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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 DiRBK}
potentially resulting in large chromosome aberrations, cell death or tumorigenesis. To rapaipth

of DNA damage, two main pathways emerged: dlomologous end joining (NHEJ) and homologous
recombination (HR)n the course oNHE,Jboth broken DNA strands togethere directly religated

in an errorprone manner HR requires extensive resection of the broken DNA strands, leaving a single
stranded DNA (ssDNA) overhang used for homology search in the sister chrdotiaticed by
template dependet repair. This pathway is considered errfiee whilst being restricted to the
S/G2phase of the cell cycle. The protein complex MrRIAA56Nbs1 (MRN) acts in the very first steps

of HR ly recognizing and tethering DNA ends well as initiating the reséon. It consists of the
manganese dependent nuclease Mrell, the ATPase Rad50 and the eukaryote, spgcifitory
subunit Nbs1To initiate the DNA damage response (DDR), MRN recruits and activatggriaking
kinaseAtaxiaTelangiectasia Mutate(ATM).

ATM belongs to the evolutionary walbnservedphosphoinositide &inase related kinase@I1KK)
family, with most of the members being involved in different stress respofisggeting one of these
stress responses, the DDR, represents a promisaygto developnovel cancer therapeswith ATM
as a central elementn the first part of this thesigwo potential therapeutichumanATM inhibitors
were biochemically characterized and their inhibitory mechanism solved with structural anBbytéis.
inhibitors, the firstgeneration inhibitor Ktb5933 and the more recently developed,
pharmacokinetically improved inhibitdvl4076, compete with the substrate ATP. They show high
specificity towards ATMvhile displayingeduced inhibition to other PIKK family mbers such as
MTOR, DNA&K or ATR. High resolution cglectron microscopyEM) structures of ATM with either
KU55933, M4076 or ATBbound explain these high specificities in a compariebithe catalytic
centresto other PIKKs ancheckpoint kinaseGHR2 structuresBinding of these inhibitors reduced
the total flexibility and therefor a higher overall resolution was obtained. &H®ved for resolving
the nearcomplete ATM protein, revealing two novel zininding sites mapping cancer mutation
sites,and paingthe path for future structurebased drug design.

In contrast to the highly regulated eukaryotic piRcesswith all itsadditional regulatory factors and
posttranslational modificationsthe bacterial systendisplays a simplified yet in the core steps
conserved systemln prokaryotes, he MR complexconsists of only the catalytically active
components, Mrell and Radpading the regulatory subunit Nbs1. The second part of this thesis
answerghe question how a singleomplex, MR, can enzymatically process a variety of DNA substrates
occurring after DSBs: free DNA ends, blocked DNA strands or hairpin structures. Histiagtes) a
unified mechanism underlies, solved by cigbl analysis and supported by biochemical delereby,

DNA is bound in the cleft between two Rad50 proteins, the Mrell dimer transloftateghe top of

the head complex towards the designated cudtisite, i.e. a free DNA end, the hairpin or an internal
site for blocked ends.

While the work on bacterial MR is able to explairge parts othe nuclease reaction mechanism, the

other main MRN function, tethering and scaffoldioigDNA remained elusivelntegrating these two

different aspects into a combined model is discussed in the third part of this thesis. UsidAghryo

'yl f é&aAdcatalyticheald fo@nainin its ATPS boundstate was resolved for theChaetomium
thermophilumcomplex. The complesesidesin an autoinhibited conformatio:a NS MM Q& y dzOf S| &
0t 201 8R o0& whRpnQa !'¢tl a8 R2YIAYy&a YR GKS 5b! ¢
occludedby a closeaconformation of thecoiled-coils forming alinear, rod-like structure protruding



from the head A newl characterized eukaryote specific additional DNA binding site at the Mrell
Gterminus allows binding to internal DNA sites, whereas the canonical R&MA binding site
strongly prefers DNA ends in an Adépendent mannerA single Nbs1 wraps asymmetrically around
the Mrell dimerpotentially further locking the complex in a rigid conformation. This rigidity allowed
to resolve large parts of the coilembil domairs, which areinterrupted by severainteraction points
Combining cryeEM data with a crystal structure visualizaadinc hook dimerization motif between
the apices of two distinct Rad50 coitedils, thereby forming l@er assemblies with the dity to
tether distant DNA endd$n vivoDSB repair assays bolster the biological importance of this interaction.

With the first fullength MRN structure solved, a mechanistic model for MRN activation can be
proposed. Combining the insights of the ATMIMRN studies, one can deduce a possible mechanism
for the highly discussed question of MRidiated ATM activation.



1. Introduction
1.1DNA

The molecule doxyribonucleic acid (DNAontains the genetic instructions essential for all known
organismé. Life on earth storesmaintains readsand replicateDNA forfunctioning,development,
and reproduction purposesThis pdymer is built of repeating units of nueotides, with each
nucleotide consisting of-Beoxyribosesugar a phosphate at the fifth carbon, and one tbe four
nucleobases Adenin (A), Thymin (T), Cytosin (C) and Guanin (G) attatheditst carbon of eeh
sugar moiey. These nucleotides are covalenjlyined viaphosphoester bonds between the third
carbon of the sugar and the adjacent phosphate group, forming the qulgasphate backbone. Each
DNA strand therefore has olarity, ranging from theermina p -@hosphate group to theéerminal

o -fiydroxyl groupTwocomplementDNA strands pair up over specific hydrogen fdatsorCrick
base pairingbetweenthe nucleobaseto build a doublestranded helixn an antiparallel manner with
stacked, complemeiry bases in the centre and the backbone wrapping aréund

1.1.1 DNA damage

While DNA is considered as a relatively stable macromolecule, vadauses lead to alterations of
its structure or sequenceAlthough being an importargvolutionary driving forceDNA damagean
have very detrimental effects on living organsmanging from tumorigenesis to genetic instability
cell death and premature agifity Therefore, effective repair pathways to counter all types of DNA
damages have emergddummarized irFigure 3’. DNA damage originasdrom exogenous sources
presentin the environmentandendogenous sources that arise from cellular procebses

Exogenous sourcdtself can be divided into higanergetic radiation odiversechemicals. lonizing
radiation (IR) such ag - or Xrays leads to direct strand breakages and the generatiomeafctive
oxygen species (RQSubsequentlydamagingnearby moleculesFor DNA, this damage comprises
single strand breaks (SSB), double strand breaks (DSBas@m@Xidations, such aso&o guanine or
8-oxo adenin& The less energetic ultraviolet (UV) radiatiercites molecular bondsncluding
carboncarbon™ -bondsoccurring in pyrimidingsresulting in covalent linkages afljacentbases’.
Extensive exposure to UV light represents the major cause for skin éancer

Alkylating agents are a large class of DNA damaging chemicals, arising from e.g. tobacco smoke but
also used in chemothergp 2 One typical alkylating agent, acetaldehyde, found in smoke or food,
reacts with the nucleobases to induce DNA interstrand crosséinkisbase alteratiort4!>. Diverse
chemotherapeutics utilize the ability ofintra- or interstrand crosslinkingto evoke enough DNA
damage to repaideficient cancer cells, leading to their death. Examples are cisplatin,
cyclophosphamideor busulfart®®, Some crosslinking agents like nitrogen mustard additionally
introduce DNAprotein crosslinks (DPCs), these large adducts interfere with numerous chromatin
processe¥. The class of intercalating chemigaisostly polycyclic planar moleculegith members

like ethidium,aflatoxins or the chemotherapeuticadnorubicininsert norrcovalently between the
planar bases inside the double héti¥. This distorts the helix structure, hindering the transcription
and replication processes with the latter being the source for their mutagenic &tfect

Endogenousigentsare 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 hydrolys or various essential metabolic processes producing reactive



compounds$*?%, AsDNA is built up by a row of condensation reactidhis process can be reverted in
spontaneoudydrolysis reactiongurine bases as a wedliited leaving group are lost this way, leading

to the formation of apurinic sites. This occurs roughy00-10,000 times per day in a human c€ll
Pyrimidines are also lost in a similar way, but at a much lower Téte nucleobases itself ars avell
damaged by hydrolysis reactiars the process of deamination, for example cytosine is converted to
uracil. Singlestranded DNA, occurring during transcription or replication, is especially susceptible to
deaminatiort’.

Different cellular processes, such as oxidative phosphorylation in the mitochondria, peroxisomal lipid
metabolism or certain stress responses can as well gead®@%?°. To protect itseland maintain a
certain redoxhomoeostasiscells employ a variety of protective mechanisms ematainantioxidants

such as glutathioner vitamin &°. These protective mechanisms also include compartmentalisation,
spatially separating the ROS generating processes from DNA in the suoMih®ugh most reactive
oxygen species are very shdited and react in theidirect vicinity, they are a majoendogenous
cause for SSBs

Next to metabolic byproducts such as ROS, different compounds utilized in regular cellular processes
also have DNAlamaging properties.-&denosylmethionine (SAM) is an endogenous methyl donor,
which unspecifically alkylates DNAsesand therefore influences base pairfigOther metabolites

such as choline or betairaet 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 repli¢ationorder

to relax the tensed strands, topoisomerasasoduce SSB (type I) or DSBs (type,lthe free strand

ends rotate to relieve the torsional stress after which the strands are resealed. dyaiimg the
NEfFEIFIGAZY &GS (2L3RAA4&2YSMNASRIN Iftelcaalyt@2ydle df Sy G f &
these enzymedails to complete, due toDNA distortions (damaged bases or abasic sitgs)
topoisomerase poison®(g.camptothecin), SSBs or DSBs in combination with DPCs Bccur

e nd Mismatches, Intercalating Inter-/intrastrand DNA-protei Alkylation other base
break (DSB) break (SSB) abasic sites substances crosslink crosslink (DPC) damages

I Voo

DSB repair SSB repair MMR, BER Transcription and HR, BER DPC repair BER, NER BER, NER

replication errors direct reversal

Figurel: Types of DNA damage and their regaathways. 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 rareawgbnd 10 lesions during one human cell
divisior?®. Nevertheless, they represent the most genotoxic damage as DSBs lead to chromosome



breakage and rearrangements, tiedy possibly druptingor mutatinggeres. Unrepaired DSBs might
result in cell death or tumorigenests

The sources for DSBs are as well diwefdext to bnizing radiationand abortive typell
topoisomerasesa major source for DSBsises during replication. When the common lesion of a SSB
is left unrepaired, the replication fork stalls and cp#as at this alteration, eventuating in a BSB

Apart from accidentally induced DSBrganisms developed ways to increase their genetic variability
over programmed DSB intermediates. During meiotic recombinatoilimer of Spoll proteins
introduces a DNA DSB in one chromatid, the homologous chromatid is then used for repair which will
eventually result in exchange of genetic matéefialymphocytesemploy a specialized type of
recombination, denoted V(D)J recombination, to generate a highly diverse amount of different
immunoreceptors and antibodiefor the adaptive immune systenin this caserecombination
activating gene (RAG) protein complexageate the breaksand the repair is facilitated homolog
independentto additionally introduce a higher variabilify

1.2 DNA repair

With the pleiotropy of different DNA lesions, it is no susprihat 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 thiedntegration ofother genome
partsasrepair templates.

1.2.1 Direct reversal

Direct reversal is a group simple repair mechanism which revert a chemical base modification
without the need of a template and are specific for only one type of daniBiges,0°-methylguanine

is reverted to normal guané by the proteirOP-methylguanineDNA methyltransferasdnterestingly,

the methyltransferase reacts stoichiometrically and not catalytically, therefor the protein is used up
after a single reactiofl. Pyrimidinedimers can as well be repaired to single pyrimidines by direct
reversal through an enzyme called photolyase. The-ligtitzated photolyase further utilizes visible
light for its catalytic mechanism called photoreactivation. However, placental mammaigienaky

lost functional photolyases and rely emcision pathwayso resolve pyrimidine dimef&

1.2.2 Excision pathways

For chemically more complex lesions, direct reeéreactions do not sufficd.o overcome th issue

of directly reverting a variety of damages by an equal numbepetificallyeverting enzymes, cells
have evolved three different scalled excision pathway&ommony in these casedasealterations

are recognizednd excisedlue to their induced distortion of the helical structuirestead of a mere
chemical changefror a single stranded damage, the undamaged strand can then act as a repair
templateto replace the excised patrts

Damagedases are mo$t repaired by basexcision repair (BER). Hereby, a glycosylase removes the
damaged base, leaving an abasic sieurinic/apyrimidinic AP endonuclease then introduces a SSB
at this site, recognized by DNA polymeréBel)i ZINWitketheir intrinsicexonuclease activity, the



polymerase first resect the abasic nucleotide and secondly resynthesize the strand with the
complementary strand as template. A ligase seals thé*gap

Nucleotide excisn repair (NER) is used to repair bulky lesions or intrastrand crosslinks. The major
difference to BEResin the recognition othe damaged stranty additional, norenzymatic factors
(XPERAD23B and the endonucleolytical processy by XPFERCChnd XRG afew bases upand
downstream of the actual damage, resulting in a small stretch of sSSDNA

A similar mechanism is employed by the third excision pathwaymismatch repair (MMR). This
pathway recognizes and repairs base mismatches, as well as small insertions and deletions, which
occur durhg replication, recombination or repéir Asthese lesions are per se no damage to bases
nor the backboneof DNA, cells need to discriminate the strand to be correced the template
strand for repair. In graAmegative bacteria, newly synthesized DNA transiently exists unmethylated,
thereby deternining the strand specificity of MMR For other prokaryotes and eukaryotic cells with
no such system, the daughter strands are identifikak to internal nicks. Thesgicks originate in
replication with the use of RNA primers which are excised and leaveissonnected strands. Over

a yet unclear mechanism, the mismatch recognizing factor lSéttsthesenicks and together with
MLH introduces an SSB close to the mismatthhe faultystrand®. An exonuclease resects a short
DNA stretch, leaving single strandetemplate strand. This gap is filled by a polymerase and sealed
with a ligasé®.

1.2.3 DNAprotein crossink repair

DNAwprotein crosslinks are repaired byterplaying repair mechanisntackling its 3 components: The
DNA, the protein and the crossliikWhereas small protein addts might still be directly repaired by
NER, this excision pathway fails for proteins larger thakD&®. To overcome this issue, different
DNAdependent proteases have evollienith 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 removéd An additional autocatalytic cleavage activity exerts the
off-switchf’. Proteasomal cleavage of DPCs occurs DNA indeperul@ntequires prior substrate
ubiquitylatiorf®. Next to proteolysis, certain DPCs can be resolved by directiytieg the crosslink.
TyrosyiDNA phosphodiesterasgTDP)L and 2hydrolyse the chemically defined DFbetween the
active site tyrosine of covalently trapped topoisomerg$©P)L and 2 with DNA respectivély To

gain access to the crosslink, proteolysis or remodelling of the bound topoisomerase is réquired
When DPCs occur at DSBs, for example due to trapped TOBRbbt, nucleases involved in DSB
repair pathways (covered in 1.2.5 in detail) will clip off the crosslinked DNA strand, thereby removing
the DPE.

1.2.4 Single strand break repair

Being one of the most common DNA lesions, single strand breaks require a ragidcamate repair
to enable transcription angreventdouble strand break formatioduringreplication.Mainly the poly
(ADPribose) polymerasd (PARP1) detects and signals direct breakgdmerating chains gboly
(ADPRribose) (PARYnNto itself and other chromatin factot$ This strong signal is recognized by the
scaffolding protein XRCC1, whickcruits and stimulates downstream factord?oly (ADRribose)
glycohydrolase (PAR@uickly degrades th&®ARchains to restore PARP1 and limit the signalling



cascade’. With the broad source of SSBs, the chemicdilerse,abnormal DNAtermini require
different enzymes taleanthe breaks and pave the way fire following gap filling and ligation steps

p -deoxyribose phosphate (dRP) residuese processed byPol i, polynucleotide kinase
o-phosphatased t b Yt 0  NPhoshaesand ¢ R R dphogpleates, apuriniccapyrimidinic
endonuclease | (APEZXesects nueotide residuescontaining modified phosphatés Aprataxin
processes abortive ligation products;AMR;SSBS. The gaps are closed by PoE SA G KSNJ o &
of the single nucleotidewhich was resected beforéshortpatch repair),or by synthesizing and
displacingtwo or more nucleotides(longpatch repairy*. The displaced strand is nucleolytically
cleaved by FEN1 and the nicks sealed bgdibar 11ih >4,

1.2.5 Double strand break repair

The particularly hazardous DNA double strand breaks rely on three different pathways for repair:
classicalnon-homologous engoining GNHEJ),alternative end-joining @-EJ) and homologous
recombination (HRY. As thenature of a DSB disallows threctly use theexistingcomplementary
strand as a repair template, the choice of repair pathways is cell cycle dependent. Duriqgh8482

a siste chromatid is present and used as a template in HR, resulting in anfegeorepair. In other

cell cycle phases, the chromatids reside as single copies angieird) pathways repair DSBs

1.2.5.1 Endoining pathways

GNHEJ is the main efdining pathway and functions throughout the whole cell cyEligure 2 left

side) In the first step, a Ku70/80 dimer binds to DSBs and determines the pathway choice towards
GNHEY. TheDNAdependent proteinkinase catalytic subuntDNAPKcs), a Iposphatidylinositol
3-kinaserelated kinasg¢PIKKJjamily member, joins the khound ends, thereby fioning the DNAPK
complex’. Ths complex holds both DNA ends in close proximity, activates the processing nuclease
Artemis by phosphorylation and recruits polymerases®®< Analogus to SSBs, most DSBs have
incompatible ends for a direct ligation, either due to chemical abnormal termini or mismatching ssDNA
overhangs. Artemis cleaves overhangs-exad endonucleolyticallywhereas Pol/< fill up ssDNA
patches and can also extentiet ends templaténdependently®. These twopotential mutagenic
processesArtemismediated short resection and synthesisten produce short microhomologies

(™4 nucleotides), which are used to guide ejoihing. Deletions and random insertions origindte

this step. After processinthe ends are positioned by binding of XRCC4 and XLF t¢°RIMAd ligated

by ligase I%..

If GNHEJ fails to repair DSBshe Glphasedueto missing or mutated componentthe alternative
endjoining pathway complements DSB repdtiglre 2 right sidef®. This backup pathway, also
referred as microhomology mediated efwining (MMEJ), is normally spressed by a high
abundance and very strong affinity of theNEIEJ determininfactor Ku70/80 towards DSEs AEJ

starts with the recognition of the DNA ends by PARP1 and their resection by the MRN/CtIP complex,
creating o &erhangsbetween 15-100nucleotides lonff. Microhomologies in these overhangs,
ranging from 2 to 20 nucleotides, pair tojen both DNA ends. This typically leaves ssDNA flaps which
are consecutivel cleaved by XPF/ERCTPol’ fills the gaps and ligase Il in complex with XRCC1
closes the SSBsDue to the pronounced resection stepA is highly mutagenic and leads to genomic
instability.
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Figure 2 Overview of engoining pathways. lonizing radiation or other factors (yellow arrow) can lead to DSBs
(orange and grey strands). GNHEJ, the DNA ends are recognized and protected by a Ku70/80 dimePKu¥A
bind to DNA with Ku70/80 attached, recruit the nuclease Artemis or polyresrag< to resect or fill
incompatibleoverhang. The endsire bridgedadditionally by XRCC4/XIAfter DNAPKcs leave the DSBigase

IV dimer reseals both strands togethé@rEJ starts with the recognition of the DSB by PARP1, which recruits the
MRN complexTogether withthe bridging factorCtIP, MRN resects the DNA ends towards the break, leaving
short single stranded DNA stretchddicrohomologies in the overhangs cdhen pair, potential flaps of
protruding unpaired stretches are removed by XPF/ERE@GI fills the gaps between the microhomologous



site and the remaining, unresected double strabidase Il in coplexwith the scaffolding protein XRC€lbses
the nicks.

1.2.5.2 Homologous recombination

In contrast to the erroprone endjoining pathwaysHR uses thalready replicatedhomologoussister
chromatid as a template for errdree DSB repairTherefore HR isa tightly regulated process,
restricted tothe S/G2phasé®. Besides providingneaccurate repair mechanisfor all sorts of DSBs,
HR is also utilizely germ celldo increasethe genetic variabilityin the proces of crossover of
chromosome part8.

HR followssimilar principles and steps of most DNA repair pathways discussed so far: DNA damage
recognition, lesion processing,-synthesis of processed nucleotides and dwuah ligation of the
sugarphosphate backbone. In addition to excision pathwawisich directly use the complementary
strand as the repair template or efdining pathways which skip the need of a template, HR ralies

the coreon a fifth, crucialstep: the search for a homologous template.

To reach this step, DNA ends are initially recognized byntiféfunctionalMRN complexFigure 3%

The Gterminal binding protein interacting protein / G Lt 0 (G KSy 0AYy R#aucldaseR I Ol A
Mrel1%, This very first step isighlyregulated to prevent unwanted resection. CtIP requires different

cellcycle dependent phosphorylations by CDkost importantly at T847, to act as a cofactor for

MRN°®. MRN introduces an endonucleolytic cut roughly 30 nucleotides upstredhne @NA ends and
FAdzZNIKSNI NBaSOiha G(KS Ay opaSiike &l NIRJnRGeSE stapslaiiriS 2 £ & | A
as well as MRN are thought to bridge the DNA ends together to limit their diffiSfoMRN recruits

the DNA damageesponse (DDRjgnalling kinase ATM, which in turn phosphorylates a pleiotropy of

targets toorchestrate the course of HR andititiate cell cycle arrest or apoptosiscase oéxtensive

DSB¥. Following the initial shortl Yy 3 S NB a S GslDNARoyerhangKase fuath@r extended by

the action of the longesection processive nucleases DNARI &xo%’. DNA2 depends on the

helicases Bloorsyndrom (BLM) or Werne&yndrom (WRN) to melt the dsDNA prior to nucleolytic

attack®. The heterotrimeric singistrand bindhg protein Replication protein A (RPA) strongly
associates with the overhangs, thereby dictating the directionality of -tange resectionand

protecting the ssDNA from further nucleolytic degradafforBreast cancer type 2 susceptibility

protein (BRCAZ2) recruits Rad51 monomers to ssSDNA and mediates the displacemenwotfhRRA&
recombinasé&. The ATPase Rad51 interacts with ssDNA in itsbATiRd state and forms helical
nucledilaments, promoted as well by BRCAM the next crucial and unique step, the ssDR#d51

filaments search for homology in the neighbouring sister chromatid by invading the dsDNA. The
complementary strand is scannédringthis process in-3iucleotide increments in distanceof <1 kb

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

(D) loop. The homology search ends with a caenptntary base pairing of roughty6 nucleotides

FyR t2f ' 06S3Aya G2 | OOdAThs £4dds to BEfh&ighRf alcss Ay I R
shaped DNA structure, referred to as single Holligagtion™,

Depending on the cell type, thenctionisresolved bywo possiblemechanismsln mitotic cells,DSBs

are accidentaldsions and require repair without transferring genetic material between chromatids.
They mostly resolve single Holliday junctions with a mechanism denstieshd-displacement
annealing (SDSAlereby the junction spatially translocates due to DRtensian and digngages

the invading strand from theister chromatid The displaced stranthen anneals to thesecondend

of the resectedDSB Eventually, the gaps are filled and the single strand breaks ligpgtedyase to
produce nonrcrossover DNA During meiotically programmed DSBs, the purpose of increasing

9



genetic variability favours the other junction resolving pathway, simply referredoable strand

break repaifDSBR). In this mechanism, the othesected end invades the displaced strand as well,
thereby forming a double Holliday junction. Both sister chromatid strands are consecutively utilized

asa @y iKSaAra oS YFalsomits cellsTaeMative2of SDSadle Holliday junctiosare
RA&&a2ft SR o6& GKS .¢w O2YLX SEZ 02y aARetQnydihte® T (KS
genome instability RMI) 1 and 2 through a topoisomerasieavage and ligatiostep, resulting in
non-crossover productd. To produce crossover products, the different dimeric resolvases GEN1,
MUSS8IEME] SLXISLX4pairwisecut crossshaped DNA into two nicked DNA duplexes, which can

be directly repaied by ligase¥.

10
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Figure 3 Overview oHR.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 followingrahgs resection towards

thS Sy Ra f Sovérltags. doifitiatd theoDDR 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 combinationtwihe BLM helicase) and Exol. BRCA2 displaces RPA by Rad51, the
soformed filaments invade the sister chromatid (grey) in the search for homology and form a displacement loop
(Dloop). Pol SEGSYyRa (KS &GNI yR Ay plddp td@croesBap&IHdIRIAY juictiof.z OK | y:
At this stage, the junction can be resolved by 2 ways: In the course of slisppldcement annealing (SD3#yht

side), the junction spatially translocas 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 fwoossover DNA. The otheroldayjunction resolving

pathway, referred as double strand break repair (DSBRside) = Ay @2 t @ So&erhéng ® arhenlkdS NJ o Q
the other homologous strand, thereby forming a double Holliday junction. This structure can be either resolved

by theBTR complex, resulting in n@nossover products or dissolved by resolvase compléxgs SLX4p yield
Crossovers.

1.2.5.3 Cell cycle dependency of DSB repair

The mitotic cell cyclpossesestwo major phases: DNA synthesispfi&ase) and division intbwo
separate daughter cells (mitosisphase). Following the-ghase, the genome exists duplicated and

the cell growtts rapidly in the gap phase 2 (@hase}°. After Mphase, the two daughter cells enter

the Giphase or exit the cell cycle in a state of reglive dormancy (Gphase})®. 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 cyclinsand the kinases they bind to and activate, Cydiépendent kinases (COK)CDK
protein levels remain constant during the different phases, whereas cyclin levels oscillate periodically
in a celicycle dependent mnner’. One of the mangZDHKargets are proteins involveid DSB repait.

With two very different,main DSB repair pathwairsthe repertoire, cells need to decide to either use
the potential erroneous NHEJ or the erfoee 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 b late S and GBghase. Moreover, the extensive DNA end resection caeddlt in a variety

of mutations if HR is timed wrong and no template is availalslm Gtphase.Therefore, his first
catalytic stepin HR (and AEJ) is the critical node for reguian of DSB repair choic&s While
resectionsimultaneouslyinhibits NHEJ,auticularly through hampering Ku70/80 bindirigpromotes

HR and settles the competition between the two DSB repair path@agsre 4.

Shortly after a DSB occuMRN is one of the first factors that bisdsDNA ends and activates ATM

Cell cycle independenthATM phosphorylates the histone variant H24xd the scaffold protein
MDCZ8 MDC1 binds to phosphorylated H2AX, denotét?AX, and accumulates more ATM in a
positivefeedbacKoop to amplify tie signal®. In addition, MDC1 recruits the &iquitin ligase RNF8,
which further recruits the E3ubiquitin ligaseRNF16&. The latter then ubiquitylates histone H2A at
Lys158. Tumor suppressor p5Binding protein 1(53BP1) recognizes these ubiquitylation nsaak

well as preexiging methylations orH4 Lys2@nd becomes phosphorylated by ATWN-terminaly
phosphorylated 53BP1 interacts with the factors Rifl and PTIP, eventually inhibiting the resection
ability of MRNP. In post replicative chromatin, H4 Lys20 exists unmethylated, thereby hindering 53BP1
recruitment?,

On top ofdifferent histone modifications,the action of CDKs play tlether major partin regulating
the choice of DSB repair pathwayrslate S and GRhase, the respective cyclin levels rise (Eph&se
entry, A in Gphase), and activate CDR2This kinase phosphorylates oo the main regulatory
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switches for end resection: CtIP. While CtIP contains multiple CDK phosphoresidues, the extensively
investigated tyrosine 84thuman CtIP)s of special interesfsee section 4.1 for more details¥.

Several studies attend phosphorylated T847 to be essential to activate MRN nuclease, in combination
with an ATM phosphorylation at T8&¥en asmall CtIP fragment suffices to promote end resection

in vitrd®8, Other CDK mediated CtIP phosphosites proved to be important for theBRIAL
interaction, which antagonizes 53BP1 inhibitory effect on reseétighA directCDKphosphorylation

of the nucleases DNAZid Exol as well as the Nbs1 part of MRN, positively regulates their &etivity

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

from the nucleus, hence releasing its inhibitory functfon

During Giphase,cyclin A and E levels remain low, which renders CDK2 inaity@hibits end
resection Additionally,H4 Lys20@esidues are methylated and promai@BP1 recruitmentReversely,
NHEJ is utilized for DSB repair.

G1-phase late S-phase

.. cyclins
activity low activity high
BRCA1 __CtIP ‘

M 7 R 58P Exo
L LB
(¢

NHEJ

Figure4: Cell cycle dependent choice of DSB repair pathways. 4ph@de (left) CDKactivity is low, CtIP, Nbs1
and Exol exist unphosphorylated at certain key residues. Upon DSBseBish the vicinity are specifically
modified methylation atH4Lys20andubiquitylationat H2A Lys1lfandaccumulates3BP1MRN activate &\ TM,
phosphorylatingg3BPIwhichin turn recruitsRifl and PTIRhese factors inhibit end resection. The cellinéb
NHEJ for repaiDuring the late Sand G2phase (right), cellular cyclin levels rise, and €& rendered active.
Phosphorylated CtlRcongantly by CDK and during DSB repair temporarily by Ad3dociates with BRCAL
prevents the inhibitory actionf Rifland PTIBnto MRNand further activateshe Mrell nucleaseRecruitmen

of 53BP1 to DSBs is hampered after replication due to missing H4 Lys20 methylation (transp#tegrititial
end resection, CDK phosphorylated Exol facilitates-tange esection, determining the pathway choice
towards HR.

1.3 MRN

As a central player ithe initial HR steps, MRN fulfils a multitude of functions. MRN recognizes DSBs,
integrates various regulatory signals, initiates end resection and starts theb@D&ruiting the
master regulator ATH. Therefore, MRN combines sensing, scaffolding, and enzymatic functions in a
single protein compleky a yet poorly understood mechanismesides the tasks in DNA repair, this
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multifaceted complex also plays important roles in telomere maintenance and meiotic
recombinatior{?# While the two enzymatically active parts, meiotic recombination 11 (Mrell) as the
Mn?*-dependent nuclease, and ¢hATPase radiation sensitivity 50 (Rad50) are evolutionarily highly
conserved, eukaryotes have a third, regulatory componélijinegen breakage syndromnie (Nbs1)
(also referred to as Nibrin or Xrs2 in ye&stnterestingly, this conservation extends from all three
domains of life, prokaryotes, archaea and eukaryotes to sphge$’. Dimeric Mrell and Rad50
form the conserved core complex in a heterotetrametric asser(bR), joined by one or two Nbsl1
proteins in eukaryote®°2

1.3.1 Mrell

Mrell consists of a N-terminal nuclease domaiwith the dimetal active centrefollowed by the
capping domairo form the catalytic coréFigure 5°. Thenucleasecentre is built by two Mff ions,
coordinated by several histidines, aspartates andisparagin&. A short, flexible linker connects the
Rad50coiled-coils binding helitoop-helix (HLH) motif to the weditructured Nterminal parf* The
Gterminus is evolutionary less conserved and forms a mainly unstructured extension in eukaryotes
(roughly 200 residugin human Mrel1)harbouring DNA bindinactivities®°. Mrell dimerizes over
conserved helical bundles between the nuclease domant together with the capping domains
forms a Ushape with a Rad3®NA binding:left®”:%,

Mrell on its owrpossesses Qp sDNA exonucleaseetivity®®. In complex with Rad50, this activity

is stimulated and further Mrell is able to process ssRN& DNA hairpins endonucleolytically as
well®1%9 ¢ 2 F 2d@rhangsQas occurring in HR, MR introduces an endonucleolytic incision
approximately 20 bp from a DNA end and then processively resects the inteedie Qp wards

the break®'%L In the eukaryotic system, CtIP and Nbs1 promote Ali®dependentendonuclease
cut®®, For clearingorotein-blocked DNA ends, e.g. €lito abortive topoisomeraseor Spoll.the
endonuclease activity is essential to remove the block prior to r&padrell is an essential protein

in vertebrates and mutations, in the nuclease domain as well asrgbhrts, are associated with
different types ofcancet®?1%3

N Nuclease Capping HLH C

14



Figure 5 Mrel11 domain architecture and structure. Mrel1 consistsroleterminal nuclease domain, followed
by the capping domairand the helixloop-helix domain interacting with Rad50. The length of tHiexible
Cterminal region varies evolutionargrystalstructure of Chaetomium thermophiluniC)Mrell dimer(PDB:
4YKE)catalytic domain. One active centre with two coordinated manganese(nple) is emphasized.

1.3.2 Rad50

The ATPase Rad50 is part of streictural maintenance of chromosomes (SNd@tein family, a group
containing cohesin and condensin as We&llISMC proteins display a conserved fold, veryaht
Gterminal, globular nucleotide binding domains (NBD) are connected via ldegd-coils inbetween
(Figure 6'%. In the case of Rad50, the coiledil domain folds backwards halfway to form a long,
antiparallel assembly with the NBDs joined togeffieit the coiledcoil apexithe CXXC motiffom
two Rad50 proteingorm a dimer interface byetrahedrallycoordinating a single Zhion with four
cysteines, referred to as zitmok (see als&igure8)®. Mrells HLH motif binds at the very beginning
of the coiledcoils (Mrell hiding domain, MBDO}%".

The NBDs resemble the structure of Adiding cassette (ABC) ATP&%e#n this conserved fold, the
binding of two ATP molecules dimerizes the globular NBD domains of two individual Rad50 Pfoteins
Thereby ATP is sandwiched in between the dimer interfatieeN-terminal NBD Walker fotif and

the signature motif originating frm the second Rad50-t€rminal NBD coordinate the-phosphate,
whereas the Walker B motif from the first Rad50te@ninal NBD positions the-phosphate and a
Mg?*ion'%. The second ATP is bound in the same way which leads to an oppasiéidning of the
globular NBDs. Due to the Afreluced dimerizatin of the NBDs, a DNA binding cleft is formed
between the commencing coilecbils and the globular hed¥. Indeed, dsDNA greatly increases the
ATPase activity of formerly slowly ATP hydrolysing R&&®the human system, Nbs1 boosted the
ATPase rate of MR as well, while the yeast equivalesf Xas not able to affect the ATP&Seln 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 asWhAtléNext to ATPase
activity, the NBDs play important roles in MRN oligomerization, thereby influencing overall DNA
binding, nuclease activity and functions in meiotic recombinatior?

With the extended coiledtoils, Rad50 contributasique structural and biochemical features to MRN.
Theeby, thelength of the coileetoils 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 eukaryttesemarked
differencesin lengths pssiblyreflect the inherent interchromosomal distances and differences in
chromosomal organizationomplexity!>. While the length may vary across species, truncating the
coiled-coilsleads tosevere defects in meiotic recombination, telomere maintenance and interestingly
also in NHE¥. Similar effects can be observed when the #inok is disruptedwhich as well points
towards important roles of the MRN complex in pathways next td*HR HR, one of the main
functions of MRN is thoughbtbe end recognition and resection, whereas other pathways rely on the
DNA tethering functions mediated by coiledil interactions.
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Figure 6 Rad50 domain architecture and structure. Rad50 consists-@nl Gterminal nucleotide binding

domains followed and preceded by short Mrell binding domains respectively. The two globular terminal parts

are joined by long coiledoils, forming a zinbook at their apex. The length of this coitedil domain varies

between species. Cryststructure ofClRad50globular head dimeforange) with ATP{ 6 3INB Sy o0 | yR aNB
(blue) bound (PDB: 5SDA®NeATP binding site in between the dimiehighlighted (phosphates: dark orange,

magnesium ion: light greenThereby the grey coloured peptide chains, the Walkendtae signature motif

originate from onegprotomer, the Walker B motifrom the other NBD.

1.3.3 Mrel1Rad50 interplay in end resection

While the majority opreviousstructural research was limited on Mrell or Rad50 ala@ready very

early studieshighlightedthe importance of theinteraction and functional dependence of Mrell and
Rad5@'8 This obstacles in understanding the molecular mechanism of MR(N) function existed mainly
due to regrictions for specimen in ¥ay crystallography, which requires very defined and rigid
samples. Recent advances in eglectron microscopy techniques allowed to analyse more flexible
and heterogenous specimen, including Rad50 and Mrell in their fulHémgbmbination with DNA.
Structurally solving the bacterial Md®mplex ¢ften denoted SbcCD with SbcC being the equivalent
to Mrell and SbcD Rad50) shed light on how both proteins with their catalytic activity irdleacic

other and visualized the dynzics of the complexHigure 7°. To prevent nucleolytic cleavage inside

the intact genome, a Rad50 dimer blocks the active centres of a Mrell dimer when no DNA end is
engaged. In this s@ I f f S Ré- dr BEo@hibited State two ATPs are bound to Rad50, and the
coiled-coils reside in an open conformation, primeddmbed DNA in their binding cleftvhen MR
recognizes a DNA end, ATP is hydrolysed and ADP bound Rad50 adopts a closeambilcoiled
conformation, withboth coiledcoils and the globular head clamping the DNAeatweenvery defined
residues Mrell translocates fronbinding Rad50 in its4hape towards the DNA end and positions
one active centre in proximity to the sugahosphate backbone. This prepatée complex for DNA
cleavageDisturbing the clamping mechanism by mutating the respective DNA contacting residues
greatly inhibits the nuclease activity the & O dzii -§tdtey' tBeéDNA is slightly betidrough a channel
formed between Rad3®° and Mrell This bending represents a potential eratognition
mechanism as undamageBischerichia col(Ecol) DNA resides negatively supercoiled, a state
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counteracting extensive benditg. During the large relocation dfire1l, a flexible linker allows the
HLH motifs to stay attached to the start of the coitaalls.

Resting state
~ () Ap

Cutting state

resides in an autoinhibited state: Rad50®kllar head domains (orange) block Mrells nuclease (blue)
(PDB6S6V). Upon DNA (red) clamping in between the Rad50 ewmiiési and ATP hydrolysis, the Mrell
nuclease dimer translocates to the DNA end and positions one active centre in the vicinity siighe
phosphate backbone, poising the DNA for cleavage in this cutting state (highlighted, PDB: 6S85).

1.3.4 Coileekcoil dynamics

Besides the large relocation of the Mre11 dimer, R&230 Gcilsuindergo arextensive movement
during the transition fom the resting to cutting staté/hile the coils display an open conformation
in the resting state, they are presumably joined at the #inok to form a ringike structure Figure
8)1%. Data from atomic force mroscopy(AFM)thereby support the underlying crystal and criv
structures?*122 Viewed from the zintiook, the coileecoils from two different Rad50 proteins run in
an antiparallel mannefThis state would &w 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
thereby permits MR to bypass even large Bidoind proteind?,
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In the DNAbound cutting state, the coiledoils zip up to form a rotike shap&2% For bacterial MR,

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

stabilize thedimeric rod-shape.At the apex, the zinrbook is formed by two parallel coilembil

domaing?. AFM studies suggest a highmndered oligomerization of closechbil MRN mediated by

zinchook contacts,6 KA OK O2dz2 R SELX I Ay alftbTogdetheb with thé S i K S NA
multimerization ability of Rad36° MRN contains at least two sites for transient oligomerization

The coil dynamiduring DSB recognitidikely play an important rolespeciallyfor the endonuclease

activity. One model postulates that the zipping transduces a force onto the Mrell dimer, thereby
promoting its relocation into the active conformation.

Figure8: Proposed Rad50 coilexbil movement during MRNs nuclease cy#leln the ATFbound resting state
(left side) the coiledcoils adopt an open conformatioand are probably joinedt the apical zinc hook in an
antiparallel manne(Mrell grezed out PDB resting stat&8S6VY PDBPyrococcus furiosy®f)Rad50 zindook:
1L8D. Upon DNA clamping in between the coledilsand ATP hydrolysiight side) the coiledcoils close to
form a rodlike structure. At the apex, the zismok is likelydrmed by parallel, joined coiledoils.(PDBcutting
state: 6S85PDBPRad50 zinthook: 6ZFFB: AFM images of eukaryotic MR(®How ringlike structures without
DNA, the addition of DNA evoked rtkle coiledcoils as well as dimers of two MR(N) molesujoined
presumablyat the zinehook!?%122,

1.3.5 Nbs1

The eukaryote specific Nbs1 protein holds no enzymatic activitth@stmportant regulatory and
scaffolding features. At the wedtructured Nterminus,two breast canceassociated 1 @&rminus
(BRCT) domairiellow afork headassociated (FHA) domaira a direct linkagand cease in thiarge,
flexible Gterminal part Figure 9% FHA as well as BRCT domaimscanserved phosphopeptide
binding folds, and can recruit a variety of phosphoproteins such as CtIP, BRCAR @ kMansform
MRN into an interaction huB!?¢ These domains further allMRN tobind phosphoylated H2AX
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histones, an important DSB signal introduced by ATMpdally accumulateat DNA end¥’. The
Gterminal part harboursthe Mrell-binding domain (MBD) with theonservedKNFKxFxx ntid
binding across the Mrell diménterfaceto further stabilize ad thereby regulatethe nucleasé.
Mutational studies assign a 108 amino aslitrt sequencembracing theMBD domain essential roles
to sustain MRN functics}®. This regiorfurther contains the nuclear localisation sequence (NLS),
missing in the other components of MRRI An ATMbinding domain (ABD) resides at the very
Gterminus, which associated over a consenfed/Ynotif to the HEATepeat domain of ATM (see
alsoFigure 1)*° This interaction plays important roles in recruiting and activating ATM at BEBs.

in turn phosphorylate Nbsl at multiple sites, in combination with GRE&diated phosphorylations,
this pattern influences Nbs1 complex regulatory role via a yet poorly understood mech&nism

A

\E FHA au BRCT1 BRCT2 m C

KNFKxFxx motif

¢ c
Figure9: Nbsl domain architecture and structur@: Nbsl consists of wedtructured Nterminal FHA and
tandem BRCT domains succeeded by a long, flex@gien harbouring the Mrell binding domain (MBD) and
the ATM binding domain (ABDB: Crystal structure oSchizosaccharomyces pom{&iNbsl FHMBRCT1/2
domain (PDB: 3HUEX: Crystal structure o5pMrell catalytic domain with Nb¥%° (PDB: 4FBW). Nb@1a
conserved KNFKxFxx motif is highlighted in dark purple.

1.3.6 MRN irDNA repair

Besides the already discussed roles of MRN in HR, namely DNA end recognition, resection and
signalling, MRN interestingly influenc€b | 9W | & ¢St f & 2 KAGEfSnctibng aré¢ w a wb ¢
essential,a nucleaselead Mrell mutant was able to rescueCINHEJ defective Mrell deletion,

suggesting a more structural than enzymatic role of MRN in RHS&idnilar toNHEJ, MRN is involved

in the specializedepair process duringomaticV(D)J recombinatigrexplaining the deficiencies in the

adaptive immune system of patients suffering frafifferent MRN mutation$®. The other type of
programmed DSBsn which during meioticcecombination Spollintroduces a break and stays

covalently attached until repairequires MRN for repair as wEfl Thereby,MRN resolve DNA
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protein crosslinkat DSBs by endonucleolytically clipping of the addéista common principle, MRN
wasshown to rapidly relocate and accumulate at DSBs from a usually uniform nuclear distfitsution
In accordance, MRN possesses the ability to undeogperative oligomerizatiof®. This enables a
strong signal amplification and high local concentration of downstream fastmis as ATRKA.

1.3.7 MRN in telomere matenance

The eukaryotic genomeés divided into multiple linear chromatids. This linearity raises two main
OKIfftSy3aSa FT2NJ OStfay FTANRGIE&@Z (GKS yIl G4dzZNB 2F NBL
lagging strangresultsin the shortening of the lagging strand after each replication as no new primer
can be synthesized at the very eftisSecondly, chromatidngls denoted telomersare chemically
indistinguishable from DSBs and therefore wotridger the DSB repaiand DDR machinels/. To
overcomethe first challenge, chromatids have a repetitive end sequeiEEAGGTz in mammas)

which is extended by the ribonucleoprotein telomerase, an enzyme containing a short RNA stretch to
serve as a template for terminal DNA extens$trAs a protective mechanism, telomerase is normally
only active in gametes and stem cells to ensure their genome integrity in this frdgaéviding celf.
Differentiated cells lack telomerase activity and are thus limited in the amoltotal cell divisions
(Hayflick limit}*®. Cancer cells overcame this limit by expressing telomerase or alternative
pathwayd*,

The second challenge is solved by a very specific structure of the telomers. Ther€fsingleQ
stranded overhang of thehromatid end invadespstreamrepetitive, dsSDNAsequenceso form a se
called Hoop**2 The Hoop is stabilized by the shelterin complex, consisting of six proteins in humans,
TRF1, TRF2, hRap1l, TIN2, TPP1, and'QJrfunctional shelterin complexes result in unprotected
chromosome ends, which can be recognized by DNA damagersee.g. ATMand eventually lead to
NHEJ or H&. A potential outcome of aberrant DSB repair at telomers are chromosome féiions

One of the first discovered MRN functions during telomere maintenance was the observed telomere
shorteningin yeast cells withdysfunctionalMRN#5146. MRN facilitates recruitment of telomeric

proteinsto chromosome ends during telomere replication in th@tase including telomerasé’.

However, KS 0Q 2@SNXKIy3a Ay@FRAYy3 (K Soopdatdamodidkelyy & G NI
generated by Exol and Apollo nuclegsedes of MRN a®ne of the processingnucleasesare

discussetf®. In a more scaffolding function/laviRN parts interact with the shelterin component

telomeric repeatbinding factor 2 (TRF2}. The Nbsl interactionis disrupted by CDK2
phosphorylation thus coupling MRNSs role in telomere maintenance to ¢e# cyclé®. To preent

nucleolytic digest by MRN at intact telomerethe telomeric Rif2 protein suppresses MRN
endonuclease activity by dirdgtbinding at Rad50-sheetg™.

Cancer cells lacking telomerase activity developed an alternative lengthening of telomeres (ALT)
pathway, similarto HR'® Ly GKAa LINRPOS&azr awb NBASOGAgsaK2NILSY
which can invade adjaceritomologous DNA sequencéd. 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 tintegrating multiple regulatory
signals, MRN interacts with different additional factors and forms at least $iwed complexes.
Evolutionary, many of these proteinaceous factors are exclusively found in eukaryotes, while some
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higher eukaryotes such asrtebrateswere recently shown to have an additional layer of complexity
with even more proteins influencing MRN. This reflects the need for aetighgulation of DSB repair
as well as other processes e.g. telomere maintendaa@void genetic instabilitgnd tumorigenesis.

14.1 CtIP

From the variety of MRN interactors, CtIP is one of the nigtgnsively studied examples. &h
eukanyte specific protein contains a conserved oligomerisation domain at therminus to form
tetramers (Figure 10. This donain comprises parallel dimerizing coiledils, which can contact
another dimer over ashort hydrophobic interaction to buildantiparallel tetramers®2153 The
GSGNI YSNRAO | aaSYof e Adiproddid2BA entl rese@idfd. Following®e T dzy O
oligomeiization domainthe 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 Réfmans
The middle part harbours an important CDK phosphorylation site, S327 in humans, to facilitate
recruitment to Nbs1 and BRCA1 Binding to Nbs1 in a positively charged pocket of the FHA domain
induces a conformational change in Nbs1 with a yet unclear fumétioThe middle region further
containsa DNA binding domain and a DNA2 binding &it@nhance longange resectiott®. The
conservedand partly structuredGterminal dormain (CTD) interastwith and activats MRNs
endonucleaselepending on the phosphorylatistatus of the CDK site T847 and the ATM site 859
This regulatory switch ensures efficient end resection only during-Biase and after ATM activation

as an additional layer of regulatioimterestingly, CtIBharesthe binding interface on Rad50 with the
telomeric protein Rif2which in contrast inhibits the endonucleasactivity'®. ATMmediated
hypemphosphorylation eventually leads to CtIP SUMOwgtgtin turn a signal for polyubiquitylation and
subsequent degradatidff. This offswitch mechanism limit excessive resectidff. Altogether,
tetrameric CtIP adopts a dumbbell shape with thte@ninal domaindacingoutwards, joined by the
N-terminal coiledcoils. With this structure, CtIP is able to bridge Hd4s®3
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Figure 10 CtIPdomain architecture and structuré: CtIP tetramerizes over a shorttlrminal motif, directly
followed by a dimerization domain to build a weldered coiledcoil oligomerization fold. The middle region is
mainly unstructired and features a Nbs1/BRCA1 binding domain (BD) with the CDK phosphosite S327 (yellow)
followed by a DNA binding domain (DBD). Ther@inal domain (CTDis partly structured contains MRN
activating featureandthe phosphosites at T847 (CDK) and T@&5BEM,red).B: Crystal structureof HLCtIPwith

the dimerization domair{grey, PDB:7BGly overlaid on the tetramerization motif (one dimer coloured orange,

the other green. PDB: 3D2H}. Negative stain electron microscopy revealed a dumbbell shape eofCithP
tetramer'®3. D: Crystal structure o8giNbs1FHABRCT1/2 domain in complex with a short CtIP phosphopeptide
(PDB: 3HUF). The phosphate binds into a positively charged pocket (highlighted).

1.42 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 roudgidg 40
large, norenzymatic factor therebgpecificallyinhibits the exongleasé®. During replication fork
stalling, DNAs remodelled to form reversed forks, a crucial intermediate step to eventuallyvesol
stalling. In thisscenarig the nascent strands need to be protected from Mreddpendent
degradation mediated by MRNI®. Further studies suggest MRNDPA | 6 undedgadl I@uidiineid

phase separation (LLPS) while incorporating MRN i8idlpon DSBs, MRNIP rapidly relocates to the
lesion to promote MRN loading ar&hd resectiort®®16% This locaMRNaccumulationenhances the

DDR responseia increased ATM activatiéil.
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1.43ATM

Theprotein kinaseATM acts in the very first steps of DSB signalbragpordinate the repair antlirther
downstreamleads to checkpoint activation and cell cycle aff¥sDue to homology in the kinase
domain tophosphatidylinositol 3 (PI3) family kihases (PI3K), ATM is placed in the famiRI8Klike
protein kinases (PIKK) This family containsvo other DDR signalling factors, DNPACS mediating
GNHEJand the singlestrand break repaifactor ataxiatelangectasia and Radgelated (ATRY2
Other PIKK members includeammalian targetof rapamycin (mTor)sensing nutrients and the
cellular metabolismsuppressor of morphogenesis in genitalia 1 (SNiGvhich facilitags nonsense
mediated mMRNA decay and theseudokinase transformation/transcription domaigassociated
protein (TARAP), regulating transcription proces$®€3®. Commonto DNAPK and ATR, ATM
preferentially phosphoylates serines and threonines at SQ/TQ stfes

Theroughly3,000 amino acids large ATM protein resides bstterfly-shaped, 700 kDa sizéauhctive

dimer and adopts the conserved PIKK domain architectiigue 11)!%. The Nterminus and the

largest part of ATM forms scalled HEAT repeatdHntingtin, elongation factor 3, protein
phosphatase 8 TOR),6 KA OK | NB FdzNIIKSNJ RAGARSR A ysddmaid KS a{ L
acts as a scaffold to mediate protgimotein as well as DNA interactioi%®® Following the HEAT

repeats, theFRARBATM;TRRARFAT) domain, consisting thiree Tetratricopeptide Repeat Domain
subdomairs (TRD) and a HEASpeat subdomain (HRMarbours the dimer interface with multiple
hydrophobic patches. The-t€rminal kinase domains built by an Nand Clobe, while substrate

binding isautoinhibited by the PIKK Regulatory Domain (PRI the oppaing protomer The FAT

Gterminal (FATC) domain forms thiery Gterminusand influences the activatiomechanisn’.

Analogous to thdight regulation of the MRN complex, ATM activation requires different inputs
prevent the potential detrimental outcomes cell cycle arrest and apoptosis if no DSB occlheed.
main ATM activaor, MRN, initially recruitsthe kinaseto DSBsver the Nbs1 @erminal sequence
FXF/Yoinding to the HEAT repeat$!%® In an ATRlependentmanner, DNAound MRN is thought

to induce ATMautophosphorylation and therebynonomerization which greatly increases ATM
activity**X, Monomerization woulddetach the inhibitory PRD from the opposing protomer and render
the active site accessibl&his step presumably involves RadbDM contactsintegrating the coiled

coil dynamics into signallitfy. Mremm Q& y dzOf S aS I OGAGAGE gl & aKz2g)
positively regulating inpdf®. For a robust autophosphorylatiorthe histone acetyltransferase
Tip60/KATSdditionally needs to acetylatiysine 3016n the FATC domaltff1’t Thereby the Tip60
activity is controlled by CDK phosphorylations, coupling DSB induced ATM signalling to the £&ll cycle
In a positive feedackloop, active ATM then phosphorylates histone H2AX, which in turn recruits
Mdcl, to bind and accuniate more ATM at sites of DSBSNoteworthy, ATM shows a low basal
kinase activityalso n unperturbed cells3. A possible explanation could be the recently emerging rol

of other DNA damage types to potentially activate ATM, includi@ppRs(DNA:RNA hybridnd the
displaced DNA strand) SSBs,topoisomerase cleavage complexes (TOPea)d splicing
intermediates’™.

Identified in patients suffering fromebilitatingataxia due tgrogressive loss of cerebma¢uronsand
telangiectasigdilated blood vessels), mutations in ATM further cause severe immune deficiencies,
radiosensitivity, and increased rates of malignan¢fesVhile the central role of ATM as the signalling
kinase in HR explains the radiosensitivity and high malignancies rates, the neurormaigbsde
reasonedn the second pthway activating ATM: oxidative streddeurons are characterized by a high
energy consumption and oxygen metabolism, leading to an increased production &R/
facing increasedxidative stress forms covalent, disulfidend linked dimers most importantly
between cysteines 2991and is activated in an MRindependent mannéfl In a yet poorly
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understood mechanism, this covatdimkage then leads to autophosphorylation and phosphorylation

of a different subset ofargetscompared tothe DDRto respond to oxidative stre$¥. This includes

the downstream upregulatedantioxidants prodution, enhance mitophagy (autophagy of
mitochondrig and pexophagy (autophagy of peroxisomds)reduce the generation of ROS and
maintain cell homeostasi€*®, In this context, ATM was observed to have a pactyoplasmic
localisation with yet unclear functid#82 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 NARnd ATP levels during PAR chain synthesis and the stable
aggregation of proteins on these polym&fsBoth meclnisms contribute to neuronal cell death.

HEAT repeat domains Kinase
Cc
Spiral Pincer TRD1 TRD3 HRD C-lobe FATC
TRD2 N-lobe PRD

FAT

Figure 11 ATM domain architecture and structure. ATM consists-téiinal HEAT repeat domains, denoted
Fa a{ LANI ¢ I-tgrRinabiparkisTal@vedE b the FAB doimain harbouring three Tetratriptiple
Repeat Domain subdomains (TRD) and a HEp&at subdomain (HRD). The kinase domaluik by an Nand
Clobe, substrate binding iautoinhibited by the PIKK Regulatory Domain (PRD). A conserved-teAflirzl
(FATC) domain forms the extreméeZminus.CrycEM structure of fulength 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 sophisticateetiyDiR

that comprises a series of interconnected sidgingl pathwaysto coordinate multiple cellular
processes, including DNA damage senddMNA repairsignal transduction, cell cycle checkpoiatsd
eventually apoptosis. The DDR is activatagon DNAdamage by a cascade of everggmarily
begimingwith the recruitment ofPIKK family membe&STM, ATRyr DNAPKesto the site of damage
andactivation ofPARP enzym&3$183 As discussed earlier, PARP enzynsdfitecognize single and
double stranded DNA breaks, to catalyse the formation of PAR chains onto itself and other ptbteins
Togetherwith the PARylated environmenthe DNAbreak sensing factas, MRN, Ku70/8@r RPA
recruit the respective PIKK signalling kind%es

Thereby, ATR senses Rébated ssDNA lesion to activate the SSB repair machinery and further halts
the cell cycle bphosphorylatingand hence activatinthe checkpoint kinase (ChK¥t. In contrast to

ATM and DNARKes ATR activation from RRAvated 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 wigllend resection duringdR®* Therefore, ATR is a broad sensor of
genotoxic stress and its ability to activate Chkl essential for proliferating®¢elstive Chkl
promotes proteasomal degradation tiie Gdc25 phosphatass, which normally remove inhibitory
modifications from CDRK&. Reduced CDK activitydue to cecreasing levels dfdc25 phosphatases
thereby slows ostopscellcycle progressiorAs a result, cellsavemore time to repair DNAamage

and premature entry into mitosig prevented. In cases of extensive damaged prolonged Chkl
activation this delay caninduce senescence or apopsis®. ATR requires the efactor ATR
interacting protein (ATRIP) to recognize RiBAted ssDNAFurther, the proteins TopBP1, recruited

to RPAcoated ssDNA via thRADSRADIHUS1 (9-1) complex, and ETAAL, directly binding RPA
coated ssDNAgspectivelyactivate ATRE189

In contrast to theprimarily signalling functions of ATR, DIRkc)  Tialrys €xtended with a direct

role in the NHEJ repair of DSBs: Together with the-BK&Xecruiting factor Ku70/80, the kinase
tethers both DNA ends in close proximity and further directly binds and activates downgtegain
factors®®19t Thereby, the kinase activity orchestrates the course of repair but is thought to be of
minor importancefor signallingn the presence of the DSB response master regulator,*AT#

While ATR activation dramatically differs from ATRbvered in 1.4.3)both kinasehavesimilarand
overlappingsubstrategFigure 12. For example, ATM phosphorylates mainly Clakth an analogous
outcome of ATRnediated Chk1 activatidf?. In addition, all three PIKK DDR enzymes phosphorylate
histone H2AX, a wedistablished chromatin mark of DNA dam#geBesides its function in recruiting
repair factors;} H2AX transcriptionally silencéfse surrounding chromatin to prevent clashes of the
transcription machinery with DNA rep#it. Another common substrate of ATM and ATR isttimeour
suppressor p58% Ths transcription factorunderlies constant ubiquitidependent proteasomal
degradation mediated by the E3 ubiquitin ligase Mdm2 to keep the cellular levels at a mitffimum
Phosphorylation by ATM and ATR, with the best characterized site serine 15, inhibits the interaction
with Mdm2 and thus p53 levels ri$& On top, Mdm2 is an ATM substrate as well, phosphorylation
renders the ubiquiti ligase inactivE? P53 induces the expression of a multitude of gertes
redundantly with Chk activatiqrstop the cell cycle and possibly initiate apoptosis. This includes the
upregulation of theuniversal CDKnhibitor p21:%. P21 also blocks DNA replication directly by
inhibiting the replication complex PCNA, therefore preventing tph&e entry®®.

Another class of ATM taegs are factors directly involved in the course of DSB repair. In NHEJ, ATM
phosphorylates Artemis, XRC&# XLRo generally promote DSB rep#ir'. Intriguingly, DNAPKis
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as well modified by ATM tactivatethe tetheringkinase, whereas DNRkmediatedphosphorylation
negatively regulates AT¥#-2°1 Thus, both PIKKs actively influence each other to steer the DIDRRg

HR, ATM e.g. modifies CtlARN,BRCALExoland the BLM helicase to enable end resection and
homology searcH. To prime the chromatin in vicinity of a DSB for repair, ATM modifies different
chromatin remodelers, such as tiBRGIATPase o8WI/SNFemodeling complexe$? The action of
chromatin remodelergenders the DNA accessible for repair factors and amplifies H@BAX foci
formation. With its dualrole in NHEJ and HR, ATM mediates efficient DSB repair and contributes to
the repair pathway choice

DSB
sensing
MRN
actlvatlng
recruiting
DNA-PK=—» NHEJ
positive feedback autophos
loop
‘ |
YH2AX ub. & degrad.
lrecruiting CtIP Mdm2 - p53 Chk2
BRCA1 -
—=MDC1 53BP1 ltranscrl ption l
BLM 21 Cdc25A
P +
l' l Cdk2
HR ‘
G1/S stop
Intra-S stop

Figure 2: OverviewDDR withfocus onATM Active ATMpresumably exists as a monomer (second protomer
greyed out), and phosphorylates a pleiotropy afgets (narrow arrows), importardnesfor DSB repaiare
highlighted in this schem@&hepositive feedback loop is marked with green arrows. Outcomes are implicated
with thick arrows, ATM phosphorylations disturbing thiespective outcome are crossed out.Ub. =
ubiquitination, degrad. = degradation
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1.6 ATM in cancer treatment

Asa key player in the DDRTMand its dysfunctioshave been implicated in the pathogenesis of a
variety of diseases, including canc@ne of the most important hallmarks of meer, genomic
instability and mutations, is promoted if ATM as the central DSB signalling factor is mitatadoid
checkpoint activation and apoptosis from elevated DNA damagecer cellsaccumulate further
mutations inthe DDRWhileon the one handgeveral mutated ATM variants can be found in different
types ofcancer, on the other handnaincreased transcriptional activation of ATM coincides with
robust resistance to chemotherapeutf® Therefore, m recen years,there has been significant
interest in developing therapeutic strategi¢s specificallytarget ATMand therebyselectively kill
cancer cells while sparing normal cells.

One approach involves the use of ATM inhibitors, which have been shownsiize cancer cells to
chemo and radiation therapyby blocking the DDR pathway and preventing DNA réfaifhis
strategy has been partitarly effective intumours with existingdefects inDNA repaire.g. breast
cancemwith BRCA1/2 mutations, which aa¢readysensitive to PARIRhibitors, or by evoking efficient
synthetic lethality that combires ATM with ATRPARPInhibition?°>207, Thereby, both partially
redundant pathways are shut down and celés/oid of DSB repair pathways, leading to accumulation
of DSB and cell deathRecently,several small molecul&TMinhibitors have been developed and
entered clinical trials in combination with chermr 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 suchkd455933, CP466722and AZD0156are designed to block
the active site with a structure similar to AP

In addition to its role in DNA repaiATMis involved in theegulation of cellular metabolism and
immune response, making it an attractive target foe emerging field o€ancer immunotherapij®.
During immunotherapy G KS LI A Sy ( Qa isxtanyilatell YoYckafunous dAaN S Y
inhibitors have been shown to inhibit immune checkpoint pathways #ng promote T cell
infiltration into tumours, reducing their growt#®.
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1.7 Objectives

MRN and ATM are cémal factors in HR and involved in a multitude of other cellular processes as well.
Overthe past two decades, both factors have been extensively studied and many details regarding

their structural, cellular and biological functions were uncovertddwever a largely flexible Nbsl

protein and long Rad50 coilemils hindered researchers to investigate MRN as whole-liay X
crystallography, restricting the structural knowledge to mostly individual parts of the coraplgx

therefor missing the interplay of MRQ & @ NA SG & Ay a i NUzOheaNM protdiny R T dzy
as an interesting therapeutic target lacked a higkolution structure which could be used for future
structure-based drug design and explain important aspects of its regulatith. the development of
high-resolution cryeEM techniques partially flexible and heterogenous protein complexes such as
MRNand ATMcan now be visualized.

Enteringthe ATM projecimidway, the goal was to setup an vitrokinase assay to test the efficiency

of different inhibitors KU55933 and M4076used in structural studies herefore 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 gdlased kinase assay. Struabanalysis of inhibitebound ATM resulted

in a nearcomplete atomic model of dimeric ATMVith this structure, the selectivity of different
inhibitors can be explained on an atomic level. Further, this map allows to localize common ATM
mutations in canceor ataxiatelangiectasia and hypothesize their influence on the protein.

In the MRN project, théirst goal was to establish a working nuclease assay for the eukaryotic system.
Starting with the simpler, prokaryotic MR, a novel wWeked fluorescencguencher setup was
successfully tested and used to characterize MR furthereviouspaper visualimgfull-length MR in

its exonuclease stateaised the question whether the other crucial cutting modalities, endonuclease
and hairpinopening rely on thesame mechanism. Solving M#&Ructuresbound to a Ku70/80 double
sided blocked DNANnd a hairpin DNAunify the mode of action, independent of the substrat#pon
substrate recognition, the Rad50 coitedils close and clamp the DNA in between. The Mreffedi
translocates towards the DNA backbone from its previous autoinhibited conformation and positions
one active centre poised to catalyse the hydrolysis reaction.

The eukaryotic MRNMomplex with its tighter regulation and increased propensity to oligoreeri
represents a disparate more intricate study subj@dierefore, the major aim of this research project
was to obtain a first fullength structure using cry&M. To reach this goal, the purification tife
Chaetomium thermophilumand human MRNwas estabished and both complexes extensively
screened for crydeM analysis. ThEMRNATPS structure was determined to higksolution,
revealing an autoinhibited Mrel1l state, rdite Rad50 coiledoils, and asymmetric Nbs1 bindifg

verify the structure, crsslinking 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 otherTo investigate how MRN integrates the enzymatic and tetheringtifumg the
Rad50 zinhiook was crystallized, displaying a tetrameric, tethemwognpetent conformatiorof an
MRNMRN dimer Disrupting the multimerization interface leads to severe DSB repair deficiencies.
Biochemical characterizations GtMRN DNA bindingroperties revealed a novel AdiRdependent

DNA binding motif in the Mrell-€rminus, which is probably involved in scanning the genome for
DSBsTo clarify the role of the eukaryote specific Nbsl protein, a MR complex lacking Nbsl was
characterized. Ndscontributes to the AT#hdependent DNAinding 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 haBaldlrich Gradler, Thomas
Fuchf3, Ulrich Pehl, Aaron Aitik van de LogKariPeter HopfnerMolecular basis of human ATM
kinase inhibition Nature Structural and Molecular Biolggyolume 28, October 2021, Pages -733,
https://doi.org/10.1038/s41594021-00654x

* These authors contributed equally.

Summary

In this publication we solved high resolutionyo-EM structures of tle human ATMkinase with two
different inhibitors or ATFS 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 therminal solenoid
region. This allowed us to assign known cancer mutations to the exact positthe frotein and
thereby inferringtheir biological effect. The increased resolution compared to previous publications
helped us to identify two zinbinding sites, contributing to the overall stability 8TM while leaving
the kinase activity unalteredin a structural comparison with other PIKEmily members the
specificity ofATMinhibitors KU55933 and M4076 can be explained a molecular leveMultiple
non-conserved residues in the active cenimeeract specifically with chemical groups of the resfive
competitive inhibitor.With this publication, we set the foundation for further structugeided drug
design to target this clinically as well as biologically highly relevant kinase.

Author contributions

| cloned and purified the CtIP fragment whil used to establish and perforim vitro ATM kinase

assays together with Kristina Stakykeistina Stakyte, Matthias Rothenedmrd Aaron Alt established

the expression and purification of human ATM. Kristina Stakyie® Matthias Rothenedepurified

ATM for biochemicabhssaysand preparectryo-EMgrids Allfirst authorscontributed tocryo-EM data
collection and processing. Kristina Stakyte, Matthias Rotheneder, Katja Lammens, Joseph D. Bartho
and KarlPeter Hopfnefbuilt the 3D modelsUlrich Gradleand Thomas Fuchiere involved inthe
development of M4076 at Merck KGaA, Darmstadt, Germany. Thomas Fuchf3 and Ulrich Pehl
contributedfurther biochemical assay and kinase selectivity results. All authors were involved in data
analysisand manuscript prepation.
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Molecular basis of human ATM kinase inhibition

K. Stakyte ®'*4, M. Rotheneder#, K. Lammens
A. Alt'?, E. van de Logt' and K. P. Hopfner®'®

14ed ) D, Bartho®", U. Gradler?, T. Fuchf3?, U. Pehl?,

Human checkpoint kinase ataxia telangiectasia-mutated (ATM) plays a key role in initiation of the DNA damage response
following DNA double-strand breaks. ATM inhibition is a promising approach in cancer therapy, but, so far, detailed insights
into the binding modes of known ATM inhibitors have been hampered due to the lack of high-resolution ATM structures. Using
cryo-EM, we have determined the structure of human ATM to an overall resolution sufficient to build a near-complete atomic
moedel and identify two hitherto unknown zinc-binding motifs, We determined the structure of the kinase domain bound to
ATPYS and to the ATM inhibitors KU-55933 and M4076 at 2.8 A, 2.8 A and 3.0 A resolution, respectively. The mode of action
and selectivity of the ATM inhibitors can be explained by structural comparison and provide a framework for structure-based

drug design.

maintain genomic stability. Cancer cells, on the other hand,

acquire defects in DDR genes to increase the genomic
instability and mutation rate while ensuring cancer cell survival.
The DDR comprises complex chains of events that result in the
efficient repair of various types of DNA damage, including DNA
double-strand breaks (DSBs)!. DSBs are a hallmark of cancer and
particularly harmful to the cell if left unrepaired. Initiation of the
DDR leads to activation of checkpoint responses, cell-cycle arrest,
recruitment of the DNA repair machinery and chromatin remod-
eling”. Persistent DSBs and DDR trigger cellular senescence or
apoptosis, thereby helping to remove potentially abnormal cells.
However, misrepaired DSBs can result in gross chromosomal aber-
rations, aneuploidy or loss of genetic information and are linked to
cancer development'*-7.

Ataxia telangiectasia-mutated (ATM) is a ~350-kDa Ser/Thr
kinase that initiates a DDR following DSB formation. On activa-
tion, ATM phosphorylates a multitude of downstream transduc-
ers and effector proteins at SQ/TQ motifs. Target proteins include
the DSB repair factor CtIP, histone variant H2AX, tumor sup-
pressors BRCA1 and p53, and the checkpoint transducing kinase
CHK2*. ATM belongs to a family of related surveillance kinases
known as phosphatidylinositol 3-kinase-related protein kinases
(PIKKs). Members of this kinase family also include ATR, the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs),
mTOR, SMG1 and TRRAP*. ATM, ATR and DNA-PKcs
monitor the cell for DNA damage by sensing DSBs (ATM and
DNA-PKcs) or single-stranded DNA (ssDNA; ATR). SMGI trig-
gers nonsense-mediated messenger RNA (mRNA) decay. TRRAP
is involved in epigenetic control of transcription regulation, while
mTOR is part of distinct complexes that regulate metabolism, trans-
lation and cell growth'-", PIKKs share a fairly conserved domain
structure'*'°, The N-terminal parts of the polypeptide chains are
generally composed of HEAT repeats and form 100-300-kDa
a-solenoid structures, which are interaction modules for nucleic
acids and/or protein cofactors'”. The C-terminal region known as
FATKIN contains the kinase (KIN) domain along with regulatory
domains. The latter are denoted as FAT (FRAP, ATM and TRRAP)
domain, PRD (PIKK regulatory domain) and FATC (C-terminal

( :ells rely on an efficient DNA damage response (DDR) to

part of the FAT domain). The FAT, PRD and FATC wrap around
the kinase, regulating substrate recognition.

Cryo-EM provided the first structures of human ATM along with
its fungal homologs at low to medium resolution'*"**'. ATM resides
in the cell as an autoinhibited dimer in all organisms studied. The
FATKIN is tightly associated through a fairly hydrophobic interface
and keeps the kinase domains side by side in an inactive state!!5-2!,
The structure of human ATM at 4.7 A showed how the PRD restricts
kinase active site access by acting as a pseudo-substrate’®. More
highly resolved fungal Tell (ATM ortholog) structures showed
details of the kinase active site'”'. They also revealed that Tell can
bind ATP and possesses a properly folded active site geometry, even
in the absence of activating ligands'?'. Current models of active site
access postulate either ligand-induced conformational changes in
the ATM dimer, or a dimer-to-monomer transition®*.

Although the DDR is important for genome integrity mainte-
nance of healthy cells, it also helps cancer cells to cope with increas-
ing amounts of replication and genotoxic stress, and to develop
resistance against DNA-damaging chemo- and/or radiotherapy,
thereby favoring tumor growth and survival”. Consequently, tar-
geting of proteins involved in the DDR has shown promising effects
in cancer therapy®®¥. Owing to its prominent role in DDR signal-
ing, ATM represents an auspicious target for drug development,
predominately as an anticancer therapeutic. Inhibition of ATM
increases the sensitivity of cancer cells to DNA-damaging agents
and/or ionizing radiation®~*". DSB repair is crucial for the survival of
malignant tumor cells, especially under DNA-damaging conditions.
Thus, the rationale for transient pharmacological ATM inhibition is
to impair DSB repair and maintain the extent of unrepaired tumor
DNA damage for several hours so as to drive tumor cells ultimately
to cell death”****. Moreover, based on genetic and pharmacological
evidence, inhibition of ATM kinase activity is considered to amelio-
rate mutant huntingtin (mHTT) toxicity as a potentially novel clini-
cal intervention to treat Huntington's disease*. ATM deficiency or
reduced expression levels have been identified as a biomarker of sen-
sitivity for selective poly adenosine diphosphate-ribose polymerase
(PARP) or ATR inhibition in the treatment of solid tumors™ . ATM
inhibitors in combination with ATR or PARP inhibitors induce syn-
thetic lethality in proliferating cancer cell lines as a result of mitotic

'Gene Center, Department of Biochemistry, Ludwig-Maximilians-Universitit, Munich, Germany. "Merck KGaA, Darmstadt, Germany. 3Present address:
Proteros Biostructures GmbH, Martinsried, Germany. “These authors contributed equally: K. Stakyte, M. Rotheneder, K. Lammens, J. D. Bartho. Me-mail:

klammens@genzentrum.Imu.de; hopfner@genzentrum.lmu.de
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replication stress and unrepaired DSBs™. Initial high-affinity ATM
inhibitors (KU-55933 and CP466722) were identified by compound
library screens and served as lead structures for the development of
compounds with improved pharmacokinetic properties (KU-60019
and KU-59403)**%, More recently, next generations of inhibi-
tors (AZ31, AZ32, AZD0156 and AZD1390) with up to subnano-
molar half-maximum inhibitory concentration (IC;,) potencies and
suitable pharmacokinetic profiles were identified, demonstrating
preclinical in vivo efficacy in rodent cancer models**. Both ATM
inhibitors, AZD0156 and AZD1390, had been selected to enter
clinical trials either in combination with cytotoxic chemotherapy,
as well as targeted anticancer agents such as the PARP1/2 inhibitor
olaparib (Lynparza, AZD2281) for the treatment of solid tumors,
or with radiotherapy in the treatment of brain cancers*=*. M4076,
a subnanomolar potent, ATP-competitive and orally bioavailable
ATM inhibitor with excellent human kinase selectivity and physico-
chemical and pharmacokinetic properties was developed at Merck
KGaA™. Currently, M4076 is in a phase I clinical trial for the treat-
ment of cancer (ClinicalTrials.gov ID NCT04882917)'.

Structure-based approaches are an important source of infor-
mation for the optimization of selective inhibitors, and progress
in the resolution capabilities of cryo-EM has opened up this tech-
nique to structure-based drug design®. Despite the fact that several
cryo-EM structures of eukaryotic ATM/Tell have been published,
high-resolution structures of human ATM enabling structure-based
drug design are not yet available’™**. In this Article, we use
cryo-EM to investigate the detailed binding modes of ATM-specific
kinase inhibitors KU-55933 and M4076 comprising chemically
diverse scaffolds. We present cryo-EM structures of human ATM
in complex with KU-55933, M4076 and the non-hydrolysable ATP
analog ATPYS at resolution below 3 A, permitting the distinct fitting
of all three compounds. The protein structures provide a detailed
view of the kinase domain and the active site conformation in its
inhibited state, and clearly explain the distinct ATM kinase inhi-
bition and selectivity profiles of KU-55933 and M4076 based on
their binding modes. The quality of the maps allowed us to gener-
ate a near-complete atomic model of human ATM, including the
more flexible spiral and pincer domains, where we identified two
zinc-binding motifs.

Results

Near-complete atomic structure of human ATM. Human ATM
was expressed in Expi293F cells and purified using FLAG affinity
followed by anion exchange chromatography. Biochemical analy-
sis indicates that the purified protein is an enzymatically active
kinase that is capable of phosphorylating its natural substrate, the
C-terminal fragment of human CtIP (Fig. 1a). Basal kinase activ-
ity was reduced in the presence of the widely used ATM inhibitor
KU-55933 (Fig. 1a). To reduce protein flexibility within the kinase
domain of human ATM, we incubated the protein sample with
KU-55933 before cryo-EM grid preparation'. Consistent with the
published human ATM cryo-EM structure, which showed distinct
dimeric states, we still observed conformational flexibility in the
N-terminal o-solenoid domain, but, in contrast, did not observe
conformationally ‘open’ C-terminal domains or monomers in the
micrographs (Extended Data Fig. la and Supplementary Video 2)~
We reconstructed a full-length human ATM structure by using a
2.8-A-resolution pincer-FATKIN map in combination with 3.0-
3.3-A maps for the spiral and pincer domains (Supplementary Figs.
1 and 2 and Table 1). The overall domain organization is illustrated
in Fig. 1b. The quality of the map enabled us to build full side chain
models for all secondary structural elements, along with large parts
of the loop regions within the FATKIN and pincer domains. We also
corrected the sequence assignments at the N-terminal 1,932 residues
of earlier structures that were modeled based on lower-resolution
maps (Fig. 1b, insets and Extended Data Fig. 1e)>".
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Intriguingly, analysis of the sequence and EM density revealed
the presence of a zinc-binding motif in the pincer domain (Fig. 1b,
top inset and Supplementary Video 1). This motif also validates a
newly assigned registry. The zinc-binding site belongs to the classi-
cal Cys2 His2 motif zinc finger type and consists of residues H1876,
H1895, 1899 and C1900 in a loop region at the C-terminal end
of the pincer domain, The zinc-binding motif is pointing towards
the spiral domain, which mediates the recruitment of DNA, bind-
ing partners such as NBS1 and substrates such as p53*°. The loop
stabilized by this motif contains the important cancer mutation
T1880R". Because all four zinc coordinating residues are only con-
served in certain mammals, an essential, evolutionarily conserved
role of this motif for kinase activity is not likely, but it could play an
important function in mammalian-specific regulation and ligand or
substrate recognition (Extended Data Fig. 1b)*. Mutation of the two
zinc coordinating cysteine residues did not diminish kinase activity
(Extended Data Fig. 1¢c). However, addition of zine-specific chelat-
ing agents decreased the thermal stability of the ATM (Extended
Data Fig. 1d).

To model the N-terminal a-solenoid structure, this region of
the density was processed independently by subtracting the density
for the C-terminal domains and the other protomer of the dimer
to create a map of the N terminus alone (Supplementary Fig. 2).
This workflow permitted classification of the structural variation
within the N terminus, resulting in a map with an overall resolution
of 3.15 A that allowed atomic modeling of the N terminus. The map
displays defined side chain densities until the two most N-terminal
helices and indicates a different sequence assignment than previ-
ously published (Fig. 1c). This area is of particular interest because
the HEAT repeats are believed to provide an interaction hub for
components of the DNA repair machinery, such as NBSI, and
substrates like p53™, In the center of the solenoid structure, the
HEAT repeat pattern is broken where the loop (amino acids 549-
570) between helices 24 and 25 extends to interact with the FATKIN
domain loops (residues 2084-2092 and 2107-2123; Extended Data
Fig. 2a,d). We note the direct contact between the N-terminal region
of the a-solenoid and the FATKIN domain that was not observed
in the previously published human ATM structures. However, the
equivalent inter-domain interaction was observed in ctTel1. After
this FATKIN interacting loop, three short helices 25-28 break the
HEAT repeat pattern in the center of the solenoid ring, followed by
the ‘plug’ loop (residues 630-643) which bridges through the center
of the solenoid (Extended Data Fig. 2¢). This loop is tethered to
the edge of the solenoid in a structure that may represent a second
zinc-binding motif (Fig. 1c and Supplementary Video 1). The local
resolution is insufficient to resolve all residues with confidence, but
the density represents a turn-like structure bringing in close prox-
imity two histidines (H635 and H636) with two cysteines (C633 and
C790), with an additional density sufficient for a zinc atom. Helix
29 then sits on the opposite side of the solenoid, running nearly
parallel to the junction between the N- and C-terminal sections of
the solenoid structure, before loop 657-683 passes back across the
bottom of the solenoid ring, connecting to helix 30 on the far outer
side of the solenoid (Extended Data Fig. 2¢). The solenoid then con-
tinues with regular HEAT repeats until the hinge region.

The functionally important Tell/ATM N-terminal (TAN) motif
(residues 15-27) and essential residues 91-97 form a continuous
interaction site on the solenoid-facing side of the N terminus'®*. The
proline and hydrophobic residues within this interaction site are more
probably conserved for their role in protein folding rather than for
ligand interaction. P37 caps helix 3, while the hydrophobic residues
form internal contacts between HEAT repeats. The long, unstruc-
tured loop (residues 825-879) interacts with R35 of helix 2, directly
neighboring the TAN motif. This loop contains the cancer-associated
mutation F858L and may be involved in signal transduction or ligand
binding at the N terminus (Extended Data Fig. 3)™.
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Fig. 1| Cryo-EM structure and activity of dimeric human ATM. a, Inhibition of basal ATM kinase activity by KU-55933. Phosphorylation of human CtIP C
terminus (650-897, phosphomimetic mutant T847E) visualized by phosphoprotein SDS-PAGE staining. The experiment was repeated twice with similar
results. The uncropped gel image is available as source data. b, Model of KU-55933-bound human ATM. The structural domains are colored according

to the schematic shown below the model. This domain color coding will be used throughout this Article. Top inset: pincer zinc-binding motif and map
quality in the region. Bottom inset: map quality of the representative region (residues 1926-1935) in TRD1. ¢, Cryo-EM density map of the N-terminal spiral
domain at 3.06 A resolution (contoured at 0.017) with the fitted model in top view. Inset: spiral zinc-binding motif and map quality in the region.

To analyze the orientation of the region N-terminal to the
FATKIN domain, we conducted focused three-dimensional (3D)
classification on the spiral and pincer domain of all ATM par-
ticles (Supplementary Fig. 1). This indicated the presence of three
different dimeric classes of ATM (Extended Data Fig. la and
Supplementary Video 2). The main class, comprising 45% of the
particles, belongs to a symmetrically related dimer with a small gap
between the two opposing spiral domains, while 31% of the par-
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ticles show a symmetrically related dimer with the spiral domains in
close contact. Only 13% of the data resulted in one flexibly detached
spiral domain. The best resolved N-terminal structure with closed
spiral domains was refined to a final resolution of 3.41 A. In addi-
tion to the spiral-FATKIN contact described above, we identified a
second interface between the spiral domains of the two protomers.
The N-terminal inter-domain contact was not seen in other human
structures, in which the kinase and FAT domains were exclusively
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Table 1| Cryo-EM data collection and refinement statistics

#1 ATM #2 ATM #3 ATM #4 ATM #5 ATM #6 ATM (kinase, #7 ATM (kinase,
(kinase, KU-  (hinge/ (N-term. (focused (composite map, MA4076-bound ATPyS-bound state)
55933-bound pincer, KU- spiral/ N-term. KU-55933-bound state) (EMD- (EMD-12352, PDB
state) 55933-bound pincer, KU- spiral, KU- state) (EMD-12351, 12350, PDB 7NI6)
(EMD-12343) state) 55933-bound 55933-bound PDB 7NI5) 7NI14)

(EMD-12345) state) state)

(EMD-12346) (EMD-12347)

Data collection and processing

Magnification 130,000 130,000 130,000 130,000 130,000 130,000 130,000
Voltage (kV) 300 300 300 300 300 300 300
Electron exposure (e~/ 45 45 45 45 45 45 43
A%
Defocus range (pm) -10to-28 -10to—-28 -10to-28 -10to-28 -10to-28 —1.0to-2.8 —1.0to—-2.8
Pixel size (A) 1.059 1.059 1.059 1.059 1.059 1.059 1.059
Symmetry imposed Cl Cl Cl Cl Cl c2 1l
Initial particle images 2,679,787 2,679,787 2,679,787 2,679,787 2,679,787 2,346,822 709,013
(no.)
Final particle images 826,510 807127 1,035,906 977752
(no.)
Map resolution (A) 2.78 3.34 310 315 Composite Map 3.03 278
@#1-4)
FSC threshold 0143 0143 0.143 0.143 0.143 0143
Map resolutionrange ~ 2.49-8.52 3.14-5.61 2.93-4.71 291-4.27 2.57-9.75 2.62-9.75
A
Refinement
Initial model used PDB 6K9L PDB 7NI5 PDB 7NI5
Model resolution (A) 279 3.3 29
FSC threshold 0.5 0.5 05
Model resolution 2.49-4.27 2.57-4.80 2.62-3.90
range (&)
Map sharpening B O (LAFTER filtered} O (LAFTER O (LAFTER filtered)
factor (A% filtered)
Model composition
Nonhydrogen atoms 45,052 23,236 23,079
Protein residues 5,581 2,864 2,847
Ligands 4 7Zn,2KU-55933 2 Zn, 2 M4076 27Zn, 2 Mg, 2 AGS
B factors (A2 22.49/138.51/70.38 59.66/184.03/ 24.39/131.44/65.67
106.29
Protein 39.77/167.58/48.67 74.15/205.96/ 50.79/143.71/69.28
78.84
Ligand
R.m.s. deviations 0.003 0.005 0.003
Bond lengths (A) 0.500 0.859 0.467
Bond angles (°)
Validation
MolProbity score 1.42 135 115
Clashscore 4.88 6.07 3.60
Poor rotamers (%) 0.02 0.08 0.08
Ramachandran plot
Favored (%) 97.06 §7.95 98.04
Allowed (%) 294 2.05 196
Disallowed (%) 0.00 0.00 0.00
Different datasets are described.
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