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Abstract 
 

Shieldin is a newly identified DNA repair effector involved in the repair of DNA double-

strand breaks (DSBs) in G1 phase of the cell cycle. Shieldin is a four-component complex 

consisting of proteins SHLD1, SHLD2, SHLD3 and HORMA domain protein REV7. 

Shieldin inhibits homologous recombination (HR) through its direct ssDNA binding 

activity and directs the repair pathway to non-homologous end joining (NHEJ). Despite 

the clear understanding of Shieldin function, the basis of its recruitment and assembly at 

DSBs is not well understood. 

In this thesis, I reconstituted the Shieldin complex using purified proteins to investigate 

the mechanism of Shieldin recruitment and assembly. Using this approach, I was able to 

elucidate the unusual stoichiometry of the Shieldin complex. In presence of SHLD3 and 

the SHLD2 N-terminal fragment, I observe a dimer of REV7 in Shieldin complex. 

HORMA REV7 exists in two topologically distinct states (open and closed) which can be 

isolated using trapping mutants. The assembly of Shieldin complex is surprisingly slow 

and depends on conversion of open REV7 (O-REV7) to closed REV7 (C-REV7) upon 

binding to SHLD3. I report a similar binding kinetics between REV7 and REV3 subunits 

of the DNA Polymerase ɕ. My results demonstrate that Shieldin and Pol ɕ assembly centred 

around REV7 is remarkably slow in vitro and thereby rate-limiting. 

In order to understand the mechanism of Shieldin recruitment, I tested SHLD3 for DNA 

binding. My results show SHLD3 harbours a DNA-binding domain and forms DNA-

protein complex independently as well as in complex with REV7 and SHLD2. SHLD3 

binds both single-stranded DNA (ssDNA) and double stranded DNA (dsDNA) with similar 

affinities. It also shows ability to bind both telomeric and non-telomeric sequences. 

SHLD3 truncation studies show DNA binding activity lies in its conserved C-terminal 

domain (CTD). To understand its molecular basis, I used SHLD3 structure predictions 

from Alphafold and identified key residues involved in DNA binding. Mutagenesis of 

these residues attenuated DNA binding activity of SHLD3. 
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In conclusion, this thesis provides valuable insights into the assembly of Shieldin complex 

mediated by REV7 topology switch and its recruitment to DSB through the 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, and cell-based studies. 
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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 exposure to 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 ssDNA 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 RAG-1-RAG-2 in case of V(D)J 

recombination or SPO11 mediated double strand breaks in meiosis II.  

Lack of repair or incorrect 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 can block 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), canonical nonhomologous end-joining repair (c-NHEJ), alternative end joining (a-

EJ) and single strand annealing (SSA) (Figure 1.1). Of the stated pathways, c-NHEJ and 

HR are the most utilized pathways for repair of DSBs and thus are extensively investigated. 

The activation 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 pathway is c-NHEJ 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 DNA-dependent protein kinase catalytic unit (DNA-PKcs) forming the 
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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, DNA-PK complex recruits endonuclease Artemis. DNA-PKcs 

activate Artemis by undergoing autophosphorylation (Goodarzi et al., 2006). This makes 

the DNA ends compatible for ligation reaction. The ligation machinery composed of 

XRCC4, ligase IV and KLF is then recruited for re-ligation. This type of repair requires 

minimal to no resection and may potentially lead to small insertion and deletions. Due to 

this error-prone 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 out by 53BP1 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 error-prone repair by NHEJ can be lethal for cells in late S and G2 phase, HR is 

activated once the cell has duplicated its genome. This allows for error-free template-based 

replication. The pathway then begins with extensive resection of DNA ends by 

exonucleases MRN complex, CtIP, DNA1 and EXO1. This resection termed ólong-range 

resectionô is carried out in two steps. In the first step, a short-range resection (~100 nt) is 

mediated by MRN-CtIP complex producing a short 3ô ssDNA overhang (Sartori et al., 

2007; Shibata et al., 2014). In vitro studies have shown in absence of CtIP, MRN complex 

is unable to stimulate DNA end resection (Cannavo et al., 2014; Anand et al., 2016). In the 

second step, EXO1/DNA2-BLM (5ô-3ô exonuclease) carry out long range resection. This 

yields a long stretch of 3ô single stranded DNA overhangs on both the side of DSBs. The 

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 (Yuan et al., 1999). 

RAD51 then initiates D-loop formation where it invades homologous sequence and 

accurate repair synthesis is carried out by replicative polymerases. BRCA1 is a key protein 

involved in many stages of the HR process. It colocalises with DSBs, is known 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).  



Introduction 

3 

 

In addition to NHEJ and HR, cells have access to two more repair mechanisms viz. 

alternative end-joining (a-EJ) 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. Interestingly, they 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 resection. The initial resection machinery is same 

as for HR that is MRN-CtIP catalysed short range resection. Due to this, these pathways 

are highly-error prone. Secondly, they show homology-mediated repair with a-EJ requiring 

fewer base pair homology (2-20 bp) and SSA 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. 

 

 

Figure 1.1: Overview of repair pathway choice in DNA repair (Adapted 

from Noordermeer S. and Attikum H. 2020). continued on next page   



Introduction 

4 

 

Figure 1.1: (continued): DNA DSBs are repaired by two major pathways. NHEJ 

is active in G1/early S phase and is mediated through the activity of 53BP1-RIF1-

Shieldin. KU70/80 form a complex with DNA-PKcs and provide a platform for 

recruitment of DNA processing enzymes for ligation (see text for details). The 

broken DNA is ligated by ligation complex consisting of XRCC4-LigIV -XLF 

with minimal processing. This results in error-prone repair with insertion and 

deletions.  HR is active in late S/G2 phase when duplication of chromosomes is 

complete and is mediated by BRCA1/BRAC2. Long-range resection is achieved 

by the concerted action of multiple exonucleases (see text for details) followed 

by recruitment of RPA on to 3ô overhang ssDNA. RPA is replaced by RAD51 

which catalyzes strand invasion of sister chromatid commences. Resynthesis of 

DNA is carried out by replication polymerases 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 choice has been studied for 

decades (Brandsma and Gent, 2012; Chapman et al., 2012). A key parameter in the 

pathway choice is the cell cycle. The 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, well-resected 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 (BRCA1 and 53BP1) and how they bring about end resection or end 

protection.  
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1.1.1 BRCA1 promotes DNA end resection 

 

BRCA1 is a 190 kDa tumour suppressor nuclear protein that accumulates at DSBs through 

its phospho-protein binding C-terminal 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 HR; activation of HR is dependent solely on BRCA1. In mouse 

models, loss of BRCA1 in cells deficient of 53BP1 resulted in reactivation of NHEJ 

(Bunting et al., 2010; Bouwman et al., 2010). This shows BRCA1 is necessary for 

antagonising 53BP1-mediated NHEJ. BRCA1 recruits MRN to generate short 3ô-ssDNA 

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 pathway (Escribano-Diaz et al., 2013). Extension of initial short-range 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 MRN-CtIP complex, BRCA1 catalyzes end resection and commits 

the ensuing repair pathway to HR (Figure 1.2A).  

 

1.1.2 53BP1 promotes DNA end protection 

 

53BP1 (TP53BP1, tumour suppressor p53 binding protein 1) is a key regulator of DSB 

repair pathway choice (Zimmerman and de Lange, 2014). 53BP1 forms large foci at DNA 

DSBs which is mediated by ataxia telangiectasia and Rad3-related protein (ATR) and 

ataxia telangiectasia mutated (ATM) signaling (Bekker-Jensen and Mailand, 2010). 53BP1 

is also known to form similar foci at dysfunctional telomeres which have lost Shelterin 

complex (telomere protection complex) components. The telomeric recruitment of 53BP1 

is similarly mediated by ATR and/or ATM kinase (Celli et al., 2005; Takai et al., 2003; 

Denchi et al., 2007). Dimethylation of K20 of histone H4 is necessary for recruitment of 

53BP1. H4K20Me2 then interacts with Tudor domain present in 53BP1. Another histone 

modification identified is the ubiquitylation of H2A (or H2AX) at K15 by RNF168. This 

specific histone modification is a marker for DNA lesions and itself mediated by 
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ATR/ATM signaling. 53BP1 recognises H2AK15Ub using a conserved ubiquitin-

dependent recruitment (UDR) motif.  

Moreover, 53BP1 contains an oligomerization domain (Zgheib 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 Rap1-interacting factor 1 

(RIF1). RIF1 is a genome maintenance protein with diverse roles in DNA metabolism 

(Buonomo SB, 2010; 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 epitopes present on 53BP1 (Setaiputra 

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

RIF1 contains any DNA binding activity.  

 

1.1.3 Repair pathway choice and synthetic lethality  

 

Genomic stability 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 

significantly distort 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 catalyzes poly (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 

inactivate PARP1 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 PARP1-inhibitor 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 lethality (Figure 1.2C). This 

approach was first described in 2005 and since then clinical studies have shown great 
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promise (Bryan et al., 2005; Framer et al., 2005; Fong et al., 2009; Mirza et al., 2018). 

Currently, several PARPi have been FDA- and/or EMA-approved for treatment of BRAC-

mutated breast and ovarian tumours (Gourley et al., 2019). However, multiple studies in 

patients and observations in murine models have 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 key role in synthetic lethality (Figure 1.2 D).  

 

1.2 Discovery of Shieldin complex 
 

Despite their important roles for end resection inhibition both 53BP1 and RIF1 show no 

enzymatic activity or direct interactions between them. Shieldin complex was discovered 

simultaneously by multiple research groups as a key downstream factor of 53BP1-RIF1 

(Gupta et al., 2018; Dev H et al., 2018; Noordermeer et al., 2018; Ghezraoui et al., 2018). 

These groups used either CRISPR/Cas9-based genetic screens to identify factors whose 

mutations elevate PARPi sensitivity in cells deficient of BRCA1, or used apex-based 

proximity labelling coupled to mass spectrometry (AP-MS). Shieldin is a novel four 

component complex containing previously identified HORMA domain REV7 and three 

newly identified uncharacterized proteins C20orf196, FAM35A and CTC.534A2.2. These 

proteins were named SHLD1 (C20orf196/RINN3), SHLD2 (FAM35A/RINN2), SHLD3 

(CTC.534A2.2/RINN1). These seminal studies identified Shieldin recruitment to DSBs to 

be 53BP1-RIF1 dependent. Since RIF1 binding to 53BP1 is dependent on the cell cycle, 

Shieldin recruitment to DSBs is therefore also cell cycle dependent. Interestingly, while 

the loss of SHLD3 leads to loss of REV7 at DSBs, the loss of REV7 did not affect SHLD3 

localization to DSBs. SHLD2-SHLD1 co-localization similarly dependent on SHLD3 and 

REV7. This suggests Shieldin recruitment is hierarchical with SHLD3 recruited first 

followed by REV7 and SHLD2-SHLD1 (Gupta et al., 2018). Furthermore, SHLD3 

recruitment was found to be dependent on ataxia-telangiectasia-mutated (ATM) kinase 

activity and RNF8-RNF168-dependent recruitment of 53BP1-RIF1 (Gupta et al., 2018). 

Quantitative 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 (KD 

=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 et al., 2018). Although REV7 is present in all eukaryotes where it forms 

a part of multiple DNA centric complexes, SHLD1-3 are only found in higher eukaryotes 

that show capability for class-switch recombination (CSR). This is evident as nurse sharks 

which show 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 telomeres, where it 

is involved in telomere length maintenance (Dev 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 elevated temperatures, the mutant gets inactivated and telomeres 

are unprotected thereby activating repair mechanism. This shows that Shieldin functions 

genome-wide and is a part of the repair pathways choice at DSBs, CSR and telomeres.   

Studies show Shieldin complex 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 truncation experiments and identified that residues 28-83 of SHLD3 

are involved in binding REV7 in vitro. Similarly, residues 6-11 in the N-terminus of 

SHLD2 are enough to bind REV7. C-terminal region from residue 650-835 of SHLD2 

binds SHLD3 (Gupta et al., 2018; 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 (Figure 1.2B).  
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Figure 1.2: BRCA1 and 53BP1 control r epair pathway choice. (A) End 

resection mediated by BRCA1. Histone modification at DNA break site recruit 

RAP80-BRCA1. BRCA1 forms a complex with MRN-CtIP and stimulate EXO1 

for long-range resection of DSBs. This activity commits repair pathway to HR. 

(B) End protection is similarly mediated by histone modification at DNA break 

site and recruitment of 53BP1-RIF1. 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 of PARP-by-PARP inhibitors 

(PARPi) results in conversion of SSBs to DSBs due to stalled replication forks 

during DNA replication in S phase. (D) Cancer cells (p53-/-) show PARPi 

resistance due to functional HR and NHEJ pathways. Loss of BRCA1 inactivates 

HR resulting in PARPi sensitivity. Further loss of 53BP1 reactivates HR resulting 

in PARPi resistance. 
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1.2.1 Shieldin promotes PARPi resistance in 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 REV7 restored 

HR pathway in tumours derived from BRCA1-/- p53-/- cells (Xu et al., 2015). Clonogenic 

survival assays show depletion of SHLD1, SHLD2 and SHLD3 led to resistance to olaparib 

(PARP inhibitor) in BRCA1-defective cells (Noordermeer et al., 2018; Gupta et al., 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 that have lost Shieldin 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 

BRCA1-defective cells propagated in mouse models (Dev et al., 2018). Therefore, Shieldin 

mediated cytotoxicity of PARPi in BRCA1-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 PARPi resistance in certain 

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

 

1.2.2 Model for Shieldin function  

 

The current understanding of Shieldin function is that the complex localises to DSBs via 

the SHLD3-RIF1 interaction (Gupta et al., 2018; Noordermeer et al., 2018). REV7 bridges 

SHLD3 to SHLD2 by interacting with the conserved motif of SHLD3 and N-terminal 

region of SHLD2. SHLD2 using its C-terminal 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 al., 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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shown in vitro that SHLD2 prefers longer ssDNA substrates over shorter (Gao et al., 

Noordermeer et al., 2018; Dev et al., 2018). Moreover, long stretches of ssDNA are 

characteristics of resection and not inhibition. The ñresection rescueò model thus proposes 

that Shieldin recruits CST- Pol Ŭ complex via its SHLD1 subunit at DSBs and at 

dysfunctional telomeres (Mirman et al., 2018; Barazas et al., 2018). Pol Ŭ then carries out 

fill -in synthesis wherein ssDNA is re-synthesised to dsDNA. (Miyake et al., 2009; Feng et 

al., 2017; Wang et al., 2012). Thus, Shieldin functions to reverse the resection caused by 

any unwarranted exonuclease activity thereby keeping DNA alterations to the minimum 

and allow for repair by NHEJ (Figure 1.3).  

 

  

 

Figure 1.3: Model for Shieldin function. Proposed resection rescue model. In 

G1/early S phase 53BP1-RIF1 recruit four component Shieldin complex 

(SHLD1/2/3-REV7) at the broken DNA ends. Using presence of three OB folds 

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

considered to be a crucial for deciding which pathway will be activated for repair 

of DNA DSBs. The short-range resection by early exonucleases makes the DNA 

end unfit for repair by NHEJ. Shieldin then recruits CST-PolŬ complex via 

SHLD2-SHLD1 module. Pol Ŭ re-synthesizes the resected DNA thereby 

activating NHEJ pathway. 
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1.3 Structural elements of Shieldin complex 
 

SHLD1 is the smallest member of Shieldin complex consisting of 205 amino acids. It 

known to interact with SHLD2 C-terminus (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 CST-PolŬ complex for fill-in synthesis 

(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 CST- PolŬ complex at the context of CSR and telomeres. Future in vitro 

studies, would be necessary to understand the molecular basis of Shieldin-CST 

relationship.  

SHLD2 is the largest protein in the complex consisting of 835 amino acids and functions 

as a scaffold in the Shieldin complex. Sequence alignment and 3D structure predictions 

show the protein consists of a largely unstructured N-terminal region with folded C-

terminal region containing presence of three OB folds (Dev et al., 2018; Ghezraoui et 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 binds both ssDNA 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 conserved N-terminal motif 

(Gupta et al., 2018; Ghezraoui et al., 2018). SHLD2 DNA binding activity is shown to be 

very crucial for Shieldin complex function. SHLD2 fusion with RNF8 an upstream factor 

of 53BP1 supressed HR in BRCA1-/- 53BP1-/- cells. 

SHLD3 is a 250 amino acid containing protein. It is the first subunit of the Shieldin 

complex that is recruited to DSBs (Gupta et al., 2018). It contains a REV7 binding motif 

(RBM) at the N-terminus (residue 45-55). The C-terminal region comprising of residues 

140 ï 250 is predicted to be folded with sequence homology to EIF4-E (Dai et al., 2019). 
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The middle region comprising of residue 85-135 shows high level of disorder. Recruitment 

of SHLD3 is thought to be mediated by interaction of its C-terminal folded domain with 

RIF1 as its colocalization is dependent on 53BP1-RIF1 (Gupta et al., 2018). However, 

whether 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 understand molecular 

features of HORMA domain proteins using MAD2 as a template. Therefore, the next 

section elaborates on introduction to these features 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 cerevisiae that 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 regulator HOP1, the DNA repair factor REV7 and the spindle 

assembly checkpoint (SAC) protein MAD2. Since then, additional HORMA domains have 

been identified. These include another SAC protein p31comet, and 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 2000 ï 2008 

revealed a set of principles that govern the function of HORMA. (Mapelli et al., 2006; 

Mapelli et al., 2007, Sironi et al., 2002, Simonetta et al., 2007., Vink et al., 2006., Yang et 

al, 2007; Mapelli and Musacchio, 2007; Ye et al., 2015). 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. Whether these 

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 another (Rosenberg 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 state. It is in 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+ ATPase remodeler 

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 signaling 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 rigid core consisting of three Ŭ-helices (ŬA, ŬB, and ŬC) sandwiched between 

ɓ-sheets (ɓ4, ɓ5, and ɓ6 on front and ɓ2, ɓ3 hairpin on back) (Figure 1.4). Flanking the 

core are the N- and C-terminal regions which are mobile. Depending on the different 

position of the C-terminal region relative to the core, the HORMA adopts either a closed 

state or an open state. When the C-terminal region folds into two ɓ-strands (ɓ7 and ɓ8), 

the HORMA is said to be in the open state. While if the C-terminal region folds in two 

new ɓ-strands (ɓ8ô and ɓ8ôô) the HORMA is said to be in the closed state. When forming 

the ɓ8ô and ɓ8ôô strands, the C-terminal region appears to wrap around the core domain 

and in doing so can trap/capture a short peptide (called the closure motif) from a binding 

partner. The bound peptide is embraced by the C-terminal region and hence it is also 

termed as the safety-belt region (see topology diagrams, Figure 1.4A). In case of MAD2, 

the consensus motif consists of following sequence K/RɣɣxűxxxP, where K/R is a lysine 

or arginine; ɣ is an aliphatic residue, ű is a hydrophobic residue and P is a proline.  For 

both MAD2 and REV7 these sequences are present on their binding partners however, In 

HOP1 and p31comet the closer motif is present at their C-terminal region. For the autophagy 
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HORMA domain proteins ATG101 and ATG13, these conserved 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 MAD2 (Figure 1.4B). 

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 helix ŬC of the HORMA domain core.  This is well studied in MAD2, which 

can form both homodimer and a heterodimer with p31comet (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 al., 2007). This 

conformational dimer is necessary for assembly of MCC complex (Mapelli et al., 2006; 

Simonetta et al., 2007; Vink et al., 2006). Apo MAD2 can also form closed-closed (C-C) 

homodimer (Yang et al., 2007). Despite presence of no MAD2 dimer in MCC, point 

mutations in the dimer interface abolished MCC assembly completely suggesting MAD2 

dimerization is necessary for MCC assembly (Mapelli et al., 2006; Mapelli et al., 2007). 

MAD2 similarly forms a closed: closed heterodimer with p31comet. This dimer is necessary 

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 SAC in permanent 

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 Cryo-EM structure revealed exists as a REV7 dimer in yeast DNA 

polymerase ɕ (Malik et al., 2020). It is unclear whether the dimer formation in DNA 

polymerase ɕ happens via the dimer interface. Structural analysis of the autophagy 

HORMAs show that ATG13 and ATG101 form similar closed-open dimer where ATG13 

is present as a closed protomer 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 the meiotic HORMADs.  
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Figure 1.4: Mechanism of HORMA domain signalling by MAD2. (A) 

Cartoon representation of MAD2 conformational states and interconversion. 

MAD2 exists as two distinct topologies with different N- and C-terminal 

arrangements against the core ɓ-sheet (grey); O-MAD2 and C-MAD2 are shown 

on either side [PDB: 2V64]. Conversion 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 TRIP31.  (B) Energy profile illustrating MAD2 

conformer stability. O-MAD2 is characterized to be less stable as compared to 

C-MAD2 bound to CDC20. The high activation energy requirement makes the 

topological switch under physiological conditions very slow.  (C) MAD2 

dimerization. C-MAD2 (green) undergoes asymmetric homodimerization with 

O-MAD2 (orange) [PDB: 2V64], symmetric homodimerization with C-MAD2 

(green) [PDB: 2VFX], and asymmetric heterodimerization with p31comet (wheat) 

[PDB: 2QYF]. In all the cases, HORMA dimerization involves residues present 

on ŬC helix.     
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1.4.3 Spindle Assembly Checkpoint: MAD2 Case study 

 

For faithful segregation of chromosomes into daughter nuclei, the kinetochore-microtubule 

attachment is ñveryò crucial. Lack of proper attachment follows unequal segregation of 

chromosomes. This causes aneuploidy resulting in various genetic defects and ultimately 

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 in a 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 anaphase-promoting complex/clyclosome). Once all the kinetochores are 

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 of cell-cycle specific 

proteins. This leads to mitotic exit and progression to anaphase. MAD2, thus plays a key 

role in safeguarding genome integrity (Figure 1.6). Further sections describe in detail how 

MAD2 carries out this task using structural plasticity of its HORMA fold.  
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Figure 1.6: HORMA MAD2 in s pindle assembly checkpoint signaling. (A) 

SAC signaling is initiated when kinetochore remain detached. MAD1:C-

MAD2(grey and red) recruit O-MAD2(yellow) and assemble MCC which 

inhibits APC/C activity. The recruitment of O-MAD2 follows transient 

dimerization with C-MAD2 in which O-MAD2 first converts to I-MAD2 which 

readily binds CDC20 MIM. Once MAD2 captures CDC20 the MCC assembly is 

complete which then inactivates APC/C. (B) When kinetochores are properly 

attached MCC production stops and TRIP13: p31comet activity disassemble 

CDC20: C-MAD2/MCC to produce free CDC20 and O-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 copy of C-MAD2 bound to SAC 

protein MAD1 (Antoni et al., 2005; Luo et al., 2002; Vink et al., 2006). MAD2 is bound 

to MAD1 in a way analogous to CDC20 using the same safety belt interaction (De Antoni 

et al., 2005; Sironi et al., 2002). The MAD1: C-MAD2 complex functions to recruit soluble 
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free O-MAD2 for CDC20 binding. For MCC assembly, docking of O-MAD2 onto C-

MAD2 bound to MAD1 is necessary. This happens through MAD2 (O-C) conformational 

dimer formation (Mapelli M. et al 2007). In this bound state, O-MAD2 is more readily able 

to bind CDC20 closure motif and thus assembles MCC with faster rate (Simonetta et al., 

2007; Vink et al., 2006). Later, it was shown that MAD1:C-MAD2 present at kinetochore 

acts as the catalyst for an even faster assembly of MCC (Faesen et al., 2017). By combining 

these findings, a simple yet elegant model was put forth by Musacchio and colleagues 

(Figure 1.7A).  The template model proposes that O-MAD2 is activated by a catalyst 

MAD1: C-MAD2 present at the kinetochores. C-MAD2 acts as a template for conversion 

of O-MAD2 and binding CDC20 for MCC assembly. This MAD1: C-MAD2 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).   

 

 

Figure 1.7: Assembly of MCC is governed by MAD2 dimerization (A)  

Schematic illustration of template model for MAD2 conversion. MAD2 

conformational dimerization is necessary for assembly of MCC and inhibition of 

APC/C for mitotic arrest. In absence of dimerization, MAD2 binds CDC20 (blue) 

slowly. (B) Effect of MAD2 dimerization and external catalyst on assembly 

kinetics. In absence of catalyst and ability to dimerize MAD2 shows reduced 

binding kinetics to CDC20 due to spontaneous conversion from open to closed 

(blue curve). MAD2 dimerization slightly enhances binding kinetics to CDC20 

(red curve). The presence of external catalyst enhances MAD2 binding to CDC20 

instantaneously (green curve).  



Introduction 

20 

 

 

1.4.5 TRIP13 and p31comet mediated disassembly of HORMA 

domains 

 

1.4.5.1 MCC disassembly 

 

The disassembly of MCC is carried out by a conserved hexameric AAA+ ATPase TRIP13 

in mammals (Miniowitz Shemtov et al., 2015; Eytan E et al., 2014). However, TRIP13 

alone shows limited activity towards C-MAD2:CDC20 and can only convert limited C-

MAD2 to O-MAD2 (Ye et al., 2015). The targeting of C-MAD2 bound complexes to 

TRIP13 is achieved by an adaptor molecule p31comet. p31comet role in inactivation of MCC 

was known even prior identification of TRIP13 as an active component of MCC 

disassembly (Xia et al, 2004; Teichner et al, 2011; Westhrope F. et al 2011). p31comet is 

able to tether HORMA remodeller TRIP13 and MAD2 and so can enhance TRIP13ôs 

activity towards MAD2 (Figure 1.8 A and B). p31comet heterodimerizes with MAD2 

utilizing MAD2 dimer interface and interacts with N-terminal 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 p31comet interaction (Ye et al., 2015). The molecular 

mechanism of MCC disassembly is as follows, the cycle begins with heterodimerization 

of C-MAD2:CDC20 and p31comet using the HORMA dimer interface (Yang et al 2007). 

CDC20:MAD2: p31comet complex then interacts with NTD of TRIP13 (Ye et al., 2015). 

Binding of p31comet: MAD2:CDC20 complex to TRIP13 positions C-MAD2 closer to the 

pore region of TRIP13. The residues present in pore loop regions of TRIP13 can than 

interact with the N-terminus of MAD2. The repeated ATP hydrolysis by TRIP13 allow the 

monomeric subunits to ñpullò the N-terminus of MAD2. This pulling through the hexamer 

pore resulting in the unwinding and stretching of the polypeptide chain of ŬA helix.  This 

results in partial conversion of C-MAD2 (unbuckled state) and release of CDC20 from 

safety-belt interaction. Further unwinding by TRIP13 converts C-MAD2 to O-MAD2.  

Since p31comet specifically interacts with C-MAD2 (Xia et al, 2004; Yang et al, 2007), on 

unfolding of C-MAD2 to O-MAD2, the dimer becomes unstable and ternary complex of 
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TRIP13:MAD2: p31comet destabilizes leading to complete disassociation (Ye Q. et al., 

2017; Alfieri et al., 2018) (Figure 1.8 C). The free p31comet / TRIP13 can now target next 

MCC molecule for disassembly. Other than MAD2, TRIP13 and p31comet are shown to 

target HORMA domain HOP1, REV7 and bacterial HORMAs. In S.cerevisiae, 

Pch2/TRIP13 directly interacts with HOP1 (Chen et al 2014). Though it is known to 

disassemble meiotic HORMADs, the exact molecular details are unknown (Börner et 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 additional REV7 binding partners identified AAA+ 

ATPase TRIP13 using tandem-affinity-tagged REV7 coupled to mass spectrometry 

(Clairmont et al., 2020; de Krijger et al., 2021). Authors found Shieldin complex subunits 

could co-elute with TRIP13 and vice versa. TRIP13 acts as 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 did not interfere in 53BP1 and RIF1 foci formation 

suggesting TRIP13 functions downstream of 53BP1-RIF1. Furthermore, TRIP13 enhances 

end resection and promotes HR. It is unclear how exactly TRIP13 at molecular level 

enhances end resection. TRIP13 is also shown to affect REV7-REV3 interaction and 

negatively regulate Pol-ɕ activity. This shows that TRIP13 might serve as a negative 

regulator for multiple REV7 containing complexes. TRIP13 in vivo is shown to 

disassembly REV7-SHLD3/REV7-REV3 it is unclear whether REV7 reverts to open state 

(Figure 1.8 D). Also, TRIP13 activity towards MAD2-CDC20 is limited without adaptor 

protein p31comet (Ye et al., 2015). Such a measurement of TRIP13 activity towards REV7 

is lacking. A recent study showed involvement of p31comet in Shieldin/ Pol-ɕ disassembly 

(Sarangi et al., 2020). In cells p31comet was found to be associated with all Shieldin complex 

subunits. Moreover, p31comet binds to REV7 using its dimer interface in a way similar to 



Introduction 

22 

 

MAD2. The authors showed that p31 is a negative regulator of Shieldin similar to TRIP13 

in cells however, showed limited in vitro experiments. A disassembly assay with purified 

components would be required to answer this.  With Pol-ɕ containing two copies of C-

REV7 and reports suggesting C-REV7 can dimerize within the same complex (Rizzo et 

al., 2018) it is unclear whether disassembly of Pol- ɕ and Shieldin follows similar 

molecular mechanism like one for MAD2 or different. Also, in vitro proof of direct 

interaction between REV7 and p31comet is lacking. In MAD2 disassembly, TRIP13 action 

on N-terminus of MAD2 breaks H-bonding between ŬA and ɓ8ôô. Such an interaction 

network in REV7 is missing and replaced by hydrophobic interaction (Ye et al., 2017). It 

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

p31comet and thus warrants thorough in vitro study (Figure 1.8 D).  
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Figure 1.8: Disassembly of HORMAs by hexameric AAA+ ATPase TRIP13 

and p31comet. (A) Cryo-EM structure of C-MAD2:CDC20: p31comet (grey, green 

and wheat respectively) bound to TRIP13EQ (lime) in catalytic active state 

(Alfieri et al., 2018) [PDB: 6F0X] (B) Effect of TRIP13/p31comet on MCC 

disassembly for exit from mitotic arrest. Spontaneous conversion of C-MAD2 to 

O-MAD2 and release of CDC20 is very slow resulting in mitotic arrest by SAC 

detrimental for cell. Presence of TRIP13 alone minimally affects disassembly. 

TRIP13 with cofactor p31comet speeds up disassembly dramatically. (C) 

Schematic illustration of MCC complex disassembly by TRIP13 and p31comet. C-

MAD2:CDC20MIM/closure motif undergoes heterodimerization with another 

HORMA p31comet using dimer interface. C-MAD2:CDC20MIM : p31comet interact 

with TRIP13. TRIP13 catalyses disassembly of MCC by pulling on N-terminus 
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of MAD2. This breaks H-bonding interaction of residues in ŬA and ɓ8ôô in C-

MAD2 (yellow dots) and converts MAD2 to open conformation. TRIP13:C-

MAD2:CDC20MIM : p31comet complex then falls apart and can resume 

disassembly of the next MCC molecule. (D) REV7 disassembly mechanism is 

proposed to be similar to MAD2. 

 

1.5 REV7 is a multifaceted HORMA  
 

REV7 is a HORMA domain consisting of 200 amino acids. It is abundant in nucleoplasm 

and has a large number of binding partners that bind through both safety-belt and non-

safety belt interaction (de Krijger, Boersma, and Jacobs et al., 2021). Thus, REV7 is 

involved in multiple distinct nucleo-centric pathways. The following section elaborate the 

role REV7 plays in these pathways. 

 

1.5.1 REV7 in Shieldin complex 

 

REV7 was first identified to regulate repair pathway choice through a functional genetic 

screen at both human telomeres and DNA double strand break. Moreover, REV7 was 

identified to be necessary for inhibiting end resection and for promoting CSR (Boersma et 

al., 2015; Xu et al., 2015). Loss of REV7 shows a similar phenotype as loss of 53BP1 in 

BRCA1-deficient cells. REV7 is able to interact with SHLD2 using 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 SHLD3-RIF1 assembly arm to SHLD2-SHLD1 ssDNA binding effector arm.   

Structural studies on HORMA REV7 shows REV7 adopts a MAD2 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 the most related to 

MAD2. This can be seen from structural similarity between the two. Closed conformer of 

REV7 looks similar to C-MAD2 (Figure 1.8). Similar to MAD2, REV7 binds partner 

protein containing REV7-binding motif (RBM) in safety belt conformation. For REV7, a 
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similar consensus sequence exists in form of xɣɣxPxxxpP, where p is a less conserved 

proline (de Krijger, Boersma and Jacobs, 2021; Clairmont and DôAndrea, 2021). (Figure 

1.5). Crystallographic studies show REV7 binds SHLD3 in a safety-belt conformation (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 state. In vitro studies show 

REV7 can form dimer in solution. Similar to MAD2 dimer interface, REV7 also shows 

presence of dimer interface composed of ŬC and ɓ8ôô. In addition to this, the short ɓ-sheet 

hairpin (ɓ4) is also involved in REV7 dimerization (Rizzo et al 2018). The dimer interface 

shows multiple key residues to be involved in REV7 dimerization. A report 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). Yeast two-hybrid study 

suggests REV7 can dimerize with p31comet 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 MAD2 are structurally similar . (A) 

Schematic representation of consensus sequence motif present for MAD2 and 

REV7 binding in safety belt conformation. (B)  Structural alignment of C-MAD2 

[PDB:2V64] and C-REV7 [PDB:3ABD]. (C) Dimer interface consisting of ŬC 

helix of MAD2 and REV7 (as shown in B) contain key residues (red) shown to 

be involved in homo/hetero dimerization. 

 

 

1.5.2 REV7 in DNA polymerase ɕ 

 

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 polymerase ɕ which 


























































































































































































