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Abstract

Shieldin is a newly identified DNA repair effector involved in the repair of DNA deuble
strand breaks (DSBs) in G1 phase of the cell cycle. Shieldin is-@doyponent complex
consisting of protein§SHLD1, SHLD2, SHLD3 and HORMA domain protein REV?7.
Shieldin inhibits homologous recombination (HR) through its direct ssDNA binding
activity and directs the repair pathway to dmmologous end joining (NHEJ). Despite
the clear understanding of Shieldumttion, the basis of its recruitment and assembly at
DSBs is not well understood.

In this thesis, | reconstituted the Shieldin compleing purified proteinso investigate

the mechanism of Shieldin recruitment and assembly. Using this approach, lleves ab
elucidate the unusual stoichiometry of the Shieldin complex. In presence of SHLD3 and
the SHLD2 Nterminal fragment | observe a dimer of REV7 in Shieldin complex.
HORMA REV7 exists in two topologically distinct states (open and dloskich can be
isolated using trapping mutants. The assembly of Shieldin complex is surprisingly slow
and depends on conversion of open REV/RBEV7) to closed REV7 ((REV7) upon
binding to SHLD3. | report a similar binding kinetics between REV7 and REV3 subunits
oftheDNA Pol ymerase 6. My results demonstrate
around REV7 is remarkably slow in vitro and thereby-tatging.

In order to understand the mechanism of Shieldin recruitment, | tested SHLD3 for DNA
binding. My results sbw SHLD3 harbours a DNAinding domain and forms DNA
protein complex independently as well as in complex with REV7 and SHLD2. SHLD3
binds both singlstranded DNA (ssDNA) and double stranded DNA (dsDNA) with similar
affinities. It also shows ability to bth both telomeric and nerelomeric sequences.
SHLD3 truncation studies show DNA binding activity lies in its conserveadrinal
domain (CTD). To understand its molecular basis, | used SHLD3 structure predictions
from Alphafold and identified key residu@svolved in DNA binding. Mutagenesis of
these residues attenuated DNA binding activity of SHLD3.



In conclusion, this thesis provides valuable insights into the assembly of Shieldin complex
mediated by REV7 topology switch and its recruitment to DSB throing newly
identified DNA-binding domain in the SHLD3 subunit. It also provides a tool to trap REV7

in either open or closed topology for future functional, kinetic, anebaaléd studies.
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Introduction

1.Introduction

DNA double strand breaks (DSBs) are highly cytotoxic to cells as they cause full rupture
of the chromosomes. Formation of DSBs can be caused by both exogenous and
endogenous factors. The most common exogenous factor responsible for DNA DSBs is
the exposuréo high doses of ionization radiation. Endogenous factors responsible for
DSBs can be either spontaneous or programmed. Spontaneous DSBs arise from replication
stress due to replication fork collapse at ssSDNA nicks or stalled replication fork at inter
strand crosslink (ICL). Programmed DSBs occur in cells for generation of variation as seen
in rearrangement at immunoglobulin genes via RBRAG-2 in case of V(D)J
recombination or SPO11 mediated double strand breaks in meiosis II.

Lack of repair or incorm@ repair leads to genomic anomalies ranging from insertions,
deletions, duplication to translocations. This is associated with embryonic death, early
aging, genetic disorders, immunodeficiency, neurological disorders and cancer. Moreover,
these lesions cablock both replication and transcription leading to genome wide
aberrations ultimately leading to cell death. Luckily, our cells are equipped with multiple
repair mechanisms to carry out appropriate repair of DSBs: homologous recombination
(HR), canonicknonhomologous enpbining repair (ENHEJ), alternative end joining{a

EJ) and single strand annealing (SSA) (Figure 1.1). Of the stated pathvidti&Jcand

HR are the most utilized pathways for repair of DSBs and thus are extensively investigated.
The ativation mechanism of DNA repair is not well understood but numerous studies have
identified key protein complexes that function in an orderly manner to activate these
pathways.

In G1 and early S1 phase, the predominantly active repair pathwayH&ad or simply

NHEJ. This pathway in mammalian cells is also the most frequently used pathway
throughout the cell cycle. The broken ends of DNA are repaired by sequential recruitment
of KU70/80 and DNAdependent protein kinase catalytic unit (DIRKcs) formingthe
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DNA-PK complex. KU70/80 are abundant in nuclear cytoplasm and show high affinity for

DNA ends. In the next step, DNRK complex recruits endonuclease Artemis. DRKcs
activateArtemis by undergoing autophosphorylation (Goodarzi et al., 2006). Tlkssma

the DNA ends compatible for ligation reaction. The ligation machinery composed of
XRCC4, ligase IV and KLF is then recruited forligation. This type of repair requires

minimal to no resection and may potentially lead to small insertion and delddoaso

this errorprone nature, NHEJ is required for immune receptor diversification as both
V(D)J recombination and class switch recombination (CSR) are mediated by it. Along with

core factors as mentioned above the pathway activation is carried 68BB\L and its
downstream factor RIF1, REV7 and Shieldin complex (Xu et al., 2015; Boersma et al.,
2015; Gupta et al., 2018; Dev H et al., 2018; Noordermeer et al., 2018).

Since the erreprone repair by NHEJ can be lethal for cells in late S and G2 pH&Sis

activated once the cell has duplicated its genome. This allows foifferedemplatédbased

replication. The pathway then begins with extensive resection of DNA ends by
exonucl eases MRN complex, CtlP, DN#&de and E
resectiond is carried out-rangeresectoo (~H0 m)pss . I n
mediated by MRNCt | P compl ex producing a short 36
2007; Shibata et al., 2014). vitro studies have shown in absence oFPFCMIRN complex

is unable to stimulate DNA end resection (Cannavo et al., 2014; Anand et al., 2016). In the
second step, EXO1I/DNABL M -86 6exonucl ease) carry out |
yields a | ong stretch of 30thessidaafDSBs.Sher ande
exposed ssDNA allows for binding of replicative protein A (RPA). In the next step RPA

is replaced by another ssDNA binding protein RAD51. This replacement is catalysed by
BRCA2-PALB2 complex through a poorly understood mechanism fYeiaal., 1999).

RADS51 then initiates Bloop formation where it invades homologous sequence and
accurate repair synthesis is carried out by replicative polymeBRERALis a key protein

involved in many stages of the HR process. It colocalises with DSBspwn to initiate

the resection process and enhances RAD51 recombinase activity. The recombination event
follows resolution by either formation of Holliday junction or synthesis dependent strand
annealing (SDSA).
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In addition to NHEJ and HR, cells haaecess to two more repair mechanisms viz.
alternative engoining (aEJ) and single strand annealing (SSA). These mechanisms are
only activated if NHEJ and HR are compromised or unavailable and are known to function
mainly in S and G2 phase. Interestinglyey share mechanistic features with both NHEJ
and HR. Similar to NHEJ these pathways repair DNA DSBs without using sister
chromatids. And like HR, these pathways require resection of DNA ends with SSA
particularly requiring large stretches of resectibime initial resection machinery is same

as for HR that is MRMCtIP catalysed short range resection. Due to this, these pathways
are highlyerror prone. Secondly, they show homolaggdiated repair with-&J requiring
fewer base pair homology-@0 bp) andSSA requiring more than 20 base pair homology.
Also, loss of a&EJ causes synthetic lethality in cells deficient in HR. This suggests these

pathways function as a backup sort for the two major pathways.

P

N A
\//\/ NN

1G1ISIG2 phase lS/GZ phase lS/G2 phase

Long-range
resectlon

£ i l Short-range —
k=] Platform formation: Resection —amaaenee e
° KU + DNA-PKcs il
s (1)
(/)] ‘enn — P W e 0
+ e v RAD1 g
- SEATEH 16T replacement -t
E i l o gy il tt— ;’
+ / Strand invasion Pl
= \& of sister chromaﬂd 0
a / —gren — &
o i DNA synthesis T,
l Ligation with and repair DNA synthesis
minimal processing ¢ and repair
Non-homologous a-EJ Homologous
end-joining SSA recombination
OKU70/80 0 oNA-PKes @ XRCCA4/ Lig IV/ XLF JRPA @ RAD1

Figure 1.1 Overview of repair pathway choice in DNA repair (Adapted
from Noordermeer S. and Attikum H. 2020) continued on next page
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Figure 1.1 (continued): DNA DSBs are repaired by two major pathways. NHEJ

is active in G1/early S phase and is medi#tteough the activity d63BPXRIF1-
Shieldin KU70/80 forma complex with DNAPKcs and provide platform for
recruitment of DNA processing enzymes for ligation (see text for detalis).
broken DNA is ligatedby ligation complexconsisting ofXRCC4-LiglV -XLF

with minimal processingThis results inerrorpronerepair with insertion and
deletions. HR is active in late S/G2 phase when duplication of chromosomes is
complete and is mediated BRCAL/BRAC2. Longrange resection is achieved

by the corcerted actionof multiple exonucleases (see text for details) followed
by recruitment of RPA on to 36 overhang
which catalyzestrand invasion of sister chromatid commen&esynthesi®f

DNA is carried out by replication polymesas to achieve error free repair.

1.1 Control of DNA repair pathway choice

As HR and NHEJ are the two major pathways involved in DNA repair, as such the
molecular mechanism behind the regulation of repair pathway dhasteen studied for
decadegBrandsma and Gent, 2012; Chapman et al., 200 Rey parameter in the
pathway choice is the cell cycl€he basic understanding is that HR would require sister
chromatids for repair and thus would have to be restricted to S and G2 phase. On the other
hand, NHEJ is active throughout the interphase and is only down regulated once the
genome is duplicated. The second parameter is the extend of resection on newly formed
DNA ends at break sites. The understanding here is that minimally resected ends allow for
NHEJ factors to bind whereas, wellsected ends provide high affinity for HR factors. The
current model for DNA repair pathway choice revolves around the interplay of two major
DNA repair factors (BRCAL and 53BP1) and how they bring about end resectoml o

protection.
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1.1.1BRCA1 promotes DNA end resection

BRCAL is a 190 kD&uumoursuppressor nuclear protein that accumulates at DSBs through
its phospheprotein binding G&erminal BRCT domain (Scully et al., 1997; Manke et al.,
2003; Yu et al., 2003). Although activity of both BRCA1 and BRCA2 is necessary for
efficient and complete HRactivation of HR is dependent solely on BRCAL. In mouse
models, loss 0BRCAL in cells deficient of 53BP1 resulted in reactivation of NHEJ
(Bunting et al., 200; Bouwman et al., 2010). This shoBRCAL is necessary for
antagonising 53BRfnediated NHEJBRCA1r ecr ui t s MRN t-ssDNAener at
overhang (Lamarche et al., 2010) However, its activity is dependent on phosphorylation
of CtIP on CDK target motif (Anand et al., 2016). This explains the cell cycle dependence
of HR pathwayEscribaneDiaz et &, 2013) Extension of initial shostange resection is
necessary for RPA binding. This task is carried out by exonucleases EXO1/DNA2 (Liu
and Huang, 2016). MRN complex recruits as well as stimulates EXO1/DNA2 activity at
DSBs. Together with MRICtIP compex, BRCAL catalyzes end resection and commits
the ensuing repair pathway to HR (Figure 1.2A).

1.1.253BP1 promotes DNA end protection

53BP1 (TP53BPltumoursuppressor p53 binding protein 1) is a key regulator of DSB
repair pathway choic&immerman and deange, 2014)53BP1 forms large foci at DNA
DSBs which is mediated bstaxia telangiectasiand Rad3related proteinfATR) and
ataxia telangiectasia mutateiT M) signaling(BekkerJensen and Mailand, 20168BP1

is also known to form similar foci at dysfunctional telomeres which haveStwdterin
complex (telomere protection complex) components. The telomeric recruitment of 53BP1
is similarly mediated by ATR and/or ATM kinase (Celli et al., 2005; Takai.e 2003;
Denchi et al., 2007). Dimethylation of K20 of histone H4 is necessary for recruitment of
53BP1. H4K2#®? then interacts with Tudor domain present in 53BP1. Another histone
modification identified is the ubiquitylation of H2A (or H2AX) at K1§ BRNF168. This

specific histone modification is a marker for DNA lesions and itself mediated by
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ATR/ATM signaling. 53BP1 recognises H2AKY5 using a conserved ubiquitin
dependent recruitment (UDR) motif.

Moreover, 53BP1 contains an oligomerization dom@fgheib et al., 2009). This
oligomerization is suggested to strengthen the association with DSBs (Lottersberger et al.,
2013). The next immediate factor downstream of 53BP1 is fRaefacting factor 1
(RIF1). RIF1 is a genome maintenance protein with rdeeoles in DNA metabolism
(Buonomo SB, 200; Yamazaki et al., 2013). Similar to 53BP1, RIF1 recruitment is
dependent on ATM/ATR signaling. Recently, it has been shown RIF1 is a phosphopeptide
binding protein and directly binds phosphorylated epitopesepteon 53BP1 (Setaiputra

et al., 2021). Interestingly, even though RIF1 is recruited at DSBs it is not known whether

RIF1 contains any DNA binding activity.

1.1.3Repair pathway choiceand synthetic lethality

Genomicstability is dependent on proper functioning of DDR elements. These responses
include the aforementioned NHEJ, HR and single stranded break repair (SSBR)
(Chatterjee and Walker, 2017). SSBs are less toxic when compared to DSBs as they do not
significantlydistort the double helical nature of DNA strands; however, they are relatively
abundant and form the basis for synthetic lethality when coupled with HR deficiency in
tumours (Caldecott, 2008)Poly (ADP)-Ribose Polymerase 1 (PARP1) is a signaling
molecule involved in sensing SSBs. It catalyzewly (ADP-ribosyl)ation a post
translational modification necessary for recruiting DNA damage repair effector proteins at
SSB site (Gibson and Kraus, 2012). Recent data has shown PARP inhibitors (PARPI) can
inactivatePARP1 and trap the protein onto the damaged DNA (Murai et al., 2012). This
causes the single stranded breaks to convert into DSBs during subsequent replication. Also,
the trapped PARRIihhibitor complex on DNA causes difficulty for replication machinery

to move past the lesion. To repair these structures, cells require functional HR. However,
HR-deficient cells are unable to carry out repair and undergo cell death whereas healthy
HR-proficient cells survive. This forms the basis of synthetic lethalityu{leid..2C). This

approach was first described in 2005 and since then clinical studies have shown great
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promise (Bryan et al2005; Framer et al., 2005; Fong et al., 2009; Mirza et al., 2018).
Currently, several PARPi have been Fad/or EMAapproved fotreatment of BRAC
mutated breast and ovaritumours(Gourley et al., 2019). However,uttiple studiesn

patients and observations in murine modielge shown that response to PARPI treatment

is met with high rates of resistance (Rottenberg et al., 2008). Moreover, these resistances
coincide with loss of function of 53BP1 suggesting factors controlling repair pathway
choice at DSBs also play a keyeoh synthetic lethality (Figure 1.2 D).

1.2 Discovery of Shieldincomplex

Despite their important roles for end resection inhibition both 53BP1 and RIF1 show no
enzymatic activity or direct interactions between them. Shieldimplex was discovered
simultaneously by multiple research groups as a key downstream factor of -53BP1
(Gupta et al., 2018; Dev H et al., 2018; Noordermeer et al., Zali&raouet al., 2018

These groups used either CRISPR/ClaaSed genetic screens to identify factors whos
mutations elevate PARPI sensitivity in cells deficientBR@CAL, or used apebased
proximity labelling coupled to mass spectrometry {MB). Shieldin is a novel four
component complex containing previously identified HORMA domain REV7 and three
newly identified uncharacterized proteins C200rf196, FAM35A and CTC.534A2.2. These
proteins were named SHLD1 (C200rf196/RINN3), SHLD2 (FAM35A/RINN2).BB
(CTC.534A2.2/RINN1). These seminal studies identified Shieldin recruitment to DSBs to
be 53BP1RIF1 dependent. Since RIF1 binding to 53BP1 is dependent on the cell cycle,
Shieldin recruitment to DSBs is therefore also cell cycle dependent. Intengstumge

the loss of SHLD3 leads to loss of REV7 at DSBs, the loss of REV7 did not affect SHLD3
localization to DSBs. SHLDSHLD1 cclocalization similarly dependent on SHLD3 and
REV7. This suggests Shieldin recruitmenthigrarchicalwith SHLD3 recruitedfirst
followed by REV7 and SHLD&HLD1 (Gupta et al., 2018). Furthermore, SHLD3
recruitment was found to be dependent on attelengiectasiamutated (ATM) kinase
activity and RNF8RNF168dependent recruitment of 53BIRIF1 (Gupta et al., 2018).

Quantitdive mass spectrometry revealed similar abundance of SHLD3 and REV7
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suggesting that the pair form 1:1 stoichiometry with strong affinity. This is supported by
in vitro studies which show that REV7 binds SHLD3 with a strong binding affinity (K
=15 nM). On the other hand, such a strong interaction strength was not observed for
SHLD2 and SHLD1 within Shieldin complex suggesting a unique relationship between
SHLD3 and REV7. Of note, the SHLD proteins are not present in prokaryotes and lower
eukaryotes (Gupta al., 2018). Although REV7 is present in all eukaryotes where it forms

a part of multiple DNA centric complexes, SHL{3lare only found in higher eukaryotes

that show capability for classvitch recombination (CSR). This is evident as nurse sharks
which $iow earliest emergence of SHLD proteins show CSR activity. This suggests
emergence of CSR recombination in eukaryotes can be attributed to evolution of Shieldin
complex (Gupta et al., 2018). Two studies found Shieldin complex at telgmédrexe it

is invdved in telomere length maintenan@gev et al., 2018; Mirman et al., 2018). Similar

to its function in NHEJ, Shieldin loss diminished telomere fusion in TRF2ts experiments
(Dev et al., 2018). This experiment utilizes temperature sensitive mutants of telomere
capping protein TRF. At elevatéemperatures, the mutant gets inactivated and telomeres
are unprotected thereby activating repair mechanism. This shows that Shieldin functions
genomewide and is a part of the repair pathways choice at DSBs, CSR and telomeres.
Studies show Shieldin cgrtex can bind DNA. This DNA binding activity is shown to be
present in the SHLD2 subunit of the complex (Dev et al., 2018; Gao et al., 2018;
Noordermer et al., 2018). To further understand Shieldin architecture, a study carried out
domain mapping with truzation experiments and identified that residue82®f SHLD3

are involved in binding REVTn vitro. Similarly, residues 41 in the Nterminus of
SHLD2 are enough to bind REV7-t€rminal region from residue 65B5 of SHLD2

binds SHLD3 (Gupta et al., 28; Dev et al., 2018; Gao et al., 2018). This data shows
Shieldin is a single physical unit composed of four proteins. Together, these exhaustive
studies show that these proteins physically interact with one another and form the effector
arm of 53BP1 (Figre 1.2B).
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Figure 1.2 BRCA1 and 53BP1control repair pathway choice (A) End
resection mediated BJRCAL Histone modification at DNA break site recruit
RAP8GBRCAL. BRCAL forms a complex with MRIEtIP and stimulate EXO1

for longrange resection of DSBs. This activity commits repair pathway to HR.
(B) End protection is similarly mediated by histone modiimatat DNA break
site and recruitment of 53BHRIF1. Shieldin recruitment and assembly at DSBs
blocks resection(C) PARP is involved in DNA damage signaling where its
activity is necessary for SSB repair. Inhibition RARP-by-PARP inhibitors
(PARPI) reslis in conversion of SSBs to DSBs due to stalled replication forks
during DNA replication in S phaséD) Cancer cells (p53) show PARPI
resistance due to functional HR and NHEJ pathways. Loss of BRCAL inactivates
HR resulting in PARPI sensitivity. Fugthloss of 53BP1 reactivates HR resulting
in PARPI resistance.
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1.2.1Shieldin promotes PARPI resistancein BRCA1-defective
cells

It has been shown that loss of Shieldin is a factor responsible for PARPI resistance in HR
deficient cells (Gupta et al., 2018; Noordermeer et al., 2018). REV7 was identified as a
factor responsible for promoting NHEJ in mouse mammary cells. Loss of Rist6fed

HR pathway in tumours derived froBRCAT" p53’ cells (Xu et al., 2015). Clonogenic
survival assays show depletion of SHLD1, SHLD2 and SHLD3 led to resistance to olaparib
(PARP inhibitor) inBRCA1-defective cells (Noordermeer et al., 2018; Gugttal., 2018).
Similarly, supplementing Shieldin subunits after depletion caused sensitivity of BRCA1
cells to olaparib. The phenotype of SHLD2 depletion was as strong as 53BP1 loss
(Noordermeer et al., 2018). These results show tumour cells thdbsa@hieldin are able

to acquire PARPI resistance. Moreover, the levels of Shieldin complex particularly SHLD1
and SHLD2 subunits correlate to PARPI sensitivity in patient driven xenografts of
BRCAl-defective cells propagated in mouse models (Dev &Hl8). Therefore, Shieldin
mediated cytotoxicity of PARPi irBRCAIl-defective cells is of clinical relevance.
Elucidating how Shieldin complex regulates repair pathway choice will help in
understanding one of the many factors responsible for acquired PégRiance in certain

resistant tumours. It will therefore be of help in providing better therapies in future.

1.2.2Model for Shieldin function

The current understanding of Shieldin function is that the complex localises to DSBs via
the SHLD3RIF1 interaction (Gupta et al., 2018; Noordermeer et al., 2018). REV7 bridges
SHLD3 to SHLD2 by interacting with the conserved motif of SHLD3 antéminal

region of SHLD2. SHLD2 using its €@rminal OB folds binds ssDNA. SHLD2 then
recruits SHLD1 and together are known to block the access of multiple exonucleases to
ssDNA ends thereby blocking resection (Gupta et al., 2018; Dev et al., 2018; Noordermeer
et d., 2018).However, researchers argue that this mechanism fails to explain why Shieldin

complex that inhibits resection binds ssDNA (Setaiputra and Durocher, 2019). It has been
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shownin vitro that SHLD2 prefers longer ssDNA substrates over shorter (Gab, et
Noordermeer et al., 2018; Dev et al., 2018). Moreover, long stretches of ssSDNA are
characteristics of resection and not inhibitibhe firesection rescde mo d etopossh u s
that Shieldin recruits CST P o | coriblex via its SHLD1 subunitat DSBs andat
dysfunctional telomeres (Mirman et al., 20B&irazas et al., 2018 o |therUcarries out

fill -in synthesis wherein ssDNA is-sgnthesised to dsDNA. (Miyake et al., 2009; Feng et
al., 2017; Wanget al., 2012). Thus, Shieldin functions to reverserésection caused by

any unwarranted exonuclease activity thereby keeping DNA alterations to the minimum

and allow for repair by NHEJ (Figure 1.3).

Shieldin Complex
I 1

P 53BP1 N SHLD2
<SHLD3\:\J REV7 OBA
RIF1 s ¢
@ /\/ o > NHEJ repair
-7 oBC
a l
/ /\ SHLD1
LN
I~/
,O" \v
Fill-in
Synthesis
STN1
Pol a TEN1

CTC1

CST-Pol a complex

Figure 1.3 Model for Shieldin function. Proposedesection rescue modeh

Gl/early S phase 53BHRIF1 recruit four componenthieldin complex
(SHLD1/2/3REV7) at thebrokenDNA ends. Using presence of three OB folds

(OBA-B-C), SHLD2 bhbnds the ssDNA This ssDNA binding activity is

considered to beaucial for deciding which athway will be activated for repair

of DNA DSBs.The $hort-range resection by early exonucleases mtieDNA

end unfit for repair by NHEJShieldinthenrecrutis CSTFPol U compl ex Vi
SHLD2SHL D1 mo d u lresyntheBizes theUresectddNA thereby

activating NHEJ pathway.
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1.3 Structural elements ofShieldin complex

SHLD1 is the smallest member of Shieldin complex consisting of 205 amino acids. It
known tointeract with SHLD2 @&erminus (Gupta et al., 2018; Noordermeer et al., 2018;
Gao et al., 2018). Its binding to SHLD2 is shown to enhance DNA binding activity of
SHLD2 by possibly increasing SHLD2 stability in cells (Gao et al., 2018; Dev et al., 2018).
Following the identification of Shieldin as an end resection inhibition factor, it was
identified that SHLD1 play a role in recruiting C®To | U ¢ o mp-ineynthesiso r i |
(Mirman et al., 2018). Deletion of SHLD1 impairs repair by NHEJ at dysfunctional
telomeres. Surprisingly, loss of SHLD1 in Shieldin complex did not compromise CSR and
at dysfunctional telomeres suggesting Shieldin might not be strictly necessary for
recruitment of CSTPol U compl ex at the cont @xiro of CS
studies, would be necessary to understand the molecular basis of SkKi€l@in
relationship.

SHLD?2 is the largest protein in the compnsisting of 835 amino aci@sd functions

as a scaffold in the Shieldin complex. Sequence alignment and 3D structure predictions
show the protein consists of a largely unstructuretedsinal region with folded €
terminal region containing presence of three OB folds (Dev et alg; Blfezraoukt al.,

2018). OB fold domain A, B, and C are suggested to be involved in ssDNA binding
whereas OB fold C is necessary in interaction with SHLD1 (Noordermeer et al., 2018; Dev
et al., 2018; Gupta et al., 2018). A report shows SHLD2 bindsdsi2NA and dsDNA

with preference for longer stretches of ssDNA (Gao et al., 2018). Within the Shieldin
complex, SHLD2 interacts with HORMA domain REV7 via a conserwdriinal motif

(Gupta et al., 20185hezraoukt al., 2018). SHLD2 DNA binding activiig shown to be

very crucial for Shieldin complex function. SHLD2 fusion with RNF8 an upstream factor
of 53BP1 supressed HR in BRCAB3BPT" cells.

SHLD3 is a 250 amino acid containing protein. Ittlge first subunit of the Shieldin
complex that is recited to DSBs (Gupta et al., 2018). It contains a REV7 binding motif
(RBM) at the Nterminus (residue 455). The Gterminal region comprising of residues
1407 250 is predicted to be folded with sequence homology to-Elf2ai et al., 2019).
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The middleregion comprising of residue 885 shows high level of disorder. Recruitment

of SHLD3 is thought to be mediated by interaction of #gefninal folded domain with

RIF1 as its colocalization is dependent on 53B#H1 (Gupta et al., 2018). However,
whethe such a direct interaction exists is not investigated.

REV7 is a HORMA domain protein. Due to the extensive literature present on the most
well characterised HORMA domain MAD2. It will be easier to understatecular
features ofHORMA domain proteins sing MAD2 as a template. Thefore, thenext
section elaborates on introductiorthesefeatures of HORMA domain proteins.

1.4 HORMA domain proteins

1.4.1 Introduction

HORMA domain proteins were first identified as a set of three divergent proteins present
in Saccharomyces cerevisidleat were shown to share a common fold. (Aravind and
Koonin, 1998). The domain was named after the three first members that were identified
meiotic recombination regulatdiOP1, the DNA repair factoREV7 and the spindle
assembly checkpoint (SAC) protédA D2. Since then, additional HORMA domains have
been identified. These include another SAC proteirf§¥8iland two autophagic proteins
ATG13 and ATG101. In 2015, putative HORMA domain proteins were discovered in
bacteria using comparative genomic analysis (Burroughs et al., 2015). These were shown
to be bona fide HORMA domain proteins where they mediate bacteriophage immunity (Ye
et al.,2020). Biochemical and functional studies on MAD2 in the years from 2Q008
revealed a set of principles that govern the function of HORNWapglli et al., 2006;
Mapelli et al., 2007, Sironi et al., 2002, Simonetta et al.7200nk et al., 206., Yang et

al, 2007 Mapelli and Musacchio, 200¥e et al., 201k The subsequent studies on SAC
activation revealed the linchpin role HORMA domain MAD2 plays in the controlled
assembly of mitotic complex thereby, serving as a unique signaling node. Whetr t
principles are applicable to other HORMAs has not been investigated. In general, these

studies lay out a developing picture of HORMA domain proteins existing as two
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topologically distinct states which convert from one state to and®esenberg and
Corbett, 2015) This conversion can also happen spontaneously but with extremely slow
rates. This is due to requirement of high activation energy of conversion. Open state of
HORMA is the inactive state which converts to a protein bound closed stat@n this

closed state, HORMA is known to be catalytically active and can initiate signaling. Once
bound to its partner, this active state needs to be disassembled in order to silence its
signaling activity. This is carried out by a conserved AAA+ ATPaseodeter
Pch2/TRIP13. The bacterial HORMAs were also found to be present in an operon together
with AAA+ ATPase TRIP13. Thus, HORMA domain proteins and TRIP13 together
constitute an evolutionary conserved functional module. This also shows the HORMA

TRIP13 sgnaling module is of archaic origin.

1.4.2 Structural features of HORMA domain

HORMA is a small protein domain consisting of roughly 200 amino acids. The domain
consists of a ri gitdelcioodes c(os,i sUB,ngamd Q)
bsheets (b4, b5, and b6 on f r dnRlankmegtde b 2, b
core are the N and Gterminal regions which armobile. Depending on the different

positionof the Gterminal regiorrelative to the corahe HORMAadopts either alased

state or an open state. Whenth¢ @ r mi n a | regi enrfamldéds (ibivt @ nt
the HORMA is said to be in the open state. While if theei@ninal region folds in two
newstbrands (b86 and b8 0 othecldsédestatddDdr kddning s s a i
theb 86 and htBedGiernsnal region dygpears to wrap around the core domain

and in doing so can tragapturea short peptidécalled the closure motiffom a binding

partner. The bound peptide is embraced by tier@inal region ad hence it is also

termed aghe safetybelt region (see topology diagrams, Figu4A). In case of MAD2,

the consensus motif consists of following sequenceykyRli x x x P, wher e K/ R i
orarginineyi s an aliphati c r e sduaane®R isdiprolins. Far hydr
both MAD2 and REV7 these sequences are present on their binding partners however, In

HOP1 and p3®™®'the closer motif is present at theit€minal region. For the autophagy
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HORMA domain proteins ATG101 and ATG13, thesesmmed sequences have not been
identified. In solution, MAD2 open and closed states have different thermodynamic
stability with reports suggesting, the closed MAD2 bound to closure motif state is
thermodynamically more stable when compared to open MARRI(EI1.4B).

Another key feature associated with HORMA domain proteins is the ability to undergo
homo and hetero dimerization using a distinct dimer interface. This dimer interface lies
mainly on helixUC of the HORMA domain core. This is well studiedMiAD2, which

can form both homodimer and a heterodimer with*¥%i(Figure 1.4C). MAD2 forms
topology sensitive dimer (also called conformational dimer) wherein one protomer is open
conformer (O) and the other protomer is closed (C). (Mapelli M. et @07)2 This
conformational dimer is necessary for assembly of MCC complex (Mapelli et ab;, 200
Simonetta et al., 200 Vink et al., 208). Apo MAD2 can also form closedlosed (GC)
homodimer (Yang et al., 2007). Despite presence of no MAD2 dimer in NYGIGt
mutations in the dimer interface abolished MCC assembly completely suggesting MAD2
dimerization is necessary for MCC assembly (Mapelli et al.62B@pelli et al., 200).

MAD?2 similarly forms a closed: closed heterodimer with$83% This dimer imecessary

for disassembly of MCC by AAA+ ATPase TRIP13 (Yang et al 2008), and introduction
of point mutants in the dimer interface of MAD2 abolishes its disassembly by TRIP13 (Ye
et al., 2015). This show that MAD2 dimer mutants can also keep the SACarpent
mitotic arrest. Similar to MAD2, other HORMA domain proteins are also known to
dimerize. REV7 can form homodimer in solution or when bound to REV3 (Rizzo et al.,
2018). Recent Cry&&M structure revealed exists as a REV7 dimer in yeast DNA

polymerae ¢ ( Mal i k et al ., 2020) . It i's uncl

e

pol ymerase ¢ happens via the dimer i nterf

HORMAS show that ATG13 and ATG101 form similar closgzen dimer where ATG13

is present as a clodgrotomer while ATG101 as an open protomer (Qi et al., 2015).
Though functional studies on REV7 and autophagic HORMAs are warranted, it is clear
that HORMA dimerization is a key aspect of their function. The only HORMA that is not

known to dimerize are ¢hmeiotic HORMADS.
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Figure 14: Mechanism of HORMA domain signalling by MAD2. (A)
Cartoon representation of MAD2 conformational states and interconversion.
MAD2 exists as two distinct topologies with different lnd Gterminal
arrangement s -shgeh(greays ™MAD2raed GMAD2 are gshown

on either side [PDB: 2V64]. Convaos is slow but spontaneous and in presence
of closure motif allows its capture by MAD2. The reverse conversion is catalysed
by a conserved AAA+ ATPase TRIP3{B) Energy profile illustrating MAD2
conformer stability. @GMAD2 is characterized to be lesaile as compared to
C-MAD2 bound to CDC20. The high activation energy requirement makes the
topological switch under physiological conditions very slowC) MAD2
dimerization C-MAD2 (green)undergoesasymmetric homodimerization with
O-MAD?2 (orange) [PDB:2V64], symmetric homodimerization with-&IAD2
(green) [PDB: 2VFX], and asymmetric heterodimerization with*fy%i(wheat)
[PDB: 2QYF]. In all the cases, HORMA dimerization involves residues present
on UC helix.
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1.4.3 Spindle AssemblyCheckpoint: MAD2 Case study

For faithful segregation of chromosomes into daughter nuclei, the kinetetihaaubule
attachment i s Averyo crucial. Lack of prop
chromosomes. This causes aneuploidy resulting in various genetic defectsraatéiyl

leads to cell death. In healthy cells, the spindle assembly checkpoint (SAC) monitors the
accurate kinetochore attachment. MAD2 is a crucial part of the SAC response, where it
assembles the soluble mitotic cell checkpoint (MCC) complex. MAD2 unique but
conserved fashion binds a conserved peptide region on CDC20. This leads to sequestering
of CDC20 by MAD2 in MCC. The assembled MCC then inhibits the E3 ubiquitin ligase
APC/C (the anaphag@omoting complex/clyclosome). Once all the kinetochass

stably attached, the formation of new MCC ceases. The disassembly of existing MCC leads
to release of CDC20 which then activates APC/C for degradation ety specific
proteins. This leads to mitotic exit and progression to anaphase. MADZl#yssa key

role in safeguarding genome integrity (Figure 1Firthersectiors describe in detail how

MAD?2 carries out this task using structural plasticity of its HORMA fold.
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Figure 1.6: HORMA MAD?2 in s pindle assembly checkpoint signaling. (A)
SAC signaling is initiated when kinetochore remain detached. MAD1:.C
MAD2(grey and red)recruit OGMAD2(yellow) and assemble MCC which
inhibits APC/C activity. The recruitment of @VAD2 follows transient
dimerization with GMAD2 in which OMAD?2 first converts td-MAD2 which
readily binds CDC20 MIM. Once MAD2 captures CDC20 the MCC assembly is
complete which then inactivates APC/®) When kinetochores are properly
attached MCC production stops and TR3P B1°°M! activity disassemble
CDC20: C-MAD2/MCC to produce free CDC20 an@-MAD2. CDC20 then
activates APC/C and promotes mitotic exit.

1.4.4 MCC assembly: SAC activation and the template model

Kinetochores devoid of attached microtubules retain a copyMAD2 bound to SAC
protein MAD1 (Antoni etal., 2005; Luo et al., 2002; Vink et al., 2006). MAD?2 is bound

to MADL1 in a way analogous to CDC20 using the same safety belt interaction (De Antoni
et al., 2005; Sironi et al., 2002). The MAB-MAD2 complex functions to recruit soluble
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free OMAD2 for CDC20 binding. For MCC assembly, docking ofMCAD2 onto G

MAD2 bound to MADL1 is necessary. This happens through MADEZJ©onformational

dimer formation (Mapelli M. et al 2007). In this bound statédyI®D?2 is more readily able

to bind CDC20 closure motifna thus assembles MCC with faster rate (Simonetta et al.,
2007; Vink et al., 206). Later, it was shown that MAD1:®1AD2 present at kinetochore

acts as the catalyst for an even faster assembly of MCC (Faesen et al., 2017). By combining
these findings, a siple yet elegant model was put forth by Musacchio and colleagues
(Figure 1.7A). The template model proposes thdfl&D2 is activated by a catalyst
MAD1: C-MAD?2 present at the kinetochores:MCAD2 acts as a template for conversion

of O-MAD2 and binding CDQ0 for MCC assembly. This MADIC-MAD?2 catalyst
driven conversion of MAD2 assembles MCC in a matter of minutes whereas uncatalyzed
conversion of MAD2 for MCC assembly takes hours (Figure 1.7B).

A B
O-MAD2 pog + Dimerization
SAC Catalyst =
+ + Catalysis
Template’ 100
C-MAD2
o
‘Copy’ %
- c
Template’  Transient = - ——
N "4 dimerization = + Dimerization
induces g 507 - Catalysis
Slow conversion ';(é
£ - Dimerization
B - Catalysis
v \_‘ //’/’
SAC Catalyst
= time (hours)
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C-MAD2

4\, C-MAD2

Figure 1.7: Assembly of MCC is governed by MAD2 dimerization (A)
Schematic illustration of template model f&dAD2 conversion MAD2
conformational dimerization is necessary for assembly of MCC and inhibition of
APC/Cfor mitotic arrestin absencefaimerization MAD2 binds CDC20 (blue)
slowly. (B) Effect of MAD2 dimerization ancekxternal catalysbn assembly
kinetics. In absence of catalyst and ability to dimerize MAD2 shows reduced
binding kinetics to CDC2@due to spontaneous conversion from open to closed
(blue curve). MAD2 dimerizatioslightly enhances binding kinetics to CDC20

(red curve). The presence of external catalyst enhances MAD2 binding to CDC20
instantaneouslygreen curve).
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1.45 TRIP13 and p3I®®™ mediated disassembly of HORMA
domains

1.4.5.1 MCC disassembly

The digsembly ofMCC is carried out by a conserved hexameric AAA+ ATPase TRIP13

in mammals Miniowitz Shemtovet al., 2015; Eytan E et al., 2014). However, TRIP13
alone shows limited activity towards/@AD2:CDC20 and can only convert limited-C
MAD2 to O-MAD2 (Ye et al., 2015).The targeting of E&MAD2 bound complexes to
TRIP13 is achieved by an adaptor molecule®tf¥1 p31*°™role in inactivation of MCC

was known even prior identification of TRIP13 as an active component of MCC
disassembly (Xia et al, 200Zgichner et al, @11, Westhrope F. et al 2011). #81%is
able to tether HORMA remodell er TRIP13 ant
activity towards MAD2 (Figure 1.8 A and B). pg3T* heterodimerizes with MAD2
utilizing MAD2 dimer interface and interacts with-trmiral domain (NTD) of TRIP13

using lysine K100 and K110 (Yang et al., 2007; Ye Q. et al., 2017). Further, mutation of
these residues abolishes TRIP13 and{3tinteraction (Ye et al., 2015). The molecular
mechanism of MCC disassembly is as follows, thdecpegins with heterodimerization

of C-MAD2:CDC20 and p3%®™tusing the HORMA dimer interface (Yang et al 2007).
CDC20:MAD2: B1°°Mtcomplex then interacts with NTD of TRIP13 (Ye et al., 2015).
Binding of p32°™* MAD2:CDC20complex to TRIP13 positions-RIAD2 closer to the

pore region of TRIP13. The residues present in pore loop regions of TRIP13 can than
interact with the Nlerminus of MAD2. The repeated ATP hydrolysis by TRIP13 allow the
monomer i c s ub u nterrirsus df MADA. fhislpulliag through thé&lhexamer
pore resulting in the unwinding and stretc
results in partial conversion of-RIAD2 (unbuckled state) and release of CDC20 from
safetybelt interaction. Furthreunwinding by TRIP13 converts-RIAD2 to O-MAD?2.

Since p31°mespecifically interacts with @AD2 (Xia et al, 2004; Yang et al, 2007), on
unfolding of GMAD2 to O-MAD2, the dimer becomes unstable and ternary complex of
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TRIP13:MAD2: 81 destabilizedeading to complete disassociation (Ye Q. et al.,
2017, Alfieri et al., 2018) (Figure 1.8)CThe free p3%™¢'/ TRIP13 can now target next
MCC molecule for disassembly. Other than MAD2, TRIP13 and®fSare shown to
target HORMA domain HOP1, REV7 anbacterial HORMAS. In S.cerevisiag
Pch2/TRIP13 directly interacts with HOP1 (Chen et al 2014). Though it is known to
disassemble meiotic HORMADS, the exact molecular details are unknaimmefBet al.,
2008; Wojtasz et al., 2009; Chen et al 2014).

1.4.5.2 Shieldin disassembly

Since REV7 and MAD2 are structurally similar and assemble into complexes by binding
to partner proteins via safety belt, their disassembly would also follow similar mechanism.
Unsurprisingly, a study set out to find additionaNREbinding partners identified AAA+
ATPase TRIP13 using tandeaffinity-tagged REV7 coupled to mass spectrometry
(Clairmont et al., 2020; de Krijger et al., 2021). Authors found Shieldin complex subunits
could ceelute with TRIP13 and vice versa. TRIP13sa&s a negative regulator for REV7
and antagonizes Shieldin activity in cells. Additionally, upregulation of TRIP13 activity
disrupted Shieldin activity and therefore, inactivated NHEJ leading to fusion of telomeres
in G1 phase. However, this activity didt interfere in 53BP1 and RIF1 foci formation
suggesting TRIP13 functions downstream of 53B®##1. Furthermore, TRIP13 enhances
end resection and promotes HR. It is unclear how exactly TRIP13 at molecular level
enhances end resectiofRIP13is also shwn to affect REV/REV3 interaction and
negatively regulate P activity. This shows that TRIP13 might serve as a negative
regulator for multiple REV7 containing complexes. TRIP3 vivo is shown to
disassembly REVVBHLD3/REVT7-REV3 it is unclear whether REV7 reverts to open state
(Figure 1.8 D). Also, TRIP13 activity towards MAB2DC20 is limited without adaptor
protein p31°™e(Ye et al., 2015). Such a measurement of TRIP13 activitardsvREV7

is lacking. A recent study showed involvement of §§3%in Shieldin/ Pols di sassembl
(Sarangi et al., 2020). In cells g31¢'was found to be associated with all Shieldin complex

subunits. Moreover, p81"®hinds to REV7 using its dimer imface in a way similar to
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MAD2. The authors showed that p31 is a negative regulator of Shieldin similar to TRIP13

in cells however, showed limited vitro experiments. A disassembly assay with purified
components would be required to answer this. Wghe® cont ai ni ng- t wo c
REV7 and reports suggestingREV7 can dimerize within the same complex (Rizzo et

al., 2018) it is unclear whether disassembly of-Rol and Shi el din foll
molecular mechanism like one for MAD2 or different. Also,vitro proof of direct

interaction between REV7 and §31%is lacking. In MAD2 disassembly, TRIP13 action

on N+terminus of MAD2 breaks W ondi ng bet ween UA and b8066
network in REV7 is missing and replaced by hydrophobic intera¢¥eret al., 2017). It

is unclear whether REV7 can be disassembled or not with TRIP13 alone or TRIP13

p31°°Metand thus warrants thoroughvitro study (Figure 1.8 D).
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Figure 1.8: Disassembly of HORMAs by hexameric AAA+ ATPase TRIP13
and p31°met (A) Cryo-EM structure ofC-MAD2:CDC20: B1°™(grey, green
and wheat respectivelypound to TRIP1E (lime) in catalytic active state
(Alfieri et al., 2018)[PDB: 6F0X] (B) Effect of TRIP13/p3%¥™ on MCC
disassembly for exit from mitotic arrest. Spontaneous conversiofMAD2 to
O-MADZ2 and release of CDC20 is very slow resulting in mitotic arrest by SAC
detrimental for cell. Presence of TRIP13 alonmimally affects disassembly.
TRIP13 with cofator p3f°™ speeds up disassembly dramaticallZ)
Schematic illustration of MCC complex disassembly by TRIP13 an®ff31C-
MAD2:CDC2Q\M/closure motf  ndergoes heterodimerization with another
HORMA p31°°Mtysing dimer interface. ®AD2:CDC20"M: p31°°Minteract
with TRIP13. TRIP13 catalyses disassembly of MCC by pulling g@erihinus

23



Introduction

of MAD2. Thisbreaksktbondi ng i nteraction of resi due
MAD2 (yellow dots) and converts MAD2 to open conformatidiRIP13C-
MAD2:CDC20"M: p31°°me complex then falls apart and can resume

disassembly of the next MCC molecu{®) REV7 disassembly mechanism is

proposed to be similar to MAD2.

1.5 REV7 is amultifaceted HORMA

REV7is a HORMA domain consisting of 200 amino acidss kbundant in nucleoplasm
and has a large number of binding partrtbeg bind through botkafetybelt and non
safety beltinteraction (de Krijger, Boersma, and Jacobs et al., 2081)s, REV7 is
involved in multiple distinct nuclegentric pathways. Téfollowing section elaboratthe

role REV7 plays in these pathways.

1.5.1REV7 in Shieldin complex

REV7 was first identifiedo regulate repair pathway choice through a functional genetic
screen at both human telomeres and DNA double strand bveakover,REV7 was
identified to benecessary for inhibiting end resection and for promoting (B®iRersma et

al., 2015; Xu et al., 2015). Loss of REV7 shows a similar phenotype as loss of 53BP1 in
BRCAl-deficient cells. REV7 is able to interact with SHLD&ing REV7 interaction
motif (RIM) (Gupta et al., 2018). It was also found that REV7 binds SHLD3 and SHLD2
using two distinct surfaces (Ghezraoui et al., 2018). Thus, in Shieldin complex REV7
bridges SHLD3RIF1 assembly arm to SHLB@HLD1 ssDNA binding e#ctor arm.
Structural studies on HORMA REV7 shows REV7 adopts a MAD?2 like fold (Hara et al.,
2007). At the time of this writing 32 structures of REV7 / REV7 containing complexes
have been deposited to the PDB. Phylogenetic analysis show REV7 is thelatest to
MAD?2. This can be seen from structural similarity between the two. Closed conformer of
REV7 looks similar to @MAD2 (Figure 1.8). Similar to MAD2, REV7 binds partner
protein containing REV-binding motif (RBM) in safety belt conformation. For RE a

24



Introduction

similar consensus sequence exists in formyofgPxxxpP, where p is a less conserved
proline( de Kri jger, Boersma and Jacob(Eigue2021;
1.5). Crystallographic studies show REV7 binds SHLD3 in a séieityconformabn (Dai

et al.,, 2019). To date there is no structure of open REV7 however, since REV7 binds
REV3/SHLD3 in a closed state, it is likely to assume an open btatéro studies show

REV7 can form dimer in solution. Similar to MAD2 dimer interface, RE60 &hows
presencefo di mer interfarcde EOHMp.oslerd add-g8iEt on t o
hairpin (b4) i1is also involved in REV7 di mei
shows multiple key residues to be involved in REV7 dimerizatfomeport identified

several residues of REV7 (E35, V39, K44, R124, V132, D134, A135) to be involved in
dimerization using yeast two hybrid screening (Rizzo et al., 2018). Yeasiytwim study

suggests REV7 can dimerize with f3®!similar to MAD2 suggesting shared model for
disassembly for HORMA domains by AAA+ ATPase TRIP13.
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Figure 1.8: HORMA domain REV7 and MAD?2 are structurally similar . (A)

Schematic representation of consensus sequence motif present for MAD2 and

REV7 bindng in safety belt conformatiofB) Structural alignment of MIAD2

[PDB:2V64] and GREV7 [PDB:3ABD].(C) Dimeri nt er f ace consi stin
helix of MAD2 and REV7 (as shown in B) contain key residues (red) shown to

be involved in homo/hetero dimerization.

152REV7IINDNA pol ymer ase ¢

Unlike in Shieldin complex, REV7 has been studied extensively in the context of
translesion synthesis and Fanconi Anaemia (Bluteau et al., 2016; Kim et al., 2012; Hara et

al., 2010). In these pathways, REV7 is involved in assembly of DNA polymeveasieh
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