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Summary

1. Summary

The genomic integrity of all organisms is constantly challenged by genotoxic stress originating from
endogenous and exogenous sources, with stalled replication forks (RFs) and double-strand breaks (DSBs)
being among the most deleterious forms of DNA damage. Failure to properly respond to genomic
distress can be highly mutagenic and lead to chromosomal aberrations. Thus, cells have evolved distinct

DNA repair mechanisms.

The Mrell-Rad50-Nbs1l (MRN) complex holds a key position in the DNA damage response (DDR) and is
involved in the repair of DSBs, stalled RFs and dysfunctional telomeres. MRN acts by sensing and
processing these diverse DNA structures and mediates signaling via the kinases ATM and ATR in

eukaryotes.

Although the MRN complex has been intensively studied for the last two decades, its fundamental
mechanisms of action are still poorly understood. In particular, the nature of its ATP-dependent

nuclease activities and how it specifically recognizes DNA ends remains unknown.

The aim of this work was to investigate the biochemical activities of the bacterial Mrel1-Rad50
homolog, SbcCD. For this purpose, biochemical assays were developed and established to study and

functionally connect the enzymatic activities of SbcCD.

These assays showed that SbcCD has a low basal ATPase rate. ATP hydrolysis is increasingly stimulated
by (i) supercoiled DNA, (ii) double-stranded DNA and (iii) DNA ends. For its nuclease activity, SbcCD
strictly requires DNA ends. SbcCD’s exonuclease activity depends on ATP binding, whilst the
endonuclease activity requires ATP hydrolysis. A protein-blocked DNA end stimulates SbcCD’s
endonuclease, which leads to internal cleavage of both DNA strands approximately 25 base pairs from

the DNA end.

Upon ATP hydrolysis, SbcCD also distorts the internal structure of the DNA duplex, implying that its DNA
melting and endonuclease activities are functionally coupled. The position of SbcCD’s endonucleolytic
cleavage is sensitive to 5 nucleotide DNA bubbles, which are cleaved on the 5’ side of the bubble.
Therefore, a DNA bubble could be a transient intermediate, which is required for endonucleolytic
cleavage. To generate this intermediate, it appears that a native SbcD dimer interface and the plasticity

of the dimer interface are important.
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SbcCD cleaves the scissile phosphate on different sides, producing either 3’ or 5’ phosphates. The
distinct cleavage products are determined by both the nuclease activity itself and the strand polarity.
This suggests that the exo- and endonuclease activities have distinct cleavage mechanisms and could

involve a geometrically flipped SbcCD complex.

The presented results provide not only a more detailed knowledge of the mechanochemical
performance of the SbcCD’s enzymatic activities, but also provide an important foundation for future

structural investigations.



Introduction

2. Introduction

2.1 DNA damage

Deoxyribonucleic acid (DNA) carries the genetic information used in the growth, development and
functioning of all known living organisms. The DNA consists of two biopolymer strands coiled around
each other to form a double helix. Each strand is composed of monomer units, called nucleotides, which
consist of a nucleobase, deoxyribose, and a connecting phosphate group. The latter two constitute the
sugar-phosphate backbone (Watson and Crick, 1953). As DNA stores the genetic instructions of each
living cell, the information needs to be well maintained. The errors in DNA are also longer lasting (if not

permanent), whereas those in RNA and protein are limited by the lifetime of the molecule.

DNA damage has emerged as a major cause for many diseases related to aging and the development of
cancer (Hoeijmakers, 2009). Thus, the cells have evolved mechanisms to remove different types of DNA
damage. They evolved a highly coordinated cascade of events, known as the DNA damage response
(DDR). The DDR senses the DNA damage, signals the presence and mediates its repair (Dexheimer,

2013).

DNA is constantly subjected to chemical and structural changes caused by extrinsic or intrinsic factors.
Although DNA itself is chemically a stable compound at pH 7.5 in an aqueous solution, spontaneous
acid-catalyzed hydrolysis of the N-glycosidic bond between the sugar and base occurs. These abasic sites
are generated at a rate of approximately 10000 per cell per day (Lindahl and Nyberg, 1972). DNA is also
susceptible to the chemical modification by reactive molecules that evolve during normal cellular
metabolism, most prominently reactive oxygen species (ROS). These species not only induce a variety of
base modifications, but also DNA-protein linkages and single- and double-strand breaks (Cadet et al.,
1997). Unwanted DNA alkylation can also arise from endogenous sources, such as S-adenosyl-
methionine. The primary sites of alkylation are the O- and N-atoms of nucleobases (De Bont and van

Larebeke, 2004; Rydberg and Lindahl, 1982).

Endogenous genomic damage can also occur during cellular metabolism events, such as misincorporated
nucleotides by DNA-polymerases during replication. Furthermore, chemically altered nucleotide
precursors, such as 8-oxo-dGTP and dUTP, represent a significant source of replication-related DNA-

damage (McCulloch and Kunkel, 2008).
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In addition to endogenous sources of DNA damage, DNA is also constantly subject to exogenous or
environmental DNA damaging agents. These include physical stress, such as UV-light, which induces the

formation pyrimidine dimers (Ravanat et al., 2001).

X-rays UV light IR and X-rays
ROS Polycyclic aromatic Anti-tumor agents
Spontaneous reactions hydrocarbons (cis-platin, MMC)

Single-strand break (1) Pyrimidine dimers (5) Double-strand break (7)
Oxidation (8-oxoG) (2) Bulky adducts (6) Interstrand crosslink (8)
Uracil (3)
Abasic sites (4) l l
l Nucleotide
Base Excision Excision Repair Double-strand break
Repair (BER) (NER) repair (NHEJ and HR)

Figure 1 DNA damage and repair mechanisms. The diagram illustrates common DNA damaging agents, examples of DNA
lesions caused by these agents, and the relevant DNA repair mechanism responsible for their removal. The thymine dimer (PDB
code: 1T4l), the Benzo[a]pyrene adduct (5T14) and the cis-platin interstrand crosslink (1A2E) were modeled according to their
crystal structures.

Cells have developed repair mechanisms, which are individually tailored to correct the different types of
DNA lesions. The major repair-pathways in mammalian cells are base excision repair (BER), mismatch
repair (MMR), nucleotide excision repair (NER), non-homologous end joining (NHEJ) and homologous

recombination (HR).

2.2 DNA double-strand breaks

A double-strand break (DSB) occurs when both strands of the DNA duplex are severed in close proximity.
They are particularly deleterious as the DNA ends can promote potentially lethal chromosomal

rearrangements. These events are often associated with the development of cancer or other genomic

4
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instability syndromes (Hoeijmakers, 2009). However, DSBs are also important intermediates in DNA
metabolism processes, where they are temporarily inserted into the genome. The following chapter

will give a short overview of the chances and threats posed by DSBs.

221 DNA double-strand breaks in cellular metabolism processes

In several physiological and developmental processes, DSBs are functional intermediates and required

for the genetic exchange within or between chromosomes (Mehta and Haber, 2014).

For example, programmed DSBs are generated during meiosis in most sexually reproducing organisms.
After alignment of homologous chromosomes in meiotic prophase I, DSBs are introduced at specific
hotspots by the evolutionary conserved, topoisomerase-ll-like, Spol1 protein (Keeney, 2008). The DNA
crosslinked Spoll is subsequently removed by the Mrell-Rad50-Nbsl complex and homologous
recombination events are initiated. The crossover formation results in gene conversion and therefore

genetic diversification (Inagaki et al., 2010).

The introduction of DSBs is also an essential step during V(D)J recombination, a mechanism of genetic
recombination to generate immunoglobulin (Igs) and the T cell receptors (TCRs) found on B cells and T
cells. The diversity is obtained by the random rearrangement of variable (V), joining (J) and diversity (D)
gene cassettes (Tonegawa, 1983). In mammals, it is initiated by the RAG-1/2 recombinase which
introduces a single-strand nick between the coding- (V, D or J) and signal segment. The resulting 3’
hydroxyl group is positioned by RAG-1 to attack the phosphodiester bond of the opposing strand, such
that a hairpin on the coding segment and a blunt end on the signal segment are formed (Schatz and
Swanson, 2011). The individual coding segments are then arranged and ligated by the non-homologous

end joining (NHEJ) pathway (Lu et al., 2007).

In Saccharomyces cerevisiae, the switching of mating type is initiated with a site-specific DSB, which is
introduced by the HO-endonuclease at the MAT gene locus. Subsequently, the mating type gene is
switched by unidirectional gene conversion via recombination with the HML or HMR gene cassette,

which carries silenced copies of the mating types a and a, respectively (Haber, 2012).

DSBs also occur accidentally during essential cellular processes, such as DNA replication. As DNA does
not always supply a clean template for DNA synthesis, the replisome must overcome structural
obstacles, such as (i) DNA lesions (ii) DNA secondary structures and (iii) tightly bound protein-DNA

complexes that induce replication stress (Zeman and Cimprich, 2014).
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This replication stress can lead to a replication fork collapse, which generates the risk of incomplete DNA
replication. Furthermore, the cleavage of a reversed fork (‘chicken foot’) by Holliday junction resolvases
results in the formation of a DSB. The presence of a single-strand nick also leads to replication fork
collapse and is likely to produce a free dsDNA end (Cortez, 2015). Since sister chromatid is often
available as a repair template in S-phase, DSBs arising during replication are mainly repaired by the

homologous recombination (HR) machinery (Errico and Costanzo, 2010).

2.2.2 Environmentally derived DNA double-strand breaks

In addition to the internal sources of DSBs, cells are challenged by various external factors that can

induce DSBs.

Exposure to ionizing radiation (IR) poses a high risk of DSBs. It can originate from both natural (e.g.
cosmic and gamma radiation) and artificial sources (e.g. X-rays or radiotherapy) and carries enough
energy to liberate electrons from atoms or molecules. This can damage the DNA molecule directly, or
indirectly by creating a high level of reactive oxygen species (ROS). Among other types of DNA damage,
IR and ROS create DNA single-strand breaks (SSBs), which can convert into DSBs when introduced into
complementary strands within one helical turn (Ward, 1994). IR and ROS induced breaks leave ‘dirty’
ends and usually require extensive processing for a proper repair (Mehta and Haber, 2014).
Furthermore, UV light induces the formation of thymine dimers, which, if present during replication,

induce stalled replication forks (Cordeiro-Stone et al., 1999).

In addition to physical influences, the cell must also deal with chemical sources of DNA damage. The
DNA is an important target for anticancer treatment and DNA damaging agents (clastogens) have been

developed as chemotherapeutic drugs (Wyrobek et al., 2005).

DNA is directly modified by DNA alkylating agents, such as methyl methanesulfonate (MMS) and
temozolomide (TMZ), and crosslinking agents, such as mytomycin C and cisplatin. These compounds
mostly act by introducing DNA damage that induce strong replication stress, severely affecting fast
proliferating cells (Wang and Lippard, 2005). Bleomycin and phleomycin are nonribosomal peptides that
directly induce DNA strand breaks but their exact mechanism of strand scission is currently not
understood (Chen and Stubbe, 2005; Wyrobek et al., 2005). Another class of anti-cancer medications are
topoisomerase inhibitors such as camptothecin and etoposide. These poison the topoisomerase by
blocking the ligation step after DNA strand cleavage, which results in the formation of SSBs and DSBs
(Koster et al., 2007).
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Other well-studied DNA damaging chemicals include N-nitrosamines, heterocyclic amines, and polycyclic
aromatic hydrocarbons (e.g. benzo(a)pyrene). These are commonly found in food, the latter also being
present in air emissions, such as cigarette smoke and vehicle exhaust gases. In general, these types of
compounds react with various sites on DNA bases to form the so-called bulky DNA adducts (Dexheimer,

2013).

2.3 DNA double-strand break repair

To counteract the impact of DSBs, cells have evolved various DNA repair mechanisms. These are
conserved among the kingdoms of life, from bacteria to eukaryotes. The two major pathways are
canonical NHEJ (c-NHEJ) and homologous recombination (HR). A third pathway is alternative NHEJ (alt-
NHEJ), which involves minimal resection of DNA ends and requires microhomologies in the close
proximity of the DSB (Thompson, 2012). Inherited defects in DSB repair leads to embryonic lethality,
sterility, developmental disorders, immune deficiencies, and predisposition to neurodegenerative
disease and cancer (Aguilera and Gomez-Gonzalez, 2008). This section describes the molecular

mechanisms of c-NHEJ, alt-NHEJ and HR pathways and how the cell directs pathway choice.

2.3.1 Non-homologous end joining

The c-NHEJ pathway is utilized especially in G1 and early S-phase when no sister chromatid is available
for recombinational repair. It promotes the direct ligation of two DNA ends, but, depending on the
structure of the DSB substrate, c-NHEJ leads to a loss of between 0 and 14 base pairs (Betermier et al.,

2014).

During c-NHEJ, DSB repair is mediated by a relatively small number of essential factors that are
sequentially recruited to the DSB site. The initial step is recognition and binding of the DSB by the ring-
shaped Ku70/Ku80 (Ku) heterodimer that encircles the DNA duplex (Walker et al., 2001). Ku has a high
abundance (estimated at 400,000 molecules per cell) and a strong equilibrium dissociation constant of 1
nM to duplex DNA ends (Blier et al., 1993). Ku protects the DNA ends from premature processing and
further DNA-damage and the Ku-DNA complex can be considered as a node at which the nucleases,
polymerases and ligases of NHEJ can dock (Lieber, 2010). After DNA binding, Ku recruits the catalytic
subunit of the DNA-dependent protein kinase (DNA-PKcs), which collocates both DNA ends. Once
bound, DNA-PKcs acquires serine- and threonine kinase activity and is auto-phosphorylated, which

induces the exposure of the DNA ends (DeFazio et al., 2002).
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Depending on the structure of the DNA termini, the ends are made ligatable by minimal end resection or
gap filling. The NHEJ-specific nuclease Artemis is recruited and activated through phosphorylation by
DNA-PK (Jeggo and O'Neill, 2002). It cleaves a wide variety of DNA end structures and preferentially
leaves a blunt end or a 4-nt 3’ overhang (Ma et al., 2002). In order to keep sequence loss minimal and
generate joining-compatible DNA ends, members of the Polymerase X family, namely pu and A, act on the
DSB site (Lieber, 2010). Further minor modification by the polynucleotide kinase (PNK) makes the DNA

ends competent for ligation by adding a phosphate to the 5’ end (Chappell et al., 2002).

After the processing of the DNA termini, they are religated by DNA ligase IV in conjunction with its
binding partner XRCC4. The ligase activity is further stimulated by DNA-PKcs and XLF (XRCC4-like factor)
(Mahaney et al., 2009).

The alt-NHEJ pathway takes advantage of microhomologies in proximity to the DSB. When several bases
are nucleolytically removed from the break, the newly generated single-stranded DNA stretches
hybridize through short stretches of the sequence homology. Therefore, alt-NHEJ is considered to be
highly mutagenic (Haber, 2008). In this pathway, additional factors to the c-NHEJ machinery are involved

and Mrell was reported to be the main nuclease (Rahal et al., 2010).

2.3.2 Homologous recombination-mediated DSB repair

Homologous recombination does not comprise a single simple mechanism that applies to all breaks, in
all organisms, at all times. This is due to the diversity and the size of DSBs, their origin, the timing in the
cell cycle and the cell type (Mehta and Haber, 2014). Therefore, recombination mechanisms do not
comprise a straightforward, linear process such as replication or transcription, but rather a collection of
potential parallel and alternative processes (Heyer, 2015). This section mainly describes the HR pathway
in human. However, the pathway and involved factors are remarkably conserved between species

(Kowalczykowski, 2015).

The Mrell-Rad50-Nbsl (MRN) complex is one of the first factors that are recruited to DNA DSBs
(Stracker and Petrini, 2011). Depending on the nature of the DSB, the MRN complex needs to generate a
‘clean’ DNA end, which is compatible for long-range resection by processive nucleases. This is achieved
by cleaving DNA with its dsDNA endonuclease activity, thereby removing the DNA-protein crosslinks
(Deshpande et al., 2016; Paull and Gellert, 1998). The serine/threonine kinase ATM is recruited to the
DSB and activated by MRN (Uziel et al., 2003). ATM mediates checkpoint signaling, and phosphorylates

essential, HR-related factors. Furthermore, CtIP is recruited to the DSB via MRN in a CDK-
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phosphorylation dependent manner (Sartori et al.,, 2007). One central role of CtIP could be the
recruitment of BRCA1, which stimulates HR by the excluding the HR-inhibiting 53BP1-RIF1 complex from
DSB sites (Bunting et al., 2010; Wong et al., 1998).

The chromatin structure is then altered and licensed for long-range resection, which is the determining
step for HR (Hauer and Gasser, 2017). Long-range resection is either performed by DNA2, which requires
RPA and a RecQ-like helicase (BLM or WRN) for activity, or by the exonuclease EXO1. The 3' overhang is
immediately coated by RPA which is subsequently replaced by Rad51 forming a recombinase filament

(Kowalczykowski, 2015).

This displacement is mediated by a plethora of factors, most prominently BRCA2. The simplest
explanation how BRCA2 catalyzes Rad51 loading is that it displaces RPA and delivers Rad51 to ssDNA.
Furthermore, BRCA2 blocks ATP hydrolysis by Rad51 thereby maintaining the active ATP-bound form of

the Rad51-ssDNA (‘nucleoprotein’) filament (Carreira et al., 2009).

The nucleoprotein filament then executes a DNA sequence homology search, which constitutes the
central reaction of HR. Once the homologous sequence is identified, Rad51 mediates DNA strand
invasion by displacing the complement DNA, thereby forming a displacement loop (D-loop) structure
(Sung and Klein, 2006). DNA synthesis from the 3’ end of the invading strand by the Polymerase n and
subsequent ligation by DNA ligase | yields a four-way junction intermediate structure known as Holliday
junction (Mcllwraith et al., 2005). This recombination intermediate can be resolved by three possible
mechanisms: (i) dissolution mediated by BLM-Topllla complex, (ii) symmetrical resolution by GEN1, or
(iii) asymmetric resolution by the structure-specific endonucleases MUS81-EME1 or SLX1-SLX4 (Wyatt

and West, 2014). These cleavage events result in crossover or non-crossover products.
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Figure 2 DSB repair by homologous recombination or non-homologous end joining. A two-ended ‘clean’ DSB substrate is
bound by the Ku70/Ku80 heterodimer. Ku bound to DNA ends recruits DNA-PKcs to the ends and promotes their juxtaposition.
If the DNA ends require processing, the nuclease Artemis and the DNA polymerase TdT, pol A and pol p act on the DSB. If no
further processing of the ends is required, the core components of non-homologous end joining pathway, XRCC4, DNA ligase IV
and XLF, mediate the rejoining reaction. DNA DSBs repaired by HR involves various steps. MRN recognizes the DSB, performs
initial resection and initiates the DNA damage response by activating the ATM kinase. EXO1 and DNA2 in complex with a RecQ-
like helicase perform long-range resection and create a 3’ overhang which is coated by RPA. Rad51 replaces RPA with the help
of BRCA2 and a nucleofilament is formed. The nucleofilament performs a search on the homologous dsDNA. Once the
homologous sequence is found, the filament invades into the sister chromatid and forms a D-loop structure. DNA synthesis by
Pol n resynthesizes the damaged and degraded DNA using the sister chromatid as a template.

2.3.3 DNA double-strand break repair and pathway choice in eukaryotes and
mammals

In order to distinguish between NHEJ and HR, the cells have developed a cascade of mechanisms that
direct the DSB repair towards one pathway. Decisive factors for the pathway choice are the nature and

the size of DSBs, their origin, the timing in the cell cycle and the cell type (Mehta and Haber, 2014).
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The pathway choice appears to be regulated on different levels through; (i) control of protein
abundance by controlling transcription or nuclear export, (ii) tuning the activity or affinity of proteins by
post-translational-modifications, and (iii) regulating the accessibility of chromatin (Hustedt and

Durocher, 2016).

DNA end resection is the critical node for the regulation of DSB repair by the cell cycle. Consequently,
the regulation of resection is often formulated in the context of pathway choice (Symington and Gautier,

2011).

The activity of cyclin-dependent kinases (CDKs) was found to be an essential regulator of DSB resection
(Aylon et al., 2004; Ira et al., 2004). Within the cell cycle, CDKs are periodically activated and inactivated
and regulate the transcription of proteins. Furthermore, they modulate crucial steps during HR and NHE)J
by tuning the activity and recruitment of central HR- and NHEJ-related proteins through their kinase
activities. For example, CDK activity promotes end resection directly through the phosphorylation of

EXO1 and Nbs1 (Tomimatsu et al., 2014).

One of the first factors recruited to the break in HR-mediated repair is the Mrel11-Rad50-Nbs1 (MRN)
complex, which recruits and activates the protein kinase ATM. ATM then phosphorylates, amongst many
other substrates, nucleosomes (in particular H2AX), 53BP1 and MDC1. These proteins help to transmit
the damage signal to effector kinases (CHK1/Rad53 and CHK1) to trigger full checkpoint activation
(Ciccia and Elledge, 2010). ATM-phosphorylated MDC1 recruits the E3 ubiquitin ligases RNF8 and
RNF168 that ubiquitinate histone H2AK15. This modification, together with H4K20 di-methylation,
recruits 53BP1 (Fradet-Turcotte et al., 2013), which was reported to initially accumulates at all DSB sites

(Isono et al., 2017).

The role of 53BP1 was shown to prevent the long-range resection of DSBs in G1 and early S-phase and
thereby promote NHEJ (lwabuchi et al., 2006; Nakamura et al., 2006). ATM-dependent phosphorylation
of the N-terminus of 53BP1 recruits PTIP and RIF1 to the breakage site, which prevents association of
BRCA1 with MRN (Bunting et al., 2010). RIF1 was identified as the main factor impairing 5’ end resection
involving CtIP, BLM and EXO1 (Zimmermann et al., 2013).

As cells enter late S-Phase, CDK-dependent phosphorylation of CtIP mediates the co-localization of
BRCA1 with MRN after DNA damage (Sartori et al., 2007; Wong et al., 1998). There is evidence that
BRCA1 functions in two distinct steps: (i) promoting the 5’ to 3’ resection of DSBs to generate a 3’ ssDNA

overhang and (ii) loading of the RAD51 recombinase onto the ssDNA.
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To promote resection, BRCA1 appears to antagonize 53BP1 by spatially excluding it from the proximity
of DSBs (Chapman et al., 2012). This antagonism has been shown to be regulated by acetylation of
histone H4K20me2, which interferes with 53BP1 binding (Tang et al., 2013). Furthermore, 53BP1 is
rapidly dephosphorylated by PPAC/PP4R2, followed by RIF1 release at the time of HR progression (Isono
et al., 2017).

The absence of 53BP1 then enables the re-organization of chromatin nearby the DSB by various
chromatin remodelers, namely INO80, SMARCAD1 and the NuRD complex (Chen et al., 2012; Seeber et
al., 2013). The recruitment of NURD complexes to DSBs requires PARylation of the chromatin by PARP1
(Polo et al., 2010). The remodeling activity is essential to increase chromatin accessibility in order to

promote Exol- and Dna2-mediated long-range resection.
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Figure 3 Regulation of DNA end resection at DSBs in dependency to cell cycle stage: (A) During G1 and early S phase, ATM is
recruited to DSBs through MRN and phosphorylates targets such as H2AX (resulting in yH2AX), MDC1 and 53BP1. Histone H2A
ubiquitylation by RNF168, together with H4K20 methylation, allows 53BP1 recruitment. 53BP1 creates docking sites for RIF1
and PTIP and blocks resection at DSBs, thereby channeling DSB repair towards NHEJ. P, phosphorylation; Ub, ubiquitylation;
Me, methylation; red arrows, resection. (B) During S phase, CDK activity rises, resulting in phosphorylation of Nbs1 and CtIP.
Nbs1 and CtIP phosphorylation stimulates MRN degradation and allows BRCA1 to bind to CtIP. BRCA1 counteracts 53BP1. Long-
range resection proceeds through the combined action of DNA2/BLM and Exo1l, also a CDK target. BRCA1 and BRCA2 promote
replacement of RPA by Rad51 on ssDNA. Red arrows, resection; green arrowheads. Adapted and modified from (Hustedt and
Durocher, 2016)

2.34 DSB resection and recombinational repair and in bacteria

Homologous recombination is the major DSB repair pathway in bacteria and it is best understood for
Escherichia coli. DNA resection during DSB repair is performed by the RecBCD enzyme. RecF can also

mediate recombinational repair in ArecBCD strains, but usually this pathway functions during ssDNA gap
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repair (Morimatsu and Kowalczykowski, 2003; Persky and Lovett, 2008). This section focuses on the

molecular mechanism of resection in the RecBCD pathway.

In contrast to archaea and eukaryotes, the bacterial Mrel1-Rad50 ortholog SbcCD plays only a minor
role for end resection during homologous recombination (Ayora et al., 2011). SbcCD co-localizes with
the DNA replication machinery (Darmon et al., 2007) and resolves secondary structures that occur due
to palindromic sequences, stalled or convergent replication forks (Bidnenko et al., 1999; Eykelenboom et
al., 2008; Wendel et al., 2018). Additionally, SbcCD introduces double-strand breaks next to DNA-protein
crosslinks (Connelly et al., 2003). These structures are then transformed into substrates which can be

processed by RecBCD.

The physiological substrate for the RecBCD enzyme is a free blunt end or nearby duplex DNA end (Taylor
and Smith, 1985). This heterotrimeric protein complex couples ATP-dependent unwinding to DNA
degradation. RecB has a 3’ to 5’ helicase activity, RecD a 5’ to 3’ helicase activity and the nuclease
activity is associated with the C-terminal domain of RecB. RecBCD processively degrades both DNA
strands until it reaches and recognizes a Chi-site (Dillingham and Kowalczykowski, 2008; Spies et al.,

2003). These are 8-bp non-palindromic sequences that are over-represented in the E.coli genome.

Chi recognition induces a conformational change within RecBCD that opens a latch allowing the 3’
terminated strand to bypass the RecB nuclease domain and exit the complex (Gilhooly et al., 2016;
Handa et al., 2012). RecBCD is then transformed into a recombination-promoting repair enzyme. The
degradation of the 3’ terminated strand is suppressed and cleavage of the 5' strand is stimulated.
Consequently, a 3’ overhang is generated and subsequently coated with RecA, generating a helical

nucleoprotein filament (Anderson and Kowalczykowski, 1997; Cox, 2007).
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Figure 4 Model for the mechanism of RecBCD DNA resection (A) Cartoon representation of the initiation complex (B) Before
encountering a Chi site, the RecBCD complex translocates along the DNA with the faster RecD motor leading, producing a loop
of single-stranded DNA ahead of the complex. The RecB nuclease domain preferentially cleaves the 3'-terminated strand as it
emerges from the RecC subunit and occasionally cleaves the 5'-terminated strand emerging from the RecD motor. The RecC
subunit splits the DNA duplex as the DNA enters the complex, translocation is driven by the RedD and RecB helicases. (B) Upon
encountering a Chi site in the 3'-terminated strand, the RecC subunit binds tightly to Chi and triggers several changes in the
complex: disengagement of the RecD motor; preferred cleavage of the 5'-terminated strand; release of the RecB nuclease
domain from the RecC interface; translocation along the 3'-terminated strand, driven by the RecB motor; and loading of RecA,
mediated by the RecB nuclease domain, onto the single-stranded DNA loop as the loop is extruded through the open gate.
Adapted and modified from (Dillingham and Kowalczykowski, 2008)

Single molecule studies found that homologous pairing is strongly promoted by negative supercoiling of
the dsDNA (De Vlaminck et al., 2012). Homology search is performed in a 3-dimensional fashion until
homologous sequences are found (Forget and Kowalczykowski, 2012). The nucleoprotein filament
incorporates into the homologous DNA strand, thus, a heteroduplex forms. The previously degraded

DNA strand is then newly synthesized by Polymerase | (Kowalczykowski et al., 1994) .
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2.4 The Mre11-Rad50-Nbs1 (MRN) complex

The Mrel1-Rad50-Nbs1 complex (MRN) complex is a major player in DNA damage response (DDR) and
central for maintaining the genome integrity. It has a central function in initiating homologous
recombination, and plays major roles in alternative non-homologous end joining, meiotic recombination
and telomere maintenance (Stracker and Petrini, 2011). Deletion of any component of the MRN complex
leads to developmental retardation or embryonic lethality in mice (Buis et al., 2008). The MRN complex
senses DSBs, DNA ends and rapidly localizes to sites of damage. Once in position it activates the DNA
damage checkpoint signaling cascade via ATM, protects and tethers the DNA ends, and performs initial

nucleolytic processing of the DSB.

2.4.1 Structural architecture and functions of the individual MRN-

components

The Mrell-Rad50 (MR) core complex is heterotetramer consisting of two Mrell and two Rad50
molecules. In eukaryotes it further associates with Nbsl (Xrs2 in S. cerevisiae) to form the MR(N/X)
complex. Atomic force microscopy revealed an MR(N/X)-architecture of a globular head region which
harbors the Mrel1 dimer, the ABC-ATPase domains of Rad50 and one or two copies of Nbs1 (Figure 5A).
A large helical region of Rad50 protrudes from this globular region and folds into a coiled-coil tail (de
Jager et al., 2004; Moreno-Herrero et al., 2005). The Rad50 coiled-coil tail harbors an apical zinc-hook
dimerization motif that allows the interaction with other MRN complexes (Hopfner et al., 2002).
Due to the flexible nature of the complex, structural analysis by X-ray crystallography was limited to the
individual domains of the catalytic head or truncated versions of the complex. The following sections

describe the structures and activities of the individual components of the MRN complex.
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Figure 5 Global architecture and domain overview of the Mrel1-Rad50-Nbsl complex (A) Model of the full-length MR(N/X)
complex. The model was built from S. pombe MN (PDB code 4FBW) and Nbs1 (3HUE), M. jannaschii MR (3AVO), H. sapiens Zinc-
hook (5GOX) and a model of the coiled-coils. The length of the Rad50 coiled-coils can range from 15 nm in T4 bacteriophage to
50 nm in eukaryotes. (B) Domain architecture of Mrell-Rads50-Nbsl: Mrell consists of a conserved N-terminal
phosphodiesterase and an adjacent DNA capping domain. The C-terminal region contains a hydrophobic interaction motif for
Rad50. Rad50 consists of a bipartite ABC-ATPase cassette, which is separated by a long coiled-coil region. An MRN inter-
complex interaction mediating Zn-hook maps to the central coiled-coil region. Nbsl contains an N-terminal phosphoprotein
binding module, which is composed of an FHA and two BRCT domains. The C-terminus possesses interaction sites for both
Mrell and ATM. (C) Model of the MR(N/X) catalytic head. Crystal structures are shown as in (A), but with C. thermophilum
Rad50 (5DA9). Individual domains are indicated.

2411 The Mrel11 subunit

Mrell can be considered as the core of the MRN complex as it interacts with both Rad50 and Nbs1.
Comparisons of Mrell structures from the three kingdoms of life show that it has a conserved fold
(Schiller et al., 2014). The N-terminal phosphoesterase domain active site coordinates two manganese
ions which are essential for exo- and endonuclease activities. These are coordinated by conserved
histidine-, asparagine- and aspartic acid residues (Hopfner et al., 2001; Hopfner et al., 2000a). C-terminal
of the phosphoesterase domain is the capping domain, which ends into a flexibly attached helix-loop-
helix (HLH) motif that acts as the main interaction site with Rad50 (Lammens et al., 2011; Williams et al.,

2011).
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Two Mrell protomers form a dimer which is obtained via a conserved four-helix bundle structure.
Mrel1l of higher order species comprise a further stabilizing latching loop, which becomes ordered upon
Nbs1 binding, as seen in the crystal structure of S. pombe (Park et al., 2011; Schiller et al., 2012; Seifert
et al., 2015). Superposition of the available Mrell structures illustrates plasticity in the dimer
organization not only between species, but also within the same organism. DNA binding by M. jannashii
Mrell induces a rigid body rotation of the dimer, and S. pombe Nbsl induces a 30° rotation in the
Mrell dimer angle towards a conformation with a narrower nuclease cleft. Human Mrell was
crystallized as a dimer crosslinked by disulfide bond that leads to an unusual dimer interface and
abolished flexibility (Park et al., 2011; Schiller et al., 2012; Sung et al., 2014). The exact biochemical role
of the dynamic Mrell dimer organization has not yet been determined. An intact dimer appears to be
crucial for dsDNA coordination, however, Mrell with a disrupted dimer interface still possesses ssDNA
endonuclease activity (Williams et al., 2008). In vivo studies showed that disruption of the Mrell dimer

phenocopied an mre11 knockout (Schiller et al., 2012; Williams et al., 2008).

The molecular mechanism of dsDNA processing by Mrell remains elusive so far, as structures with
Mrell bound to a DNA undergoing degradation are missing. The available Mrel1-DNA structures
demonstrate that dsDNA is coordinated across the Mrell dimer. Binding by Mrell induces minor
groove widening and the the conformation of the DNA ends is shifted away from that of ideal B-form
DNA (Sung et al., 2014; Williams et al., 2008). The manganese ions of Mrel1 are buried in the active site
and B-form DNA is 5 A away from a position that could be considered productive for cleavage (Hopfner
et al., 2001). Either the classical B-form of DNA has to be altered or Mrell has to undergo substantial

conformational changes in order that DNA is in a position which is productive for cleavage.
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Figure 6 Mrell binds dsDNA in an asymmetrical fashion. Upper and lower orthogonal views show that Mrell-DNA (PBD:
3DSD) binds the branched DNA substrate asymmetrically in one half of the Mrell dimeric cleft, with both Mrell subunits
contributing to binding one dsDNA. In this conformation, dsDNA is not in a position, which is productive for a phosphate
backbone cleavage. Figure adapted from (Williams et al., 2008).

2.4.1.2 The Rad50 subunit

Two copies of Rad50 polypeptides are represented in the MRN complex. Rad50 belongs to the ABC
transporter superfamily, having an overall structure related to the structural maintenance of
chromosomes-(SMC) protein (de Jager et al., 2004; Hopfner et al., 2001; Hopfner et al., 2000b). Binding
of ATP to the Rad50 nucleotide-binding domains (NBDs) leads to the formation of a tight NBD:2ATP:NBD
complex. Crystal structures of the bacterial Mrell-Rad50 ‘catalytic head’ show an ATP-dependent
conformational change from an ‘open’ elongated to a ‘closed’, more globular conformation (Figure 7A)
(Lammens et al., 2011; Mockel et al., 2012). To date, this conformational change has not been validated
in the context of full-length MR, as the coiled-coils could restrain the ATP-free, elongated conformation.
The dimeric Rad50 harbors a positively-charged DNA binding groove formed by both monomers in the
dimer. In this conformation, Mrel1’s nuclease site is occluded (Liu et al., 2016; Seifert et al., 2016). Until
now, no conclusive molecular mechanism has been proposed which describes the coordination of DNA

binding by Rad50 and DNA incision by Mre11.

From the NBDs, two anti-parallel coiled-coils protrude which extend to 15-50 nm. The length of the
coiled-coils is rather conserved between closely related phylogenetic taxa but can vary considerably
between different domains of life. Therefore, the length could correlate with the organization of
chromatin and complexity of the organism (Schiller et al., 2014). At the apex of each coiled-coil, a
conserved CXXC motif coordinates a Zn* ion that functions as a homo-dimerization interface between
Rad50 subunits. The so-called Rad50 Zinc-hook can adopt an elongated or rod-shaped conformation

(Hopfner et al.,, 2002; Park et al., 2017). Ablation of the Zinc-hook phenocopies complete Rad50
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deficiency (Wiltzius et al., 2005) and mutations in close proximity to the Zinc-hook affect functions that
are specific to the MRN globular domain in yeast (Hohl et al., 2015). Rotary shadowing electronic
microscopy and atomic force microscopy (AFM) studies visualized the dynamic architecture of the
coiled-coils. These can adopt ring-shaped or parallel orientations, which appear to be species-specific
and markedly affected by ATP and DNA binding (de Jager et al., 2004; de Jager et al., 2001; Moreno-
Herrero et al., 2005). These results suggest conformational changes in the hook and globular domains

are transmitted via the extended coiled-coils of Rad50.
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Figure 7 Conformational changes of the MR(N) complex induced by ATP and DNA binding of Rad50: (A) Conformational
change of the bacterial MR catalytic head induced upon ATP binding. Adapted and modified from (Lammens et al., 2011). (B)
Species-specific conformations of the Rad50 coiled-coils, analyzed by atomic force microscopy (AFM) (C) Conformational
changes of the Rad50 coiled-coils induced by DNA binding. Images are at different magnifications and show single MRN
complexes. (B) and (C) adapted and modified from (Moreno-Herrero et al., 2005).

2.4.1.3 The Nbs1 subunit

Nbs1 is the third component of the MRN complex. It has no enzymatic activities and fulfills scaffold and
recruitment functions. The N-terminus is structured and consists of a Fork-head associated (FHA) and
two consecutive BRCA1 carboxy-terminal (BRCT) domains (Lloyd et al., 2009; Williams et al., 2009).
These protein folds are related to the binding of phosphoproteins. In the case of Nbs1, it was shown to
recruit DSB repair factors, such as mediator of DNA damage checkpoint protein 1 (MDC1), Bloom
syndrome mutated (BLM), breast cancer 1 (BRCA1) and CtBP-interacting protein (CtIP) (Chapman and
Jackson, 2008; Chen et al., 2008; Xu et al., 2008).
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The adjacent C-terminal region is predicted to be unstructured. A conserved NFKxFxK motif mediates
interaction with Mrell (Desai-Mehta et al.,, 2001; Schiller et al.,, 2012). However, an additional
interaction site between Nbs1 and Rad50 is possible, as a stoichiometric Rad50-Nbs1 complex could be
isolated in vitro (van der Linden et al.,, 2009). A C-terminal acidic patch and two FXF/Y motifs were

identified as activating the ATM kinase (Falck et al., 2005; You et al., 2005).

Several studies showed that Nbsl interaction with Mrell is responsible for localization and proper
assembly of the MR complex. A short C-terminal 108 aa peptide was sufficient to fulfill these functions in
mouse (Kim et al., 2017). Additionally, nuclear localization of Mrel1l (Mrel1-NLS) is able to bypass
several functions of Xrs2/Nbsl, including DNA end resection, meiosis and cellular resistance to
clastogens in yeast in vivo studies. However, xrs2A cells exhibit defects in Tel1l/ATM kinase signaling and

NHEJ, which cannot be compensated by Mrel1-NLS (Oh et al., 2016; Schiller et al., 2012).

2.4.2 Biochemical in vitro activities of the MRN complex

Biochemical in vitro studies with bacterial, archaeal, yeast and human MR(N/X) complex or the
individual proteins showed that Mrell possesses various Mn%*-dependent nuclease activities. The
dsDNA 3’-5" exonuclease activity of Mrell is ATP-dependent in bacteria and archaea, while the
presence of ATP is not required in eukaryotes. The internal scission of ssDNA appears to be ATP-
independent (Connelly et al., 1999; Furuse et al., 1998; Hopfner et al., 2000a; Paull and Gellert, 1998;
Trujillo et al., 1998). Mrell exhibits also the ability to open DNA hairpin structures on the 5’ side in an
ATP-dependent manner (Connelly et al., 1998; Paull and Gellert, 1999; Trujillo and Sung, 2001).

The bacterial MR complex cleaves both DNA strands next to a protein-bound DNA end in an ATP-
dependent manner (Connelly et al., 2003). Recent in vitro studies showed that this activity is conserved
in the human and yeast system, where MR(N/X) cleaves both DNA strands, with a preference for the 5’
strand. The human MRN absolutely required Nbs1 for dsDNA endonuclease activity, whereas yeast MRX
required phosphorylated Sae2 and Xrs2 is dispensable for activity (Anand et al., 2016; Cannavo and
Cejka, 2014; Deshpande et al., 2016). Interestingly, yeast MRX-Sae2 cleavage activity is also triggered at
internal protein obstacles, such as nucleosomes (Wang et al., 2017). The dsDNA endonuclease activity is
believed to clean up ‘dirty’ DNA ends and prepare these for the long-range resection machinery. At
clean DNA ends, other nucleases are able to initiate resection (Aparicio and Gautier, 2016; Paudyal et

al., 2017). Studies with single-molecule DNA curtains highlighted, that MRN loads internally onto dsDNA
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and diffuses in a 1-dimensional manner towards the DNA end. It was shown that it then removes Ku

from the DNA ends (Myler et al., 2017).

The exact function of ATP binding and ATP hydrolysis by Rad50 was for a long time puzzling and
many questions still remain. Human and yeast MR(N/X) have very low ATPase rates of less than 0.1
ATP/min. The hydrolysis rate is stimulated 20-fold for human MRN and 10-fold for yeast MRX by linear
double-stranded DNA (dsDNA) in an end-dependent manner. Interestingly, protein-blocked DNA ends
reduced the stimulatory effect of DNA ends (Deshpande et al., 2017; Trujillo et al., 2003). Extensive
studies with the T4 bacteriophage protein revealed a similar stimulatory effect by dsDNA (Herdendorf et

al., 2011).

ATP binding induces a conformational change in the MR complex to form a DNA binding groove across
the Rad50 dimer (Liu et al.,, 2016; Rojowska et al., 2014; Seifert et al., 2015). Until now, many DNA
binding studies revealed relatively low affinities for dsDNA and DNA ends, compared to other DSB
sensors such as the Ku70/Ku80 complex (Liu et al., 2016; Rojowska et al., 2014; Walker et al., 2001).
However, picomolar DNA binding affinities of have been measured in single-molecule fluorescence
resonance energy transfer experiments with full-length human MRN (Cannon et al., 2013). It is unclear
whether this difference may be explained by different experimental set-ups or due the lack or presence
of the coiled-coils of Rad50. The same study with human MRN showed unwinding of dsDNA in the
proximity of DNA ends. This activity required ATP binding and ATP hydrolysis (Cannon et al., 2013; Paull
and Gellert, 1999).

The presence of ATP was shown to be important for tethering DNA ends, and a Rad50 signature motif
mutant, which is impaired in ATP binding, lacks the ability to stimulate the checkpoint kinase ATM in
vitro (Deshpande et al., 2014; Dupre et al., 2006; Lee and Paull, 2005). This signature motif mutant

produces a phenotype equivalent to a rad50 deletion in vivo (Moncalian et al., 2004).

Taken together, the ATP-related activities of Rad50 are essential for the MRN complex and its roles in
DNA repair and signaling. It appears that a central purpose of ATP binding is to induce dimerization of
Rad50 and therefore supply an interaction platform for dsDNA. How ATP and DNA binding translate into

conformational changes of the Rad50 coiled-coils and Zinc hook is currently unknown.

The eukaryotic Nbsl subunit has no catalytic activity itself but regulates the enzymatic activities by
Mrell and Rad50. Nbs1 stimulates DNA binding of MRN, DNA unwinding and hairpin processing (Paull

and Gellert, 1999; Trujillo et al., 2003). Nbs1 appears to be crucial for a productive interaction with ATM,
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as the MR complex interacts with ATM, but the presence of Nbsl is required for the activation and

autophosphorylation of ATM (Lee and Paull, 2005).

The described data point out that there is a high level of allosteric control within the MRN complex and
its enzymatic functions are regulated accordingly. It is likely that an intact allosteric cascade within MRN,
involving both the coiled-coils and zinc hook, is necessary for the recognition of a DNA end and
subsequent activation of ATM and processing of DNA ends. This has to be taken into consideration for

the design of future activity and structural studies.

2.4.3 The Mre11-Rad50-Nbs1 complex in DNA repair and DNA metabolism

The MRN complex was shown to be involved in a plethora of DNA end metabolism processes. It uses its
enzymatic, regulatory and architectural features and acts in response to DSBs (i) by recognizing and
processing the DNA ends, (ii) by activating the cell cycle checkpoint and (iii) by forming a physical bridge
between DNA molecules (Stracker and Petrini, 2011). MRN promotes homologous recombination during
meiotic and mitotic DSB repair and is involved in telomere maintenance and non-homologous end

joining pathways.
2431 Recognition and initial resection of DSBs by the MRN complex

The MR(N/X) complex is one of the first complexes that localizes to DSBs (Lisby et al., 2004). As
discussed in the first chapter, DNA damage and DSBs come in a high variety of structures (Figure 1).
These specific DNA structures require initial nucleolytic processing to DNA substrates that are
compatible with downstream nucleases. The structure of DNA ends appears to be a major determinant
of DSB repair choice. Whereas ends with normal nucleotides are efficiently channeled to NHEJ, ends

with damaged nucleotides or bulky adducts are channeled to resection (Liao et al., 2016).

One prominent example of bulky DNA adducts are covalent DNA-protein crosslinks (DPCs) of the
topoisomerases, whose bulkiness blocks virtually every chromatin-based process (Stingele et al., 2017).
In vitro studies showed that MR(N/X) removes DNA-protein crosslinks from DNA ends (Cannavo and
Cejka, 2014; Deshpande et al., 2016). Cells that lack Mrell or express nuclease-deficient Mrell are
highly sensitive to topoisomerase 2 poisons (Hoa et al., 2016). During meiosis, the topoisomerase-like
protein Spol1l induces a DSB. Spol1 is covalently bound to the 5’ end and the endonucleolytic removal

by the MR(N/X) complex is a crucial step during meiosis (Keeney and Kleckner, 1995; Usui et al., 1998).
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Several studies suggest antagonistic roles for MR(N/X) and the Ku complex in the early phase of mitotic
DSB repair events. Both complexes sense and bind to DSBs, but whereas MR(N/X) is the core initiation
factor for HR, the Ku complex protects DNA ends and promotes NHEJ. However, in vitro studies showed
that MR(N/X) is capable to remove Ku complex from a DNA end by endonucleolytic incision (Myler et al.,

2017; Reginato et al., 2017).

As the initial resection of DSBs by MR(N/X) is a major determinant for pathway choice, a precise control
of its nuclease activity essential is to ensure correct repair. Initiation of resection by MR(N/X) depends
strongly on CtIP (Sae2 in S. cerevisiae or Ctpl in S. pombe). The phosphorylation of these proteins at a
conserved serine by cyclin-dependent kinases is crucial for this step (Huertas et al., 2008; Limbo et al.,
2007). Sae2 directly stimulates dsDNA exo- and endonuclease activity within the MRX complex at a
protein-blocked DNA end (Cannavo and Cejka, 2014). A corresponding stimulatory effect was not
observed for human MRN, but the recruitment of BRCA1 via CtIP is important to displace the resection
inhibitor 53BP1 from chromatin. The absence of 53BP1 initiates chromatin remodeling events in the
proximity to DSBs, a critical step towards resection (Adkins et al., 2013; Bunting et al., 2010; Chapman et
al., 2012).

Recently reported data of S. cerevisiae demonstrate prolonged MRX binding to DSB in sae2A cells.
Therefore, Sae2 was proposed to remove the MRX complex from DSBs and therefore increase the MRX-

turnover at DSBs (Chen et al., 2015; Ferrari et al., 2015).

In addition to the regulation by CtIP and its orthologs, resection by MR(N/X) is also regulated by the
phosphorylation state of any component of MRN. For example, Cdk1 phosphorylates Mrell and Xrs2 as
cells progress into G2-phase. The phosphorylation specifically inhibits NHEJ, whereas removal of the

phosphosites in Xrs2 and Mrel1l stimulates DSB repair by NHEJ (Simoneau et al., 2014).

The recruitment of Exol and the Sgsl-Dna2-RPA complex, as well as other nucleases and helicases,
enables the long-range resection of several hundred bases to generate 3" ssDNA. MRX in S. cerevisiae
facilitates this recruitment of Exol and Dna2-Sgsl and stimulates its nuclease activities in conjunction

with RPA (Cannavo et al., 2013; Shim et al., 2010).

In addition to regulating DNA end resection, the MR(N/X) complex is also implicated as a scaffolding
factor in HR, where it tethers the two DNA ends of a DSB and holds them in close proximity (Hopfner et
al., 2002). This function is dependent on the Rad50 zinc-hook domain, which mediates MR(N/X) inter-
complex interactions. AFM studies observed this zinc-hook dependent inter-complex formation in the

presence of DNA (de Jager et al., 2001; Moreno-Herrero et al., 2005).
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2.4.3.2 MRN as a mediator in checkpoint signaling

MRN not only plays a role in sensing and resecting of DSBs or as a scaffolding protein but also mediates
DNA damage signaling via the checkpoint kinase ATM (Tell in yeast), an action that controls repair,
induces cell cycle arrest or apoptosis (in metazoan). Although ATM localizes independently of Nbs1 or
Xrs2 to DSB sites, the activation of ATM requires the presence of Nbsl or the respective C-terminal
binding site of ATM (Kim et al.,, 2017; Oh et al., 2016). ATM is also activated in vitro, where MRN

stimulates the dissociation of inactive ATM dimers into active monomers (Lee and Paull, 2005).

Upon activation, ATM undergoes autophosphorylation, in human on Ser1981, which is a hallmark of its
activation. Although the functional significance of ATM autophosphorylation is still unclear, it is required

for the stabilization of activated ATM at DSB sites (Berkovich et al., 2007; So et al., 2009).

Once activated, ATM, in turn, phosphorylates Rad50, Mrell, and Nbsl and regulates the resection by
this phosphorylation. Mrell was phosphorylated at Ser676 and Ser678. Cells that lacked the ability to
phosphorylate these residues showed a defect in HR (Kijas et al., 2015). Further ATM phosphorylation
targets are nucleosomes, in particular H2AX (resulting in yH2AX). yH2AX recruits ATM-phosphorylated
MDC1, which results in further accumulation of MRN and the recruitment of the ubiquitin ligases RNF8
and RNF168. The subsequent histone H2A ubiquitylation leads to further repair protein accumulation
and repair foci formation (Hustedt and Durocher, 2016). The foci formation of MRN leads to further
ATM activation and an amplification of ATM-promoted checkpoint signaling via the downstream kinases

Chk2 and effector molecules like p53 and p21 (Gobbini et al., 2013).

Other prominent ATM-phosphorylation targets are Smcl, Exol and the N-terminal region of 53BP1,
which promotes the recruitment of Rif1 and PTIP, prominent inhibitors of resection (Bauerschmidt et al.,
2010; Callen et al., 2013; Kijas et al., 2015; Zimmermann et al., 2013). The consequence of each ATM
phosphorylation is cell cycle-dependent and other phosphorylations and modifications determine the

individual response.
2.4.3.3 MRN in telomere maintenance and recognition of DNA secondary structures

Biochemical in vitro studies on eukaryotic MR(N/X) revealed a number of conserved nuclease activities
for Mrel1: (i) endonucleolytic cleavage of single-stranded DNA, (ii) exonucleolytic degradation of dsDNA
in 3’-5"polarity, (iii) DNA hairpin opening, (iv) dsDNA cleavage next to a protein-bound DNA end, and (v)
endonuclease activity towards ds- and ssDNA transitions, such as frayed DNA ends (Cannavo and Cejka,

2014; Deshpande et al., 2016; Paull and Gellert, 1999; Trujillo and Sung, 2001). It is not surprising that
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MR(N/X) fulfills a function to sense and process the various structures that arise during DNA metabolism

to maintain genomic integrity.

If poisoned Topoisomerases are integrated into the genome during replication, they can induce stalling
of replication forks. The homologous recombination factors BRCA1, BRCA2, and Rad51 stabilize these
structures and protect them from extended nucleolytic degradation (Quinet et al., 2017). The MRN
complex plays an important role in mediating signaling by activation of ATR-CHK1 and recruiting TopBP1
(Kobayashi et al., 2013; Lee and Dunphy, 2013). This leads to important phosphorylation events of RPA
and Rad50 that are essential for the fork restart (Gatei et al., 2014). However, MRN adopts a deleterious
role in BRCA2 and Rad51 deficient cells, where reversed forks are extensively degraded by Mrell, CtIP,

and EXO1, leading to genomic instability (Kolinjivadi et al., 2017).

Short inverted repeats drive the formation of large palindromic gene amplifications that lead to gross
chromosomal aberrations. They are a major class of structures that are recovered in yeast cells lacking
Sae2 or the Mrell nuclease. The MRX-Sae2 complex counteracts the formation of large palindromic
duplications in yeast, likely because these are hairpin-like structures that are opened and resolved by

the complex (Deng et al., 2015).

Furthermore, the MR(N/X) complex plays crucial roles in maintaining and support the formation of
telomere structures. Telomeres are unique nucleoprotein assemblies at the ends of eukaryotic
chromosomes. They play essential roles in protecting chromosome ends from recognition by the DNA
damage repair machinery and preventing degradation, fusion or recombination (Faure et al. 2010). They
consist of G-rich sequence repeats and a terminal 3" ssDNA tail. The tail forms a T-loop structure which

is stabilized by several specific protecting factors that are summarized as the shelterin complex.

MRN, together with CtIP, promotes resection of the C-rich 5’ strand at the newly synthesized leading-
strand blunt end. This generates the 3’ overhang crucial for T-loop formation at the chromosome end

(Bonetti et al., 2013).

Second, the MRN is required for activating the ATM-dependent response at dysfunctional telomeres.
This induces the rapid assembly of DDR components and mediates appropriate processing of the
telomeres (Dimitrova and de Lange, 2009; Takai et al., 2003). Studies in S. cerevisiae showed that the
activation of Tell by MRX is also required to stimulate telomerase activity to maintain a sufficient length
of telomeres (Goudsouzian et al., 2006; Hirano et al., 2009). Consequently, the deletion of MRX genes or
complex disrupting mutations lead to telomere shortening in yeast cells (Kironmai and Muniyappa,

1997; Schiller et al., 2012).
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2.4.4 Functions of the bacterial SbcCD complex

Compared to its eukaryotic counterpart, the bacterial Mre11-Rad50 homologue, SbcCD, appears to have
different roles in maintaining the genome integrity. sbcC was originally identified as a gene that prevents
the stable propagation of palindromic sequences in E. coli (Chalker et al., 1988). Therefore, it interferes
with the growth of lambda phage that carries long palindromes in its genomic DNA (Gibson et al., 1992).
The instability of the palindromic sequences is primarily mediated by slippage on the lagging strand
during replication (Davison and Leach, 1994). The subsequently formed hairpin structure is resolved by
SbcCD and a double-strand break is generated (Cromie et al., 2000; Eykelenboom et al., 2008). In vitro
studies showed that SbcCD cleaves both strands from the top of the hairpin in 10 bp intervals (Lim et al.,

2015).

Furthermore, SbcCD resolves structures that occur in regions of CAG x CTG repeats, present on the
lagging strand during DNA synthesis, and interferes with the propagation of these sequences (Zahra et
al., 2007). The presence of trinucleotide repeats is associated with human inherited diseases, such as

Huntington’s disease and spinocerebellar ataxia.

Additionally, SbcCD appears to play a role in maintaining the bacterial chromatin structure in replicating
cells. Fluorescence microscopy revealed that over-expressed SbcC co-localizes with the bacterial
replication machinery (Darmon et al., 2007). This is consistent with the observation that SbcC interacts
with the DnaG primase and replicase (Noirot and Noirot-Gros, 2004). SbcCD is implicated in the
dissolution of ‘chicken foot’ structures that arise at reversed replication forks (Bidnenko et al., 1999).
Furthermore, SbcCD, in conjunction with Exol, is required to complete DNA replication by processing
convergent replication forks, whose structure is similar to that of hairpins (Wendel et al., 2018). The
SbcCD cleavage products require the subsequent processing of RecBCD in order to continue or finish

replication.
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Figure 8 Secondary structures and replication intermediates that require cleavage by SbcCD (A) Model of completing
replication: when replication forks continue past their meeting point, a palindromic substrate is created (top), which is cleaved
and processed by SbcCD/Exol (middle). RecBCD-mediated resection and joining of the DNA ends complete replication (bottom).
Figure adapted and modified from (Wendel et al., 2018). (B) SbcCD cleaves a DNA hairpin formed by the palindrome on the
lagging strand of replication. Figure adapted and modified from (White et al., 2008). (C) Cleavage pattern of hairpin processing
by SbcCD. Figure adapted and modified from (Lim et al., 2015)

In vitro studies provided direct evidence that SbcCD removes proteins from a protein-bound DNA end by
inserting a double-strand break (Connelly et al., 2003). In line with these results, an increased DNA-
gyrase complex level could be detected in AsbcCD cells that were treated with the gyrase inhibitor
qguinolone. Therefore, SbcCD is involved in the processing of quinolone-trapped gyrase-DNA complexes
(Aedo and Tse-Dinh, 2013). However, SbcCD appears to not cleave internal DNA-protein crosslinks, as
inactivation of SbcCD did not cause hypersensitivity in cells that formed internal crosslinks between DNA

and an azacytidine-methyltransferase (Krasich et al., 2015).

In summary, SbcCDs function appears to be the resolution of secondary structures that interfere with
successful replication and are potentially toxic for the genomic integrity. In most of the cases, SbcCD
acts upstream of RecBCD and the generated products require further nuclease processing to complete

the DNA repair process.
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2.5 Objectives

The MRN complex plays an important role in many DNA repair processes to ensure genome integrity.
During extensive research in the past, many structural and biochemical characteristics of the MRN
complex were determined. However, many fundamental functions, including the mechanisms of ATP-

dependent dsDNA processing and DNA end recognition by MRN, are still poorly understood.

Most of the structural data originate from thermophilic bacteria and archaea, and the structural findings
were not or could not be complemented with a biochemical characterization from the same organism.
The biochemical findings from other organisms cannot be easily transferred due to species-specific

differences. That is one reason why there is still a lot of incomplete knowledge about MRN.

A challenge for an in-depth characterization of full-length MRN is the unique architecture of the
complex. Due to the long coiled-coils, recombinant expression and subsequent purification remain a
challenging issue which limits the biochemical in vitro investigation. The elongated and flexible nature of
the complex prevents a structural characterization of the full-length MRN complex by X-ray
crystallography. However, it emerged that there is a functional connection of the MR catalytic head, the
coiled-coils and the Rad50 zinc-hook and all domains of the complex are required for the proper

function.

The aim of this study was to perform an in-depth biochemical characterization of the bacterial Mrel1-
Rad50 homolog SbcCD. A protocol had to be established to isolate recombinant full-length SbcCD in high
yields and purity. Subsequent characterization requires implementation of robust biochemical assays to

monitor and quantify SbcCD’s ATPase, DNA binding, and nuclease activities.

To understand the SbcCD’s nuclease mechanism, the shared endo- and exonuclease activities could be
functionally separated by providing different DNA substrates. Further minimal DNA-modifications and
the insertion of secondary structures allows screening for preferences in the process of nucleolytic
degradation. Based on these data, mutants in either SbcC or SbcD could functionally connect the
nuclease activity to DNA binding and ATP hydrolysis. This connection would give a comprehensive

picture how SbcCD associates with and processes DNA ends.
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3. Materials and Methods

3.1 Materials

All chemicals used in this work were of the highest available grade obtained from Sigma-Aldrich
(Deisenhofen), Carl Roth (Karlsruhe), or Merck (Darmstadt), unless otherwise stated. Enzymes for
molecular biology were purchased from Fermentas (St. Leon-Rot) or New England Biolabs (Frankfurt).
Desalted oligonucleotides for molecular cloning and HPLC purified oligonucleotides for in vitro activity
assays were obtained from Metabion (Martinsried). Chromatographic media and columns were

purchased from GE Healthcare (Munich).

3.1.1 Oligonucleotides

Table 1 DNA oligonucleotides used for molecular cloning and site-directed mutagenesis. aa, amino acid; for, forward;
rev, reverse; His6, hexahistidine tag; Lisl, LisH dimerization domain; PAS, Linker consisting of proline, alanine and

serine.

o Sotca(5 dretin i
SbcC_for AACCAACATATGAAAATTCTCAGCCTGCGCC Ndel
SbcC_rev AAAA GCGGCCGC TTATTTCACTGCAAACGTACTTTCC Notl
SbcC_for CCAACCATGGGCAAAATTCTCAGCCTGCGCC Ncol
SbcD_for AACCAACATATGCGCATCCTTCACACCTCAGAC Ndel
SbcD_rev AAAAGCGGCCGCTCATGCTTCGTGTTCTCCGGC Notl

SbcD_1-340_Hise_for
SbcD_1-340_rev

GGACACCACCACCACCACCACTGAGC
CCGACGTACCAGCAATACTTCGAC

blunt-end ligation

SbcC_K43A_for CAACAGGTGCGGGGGCAACCACCCTGCTG QuikChange
SbcC_K43A_rev CAGCAGGGTGGTTGCCCCCGCACCTGTTG QuikChange
SbcC_E983Q_for CGCTGTTCCTTGATCAAGGTTTTGGCACG QuikChange
SbcC_E983Q_rev CGTGCCAAAACCTTGATCAAGGAACAGCG QuikChange
SbcD_H84S_for GTACTGGCAGGAAACTCTGACTCGGTCGCCAC QuikChange
SbcD_H84S_rev GTGGCGACCGAGTCAGAGTTTCCTGCCAGTAC QuikChange
Lis1_for AGAAGGAGATACTAGATGGTTCTGAGCCAGCGTCAGCGTG In-Fusion
Lis1_20PAS_SbcD_rev GGATGCGCATACTAGCTGCCGGAGCTGCGCTTGCT In-Fusion
Lis1_8PAS_ SbcD _rev GGATGCGCATACTAGCTGCAGGAGAAGCGGCAGGGCT In-Fusion
Lis1_11PAS_SbcD _rev GGATGCGCATACTAGCTGCAGGAGCTGCAGGAGAAGCGG In-Fusion
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Lis1_15PAS_SbcD _rev

SbcD_V68D_for
SbcD_V68D_rev
SbcD_I96E_for
SbcD_I96E_rev
SbcD_196C_for
SbcD_I196C_rev
SbcD_F99C_for
SbcD_F99C_rev

SbcC_C506+509S_for
SbcC_C506+509S_rev

SbcC_R93E_for
SbcC_R93E_rev
SbcC_R102E_for
SbcC_R102E_rev
SbcC_K123E_for
SbcC_K123E_rev
SbcC_K128E_for
SbcC_K128E_rev
SbcC_K130E_for
SbcC_K130E_rev
SbcD_S17E_for
SbcD_S17E_rev
SbcD_R135E_for
SbcD_R135E_rev
SbcD_R197E_for
SbcD_R197E_rev
SbcC_E1022R_for
SbcC_E1022R_rev
SbcC_D995R_for
SbcC_D995R_rev
SbcC_E992R_for
SbcC_E992R_rev

GGATGCGCATACTAGCTGCGCTTGCCGGTGCAGGAGCT
GTTATACAACCGTTTTGTTGACAATTTACAGCAAACTGGC
GCCAGTTTGCTGTAAATTGTCAACAAAACGGTTGTATAAC

GCTGAATGAATCGCGCGATGAAATGGCGTTCCTCAATACTAC
GTAGTATTGAGGAACGCCATTTCATCGCGCGATTCATTCAGC

CTGAATGAATCGCGCGATTGCATGGCGTTCCTCAATAC
GTATTGAGGAACGCCATGCAATCGCGCGATTCATTCAG
CGATATCATGGCGTGCCTCAATACTACCG
CGGTAGTATTGAGGCACGCCATGATATCG
CGGGTCAGCCTTCCCCACTTTCTGGTTCCACCAG
CTGGTGGAACCAGAAAGTGGGGAAGGCTGACCCG
GTGAAAGGTGAAGCGTACGAAGCATTCTGGAGCCAGAATC
GATTCTGGCTCCAGAATGCTTCGTACGCTTCACCTTTCAC
CCAGAATCGGGCGGAAAACCAACCCGACGG
CCGTCGGGTTGGTTTTCCGCCCGATTCTGG
CTGCGCCGACGGCGAAATTCTCGCCG
CGGCGAGAATTTCGCCGTCGGCGCAG
CAAAATTCTCGCCGACGAAGTGAAAGATAAGC
GCTTATCTTTCACTTCGTCGGCGAGAATTTTG
CTCGCCGACAAAGTGGAAGATAAGCTGGAAC
GTTCCAGCTTATCTTCCACTTTGTCGGCGAG
CGGCCAGAACTTCTACGAAAAAAGCCGCGAAGCTG
CAGCTTCGCGGCTTTTTTCGTAGAAGTTCTGGCCG
CATTCCGTTTTTACGTCCGGAAGACATTATTACCAGCCAG
CTGGCTGGTAATAATGTCTTCCGGACGTAAAAACGGAATG
CAGTAAAAGTGACGCCGTGGAAGACATTTATATTGGCACG
CGTGCCAATATAAATGTCTTCCACGGCGTCACTTTTACTG
GTAGAAGCGATGAAAAGGCGTATTCCGGTGC
GCACCGGAATACGCCTTTTCATCGCTTCTAC
GATAGCGAAACGCTGAGGACCGCCCTTGATGC
GCATCAAGGGCGGTCCTCAGCGTTTCGCTATC
CACGCTGGATAGCAGAACGCTGGATACCG
CGGTATCCAGCGTTCTGCTATCCAGCGTG

In-Fusion

QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
QuikChange
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Table 2 DNA oligonucleotides used for nuclease activity assays. Fluorescently labeled oligonucleotides were PAGE
purified prior to annealing. For annealing, labeled oligonucleotides were mixed with a 1.1 fold molar excess of the
unlabeled oligonucleotide in annealing buffer (25 mM Tris pH 7.5, 50 mM NaCl, 10 mM MgCl;). The mixed
oligonucleotides were incubated in a thermocycler for 5 min at 95°C, and cooled down to 20°C at a cooling rate of
0.1°C/sec.

Labels: 6-Carboxyfluorescein (6-FAM); Biotin (Bio); Hexachlorofluorescein (HEX); Positions of phosphorothioate linkages
(PTO) are indicated with an *; Positions of internally modified nucleotides are indicated by ‘x‘; Positions of unpaired
DNA regions (bubbles) are indicated with small letters.

3 5’
irec- label | label
Name D.Irec Sequence (5’-3’ direction)
tion internal
modification
CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA
RB22 for
GGTG
CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA .
RB24 for Bio
GGTG
CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA .
RB25 for Bio
GGTG
CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA . .
RB26 for Bio Bio
GGTG
RB27 rev CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC
CG
CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC .
RB29 rev Bio
CG
CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC .
RB30 rev Bio
CG
CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC . .
RB31 rev Bio Bio
CG
RBA9 for éGGGTAGTAGATGAGCGCAtttttttCGAG GTCAAGTACATTACCCTCTCATAGGAGGT 19-25 bubble
RB50 for CGGGTAGTAGATGAGCGttttttttt CGAGGTCAAGTACATTACCCTCTCATAGGAGGTG | 17-25 bubble
RB51 for CGGGTAGTAGATGAGCGCAGGGtttCCGAGGTCAAGTACATTACCCTCTCATAGGAG 9924 bubble
GTG
RB52 for g((:GGTAGTAGATGAGCGCAGtttttCCGAGGTCAAGTACA‘I‘I’ACCCTCTCATAGGAGG 90-24 bubble
RBS3 for CGGGTAGTAGATGAGCGCAGGtttACCGAGGTCAAGTACATTACCCTCTCATAGGAG 21-23 bubble
GTG
RB54 for gé&GGTAGTAGATGAGCGCAtttttACCGAGGTCAAGTACATTACCCTCTCATAGGAGG 19-23 bubble
RBSS for ggGGTAGTAGATGAGCGCAGG GACACtttttTCAAGTACATTACCCTCTCATAGGAGG 2630 bubble
RBS6 for $(G;GGTAGTAGATGAGCGCAGGGACACCtttttCAAGTACATTACCCTCTCATAGGAGG 57-31 bubble
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RB66

RB67

RB73

RB74

RB75

RB76

RB78

RB80

RB86

RB87

RB90

RB91

RB92

RB93

RB94

RB95

RB96

RB97

Hin80-1

Hin80-3

for

rev

for

rev

for

rev

rev

rev

for

rev

for

for

for

for

for

for

for

for

for

rev

CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA
GGTG

CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC
CG

CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA
GG'TG

CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC
’ C’ G

CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA

GGTG

CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCATCTACTACC
CG

CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGCGCGCCGGCGCTCATCTACTAC
CCG

CACCTCCTATGAGAGGGTAATGTACTTGACCATTAAATAATTTAGCTCATCTACTACC
CG

CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTC*A*T*A*
G*G*A*G*G*T*G
CACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTGTCCCTGCGCTCAT*C*T*A*C
CGGGTAGTAGATGAGCTAAATTATTTAATGGTCAAGTACATTACCCTCTC*A*T*A*G
CGGGTAGTAGATGAGCGCCGGCGCGCCGAGGTCAAGTACATTACCCTCTC*A*T*A*
G*G*A*G*G*T*G
CGGGTAGTAGATGAGCGCALttttttCGAGGTCAAGTACATTACCCTCTC*A*T*A*G*G
CGGGTAGTAGATGAGCGCAGGGAtttCGAGGTCAAGTACATTACCCTCTC*A*T*A*G
CGGGTAGTAGATGAGCGCAGGtttttCGAGGTCAAGTACATTACCCTCTC*A*T*A*G*
G*A*G*G*T*G
CGGGTAGTAGATGAGCGCAGGGACACCtttttCAAGTACATTACCCTCTC*A*T*A*G*
G*A*G*G*T*G
CGGGTAGTAGATGAGCGCALtttttACCGAGGTCAAGTACATTACCCTCTC*A*T*A*G*
G*A*G*G*T*G
CGGGTAGTAGATGAGCGCAGGGACACCtttttCAAGTACATTACCCTCTC*A*T*A*G*
G*A*G*G*T*G
CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA
GGTGCGCTTTATCAG*A*A*G*C*C*A*G*A*C

GTCTGGCTTCTGATAAAGCGCACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTG
TCCCTGCGCTCATCTACTACCCG

FAM

Bio

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

51-60 PTO

74-80 PTO

Bio
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Hing0-4  for CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA Bio
GGTGCGCTTTATCAGAAGCCAGAC

Hin80-5 for CGGGTAGTAGATGAGCGCAGGGACACCGAGGTCAAGTACATTACCCTCTCATAGGA Bio
GGTGCGCTTTATCAGAAGCCAGAC

GTCTGGCTTCTGATAAAGCGCACCTCCTATGAGAGGGTAATGTACTTGACCTCGGTG 6-

Hin80-6  rev TCCCTGCGCTCATCTACTACCCG i

Table 3 DNA oligonucleotides used for anisotropy measurements and ATPase activity assays. For annealing, labeled
oligonucleotides were mixed with a 1.1 fold molar excess of the unlabeled oligonucleotide or equimolar if both
oligonucleotides were unlabeled in annealing buffer (25 mM Tris pH 7.5, 50 mM NaCl, 10 mM MgCl,). The mixed
oligonucleotides were incubated in a thermocycler for 5 min at 95°C, and cooled down to 20°C at a cooling rate of
0.1°C/sec. Labels: 6-Carboxyfluorescein (6-FAM)

Name Sequence (5’ -> 3’) 5’- label
15nt_for CGCTTTATCAGAAGC

15nt_rev GCTTCTGATAAAGCG

20nt_for CGCTTTATCAGAAGCCAGAC

20nt_for_6-FAM CGCTTTATCAGAAGCCAGAC 6-FAM
20nt_rev GTCTGGCTTCTGATAAAGCG

25nt_for CGCTTTATCAGAAGCCAGACATTAA

25nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAA 6-FAM
25nt_rev TTAATGTCTGGCTTCTGATAAAGCG

30nt_for CGCTTTATCAGAAGCCAGACATTAACGCTT

30nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAACGCTT 6-FAM
30nt_rev AAGCGTTAATGTCTGGCTTCTGATAAAGCG

35nt_for CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGA

35nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGA 6-FAM
35nt_rev TCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG

40nt_for CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAAC

40nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAAC 6-FAM
40nt_rev GTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG

45nt_for CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAAC

45nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAAC 6-FAM
45nt_rev GTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG

50nt_for CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCT

50nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCT 6-FAM
50nt_rev AGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG
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55nt_for CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACG
55nt_rev CGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG
60nt_for CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACGCGGAT

60nt_for_6-FAM CGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACGCGGAT  6-FAM

ATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCG

60nt_rev

3.1.2

Plasmids

Table 4 Plasmids used for recombinant protein expression in E. coli. pKP29 is based on the pET-29b vector and has a
modified multiple cloning site. Eco, Escherichia coli; aa, amino acid; C-term-Hiss, C-terminal hexahistidine tag; nc, SbcD

nuclease and capping domain; Spel, Spel restriction site between ribosomal binding site and SbcD start codon, allows

cloning of N-terminal fusion construct; Lisl, N-terminal fusion of LisH dimerization domain to SbcD; PAS, Linker
between LisH domain and SbcD consisting of proline, alanine and serine (Schlapschy et al., 2013).
Restriction
Construct Name Encoded Sequence sites Tag Vector
EcoShcD_fl EcoSbcD wt Notl/Ndel C-term-Hiss (SbcD) pKP29
EcoSbcC_fl EcoSbcC wt Ndel/Notl - pKP29
EcoSbcD wt NotNotl/Ascl .
EcoSbcCD_fl EcoSbeC wi Aari/Ascl C-term-Hiss (SbcD) pKP29
EcoSbcD H84S Notl/Ascl .
EcoShcCD_H84S EcoSbeC wi Aarl/Ascl C-term-Hiss (SbcD) pKP29
EcoSbcD D48N Notl/Ascl .
EcoShcCD_D48N EcoSbeC wi Aarl/Asc] C-term-Hiss (SbcD) pKP29
EcoSbcD wt Notl/Ascl .
EcoSbcCD_K43A EcoSbeC KA3A Aarl/Ascl C-term-Hiss (SbcD) pKP29
EcoSbcD wt Notl/Ascl .
EcoSbcCD_E983Q EcoSbcC E983Q Aari/Ascl C-term-Hiss (SbcD) pKP29
EcoSbcD V68D Notl/Ascl .
EcoShcCD_V68D EcoSbeC wi Aarl/Asc] C-term-Hiss (SbcD) pKP29
EcoSbcD 196E Notl/Ascl .
EcoSbcCD_I96E EcoSbeC wi Aari/Ascl C-term-Hiss (SbcD) pKP29
EcoSbcD_nc EcoSbcD wt aa 1-340 Notl/Ndel C-term-Hiss (SbcD) pKP29
EcoShcD_nc_V68D EcoSbcD V68D aa 1-340 Notl/Ndel C-term-Hiss (SbcD) pKP29
EcoSbcD_nc_Spel EcoSbcD wt aa 1-340 Spel Notl/Ndel C-term-Hiss (SbcD) pKP29
EcoSbcD_nc_V68D_Spel EcoSbcD V68D aa 1-340 Spel Notl/Ndel C-term-Hiss (SbcD) pKP29
EcoSbcD wt Notl/Ascl .
EcoSbcCD_dzZn EcoSbcC C5065, C5095 Aarl/Asc] C-term-Hiss (SbcD) pKP29
EcoSbcD wt Spel Notl/Ascl .
EcoSbcCD_fl_Spel EcoSbeC wi Aarl/Ascl C-term-Hiss (SbcD) pKP29
. EcoSbcD wt Lis1-20PAS Notl/Ascl .
EcoSbcCD_fl_Lis1-20PAS EcoSbceC wi Aarl/Ascl C-term-Hiss (SbcD) pKP29
. EcoSbeD wt Lis1-11PAS Notl/Ascl .
EcoSbcCD_fl_Lis1-11PAS EcoShcC wt Aari/Ascl C-term-Hiss (SbcD) pKP29
. EcoSbcD wt Lis1-8PAS Notl/Ascl .
EcoSbcCD_fl_Lis1-8PAS EcoSbcC wt Aarl/Ascl C-term-Hiss (SbcD) pKP29
E D 1- Lis1-
EcoSbcD_nc_Lis1-20PAS ERRIPEADIBEE) T e O Notl/Ndel C-term-Hiss (SbcD)  pKP29

20PAS
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EcoSbcD_nc_V68D_ Lisl-

EcoSbcD V68D aa 1-340 Lisl-

2J0PAS 50PAS Notl/Ndel C-term-Hiss (SbcD) pKP29
EcoSbcD H84S Notl/Ascl .
EcoShcCD_H84S_R93E EcoSbcC RO3E Aari/Asc] C-term-Hiss (SbcD) pKP29
EcoSbcD H84S Notl/Ascl .
EcoSbcCD_H84S_R102E EcoSbeC R102E Aari/Asc] C-term-Hiss (SbcD) pKP29
EcoSbcCD_H84S_K128E EcoSbcD H84S Notl/Ascl y e
EcoSbcC K128E Aarl/Ascl C-term-Hise (SbcD)  pkP29
EcoSbcCD_H84S_ K130E EcoSbcD H84S Notl/Ascl : M
EcoSbcC K130E Aarl/Ascl C-term-Hiss (SbcD)  pKP29
EcoSbcD_fl EcoSbcD wt Ndel/Notl C-term-Hiss (SbcD)  pET-21b
EcoSbcD_V68D EcoSbcD V68D Ndel/Not| C-term-Hiss (SbcD)  pET-21b
EcoSbcD_H84Q EcoSbcD H84Q Ndel/Notl C-term-Hiss (SbcD)  pET-21b
EcoSbcD_cys-free EcoSbcD_ C75A C127A C169A U .
2385 C249A Notl/Xhol C-term-Hiss (SbcD) pET-21b
EcoSbcC_cys-free EcoSbcC_C50S_C78A_C1185_C4 )
83A_C709A_C725A e PKP23
EcoSbcD_cys-free_F99C ECOSbCD_ C75A C127A C169A ~ T .
(2385 C249A_F99C Notl/Xhol C-term-Hiss (SbcD) pET-21b
EcoSbcD_S17E EcoSbcD S17E Ndel/Notl C-term-Hiss (SbcD)  pET-21b
EcoSbcD_R135E EcoSbeD R135E Ndel/Notl C-term-Hiss (SbcD)  pET-21b
EcoSbcD_R197E EcoSbcD R197E Ndel/Notl C-term-Hiss (SbcD)  pET-21b
EcoSbcC_E1022R EcoSbcC E1022R Ndel/Notl - pKP29
EcoSbcC_D995R EcoSbcC D995R Ndel/Notl - pKP29
EcoShcC_K130E EcoSbcC K130E Ndel/Not| - pKP29
Table 5 Plasmids used for in vitro activity assays.
Name Description length Manufacturer
double-stranded, covalently closed, .
®X174 RF | DNA circular form of ®X174 RF | DNA 53.86 base New England Biolabs
. pairs (Frankfurt)
(supercoiled)
®X174 RF [l DNA double stranded, nicked, circular 5386 base New England Biolabs
form of ®X174 RFIlI DNA (relaxed form) pairs (Frankfurt)
linear ®X174 RF | DNA double stranded, linear ®X174 DNA 5386 base New England Biolabs
(linearized with Psil) pairs (Frankfurt)
®X174 Virion single-stranded viral DNA isolated from 5386 New England Biolabs
bacteriophage ©®X174 am3 cs70 nucleotides  (Frankfurt)
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3.1.3 Strains

Table 6: E. coli strains used for molecular cloning and recombinant protein expression. The E. coli XL1 blue strain was
used for molecular cloning. The E. coli Rosetta (DE3) and BL21 (DE3) strains were used for recombinant protein
expression.

Strain Genotype Source
X1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac Stratagene
[F' proAB laclgZAM15 Tn10 (TetR)] (Heidelberg)
Novagen
Rosetta (DE3) F- ompT hsdSB (rB- mB-) gal dcm (DE3) pRARE (CamR)
(USA)
Novagen
BL21 (DE3) F- ompT hsdSB (rB-mB-) gal dcm (DE3)
(USA)

3.14 Media and antibiotics

Lysogeny Broth (LB) liquid media as well as LB agar plates (1% (w/w) NaCl, 1% (w/v) Bacto-tryptone,
0.5% (w/v) yeast extract and + 1.5% agar) were prepared according to standard protocols (Green, 2012).
Respective antibiotics were added to the media using following concentrations: ampicillin (100 pug/mL)

kanamycin (50 pg/ml) and chloramphenicol (34 pug/ml).
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3.2 Methods

3.21 Molecular biology methods

3.2.11 Molecular cloning

The genes encoding SbcD and SbcC were amplified by polymerase chain reaction (PCR) using a self-made
mixture having the same composition as the Phusion® High-Fidelity PCR Master Mix (ThermoFisher
Scientific). A typical PCR reaction contained 10-50 ng genetic template and 50 pmol of each DNA

oligonucleotide in a total volume of 20 uL. The standard PCR program is shown in

Table 7.

Table 7 PCR program used for molecular cloning. The annealing temperatures of the primers (X°C) were calculated
using the OligoCalc tool (Kibbe, 2007).

Cycle step Temperature Time Cycles
Initial denaturation 98°C 5 min 1
Denaturation 98°C 15 sec

Annealing x°C 15 sec 30
Extension 72°C 20sec/ 1kb

Final extension 72°C 5 min 1

The PCR products were separated ba agarose gel electrophoresis and purified using the NucleoSpin® Gel
and PCR Clean-up Kit (Machery and Nagel). PCR products and Plasmid DNA were either assembled with
the In-Fusion® HD Cloning Kit (Takara Bio USA) or digested with the corresponding restriction enzymes

and ligated into the respective vector.

Full length SbcD was cloned into a pET21b vector using the Ndel and Notl restriction sites. Full length
SbcC was cloned into a pET29b vector which had a modified multiple cloning site (MCS) that allowed
polycistronic assembly of genes (internal designation: pKP29) using the Notl/Ascl and Aarl/Ascl

restriction sites.
3.2.1.2 Site-directed mutagenesis

SbcC or SbcD mutants were generated by site-directed mutagenesis using the Quikchange® (Agilent)

protocol and the KOD Hot Start Polymerase (Merck). Primer for site-directed mutagenesis were
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designed using the PrimerX design tool (http://www.bioinformatics.org/primerx/). Typically, PCR
reactions contained 5 ng DNA template and 3 pmol of each DNA oligonucleotide in a total volume of 20
uL. The standard PCR program is shown in Table 8. After digestion with Dpnl, 4 uL PCR reaction were
transformed into 50 pL chemically competent E. coli cells. The presence of the mutation and the

integrity of the open reading frame were confirmed using DNA sequencing.

Table 8 PCR program used for site-directed mutagenesis. Annealing temperatures were optimized for each reaction;
typically an annealing temperature of 68°C was used.

Cycle step Temperature  Time Cycles
Initial denaturation 95°C 5 min 1
Denaturation 95°C 50 sec

Annealing XxeC 50 sec 18
Extension 70°C 15sec/1kb

Final extension 70°C 10 min 1

3.2.1.3 Transformation of E. coli

Chemically competent E. coli cells were transformed using the following protocol: 2-5 pL In-Fusion®
reaction mix, ligation mixtures or 50 ng plasmid were added to 50 uL competent cells and incubated on
ice for 15 min. E. coli host strains are listed in Table 1. Cells were then heat-shocked for 45 sec at 42°C,
followed by 2 min incubation on ice, addition of 900 ul LB medium and subsequent incubation on a
thermo shaker at 37°C for 45 to 60 min to establish antibiotic resistance. Afterwards cells were plated

on LB agar plates containing the respective antibiotics and incubated overnight at 37°C.
3.2.1.4 PAGE purification and crush and soak extraction of oligonucleotides

All ordered oligonucleotides required a further purification step to minimize the background signal in

nuclease assays.

Oligonucleotides (100 uM in 3% Ficoll® 400) were separated on 15% native PAA gels (0.5% TBE) at 150V
for 90 min. After excision of the band of interest, gel pieces were crushed into cubes (<0.5 mm) using
yellow pipette tips and the oligonucleotides were extracted two times with extraction buffer (300 mM
Sodium-Acetate, 1 mM EDTA). Residual gel pieces were removed by passing the supernatant through

NucleoSpin® Silica membrane columns (Machery-Nagel) and the oligonucleotides were precipitated with
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50% isopropanol at -20°C overnight. The oligonucleotides were dissolved in ddH,0, the concentration

was determined by measuring the absorbance at 260 nm and the oligonucleotides then frozen at -20°C.

3.2.2 Protein biochemistry methods
3.2.2.1 Protein expression in E. coli

Recombinant proteins were produced by transforming plasmids of interest (Table 4) into Escherichia coli
BL-21 (DE-3) cells (Table 6). A single colony was picked and grown in LB media to an ODeggo of 0.6 at 37°C
under aerobic conditions. Recombinant protein expression was induced by addition of 0.5 mM IPTG and
the cultures were grown overnight at 18°C. Cells were harvested by centrifugation (10 min at 2500 x g),

frozen in liquid nitrogen and stored at -20°C until further use.
3.2.2.2 Purification of the SbcCD complex from E. coli

Cells containing recombinant SbcCD protein were thawed at room temperature (rt), resuspended in

Lysis buffer (composition of buffers are depicted in

Table 9 and disrupted by sonication. The lysate was cleared by centrifugation for 45 min at 16 000xg and
loaded onto Ni-NTA resin (Qiagen), followed by two wash steps with Lysis buffer and Wash buffer and a
subsequent elution with Elution buffer. The elution fractions were applied onto a 1 mL Q HiTrap column
(GE Healthcare) equilibrated with Buffer A and eluted with a linear gradient from 0-100% Buffer B.
SbcCD eluted as one peak at 30% Buffer B.Peak fractions were pooled, concentrated and further purified
by size-exclusion chromatography (SEC) using a Superose6 10/30 GL column (GE Healthcare) in Buffer C.
Peak fractions were pooled again, concentrated to 5 mg/mL and flash-frozen in liquid nitrogen in 10-20

ulL aliquots.

Table 9 Buffers used for purification, crosslinking and reconstitution of SbcD and SbcCD. Buffers were filtered and
stored at 4°C, DTT and B-mercaptoethanol (B-Me) was added just before use. IMAC, immobilized metal ion affinity
chromatography; IEX, ion-exchange chromatography; SEC, size-exclusion chromatography.

Name Composition Method
Lysis buffer 150 mM NaCl, 25 mM Tris, pH 7.5, 10 mM imidazole, 5 mM B-Me
Wash buffer 125 mM NaCl, 25 mM Tris, pH 7.5, 20 mM imidazole, 5 mM B-Me IMAC

Elution buffer 100 mM NaCl, 25 mM Tris, pH 7.5, 200 mM imidazole, 5 mM B-Me

Buffer A 100 mM NaCl, 25 mM Tris, pH 7.5 IEX
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Buffer B 1000 mM NaCl, 25 mM Tris, pH 7.5

Buffer C 125 mM NaCl, 50 mM Tris, pH 7.5, 10% Glycerol, 5 mM B-Me

Buffer D 125 mM NaCl, 50 mM Tris, pH 7.5, 5 mM B-Me k¢

Buffer E 125 mM NaCl, 25 mM Tris, 10 mM TCEP Cysteine-
Buffer F 100 mM NaCl , 50 mM Hepes pH 7.4 crosslinking
Buffer G 100 mM KCI, 50 mM Tris, pH 7.5, 1 mM MnCl;, 2 mM DTT SbcCD

Buffer H 50 mM KCl, 25 mM Tris, pH 7.5, 5 mM B-Me reconstitution

3.2.2.3 Purification of SbcD from E.coli

Cells containing recombinant SbcD protein were thawed at rt, resuspended in Lysis buffer and disrupted
by sonication. The lysate was cleared by centrifugation for 45 min at (16 000xg and applied onto Ni-NTA
resin (Qiagen), followed by two wash steps with Lysis buffer and Wash buffer and a subsequent elution
with Elution buffer. The elution fractions were pooled, concentrated and further purified by size-
exclusion chromatography using a Superdex 200 16/60 column (GE Healthcare) in Buffer D. B-
mercaptoethanol was omitted during SEC if SbcD was used for crosslinking experiments. SbcD eluted as
a single peak. The fractions of interest were pooled, concentrated to 30 mg/mL and flash frozen in

liquid nitrogen in 10-50 uL aliquots.
3.2.24 Covalent crosslinking of SbcD via bis-maleimidoethane (BMOE)

SbcDP¢ was incubated in Buffer E for 30 min at 25°C and then re-buffered with degassed Buffer F using
a HiTrap Desalting column (GE Healthcare). Freshly dissolved BMOE (0.5 mM) was consecutively added
to SbcD™°¢ (2.4 mg/mL, 54 UM, monomer) over a period of 30 min until a protein:crosslinker ratio of 1:1
was reached. After further incubation for 30 min at 25°C, the reaction was quenched by the addition of
3 mM DTT. The crosslinked reaction was concentrated to 15 mg/mL and purified by size-exclusion
chromatography using a Superdex 200 10/300 column (GE Healthcare) in Buffer D. The crosslinked SbcD
fractions were identified by SDS-PAGE and concentrated to 3.5 mg/mL (39 uM, dimer) and yielded in

homogenous dimeric SbcD*'"ked protein.
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3.2.2.5 Reconstitution of SbcC and SbcD

SbcC™ (13 M, monomer) was incubated with SbcD*"! (32 uM, monomer), SbcD"-%* (32 uM, monomer)
or SbcD*'"ked (16 uM, dimer) in Buffer G for 2 h at rt. Reconstituted SbcCD'*"" was separated from SbcD
by SEC using a Superose 6 5/150 (GE Healthcare) column in Buffer H. The peak fractions of
reconstituted SbcCD'¥@" heterotetramer were concentrated to 0.8 mg/mL (2.5 uM) and immediately

used for further analysis.
3.2.2.6 Size-exclusion chromatography coupled right angle light scattering (RALS)

Size-exclusion coupled static light scattering was performed using an AKTAmicro system (GE Healthcare
Life Sciences) equipped with a VE3580 Refractive Index-device and TD270 right-angle laser light
scattering detector (RALS, Viscotek/Malvern Instruments) and a Superdex S200 10/300 size-exclusion
column (GE Healthcare). BSA (66 kDa) was used as standard protein for calibration. Analysis of data was

performed using the Viscotek Software OmniSEC.
3.2.2.7 Denaturing polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were analyzed on RunBlue 4-20% gradient SDS polyacrylamide (PAA) gels (Expedeon)
using the vertical Mini-PROTEAN 3 System (BioRad). Prior to loading, samples were mixed with 1 fold
Loading Dye (25 mM Tris pH 6.8, 4% (v/v) glycerol, 1% (w/v) SDS, 1.25% (v/v) B-mercaptoethanol, 0.15%
(w/v) bromphenol blue) and heated to 95°C for 5 min. Electrophoresis was performed at 180V in
RunBlue TEO-Tricine buffer (Expedeon). The gels were subsequently stained and fixed in Coomassie
staining solution (7% (v/v) acetic acid, 50% (v/v) ethanol, 0.2% (w/v) Coomassie Brilliant Blue R-250) and
destained with water. As molecular weight standard the PageRuler™ Unstained Protein Ladder

(Fermentas) was used.

3.2.3 In vitro activity assays of SbcC-SbcD complex

3.23.1 Double-stranded DNA nuclease assay

Steady state nuclease assays were carried out in assay buffer (25 mM Tris pH 7.5, 50 mM KCI, 5 mM
MgCl,, 1 mM MnCl, 0.1 mg/mL BSA, 1 mM DTT) with 1000 nM SbcCD (heterotetramer) and 200 nM of
DNA substrate. Where indicated, reactions were supplemented with a 15 fold molar excess of

Streptavidin (IBA) over DNA concentration. Reactions were started by DNA addition and incubated at
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37°C for 15 min, unless specified otherwise. 10 pL of each reaction was terminated by adding equal
volume of 2x loading buffer (8 M Urea, 50 mM Tris, pH 7.5, 20 mM EDTA, 6% Ficoll® 400). The zero time
point was taken prior to the initiation of the reaction. Reaction products were resolved on 12%
denaturing polyacrylamide gels (Rotiphorese® DNA sequencing system) in 1x TBE buffer. Gels were run
75 min at a constant power of 32W and afterwards scanned with a Typhoon fluorescence imager (GE
healthcare). 6-FAM-labeled substrates were imaged with a 473 nm laser and 510 nm filter, Hex-labeled
substrates with a 532 nm laser and 575 nm filter. The images were analyzed with the Imagel

software(Schneider et al., 2012).
3.2.3.2 Affinity measurement by fluorescence anisotropy

SbcCD dilutions (2 nM to 2000 nM) were prepared in 2x assay buffer (1x buffer: 25 mM Tris pH 7.5, 50
mM KCI, 5 mM MgCl,, 1 mM MnCl,, 1 mM DTT) and mixed with the equal volume of 6-FAM labeled DNA
substrate (5 nM final assay concentration). After incubation for 20 min at 25°C, the fluorescence
anisotropy was measured at an excitation wavelength of 495 nM and emission wavelength of 520 nM.

Data were analyzed with Prism (GraphPad) and fit to a one site - specific binding equation.
3.2.3.3 NADH-coupled measurement of ATP hydrolysis

To monitor the ATPase activity of SbcCD, the ATP-hydrolysis was coupled to the oxidation of NADH to
NAD*, which can be monitored spectrophotometrically. The reaction buffer contained NADH (0.35 mM),
pyruvate kinase/lactate dehydrogenase (20 U/mL PK, 30 U/mL LDH, Sigma-Aldrich), phosphoenol
pyruvate (2 mM) and ATP (1 mM). All assays were conducted at 37°C in assay buffer (25 mM Tris pH 7.5,
50 mM KCI, 5 mM MgCl, 1 mM MnCl,, 1 mM ATP, 0.1 mg/mL BSA, 1 mM DTT). The reaction was started
by the addition of SbcCD. The rate of NADH oxidation was monitored fluorometrically by measuring the

absorbance at 340 nm on an Infinite M1000 microplate reader (Tecan) at 37°C over a period of 20 min.
3.2.3.4 Endonuclease assay of single-stranded and double-stranded plasmid DNA

One microgram of circular single-stranded ®X174 Virion or circular double-stranded ®X174 RFIl DNA
was incubated with 500 nM of either SbcCD or SbcD in reaction buffer (25 mM Tris pH 7.5, 50 mM KCl, 5
mM MgCl,, 1 mM MnCl,, 0.1 mg/mL BSA, 1 mM DTT) at 37°C. 10 puL aliquots were removed at indicated
time points and the reactions were stopped by the addition of 25 mM EDTA and 1% SDS. The reaction
products were separated at 80V on a 0.8% agarose Tris-acetate-EDTA gel and stained with 1x GelRed

(Biotium).
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3.2.35 DNA end unwinding assay

SbcCD"#4Q (250 nM) was incubated with 35 base pair DNA (for: 5’-Dabcyl-CGGGTAGTAGATGAGCGCAGG
GACACCGAGGTCAA-3’ and rev 5’-TTGACCTCGGTGTCCCTGCGCTCATCTACTACCCG-Cy3-3’, 50 nM) in assay
buffer (25 mM Tris pH 7.5, 50 mM KCIl, 5 mM MgCl,, 1 mM MnCl,, 0.1 mg/mL BSA, 1 mM DTT) in the
presence of a unlabeled quencher oligo (rev sequence, 250 nM). The reaction was started by mixing
protein and DNA in a 1:1 ratio to get a final volume of 200 uL. The reaction was incubated at 37°C and
the development of fluorescence was instantly monitored fluorometrically by exciting at 550 nm and

measuring the emission at 575 nm on an Infinite M1000 microplate reader (Tecan).
3.2.3.6 DNA internal structural distortion assay

Internal structural distortions were monitored by the reaction of potassium permanganate (KMnO,)
with the pyrimidine bases of distorted dsDNA (Kahl and Paule, 2009). The assay was carried out in assay
buffer (25 mM Tris pH 7.5, 50 mM KCl, 5 mM MgCl,, 1 mM MnCl,, 0.1 mg/mL BSA, 1 mM DTT).
SbcCD"84Q (500 nM) was incubated with 60 bp DNA (100 nM) for 20 minutes at 37 °C in 20 pL. KMnO4
(final conc.: 5 mM) was then added and the reaction was quenched after two min by the addition of B—
mercaptoethanol (50 mM). The protein was digested 1 h at 50°C by the addition of SDS (0.2% w/v) and

ProteinaseK (Fermentas, 2 mg/mL).

The DNA was precipitated by the addition of 90 uL of a mixture of 0.6 M sodium-acetate and 300 pg/uL
linear polyacrylamid, 160 pL of Ethanol (95%, v/v) and centrifuged 30 min at 20.000 rpm at 4°C. The
supernatant was removed and the pellet washed with 150 pL Ethanol (70%, v/v), centrifuged another

5 min and after removing the supernatant the pellet was dried for 5 min.

To perform the alkaline cleavage, 50 pL of Piperidine (1 M) was added to the pellet and incubated at
90°C for 30 min. To precipitate the cleaved DNA, 50 plL of the sodium-acetate and linear polyacrylamid
mixture and 250 pL of Ethanol (95%) was added. The DNA was then precipitated centrifuged 30 min at
20.000 rpm at 4°C and washed with Ethanol (70%). To remove residual piperidine, 50 uL of deionized

water was added and the reactions were dried in a Speed Vac for 1 h at 37°C.
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4. Results

4.1 Purification and activity optimization of the SbcCD complex of E.coli

To get a comprehensive picture of the working mechanism of entire SbcCD complex, it is essential to
have a reliable and robust purification protocol. SbcCD was expressed in E.coli BL-21 cells, thus, a T7
RNA polymerase system was used. This yielded soluble and over-expressed SbcCD, as shown by the
intense bands for SbcD (44 kDa) and SbcC (119 kDa) in the lysate (Figure 9A). Purification via the
plasmid-encoded C-terminal hexahistidine tag on SbcD using Ni-NTA vyielded stoichiometric SbcCD

complex with minor impurities at 70 and 25 kDa and DNA contaminations (A2so/Aeo ratio: 0.8) from the

E.coli lysate.
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Figure 9 Purification of full-length SbcCD"t protein from E. coli: (A) Coomassie stained SDS-PAGE-Gel of the Immobilized metal-
ion affinity chromatography (IMAC) and lon exchange chromatography (IEX) SbcCD purification. FT, Flow through. (B)
Chromatogram of the IEX purification via a HiTrap Q HP column. Peak 1 corresponds to the SbcCD complex, Peak 2 corresponds
to co-purified DNA. Blue color indicates Aso, green color the fraction of Buffer B (C) Chromatogram of the Size exclusion
chromatography (SEC). Coomassie-stained SDS-PAGE-Gel of the pooled fractions proves the purity of the SbcCD complex after
SEC.
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Subsequent purification by anion-exchange chromatography (IEX) separated the DNA contamination
(Peak 2) from SbcCD (Peak 1) (Figure 9B). The fractions of interest from IEX were applied on a Superose
6 column and stoichiometric SbcCD eluted at an apparent molecular weight of approximately 1.0 MDa.
The difference between molecular weight (323 kDa as heterotetramer) and elution volume is due to the
large stokes radius of SbcCD caused by the long coiled-coils. The protein was approximately 96% pure as
validated by SDS-PAGE and the yield was 3 mg protein per liter expression culture. Therefore, SbcCD
purified under these conditions is suitable for thorough biochemical and structural analysis. All mutants

of SbcCD were purified with the identical protocol.

In order to conduct biochemical experiments with SbcCD, the buffer conditions need to be optimized to
obtain maximal enzymatic activity. The nuclease activity on a 3’ labeled 60 bp DNA substrate was
monitored in dependence to rising salt concentrations, different pH values and the divalent ions of Mg?*

and Mn?*.
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Figure 10 Buffer optimization for SbcCD nuclease activity assays (A) SbcCD was assayed in the presence of ATP, Mn2* and
MgZ*. NaCl and KCl concentrations were 50 mM,100 mM, 150 mM and 200 mM. pH values ranged from 6.5 — 8.5 in 0.5
intervals. SbcCD and DNA were incubated for 10 minutes at 37 °C (B) SbcCD was assayed in the presence of 50 mM KCl, Tris pH
7.5, 1 mM ATP, dependent to the presence of 5 mM MgCl, and 1 mM MnCl,.

SbcCD comprises the highest activity without any salt, 50 mM salt yielded similar SbcCD nuclease
activity. Surprisingly, salt concentrations above 100 mM salt highly reduced the nuclease activity, no

difference was observed between NaCl or KCI.
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Screening different pH values revealed that SbcCD possesses highest nuclease activity at low pH values
of 6.5 and 7.0. The pH values of 8.0 and 8.5 reduced the nuclease activity, especially the cleavage
products at 25 and 35 nucleotides became less intense (Figure 10A). A salt concentration of 50 mM and
a pH of 7.5 were chosen as a good compromise between high activity and physiological reaction

conditions.

Screening of divalent ions showed, that the nuclease activity requires the presence of Mn?* for activity.
Mg?* could partially compensate the absence of Mn?, in the absence of any divalent ions, SbcCD did not

show any nuclease activity (Figure 10B).
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4.2 ATP-dependent activities of SbcCD

SbcC belongs to the superfamily of the ATP-binding cassette (ABC) ATPases and has homologs in all
kingdoms of life. In eukaryotes, the homolog of SbcC is known as Rad50. Binding of ATP to the
nucleotide binding domains (NBDs) of SbcC/Rad50 leads to the formation of a tight NBD:2ATP: NBD
complex, which is then able to hydrolyze ATP (Hopfner et al., 2000b). ATP binding does not only induce a
large conformational change in the SbcCD’s head domain, essential functions of SbcCD and its orthologs
are regulated by ATP binding and subsequent hydrolysis (Schiller et al., 2014; Stracker and Petrini, 2011).
Therefore, a fundamental understanding of the ATPase regulation and how an ATP-binding and ATP-
hydrolysis feed back into the enzymatic and architectural activities of SbcCD is important. A thorough
biochemical investigation of full-length SbcCD or is missing so far. On one hand, because previous
studies were limited to thermophilic organisms and on the other hand large amounts of eukaryotic

MR(N/X) are not easy to obtain for a thorough biochemical analysis.

The DNA binding of SbcCD in the presence and absence of ATP was investigated by fluorescence
anisotropy measurements. This method takes advantage on the change of rotational time of a labeled
molecule (DNA) when a protein associates with it and allows the precise measurement of dissociation
constants (Kq) in solution. To prevent DNA-degradation during the course of experiment, the conserved

histidine 84 of SbcD nuclease active was mutated to glutamine (SbcCD"849),

SbcCD"#4Q did not bind to single-stranded DNA (ssDNA) in the presence or absence of ATP. It neither
bound dsDNA in the absence of ATP. In the presence of ATP, SbcCD"#2 bound dsDNA with a tight K4 of
42 nM. Therefore, SbcCD"4Q strictly required ATP-dependent dimerization of SbcC and the secondary

structure of B-DNA to associate with DNA (Figure 11A)

The ATP hydrolysis of SbcCD"t was measured in the presence of 50 mM KCl, 5 mM Mg?, 1 mM Mn?%, at
a pH of 7.5. In this environment, SbcCD*' had a maximum ATPase velocity (k) of 0.008 ATP/s. The
addition of 60 base pair DNA stimulated ATP hydrolysis by 26-fold to a ket of 0.21 ATP/s. Single-stranded
60 nucleotide DNA did not affect the ATP hydrolysis rate (Figure 11B).

Thus, the following Michaelis-Menten kinetics were performed in the presence of 60 base-pair (bp) DNA
(Figure 25). The protein and DNA concentration was kept at a constant level and the ATPase rate was

determined at increasing ATP concentration.
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Figure 11 ATP dependent activities of SbcCD: (A) Binding of SbcCDH84Q to 30 base-pair or single-stranded DNA was determined
using fluorescence anisotropy in the presence of 50 mM KCI, 5 mM MgCl,, 1 mM MnCl,, and 1 mM ATP. Measurements were
done in triplicates; the error bars represent standard deviation. The data were fit to a 1 to 1 binding equation with hillslope (B)
The steady-state ATPase hydrolysis rates of SbcCD"t were measured in the presence of 5 mM MgCl, and 1 mM MnCl, at 37 °C.
60 base-pair or nucleotide DNA was titrated as an activator. Data were fit to a Michaelis-Menten equation, error bars represent
the standard deviation of three measurements. The table depicts ket and Km values determined from Michaelis-Menten kinetic
studies which were conducted in the presence of 1 uM 60 bp DNA (C) Nuclease activity of SbcCD"t was assayed with 3’ 6-FAM-
labeled 60 bp DNA under identical conditions as in (B). Reactions were started by addition of SbcCD%t and stopped after 15
minutes at 37 °C by addition of Urea loading dye. Cleavage products were separated on a Urea polyacrylamide gel and
visualized by detecting Fluorescence at 420 nm.

SbcCD harbors two active sites and the ATP hydrolysis could be cooperative. A sigmoidal shape of the
curve would indicate this fact. The ATPase rate of SbcCD"' was not sigmoidally dependent on the
concentration of ATP and the data fit best to a Michaelis-Menten equation. Therefore, the two ATPase
sites appear not to influence each other’s activities. The Michaelis-Menten constant (K.) was
determined to 46 uM. Taking a physiological ATP concentration of 1.5 mM into account (Yaginuma et al.,
2014), these kinetic data propose that SbcCD is predominantly in an ATP-bound conformation in a

bacterial cell and requires the presence of dsDNA to hydrolyze ATP.
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The nuclease activity of SbcCD was investigated in dependence of ATP binding (ATPyS) and ATP
hydrolysis (Figure 11C). 60 bp DNA was used as substrate and DNA degradation was monitored by the

presence of 6-Carboxyfluorescein (6-FAM) on the 3’ terminus.

In the absence of ATP, no significant DNA degradation could be observed. The presence of the non-
hydrolysable ATP-analogue ATPyS induced exonucleolytic degradation from the 3’ terminus, shown by
the appearance of cleavage products below five nucleotides. In addition, SbcCD cleaves approximately
five nucleotides from the 5’ terminus. In the presence of ATP, the exonuclease activity is preserved.
Additional cleavage products could be detected at internal sites; the most prominent being around 25
nucleotides. Notably, the amount of utilized substrate is similar between ATPyS and ATP, therefore, ATP-
hydrolysis did not enhance the exonuclease efficiency (Figure 11C). In summary, SbcCD needs ATP

binding to associate and degrade DNA, but ATP-hydrolysis is required for internal dsDNA incisions.

4.3 Activities of SbcCD towards double-stranded DNA

4.3.1 ATPase activity of SbcCD in response to single-stranded and double-
stranded DNA

To test the effect of a physiological relevant DNA substrate on the ATPase activation, the ATP hydrolysis
in the presence of a 5.4 kilobases plasmid in (i) a closed single-stranded (ii) supercoiled (iii) relaxed and
(iv) linearized state was measured. This gives information how internal DNA, DNA ends or the
supercoiled state of DNA influence the ATPase hydrolysis rate of SbcCD*'. The protein- and ATP-

concentrations were kept constant; the plasmid DNA was added as an activator.

Circular single-stranded DNA did not stimulate ATP hydrolysis of SbcCD"'. The supercoiled plasmid
stimulated the ATPase by 9-fold to ket 0.072 + 0.006 st and the nicked plasmid by 26-fold to ket 0.207
0.18 s%. Linearizing the plasmid with Psil (generates blunt ends) did not further enhance the ke (0.200
0.007 s) compared to the nicked plasmid. However, the DNA concentration at half-maximum velocity
(kact) is 4-fold lower compared to nicked DNA. At 1 nM of plasmid, which would correspond to one DNA
break in an E.coli cell (Milo et al., 2010), the ATPase was activated 7-fold. At the same concentration,

supercoiled and nicked plasmid activated the ATPase 2-fold (Figure 12A).

The activation efficiency (keat/kact) can compare the relative activation capability if one enzyme catalyzes
the identical reaction. In this specific case, it is a good index for comparing the effectiveness of different

activators. The covalently closed plasmids are in a similar range and have an activation efficiency of 15
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(supercoiled) and 19 (nicked). The linear plasmid, however, has an activation efficiency of 77 (Figure

12C).

The individual ATPase rates of the nicked plasmid activation were subtracted from the linear plasmid
activation. This indicates how DNA ends contribute to the SbcCD ATPase stimulation. Below a
concentration of 3.5 nM plasmid, DNA ends were the main feature for ATPase activation. Above a
concentration of 7 nM, the activating effect of DNA ends was outcompeted by the rising DNA

concentration (Figure 12B).
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Figure 12 Plasmid DNA stimulation of ATPase activity of the SbcCD"' complex (A) The steady-state ATP hydrolysis rates of
SbcCD"t were measured in the presence of 5 mM MgCl, and 1 mM MnCl; at 37 °C. Plasmid DNA (from bacteriophage ®X174,
5386 bp in length) was added as single-stranded, supercoiled, nicked or linear DNA at increasing concentrations. The data were
fit to a Michaelis-Menten equation, error bars indicate deviation from three replicates. (B) The ATPase rates obtained in (A)
from nicked DNA were subtracted from linear DNA. (C) Kinetic data that were obtained from the data-points in (A). ka is the
plasmid DNA concentration at half-maximum velocity of SbcCD". ket/kact represents the activation efficiency of each DNA
substrate.

These results demonstrate that SbcCD ATPase is not only activated by the presence of the DNA, it is
highly sensitive to DNA ends, the spatial organization and the supercoiled state of DNA. There appear to
be two features that contribute to SbcCD’s ATPase stimulation (i) the presence of relaxed B-DNA (ii) DNA

ends.

To connect SbcCD’s ATPase activation to the nuclease activity, SbcCD"* was incubated with supercoiled,
relaxed and linearized plasmid DNA in the presence of ATP. Furthermore, nuclease deficient EcoRI
(EcoRI™) enzyme was added to the reactions to provide an internal protein block, since DNA end-bound

proteins blocks were identified to stimulate MR(N/X)’s or SbcCD’s nuclease activity (Cannavo and Cejka,
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2014; Connelly et al., 2003). EcoRI" was characterized to bind specifically bind to EcoRl restriction sites
with a picomolar affinity and halt the progression of DNA- and RNA-polymerases (Stigler et al., 2016).

The plasmids were cut with nicking endonucleases that introduce nicks at specific positions into the

plasmid.
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Figure 13 ShcCD"t nuclease activity towards Plasmid DNA (A) Schematic overview of the plasmid substrates and incision sites
of the nicking enzymes. (B) SbcCD"t (25 nM) was assayed in the presence of 1 mM ATP, 5 mM MgCl, and 1 mM MnCl; at 37 °C
for 15 min with different DNA plasmid substrates (100 ng, 1.5 nM).

The assay unambiguously showed that SbcCD*"' does not process circular plasmid DNA, neither in a
supercoiled nor in a relaxed state. Linear DNA is rapidly processed within 5 minutes, which was tested in
a time course experiment. The presence and absence of a protein block did not make a difference. Also

a nick adjacent to the protein block did not stimulate endonucleolytic cleavage by SbcCD"* (Figure 13).

4.3.2 Determining the ATPase activation footprint of SbcCD

So far, the minimal number of consecutive DNA base pairs required for ATPase stimulation (‘activation

footprint’) have not been determined.
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To obtain an activation footprint, the steady-state ATP hydrolysis rate of SbcCD was determined in
dependence to dsDNA that ranged from 20 to 60 base pairs. Each DNA was assayed at increasing DNA
concentrations and the obtained data were fit to a Michaelis-Menten equation. SbcCD was nuclease-
deficient (SbcCD"849), to prevent degradation during the course of the study. The SbcD H84Q mutation
decreased the ATPase activity of SbcCD by approximately 15% (Figure 25) compared to the wild-type

protein. This is likely due to an allosteric regulation of SbcC and SbcD within the ATP hydrolysis cycle.
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Figure 14 DNA stimulation of ATP hydrolysis by the SbhcCD"84Q complex. (A) The steady-state ATPase hydrolysis rates of
nuclease deficient SbcCD"84Q (500 nM) were measured in the presence of 5 mM MgCl, and 1 mM MnCl, at 37 °C. The ATPase
activity was measured in the presence of dsDNA from 20 — 60 base pair lengths at increasing DNA concentrations. Error bars
represent the standard deviation of three measurements. (B) Values were determined by fitting the data of (A) to a Michaelis-
Menten equation. Kyt indicates the DNA concentration at half-maximal velocity. Errors represent the standard Error of the fit.

The addition of 20 and 25 bp DNA did not stimulate SbcCD"#¥s ATPase. Just a minor increase in ATP
hydrolysis could be detected for 25 bp DNA at 1000 and 2000 nM. These data could not be fitted with a
Michaelis-Menten equation. From 30 bp and longer, the obtained data could be fitted and the 35 — 60
bp DNA collectively activated SbcCD"8? to a maximum velocity from ket 0.105 to 120 s. The Michaelis-
Menten fit of 30 bp DNA yields a ket of 0.14 s, which is likely due to a poor curve fit (Figure 14A and B).

30 bp DNA activated SbcCD"8*Q with an activation constant of Kot 1700 + 700 nM. When increasing the
length to 35 and 40 bp the K, shifted to 280 + 50 nM and 152 + 19 nM, respectively. Maximum ATPase
stimulation was detected in the presence of 50 and 60 bp DNA, the K, was increased by 2.5-fold to 66 +
5 nM and 53 = 5 nM, respectively (Figure 14A and B).

These data show, that a length of 30 base pairs and longer is capable to effectively activate ATPase
hydrolysis by SbcCD. However, the k. values indicate, that SbcCD requires 50 consecutive base pairs for

efficient ATP hydrolysis activation.

52



Results

The 50 and 60 bp DNA activated SbcCD"4? close to its maximal ATPase velocity at a DNA concentration
of 250 nM. However, the assay concentration of heterotetrameric SbcCD"4? was 500 nM. Thus, one
DNA molecule fully stimulated the ATPases of two SbcCD complexes. This is an indication that SbcCD
might form arrays on DNA and two heterotetrameric SbcCD complexes could functionally influence each

other.

4.3.3 SbcCD DNA binding dependent to DNA length

The MR(N/X) and MR complex can bind dsDNA via the Rad50 and Mrell subunits. Depending on the
study, Mrell binds dsDNA with a Kyg of 5 uM, whereas full-length MR(N) binds dsDNA in an ATP
dependent manner with a K4 in the low nM range (Liu et al., 2016; Paull and Gellert, 1999; Rojowska et
al., 2014; Seifert et al., 2016; Sung et al., 2014; Williams et al., 2008). The DNA binding groove of Rad50
is considered to be the main DNA binding site of the MR(N/X) complex. In the structure of Thermotoga
maritima (Tm) MRNB® dsDNA binds to the NBD and the coiled-coil domain of one Rad50. In the MRN8P
structures of Chaetomium thermophilum (Ct) and Methanococcus jannaschii (Mj) dsDNA is bound across
the Rad50 dimer in an ATP dependent fashion. In all aforementioned structures, the DNA binding is
sequence independent and mediated via the protein side-chains and the sugar-phosphate backbone of
the DNA. The DNA-footprint of Rad50, which can be derived from the Ct and Mj structures, is
approximately 20 bp. However, all structures are limited to Rad50 with largely truncated coiled coils (Liu

et al.,, 2016; Rojowska et al., 2014; Seifert et al., 2016).

To obtain a DNA binding footprint, the binding constants of SbcCD"4? from 20 to 50 bp DNA were
determined. Electrophoretic mobility shift assays (EMSA) was the first attempted method to study the
SbcCD-DNA interaction. However, the addition of SbcCD did not induce a mobility shift despite extensive
optimization in buffer composition and running conditions. Either SbcCD and DNA disassembles during
the run due to high on- and off rates or ATP is missing in the agarose gel, that is a prerequisite for

SbcCD-DNA complex formation.
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Figure 15 DNA binding of SbcCD"84Q to double-stranded DNA from 20 — 50 base-pairs (A) The DNA binding of SbcCD"84Q was
assayed in the presence of 1 mM ATP, 5 mM MgCl, and 1 mM MnCl, at room temperature. DNA concentration was kept
constant at 5 nM; the SbcCD"84Q concentration ranged from 2 to 1000 nM. Data points represent the change in fluorescence
anisotropy and the data were fit to a 1 to 1 binding equation. Error bars represent the deviation from three independent
experiments. (B) Logarithmic representation of the Ky values obtained from the data fits in (A). Errors represent the standard
Error of the fit.

Anisotropy experiment obtained reproducible results and was therefore the method of choice to
conduct binding experiments with SbcCD and dsDNA. Previous experiments showed that SbcCD required
ATP binding to associate with dsDNA. In the presence of ATPyS SbcCD bound slightly better to DNA.
Nevertheless, ATP is the natural substrate for SbcCD’s activity and this nucleotide was used for DNA
binding assays. SbcCD"*Q possesses low affinity to short DNA of 20 bp and moderate affinity to 25 bp
DNA (Kq = 146 +- 46 nM). Lengthening the DNA by 5 bp to 30 bp increased the affinity to Kq =43 + 7 nM.
Further lengthening of the DNA did not affect the K4 which remained in the range of 50 to 60 nM (Figure
15A and B).

Therefore, DNA binding and ATPase activation of SbcCD"®Q share common features and still have
different properties. SbcCD effectively binds dsDNA from 30 base pairs and longer. This high affinity is
not increased by longer DNA. Similarly, ATPase activation is obtained by 30 bp DNA and longer. But the
activation of ATP hydrolysis by SbcCD"#Q gppears to be a more complex process. It requires a minimal
length of 30 base pairs and increases with longer DNA. The 50 and 60 bp DNAs possess certain features
that induce a better ATPase activation (Figure 16). Longer DNA could offer enough space that SbcCD is

able to (i) diffuse along dsDNA or (ii) form functional assemblies that are competent to hydrolyze ATP.
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Figure 16 Comparison of length dependent DNA binding and ATP hydrolysis activity by the ShcCDH84Q complex: The Kq and Kact
values depicted in Figure 14 and Figure 15 were inversed and normalized to 1. SbcCD tightly binds dsDNA from 30 bp and longer
with a Kq of approx. 50 nM.

4.4 SbcCD nuclease activity

4.4.1 SbcCD nuclease activity towards 60 base-pair DNA

MR(N/X) has a conserved 3’-5’ exonuclease, ssDNA endonuclease activity and cleaves DNA secondary
structures such as hairpins or 3’ and 5’ overhangs (Connelly et al., 1999; Lengsfeld et al., 2007; Paull and
Gellert, 1998). Furthermore, MR(N/X) complex from Saccharomyces cerevisiae (Sc) and human process
end-blocked dsDNA endonucleolytically by cleaving both strands and leaving a clean, blunt DNA end
(Anand et al., 2016; Cannavo and Cejka, 2014; Deshpande et al., 2017).

The endonucleolytic incision of MR(N/X) is essential to remove covalent DNA-protein crosslinks (DPCs)
on double-strand breaks. These are induced by chemotherapeutics that poison and trap topoisomerases
and leave a protein bound double-strand break. DPC is also an intermediate during meiotic
recombination via the topoisomerase Spol1. The processing of Spol1l-induced breaks, which generate a
5’ covalent attachment between Spo11 and DNA, is blocked in Mrel1 nuclease deficient strains (Moreau
et al., 1999). Mrel1 nuclease deficiency causes a number of phenotypes that are indistinguishable to the
absence of MRN in mouse, including dramatic genomic instability (Buis et al., 2008). These facts classify

the nuclease activity as the central enzymatic activity of the MR(N/X) complex.

The bacterial SbcCD’s architecture and enzymatic activities are highly conserved to its eukaryotic
homologue. However, it is less regulated (Schiller et al., 2012). SbcCD has 3’-5’ exonuclease activity,
cleaves hairpin structures 5’ at the loop and introduces a DSB next to protein-bound DNA ends (Connelly

etal., 1999, 2003).
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To get deeper insights into the mechanistic choreography of SbcCD, the nuclease activities on DNA
require thorough characterization. A 5" and 3’ labeled 60 bp DNAs were used as substrates. The effects

of ATP binding and hydrolysis and the absence and presence of protein-blocked DNA end were tested.

SbcCD did not have any nuclease activity in the absence of ATP. The presence of non-hydrolysable ATPyS
induced 3’-5’ exonuclease degradation by SbcCD. Clipping nucleotides from the 5’ end of DNA was also
observed. However, this activity stops after approximately seven nucleotides at a rather defined band
around 50-55 nucleotides (Figure 17A lanes 2-3). This clipping activity has not been reported in previous
studies. Phosphorothioate protection of the opposite 3’ end reduced this activity (Figure 17C lanes 5-8).
In the presence of ATP, SbcCD still comprised the exonuclease and clipping activity. Additionally, internal
DNA cleavage products appeared, most prominently at a size of 27 nucleotides (3’ labeled DNA) and 23

nucleotides (5’ labeled DNA) (Figure 17A and B lane4).

SbcCD’s nuclease activity was also tested in the presence of a single-chain fragment, which has a high
affinity towards fluorescein dyes (FAM-sc). This block is similar to a streptavidin-biotin conjugate and
mimics a DPC, structures that often occur at DNA double-strand breaks. Binding of the fluorescein
single-chain omitted the exonuclease activity of SbcCD. The bands corresponding to internal incision
products appeared stronger in the presence of a protein blocked DNA end. Therefore, the conjugation of
a protein block did not only omit exonuclease activity but also stimulated the endonucleolytic cleavage
(Figure 17 A and B, lane 5). Next, it was aimed to determine if the distance of 27 bp is specific to the
blocked or free DNA end. SbcCD cleaved a 3’ protein blocked 80 bp DNA, similarly to 60 bp DNA, 27 base
pairs from the labeled DNA end. Therefore, this distance is specific and determined by a physical

obstacle on a DNA end (Figure 17C lanes 1 —4).
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Figure 17 Nuclease activity of SbcCD"t towards 60 and 80 base-pair DNA (A) SbcCD was assayed in the presence of 1 mM
ATP(yS), 1 mM MnCl; and 5 mM MgCl, at 37 °C. The 60 bp DNA substrate was labeled on the 3’ end with 6-FAM. FAM-sc is a
single chain fragment that binds to Fluorescein dyes with a K4 of 4 nM. The cleavage products were separated by Urea-PAGE
and visualized on a Typhoon scanner. The major cleavage products of SbcCD are schematized in (D). (B) Nuclease assay as in (A),
but with 5’ labeled DNA. (C) Nuclease assay as in (A). (D) Double-stranded DNA substrates that were used in (A — C) are
schematized. 10x PTO describes the presence of 10 phosphorothioate linkages that protects the DNA strand from cleavage by
nucleases. Arrows indicate major cleavage sites.

To conclude, SbcCD requires nucleotide binding and dimerization of the SbcC NBDs to bind DNA and
process DNA from the ends. ATP hydrolysis is needed for internal incision. SbcCD preferentially incises
both DNA strands around 25 base pairs from a DNA end which is stimulated by a DNA-protein conjugate.
To stimulate the endonuclease activity it does not matter if the DPC is located at the 3’ or 5" end. The 60
bp DNA was an optimal substrate to precisely monitor SbcCD’s nuclease activities and used in the

subsequent studies.

4.4.2 SbcCD nuclease activity related to dsDNA melting

It is not known how the Mrell protein reaches the DNA which is initially bound by Rad50. It is also not
known how dsDNA eventually reaches the active site of Mrel1. Structures of DNA bound by Mrel1 from
Pyrococcus furiosus reveal that the manganese ions of Mrell are concealed in the active site. B-DNA is
5 A apart from a position which is productive for cleavage. This distance is not likely to be overcome by
conformational changes of Mrell. It is more likely that the classical B-Form of DNA is altered in order to
reach the active site (Hopfner et al., 2001). It has been shown in previous studies, that MR(N/X) complex

unwinds dsDNA (Cannon et al., 2013; Liu et al., 2016; Paull and Gellert, 1999). But the precise purpose of
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this activity could not be described in these studies. The aim of the following experiments was to

correlate DNA melting activity and the presence of melted DNA stretches to SbcCD’s nuclease activity.

To test if melting of dsDNA occurs during nucleolytic incision, DNA substrates with different local AT and
GC contents were designed. The GC base pair has a higher thermodynamic stability than an AT base pair,
mainly due to base pair stacking. Therefore, the local thermodynamic stability of B-DNA can be tuned
via the GC/AT content (Yakovchuk et al.,, 2006). 60 bp DNA was modified from position 15 to 29
(counting from the FAM- dye) with (i) mixed AT/GC-content (ii) 100% AT-content (iii) 100% GC-content.
The unlabelled strand was protected with phosphorothioates on the 3’ end to prevent degradation. The

endonuclease activity was tested in the presence and absence of a protein-bound DNA end.
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Figure 18 ShcCD cleaves double-stranded DNA dependent to the local AT/GC concentration and pre-melted DNA stretches
(A) Nuclease activity of SbcCD was assayed assay in the presence 1 mM ATP, 1 mM MnCl; and 5 mM MgCl; at 37 °C towards 60
base pair DNA. The DNA was labeled on the 3’ end with 6-FAM and contained different AT/GC concentrations from position
15— 29 (counting from the dye). FAM-sc — single chain fragment that binds to fluorescein. (B) DNA that was used in (A) (C) Kqg
values obtained from binding of SbcCD to the DNA substrates used in (A). Values were obtained from three independent
experiments, data were fit to a 1 to 1 binding equation, and errors represent the standard error of the fit. The ATP hydrolysis
during nuclease assays was monitored. (D) Nuclease assay as in (A), but 60 base pair DNA with pre-melted DNA regions were
tested. SbcCD cleaves the DNA substrates 5’ to the pre-melted region. (E) DNA substrate that was used in (D)

As observed in previous assays, SbcCD cleaved the 60 bp DNA with mixed AT/GC content 27 base pairs
from the 3’ end with moderate activity. These endonuclease products became stronger with AT-rich
DNA and vanished when the DNA was GC-rich (Figure 18A lanes 5-7). Therefore, SbcCD’s endonuclease

activity correlates to the local thermodynamic stability of B-DNA.
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The cutting preference for AT-rich regions was compensated by a protein-blocked DNA end and the
tested duplex DNAs were incised with similar efficiencies (Figure 18A lanes 8-10). The affinity to the
tested oligos increased by 3-fold from a Kq of 132 + 21 nM (GC-rich) to 45 £ 7 nM (AT-rich). Notably, the
AT/GC content did not affect the ATPase activation under the nuclease assay conditions (Figure 18C).
Therefore, destabilizing the secondary structure of DNA correlates with an increase of endonuclease
activity and higher affinity. Stabilization of the dsDNA helix by GC base pairing leads to a high reduction
of endonuclease activity. These data suggest that SbcCD alters the B-DNA secondary structure during

the internal incision of dsDNA.

Encouraged by these findings, DNAs with mismatched stretches were designed. This interrupts the B-
DNA helix structure and would mimic melted DNA, an intermediate substrate that could be generated in
the course of endonucleolytic incision. The unpaired stretches (referred as bubbles) had a length of five
nucleotides and were introduced 5’ and 3’ to region of the endonucleolytic cuts. The labelled DNA end

was blocked with the FAM-sc to prevent exonucleolytic degradation.

The 60 bp duplex was digested in the previously characterized pattern and SbcCD cleaved the DNA
substrate at 27 base pairs. Introduction of a bubble from position 27 to 31 led to incision events 3’ and
5’ to the bubble. Locating the bubble at position 19-23 leads to a major cleavage site at 25 nucleotides,
position 21-25 guides the incision to 27 base-pairs (Figure 18C lanes 1-4). Therefore, SbcCD cleavage
occurs at the 5’ side of unpaired DNA. Increasing the length of the bubble to 7 nucleotides reduced
cutting efficiency. In the presence of non-hydrolysable ATPyS we could not detect degradation with any

of the substrates (Figure 26B).

These experiments collectively showed that the endonucleolytic incision of duplex DNA by SbcCD is
sensitive to the thermodynamic stability of B-DNA. Furthermore, dsDNA is incised according to the
position of unpaired stretch of DNA. This highlights the importance of altering DNA structure during the

endonucleolytic incision by SbcCD and its homologs.

59



Results

4.4.3 Direct detection of DNA melting

Two assays were set up to monitor (i) DNA-distortion or -melting at internal sites and (ii) fraying at DNA

ends.

To detect internal strand separation and structural distortions in DNA, potassium permanganate can
serve as a potent probe. Potassium permanganate reacts strongly with thymine in unstacked regions
and exhibits only weak reactivity towards guanine, cytosine, or adenine. It reacts with double bonds,
oxidizing them to vicinal diols. Stereochemical hindrance from the base stacking prohibits reactivity of
the double-stranded B-form DNA. Subsequent treatment of the oxidized product with piperidine as
strong base leads to ring opening and cleavage of the phosphodiester backbone 3’ to the base. The

cleavage sites are then resolved by Urea-PAGE (Kahl and Paule, 2008).

This method allows detection of DNA distortions even within regions of protein-DNA complexes. The
oxidation reaction is very robust, so that distorted regions can be detected even under conditions where

the efficiency of DNA-protein interaction is not high (Grimes et al., 1991).
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Figure 19 Direct detection of DNA melting activity of SbcCD (A) Nuclease deficient SbcCDH84Q and 60 bp DNA was assayed
under conditions used in nuclease assays and in the absence or presence of ATP(yS). Addition of KMnO, oxidized the
nucleobases dependent on the solvent exposure. Subsequent piperidine treatment led to cleavage of the phosphate backbone
adjacent to oxidized thymine nucleobases. These cleavage products were resolved on a 12% Urea Gel (B) DNA melting detected
by fluorescence quenching. Cy3 and quencher were attached to one DNA end and the fluorescence of Cy3 was quenched by
contact quenching. Cy3 and quencher form a complex in the ground state, before excitation occurs. Melting of the DNA ends
releases the Cy3 fluorophore which can be detected by an increase in fluorescence. (C) Nuclease deficient SbcCDH84S and 35 bp
DNA was assayed under nuclease assay conditions in the absence or presence of ATP(yS). The change in fluorescence emission
was monitored in a time-dependent manner.

60 base pair DNA and nuclease deficient SbcCD"? were incubated at standard nuclease assay
conditions and potassium permanganate was subsequently added to a final concentration of 5 mM. This
concentration was not optimized and adapted from previous protocols. The treatment with piperidine
and the performance of a Urea-PAGE visualized distorted regions of DNA. No DNA cleavages were
observed in the absence of a protein. The presence of SbcCD"4? without ATP did not induce a structural
distortion in DNA. In the presence of non-hydrolysable ATPyS, weak bands appeared around 15
nucleotides. When ATP was added, more intense bands appeared at 15, 25, 32 and 45 nucleotides
(Figure 19A, lane 1-4). Since DNA affinity of SbcCD™*® was higher with ATPyS over ATP, the strand

distortion did not occur passively upon DNA binding. DNA melting rather required DNA binding and a
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subsequent conformational change induced by ATP hydrolysis. The band intensities did not become
more intense in the presence of a block (data not shown). Therefore, a block did not stimulate DNA

unwinding.

The second method to monitor DNA melting took advantage of contact fluorescence quenching.
Fluorophore quenching generally occurs by one of two mechanisms: contact quenching and FRET
guenching. In contact quenching, the fluorophore and quencher are in close proximity to allow direct
interaction of the fluorophore with the quencher. Therefore, the absorbed light will be transferred as
heat to the surrounding environment, with only a limited amount energy released as fluorescence.
When the distance between the fluorophore and quencher is increased, generally to the range of 20-
100 A, FRET quenching is observed. In this mechanism, quenching efficiency is dependent upon (i) the
orientation and distance between the fluorophore and quencher and (ii) the spectral overlap of the
emission spectrum of the fluorophore and the absorption spectrum of the quencher (Crisalli and Kool,

2011).

A Cy3-Dabcyl fluorophore-quencher pair was applied to detect the separation of DNA strands. Dabcyl
quenches the fluorescence of Cy3 by an efficiency of 95%, whereas FRET-quenching efficiency is below
70% (Marras et al., 2002). A 35 base pair 5’ Cy3 and 3’ Dabcyl labeled DNA was used as DNA substrate
(Figure 198B).

This experiment was conducted with the nuclease deficient SbcCD"8* mutant, which was used in the
earlier stage of this PhD. SbcCD"8* was pre-incubated in the presence or absence of ATP(yS) at 37 °C and
the reaction was started by DNA addition. The fluorescence intensity of each sample was monitored in a
time-dependent manner. A competitor DNA strand complementary to the quencher DNA strand was

added in a 10-fold excess.

In the absence of ATP(yS), no increase in fluorescence, hence, no strand separation was observed. An
increase in fluorescence was detected in the presence of ATP and ATPyS. The fluorescence increased to
approximately 5% of the total fluorescence (Figure 19C). This could have different reasons: (i) only a
small fraction of the DNA strands were separated, (ii) the emitted fluorescence was quenched by FRET

guenching or (iii) the close proximity of SbcCD induces fluorescence quenching.

In order to test if the alteration of the DNA structure was permanent or dependent to binding of SbcCD,
guanidinium-hydrochloride (Gua-HCl) was added to the reaction to disrupt protein-DNA interactions.

Addition of Gua-HCl leveled the fluorescence of the three samples to one value. This was slightly higher
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than the original value, which could be due to opening of the ends induced by high Gua-HCI

concentration (Figure 19C).

These results illustrated that the melting of DNA ends required DNA binding by SbcCD"% and was not
dependent on ATP hydrolysis. Since the increase of fluorescence was reversible, the competitor
oligonucleotide did not anneal to the quencher strand. Consequently, DNA-end melting by SbcCD"8%
was not of a processive nature but is more a transient separation by SbcCD"% (Figure 19C).
Interestingly, it was found that the increase in fluorescence was manganese-dependent (data not
shown). Thus, the SbcD nuclease active site is either directly involved in DNA-end separation or it is due

to allosteric control within the SbcCD complex.

These data correlate well to SbcCD’s nuclease activities. Degradation from DNA ends requires ATP-
binding as does fraying of DNA ends. However, internal distortion of DNA as well as internal incision of
DNA requires ATP-hydrolysis. This indicates, that DNA processing and DNA melting are functionally

coupled.

4.4.4 Chemical nature of SbcCD cleavage products

To further investigate and characterize the mode of cleavage catalysis, the cleavage products of the
nuclease assays were treated with phosphatase and kinase enzymes. The addition or removal of the
negatively charged phosphate changes the mobility of the oligonucleotides during electrophoresis.
Therefore, the presence or absence of a phosphate group of the unlabeled 3’ and 5’ termini can be

determined.

The endonuclease cleavage product of a 3’ FAM-labeled DNA was shifted after kinase treatment and
were not affected by phosphatase treatment. Thus, a free 5° OH was present and a phosphate could be
transfered (Figure 20B lanes 3-5). The exonuclease products were not shifted by kinase treatment but
phosphatase treatment had an effect on the electrophoretic mobility. This indicates the presence of a 5’

phosphate moiety (Figure 20A lane 6-8).

Phosphatase treatment of the cleavage products of the 5’ labeled 60 bp DNA induced a shift of the 5’
clipping products. The internal cleavage products from 20 to 23 nucleotides were not shifted (Figure 20
A, lane 2 and 3). Therefore, the 5’ clipping follows the same cleavage mechanism as endonuclease
incision. The internal cleavage products have the exonuclease chemistry as observed for the 3’ labeled

oligo.
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In Figure 20C are the FAM-labels positioned on the opposite side from the protein-blocked DNA end.
Therefore, the DNA ends that were obtained after SbcCD cleavage could be visualized. The 3’ labeled as
well as the 5’ labeled cleavage products were shifted by phosphatase treatment. This indicates a fully
phosphorylated DNA end and is in line with the hydroxylated cleavage products that were obtained
from the protein-blocked DNA end.
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Figure 20 ShcCD performs endo- and exonuclease activity with a different cutting chemistry (A) SbcCD"t was assayed in the
presence of 1 mM ATP, 1 mM MnCl; and 5 mM MgCl; at 37 °C. The 60 bp DNA substrate was labeled on the 3’ end with 6-FAM.
and treated with kinase and phosphatase after the nuclease reaction. Phosphate bound oligonucleotides have an increased
electrophoretic mobility. (B) Nuclease assay as in (A) with a protein-blocked 3’ end to omit exonuclease and stimulate
endonuclease activity. (C) Nuclease assay as in (A). Labels on the opposite side from the protein-block reveal a phosphorylated
DNA end that is obtained after SbcCD cleavage. (D) 60 bp DNA substrates that were used in (A — C) and the cleavage position
are schematized. (E and F) A different positioned water molecule leads to different cleavage outcomes. This is specific to
determined by the nuclease activity and the strand polarity.
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The data reveal two novel findings. It is the first time that the cleavage products of SbcCD or MR(N/X)
are described on a chemical basis. The cleavage chemistry appears to be highly strand specific. This
could be due to a symmetric coordination of the DNA and a concerted cleavage event of both

protomers, each cleaving one DNA strand.

Strikingly, the cleavage of a protein-bound DNA end leaves phosphate moieties on the 3’ and 5" end
which is a rather unusual cleavage product and not compatible for downstream precessing enzymes,

such as DNA polymerases or - ligases.

4.5 The SbcD dimer interface and its role in DNA processing

4.5.1 Analysis of the SbcD-dimer

Since the year 2000, over 20 X-ray crystallography structures of the Mrel1 were published from all three
domains of life (reviewed in (Schiller et al., 2014)).They all share a common fold comprising the N-
terminal phosphodiesterase core and capping domain. The Helix-Loop-Helix (HLH) domain is C-
terminally attached and interacts with the coiled-coil domain (Figure 21A) of Rad50. Mrell forms a
symmetric dimer. The dimer formation is mediated by conserved hydrophobic patches located in the a2
and a3 helices of each phosphodiesterase domain (Hopfner et al., 2001). This interaction motif is
referred as a four-helix bundle. The Mrell-dimer of eukaryotes is further stabilized by a latching loop
which is ordered upon Nbs-1 binding in S.pombe (Schiller et al., 2012). When superposing the crystal
structures of Mrell from different species, a dynamic dimer organization is observed including different
angles between the interaction helices of each Mrell dimer. Furthermore, DNA binding of Mrell
induces a widening of the four-helix bundle approximately 10° and rigid-body rotation of the dimer in

M.jannaschii (Sung et al., 2014). These facts highlight the flexible nature of the Mrel1 dimer.
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Figure 21 Crystal structure of the full-length SbcD dimer (PDB: 4MO0V) (A) Ribbon representation of the overall organization of
the SbcD dimer with a close-up of the 4-helix bundle motif. The main interacting residues are highlighted. (B) The close-up view
of (A) rotated by 90°. The distance between the F99 a-carbons is 7.1 A and therefore optimal for BMOE-crosslinking, as the
crosslinker has a linker length of 8 A. (C) Model of LisH dimerization domain (PDB: 1UUJ, grey) with SbcD crystal structure from
(A). The LisH C-terminus was linked to the N-terminus of SbcD with a PAS-Linker (Schlapschy et al., 2013) with a length of 8 or
13 amino acids. The length between the modeled LisH C-terminus and SbcD N-terminus is 22 A.

The dimerization of Mrell is crucial for stable dsDNA binding (Williams et al., 2008) and different
orientations of both dimers could control and regulate the nuclease activity. Moreover, Mrel1l-DNA
complex structures served as a basis to hypothesize that dimer rotation could help DNA melting by
twisting the duplex (Lafrance-Vanasse et al., 2015; Sung et al., 2014). Biochemical characterization of the
T4 bacteriophage Mrell with disrupted interface found that disruption of the Mrell reduces the
exonuclease by 10-fold and interrupts the allosteric communication between Mrell and Rad50 during
ATP hydrolysis. Therefore, the integrity of the Mrell dimer has a functional significance within the
Mrel1-Rad50 complex.

The interaction between the two SbcD protomers is mainly mediated by a hydrophobic cluster
consisting of Val68, 11e96, Phe99, and Leul00 (Figure 21A) on the top of the four-helix bundle. Arg60
from each SbcD forms weak Van-der-Waals interaction and is positioned by Glu92. The relatively small

cluster allows a plasticity of the dimer. The Interface of its thermophilic orthologs have larger
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hydrophobic clusters. For example, Chaetomium thermophilum dimer interaction spreads along the

entire dimer interface; therefore, it has a higher stability and less plasticity (Seifert, 2015)

RALS analysis of the SbcD nuclease and capping domain showed that SbcD is mainly a monomer during
size exclusion chromatography, a fraction of 4% dimeric. The introduction of the Val68Asp mutation
(SbcDVe8P) induces monomerization of SbcD (Figure 22A). If SbeD is in complex with the NBD of SbcC, the
main species is a heterodimer (96% dimer, 4% tetramer). Addition of ATP induces the formation of a
heterotetramer (Figure 22C). Although SbcD itself appears to be a transient homodimer, the addition of
a second interface by SbcC in the presence of ATP induces stable complex formation of the SbcCD —

head domain.
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Figure 22 Right angle light scattering (RALS) analysis of SbcD nuclease and capping domain ShcCD head complex (A) SbcD
nuclease and capping domain mainly forms a monomer, 4% of SbcD is a dimer. The SbcDV%8P-mutant induced a homogenous
monomer of SbcD, therefore, a destabilization of the SbcD interface. (B) The N-terminal fusion of LisH induces the formation of
a stable dimer of SbcD nuclease and capping domain (left), also in SbcDV68P mutant (right). (C) Analysis of SbcD full length in
complex with SbcC with shortened coiled-coils (SbcCs¢). SbcCsD mainly forms a heterodimer, 6% is forming a heterotetramer

in the absence of ATP (left). The addition of 0.2 mM ATP in the running buffer induces the formation of a SbcCs<D
heterotetramer (right).
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To investigate the plasticity of the SbcD dimer during nucleolytic processing, four SbcD interface
versions in complex with SbcC were compared: SbcD (i) with the wild type dimer interface (ii) with a
destabilized dimer interface (iii) with a covalently linked interface (iv) fused to the dimerization domain

LisH.

The destabilized SbcD interface was obtained by mutating Val68 to Asp (SbcDV®®P). Val68 forms a
hydrophobic interaction with [le96. This interaction is predicted to have a large contribution to the
stability of the interface. Removing the hydrophobicity and introducing charge in the interfaces leads to

a reduced stability.

The stabilized SbcD interface was obtained by fusing a dimerization domain to the N-terminus of SbcD
(SbcD"H). The dimerization domain was derived from the N-terminus of mouse Lis1 and the N-terminus
comprises a LisH (Lis-homology) motif which is a globular and thermodynamically stable dimerization
domain (Kim et al., 2004). Structural modulation of the LisH-SbcD fusion protein revealed the minimal
linker distance of 22 A (Figure 21C), to allow stable dimerization of LisH and not introducing
conformational changes within the SbcD dimer. This distance corresponds to eight amino acids. It was
shown by static light scattering, that the fusion of the LisH motif to the N-terminus of SbcD induced
stable, homogenous dimerization of SbcD (Figure 22 B). The linker length could be modified to allow

certain grades of flexibility within the SbcD dimer interface.

The covalent linkage of SbcD was obtained by engineering a cysteine-free version of SbcD and
subsequent introduction of a cysteine into the interface (Phe99Cys). Crosslinking with bis-
maleimidoethane (BMOE) and subsequent purification by size-exclusion chromatography yields a
covalently linked dimer of SbcD. This was reconstituted with full-length SbcC and the complex purified

by size exclusion chromatography.

The comparison of these four versions of SbcCD allows conclusions of the role of the SbcD dimer during

nucleolytic cleavage of DNA.

4.5.2 Activities of SbcD with a destabilized interface

Dimerization variant SbcCD"®8° was compared to SbcCD*! with regards to nuclease and ATPase activity.
SbcCDVY®® had a 3-fold reduced ket and the Ky was 6 times higher compared to SbcCD". Interestingly,
SbcCDV® had similar ATPase rates to SbcC alone. Combining SbcCDV6® with an N-terminal fusion of the
dimerization domain LisH restores the proximity of the two NBDs of SbcC. This restored the Kw, ket was

still 3-fold reduced (Figure 25). Therefore, an intact SbcD dimer brings the NBDs of SbcC into close
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proximity and facilitates ATP binding. Furthermore, it appears to allosterically regulate the ATP

hydrolysis cycle of SbcC.

Next, the endonuclease activity towards a covalently closed single-stranded plasmid DNA was examined.
The nuclease and capping domain of SbcDY®® cleaves ssDNA with a similar efficiency to SbcD™. The
assays were performed at a protein concentration, where the SbcD nuclease and capping domain is a
monomer in solution. N-terminal LisH fusion to SbcD ensured stable dimerization of SbcD. LisH fusion
increased ssDNA endonuclease activity for both proteins by a similar level. Full-length SbcCD*' and
SbcCDV6® required ATP for ssDNA cleavage. In the presence of ATP both protein cleaved ssDNA with a
similar efficiency. Interestingly, ATPyS slightly diminished endonuclease activity of SbcCD", whereas the

endonuclease of SbcCD"%8® was ablated (Figure 23A).

The nuclease activity of SbcCDV® towards dsDNA was tested. SbcCD"' cleaved 60 bp DNA in the
previously characterized pattern (Figure 23C lane 2). SbcCDV®® retained full exonuclease activity (Figure
23C lane 3). Therefore, the association between DNA and SbcCDV®8 and the 3-dimensional fold of SbcD
appears to be intact. However, the SbcD dimerization variant was deficient in endonuclease activity, also
in the presence of a protein block. The exonuclease activity was ablated in the presence of ATPyS (Figure

26).

Introduction of a bubble re-established the endonuclease activity. The positions of the incision were
identical to SbcCD", however, the cutting efficiency was lower (Figure 23C lane 6 and Figure 26). In the
absence of a block, the cutting efficiency was enhanced 3-fold compared to SbcCD*'. Therefore,
destabilizing the dimerization interface of SbcD correlated with the loss of endonuclease activity of

SbcCD. The presence of unpaired DNA re-established the endo-activity.

The ATPase data illustrate that the dimerization variant SbcCDY*®® introduced a defect in the ATP
hydrolysis cycle and the kc: was reduced to the level of SbcC alone. This suggests that there is an
allosteric cascade within SbcCD between DNA binding and endonucleolytical cleavage. The destabilized
SbcD-dimer could interrupt this cascade. This defect could lead to a dysfunction of SbcCD to generate a
DNA substrate which is competent for endonucleolytic cleavage. Introduction of a pre-melted stretch

compensates this defect and SbcCDV®® regains endonuclease activity.

Therefore, (i) the reduced ATP hydrolysis could induce a defect that SbcCD is not able to modify the DNA
structure. (ii) The destabilized SbcD could induce a mis-coordination of dsDNA towards the SbcD active
site. (iii) An intact SbcD interface induces dsDNA binding by SbcD and plasticity in the dimer interface

translates into structural distortions of B-DNA.
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Figure 23 Nuclease activity of the SbcD dimer interface variant SbcCDVé8P (A) Nuclease activity of SbcD and SbcCD variants
towards circular, single stranded plasmid DNA was tested. Protein (250 nM) and Phil174 virion DNA (100 ng) were mixed and
reaction stopped as described in materials and methods. Cleavage products were separated on a 0.8% agarose gel. (B) The
nuclease activity of SbcCD"t and SbcCDVé8P was assayed towards a 3’ labeled 60 bp DNA. Destabilization of the SbcD interface
leads to a deficiency of endonuclease activity, but not 3’-> 5’exonuclease (Lane 6 and 7) and pseudo 5’ -> 3’ exonuclease activity
(Lane 2 and 3). (C) DNA substrates used in (B)
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4.5.3 Activities of SbcD with a stabilized interface

The stabilization of the SbcD interface was obtained by fusing a dimerization domain to the N-terminus
of SbcD. The dimerization domain was obtained from the N-terminus of mouse Lisl. The N-terminus
comprises a LisH (Lis-homology) motif which is a globular and thermodynamically very stable
dimerization domain (Kim et al., 2004). The N-terminal fusion of LisH to SbcD allows plasticity within the
SbcD dimer, however, macromolecular conformational changes are omitted. As linker, an 8 (SbcCD'*H
83) and 13 (SbcCD'M1333) amino-acid long Pro-Ala-Ser linker was applied which is resistant to

degradtation and not forming secondary structures (Schlapschy et al., 2013).

The exonuclease products of SbcCD""83 appeared 3-fold less intense, the endonuclease products of a
protein blocked duplex DNA are 5-fold less intense compared to SbcCD"'. SbhcCD'"1322 exonuclease is
1.3-fold reduced, the endonuclease is 1.7-fold reduced compared to SbcCD"* (Figure 24A lanes 1-8). The

presence of a bubble rescues the endonuclease activity of both SbcCD"*" constructs.

71



Results

These data suggest that plasticity of the SbcD dimer is crucial for exo- and for endonuclease activity.
These data contradict an opening of the SbcD dimer during endonuclease incision, as the LisH domain

would block this conformational change.

To get a deeper knowledge of the SbcD dimer dynamics it was covalently crosslinked. The covalent
linkage of SbcD was obtained by engineering a cysteine-free version of SbcD and introducing a cysteine
at the edge of the interface (SbcD™°%). Cross linking with bis-maleimidoethane (BMOE) and subsequent

reconstitution with full length SbcC yielded in a high-purity SbcCD*'"¢ complex.

The crosslink was located at the edge of the hydrophobic patch which traps the SbcD dimer in the
conformation observed in the crystal structure (PDB: 4MOQV). The rotational plasticity is limited and an

opening of the Mrel1 dimer is fully omitted due to the covalent linkage.
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Figure 24 Nuclease activities of SbcCD complexes with SbcD having stabilized dimer interfaces: (A) Nuclease assay of SbcCDWt
and SbcCD with a linked SbcD interface. The dimerization domain LisH was N-terminally fused to SbcD with an 8 and 13 amino
acid linker (SbcCDlisH-8aa gnd ShcCDUsH-13aa), The linker lengths allow different flexibility grades of the SbcD dimer. (B) Nuclease
assay of reconstituted SbcCD"t and SbcCD with a crosslinked SbcD dimer interface. The cysteins from SbcD were removed
(SbcDmo-¥s) and a cysteine introduced in the SbcD dimer (SbcDFC). This version was crosslinked with BMOE (SbhcD*inked) and
reconstituted with SbcC. (C) DNA substrates that were used in (A and B) with indicated cleavage sites.

The nuclease activity was mildly affected by the removal of the cysteins in SbcD (SbcCD"°-%*). The band
pattern is identical, the corresponding intensities are slightly reduced (Figure 24 B lanes 2 and 3). A
crosslinked SbceD dimer (SbcCD*'™ked) increases the exonuclease of SbcCD by 2-fold. The endonuclease is
reduced by 5-fold (3’ labeled DNA) or 3-fold (3’ label + bubble). Thus, the presence of pre-melted DNA
could partially re-establish the endonuclease of SbcCD*'"e¢ (Figure 24B lanes 10 — 13).
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These biochemical data provide the first evidence that a dynamic SbcD dimer conformation is important
for the endonucleolytic cleavage. The exonuclease activity was robust in all nuclease experiments and
therefore never affected by a mutation in the SbcD interface. Crosslinking of the SbcD interface
increased exonuclease activity. In contrast, the endonuclease activity was affected by all mutations
affecting the SbcD dimer interface. The presence of a pre-melted stretch positively affected the

endonuclease activity of all SbcD dimer versions.
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endonuclease cuts of SbcCD"t appear more intense as of SbcCDV68P,
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5. Discussion

5.1 SbcCD as a model protein to study molecular mechanisms of the

MR(N/X) complex

The mechanism of ATP-dependent dsDNA processing by MRN has been elusive for many years. The
contradiction that ATP-binding triggers DNA binding but blocks the Mrel1 nuclease site is a not resolved

riddle. The aim of this thesis was to gain mechanistic insights how the MR(N/X) complex processes DNA.

Up to now, deciphering the molecular mechanism of MRN was mostly focused on structural studies.
Over 40 structures of single subunits or truncated versions of MR(N/X) have been solved by X-ray
crystallography until now. The proteins mostly originated from thermophilic organisms and that’s why

structural findings were often not complemented with a biochemical characterization.

MR(N/X) appears to adopt transient functional conformations during DNA processing which are
dependent on the integrity of the full-length complex. Particularly the Rad50 coiled-coil and zinc-hook
domains are indispensable for the proper function of MR(N/X) (Hohl et al., 2015; Hohl et al., 2011;
Wiltzius et al., 2005). The MR(N/X) complexes are structurally and biochemically highly conserved and

one can assume that the mechanisms of DNA-binding and DNA-incision are similar between species

To obtain a comprehensive picture of DNA processing, it is essential to work with full-length MR(N/X). At
the beginning of this thesis, the MRN complex from Chaetomium thermophilum was expressed in
S. cerevisiae and isolated by a three-step purification. Initial biochemical investigations showed that it
had nuclease, ATP-hydrolysis, and DNA binding activity. However, the isolated amount was small and
not sufficient to conduct a thorough biochemical characterization. Furthermore, most of the assays
required elevated temperatures of 45 — 50 °C to obtain enzymatic activity. It is also known that the
activities of eukaryotic MR(N/X) are highly regulated by post-translational modifications (PTMs), other
interacting proteins and the chromatin structure. Therefore, this was not an ideal system to conduct

biochemical studies.

The SbcCD complex from E. coli could be obtained in large amounts with a high purity. Since it is a
mesophilic organism, the protein has full activity at 37 °C. SbcCD is not regulated by PTMs and its activity
does not dependent on other interacting proteins or the state of chromatin. Therefore, it is an ideal
system to conduct biochemical studies to obtain precise data about MR’s or SbcCD’s molecular

mechanisms.
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The biochemical studies in this thesis illustrated that SbcCD has very defined biochemical activities,
which are equal to its eukaryotic homologs. In the absence of dsDNA, SbcCD has low basal ATPase rates
and is activated 25 fold in the presence of dsDNA. The ATPase activity is further stimulated by DNA ends,
as it has been reported for the human MRN complex (Deshpande et al., 2017). In contrast to the T4 MR
complex (Hill coefficient of 2.4), the ATP hydrolysis by SbcCD is not cooperative (Herdendorf et al.,
2011).

SbcCD incises both DNA strands approximately 25 base pairs from a DNA end. This activity requires ATP
hydrolysis and is highly stimulated by a protein block on a DNA end. Similar activities were observed for
the human and yeast MR(N/X) complex and the distances were in the same range for human (18 bp) and

yeast (20-25 bp) (Anand et al., 2016; Cannavo and Cejka, 2014).

SbcCD binds to double-stranded DNA in the presence of ATP (or ATPyS) with a dissociation constant of
Ks=50 nM. In the absence of ATP, SbcCD does not bind to dsDNA. It does not bind to single-stranded
DNA in the presence or absence of ATP. Therefore, SbcCD strictly requires ATP-binding and the helical
structure of dsDNA to associate with nucleic acids. Therefore, the dimerized NBDs of SbcC can be

considered as the major dsDNA binding platform in SbcCD.

The DNA binding groove of eukaryotic Rad50 is considered as the main DNA binding site. Depending on
the study, Mrel1l binds double-stranded with a K4 of 5 uM, whereas full length MR(N/X) binds dsDNA in
an ATP dependent manner with a Kq in the low nM range (Liu et al., 2016; Paull and Gellert, 1999;
Rojowska et al., 2014; Seifert et al., 2016; Sung et al., 2014; Williams et al., 2008). The MR complex from
the T4 phage has a Kq s of 0.15 uM in the presence of ATP, 0.69 uM in the absence of ATP, and also binds
ssDNA with 0.5 uM affinity (Albrecht et al., 2012).

SbcCD’s core functions and activities were characterized and they match with the enzymatic activities of
MR(N/X) from other species. Therefore, the obtained data have implications in the general working

mechanism of the MR(N/X) and SMC-like proteins from other organisms.

5.2 ATP hydrolysis by SbcCD and ATPase stimulation by dsDNA

The SbcC/Rad50 ATPase domain belongs to the ATP-binding cassette (ABC)-type ATPase family. ABC-
proteins are chemomechanical engines for diverse biological pathways. A common feature is that the
two nucleotide binding domains (NBDs) cooperate to form two composite active sites. NTPs are then

sandwiched in the NBD dimer interfaces and NTP-binding and -hydrolysis lead to conformational
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changes between the two NBDs, which is referred to as the “powerstroke” of ABC proteins. The
hydrolysis of NTPs to NDPs and Pi and the conformational changes of the NBDs are translated to

conformational changes in associated domains.

ABC transporters use the process of ATP-binding and -hydrolysis to transport molecules across
membranes. The energy conversion of ABC proteins involved in the repair of DNA damage and mismatch
recognition, DNA cleavage, sister-chromatid cohesion is less clear. In general, ABC proteins can be

considered as NTP-controlled “molecular machines” or “molecular switches” (Hopfner, 2016).

Several ABC-proteins are involved in the segregation and recombination of the genetic material. These
proteins are referred as the SMC/Rad50/RecN/RecF family. A common feature of these proteins is that
the NBDs can directly bind to DNA, but also interact with other subunits and domains, including a long
coiled-coil domain that is characteristic of most members of this family. Most proteins of this family

have low basal ATPase rates which are stimulated by double-stranded DNA (Cobbe and Heck, 2006).

DNA-stimulated ATPase activity was observed with SMC proteins of cohesins and condensins. The
Pyrococcus furiosus SMC catalytic domains exhibited a 14-fold stimulated ATPase in the presence dsDNA
oligonucleotides (Lammens et al., 2004). The Deinococcus radiodurans (Dr) recombination protein RecN,
which is similar to SMC proteins except for a shorter coiled coil, exhibits a 3—4-fold increase in ATPase
upon addition of linear plasmid DNA (Pellegrino et al., 2012; Reyes et al., 2010) similar for DrRecF, which
possesses the conserved ABC ATPase domains but lacks the coiled-coil of Rad50 or SMC proteins
(Koroleva et al., 2007). The ATPase of the postreplicative mismatch proteins from human (hMutSa) and
E.coli (MutS) were stimulated by 6-fold by dsDNA (Dufner et al., 2000; Lamers et al., 2004) and the
recognition of a mismatch of the human hMutSa generated a further 3.5-fold stimulation (Gradia et al.,

1997).

A dsDNA dependent ATPase stimulation was also observed for the MR(N/X) from all domains of life.
Linear DNA stimulated ATP hydrolysis from archaea (20 fold), yeast (10 fold), human (40 fold) and T4
phage (22-fold) (Deshpande et al., 2017; Herdendorf et al., 2011; Trujillo et al., 2003). The human
protein requires the presence of long DNA duplexes (>1 kb) to efficiently induce the ATP hydrolysis than

short oligonucleotide substrates (Deshpande et al., 2017).

Although the DNA induced stimulation is a common feature in SMC proteins and ABC-type ATPases, a
precise molecular activation mechanism has not been resolved for any of these proteins. It is likely that

a minimal conformational change or a differently positioned water molecule convert the protein into an
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activated state. Biophysical investigation of the T4 MR and MR-DNA complex identified either chemistry

or a conformational change prior to catalysis as a rate-limiting step (Herdendorf and Nelson, 2014).

The characterization of SbcCD’s ATPase stimulation revealed that SbcCD requires 30 consecutive base
pairs for efficient ATP-hydrolysis activation. The activation is increased stepwise with longer DNA and
reaches a maximum at 50 and 60 base pairs. These results were rather unexpected, since structural
analysis of Rad50 would predict a DNA binding footprint of about 20 base pairs (Liu et al., 2016;
Rojowska et al., 2014; Seifert et al., 2016). Consistent with the ATPase data, efficient DNA binding is
obtained with 30 bp and longer and does not increase with longer DNA. It remains speculative what kind
of features are provided by 30 bp DNA. Structural modeling with the closed heterotetrameric MR
complex of Thermotoga maritima (PDB: 3THO) and 30 bp DNA showed that two SbcCD complexes could
bind in a staggered arrangement. Preliminary DNA binding experiments with SbcCD at stoichiometric
titration conditions indicated that two protein complexes assemble on one DNA molecule (data not
shown). An array formation of SbcCD on DNA could be visualized by rotary shadowing electron

microscopy or cryo-EM.

Despite its dependence on DNA length, the SbcCD ATPase stimulation is also sensitive to DNA ends. The
ATPase activity was increased 25 fold by relaxed, circular plasmid DNA. Linearization of the plasmid DNA
did not yield in a higher maximum ATPase rate, but the ki was significantly lower (2.6 nM for linear
DNA, 10.8 for circular DNA). This could either be due to a higher affinity to DNA ends or have structural
reasons. Negative supercoiling of the circular plasmid DNA negatively affected the ATPase stimulation
and the ATP hydrolysis was only activated 9 fold. This is likely due to an altered secondary structure in
the underwound state of DNA. This conformation would then not fit in the SbcC DNA binding groove.
The remaining 9 fold activation could be due to transient formation of B-DNA due to internal structural

dynamics of the supercoiled DNA molecules.
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Figure 27 Model of SbcCD’s ATPase stimulation upon DNA strand breaks in a bacterial chromosome. DNA is compacted into
individual supercoiled domains that are topologically unlinked from each other because of supercoil diffusion barriers (red
circles). Introduction of DNA strand breaks as a result of cellular processes or DNA damage (indicated by scissors) relaxes a
single domain without affecting the topological state of the remaining chromosome. SbcCD is stimulated step by step by
relaxed DNA and DNA ends. Adapted and modified from (Thanbichler et al., 2005).

In the context of a DNA break in an E. coli cell, these data would make sense. The E. coli genome is a
single, circular chromosome with a size of 4.6 Mb, which is embedded in the cytoplasm. An important
contribution to chromosome compaction in prokaryotes is made by negative DNA supercoiling which is
maintained by topoisomerases. Negative supercoiling is essential for proper functioning of cellular

processes that require DNA strand separation, such as transcription, recombination and DNA repair.

The supercoiled state induces the formation of plectonemes that coil up around themselves. At the base
of the plectonemes, specific proteins attach to form supercoil diffusion barriers. These unlink the looped
DNA topologically from the rest of the genome (Rybenkov et al., 2014; Thanbichler et al., 2005). The
number of the isolated supercoiled domains is dependent on the growth phase of E.coli and estimated

to be in the range of 400 having roughly a size of 10 kb each.

The Michaelis-Menten kinetics with SbcCD showed that SbcCD complexes well with ATP and has a Ky of
50 uM to ATP. The physiological E. coli ATP concentration is ~ 1.5 mM (Yaginuma et al., 2014) and SbcCD
would preferentially be in an ATP-bound closed conformation in the presence of intact, supercoiled

DNA. Normal supercoiled nucleoid DNA activates SbcCD only at a low rate.
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The presence of a single-strand or double-strand break would locally relax DNA, without affecting the
topological state of the remaining chromosome. The persistent relaxed state of DNA can be considered
as a hallmark for broken chromatin and serve as long-range signaling of a DNA strand break. The higher

affinity to relaxed DNA could then facilitate the recruitment of SbcCD to DNA damage sites.

Nuclease experiments showed that SbcCD does not cleave or degrade relaxed circular DNA. The E. coli
genome is organized by small proteins, which bind approximately 10% of the genomic DNA and serve as
internal protein block. The presence of an internally-bound protein did not stimulate incision of circular
DNA, also when the dsDNA was nicked next to the block, what would provide the ability for SbcCD to
structurally distort DNA. The experiments suggest that SbcCD strictly requires DNA ends to process
dsDNA. How SbcCD distinguishes between internal and terminal protein blocks remains a matter of

future studies.

It is not known if SbcCD requires the DNA ends to load onto DNA. Studies with single molecule DNA
curtains proposed that human MRN can load internally onto DNA and diffuse along the DNA in an ATP-
bound manner (Myler et al., 2017). Similar experiments with the SMC proteins cohesion (S. cerevisiae)
and condensing (S. pombe) showed internal loading onto dsDNA (Stigler et al., 2016; Terakawa et al.,

2017).

If SbcCD would have an ATP-dependent motor protein activity, it could specifically locate to the DNA
break through stimulation of its ATPase until DNA terminal structures are encountered to which SbcCD
can bind with a higher affinity. The ATPase activity is further stimulated and depending on the structure

of the terminal DNA, SbcCD would then perform end resection accordingly.
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5.3 SbcCD’s nuclease activities, the role of DNA-duplex melting

MR(N/X) and SbcCD have nuclease functions that are conserved amongst bacteria, yeast and human.
Conserved activities are (i) 3'->5" exonuclease (ii) cleavage of dsDNA adjacent to a protein blocked DNA
end (iii) cleavage of hairpin structures on the 5’ side of a hairpin and (iv) cleavage of 3’ overhangs

(Connelly et al., 1999, 2003; Paull and Gellert, 1999; Trujillo and Sung, 2001).

Leach and Co-workers have extensively investigated SbcCD’s nuclease activities (Connelly et al., 2003;
Connelly et al., 1997; Connelly et al., 1998). Most data in my study matched with their observations,
although | worked with an approximately 100 fold higher DNA and protein concentration and the DNA
end was labeled with a fluorophore instead of a radioactive label. In addition to their results, | observed
that SbcCD clips approximately six nucleotides from the 5 DNA end on a 60 bp DNA and SbcCD strictly

requires ATP hydrolysis to cleave DNA internally.

The ATP-dependent endonuclease activity is a highly conserved function in the MR(N/X) complex. In
eukaryotes, the endonuclease activity is required to remove proteins from DNA ends such as Spoll,
poisoned and trapped Topo Il — DNA adducts, or the high-affinity binding protein ring protein Ku70/Ku80
(Mimitou and Symington, 2010; Stingele et al., 2017). This activity is required to enable downstream
DNA processing enzymes to act on the DSB. In bacteria, SbcCD is involved in the processing of
quinolone-trapped gyrase-DNA complexes (Aedo and Tse-Dinh, 2013). Furthermore, SbcCD internally
cleaves both DNA strands at palindromic sequences and stimulates recombination (Eykelenboom et al.,

2008). These data emphasize the central role of the endonuclease activity of MR(N/X) and SbcCD.

My study revealed that SbcCD cleaves both DNA strands of a protein-bound DNA end 27 nucleotides
from the 3’ end and 23 nucleotides from the 5’ end. Minor cleavage products appeared at 15 and 35
nucleotides relative to the 3’ end. The distances matched with a recent study where SbcCD was assayed
with a plasmid carrying a cruciform secondary structure. SbcCD cut from the top of a cruciform DNA by
making initial incisions on both strands and continued cleaving the dsDNA stem at ~10-bp intervals. The
initial, most prominent cut appeared at 25 bp from the top of the cruciform (Lim et al., 2015). These
similar observations suggest that the cleavage mode on a protein bound DNA end and cruciform
structures are identical. After the initial SbcCD cleavage, it is likely that other DNA processing enzymes,

such as RecBCD, associate with the free DNA end to continue homologous recombination.

SbcCD’s ATPase activity is stimulated by dsDNA and DNA ends. However, to degrade or internally cleave

one molecule of DNA, SbcCD hydrolyses approximately 200 (with a protein blocked DNA end) to 1000
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(with a free DNA end) ATP-molecules. This has several implications on the relationship between ATPase
and nuclease activities: (i) SbcCD’s DNA cleavage is an inefficient process, (ii) the ATPase rate and
nuclease activity do not directly correlate with each other and (iii) a protein-bound DNA end increases

the cleavage efficiency.

The function of ATP-hydrolysis by Rad50 or SbcC and how the released energy is converted into
functional activities of the Mrell protein remains obscure. ABC transporters use the process of ATP-
binding and ATP-hydrolysis to transport molecules across membranes. S. cerevisiae condensin has ATP-

hydrolysis-dependent translocation activity along double-stranded DNA (Terakawa et al., 2017).

SbcCD or MR(N/X) could convert the released energy from ATP hydrolysis into structural distortions in B-
DNA. Previous studies proposed that human MRN unwinds dsDNA at the end of the duplex in an ATP-

dependent manner (Cannon et al., 2013; Paull and Gellert, 1999).

The mechanism of the dsDNA cleavage by Mrell has long been discussed since its active site is
concealed in the enzyme. Structures of P. furiosus Mrel1 with dsDNA revealed that B-DNA is 5 A apart
from a position which is productive for cleavage (Hopfner et al., 2001; Williams et al., 2008). Therefore,
DNA cleavage requires either a conformational rearrangement of the Mrel1 active site or melting of the
dsDNA. The advantage of single-stranded DNA in the process of the phosphate backbone cleavage is
that the DNA strand can flexibly enter the active site and the approach of the nucleophile (in the case of

Mrel1l the nucleophile is a water molecule) is sterically not restricted.

MR(N/X) from all domains of life cleaves at the 5’ side of a hairpin structure and 3’ overhangs (Connelly
et al.,, 1998; Paull and Gellert, 1999; Trujillo and Sung, 2001). These secondary structures have the
common feature to contain transitions from dsDNA to ssDNA in 5" -> 3’ direction. If one considers
spontaneous conformational fluctuations at DNA ends (“fraying”), a blunt-ended DNA would also

provide a short 3’ overhang for ATP-independent exonucleolytic degradation by Mrel1.

In this work, it was tested if dsDNA unwinding and nuclease activities could be functionally connected

with each other.

FRET-quenching experiments showed that SbcCD separates DNA at the end of a duplex in the presence
of ATPyS and therefore requires ATP-binding. Internal DNA melting was monitored by the addition of
potassium permanganate which oxidizes cytosine in structurally distorted regions. These experiments
showed that internal DNA melting by SbcCD requires ATP-hydrolysis. A protein-blocked DNA end did not

further stimulate unwinding of dsDNA. Since the endonuclease is highly stimulated by a protein-blocked
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DNA end, the number of endonucleolytic incisions does not directly correlate with the level of structural

distortions in dsDNA.

To correlate DNA melting and endonuclease activity, the local thermodynamic stability of the 60 bp
cleavage substrate was tuned by introducing stretches with different A/T- and G/C-contents.
Subsequently, the internal SbcCD cleavage products were analyzed. SbcCD cleaves the A/T-rich DNA
with higher efficiency than G/C-rich DNA. Therefore, the internal cleavage efficiency correlates with the
thermodynamic stability of the DNA duplex. This correlation is overcome when the DNA ends are
blocked. Additionally, SbcCD has an increased binding affinity to A/T-rich DNA over G/C-rich DNA
whereas the ATPase stimulation was not affected. This implies that the SbcCD endonuclease could
either be stimulated by a higher ability to structurally distort DNA or that prolonged location of SbcCD

leads to more internal cleavage events.

A binding preference for A/T-rich regions was also shown for S. pombe cohesin and S. cerevisiae
condensin by single-tethered DNA curtain assays (Stigler et al., 2016; Terakawa et al., 2017). This could

imply a conserved DNA binding mode of SMC-like proteins.

E. coli has two structurally conserved arginines (R102 and R113) which are located on the top of the
Rad50 beta-sheet I. They are in close proximity to the position, where SbcC/Rad50 would potentially
bind dsDNA. Arginines are known to insert into the minor groove of dsDNA and stabilize deformation
and distortion of DNA (Wang et al., 2010). Therefore, these residues could stabilize structural distortions

in the position of around 25 base pairs.

As a follow-up experiment, 60 bp DNA substrates with pre-melted stretches were designed. Three
unpaired nucleotides did not have an effect on the cleavage pattern and seven unpaired nucleotides
drastically decreased SbcCD’s cutting efficiency. The length of five unpaired nucleotides DNA affected

SbcCD’s cutting pattern by not decreasing the cutting efficiency.

The internal cleavage position of SbcCD directly correlated with the position of the pre-melted DNA
stretch and was located at the 5’ side of the melted DNA stretch. This is in accordance with the hairpin-
opening and the 3’-overhang-cleaving activity of MR(N/X)/SbcCD and suggests that the cleavage
mechanisms are conserved to the dsDNA internal cleavage and generally requires a dsDNA —ssDNA
transition state. SbcCD generates this substrate by internally melting the DNA in an ATP-dependent
manner. If only one complex is involved in internal DNA cleavage or two or more complexes work in

concert remains a matter of future experiments.
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5.4 Distinct cleavage chemistries and its implications for dsDNA processing

The MR(N/X)/SbcCD complex has a shared endo- and exonuclease activity. When processing dsDNA,
SbcCD cleaves the scissile phosphate from either the 3’ or 5’ side to leave a free 5’ -P0,* or 5’-OH as
cleavage product. These different cleavage chemistries are specific for the different nuclease activity
and distinct for each strand. If SbcCD degrades dsDNA with its exonuclease activity, it cleaves the P-O5'-
bond on the 5 strand and the P-Os’-bond on the 3’ strand. Therefore, both DNA strands are then
hydroxylated. For the endonucleolytic cleavage, the cleavage chemistry is reversed and SbcCD performs
a P-Os’-cleavage on the 3’ strand and a P-Os’-cleavage on the 5’ strand, leaving a fully phosphorylated

DNA end.

Mrell’s nucleolytic cleavage is an Sy2-reaction which requires an in-line nucleophilic attack of a water
molecule, which is coordinated by one Mn?* (Hopfner et al., 2001). The water molecule has to attack
from the 5’-side to generate a 5’-P04* and 3’-OH, and from the 3’-side to generate a 5’-OH and 3’-P0O4?.
To produce cleavage products with different cleavage chemistries, either the position of the water

molecule is different or the scissile phosphate is coordinated in a reversed orientation.

A reversed cleavage chemistry could be also obtained by a double inversion, which returns the
phosphorus to its original configuration by a two-step reaction via a covalent enzyme-DNA intermediate.
However, this mechanism is unusual for metal-catalyzed nuclease reactions and a Ser, Tyr or His side

chain as nucleophile has not been identified for Mre11/SbcD.

A possible explanation for SbcCD’s distinct cleavage products could be different polarities of each DNA
strand in SbcD’s active site. The attacking water molecule would be coordinated at a defined position by
one Mn?* and due to the different orientation of the scissile phosphate, a different cleavage product is
obtained. To approach the active site in different orientations, the DNA would require the flexibility of

single-stranded DNA.

Mrel1’s/SbcD’s in vitro nuclease activities are dependent on the presence Mn?%. In SbhcD’s active site,
two Mn%-ions are octahedrally coordinated by seven conserved residues (Asp8, Asp58, Asn83, His84,
His184, His222, His224). The preferred coordination of Mn?* over Mg?* is due to the four histidine

ligands, Mg?* preferentially coordinates oxygen containing ligands.

In most cases, Mg?* is the choice for two-metal-ion catalysis because of its stringent coordination
geometry and charge requirements, leading to a highly selective nuclease reaction. SbcCD’s cleavage

efficiency was highly reduced if Mn? was substituted by Mg*. Mn?* tends to relax the substrate
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specificity of nucleases and polymerases and can rescue defective enzymes (Yang et al., 2006). Mn%
broadens the substrate range of nucleases, likely due to Mn?* being a transitional element with less
stringent coordination requirements than Mg2* (Yang, 2011). This could be a key feature to permit the

different cleavage chemistries and enable the diverse nuclease functions of SbcD/Mrel1.

The cleavage chemistry of a hairpin opening has been characterized by Leach and Co-workers. They
found, that SbcCD performs a P-Os’-cleavage at the 5’ side of the hairpin to leave products with 5’- PO4*
and 3’-0OH termini. This is consistent to the observations from this study and claims, that the protein-

blocked stimulated endonuclease and hairpin opening activities have the same cleavage- mechanism.

It remains matter of future studies if this activity is conserved for MR(N/X) complexes from other
organisms. However, since the nuclease activities are conserved and specific for the same secondary

structures, it is likely that the DNA-cleavage follows a similar mechanism.

That one enzyme cleaves the phosphate backbone with different cleavage chemistries is rarely
observed. In general, the cleavage products of nucleases are 5’-P04% and 3’-OH groups. The advantage
of these products is that the 3’-OH can be passed onto other nucleic acid enzymes and be used as
nucleophiles for DNA polymerases or DNA ligases. Furthermore, the 5’-PO4* is a common substrate for

DNA ligation at the end of replication, DNA repair and recombination (Yang, 2011).

For both, endo- and exonuclease activity, SbcCD produces DNA ends which are not directly compatible
for downstream enzymes such as DNA-Ligases or DNA-Polymerases. Therefore, the ends are not suitable
for a direct end joining reaction and would require further modifications. The distinct cleavage products
This could be a protection mechanism over uncontrolled end joining reaction after nucleolytic

degradation of DNA ends by MR(N/X) or SbcCD.
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Figure 28 Model to summarize the activities of the SbcCD complex: SbcCD is in an inactive state in the presence of negative
supercoiled DNA. SbcCD’s ATPase becomes activated in the presence of relaxed DNA, which occurs for example due to single-
strand or double-strand breaks, during DNA-replication or transcription. SbcCD’s nuclease is exclusively activated by DNA ends.
Free DNA ends are processed by SbcCD’s exonuclease, which produces a hydroxylated DNA ends. If the DNA end is protein-
blocked, SbcCD’s endonuclease cleaves off the protein obstacle to leave both DNA strands phosphorylated. These ends are not
compatible for the direct end-ligation reactions and require further downstream-processing.

5.5 SbcD dimer organization during DNA processing

The Mrell-Mrell homodimeric interface is mediated by a conserved four-helix bundle motif.
Functional investigation of the Mrell interface emphasized a high importance of an unmodified
interface. A destabilized S. pombe Mrell dimer interface resembled mre11A in being very sensitive to
genotoxins. In vitro studies with the nuclease and capping domain of P. furiosus Mrell showed that an
intact Mrell dimer is important to bind dsDNA, but dispensable for the incision of ssDNA (Williams et
al., 2008). Biochemical investigation with the T4 phage MR complex showed that the Mrell dimer
interface disruption reduces the DNA-stimulated ATPase activity of Rad50 and slows down the MR-
exonuclease (Albrecht et al., 2012).
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Discussion

The SbcD nuclease and capping domain forms a weak dimer, 4% of SbcD forms a dimer during size-
exclusion chromatography coupled right angle light scattering (SEC-RALS). It is likely that SbcD forms a
dimer in the full-length SbcCD complex, since the two SbcD protomers should be in close proximity due

to the SbcC Zinc-hook.

The introduction of the SbcDY®®® mutation destabilizes the SbcD dimer-interface, and the fraction of
dimeric SbcD during SEC-RALS vanishes. The ssDNA endonuclease activity is not affected by the nuclease
and capping domain SbcDV%®. Therefore, this mutation does not affect the overall fold of SbcD and the

nuclease active site appears to be properly folded.

The SbcDVY®8® mutation affects SbcCD’s nuclease- and ATPase-activities in a defined manner. Full-length
SbcCDVY® retains its dsDNA exonuclease and ssDNA endonuclease activities in the presence of ATP,
however, SbcCDY®®® is dsDNA endonuclease-deficient. The endonuclease activity is rescued by
introducing bubbles into the dsDNA, a structure which was previously discussed to be an intermediate
during endonucleolytic cleavage. In the presence of ATPyS, SbcCDV®8P |oses all of its nuclease activities.

Michelis-Menten kinetics showed that SbhcCD"8 has similar ket and Ky values to SbcC alone.

Form these data, one could hypothesize that SbcCDY®® is not able to form a DNA intermediate which is
in a productive structure for SbcD cleavage. If the dimer is directly involved in DNA melting or the SbcD-
dimer destabilization introduces an allosteric defect into the SbcCD complex is not clear yet. Since the
endonuclease is ATP-hydrolysis dependent and the SbcC ATPase was highly affected by the SbcDVé, the

defect in the SbcCDVY®® complex could have allosteric reasons.

However, the crystal structure of P. furiosus and M. jannashii Mrel1l-DNA complexes show a minor
groove widening of B-DNA. Additionally, DNA-binding of the M. jannashii Mrell induces a rigid body
rotation of the two Mrell protomers, and the authors of this work hypothesized that this movement

could directly induce DNA melting (Sung et al., 2014; Williams et al., 2008).

The N-terminal fusion of the LisH domain to SbcD would inhibit an opening of the SbcD dimer but allow
minor conformational changes. The SbcCD"*" complex retains full exonuclease activity. However, the
endonuclease on a protein-blocked dsDNA was reduced 2-5 fold, depending on the linker-length
between LisH and SbcD. The presence of a bubble restores the endonuclease activity to almost SbcCD*"'-
level. Covalent crosslinking of the SbcD-dimer counteracts any plasticity of the dimer-interface. This rigid
conformation of SbcD favors the exonuclease activity compared to SbcCD", depletes endonuclease

activity which is only partially restored by the presence of a bubble.
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Discussion

Collectively, these data propose that a native SbcD dimer interface is crucial for endonuclease activity,
but not for exonuclease activity. The exonuclease activity remained robust for all introduced SbcD
modifications and was enhanced for the crosslinked SbcD dimer, which hints towards that the SbcD

dimer, remains in a rigid organization.

The endonuclease appears to be a finely tuned activity, which requires an intact allosteric cascade
within SbcCD. A precise sequence of mechanisms could be necessary between dsDNA binding and
internal dsDNA cleavage. A crucial step appears to generate a DNA intermediate with an unpaired DNA-
stretch which is productive for cleavage. Since the endonuclease activity of the dimer interface mutants
could be rescued by the presence of a bubble, the wild-type SbcD dimer is crucial to generating this
substrate. The obtained data contradict a SbcD-dimer opening during endonuclease activity but

emphasize that plasticity is essential for the proper function of the SbcCD complex.
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7. Abreviations

°C
6-FAM
A

aa

ABC
ADP
alt-NHEJ
AT

ATP
ATPyS
BER
BMOE
bp
BRCT
cNHEJ
CSR
C-terminus
Cuso4
DNA
DNA-PKcs
DSB
DSBR
dsDNA
EDTA
EMSA
FHA

GC

h

HEX

degree celsius

6-carboxyfluorescein

Angstrom

amino acid

ATP binding cassette

adenosine diphosphate

alternative non-homologous end joining
adenine - thymine base pair
adenosine triphosphate

adenosine 5’-[y-thio]triphosphate
base-excision repair
bis-maleimidoethane

base pair

breast cancer carboxy terminus
classical non-homologous end joining
class switch recombination

carboxy terminus

copper sulfate

deoxyribonucleic acid

catalytic subunit of DNA-dependent protein kinase
DNA double strand break

DNA double strand break repair
double-stranded DNA
ethylenediaminetetraacetic acid
electrophoretic mobility shift assay
forkhead associated

guanine - cytidine base pair

hour

6-Hexachloro-Fluorescein
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Abreviations

HLH
HR
IPTG

kDa
LB

Mg
min
MME)
MMS

Mrell
NBD
Nbs1
nt
N-terminus
ODeoo
PAGE
PCR
PDB
pH
Rad50
ROS
RPA
rpm
RT

sc

SDS
sec
SMC
SSB
ssDNA

helix-loop-helix

homologous recombination
isopropyl-RB-D-thiogalactopyranosid
ionizing radiation

kilo dalton

Lysogeny Broth

magnesium

minute

microhomology-mediated end joining
methyl methanesulfonate
manganese

meiotic recombination 11
nucleotide binding domain
Nijmegen breakage syndrome 1
nucleotide

amino terminus

optical density at 600 nm
polyacrylamide gelelectrophoresis
polymerase chain reaction
protein data bank

potential of hydrogen

radiation sensitive 50

reactive oxygen species
replication protein A

rotation per min

room temperature

single-chain variable fragment
sodium dodecyl-sulfate

second

structural maintenance of chromosomes

DNA single strand break
single-stranded DNA



Abreviations

Tris
uv
wt

Zn

tris(hydroxymethyl)aminomethane
ultraviolet
wild type

zinc
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