linear chromatids. This linearity raises two main 

challenges for cells: firstly, the nature of replication in one direction, 5’ to 3’, with one leading and one 

lagging strand, results in the shortening of the lagging strand after each replication as no new primer 

can be synthesized at the very ends136. Secondly, chromatid ends, denoted telomers, are chemically 

indistinguishable from DSBs and therefore would trigger the DSB repair and DDR machinery137. To 

overcome the first challenge, chromatids have a repetitive end sequence ([TTAGGG]n in mammals) 

which is extended by the ribonucleoprotein telomerase, an enzyme containing a short RNA stretch to 

serve as a template for terminal DNA extension138. As a protective mechanism, telomerase is normally 

only active in gametes and stem cells to ensure their genome integrity in this frequently dividing cell139. 

Differentiated cells lack telomerase activity and are thus limited in the amount of total cell divisions 

(Hayflick limit)140. Cancer cells overcame this limit by expressing telomerase or alternative 

pathways141.  

The second challenge is solved by a very specific structure of the telomers. Thereby, the 3’ single-

stranded overhang of the chromatid end invades upstream repetitive, dsDNA sequences to form a so-

called T-loop142. The T-loop is stabilized by the shelterin complex, consisting of six proteins in humans, 

TRF1, TRF2, hRap1, TIN2, TPP1, and POT1142. Unfunctional shelterin complexes result in unprotected 

chromosome ends, which can be recognized by DNA damage sensors, e.g. ATM and eventually lead to 

NHEJ or HR143. A potential outcome of aberrant DSB repair at telomers are chromosome fusions144.  

One of the first discovered MRN functions during telomere maintenance was the observed telomere 

shortening in yeast cells with dysfunctional MRN145,146. MRN facilitates recruitment of telomeric 

proteins to chromosome ends during telomere replication in the S-phase, including telomerase147. 

However, the 3’ overhangs invading the upstream strand and forming the T-loop are most likely 

generated by Exo1 and Apollo nucleases; roles of MRN as one of the processing nucleases are 

discussed148. In a more scaffolding function, all MRN parts interact with the shelterin component 

telomeric repeat-binding factor 2 (TRF2)138. The Nbs1 interaction is disrupted by CDK2 

phosphorylation, thus coupling MRNs role in telomere maintenance to the cell cycle149. To prevent 

nucleolytic digest by MRN at intact telomeres, the telomeric Rif2 protein suppresses MRNs 

endonuclease activity by directly binding at Rad50 β-sheets150. 

Cancer cells lacking telomerase activity developed an alternative lengthening of telomeres (ALT) 

pathway, similar to HR151. In this process, MRN resects shortened telomeres to generate 3’ overhangs, 

which can invade adjacent homologous, DNA sequences151. The invading strand is extended by 

polymerases and thus the telomere length restored.  

 

1.4 MRN interacting factors 

In order to fulfil its diverse range of functions while at the same time integrating multiple regulatory 

signals, MRN interacts with different additional factors and forms at least short-lived complexes. 

Evolutionary, many of these proteinaceous factors are exclusively found in eukaryotes, while some 
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higher eukaryotes such as vertebrates were recently shown to have an additional layer of complexity 

with even more proteins influencing MRN. This reflects the need for a tighter regulation of DSB repair 

as well as other processes e.g. telomere maintenance to avoid genetic instability and tumorigenesis.  

 

1.4.1 CtIP 

From the variety of MRN interactors, CtIP is one of the most intensively studied examples. The 

eukaryote specific protein contains a conserved oligomerisation domain at the N-terminus to form 

tetramers (Figure 10). This domain comprises parallel dimerizing coiled-coils, which can contact 

another dimer over a short hydrophobic interaction to build antiparallel tetramers152,153. The 

tetrameric assembly is crucial for CtIP’s function to promote DNA end resection152. Following the 

oligomerization domain, the mainly unstructured middle region of CtIP varies greatly in length across 

different species, from roughly a hundred amino acids in fungi up to 600 amino acids in humans154. 

The middle part harbours an important CDK phosphorylation site, S327 in humans, to facilitate 

recruitment to Nbs1 and BRCA1155. Binding to Nbs1 in a positively charged pocket of the FHA domain 

induces a conformational change in Nbs1 with a yet unclear function125. The middle region further 

contains a DNA binding domain and a DNA2 binding site to enhance long-range resection156. The 

conserved and partly structured C-terminal domain (CTD) interacts with and activates MRNs 

endonuclease depending on the phosphorylation status of the CDK site T847 and the ATM site T859157. 

This regulatory switch ensures efficient end resection only during S/G2-phase and after ATM activation 

as an additional layer of regulation. Interestingly, CtIP shares the binding interface on Rad50 with the 

telomeric protein Rif2 which in contrast inhibits the endonuclease activity150. ATM-mediated 

hyperphosphorylation eventually leads to CtIP SUMOylation, in turn a signal for polyubiquitylation and 

subsequent degradation158. This off-switch mechanism limits excessive resection158. Altogether, 

tetrameric CtIP adopts a dumbbell shape with the C-terminal domains facing outwards, joined by the 

N-terminal coiled-coils. With this structure, CtIP is able to bridge DNA ends153.  
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Figure 10: CtIP domain architecture and structure. A: CtIP tetramerizes over a short N-terminal motif, directly 
followed by a dimerization domain to build a well-ordered coiled-coil oligomerization fold. The middle region is 
mainly unstructured and features a Nbs1/BRCA1 binding domain (BD) with the CDK phosphosite S327 (yellow) 
followed by a DNA binding domain (DBD). The C-terminal domain (CTD) is partly structured, contains MRN 
activating features and the phosphosites at T847 (CDK) and T859 (ATM, red). B: Crystal structures of HsCtIP with 
the dimerization domain (grey, PDB: 7BGF) overlaid on the tetramerization motif (one dimer coloured orange, 
the other green. PDB: 3D2H). C: Negative stain electron microscopy revealed a dumbbell shape of the CtIP 
tetramer153.  D: Crystal structure of SpNbs1 FHA-BRCT1/2 domain in complex with a short CtIP phosphopeptide 
(PDB: 3HUF). The phosphate binds into a positively charged pocket (highlighted).  

 

1.4.2 MRNIP 

While CtIP mainly upregulates MRNs endonucleolytic capabilities, the exonuclease activity was 

recently reported to be influenced by the MRN interacting protein (MRNIP). MRNIP, a roughly 40 kDa 

large, non-enzymatic factor thereby specifically inhibits the exonuclease159. During replication fork 

stalling, DNA is remodelled to form reversed forks, a crucial intermediate step to eventually resolve 

stalling. In this scenario, the nascent strands need to be protected from Mre11-dependent 

degradation, mediated by MRNIP159. Further studies suggest MRNIP’s ability to undergo liquid-liquid 

phase separation (LLPS) while incorporating MRN inside160. Upon DSBs, MRNIP rapidly relocates to the 

lesion to promote MRN loading and end resection160,161. This local MRN accumulation enhances the 

DDR response via increased ATM activation161.  
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1.4.3 ATM 

The protein kinase ATM acts in the very first steps of DSB signalling to coordinate the repair and further 

downstream leads to checkpoint activation and cell cycle arrest131. Due to homology in the kinase 

domain to phosphatidylinositol 3 (PI3) family of kinases (PI3K), ATM is placed in the family of PI3K-like 

protein kinases (PIKK)131. This family contains two other DDR signalling factors, DNA-PKcs, mediating 

C-NHEJ, and the single-strand break repair factor ataxia-telangiectasia and Rad3–related (ATR)162. 

Other PIKK members include mammalian target of rapamycin (mTor), sensing nutrients and the 

cellular metabolism, suppressor of morphogenesis in genitalia 1 (SMG-1), which facilitates nonsense-

mediated mRNA decay and the pseudo-kinase transformation/transcription domain–associated 

protein (TRRAP), regulating transcription processes163-165. Common to DNA-PK and ATR, ATM 

preferentially phosphorylates serines and threonines at SQ/TQ sites162.  

The roughly 3,000 amino acids large ATM protein resides as a butterfly-shaped, 700 kDa sized inactive 

dimer and adopts the conserved PIKK domain architecture (Figure 11)166. The N-terminus and the 

largest part of ATM forms so-called HEAT repeats (Huntingtin, elongation factor 3, protein 

phosphatase 2A, TOR1), which are further divided into the “Spiral” and “Pincer” domain. This domain 

acts as a scaffold to mediate protein-protein as well as DNA interactions130,166. Following the HEAT 

repeats, the FRAP–ATM–TRRAP (FAT) domain, consisting of three Tetratricopeptide Repeat Domain 

subdomains (TRD) and a HEAT-repeat subdomain (HRD), harbours the dimer interface with multiple 

hydrophobic patches. The C-terminal kinase domain is built by an N- and C-lobe, while substrate 

binding is autoinhibited by the PIKK Regulatory Domain (PRD) from the opposing protomer. The FAT 

C-terminal (FATC) domain forms the very C-terminus and influences the activation mechanism167.  

Analogous to the tight regulation of the MRN complex, ATM activation requires different inputs to 

prevent the potential detrimental outcomes cell cycle arrest and apoptosis if no DSB occurred. The 

main ATM activator, MRN, initially recruits the kinase to DSBs over the Nbs1 C-terminal sequence 

FXF/Y binding to the HEAT repeats130,168. In an ATP-dependent manner, DNA-bound MRN is thought 

to induce ATM autophosphorylation and thereby monomerization, which greatly increases ATM 

activity131. Monomerization would detach the inhibitory PRD from the opposing protomer and render 

the active site accessible. This step presumably involves Rad50-ATM contacts, integrating the coiled-

coil dynamics into signalling131. Mre11’s nuclease activity was shown to be dispensable for this 

positively regulating input169. For a robust autophosphorylation, the histone acetyltransferase 

Tip60/KAT5 additionally needs to acetylate lysine 3016 in the FATC domain170,171. Thereby the Tip60 

activity is controlled by CDK phosphorylations, coupling DSB induced ATM signalling to the cell cycle172. 

In a positive feedback loop, active ATM then phosphorylates histone H2AX, which in turn recruits 

Mdc1, to bind and accumulate more ATM at sites of DSBs79. Noteworthy, ATM shows a low basal 

kinase activity also in unperturbed cells173. A possible explanation could be the recently emerging role 

of other DNA damage types to potentially activate ATM, including R-loops (DNA:RNA hybrid and the 

displaced DNA strand), SSBs, topoisomerase cleavage complexes (TOPcc) and splicing 

intermediates174. 

Identified in patients suffering from debilitating ataxia due to progressive loss of cerebral neurons and 

telangiectasia (dilated blood vessels), mutations in ATM further cause severe immune deficiencies, 

radiosensitivity, and increased rates of malignancies175. While the central role of ATM as the signalling 

kinase in HR explains the radiosensitivity and high malignancies rates, the neuronal loss might be 

reasoned in the second pathway activating ATM: oxidative stress. Neurons are characterized by a high 

energy consumption and oxygen metabolism, leading to an increased production of ROS176. ATM 

facing increased oxidative stress forms covalent, disulfide-bond linked dimers, most importantly 

between cysteines 2991, and is activated in an MRN-independent manner131. In a yet poorly 



24 
 

understood mechanism, this covalent linkage then leads to autophosphorylation and phosphorylation 

of a different subset of targets compared to the DDR to respond to oxidative stress177. This includes 

the downstream upregulated antioxidants production, enhanced mitophagy (autophagy of 

mitochondria) and pexophagy (autophagy of peroxisomes), to reduce the generation of ROS and 

maintain cell homeostasis178-180. In this context, ATM was observed to have a partly cytoplasmic 

localisation with yet unclear function181,182. Cells with dysfunctional ATM show elevated ROS levels, 

resulting in an increased SSB rate. This leads to PARP enzyme hyperactivation, with the detrimental 

outcome of drastically reduced NAD+ and ATP levels during PAR chain synthesis and the stable 

aggregation of proteins on these polymers174. Both mechanisms contribute to neuronal cell death. 

 

 

Figure 11: ATM domain architecture and structure. ATM consists of N-terminal HEAT repeat domains, denoted 
as “Spiral” and “Pincer”. The N-terminal part is followed by the FAT domain harbouring three Tetratricopeptide 
Repeat Domain subdomains (TRD) and a HEAT-repeat subdomain (HRD). The kinase domain is built by an N- and 
C-lobe, substrate binding is autoinhibited by the PIKK Regulatory Domain (PRD). A conserved FAT C-terminal 
(FATC) domain forms the extreme C-terminus. Cryo-EM structure of full-length human ATM (coloured according 
to domains) in complex with Nbs1 ATM binding domain (pink) (PDB: 7SID).  
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1.5 DNA damage response 

To combat the deleterious effects of DNA damage, cells have evolved a sophisticated DDR network 

that comprises a series of interconnected signalling pathways to coordinate multiple cellular 

processes, including DNA damage sensing, DNA repair, signal transduction, cell cycle checkpoints and 

eventually apoptosis. The DDR is activated upon DNA damage by a cascade of events primarily 

beginning with the recruitment of PIKK family members ATM, ATR, or DNA-PKcs to the site of damage 

and activation of PARP enzymes162,183. As discussed earlier, PARP enzymes itself recognize single and 

double stranded DNA breaks, to catalyse the formation of PAR chains onto itself and other proteins183. 

Together with the PARylated environment, the DNA break sensing factors, MRN, Ku70/80 or RPA 

recruit the respective PIKK signalling kinases162.  

Thereby, ATR senses RPA-coated ssDNA lesion to activate the SSB repair machinery and further halts 

the cell cycle by phosphorylating and hence activating the checkpoint kinase (Chk)1184. In contrast to 

ATM and DNA-PKcs, ATR activation from RPA-coated ssDNA patches arises from diverse DNA lesions. 

These structures emerge during stalled replication forks, nucleolytic processing of DNA damage during 

excision repair pathways or as well in end resection during HR184. Therefore, ATR is a broad sensor of 

genotoxic stress and its ability to activate Chk1 essential for proliferating cells185. Active Chk1 

promotes proteasomal degradation of the Cdc25 phosphatases, which normally remove inhibitory 

modifications from CDKs186. Reduced CDK activity due to decreasing levels of Cdc25 phosphatases 

thereby slows or stops cell-cycle progression. As a result, cells have more time to repair DNA damage 

and premature entry into mitosis is prevented. In cases of extensive damage and prolonged Chk1 

activation, this delay can induce senescence or apoptosis187. ATR requires the co-factor ATR-

interacting protein (ATRIP) to recognize RPA-coated ssDNA. Further, the proteins TopBP1, recruited 

to RPA-coated ssDNA via the RAD9-RAD1-HUS1 (9-1-1) complex, and ETAA1, directly binding RPA-

coated ssDNA, respectively activate ATR188,189.  

In contrast to the primarily signalling functions of ATR, DNA-PKcs’ function is extended with a direct 

role in the NHEJ repair of DSBs: Together with the DNA-PKcs’ recruiting factor Ku70/80, the kinase 

tethers both DNA ends in close proximity and further directly binds and activates downstream repair 

factors190,191. Thereby, the kinase activity orchestrates the course of repair but is thought to be of 

minor importance for signalling in the presence of the DSB response master regulator, ATM174,191.  

While ATR activation dramatically differs from ATM (covered in 1.4.3), both kinases have similar and 

overlapping substrates (Figure 12). For example, ATM phosphorylates mainly Chk2, with an analogous 

outcome of ATR-mediated Chk1 activation192. In addition, all three PIKK DDR enzymes phosphorylate 

histone H2AX, a well-established chromatin mark of DNA damage162. Besides its function in recruiting 

repair factors, γH2AX transcriptionally silences the surrounding chromatin to prevent clashes of the 

transcription machinery with DNA repair193. Another common substrate of ATM and ATR is the tumour 

suppressor p53194. This transcription factor underlies constant ubiquitin-dependent proteasomal 

degradation mediated by the E3 ubiquitin ligase Mdm2 to keep the cellular levels at a minimum195. 

Phosphorylation by ATM and ATR, with the best characterized site serine 15, inhibits the interaction 

with Mdm2 and thus p53 levels rise195. On top, Mdm2 is an ATM substrate as well, phosphorylation 

renders the ubiquitin ligase inactive162. P53 induces the expression of a multitude of genes, to 

redundantly with Chk activation, stop the cell cycle and possibly initiate apoptosis. This includes the 

upregulation of the universal CDK inhibitor p21196. P21 also blocks DNA replication directly by 

inhibiting the replication complex PCNA, therefore preventing the S-phase entry196. 

Another class of ATM targets are factors directly involved in the course of DSB repair. In NHEJ, ATM 

phosphorylates Artemis, XRCC4 and XLF to generally promote DSB repair197-199. Intriguingly, DNA-PK is 
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as well modified by ATM to activate the tethering kinase, whereas DNA-PK-mediated phosphorylation 

negatively regulates ATM200,201. Thus, both PIKKs actively influence each other to steer the DDR. During 

HR, ATM e.g. modifies CtIP, MRN, BRCA1, Exo1 and the BLM helicase to enable end resection and 

homology search174. To prime the chromatin in vicinity of a DSB for repair, ATM modifies different 

chromatin remodelers, such as the BRG1 ATPase of SWI/SNF remodeling complexes202. The action of 

chromatin remodelers renders the DNA accessible for repair factors and amplifies the γH2AX foci 

formation. With its dual role in NHEJ and HR, ATM mediates efficient DSB repair and contributes to 

the repair pathway choice. 

 

 

Figure 12: Overview DDR with focus on ATM. Active ATM presumably exists as a monomer (second protomer 
greyed out), and phosphorylates a pleiotropy of targets (narrow arrows), important ones for DSB repair are 
highlighted in this scheme. The positive feedback loop is marked with green arrows. Outcomes are implicated 
with thick arrows, ATM phosphorylations disturbing the respective outcome are crossed out. Ub. = 
ubiquitination, degrad. = degradation  
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1.6 ATM in cancer treatment 

As a key player in the DDR, ATM and its dysfunctions have been implicated in the pathogenesis of a 

variety of diseases, including cancer. One of the most important hallmarks of cancer, genomic 

instability and mutations, is promoted if ATM as the central DSB signalling factor is mutated. To avoid 

checkpoint activation and apoptosis from elevated DNA damage, cancer cells accumulate further 

mutations in the DDR. While on the one hand several mutated ATM variants can be found in different 

types of cancer, on the other hand an increased transcriptional activation of ATM coincides with 

robust resistance to chemotherapeutica203. Therefore, in recent years, there has been significant 

interest in developing therapeutic strategies to specifically target ATM and thereby selectively kill 

cancer cells while sparing normal cells.  

One approach involves the use of ATM inhibitors, which have been shown to sensitize cancer cells to 

chemo- and radiation therapy by blocking the DDR pathway and preventing DNA repair204. This 

strategy has been particularly effective in tumours with existing defects in DNA repair, e.g. breast 

cancer with BRCA1/2 mutations, which are already sensitive to PARP inhibitors, or by evoking efficient 

synthetic lethality that combines ATM with ATR/PARP inhibition205-207. Thereby, both partially 

redundant pathways are shut down and cells devoid of DSB repair pathways, leading to accumulation 

of DSBs and cell death. Recently, several small molecule ATM inhibitors have been developed and 

entered clinical trials in combination with chemo- or radiotherapy. These molecules need to be potent 

inhibitors, selective for ATM while minimally effecting other targets and show a high bioavailability. 

All available ATM inhibitors to date such as KU-55933, CP-466722 and AZD0156, are designed to block 

the active site with a structure similar to ATP204.  

In addition to its role in DNA repair, ATM is involved in the regulation of cellular metabolism and 

immune response, making it an attractive target for the emerging field of cancer immunotherapy208. 

During immunotherapy, the patient’s own immune system is stimulated to clear tumours. ATM 

inhibitors have been shown to inhibit immune checkpoint pathways and thus promote T cell 

infiltration into tumours, reducing their growth209. 
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1.7 Objectives 

MRN and ATM are central factors in HR and involved in a multitude of other cellular processes as well. 

Over the past two decades, both factors have been extensively studied and many details regarding 

their structural, cellular and biological functions were uncovered. However, a largely flexible Nbs1 

protein and long Rad50 coiled-coils hindered researchers to investigate MRN as whole in X-ray 

crystallography, restricting the structural knowledge to mostly individual parts of the complex and 

therefor missing the interplay of MRN’s variety in structural and functional features. The ATM protein 

as an interesting therapeutic target lacked a high-resolution structure which could be used for future 

structure-based drug design and explain important aspects of its regulation. With the development of 

high-resolution cryo-EM techniques, partially flexible and heterogenous protein complexes such as 

MRN and ATM can now be visualized.  

Entering the ATM project midway, the goal was to setup an in vitro kinase assay to test the efficiency 

of different inhibitors, KU-55933 and M4076, used in structural studies. Therefore, one of the best 

studied targets of ATM and a central component in HR, CtIP was cloned, purified and established as a 

well-suited substrate in a gel-based kinase assay. Structural analysis of inhibitor-bound ATM resulted 

in a near-complete atomic model of dimeric ATM. With this structure, the selectivity of different 

inhibitors can be explained on an atomic level. Further, this map allows to localize common ATM 

mutations in cancer or ataxia-telangiectasia and hypothesize their influence on the protein.  

In the MRN project, the first goal was to establish a working nuclease assay for the eukaryotic system. 

Starting with the simpler, prokaryotic MR, a novel well-based fluorescence-quencher setup was 

successfully tested and used to characterize MR further. A previous paper visualizing full-length MR in 

its exonuclease state, raised the question whether the other crucial cutting modalities, endonuclease 

and hairpin opening, rely on the same mechanism. Solving MR structures bound to a Ku70/80 double-

sided blocked DNA and a hairpin DNA unify the mode of action, independent of the substrate. Upon 

substrate recognition, the Rad50 coiled-coils close and clamp the DNA in between. The Mre11 dimer 

translocates towards the DNA backbone from its previous autoinhibited conformation and positions 

one active centre poised to catalyse the hydrolysis reaction.  

The eukaryotic MRN complex with its tighter regulation and increased propensity to oligomerize 

represents a disparate more intricate study subject. Therefore, the major aim of this research project 

was to obtain a first full-length structure using cryo-EM. To reach this goal, the purification of the 

Chaetomium thermophilum and human MRN was established and both complexes extensively 

screened for cryo-EM analysis. The CtMRN-ATPγS structure was determined to high-resolution, 

revealing an autoinhibited Mre11 state, rod-like Rad50 coiled-coils, and asymmetric Nbs1 binding. To 

verify the structure, crosslinking mass spectrometry was utilized. A comparison with the human 

Mre11-Nbs1 complex shows a highly conserved fold and therefor allows to deduce features from one 

organism to the other. To investigate how MRN integrates the enzymatic and tethering functions, the 

Rad50 zinc-hook was crystallized, displaying a tetrameric, tethering-competent conformation of an 

MRN-MRN dimer. Disrupting the multimerization interface leads to severe DSB repair deficiencies. 

Biochemical characterizations of CtMRN DNA binding properties revealed a novel ATP-independent 

DNA binding motif in the Mre11 C-terminus, which is probably involved in scanning the genome for 

DSBs. To clarify the role of the eukaryote specific Nbs1 protein, a MR complex lacking Nbs1 was 

characterized. Nbs1 contributes to the ATP-independent DNA-binding mode as well as stabilizes and 

locks MRN in a rigid conformation.  
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2. Publications 

2.1 Molecular basis of human ATM kinase inhibition 

Kristina Stakyte*, Matthias Rotheneder*, Katja Lammens*, Joseph D. Bartho*, Ulrich Grädler, Thomas 

Fuchß, Ulrich Pehl, Aaron Alt, Erik van de Logt, Karl-Peter Hopfner, Molecular basis of human ATM 

kinase inhibition, Nature Structural and Molecular Biology, Volume 28, October 2021, Pages 789-798, 

https://doi.org/10.1038/s41594-021-00654-x 

* These authors contributed equally. 

 

Summary 

In this publication we solved high resolution cryo-EM structures of the human ATM kinase with two 

different inhibitors or ATPγS bound. Due to reduced flexibility in the inhibited state, we were able to 

build a near complete atomic model of ATM in its dimeric form, including the N-terminal solenoid 

region. This allowed us to assign known cancer mutations to the exact position in the protein and 

thereby inferring their biological effect. The increased resolution compared to previous publications 

helped us to identify two zinc-binding sites, contributing to the overall stability of ATM while leaving 

the kinase activity unaltered. In a structural comparison with other PIKK family members, the 

specificity of ATM inhibitors KU-55933 and M4076 can be explained on a molecular level: Multiple 

non-conserved residues in the active centre interact specifically with chemical groups of the respective 

competitive inhibitor. With this publication, we set the foundation for further structure-guided drug 

design to target this clinically as well as biologically highly relevant kinase.  

 

Author contributions 

I cloned and purified the CtIP fragment which I used to establish and perform in vitro ATM kinase 

assays together with Kristina Stakyte. Kristina Stakyte, Matthias Rotheneder and Aaron Alt established 

the expression and purification of human ATM. Kristina Stakyte and Matthias Rotheneder purified 

ATM for biochemical assays and prepared cryo-EM grids. All first authors contributed to cryo-EM data 

collection and processing. Kristina Stakyte, Matthias Rotheneder, Katja Lammens, Joseph D. Bartho 

and Karl-Peter Hopfner built the 3D models. Ulrich Grädler and Thomas Fuchß were involved in the 

development of M4076 at Merck KGaA, Darmstadt, Germany. Thomas Fuchß and Ulrich Pehl 

contributed further biochemical assay and kinase selectivity results. All authors were involved in data 

analysis and manuscript preparation. 
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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, September 2022, Pages 

3513-3522, https://doi.org/10.1016/j.molcel.2022.07.019 

* These authors contributed equally. 

 

Summary 

In this manuscript we report the cryo-EM structures of the E.coli Mre11-Rad50 complex in its 

endonuclease and DNA hairpin-cleaving state. With these high-resolution structures and previous 

data from the exonuclease state, MR’s DNA cleavage reaction can be summarized in a single, unified 

mechanism. MR in its ATP-bound state adopts an open Rad50 coiled-coil conformation with Mre11’s 

nuclease domains blocked by the ATPase domain of Rad50. When the complex encounters DNA ends, 

the coiled-coils close while clamping the DNA in between. The two Mre11s translocate towards the 

side of the complex, positioning one active nuclease centre in close proximity to the DNA end 

backbone. This movement enables Mre11 to catalyse the hydrolysis reaction. Blocking the DNA ends 

with a bulky adduct such as Ku70/80, leads toward an inward movement of the Mre11 dimer to 

internal DNA regions. For hairpins, the Mre11 dimer moves in the same fashion towards the hairpin 

bubble.  

 

Author contributions 

I performed biochemical assays together with Fabian Gut, Lisa Käshammer and Anna-Maria Boggusch. 

Fabian Gut, Lisa Käshammer and Brigitte Kessler purified the proteins. Fabian Gut and Lisa Käshammer 

prepared cryo-EM grids, performed structure determination and modelling with the help of Katja 

Lammens and Joseph D. Bartho. Fabian Gut, Lisa Käshammer and Karl-Peter Hopfner analysed results. 

Karl-Peter Hopfner and Fabian Gut prepared the manuscript with contributions from all other authors.  
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2.3 Cryo-EM structure of the Mre11-Rad50-Nbs1 complex reveals the molecular mechanism of 

scaffolding functions 

Matthias Rotheneder*, Kristina Stakyte*, Erik van de Logt*, Joseph D. Bartho*, Katja Lammens, Yilan 

Fan, Aaron Alt, Brigitte Kessler, Christophe Jung, Wynand P. Roos, Barbara Steigenberger, Karl-Peter 

Hopfner, Cryo-EM structure of the Mre11-Rad50-Nbs1 complex reveals the molecular mechanism of 

scaffolding functions, Molecular Cell, Volume 83, January 2023, Pages 167-185, 

https://doi.org/10.1016/j.molcel.2022.12.003 

* These authors contributed equally. 

 

Summary 

In this publication we present the first full-length cryo-EM structure of eukaryotic MRN. Chaetomium 

thermophilum MRN with ATPγS bound adopts an autoinhibited state, with closed coiled-coils and the 

Mre11 nuclease blocked by Rad50’s ATPase domain. The asymmetric wrapping of a single Nbs1 

around the Mre11 dimer clarifies the complex stoichiometry as Mre112:Rad502:Nbs11. The coiled-coils 

protrude from the globular head in a linear, rod-shape conformation with multiple interaction points 

in between. Using the protein structure prediction tool AlphaFold2 and X-ray crystallography, we were 

able to build the entire coiled-coils. At the apex of this domain, a zinc-hook dimerization motif enables 

MRN to form intercomplex multimers, an important function for DNA tethering in DSB repair 

pathways. Thereby, a newly characterized, eukaryote specific additional DNA binding site at the 

Mre11 C-terminus allows binding to internal DNA sites, whereas the canonical Rad50 DNA binding site 

strongly prefers DNA ends in an ATP-dependent manner. 

 

Author contributions 

I purified proteins with help from Matthias Rotheneder, Kristina Stakyte, Yilan Fan and Brigitte Kessler 

according to protocols established by Matthias Rotheneder, Kristina Stakyte, Aaron Alt and me. I 

performed in vitro assays and cloned constructs for in vivo studies together with Matthias Rotheneder, 

Kristina Stakyte and Yilan Fan. Together with Matthias Rotheneder, Kristina Stakyte and Joseph D. 

Bartho, I prepared cryo-EM grids and set up data collections. Joseph D. Bartho, Katja Lammens, 

Matthias Rotheneder, Kristina Stakyte and Karl-Peter Hopfner processed cryo-EM data and were 

involved in model building. Crystallisation was done by Brigitte Kessler, Matthias Rotheneder and 

Kristina Stakyte, X-ray data was interpreted by Katja Lammens, Matthias Rotheneder, Kristina Stakyte 

and Karl-Peter Hopfner. Christophe Jung measured and analysed fluorescence anisotropy 

experiments. Wynand P. Roos conducted and evaluated the in vivo assays. Barbara Steigenberger 

performed crosslinking mass spectrometry experiments. The manuscript was prepared by Karl-Peter 

Hopfner, Matthias Rotheneder, Kristina Stakyte, Joseph D. Bartho, Katja Lammens and me with the 

help from all other authors.  
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Figure S1: CtMRN complex cryo-EM preparation. Related to Figure 1.  

(A) Representative SDS-PAGE of purified CtMRN complex and gel quantification (n = 6). 

(B) Representative Micrograph of CtMRN-ATPS. Representative MRN particles are boxed. Scale 

bar 100 nm. 

(C) Representative 2D classes of particles picked within the CtMRN-ATPS datasets. Scale bars 

200 Å. Box sizes are 352 pix for MRN head, 220 pix for Mre11 dimer, 1000 pix for MRN long 

CCs, 352 pix for Rad50 CCs, 352 pix for Rad50 zinc-hooks and 600 pix for Rad50 CCs from 

head and zinc-hooks. 

(D) Composite map colored according to the individual maps used. The highest resolved areas 

from the depicted LAFTER filtered maps were used to generate a composite map. 
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Figure S2: Processing schemes for the CtMRN catalytic head and CC maps. Related to Figure 1, 2. 

Processing schemes of CtMRN-ATPS head, long coiled-coils, distant coiled-coils and RBD & bridge 

with local resolution estimates at the end of each processing branch.  
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Figure S3: FSC curves and AlphaFold2 models. Related to Figure 1, 2, 6. 

A) FSC curves of the Head map (Relion v3.0). 

B) FSC curves of the long coiled coils map (CryoSPARC v3.2.0). 

C) FSC curves of the distant coiled coils map (CryoSPARC v3.2.0). 
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D) FSC curves of the RBD & bridge map (CryoSPARC v3.2.0). 

E) FSC curves of the Nbs1 map (CryoSPARC v3.2.0). 

F) AlphaFold2 models used to build a full-length MRN model and the predicted IDDT scores 

(>80 indicates high confidence models). 
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Figure S4: Conformations of Rad50 CCs and crosslinking MS statistics. Related to Figure 1, 3. 

A) Comparison of the cryo-EM structures of the eukaryotic CtMRN complex and the prokaryotic 

EcMR/SbcCD complex bound to ATPS. Mre11/SbcD colored in blue, Rad50/SbcC colored 

orange, Nbs1 colored pink. 

B) 2D classes of CtMRN particles bound to ATP showing open coiled coils. Scale bar 200 Å. 

C) AlphaFold2 predicted structures of H. sapiens, M. musculus, C. elegans and S. cerevisiae 

Rad50NBD and interacting Mre11 portion with bridge element.  

D) Gel of CX-MS sample preparation, our CtMRN model and AlphaFold2 predicted CtNbs1 N-

terminus with crosslinks mapped, and summary table of mapped crosslinks. 
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Figure S5: Structural characterization of Nbs1. Related to Figure 2.   

(A) Sequence alignment of Nbs1 from different species. Conserved residues were highlighted in 

shades of blue, predicted α-helices were framed in red and predicted β-strands were framed 

in green. Alignments were calculated with ClustalΩ, secondary structure predictions with 

JPred4. 
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(B) Side view of the Ct KNFKxFxx motif (purple) interactions with CtMre11 (shades of blue). 

(C) Side-by-side comparison of N- and C-termini of resolved Nbs1 peptide interacting with 

Mre11. Longer N-terminus of Nbs1 interacts with Mre11 loop containing Y217 and H219 

residues affecting Mre11-Rad50 interaction at this site.  

(D) Heterogeneity of Nbs1-Mre11/Rad50 interactions. 3D classification revealed full interaction 

(25.3%), CD/N-terminal interaction (26.8%), CD/C-terminal interaction (27.1%), CD 

interaction (13%), no Nbs1 present (7.7%). Rad50 highlighted in shades of orange, Mre11 in 

shades of blue, Nbs1 in pink, KNFKxFxx motif in purple. 
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Figure S6: Structural and functional analysis of HsMRN. Related to Figure 2, 4, 6. 

(A) Cryo-EM processing scheme for HsMN in CryoSPARC v3.3.2.  

(B) Local resolution estimation of the HsMN cryo-EM map.  

(C) FSC curve of the HsMN cryo-EM map (CryoSPARC v3.3.2).  

(D) DR-GFP assay with a siRNA targeting Nbs1. For each rescue setup, the respective siNON control is 

represented striped in the same color and used for normalization (n = 6, ****P < 0.0001 

**P < 0.01, ns = not significant, by t-test; mean ± SD).  

(E) Knock-down of Nbs1 and overexpression of wild-type and mutated HsNbs1 protein. Western blot 

stained with anti-Nbs1 antibody and β-actin loading control. siNON: non-targeting siRNA; siNbs1: 

siRNA targeting Nbs1. Irrelevant lanes were digitally removed. 

(F) Representative SDS-PAGE of purified HsMRN and HsMRapexN complexes with normalized gel 

quantifications of complex stoichiometry (n = 5).  

(G) HsMRN and HsMRapexN ATPase rates show a similar stimulation of the ATP hydrolysis rate by the 

addition of linearized DNA as observed for CtMRN. The overall ATPase rates are one-fold lower as 

compared to CtMRN. Mutation of the Rad50apex leaves the ATP hydrolysis rates unaltered. 

(H) Fluorescence anisotropy-based assay assessing the effect of ATP and ATPS on HsMRN and 

HsMRapexN binding towards 80-mer dsDNA reveal a weaker DNA binding compared to CtMRN but 

are unaffected by mutations in the Rad50apex. KD values with their respective errors are indicated 

with dotted lines and the shaded area. The KD value calculation failed for HsMRapexN ATPS (n = 3, 

mean ± SD). 

(I) Microscale thermophoresis thermal shift assay with purified HsMRN and HsMRapexN complexes. 

5 mM Phenanthrolin (Phen) was added as indicated. Main melting regions are shown in grey, 

minor in striped grey. No apparent changes could be observed.  

(J) Knock-down of Rad50 and overexpression of wild-type and mutated HsMRN complex. Western 

blot stained with anti-Rad50 antibody and Vinculin loading control. U2OS ctrl: untreated cells, 

siNON: non-targeting siRNA; siRad50: siRNA targeting Rad50; siRad50 HsMRN: siRNA targeting 

Rad50, transfection with codon-optimized wt MRN genes; siRad50 HsMRapexN: siRNA targeting 

Rad50, transfection with codon-optimized mutant MRN genes. Irrelevant lanes were digitally 

removed. 
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Figure S7: Quantification of CtMRN clustering and role of CtNbs1. Related to Figure 4, 6. 

(A) Exemplary fluorescence images of CtMRN/ CtMΔCRN with FAM-labeled DNA.  

(B) Histogram of CtMRN-DNA and CtMΔCRN-DNA cluster formation. Fluorescence images were 

collected and clusters grouped based on their size. 

(C) Representative SDS-PAGE of purified CtMR complex.  

(D) Fluorescence anisotropy-based assay assessing the effect of ATP and ATPS on CtMR binding 

towards 80-mer dsDNA. KD values with their respective errors are indicated with dotted lines 

and the shaded area (n = 3, mean ± SD). 
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(E) CtMR ATPase rates show a similar stimulation of the ATP hydrolysis rate by the addition of 

linearized DNA as observed for CtMRN.  

(F) Representative 2D classes obtained for CtMR head complexes with ATPS. The complex 

displays a higher heterogeneity and flexibility with open and closed coiled coil domains, as 

well as asymmetrically bound Mre11 dimers. Scale bar 200 Å, box size 352 pix. 

(G) Representative 2D classes obtained for CtMRN head complexes with ATPS, Rad50 coiled-

coils are closed and the complex appears rigid and symmetrically. Scale bar 200 Å, box size 

352 pix. 
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Figure S8: Processing schemes for the CtMRN Zinc-hook map and higher order structures. Related 

to Figure 5, 6. 

(A) Cryo-EM processing scheme for the CtRad50 Zn-hook in CryoSPARC v3.2.0. 

(B) Local resolution estimation of the CtRad50 Zn-hook cryo-EM map. 

(C) FSC curve of the cryo-EM Zn-hook map (CryoSPARC v3.2.0). 

(D) Crystal lattice of CtRad50zinc-hook with F688 residue hidden in the lattice arrangement.  

(E) 2D classes of CtRad50 zinc-hook octamers. Scale bar 100 Å. 
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Table S1: Oligonucleotides used in this study.   

Primers 

Oligo ID1 type source description Sequence (5’ – 3’) 

219_M(N521).rev ATH PCR2 MB3 Truncated 
CtMre11(1-521) 

AAGAAAATTCTTTTCCATGACCT

TTCTGAAGT 

220_M(N568).rev ATH PCR MB Truncated 
CtMre11(1-568) 

TTCTTTCGCGGGCTCGG 

175_MR88_lin_for ATH PCR MB Together with 
219/220 respectively 

AGCGGAGGTTCTCTTGAAGTCC 

229_CtR50(782).fw QC PCR MB QC primer to insert 
stop codon 

GATCAGGACCTGGCCTAAATTCT

GTACAGGC 

230_ CtR50(782).rv QC PCR MB QC primer to insert 
stop codon 

GCCTGTACAGAATTTAGGCCAGG

TCCTGATC 

211_ctR_Zn.for Cloning MB Cloning 
CtRad50(598-782) 

TCCTCTTTCAGGGACCCGCCACA

CAACAGGAACTCAAG 

212_ctR_Zn.rev Cloning MB Cloning 
CtRad50(598-782) 

AGGCCTGTACAGAATTCGGGCCA

GGTCCTGATCCTC 

63_hsM_H129N.fw QC PCR MB Cloning 
HsMre11(H129N) 

CATCCACGGAAACAACGACGACC

CAAC 

64_hsM_H129N.fw QC PRC MB Cloning 
HsMre11(H129N) 

GTTGGGTCGTCGTTGTTTCCGTG

GATG 

221_AAA_I.for Gibson MB with 222, Gibson 
Insert to generate 
HsRad50(DENQS675-
679AAAA) 

GACAGGGCAGCAAGCAGCGGCAG

CTGCGGTCAGTTGAGTGATGAAC

TGAGAGTAGACAGCGGT 

222_AAA_I.rev Gibson MB with 221, Gibson 
Insert to generate 
HsRad50(DENQS675-
679AAAA) 

ACTCAACTGACCGCAGCTGCCGC

TGCTTGCTGCCCTGTCTGCCAGC

GCGAGTTCCAGACCGAAG 

223_linMR68.for Gibson MB Vector for Gibson 
Assembly, 
HsRad50(DENQS675-
679AAAA) 

GAGAGTAGACAGCGGTGGC 

224_linMR68.rev Gibson MB Vector for Gibson 
Assembly, 
HsRad50(DENQS675-
679AAAA) 

TCCAGACCGAAGCTGAGC 

Oligonucleotides for assays 

Oligo ID1 type source description Sequence and modifications4 (5’ 
– 3’) 

9m Nuclease MB Annealed with 10m 
to obtain 70 bp DNA 
substrate used in 
assays 

GTAAGTGCCGCGGTGCGGGTGCC

AGGGCGTGCCCTTGGGCTCCCCG

GGCGCGTACTCCACCTCATGCAT

C-6-FAM 

10m  Nuclease MB Annealed with 9m to 
obtain 70 bp DNA 
substrate used in 
assays 

GATGCATGAGGTGGAGTACGCGC

CCGGGGAGCCCAAGGGCACGCCC

TGGCACCCGCACCGCGGCACTTA

C 

14m DNA 
binding, 

MB Annealed with 15m 
to obtain 80 bp DNA 

CGGGTAGTAGATGAGCGCAGGGA

CACCGAGGTCAAGTACATTACCC
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ATPase substrate used in 
assays 

TCTCATAGGAGGTGCGCTTTATC

AGAA*G*C*C*A*G*A*C 

15m DNA 
binding, 
ATPase 

MB Annealed with 14m 
to obtain 80 bp DNA 
substrate used in 
assays 

GTCTGGCTTCTGATAAAGCGCAC

CTCCTATGAGAGGGTAATGTACT

TGACCTCGGTGTCCCTGCGCTCA

TCTACTACCCG-6-FAM 

pUC19 DNA 
binding, 
ATPase 

NEB Used in assays, 
either circular or 
linearized (PvuII-HF, 
NEB) 

Addgene catalog number #50005  

 

1 Oligo ID: an index number to identify oligos used in the study. A full list of oligos used by the 

authors can by obtained from the corresponding author. 

2 ATH PCR: Around the horn PCR, performed as described by NEB Inc. 

(https://international.neb.com/applications/cloning-and-synthetic-biology/site-directed-

mutagenesis) 

3 MB: Primers were ordered from Metabion international AG and shipped as lyophilized powder. 

Primers longer than 50 bp and modified oligonucleotides were purified via HPLC. 

4 Modifications: * symbolizes phosphorothioates to protect against degradation; 6-FAM: 6-

Carboxyfluorescein label 

 

 

  

https://international.neb.com/applications/cloning-and-synthetic-biology/site-directed-mutagenesis
https://international.neb.com/applications/cloning-and-synthetic-biology/site-directed-mutagenesis
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3. Discussion 

3.1 Structural analysis of MRN 

The MRN complex plays a central role in DSB repair as it senses breaks, tethers DNA ends, recruits 

downstream DDR factors and ultimately initiates end resection to determine the pathway choice 

towards HR. Apart from the essential roles in DNA repair, MRN acts in telomere maintenance and 

chromatin organization. Using a combination of cryo-EM, X-ray crystallography, XL-MS and 

biochemical analysis, we solved the structure of CtMRN in an autoinhibited state and provide a 

mechanism for the unsolved question of how MRN combines catalytic and structural tethering tasks.  

 

3.1.1 Nbs1 asymmetrically wraps around the Mre11 dimer  

To fulfil the multitude of functions, MRN needs to be assembled correctly and folded in a distinct 

manner. Over a long period, the complex stoichiometry was considered to resemble a 2:2:2 ratio, 

thereby forming a symmetric complex. In contrast, our purifications of the human and Chaetomium 

thermophilum complex solely yielded a 2:2:1 stoichiometry with one Nbs1 per complex. Thereby, 

different purification strategies and expression systems were tested (Tag-free from insect cells for 

CtMRN, FLAG-tagged on Mre11 and Nbs1, expressed in insect or human cells for HsMRN) with the 

same results. The overexpression of HsMRN in human cells as the natural expression system is a strong 

argument for the 2:2:1 stoichiometry as most publications use insect cells as non-native expression 

system. Nevertheless, different labs reported various purifications of human and yeast MRN/X from 

insect cells that resemble a 2:2:1 complex ratio as well210-214.  

While a previous S.pombe crystal structure left the possibility of two Nbs1 subunits binding to the 

Mre11 catalytic core, both more physiological cryo-EM structures of CtMRN and HsMN display one 

Nbs1 wrapped around the Mre11 dimer92. Nonetheless, the general path of Nbs1 binding is very 

similar in the crystal structure: two Nbs1 sequences bind at the phosphodiesterase domain sites, one 

Nbs1 subunit bridges the dimer interface via its conserved KNFKxFxK motif. In both cryo-EM data sets, 

a single, elongated Nbs1 chain binds all three interaction sites previously observed in X-ray 

crystallography. Thereby, Nbs1 binds the two phosphodiesterase domain sites in reverse polarity. The 

KNFKxFxx motifs reside in a negatively charged Mre11-binding pocket, as observed in the crystal 

structure. N-terminal of the KNFKxFxx motif, a small, compact central domain (CD) appears to be a 

species-specific feature of CtNbs1 homologs, which misses in humans. When the human and the 

thermophilic fungi structures are aligned, the reversed direction of the KNFKxFxx motifs across the 

Mre11 dimers represents yet another species-specific feature.  

Interestingly, the observed HsMre11 dimer differs from a recent crystal structure of the HsMre11 

catalytic core with an interface formed over a disulfide bond, and in the absence of Nbs1 (Figure 

13A)103. Analogous to ROS-activated ATM, this state could be a transiently oxidized Mre11 dimer in 

response to oxidative stress with yet unknown implications for MRN function. In the autoinhibited 

conformation, obtained by aligning HsMre11 on CtMRN, the X-ray structure would clash with the 

Rad50 globular head, potentially pointing towards a role of the rotated, covalently linked Mre11 dimer 

in an active MRN form (Figure 13B). However, in the reducing milieu of the nucleus, the presence of 

a constitutive covalent dimer seems unlikely and this HsMre11 X-ray structure might as well be a mere 

crystallisation artefact.  
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Figure 13: Comparison of the HsMN cryo-EM structure (this work) with a previous HsMre11 crystal structure 
(PDB: 3T1I). A: Both structures aligned on one Mre11 (light grey: cryo-EM, grey: X-ray). The other protomer is 
coloured blue (cryo-EM) or orange-red (X-ray), Nbs1 in pink and the disulfide bridge highlighted in yellow. B: The 
human structures aligned on the autoinhibited state of CtMRN (CtMre11 and CtNbs1 not shown, Rad50 coloured 
in yellow and grey). The HsMN cryo-EM structure would adopt a very similar position as the CtMre11 dimer 
whereas the crystal structure clashes with Rad50.  

 

The conserved KNFKxFxx motif and its flanking regions were shown to be important for Nbs1 function 

in DSB repair, as mutants in these sequences could not fully rescue a Nbs1 knockdown. Disrupting the 

Mre11 binding sequence leads to a reduced or omitted Nbs1 binding to the MR core complex, most 

likely resulting in an impaired nuclear import, regulation and eventually activity. In line with our in 

cellulo data, the roughly 75 amino acid long Mre11-interacting Nbs1 sequence was observed to be the 

minimal fragment in mice to restore embryonic viability in an Nbs1 knockout128. Interestingly, the 

binding of Nbs1 to Mre11 turned out to be quite heterogenous, only a quarter of total particles 

displayed full interaction, the other half CD/C-terminal or CD/N-terminal interactions, 13 % only CD 

interaction and roughly 8 % had no Nbs1 present. This heterogeneity points towards a possibly rather 

dynamic Nbs1-Mre11 interaction to facilitate conformational changes during DNA binding and 

processing and to integrate signals from interaction partners such as CtIP. While Nbs1 stabilizes the 

Mre11 dimer and overall head architecture, data from prokaryotic MR proposes a transient opening 

of the Mre11 dimer to relocate from its autoinhibited position to the cutting state. This model would 

require the dissociation of Nbs1 CD and one binding site at the phosphodiesterase site, which is 

conceivable in the face of a pronounced Nbs1-Mre11 binding dynamic. In summary, Nbs1 binding is 

essential for a proper MRN complex stability and function whilst multiple binding modes allow for the 

required conformational flexibility.  

 

3.1.2 XL-MS extends cryo-EM data 

The structured N-terminal domain of Nbs1 that contains the phosphopeptide binding domains FHA 

and BRCT1/2 is flexibly linked with the Mre11 binding region at the C-terminus. This flexible linkage 

disallowed to visualize the relatively small N-terminus (ca. 40 kDa) during cryo-EM studies. Therefore, 

XL-MS studies were performed to analyse the CtMRN complex as whole in solution.  

In general, results from XL-MS confirm the observed MRN structure with the closed, linearly extended 

CCs conformation. In this low-resolution part, Alphafold2 predictions were used to build the entire 

coiled-coil domain and validated by different crosslinks. Further, XL-MS results indicate a lack of CCs 

back-folding as observed for SMC proteins, together with the apex-apex dimerization an important 

feature to promote long-range DNA tethering (covered in 3.1.5). The catalytic head complex contains 
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a few crosslinks with violated distance restraints, a possible consequence of intrinsic flexibility or head-

head oligomerization (covered in 3.1.5). Interestingly, the FHA and BRCT1/2 domains of Nbs1 crosslink 

to several positions on the β-sheets of Rad50, an interface as well crosslinking to the flexible C-

terminus of Mre11. Moreover, additional electron density was observed near this site that could not 

be assigned due to missing resolution. Therefore, this density might be originating from the flexible 

Mre11 C-terminus or Nbs1 N-terminal part.  

 

3.1.3 Rad50 autoinhibits Mre11 

The obtained full-length CtMRN-ATPγS structure represents an autoinhibited state of the complex, 

analogous to the published E.coli MR-ATPγS structure98. Both structures show Mre11’s active site 

blocked by the Rad50 NBDs. As a major difference, the eukaryotic CCs domain forms a rod-like 

conformation, whereas the EcMR complex has open CCs. With the open coils, EcMR may slide along 

the DNA, able to pass protein-DNA complexes to scan for DSBs. In the eukaryotic system, the closed 

coils prevent the loading of blocked DNA ends into the complex while MRN can still bind linear DNA 

(covered in 3.1.4). Thus, the eukaryotic MRN complex might be tighter autoinhibited than the bacterial 

counterpart. This could reflect the more complex functional spectrum and the more severe 

detrimental effects of unregulated DNA cleavage by MRN on eukaryotic genomes.  

Interestingly, 2D classes of open CCs could be observed in a dataset with ATP. ATP and ATPγS greatly 

vary in their hydrolysis rate, with ATPγS being hydrolysed much slower. This might suggest that the 

open CCs conformation is a state after ATP hydrolysis, with ADP or no nucleotide bound. Another 

possibility could be that the ATP binding step shortly opens the CCs. Due to a lacking hydrolysis activity 

with ATPγS, the nucleotide exchange rate is expected to be far lower and such a state would be less 

likely observable. Thereby, Nbs1 influences the coiled-coil dynamics as well. In the cryo-EM dataset 

with CtMR, a certain number of particles displayed an open state, while Nbs1 showed no effect on the 

ATPase rate. Hence, Nbs1 probably affects coiled-coils dynamics by an overall complex stabilizing 

function and not by shifting the ATPase behaviour. With a lack of Nbs1, the complex has a higher 

degree of flexibility which could lead to a higher mobility of the coils, uncoupled from the nucleotide 

state. Further structural studies in different nucleotide states or by altering the ATPase domain should 

be performed to clarify coiled-coil dynamics in eukaryotic MRN. 

The asymmetry of Nbs1 binding to Mre11 further induces asymmetric interactions between Mre11 

and Rad50. Thereby, the Mre11 loop H213-L225, alternately interacting with the N-terminal strand of 

Nbs1 or with Rad50 possibly stabilizes one Rad50 while the other becomes more flexible. By breaking 

the symmetry in the catalytic core, Nbs1 influences MRN’s entire properties including Rad50 NBDs. In 

the observed structure, the Rad50 NBDs reside in a pre-engaged state as the signature motifs are 

approximately 10 Å away from the ATPγS γ-(thio)phosphate. Hence, this conformation precludes ATP 

hydrolysis. Comparing the pre-engaged state with the crystal structures of CtRad50NBD-ATPγS in the 

fully engaged state, possessing truncated, but open coiled-coils, indicates that the NBDs in the 

cryo-EM structure need to rotate roughly 60° with respect to the other for full engagement109. This 

movement could pry the CCs open. The switch between a pre-engaged and engaged NBD would be 

consistent with studies that show partially open and closed conformations of NBDs on archaeal MR215.  

Interestingly, linear DNA greatly increases MRNs ATP hydrolysis rate, possibly pointing towards a 

cooperative ATP and DNA binding to stabilize the open CC conformation. Thereby, DNA most likely is 

bound in between the CC and the Rad50NBDs after ATP-dependent loading close to DSBs, as observed 

in previous X-ray structures of CtRad50 and bacterial MR98,109.  
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3.1.4 Mre11’s C-terminus adds an ATP-independent DNA-binding mode 

Next to the canonical ATP-dependent DNA binding site at Rad50, we identified a second region of 

MRN to be able to attach to DNA in an ATP-independent manner: The C-terminus of Mre11. This region 

is unique to eukaryotes, prokaryotes lacking this sequence display a solely ATP-dependent DNA-end 

binding. Intriguingly, a recent study suggested the Mre11 C-terminus to be cleaved off by the DPC-

dependent protease SPARTN, thereby reducing the affinity of HsMre11 to DNA96. Mutational studies 

with the truncated CtMΔCRN construct revealed that this construct cannot bind DNA without a 

nucleotide, whereas the KD values are similar to WT MRN in the presence of ATP or ATPγS. In addition, 

the WT showed roughly 2-fold higher fluorescence anisotropy values, possibly by binding of two DNA 

substrates to one MRN complex at the respective sites. On top, sigmoidal binding curves and analysis 

of visual aggregation indicate a cooperative binding mode originating from protein oligomerization 

(covered in 3.1.5). Truncating Mre11 resulted in reduced aggregation, but still similar Hill-coefficients. 

Therefore, the MRN core possesses protein oligomerization capabilities as well.  

After characterizing the DNA binding parameters of Mre11’s C-terminus, the role of this newly 

identified region was still puzzling. We proposed a potential involvement in recognizing internal DNA 

sequences, not DSBs, to eventually aid in fulfilling the other tasks of MRN besides DSB repair. While 

the core of MRN and its functions in DSB repair are highly conserved, the unique Mre11 C-terminus 

might support the eukaryote-specific roles of telomere maintenance or chromatin organisation. To 

prove the theory, anisotropy assays were performed with linear or circular DNA as competitors to 

short linear DNA strands. Here, the lack of Mre11’s C-terminus greatly decreased the affinity to circular 

DNA, supporting the model of Mre11’s tail attaching to internal regions. These data are in accordance 

to single-molecule experiments with DNA curtains123. In this setup, MRN was able to bind and process 

DNA ends in an ATP-dependent manner, whereas before end recognition MRN diffused along linear 

DNA ATP-independently123. Hence, the eukaryote-specific Mre11 C-terminus could as well be 

important for MRN to scan the genome for breaks and requires further functional characterization in 

cellular assays.  

Analysing the DNA binding properties of the CtMR construct, very similar observations to the CtMΔCRN 

were made. Without nucleotide, no DNA binding was visible. This points towards a combined role of 

the Mre11 C-terminus and Nbs1 in binding to internal DNA sequences. As both factors are quite 

flexibly attached to the MRN core complex, structural visualization of a potential interaction proved 

impossible. Further, XL-MS data do not indicate crosslinks between the C-terminus of Mre11 and 

Nbs1. However, such an interaction might form only in the presence of DNA or is based on indirect 

contacts. Another possible explanation for the lack of DNA-binding in MR without nucleotide could be 

that the increased flexibility of MR in absence of Nbs1 and nucleotide destabilized the complex to an 

extend preventing DNA-binding of Mre11’s C-terminal tail. Yet, the flexible nature of the C-terminal 

tail should still allow DNA binding in a disintegrated complex. Further, the observed ATP-hydrolysis 

rates similar to the WT do not indicate a very extensive destabilization.  

 

3.1.5 MRN oligomerization  

One of the most intriguing findings in the cryo-EM datasets were the extremely long, linear CCs that 

in 2D classification additionally showed the formation of joined zinc-hooks. To resolve this interaction 

to a better resolution, an X-ray structure was determined of the zinc-hook region. Consistent with the 

first hints observed in cryo-EM, the crystal structure features two dimeric CC apices in an antiparallel 

manner to enable the tethering of a tetrameric MRN-MRN assembly. Hereby, the very tip of the 
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protruding CCs is formed by coordination of the Zn2+ ion by a Rad50 dimer originating from a single 

MRN complex. Similar observations were made in structures from archaeal and human Rad50106,216. 

The Chaetomium thermophilum CCs additionally interact antiparallel over a newly identified interface 

consisting of F688 of one Rad50 dimer binding into a hydrophobic pocket, and a multitude of ionic 

interactions. Comparing this structure with the previous HsRad50 crystal structure, an analogous 

interface consisting of antiparallel CCs can be detected in the crystal lattice216. Hence, the mode of 

long-range tethering mediated over antiparallel assembly of the CCs seems to be an evolutionary 

conserved feature of MRN. The dimeric nature of the CC rods thereby allows the interactions to form 

on both sides to form two-dimensional sheets, as seen in the crystal lattices and possibly in the cryo-

EM analysis of CtMR. Hereby, semi-regular 120-140 Å wide molecular Velcros, consisting of 

oligomerized head modules connected over several tethered CCs, appeared. Surprisingly, these 

assemblies formed without the addition of DNA which is thought be an oligomerization nucleus for 

MRN. However, residual DNA from the protein purification, a common issue working with the CtMRN 

complex, could still be present. Increasing the salt concentration to a non-physiological value 

(200 mM) dissolved these oligomers, hence it is reasonable to assume that this assembly is mediated 

to great extent by ionic interactions. These types of interactions are not only seen in the zinc-hook 

region, but also head-head clustering over Rad50 β-sheets possibly depends on them (Figure 14). This 

interaction is in principle not relying on DNA binding as the interface is as well accessible in the 

autoinhibited state. Still, binding of multiple MRN complexes to a single DNA strand might enhance 

these interactions as the MRN complexes are then confined to diffuse laterally instead of three-

dimensional as in solution, therefor having a higher chance of encountering each other. Future studies 

will be needed to investigate the formation of molecular Velcros with the full MRN complex, to 

characterize the involved residues and the role of DNA.  

Figure 14: Model of head-head oligomerization. Two CtRad50-DNA crystal structures (PDB: 5DAC) were aligned 
on the DNA, the interface in the Rad50 β-sheets, involving Glu125 and Arg126 is highlighted. Due to the dimeric 
nature, this interaction can occur on both sides to eventually form a beads-on-a-string like assembly.  

 

Earlier studies suggested a switch of the zinc-hook between an intra-complex and an inter-complex 

state to transition from structurally linking the Rad50 CCs towards tethering of distant DNA 

(Figure 15)120,121. This model would require an opening of the hook to form MRN-MRN assemblies. In 

contrast, our structural data strongly favours a model without the need for energetically unfavourable 

zinc-hook opening, instead the hooks remain in an intra-complex state and tethering is mediated by 

apex-apex interactions. We appreciate the zinc-hooks as stably associated hinges, able to switch 

between a ring (covered in Figure 8) and rod (this study) state of the CCs in one MRN complex. Hence, 

the CCs emerge as a chemo-mechanical gate, and not as a sole linker element as previously perceived. 

The switch from intra- to inter-complex tethering thereby seems unlikely.  
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Figure 15: Model for zinc-hook mediated DNA tethering. The CCs reside in a ring or rod shape, depending on the 
nucleotide and DNA-binding state (middle), the zinc-hook is formed by intra-complex interactions. To tether 
DNA, previous publications suggested an opening of the intra-complex zinc-hooks to form an inter-complex 
assembly (left side, greyed out)120,121. The presented structural data favours a model of tethering mediated over 
CC apex-apex interactions, without the requirement of zinc-hook opening. Hence, the zinc-hooks remain in the 
intra-complex state (right side). 

 

With the multitude of possible interaction points between MRN complexes, one could envision that 

MRN is able to undergo liquid-liquid phase-separation (LLPS) to form large condensates. Proteins 

forming LLPS condensates often display small hydrophobic surfaces and potential ion pairs, similar to 

MRN. These assemblies might enable efficient DNA tethering and serve as a recruiting-hub for 

downstream factors. In support of this theory, we observed MRN-DNA clusters during fluorescence 

anisotropy measurement. However, further experiments are needed to distinguish if the observed 

clusters were aggregates or LLPS condensates. The MRN interacting protein, MRNIP, was shown to 

form LLPS droplets, and incorporates MRN in these condensates to possibly promote MRN 

phase-separation and eventually contribute to efficient DNA repair160. 

In the cellular context, mutating the apex tethering interface significantly reduced the repair of ROS-

mediated, chemically unclean DSBs in a Comet-assay setup. This type of experiment measures general 

DSB repair, independent of the underlying pathway. Surprisingly, no strong impact of the tethering 

mutant on HR-mediated repair of clean DSBs, induced by restriction enzymes in the DR-GFP assay, 

was observable. However, the DR-GFP assay setup relies on a very long repair period (>48 h), requires 

just a single repair event per cell and the essentiality of Rad50 precludes a gene knock-out, so a knock-

down of the WT gene was performed. These prerequisites possibly lead to a repair mainly mediated 

by the still remaining, low-abundant endogenous MRN complex, therefor the effects of the apex 

mutant might be masked. Nevertheless, MRN-MRN tethering via the zinc-hook regions is especially 

important for chemically heterogenous DNA breaks, and not only involved in HR, but most likely in 

other DSB repair pathways as well. Further studies addressing the role of MRN-MRN tethering in NHEJ, 

A-EJ and chromatin organization will shed light on the broader tasks of MRN. 

To regulate the tethering function, the apex interface contains an ATM/ATR phosphorylation site, the 

SQ-motif at S635 and Q636 in human Rad50217. Mutating the serine influenced DSB repair, checkpoint 

activation, cell survival, and cohesin loading at sites of replication restart while the nuclease activity is 

unaltered218. Phosphorylation at this site might increase the tethering stability due to additional 
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interactions with positively charged amino acids from the other protomer in the vicinity. Contrary, the 

altered geometry in the apex could as well reduce the tethering capabilities through geometric issues.  

 

3.1.6 A possible MRN activation mechanism 

The presented full-length CtMRN structure clarifies the architecture of eukaryotic MRN, indicates how 

MRN integrates scaffolding and enzymatic functions and explains Nbs1s roles in regulating the core 

complex. Nevertheless, the solved ATPγS bound, autoinhibited state gives only hints on how MRN 

might transition from the inactive conformation towards an active, DNA bound state. Further studies 

are required to reconstitute DNA with MRN in its cutting state. Until then, with the help of Alphafold2, 

the underlying structures and structural comparisons, a first model can be proposed.  

CtIP was early on shown to activate the MRN nuclease by direct binding to the complex in a 

phosphorylation-dependent context63. Thereby, the conserved C-terminus of CtIP plays a central role, 

a minimal peptide was sufficient to stimulate MRN’s endonuclease84. Modelling dimeric CtRad50 in 

complex with the monomeric CtCtIP C-terminus displayed the NBDs in the fully engaged state, with 

CtIP binding to the Rad50 β-sheets (Figure 16A). Interestingly, the S634 residue of CtCtIP, 

corresponding to T847 in HsCtIP, directly points towards an arginine residue of the β-sheets. Thus, this 

known CDK phosphorylation site could, upon phosphorylation, cell-cycle dependently mediate a 

specific interaction with Rad50. The N-terminal, partly positively charged part of the predicted CtIP 

fragment is predicted to take a path along the upper interface of the Rad50 NBDs, a negatively charged 

region, hence possibly a second binding site (Figure 16B). However, no really close interaction is 

calculated in this partly disordered and with low confidence predicted region. Further N-terminal of 

this site, not included in the shown CtIP prediction, a patch of multiple positively charged amino acids 

(RTRKGPTNDTPTRSR) might as well bind to the Rad50 interface, with the predicted CtIP N-terminal 

sequence then serving as a flexible linker. A prediction of Mre11 and CtIP did not return an interaction. 
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Figure 16: A CtIP-Rad50 Alphafold2 model provides first hints at the activation mechanism of MRN. A: Predicting 
the CtRad50NBD dimer (beige and yellow, coiled-coil domain substituted with a poly-glycine linker) in complex 
with a single CtCtIP491-685 C-terminal fragment (orange-red) suggests a binding towards the Rad50 β-sheets in a 
phosphorylation dependent manner of S634 (T847 in HsCtIP). B: The N-terminal sequence of the predicted CtIP 
fragment associates with the negatively charged upper Rad50 dimer interface. C: Scenarios for CtIP-mediated 
MRN activation. Left side: CtIP acting on the resting state by partly destabilizing the Mre11-Rad50 interface 
through insertion of the N-terminal region (Alphafold2 model aligned to the CtMRN cryo-EM structure). Right 
side: CtIP acting on the cutting state by potentially stabilizing the gap in the Mre11-Rad50 interface (Alphafold2 
model aligned the exo-state of EcMR (PDB: 6S85), then the CtMre11-Nbs1 and Rad50 parts were docked onto 
the EcMre11 structure respectively. For better visualization, the predicted Rad50 structure and the EcMR parts 
are not shown). 

 

To support the transition from the autoinhibited to the active conformation, two structure- and 

prediction-based scenarios are conceivable (Figure 16C). By aligning the inactive CtMRN structure with 

the Rad50-CtIP prediction, the N-terminal sequence of the CtIP fragment would clash with the Mre11 

dimer. This clash could destabilize the upper interface of Mre11-Rad50, inducing a more mobile Mre11 

state to eventually result in relocation to the active conformation.  

The second possibility can be visualized by aligning the predicted Rad50-CtIP structure to the active 

conformation of bacterial Rad50. Then, the CtMN structure is super-positioned with the bacterial 

Mre11 dimer to resemble a possible cutting state of CtMRN-CtIP. In this theoretical structure, CtIP 

might stabilize the Mre11 dimer in the active conformation by bridging a gap between the Rad50 β-

sheets and Mre11, to mediate an indirect interaction. 

Both scenarios are not excluding the other one, a combination of them would lead to a first 

destabilization of the inactive state, in the context of the highly regulated MRN complex a likely 
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requirement, and then the stabilization of the active conformation to facilitate effective DNA end 

processing.  

 

3.2. A unified cleavage mechanism for prokaryotic MR 

Studying the, at the core, evolutionary conserved bacterial MR complex has several practical 

advantages over the eukaryotic system. Prokaryotes have no posttranslational modification and a 

decreased number of involved factors in HR, leading to a less complex regulatory network influencing 

DSB repair. Further, proteins can be easily expressed in E.coli and purified in high amounts, specific 

for MR, the bacterial complex can be stored over a long period without suffering from degradation 

and aggregation. On cryo-EM grids, MR is simpler to handle and reconstitutions with different DNA 

substrates were possible.  

A previous study already solved structures of EcMR in its resting, ATP-bound state and as well in the 

cutting, ADP- and DNA-bound state. This study focussed on the less physiological exonuclease cut at 

DNA ends, but set the basis for further understanding. More physiologically, MR first needs to 

introduce an endonucleolytic incision upstream of a DSB and then further digests the strand towards 

the break to leave short overhangs. In biochemical assays, this activity is promoted by blocked DNA 

ends, for example by the NHEJ factor Ku70/80. A reconstitution with double-sided Ku-blocked DNA 

and EcMR reveals a very similar cutting state for the endonucleolytic incision compared to the 

exonuclease state. Thereby, the autoinhibited Mre11 dimer in the resting state relocates towards the 

DNA end (exo) or inwards onto an internal DNA sequence (endo) and positions one active centre 

poised for hydrophilic attack on the sugar-phosphate backbone. In the case of DNA hairpins, another 

substrate of MR, the Mre11 dimer accommodates the hairpin bubble at the active site in a similar 

manner. Hence, the nuclease channel represents an adaptable structure element, able to 

accommodate free DNA ends, internal sequences, and hairpins. All three DNA substrates are 

recognized by a similar configuration of MR, which is consistent with the biochemically observed 

cleavage sites and chemistry. As a result, MR possesses one nuclease conformation, MR loading onto 

DNA determines the mode of DNA cleavage. MR(N)s versatility allows cells to generalize the initial 

steps of HR-mediated repair with only one complex, the MR(N) complex, being involved in end 

processing and for eukaryotic cells signalling to ATM. In the context of oligomerization, the usage of a 

single, mostly C2-symmetric complex enables multiple interactions sites between the same complexes 

on a linear DNA strand and through zinc-hook tethering. If more than one type of complex would be 

used by cells to process the different DNA end substrates, additional factors or more complex 

interfaces would be needed to result in similar, biologically important assemblies.  

 

3.2.1 MR loading reaction 

To process diverse DNA termini, MR needs to topologically, and not chemically, recognize DSBs. DNA 

breaks are characterized by a relaxed, bendable state, which lacks in supercoiled, intact genomic 

DNA119. Hence, MR binding to DNA requires a roughly 45°-50° degree bending for the endonuclease 

state to harbour the internal DNA sequence. Previous biochemical studies and the effect of rigid DNA 

support this theory for a chemo-mechanical trigger of the physiological endonuclease cut98,100. In 

accordance, a nicked DNA substrate with a higher degree of flexibility promotes the endonucleolytic 

incision212. For oligomerized MR(N), the DNA bending might as well induce melting to compensate for 

increased torsional stress, an event observed in several other studies219-221.  
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Prior to DNA bending, MR first needs to load onto DNA. The Ku-RM-MR-Ku structure suggests an ATP-

dependent loading reaction on blocked DNA with an inward-facing polarity of the Mre11 dimer 

pointing away from the DNA end. The inward-facing configuration explains the endonucleolytic 

5’ strand incision, while in the exonuclease state (outward-facing configuration) the 3’ strand is cut. 

This leads to a distinct cleavage chemistry, where an exonucleolytic cut results in dNMPs with attached 

phosphates leaving, while the newly formed DNA termini on the EcMR-bound strand retain the 

phosphates during endonuclease activity. Interestingly, the outward-facing orientation at free ends 

could be a result of an inward-facing loading at the opposite end of a DNA oligo, which is followed by 

lateral sliding. This would imply that MR loads in an unified mechanism as well, while the outward-

facing configuration on the rather artificial double-ended short DNA molecules used in biochemical 

and structural analysis might be an in vitro artefact.  

The ring-conformation of the long Rad50 CCs thereby allows loading over free and blocked DNA ends 

onto internal DNA sequences. For a larger block, extending the ring-cavity, either the zinc-hook or the 

head complex would need to transiently open up to channel the internal DNA through (Figure 17). 

Both options were observed in AFM studies122. However, it is unclear if such large blocks exist under 

physiological conditions. In the case of head opening, the Rad50NBD domains would need to detach, 

and additionally the Mre11 dimer relocate to either one single Rad50 or disengage as well.  

 

Figure 17: Loading of MR onto an impassably blocked DNA. The arrow colours indicate the different opening 
possibilities (blue: Mre11 dimer relocation, yellow: Mre11 dimer opening, grey: zinc-hook opening). 

 

The loading reaction represents a challenging study subject, as this state is most likely highly transient 

and therefor difficult to capture structurally. AFM studies can only describe a coarse mechanism due 

to restricted resolution. Therefore, biochemical investigations with constructs altered in certain 
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complex movements, e.g. Mre11-dimer relocation, Rad50NBD opening or disengaged Mre11 might 

suggest first hints.  

 

3.3 Structure of HsATM 

As a central player of the DDR, the ATM kinase has been extensively studied. Recruited and activated 

by MRN, ATM phosphorylates a pleiotropy of targets to steer the DSB repair, arrest the cell cycle and 

possibly initiate apoptosis. Thus, this important kinase has become the focus of attention for novel 

cancer therapies. Several research groups reported cryo-EM structures of the fission yeast, 

Chaetomium thermophilum as well as human ATM, however the resolution was in large parts limited 

and thus insufficient to build a near-complete atomic model of human ATM to serve as a basis for 

structure-based drug design166,222,223.  

In this work, we solved HsATM bound to ATPγS and the inhibitors KU-55933 and M4076 to resolutions 

reaching below 3 Å respectively. The inhibitors reduced the overall flexibility; thus, a near-complete 

atomic model could be obtained. A few flexible loops, e.g. around the cancer-associated mutation 

F858L could not be resolved. However, these intrinsically mobile regions could require a certain 

degree of freedom to accommodate a variety of interaction partners which only then induce a specific 

fold. Two novel zinc-binding motifs in the spiral and pincer domains were identified. The role of these 

motifs is rather a structural than a catalytic, as mutations decreased thermal stability but left the 

kinase activity unaltered. Further, they might serve as interaction motifs to bind other proteins or 

DNA. Related motifs are found in other PIKK family members, for example a zinc-finger motif in the 

N-terminal HEAT domain of yeast Mec1/ATR stabilizes the interface with the Ddc2/ATRIP protein224.  

While the kinase domain appears very rigid, the N-terminal solenoid domain can adopt multiple 

conformations. The majority of particles displayed a symmetric dimer with a small gap between the 

two opposing spiral domains, roughly a third showed a symmetrically related dimer with the spiral 

domains interacting with each other. A small subset of particles is asymmetric with one flexibly 

detached spiral domain. The spiral-spiral contact is a novel feature not observed in previous HsATM 

structures which dimerize solely over the FAT domains223. Therefore, the inhibitor-bound ATM 

structure might resemble an even more stable dimeric state, with the result that inhibition not only 

blocks the active site but also precludes monomerization.  

 

3.3.1 ATM activation mechanisms 

In the presented structures, the inhibitor shuts down ATMs phosphorylation ability, while the active 

site still seems to be in a catalytical competent conformation with Q2971 mimicing the SQ/TQ 

substrate. The PRD further blocks the access to the active site and is hold in position by contacts with 

the TRD3 CCs of the other protomer, a feature observed in all dimeric ATM structures. Upon 

monomerization, the interaction with the TRD3 region would vanish, thereby enabling a movement 

of the PRD to free the access to the active site (Figure 18C). A reported monomeric HsATM structure 

indeed supports this mechanism, however the underlying resolution is quite low and no other 

structural reports in this direction were published yet225. In the context of the fairly large hydrophobic 

patch between the dimeric TRD2s, the biochemically described dimer-to-monomer transition would 

require large structural rearrangements or binding of certain shielding interaction partners to prevent 

the hydrophobic residues from energetically unfavoured exposition168. For other PIKK family 

members, activating factors ATRIP (ATR), Ku70/80 (DNA-PKcs) and RHEB (mTOR) binding to the 
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N-terminal HEAT-repeats induce conformational changes reaching the active site to promote 

activity226-228. Contrary, a short Nbs1-peptide binding to ATM did not alter the overall dimeric fold130. 

It is well conceivable that this region alone was too short and the full MRN complex together with DNA 

binding at the N-terminal region is required for a robust conformational rearrangement in ATM.  

Next to the in the field intensively discussed dimer-to-monomer transition theory, MRN-activated 

ATM might as well reside as an active dimer. This theory would bypass the need for an extensive TRD2 

hydrophobic patch shielding and is more compatible with the model of a ROS-activated covalent 

dimer177. In support of this theory, asymmetric ATM dimer structures displayed a partially distorted 

PRD, possibly indicating a step towards an active state167,223. The asymmetry originates from the 

flexible N-terminal solenoid domain, which could transduce a movement onto the kinase domain. 

Binding partners (e.g. Nbs1) in this region would additionally shift the balance to the active 

conformation.  

Further, several PTMs are required for a robust ATM activation. Four autophosphorylation sites (S367, 

S1893, S1981, S2996) are modified upon MRN-mediated activation (Figure 18A)229. Interestingly, 

these sites are exclusively located in flexible loops, not resolved in the provided structure. In addition, 

they are distant to the dimer interface or the PRD, thus autophosphorylation plausibly has no effect 

on direct dimer dissociation or other conformational changes. More conceivable, these PTMs regulate 

the interaction with different binding partner, which in turn could induce larger movements. 

Therefore, all flexible loops containing the autophosphorylation sites are located on a single surface 

plane, creating a possibly phospho-pattern specific, and through multiple required PTMs, a highly 

regulated interface. With the large distance between the different modified serines, ATM could as 

well accommodate several interaction partners at the same time. In accordance, reports suggested 

interactions with various MRN components on ATM, including Nbs1 and Rad50 CCs130,230.  

Interestingly, in the case of MRNs CC domain, the distance between the phosphorylation sites fits very 

well to the occurrence of positively charged pockets along the closed, linear coils, as resolved by our 

CtMRN structure (Figure 19A, B). Due to low sequence conservation and the lack of structural 

information for the full HsMRN complex, both highly conserved CtTel1 (PDB: 6SI0) and HsATM (KU-

55933 bound, this work) structures were aligned and the conservation of autophosphorylation sites 

analysed based on structural features (Figure 19C). In accordance, the Tel1 protein has potential 

autophosphorylation sites located at conserved loops as seen for human ATM (S424 ≙ S367, 

S1832 ≙ S1893, S1914 ≙ S1981, S2877 ≙ S2996). It is therefore well conceivable, that this interaction 

interface is a conserved feature to enable MRN-mediated ATM activation. In this context, a report 

suggesting that only the ATP-bound form of MRN, hence with closed CCs, is able to activate ATM fits 

very well to the proposed model230. MRN in an open, ring-conformation would not be able to 

accommodate the more or less on a single line orientated autophosphorylation sites. Further, the 

distances between the positively charged binding pockets on the CCs would change in the ring-

conformation due to the curvature and therefore possibly disallow concerted binding to all 

autophosphorylation sites.  

Another important PTM is the acetylation of K3016, mediated by Tip60170. In contrast to the reported 

phosphorylation sites, this modification is directly located in the PRD and therefor might destabilize 

the ionic interactions between K3016 and E2895 to eventually promote PRD disengagement 

(Figure 18B).  

In summary, DSB-induced ATM activation requires PRD disengagement, possibly through 

dimer-to-monomer transition or the effect of activating factors binding and structurally altering ATM. 

Hence, PRD movement most likely underlies ROS-mediated ATM activation as well. In this specific 
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case, the reported active state of ATM is a covalently linked dimer between C2991177. Modelling the 

flexible loop harbouring this residue with Alphafold2 reveals a quite well-predicted and aligned kinase 

domain, with a large distance between the putative disulfide bond (Figure 18D). To form the disulfide 

bridge, the attached PRD domains would need to move drastically inwards and slightly downwards, 

thereby possibly resolving their inhibitory function. 

 

Figure 18: Model for ATM activation. Colouring according to domain architecture (see Figure 11) A: Left side: 
The four autophosphorylation-containing loops and other PTM sites (Acetylation at K3016 and disulfide bridging 
at C2991) (coloured orange-red) mapped to the HsATM structure (bound to KU-55933). For better visualization, 
two residues embracing the flexible loops are coloured respectively. Right side: Side view, the rest of ATM greyed 
out. For a single ATM protomer, the PTM containing loops point to an interaction plane, slightly bend towards 
the kinase domain. B: Close-up on the Tip60 acetylation site. C: For monomeric ATM, PRD stabilization does not 
involve the TRD3 domain (grey and transparent) of the other protomer. D: An aligned Alphafold2 model (grey) 
of the kinase domain reveals a large distance of the C2991 residues, for disulfide bond formation the PRD 
attached to this flexible loop require distinct movements.  
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Figure 19: Detailed model for MRN-CC mediated ATM activation. HsATM grey and transparent, 
autophosphorylation sites orange. A: Left side: Large side view of CtMRN (surface coloured according to 
Coulomb potential) binding to ATM. Right side: Magnified interface, with the interaction points on MRN 
highlighted in the front view. B: MRN CC segment alone, with the basic residues described. C: Comparison of the 
CtTel1 structure (PDB: 6SI0, blue, putative autophosphorylation sites numbered and coloured purple) and 
HsATM (bound to KU-55933).  
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3.4 Future studies 

With the data presented in this work, we set an architectural framework and give a first mechanistic 

understanding how tethering and enzymatic functions are integrated in eukaryotic MRN. Further, we 

provide an unified explanation how prokaryotic MR cleaves different DNA substrates on a molecular 

level. Lastly, a near-complete atomic model of inhibitor-bound ATM paves the way for structure-based 

drug design.  

Future studies are now needed to structurally clarify how eukaryotic MRN binds and cleaves DNA. This 

step most likely requires the additional factor CtIP to bind and activate MRN. The role of the 

eukaryote-specific Nbs1 subunit in this step remains elusive and must be addressed. Meanwhile, a 

certain homology towards the prokaryotic system allows limited conclusions for the core MR complex. 

The dynamics of the coiled-coils, behaving differently from the eukaryotic to the prokaryotic system, 

are another interesting research subject. How do they move upon DNA binding and cleavage? How 

can posttranslational modifications, occasionally mediated by ATM, alter their tethering and 

regulatory functions? Furthermore, the role of MRN oligomerization via head-head and apex-apex 

interactions in the context of DNA bridging and end resection needs to be addressed in detail using 

functional as well as structural approaches.  

While the eukaryotic MRN is at the beginning of being mechanistically understood, the prokaryotic 

MR data ask for other studies. A main question to be answered in future is how MR loads onto DNA 

and recognizes DSBs. Further, the mechanism by which Mre11 relocates towards its active position 

remains unsolved. For bacterial MR, it is unclear if the complex oligomerizes and how it facilitates DNA 

tethering. 

In recent years, multiple cryo-EM structures of ATM/Tel1 all showed the autoinhibited dimer. The 

main question in the field, how ATM can be activated by MRN is of highest importance for future 

structural studies. These studies might also clarify how active ATM is structurally composed: A 

monomer, following major rearrangements to break the hydrophobic interactions in the FAT domain 

or still a dimer similar to proposed ROS-activated ATM? Further, the influence of ATM 

phosphorylations on MRN activity remains poorly understood and needs to be clarified.  

In summary, the latest technical advances in cryo-EM allowed to analyse the two central DSB factors 

MRN and ATM in magnificent detail, but in an isolated manner. Based on the knowledge generated in 

these studies, it will now be the task to look at a greater picture by combining MRN, ATM, CtIP with 

DNA and reconstitute the early steps of HR.  
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