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Abstract 

The BRCT domain family is a group of proteins that is primarily involved in the 

regulation of DNA replication, cell cycle checkpoint activation, DNA damage repair, and 

many other DNA damage responses (DDR). Mutations in BRCT proteins often result in 

genomic instability, one of the leading sources of many human diseases including cancers. 

My thesis focuses on two important BRCT family proteins: Breast cancer associated proteins 

1 (BRCA1) and Topoisomerase II β Binding Protein 1 (TopBP1).  

BRCA1 is a well-known tumor suppressor protein that acts mainly in the homologous 

recombination (HR) pathway which repairs the DNA double-strand breaks (DSB) in cells. 

Mutations in BRCA1 have been found to associate with elevated risk of hereditary breast and 

ovarian cancers in humans. However, over 95% of sporadic breast and ovarian cancer 

patients carry wide-type BRCA1, making them less susceptible to DNA damaging cancer 

therapy. Since interaction between BRCA1 BRCTs and many phosphorylated protein 

partners are critical for the function of BRCA1 in DDR, including the proper activation of 

HR, inhibitors of BRCA1 BRCTs have great potential as chemotherapeutic agents. 

Unfortunately, the development of these inhibitors has been very challenging. While the 

shallow protein interface of BRCA1 BRCTs makes it difficult to stabilize any small molecule 

inhibitors, the strong dependency on the phosphate-binding pocket of BRCA1 makes the 

preservation of active phosphate on peptide inhibitors a major technical barrier. Here, I have 

successfully verified the first nonphosphopeptide inhibitor of BRCA1 BRCTs and solved the 
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crystal structure of this inhibitor in complex with BRCA1 BRCTs. My study reveals new 

structural features that can be included to guide the development of BRCA1 BRCTs 

inhibitors. It also provides the structural basis that supports the possibility of 

phosphorylation-independent interaction between DNA PKcs and BRCA1 BRCTs.   

TopBP1, on the other hand, is an important scaffold protein that mediates many 

protein-protein interactions (PPIs) involved in DNA replication stress signaling, cell cycle 

checkpoint activation, and DNA damage response via its ATR activation domain (AAD) and 

nine BRCT domains. In particular, the BRCT5 from the internal tandem repeats (BRCT4/5) 

of TopBP1 has been found to play critical roles in the recruitment of TopBP1 to the sites of 

DNA damage and replication stress. Several DNA damage-associated proteins have been 

suggested to interact with the TopBP1 BRCT5 domain in a phosphorylation-dependent 

manner. My study has been focusing on the interactions between TopBP1 BRCT4/5 and two 

of these proteins, the mediator of DNA damage checkpoint protein 1 �MDC1) and the Bloom 

syndrome, Rec Q helicase like protein (BLM). Consistent with the existing structural model 

of TopBP1 BRCT4/5 in complex with MDC1 SDT repeat peptide, my mutagenesis study of 

TopBP1 BRCT5 has validated that TopBP1 engages MDC1 mainly through electrostatic 

interactions. The interaction with MDC1 is largely induced by TopBP1 dimerization. On the 

contrary, my structural and functional study of TopBP1/ BLM interaction shows that TopBP1 

BRCT5 engages BLM through a higher affinity, monomer-based interaction. The orientation 
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of BLM peptide on the peptide interface of TopBP1 BRCT5 is opposite to the one observed 

in MDC1 peptide. I have proved that the interaction between BLM and TopBP1 is highly 

dependent on phosphorylation of Ser304 of BLM, not pSer338. Additional hydrophobic 

interactions are crucial for stabilizing the TopBP1/BLM complex while electrostatic 

interactions only play a supportive role. Since a similar interaction has also been observed 

between Rad4TopBP1 BRCT1/2 and Crb253BP1 in S. Pombe, I propose the interaction between 

TopBP1 BRCT5 and 53BP1 likely adopted this mechanism as well. 

Together, my studies of BRCA1 and TopBP1 further demonstrate the structural 

diversity of BRCT domain architecture. The structural insights revealed by my research can 

be used as a guideline for not only the modeling of other PPIs but also the development of 

synthetic compounds with therapeutic potential for DNA damaging cancer therapy.  
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Some of the researches from this thesis are conducted as a part of an international 
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The research project described in Chapter 2 is in collaboration with Dr. Matt 
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The research project described in Chapter 3 is in collaboration with Dr. Junjie 

Chen’s group (University of Texas, MD Anderson Cancer Center). Dr. Leung, C., an 
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TopBP1. After I proved that Brd4 ET domain interacts with TopBP1 BRCT6 domain, I 

used size exclusion chromatography and BS3 cross-linking assay to test the stability of 

the Brd4 ET-TopBP1 BRCT6 complex. I designed the S35 methionine pull-down 

experiment and provided the purified TopBP1 BRCT proteins (BRCT0/1/2, BRCT4/5, 

BRCT6 and BRCT7/8) for Dr. Lam, F. from Dr. Yaffe’s group to use. Dr. Lam, F. also 

carried out immuno-precipitation and foci formation assay to study the function of 

TopBP1 BRCT6 interaction with Brd4 ET domain in the cell.  
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1.1 DNA damage and repair: the Ying and Yang of life 

1.1.1 Mapping the blueprint of life: a historical overview of early DNA research  

Deoxyribonucleic acid (DNA) was first discovered as a microscopic substance, 

isolated from the pus of discarded surgical bandages, by a physician named Friedrich 

Miescher in 1869 (Dahm, 2008) (Figure1-1). Then Phoebus Levene soon deciphered the 

chemical composition of DNA in 1919 (Levene, 1917, 1918, 1920; Levene and La Forge, 

1912). However, the structure and function of DNA remained unclear.  It became apparent 

by the early 1940s that mutagenic agents (such as ionizing and UV radiation) could damage 

hereditary material in cells. In 1944, Oswald Avery and his colleagues first demonstrated that 

DNA carries the hereditary material of the cell using the Avery-Macleod-McCarty 

experiment (Avery et al., 1944). Unfortunately, this theory was not well accepted by the 

scientific community, because most researchers believed protein was the hereditary material 

at that time. A breakthrough occurred in 1953 when James Watson and Francis Crick 

presented their double helix model of DNA structure (Watson and Crick, 1953). Shortly, 

Francis Crick proposed an “adaptor theory” that foretold the relationship between DNA, 

RNA, and protein. These soon lead to the discovery of replication mechanism and genetic 

codes (Crick et al., 1961), which finally confirmed that DNA is the blueprint of life. 

As more is known about DNA, many DNA repair mechanisms surfaced. From the 

discovery of enzymatic photoactivation (EPR) in bacteria (Williams, 1957) to the validation 

of excision repair (ER) in both bacteria and mammalian cells (Lindahl, 1974; Rasmussen and 

Painter, 1964), it was becoming more clear that various kinds of DNA damaging and repair 

mechanisms occur naturally in cells.  Achieving a balanced dynamic between DNA damage 

and repair is essential for cell survival. Henceforth, researchers have focused on deciphering 

these complicated mechanisms for decades.  

 

1.1.2 DNA damage and response 

DNA damage is a naturally occurring event that causes alteration of the chemical 

structure of DNA. These DNA damages exist in various forms and can be caused by both  
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Figure 1-1. Milestone events in the early history DNA research. 
This figure has only summarized major breakthroughs in DNA research field before 1980s. 
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endogenous cellular processes and exogenous sources (Figure 1-2). Spontaneous hydrolysis 

and oxidation are the two primary sources of endogenous DNA damage. They both occur up 

to 104 times per day per cell (De Bont and van Larebeke, 2004). Oxidation caused by active 

oxygen species mainly results in the formation of 8-hydroxyl-guanine (8oxoG) from guanine.  

This 8oxoG pairs with adenine instead of cytosine to generate a transversion mutation after 

replication (Chen et al., 1991; Kasai et al., 1984; Shibutani et al., 1991). Hydrolysis, on the 

other hand, comes in many forms. Depurination is the most typical hydrolysis reaction. It 

occurs through cleaving the β-N-glycosidic bond in DNA, which produces an apurinic (AP) 

site in DNA that alters its structure further (Lindahl and Andersson, 1972). Deamination is 

another form of hydrolysis, which mainly causes a base transition of cytosine to uracil in 

DNA (Lindahl, 1993). Besides, mismatches generated by DNA replication errors and base 

alkylations are also found on a daily basis. One of the examples is the methylation caused by 

S-adenosylmethionine (SAM). All these endogenous DNA lesions, which add up to 105 per 

cell per day in humans (Hoeijmakers, 2009), are in milder forms and can be handled by 

existing DNA repair mechanisms in cells.   

On the other hand, exogenous DNA damages pose a bigger threat to genome stability.  

These include pyrimidine dimerization caused by exposure to ultraviolet light (UV) from 

sunlight, and single-strand break (SSB)/ double-strand break (DSB) caused by ionizing 

radiation (IR) from cosmic rays or natural decay of radionuclides, such as uranium, from our 

living environment. These also contain a huge variety of DNA adducts that are caused by 

exposure to various industrial chemicals in modern human life (Hoeijmakers, 2009; 

Swenberg et al., 2011).  

If left unrepaired, DNA damage can activate cell death pathways, and result in 

apoptosis or senescence in cells (Choi et al., 2015; Hoeijmakers, 2009). Luckily, the cell has 

a complex DNA damage response machinery that allows it to quickly sense different DNA 

lesions, signal proper cellular responses, activate cell cycle checkpoint, and actively repair 

these DNA damages (Nowsheen and Yang, 2012) (Figure 1-3). However, DNA damage 

sometimes causes DNA replication or repair errors in rapidly dividing cells, thus resulting in 

DNA mutations. While many DNA mutations that alter functional proteins in cells are highly  
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Figure 1-2. Overview of different DNA damages in cell. 
Three forms of endogenous DNA damage and six forms of exogenous DNA damages are 
included here. Each type of DNA damage is color-coded based on its sources. Chemical 
compounds that can cause DNA damage includes platinum-based compound such as 
cisplatin, which leads to bulky adducts or inter-strand crosslinks; intercalating agents such 
as actinomycin-D; and DNA alkylating agents such as methyl methanesulphonate (MMS). 
This figure is adapted from (Helleday et al., 2014). 



	 	 	

	

	 6	

 

 

 

 

 

 

 

 

 

 

Figure 1-3. Overview of DNA damage response.  
The oval shape represents the cell with damaged DNA, and the arrows point to different 
DDR events triggered by DNA damage signals in the cell.  
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associated with human diseases (Castilla et al., 1994), some mutations may also generate 

unique phenotypes with advantages such as resistance to HIV virus (Sullivan et al., 2001). 

 

1.1.3 Cell cycle regulation  

To give the cells sufficient time to repair before division, DNA damage activates cell 

cycle checkpoints to pause the cells at G1/S or G2/M boundaries and intra-S phase. While 

many signal cascades are involved in the coordination of checkpoint and DNA repair 

processes in cells, the two major pathways are ATM-Chk2 and ATR-Chk1 pathways (Figure 

1-4). 

The ATM-Chk2 pathway is often activated at DNA damage induced DSB sites. After 

sensing the DNA damage signal, the inactive ATM in homodimer form dissociates into 

active monomer form with the help of intermolecular autophosphorylation (Bakkenist and 

Kastan, 2003). Acetylation of ATM by TIP60 acetyl-transferase further activates kinase 

activity of ATM (Lavin and Kozlov, 2007). After Mre11-Rad50-Nbs1 (MRN) protein 

complex assembles on DSB sites, the C-terminus of Nbs1 recruits ATM monomer through 

direct interaction (Falck et al., 2005; Lavin, 2008), and fully activates ATM at DSB sites to 

phosphorylate various local substrates (Fernandez-Capetillo et al., 2004; Lavin, 2008). One 

important local substrate of ATM is checkpoint kinase 2 (Chk2). After initial activation by 

ATM, Chk2 further activates itself by autophosphorylation (Oliver et al., 2006). Once fully 

activated, Chk2 can dissociate from DSB sites, travel through the nucleus, and pass the DNA 

damage signal downstream via phosphorylation of other substrates outside of the nucleus 

(Bartek and Lukas, 2003).  For example, ATM can indirectly activate G1 checkpoint through 

phosphorylation of Chk2, since Chk2 can phosphorylate tumor suppressor protein p53 and 

stability regulator of p53 (MDMX) (Chehab et al., 2000). However, ATM can also 

phosphorylate other substrates that are not solely localized at DSB sites including p53. 

Phosphorylation of p53, MDM2, and MDMX by ATM directly triggers downstream G1 

checkpoint activation (Chen et al., 2005; Lavin and Kozlov, 2007).  

Replication errors or UV induced DNA damages often block the normal replication  
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Figure 1-4. Cell cycle checkpoint activation by ATM-Chk2 and ATR-Chk1 pathways. 
The ATM-Chk2 pathway is active on DNA damage induced DSB site. The ATR-Chk1 
pathway is active on RPA loaded ssDNA segment at replication arrest site. Many 
phosphorylation events occur within these two pathways, but only a few important events 
are shown in this figure. White arrows are pointing toward specific phosphorylation targets 
of individual kinases. This figure is adapted from (Smith et al., 2010). 
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process. The ATR-Chk1 pathway is then activated at the replication arrest site (Abraham, 

2001).  The uncoupled helicase and polymerase activity at this site can generate a single 

strand DNA (ssDNA) region that is quickly loaded by Replication Protein A (RPA) (Byun et 

al., 2005). The ATR: ATR Interacting Protein (ATRIP) complex is then recruited to RPA 

loaded ssDNA via interaction between ATRIP and RPA. Meanwhile, two critical mediator 

proteins that function in the ATR-Chk1 signal cascade, Topoisomerase II β Binding Protein 1 

(TopBP1) and Claspin are also recruited. TopBP1 is brought to stalled replication forks with 

the help of Rad9-Hus1-Rad1 (9-1-1) complex (Delacroix et al., 2007; Greer et al., 2003). 

TopBP1 is a key regulator of DNA replication, checkpoint activation and damage response 

(Garcia et al., 2005; Wardlaw et al., 2014). While detailed functions of TopBP1 will be 

discussed later in this chapter (section 1.3.3), its effects on ATR-Chk1 signal cascade will be 

briefly summarized here. Through direct interaction with ATR, TopBP1 can activate ATR 

with its ATR activation domain (AAD), then additional contact between C terminal 

BRCT7/8 of TopBP1 and autophosphorylated ATR further stimulates ATR kinase activity 

(Liu et al., 2011).   Claspin is recruited to the stalled replication fork by the Timeless-

interacting protein (Timeless: Tipin) complex. While Timeless interacts with both ATR and 

Chk1, Tipin interacts with RPA and Claspin (Kemp et al., 2010). After phosphorylation by 

ATM, Claspin can recruit Chk1 to ssRPA loaded DNA (Jeong et al., 2003; Kumagai and 

Dunphy, 2003), where it is further stabilized by Timeless. As a result, it allows ATR to 

phosphorylate Chk1 directly (Kumagai et al., 2004). Similar to Chk2, after further activation 

through autophosphorylation (Kumagai et al., 2004), fully activated Chk1 is released from 

Claspin to act on downstream substrates that are from both nucleus and cytoplasm (Bartek 

and Lukas, 2003). 

 

1.1.4 DNA damage repair 

Many repair mechanisms exist in the cell to defeat different types of DNA damage 

(Table 1-1). The DNA replication errors are the targets of mismatch repair (MR) (Kolodner, 

2016). While the small chemical alternations such as 7MeG can be fixed by direct reversal 

using methylguanine methyltransferase (MGMT) (Yarosh et al., 1984), bigger alterations  
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such as bulky DNA adducts or pyrimidine dimers are corrected by nucleotide excision repair 

(NER) (Scharer, 2013).  Other small lesions from 8oxoG to SSBs can all be resolved by base 

excision repair (BER) (Lu et al., 2001; Wallace, 2014). 

Two pathways can be used to repair the more complex DSBs lesions: Non- 

Homologous End Joining (NHEJ) and Homologous Recombination (HR) (Le Guen et al., 

2015) (Figure 1-5). NHEJ occurs throughout the cell cycle and repairs most DSBs in 

mammalian cells. It can directly ligate DNA ends in an unconventional manner without the 

presence of temple DNA.  At induced DSBs, NHEJ starts with the recruitment of the 

Ku70/80 heterodimer to the double-strand DNA (dsDNA) ends. This Ku: DNA end complex 

then acts as a scaffold that recruits other NHEJ proteins (Lieber, 2010). The DNA dependent 

protein kinase catalytic subunit (DNA PKcs) complexes with Artemis on dsDNA ends and 

phosphorylates Artemis to active its endonuclease activity (Goodarzi et al., 2006; Ma et al., 

2002). DNA PKcs also phosphorylates other NHEJ proteins, including Ku70/80, DNA 

Ligase VI, X-ray cross complementing protein 4 (XRCC4), and XRCC4 like factor (XFL). 

But all these phosphorylation are proved to be unnecessary for proper NHEJ in vivo (Wang et 

al., 2004; Yu et al., 2008; Yu et al., 2003). After the DNA Pkcs: Artemis complex trims off 

damaged DNA overhangs, further processing of DNA ends may be done by other factors 

such as polymerase μ and λ (Ma et al., 2004). Finally, autophosphorylation of DNA PKcs 

relieves the DNA Pkcs: Artemis complex, allowing the XRCC4: Ligase VI: XFL complex to 

complete the ligation of DNA ends (Blackford and Jackson, 2017; Gu et al., 2007). The 

leftover Ku70/80 will likely get degraded from DNA after ubiquitination (Feng and Chen, 

2012). 

On the contrary, HR only occurs in late S phase to G2 phase of the cell cycle (Krejci 

et al., 2012). Recruitment of breast cancer associated proteins 1 and 2 (BRCA1 and BRCA2) 

is critical for the activation of HR. After rapid recruitment of the Mre11-Rad50-Nbs1 

complex to the DSB site, the MRN complex recruits CtBP-interacting Protein (CtIP) and 

initiates 5’ to 3’ resection of DNA through the nuclease activity of Mre11 (Williams et al., 

2007). The CtIP can then recruit BRCA1 directly after phosphorylation activation by ATM 

(Yun and Hiom, 2009). However, the ubiquitination pathway can also promote recruitment 

of BRCA1 (Huen et al., 2010). Through interaction with Nbs1 and phosphorylated γH2A  
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Figure 1-5. Overview of the two major DNA DSB repair mechanisms.  
(A) NHEJ pathway. This pathway is mainly activated by the recruitment of Ku70/80 and 
kinase activity of DNA PKcs. Important phosphorylation events are highlighted by white 
arrows. (B) HR pathway.  This pathway is mainly activated by the recruitment of MRN 
complex to initiate 5’ to 3’ DNA resection.  While phosphorylation by ATM activates most 
proteins in this pathway, MDC1 phosphorylation by CK2 also plays important role in the 
activation of ubiquitination signal cascade. The interaction between BRCA1 and CtIP is 
highlighted by double-arrowed line, and the sequential activation of ubiquitination 
pathways are highlighted by grey arrows. Panel A is adapted from figure 3 of existing 
paper (Blackford and Jackson, 2017). 
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/H2AX, the mediator of DNA damage checkpoint protein 1 (MDC1) is recruited to DSB. 

Then MDC1 is phosphorylated by Casein Kinase 2 (CK2) to recruit RNF8. While 

RNF8/Ubc13 activates ubiquitination signal cascade by building K63 linked ubiquitin on 

H2A/H2AX, RNF168/ Ubc13 amplifies this ubiquitin chain. This polyubiquitin chain 

recruits Rap80, which interact with Abraxas from the BRCA1-A complex (Li et al., 2017), 

and finally, brings BRCA1 to the DSB site. After further DNA resection with the 5’ to 3’ 

endonuclease Exo1, loading of RPA onto ssDNA can temporarily maintain the DNA 

resection on the DSB site (Wold, 1997). Depending on the stage of cell cycle, cells can 

choose to either activate the checkpoint with the help of ATR or proceed into HR directly. 

Further activation of HR requires the recruitment of BRCA2 to DSB site by BRCA1 via the 

partner and localizer of BRCA2 (PALB2) (Anantha et al., 2017). BRCA2 then recruits 

Rad51 to activate strand invasion and form a D-loop on the DNA (Esashi et al., 2005; Galkin 

et al., 2005). This D-loop can either be cleaved directly (West, 2003) or form a Holliday 

junction that can be repaired through resolution (Ciccia et al., 2008; Fekairi et al., 2009) or 

dissolution (Bizard and Hickson, 2014).  

 

1.2  Genomic instability and cancer  

1.2.1 Genomic instability and diseases 

Genome instability refers to alternations to the genome of cell lineage that ranges 

from mutations in nucleic acid sequence to chromosomal rearrangements (Aguilera and 

Gomez-Gonzalez, 2008). Since preservation of genome integrity is critical for cell 

homeostasis, genome instability can lead to many pathological disorders in human (Table 1-

2).  

The human nervous system is highly susceptible to oxidative stress because neurons 

generally exhibit high mitochondrial respiration, and produce many reactive oxygen species 

that can cause DNA damage (Weissman et al., 2007). Unrepaired DNA lesions in neurons 

can cause many aging-related neurodegenerative disorders, such as Alzheimer’s and 

Parkinson’s diseases (Kulkarni and Wilson, 2008). Moreover, alteration to DNA 

Trinucleotide Repeats (TNRs) can result in neurological and muscular diseases, including  
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myotonic dystrophy, fragile X syndrome, Kennedy’s disease, Huntington’s disease, 

Friedreich’s ataxia and spinocerebellar ataxia (Castel et al., 2010).  However, mutations in 

DDR proteins can also result in many other diseases. For instance, the ataxia telangiectasia 

(AT) patients with mutated ATM, and the AT-like disorder patients with mutated Mre11 

have not only cerebellar ataxia but also experience many immune defects. Similar 

immunodeficiency is found in the Nijmegen breakage syndrome (NBS) the ataxia 

telangiectasia (AT) patients with mutated ATM, and the AT-like disorder patients with 

mutated Mre11 have not only cerebellar ataxia but also experience many immune defects. 

Similar immunodeficiency is found in the Nijmegen breakage syndrome (NBS) patients with 

Nbs1 mutation, and the NBS-like patients with Rad50 mutation (Maciejczyk et al., 2017). In 

addition, they also suffer growth retardation or premature aging, another common symptom 

that can be found in other genomic instability diseases, especially DNA helicase deficiency 

syndromes, such as Bloom’s syndrome and Werner’s syndrome (de Renty and Ellis, 2017). 

Nevertheless, the most common feature, shared between most genomic instability diseases, is 

the predisposition to cancer. 

 

1.2.2 Cancer 

Cancer is not a single disease, but a group of related disorders characterized by 

abnormal cells that divide without control and invade neighboring tissues. Indeed, exogenous 

DNA-damaging agents, such as tobacco smoke (Phillips and Venitt, 2012), may overload the 

DNA repair pathways, and result in cancers, especially lung (Warren and Cummings, 2013) 

and colon cancer (Cancer Genome Atlas, 2012). However, inherited mutations in many DDR 

proteins that impair proper DNA repair are often directly associated with increased risk of 

many different types of cancer in humans (Table1-3). For example, mutations in MutL and 

Mut S homologs that impair MR (Truninger et al., 2005), and mutations in MutY homolog 

that impair BER can both lead to colorectal cancer as well (Cleary et al., 2009). 

BRCA1/BRCA2 mutations that result in HR defect are also well-known examples (Nagaraju 

and Scully, 2007), as they are the leading causes of familial breast and ovarian cancer in 

women (King et al., 2003). While mutations in some HR/NHEJ related proteins, such as  
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ATM or Mre11, might also alter the risk of breast cancer, they are often associated with 

increased risk of other lymphoid cancers (Bartkova et al., 2008; Rothblum-Oviatt et al., 

2016).  Mutations in other HR-related proteins, including ATR and Fanconi’s Anemia 

(FANC) proteins, are also highly associated with leukemia. Skin cancer is another common 

disease related to DDR defect. Mutations in xeroderma pigmentosa (XP) proteins that impair 

NER (Lambert and Lambert, 2015), or mutations in DNA helicases, such as BLM, WRN and 

RecQ, that impair HR can all result in elevated risk of skin cancer (Arora et al., 2014; Chun 

et al., 2011; Monnat, 2010).  

 

1.2.3 DNA damaging cancer therapy: a double-edged sword 

Although exogenous DNA damage and DDR deficiencies can both result in cancers, 

further stimulation by DNA damaging agents can easily activate apoptotic signal cascades in 

cancer cells and trigger cell death in cancer cells, but not in normal cells. Therefore, in 

addition to surgery, immunotherapy, cytotoxic chemotherapy, targeted therapy and hormonal 

therapy, DNA damaging therapies are often engaged in cancer treatments. The DNA 

damaging treatments can be employed in two forms: radiotherapy and chemotherapy (Figure 

1-6).  

Ionizing radiation (IR) that generates various strand breaks in DNA is often used in 

radiotherapy of cancer patients. It can be utilized both to cure cancer directly, and as a 

palliative treatment to reduce symptoms caused by cancer. About 50% of all cancer patients 

will receive radiotherapy during their treatment (Delaney et al., 2005). Limited by their 

differences in sensitivity to radiation, not all cancer can be cured directly with radiotherapy. 

Examples of early cancers that can be cured by IR alone included prostate carcinomas, 

cervical carcinomas, non-small cell lung carcinomas and head and neck carcinomas. Other 

cancers such as breast carcinomas, bladder carcinomas and locally advanced cervix, lung or 

head and neck carcinomas are also curable under radiation, but only in combination with 

other treatment modalities (Baskar et al., 2012). When used in conjunction with surgery, 

radiation can be used to either shrink the tumor before surgery or to destroy remaining 

microscopic tumor cells after surgery. However, since IR damages both cancer cells and the 
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normal cells, increased DNA lesions in the normal cells may give rise to other diseases in 

cancer patients. For instance, radiotherapy for breast and lung cancer often result in exposal 

of heart to some radiation, thus elevated the risk of heart disease in the patient (Ming et al., 

2016; Taylor and Kirby, 2015).   

Similar to radiotherapy, chemotherapy can also be used either with curative intent or 

as a palliative treatment to reduce cancer symptoms and prolong life. Traditional 

chemotherapy often uses cytotoxic agents to interference with cell mitosis. Since the cancer 

cell exhibits uncontrolled rapid cell division, they are typically more susceptible to these 

agents than the normal cell. However, normal cells from bone marrow, hair follicles or 

digestive tracts that divide rapidly are often sensitive to anti-mitotic drugs as well. Hence, 

common side effects of traditional chemotherapy included myelosuppression, mucositis, and 

alopecia (Barreto et al., 2014; Shin et al., 2015; Touchefeu et al., 2014). To encounter this 

lack of specificity, three other chemotherapies are developed: hormonal therapy and targeted 

therapy that both aim to inhibit abnormal cell growth and DNA damaging chemotherapy that 

target to induce DNA lesions and promote cell death (Figure 1-6).  

DNA damaging chemotherapeutic agents varies from the alkylating agents such as 

cyclophosphamide that promote DNA alkylation (Puyo et al., 2014), to platinum-based 

compounds that cross-link with DNA, and anthracyclines that induce DNA strand breaks 

(Jaffe, 2014). Although these compounds may also cause DNA damage in normal cells, they 

are more lethal to cancer cells. Because cancer cells often carry mutations in DDR proteins 

that inhibit their proper function, these defective DDR proteins can impair their downstream 

DNA repair signal cascades. In fact, proper selection of chemotherapeutic agents based on 

known DDR protein defects in the patient allows clinicians to target tumor cells selectively 

by inducing specific DNA lesions that only tumor cells are unable to repair. This more 

personalized DNA damaging chemotherapy can improve the treatment efficiency 

significantly. Moreover, when used in combination with other treatments such as radiation or 

cytotoxic chemotherapy, it may also help to lower the dose level of other treatments and 

reduced unwanted side effect. For example, mutations in breast cancer associated genes 

BRCA1 and BRCA2 are highly associated with not only breast and ovarian cancer but also 

other types of cancer. Meanwhile, BRCA1 and BRCA2 proteins both play important roles in  
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Figure 1-6. Outline of modern cancer therapies. 
The modern cancer therapies are categorized into four major types based on their different 
treatment methods. Surgery normally involves removal of tumors and surrounding tissues 
directly. Immunotherapy utilizes existing immune systems of cancer patients to target 
tumor cells, and this treatment is mainly antibody based. Chemotherapy uses various 
chemical compounds as drugs to suppress cancer cell aggression or kill cancer cells. 
Radiation aims to induce tumor death by ionizing radiation. This is also a type of DNA 
damaging therapy because IR aims to trigger programmed cell death by damaging cellular 
DNAs.  Although both targeting inhibition of tumor cell growth, hormonal therapy aims to 
inhibit growth-related hormones while targeted therapy aims to inhibit other players that 
affect tumor growth, such as tyrosine kinase receptor-associated proteins.  
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HR, a DNA repair pathway that is mainly responsible for accurate removal of double-strand 

damages such as DSBs and inter-strand cross-links. Therefore, patients with BRCA1/BRCA2 

defects often respond better to chemotherapy containing anthracyclines such as Doxorubicin 

that induces strand-breaks (Fourquet et al., 2009), or platinum-based compound such as 

cisplatin that causes inter-strand cross-links (Narod, 2010).  

Aside from chemicals agents that directly damage DNA in cells, compounds that aim 

to induce DDR defect through inhibition of other DDR proteins also has great therapeutic 

potential in cancer treatments. These compounds include not only the inhibitors of various 

DNA damage repair mechanisms but also the inhibitors of DNA replication and cell cycle 

checkpoint activation. While most of them are still developed under the experimental stage, 

some are already in preclinical or clinical trials. These included novel ATR inhibitors, 

NU6027 and VE-821 (Peasland et al., 2011; Prevo et al., 2012), and the Chk1 inhibitor 

SCH90077 (Garrett and Collins, 2011). Synthetic lethality, a term developed by geneticists to 

describe the situation where the individual defect of two genes has little effect on the cell, but 

the combined defects of two genes together trigger cell death, became a popular concept in 

the field of cancer biology (Garber, 2002). When tumor cells carry certain DDR protein 

defect that impairs one of the DNA repair pathways, the cell will likely rely more on the 

remaining DNA repair pathways for survival. Therefore, compounds that target inhibition of 

the remaining DNA repair may also be useful drugs for selective killing of these tumor cells. 

The most successful example of synthetic lethality approach in DNA damaging cancer 

treatment is the use of poly ADP-ribose polymerase inhibitors (PARPis) against tumors with 

BRCA1 or BRCA2 deficiency (Figure 1-7) (Bryant et al., 2005; Farmer et al., 2005).  

PARP1 and PARP2 are both important proteins activated by DNA damage in cells. 

They play critical roles in the activation of SSB repair, especially BER. As members of the 

PARP family of proteins, they are both enzymes that catalyze the synthesis of (poly ADP-

ribose) PAR chain on target proteins. PARP inhibitors were initially developed as part of a 

combinational therapy to sensitize cancer cell to radiation or other chemotherapy that directly 

induce DNA damages (Purnell and Whish, 1980). The first PARPi used in human clinical 

trials, rucaparib (Rubraca, Clouis), also works as a sensitizer in combination with a DNA 

alkylating agent, temozolomide, to treat patients with advanced metastatic melanoma  
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Figure 1-7. Synthetic lethality with PARP inhibitor. 
DNA damage that naturally occurs in cells or induced by DNA damaging cancer therapy 
can lead to both SSBs and DSBs in DNA. In normal cells, BER and HR can repair all 
existing DNA strand breaks collaboratively to preserve viable cells. Even exposure to low 
doses of DNA damaging treatment may be tolerated by these cells. In tumor cells with 
BRCA1/BRCA2 mutations that result in HR deficiency, cells rely more on BER that can 
still resolve all SSBs. Therefore, tumor cells with a limited amount of DSB may be less 
healthy, but they are still viable.  In tumor cells without BRCA1/BRCA2 mutations, 
although PARP inhibitor can impair BER, the unrepaired SSBs can be transformed to 
DSBs that are then repaired by HR. Therefore, these tumor cells are less susceptible to 
PARP inhibitor treatment. In cancer cells with BRCA1/BRCA2 mutations that cause HR 
deficiency, PARP inhibitors can impair BER too. Together, they result in the efficient 
killing of cancer cells. Figure adapted from (Comen and Robson, 2010). 
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(Plummer et al., 2008). However, Olaparib (Lynparza, AstraZeneca) is the first PARPi that 

has gained the U.S. Food and Drug Administration (FDA) approval as a treatment for 

patients with advanced ovarian cancer (Kim et al., 2015). This is because Olaparib offers 

effective treatment for breast and ovarian cancer patients with HR-deficient BRCA mutations 

using the synthetic lethality mechanism (Bryant et al., 2005; Farmer et al., 2005). Since 

PARP1 plays a critical role in activation of BER, inhibition of PARP1 leads to over-

accumulation of SSBs, which can be converted to DSBs in replicating cells. As these DSBs 

cannot be adequately repaired either due to the HR defects in BRCA1/2 mutant cells, the 

application of PARPi itself can selectively kill these BRCA1/BRCA2 deficient cancer cell 

via synthetic lethality. Benefiting from this selectivity, Olaparib offers similar treatment 

efficacy in comparison with other conventional chemotherapies, but with much lighter side 

effects (Fong et al., 2009). Currently, researchers are further exploring the clinical potential 

of Olaparib in treating other cancers, such as colorectal or prostate cancers (Morra et al., 

2017; Xu et al., 2015). Meanwhile, other PARPi drugs also shows great therapeutic potential 

in cancer treatment. Both niraparib (Zejula, TESARO) and rucaparib have gained FDA 

approval in cancer treatments, while talazoparib (Pfizer) is currently under stage III clinical 

trial (Lord and Ashworth, 2017). 

 

1.3 BRCT family proteins  

1.3.1 BRCT family proteins 

Initially identified in breast cancer associated protein BRCA1, the BRCA1 C terminal 

(BRCT) domain was soon found to characterize a family of proteins that is named BRCT 

family proteins (Koonin et al., 1996). Although the sequence conservation between BRCT 

family proteins is fairly low, most of these proteins are involved in the DDR signal cascades 

(Bork et al., 1997) (Figure 1-8). Therefore, deciphering the structural and functional features 

of these proteins can be beneficial for many genome instability diseases including cancer. 

The first crystal structure of BRCT domain solved was the N-terminal BRCT domain of X-

ray repair cross-complementing protein 1 (XRCC1) (Zhang et al., 1998). This structure 

features four β-strands in the center with one α-helix on one side and two α-helices on the  
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Figure 1-8. Examples of BRCT family proteins. 
The length of each light grey bar reflects the known protein sequences length of each 
protein. Grey boxes indicate the BRCT domains. 
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opposite side. Although BRCT domains of other proteins adopt these general structural 

features of XRCC1 BRCT, their functional architecture varies. In general, there are two types 

of BRCT architectures: Single BRCT and tandem BRCTs. Single BRCT domain means there 

is only one BRCT, such as in PARP1 or DNA ligase III proteins. But is also refers to 

multiple distinct singular BRCTs isolated by other functional domains, like the BRCT3 and 

BRCT6 of TopBP1. Tandem BRCTs refers to multiple BRCT domains that function together 

as a whole.  A classical example of tandem BRCTs is BRCA1 BRCTs, which will be 

discussed in detail in the next section (Section 1.3.2). Interestingly, the BRCT-BRCT domain 

packing of BRCA1, which consists of hydrophobic residues from the α2 helix of the N-

terminal BRCT, and α1′ and α3′ helices of the C-terminal BRCT, is conserved in several other 

BRCT family proteins (Williams et al., 2001). These include MDC1, BRCA1-associated 

RING domain protein 1 (BARD1) and TopBP1 BRCT7/8 (Birrane et al., 2007; Lee et al., 

2005; Rappas et al., 2011). Another common feature of all these tandem BRCT structures is 

that they all contain a phosphate-binding pocket that can be used to interact with many 

phosphorylated protein partners. On the contrary, a single BRCT domain often lacks the 

ability to engage phosphorylated protein partner. For instance, the phosphate-binding pocket 

that is well conserved between tandem BRCTs is absent in both TopBP1 BRCT6 and Ligase 

III BRCT (Leung et al., 2010; Tomkinson and Sallmyr, 2013). Instead, single BRCTs are 

found to interact with many other partners, including DNA and PAR chains. It has been 

shown that replication factor C (RFC) p140 and NAD+ ligase can both interact with DNA 

(Feng et al., 2004; Kobayashi et al., 2006), while XRCC1 BRCT1 and TopBP1 BRCT6 have 

both been implied to interact with PAR (Pleschke et al., 2000). Tandem BRCTs, such as 

BRCA1 BRCTs and TopBP1 BRCTs, have been suggested to interact with DNA as well 

(Acevedo et al., 2016; Choi et al., 2009; Simons et al., 2006). Moreover, BRCT family 

proteins may also interact with each other via their BRCT. For example, the interaction 

between single BRCT domain of ligase III and the BRCT2 of XRCC1 allows them to 

function together in base excision repair (Tomkinson and Sallmyr, 2013). These various 

interactions of BRCT domains perhaps explain why many BRCT family proteins act as 

scaffold proteins and play complicated roles in multiple DDR signal cascades. 
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1.3.2 BRCA1  

BRCA1 is a well-known tumor suppressor protein that is mainly involved in the HR 

pathway. Patients with familial breast or ovarian cancer often carry mutations in BRCA1 

(Castilla et al., 1994; Futreal et al., 1994; Miki et al., 1994). In addition to the tandem BRCT 

domains, it also contains an N-terminal RING domain, a coiled-coil (CC) domain and a 

region enriched in nucleus localization signals (NLS) (Figure 1-9A). As mentioned in the last 

section (1.3.1), the BRCT domain of BRCA1 can interact with many phosphorylated protein 

partners.  While the interaction of tandem BRCTs with Abraxas and CtIP both assist in the 

recruitment of BRCA1 to DNA damage site (Wu et al., 2016; Yun and Hiom, 2009), the 

BRCA1 BRCTs interaction with BRCA1 associated C-terminal helicase/Fanconi Anemia J 

group proteins (BACH1/FANCJ) also play important role in proper activation of DDR 

(Cantor et al., 2001). The RING domain of BRCA1 can interact with a similar RING domain 

of BARD1 (Wu et al., 1996), and forms a complex that has substantial ubiquitin ligase 

activity (Densham et al., 2016). Recently, this BRCA1/BARD1 complex was also found to 

enhance recombinase activity of Rad51 via direct interactions, thus promoting the DNA 

invasion in HR (Zhao et al., 2017). The CC domain of BRCA1 can also assist in HR 

activation. It interacts with PALB2, which bridges the recruitment of BRCA2 to DNA 

damage sites (Sy et al., 2009). Since inhibitors that target any of these three functional 

domains of BRCA1 can result in HR deficiency, they have great potential as 

chemotherapeutic agents. Not only can these BRCA1 inhibitors improve the sensitivity of 

tumor cell to general DNA DSB inducing chemo-reagents such as Cisplatin and Doxorubicin, 

but they can also be used in combination with PARP inhibitors to directly kill tumor cells 

through synthetic lethality (Figure 1-10) (Anantha et al., 2017). 

The tandem BRCTs domain has been the primary target for BRCA1 inhibitor drug 

design for years (Anisimov et al., 2011; Joseph et al., 2010; Lokesh et al., 2007; Lokesh et al., 

2006; Pessetto et al., 2012; Yuan et al., 2011) The tandem BRCTs domain of BRCA1 has 

distinct structural features that allow it to specifically target a pS-X-X-F motif of the 

phosphorylated peptide (Figure 1-9B). The N terminal BRCT has a phosphate-binding pocket 

formed by Gly1656, Ser1655, Thr1700 and Lys1702. While the main chain NH of Gly1656  
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Figure 1-9. BRCA1 BRCT is a good target for HR inhibitor.  
(A) Outline of functional domains in BRCA1 and their protein interaction partners. (B) 
Structural overview of BRCA1 BRCT interaction with phosphorylated protein partners. 
The figure is made using Pymol with known X-ray structure of BRCA1 BRCT in complex 
with pS-x-x-F motif containing peptide (PDB ID: 1T2V). Helices are colored green, beta 
sheets are colored orange, and the linker region between two BRCTs is colored light blue. 
The phosphorylated peptide is colored dark blue. Important residues from pSer and +3 Phe 
binding pockets are all highlighted in stick representation. 
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Figure 1-10. Synthetic lethality with BRCA1 inhibitor. 
As mentioned in Figure 1-6, application of PARP inhibitor can selectively kill tumor cell 
with BRCA1/BRCA2 mutations via synthetic lethality without harming the normal cell. 
However, PARP inhibitor is not efficient in killing tumor cells without BRCA1/BRCA2 
mutations, because the HR pathway remains active in repair DSBs. BRCA1 inhibitor aims 
to benefit cancer patients without BRCA1/BRCA1 mutations by blocking their HR 
pathway manually, thus creating the synthetic lethality in cells. 



	 	 	

	

	 28	

and the hydroxyl group of Ser1655 both donate a hydrogen bond to the phosphate head group 

of pSer, the Thr1700 hydrogen bond with the hydroxyl group of pSer to secure the 

interaction. Besides, the salt bridge of the phosphate group with Lys 1702, assisted by Val 

1654 and Asn1678, also further improve the binding affinity of this interaction. The 

hydrophobic +3 binding pocket is located on the interface between the two BRCT repeats. 

Hydrophobic residues, Leu1701, Phe1704, Met 1775 and Leu1839, decorate the base of this 

pocket. However, the sides of this pocket consist of many charged residues, including 

Arg1699, Asn1774 and Arg1835. It is worth noting that the main chain carbonyl of Arg1699 

can form a hydrogen bond with the main chain NH of the +3 residue from the 

phosphopeptide to adjust the +3 residue position in the pocket. The two important protein-

binding pockets on BRCA1 BRCT are both very selective, making them suitable targets for 

inhibitor design.  However, both pockets are relatively shallow, making it difficult to 

stabilize any small molecule inhibitor solely in either pocket.   

 

1.3.3 TopBP1  

TopBP1 is a key protein interaction hub that regulates DNA replication, checkpoint 

activation and damage response (Garcia et al., 2005; Wardlaw et al., 2014). TopBP1 protein 

interactions are mediated by its nine BRCT repeats, as well as its AAD that is particularly 

critical for its role in DNA replication stress signaling which initiates with ATR activation 

(Figure 1-11). Although dozens of PPIs involving the TopBP1 BRCT domains have been 

reported in the literature, how many of these distinct domains collaborate with different 

protein partners remain unclear.  It has been shown that the three N terminal BRCTs 

(BRCT0/1/2) of TopBP1 can interact with the phosphorylated Rad9 tail of the Rad9-Hus1-

Rad1 (9-1-1) complex to assist ATR-mediated activation of Chk1 in mammalian cells 

(Delacroix et al., 2007; Greer et al., 2003). The C terminal BRCT7/8 next to the ADD can 

bind to phosphorylated ATR and enables TopBP1 to engage ATR-ATRIP and stimulate ATR 

kinase activity (Liu et al., 2011).  This BRCT7/8 also interacts with BACH1/ FANCJ. This 

subsequently extends single-stranded DNA regions and enhances RPA loading at stalled 

replication forks (Gong et al., 2010).  The BRCT5 of internal tandem repeats (BRCT4/5) has  
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Figure 1-11. Overview of TopBP1 function at stalled replication fork.  
At a stalled replication fork where RPA and the 9-1-1 complex has been loaded on DNA, 
RPA recruits the ATR/ATRIP complex while phosphorylated rad9 tail recruits TopBP1 via 
interaction with BRCT0/1/2. The localization of TopBP1 and ATR brings AAD of 
TopBP1 in contact with PRD of ATR. This further activates autophosphorylation of ATR 
and phosphorylation of ATRIP. The interaction between phosphorylated ATR and 
BRCT7/8 further activates ATR. CDK can phosphorylate BACH1 to activate its 
interaction with BRCT7/8, and further promote RPA loading on DNA. Meanwhile, CK2 
may phosphorylate SDT repeats of MDC1, which can be recognized by BRCT5 of 
TopBP1. This is also believed to assist in TopBP1 recruitment to DNA. “P” highlights all 
phosphorylation-dependent interactions between proteins. The “P”s are color-coded based 
on the different kinase signal cascade that is used to activate this protein. The figure is 
adapted from (Wardlard, et al., 2014) 
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long been known to be critical for TopBP1 recruitment to sites of DNA damage and 

replication stress (Yamane et al., 2002) and several DNA damage-associated proteins have 

been suggested to interact with this domain in a phosphorylation-dependent manner. The first 

potential partner identified for BRCT5 was p53-binding protein 1 (53BP1), whose interaction 

was proposed to mediate recruitment of TopBP1 to sites of DNA DSBs during the G1 phase 

(Cescutti et al., 2010; Yamane et al., 2002).  Other proteins that may interact with BRCT5 

including DNA double-strand break mediator, MDC1 (Leung et al., 2013; Wang et al., 2011), 

and Bloom syndrome, RecQ helicase-like protein, BLM (Wang et al., 2013). The 

neighboring single repeat, BRCT6, has also been reported to interact with PARP1, 

transcription factor E2F1 and ePHD protein SPBP (Liu et al., 2003; Sjottem et al., 2007; 

Wollmann et al., 2007). However, the structure of BRCT6 reveals a degenerate phosphate-

binding pocket. (Leung et al., 2010) Structural alignment of the phosphate-binding pocket of 

BRCA1 with TopBP1 BRCT6 shows only one (Ser1655) of the three key residues (Ser1655, 

Gly1656, and Lys1702), that hydrogen-bonding with the pSer of phosphopeptide, in BRCA1 

is conserved in TopBP1 BRCT6 (Ser913). Instead, side chains of Lys914 point directly into 

the place in the pocket where normally hosts the phosphate head group of pSer/pThr, leaving 

no space for phosphopeptide to bind. In addition, the replacement of positively charged Lys 

with negatively charged Glu957 in the pocket further repels the negatively charged phosphate 

group (Figure 1-12).  

TopBP1 is found to be associated with various types of cancers, which make it a 

promising target for developing cancer therapy. For years, overexpression of TopBP1 has 

been linked with progression of hereditary breast cancer (Forma et al., 2012). A recent study 

reveals that TopBP1 participates in HR through regulating Rad51 phosphorylation and 

chromatin loading (Moudry et al., 2016). Therefore, mutations in TopBP1 may also impair 

HR and improved PARP inhibitor sensitivity in cancer patients. Meanwhile, TopBP1 was 

also found to affect chemosensitivity of non-small cell and lung cancer (NSCLC) by 

upregulating the p53 signal in cells (Lv et al., 2016).  Further study has shown that Calcein 

acetoxymethyl ester (calcein-AM) can enhance the antitumor effect of doxorubicin in 

NSCLC by regulating the TopBP1/p53 signal cascade(Lv et al., 2017). 
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Figure 1-12. Structural comparison of phosphate binding pocket in TopBP1 BRCT6 
and BRCA1 tandem BRCTs. 
Structural alignment of the pSer binding pocket of BRCA1 (PDB ID: 1T2V, colored in 
grey) with TopBP1 BRCT6 (PDB ID: 3JV, colored in blue). The BACH1 phospho-peptide 
is shown in orange. Hydrogen bonding is designated as yellow dotted lines. Hydrogen 
bonding residues in BRCA1 (below) aligned with TopBP1 (above) are displayed. 
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1.4 Thesis overview 

This thesis aims to investigate two major BRCT family proteins, TopBP1 and 

BRCA1, to understand how they function in DDR through PPI and explore the therapeutic 

potential of them in treating genomic instability diseases. 

BRCA1 Inhibitor Development (Chapter 2). For years, BRCA1 BRCT has been 

considered as a potential target of synthetic lethality inhibitor drug development for cancer 

therapy. However, generation of a viable cellular inhibitor of BRCA1 BRCT has been very 

challenging. Here, we present the first non-phosphorylated peptidomimetic inhibitor of 

BRCA1 BRCT that is developed through an mRNA displaying library screen. Our X-ray 

structure of BRCA1 BRCT/inhibitor complex provided useful insight and new features that 

can guide the development of better small molecule inhibitors.  

TopBP1/MDC1 (Chapter 3). MDC1 recognition by TopBP1 BRCT4/5 plays an important 

role in the regulation of DNA replication checkpoint. Based on the known structure of 

TopBP1 BRCT4/5 in complex with MDC1, we carried out a series of biochemical analyses 

of this interaction to further understand this mechanism. Our study reveals a unique 

electrostatic interaction between TopBP1 BRCT5 and the SDT repeats of MDC1. We 

hypothesized that TopBP1 BRCT5 use the same positively charged surface to recognize 

other highly negatively charged molecules such DNAs to assist TopBP1 recruitment at DNA 

damage site.   

TopBP1/BLM (Chapter 4). The interaction between BLM and TopBP1 BRCT4/5 has been 

shown to help the maintenance of genome stability in cells. However, conflicting results 

suggested both pSer304 and pSer338 of BLM could be the primary target of recognition by 

TopBP1, and the precise mechanism of this interaction remains unclear. We proved it is 

pSer304, not pSer338 of BLM that is essential for this interaction, and solved the X-ray 

structure of TopBP1 BRCT4/5 in complex with BLM. With further mutagenesis and 

biochemical studies in vivo on this interaction, we reveal a new model of interaction between 

TopBP1/BLM that is distinct from the TopBP1/MDC1 model. We propose that TopBP1 

BRCT5 may interact with 53BP1 like BLM. 
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General Discussion (Chapter 5). The final chapter will summarize the results described in 

this thesis, and discuss the future directions in many aspects to tie these findings together 

towards a better understanding of how TopBP1 and BRCA1 regulate different PPI in DDR. 

New PPI mechanisms revealed in this thesis also have therapeutic potential in treating 

genomic instability diseases. Structural insights from our study are not only useful for the 

prediction of targeting region of known BRCT domains on their protein partners but also 

provide a guideline for the development of new inhibitors of BRCT family proteins. Together, 

this thesis further illustrates the structural and functional diversity of BRCT domains in DDR 

proteins. 

TopBP1/BRD4 (Appendix A).  Unlike other tandem BRCT repeat from TopBP1 that is 

mainly involved in phosphorylation-dependent PPI, the structure of BRCT6 indicated it has 

no phosphate binding pocket. However, BRCT6 has been reported to interact with various 

DNA damage response proteins including PARP1, E2F1, and SPBP.  A recent study from 

our collaborator, Dr. Lam (MIT), identified an interaction between TopBP1 and BRD4. We 

carried out a structure guided in vitro interaction screening between known BRD4 and 

TopBP1 BRCT domains. Our study reveals that the ET domain of BRD4 can interact with 

the BRCT6 domain of TopBP1.   

Dpb11/Rtt107 (Appendix B). Dbp11 and Rtt107 are both important BRCT family proteins 

that mediate the replication stress response in S. cerevisiae. However, the structures of 

tandem BRCTs from both proteins remain unsolved. We carried out series of sequence 

alignments with secondary structure predictions of Dpb11 and Rtt107 BRCTs with human 

TopBP1 and the S. pombe TopBP1 homolog Rad4. Our study has revealed that both Dpb11 

BRCT1/2 and Rtt107 BRCT3/4 are potential structure analogs of TopBp1 BRC4/5. Also, 

Dpb11 BRCT3/4 appears to be a structural analog of Rad4 BRCT3/4. Guided by our 

prediction, we designed several E. coli based protein expression constructs of Dpb11 

BRCT1/2, BRCT3/4, and Rtt107 BRCT3/4. Once successfully expressed and purified, these 

proteins may be useful for further functional or structural study of these tandem BRCT 

repeats.   
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2.1 Introduction 

Many current cancer treatments employ chemotherapy or ionizing radiation to induce 

DNA damage in cells, thus triggering cell cycle arrest or cell death. However, the efficacies 

of general DNA damaging cancer treatments are largely limited by the lack of specificity to 

target cancer cells, and the long-term treatment resistance caused by feedback activation of 

DNA damage repair in cancer cells. Therefore, development of inhibitory compounds that 

target DDR proteins can improve the specificity of many existing DNA damaging cancer 

therapies (Murai, 2017; O'Connor, 2015; Samadder et al., 2016). 

BRCA1 is an important tumor suppressor protein, and mutations in the BRCA1 gene 

can result in increased risk of hereditary breast and the female ovarian cancer in 

human(Castilla et al., 1994; Miki et al., 1994; Petrucelli et al., 1993). Whereas BRCA1 plays 

important roles in response to DSB and drives HR (Huen et al., 2010; Mermershtain and 

Glover, 2013), it has been shown that breast or ovarian cancer patients with HR-deficient 

BRCA1 mutations (such as M1775R/K) are highly sensitive to PARP inhibitors treatment 

that mainly targets to suppress SSB repair in cells (De Lorenzo et al., 2013). However, over 

95% of sporadic breast and ovarian cancer patients carry WT BRCA1 (Johnson et al., 2013). 

Several studies have indicated that mutations on BRCA1 BRCTs that abolish 

phosphoprotein-binding activity of BRCA1 are also highly associated with HR deficiency 

(Lee et al., 2010). Therefore, development of inhibitory compounds that target BRCA1 

BRCT may produce a functional mimic of HR-deficient BRCA1 mutant, and suppress DSB 

repair in tumor cell under DNA damaging cancer therapy. 

Development of inhibitory drug compounds that target BRCA1 BRCTs remains 

challenging. Attempts using either virtual or high-throughput screening failed to yield any 

promising small molecule compound. Although several peptidomimetic compounds with 

ideal specificity toward BRCA1 BRCTs are known (Pessetto et al., 2012; Yuan et al., 2011), 

these are all phosphopetides that has poor cellular permeability due to the presence of their 
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polar phosphate head group. In addition, hydrolysis of the phosphate group by phosphatases 

in cells makes it difficult to preserve the phosphate group on the phosphopeptide until it 

reaches the targeting BRCA1 proteins. Recently, our collaborator, Dr. Matt Hartman 

(Department of Chemistry, Virginia Commonwealth University), has incorporated unnatural 

amino acids into an mRNA displayed peptide library using a reconstituted Escherichia coli 

(E. coli) ribosomal translation system they called PURE (Ma and Hartman, 2012) and 

screened 1.3 x 1013 mRNA-peptides against human BRCA1 BRCTs (Figure 2-1). Among all 

the non-phosphorylated peptides from their library, they found peptide 8.6 

(MCTIDFaDEYRFaRKT-NH
2
, Fa: 4-FluoroPhenylalanine) has the highest affinity towards 

BRCA1 BRCTs. After replacing the 4-FluoroPhenylalanine (FPhe) in peptide 8.6 with 

phenylalanine in the peptide 8.6 Nat (MCTIDFDEYRFRKT-NH
2
), the interaction with 

BRCA1 BRCTs is further enhanced (Figure 2-2). Using a competitive fluorescence 

polarization assay, we have validated that peptide 8.6 competes with BACH1/FANCJ peptide 

in the interaction with tandem BRCT domains of BRCA1 in vitro. We also have successfully 

co-crystalized a shorter analog of peptide inhibitor 8.6 3-14 (which lacks the N-terminal 

Met-Cys) in complex with human BRCA1 BRCTs and solved its structure to 3.05 Å. Our 

structure together with our mutagenesis analysis in vitro implies the E-X-X-F4-fluoro motif 

from inhibitor peptide 8.6 can partially mimic the pS-X-X-F motif of BACH1/FANCJ in 

interaction with BRCA1 BRCTs. Moreover, we discovered a small hydrophobic groove in 

BRCA1 BRCTs between β1 and α1, which forms van der Waals interactions with N-terminal 

hydrophobic residues ( -2 Phe and -4 Ile) of the peptide. While in vivo study results from our 

collaborator provided promising drug potential of peptide inhibitor 8.6 Nat, we believe the 

structure insight revealed by our study could guide further refinement of this 

non-phosphopeptide inhibitor. Also, our study may provide new strategies for the small 

molecule inhibitor development of BRCA1 BRCTs using virtual screening techniques. 
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Figure 2-1. In vitro screening for BRCA1 BRCTs inhibitors. 
Starting with a single-stranded cDNA library encodes a 12 amino acid random region with 
an N-terminal cysteine, an mRNA library is prepared by in vitro transcription. This mRNA 
is then photo-crosslinked to a puromycin-containing linker. In vitro translation then leads 
to a linear peptide which is purified on Oligo(dT)-Cellulose. During this process, the 
unnatural amino acids are incorporated into the peptide library along with 14 canonical 
amino acids. After mRNA–peptide fusion formation, peptides with a second cysteine are 
cyclized with dibromoxylene on the oligo(dT) column. Purified mRNA–peptide fusions 
then undergo reverse transcription before being selected for binding to GST-BRCA1 
BRCTs fusion immobilized on magnetic resin. Unbound peptides are washed away, and 
bound peptides are eluted, PCR amplified, and carried through another round of selection. 
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Figure 2-2. BRCA1 BRCTs interaction with peptide 8.6 characterized by isothermal 
titration calorimetry.  
Titrations were conducted with the indicated peptides into TR-BRCA1 BRCTs fusion 
protein (BRCA1 BRCTs with N- terminal thioredoxin fusion) in a buffer containing 300 
mM NaCl, 2.7 mM KCl, and 10 mM phosphate, pH 7.4. All measurements were conducted 
at 25 °C with TR-BRCA1 BRCTs concentrations of 30-33 μM, and peptide concentrations 
of 426 μM and 323 μM for peptides 8.6 and 8.6 Nat, respectively. This experiment was 
done by Dr. Hartman’s group. The sequences of each peptide are displayed on their ITC 
results. Fa: 4-FluoroPhenylalanine.  
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2.2 Results 

2.2.1 Peptide 8.6 inhibits BRCA1 BRCTs interaction with other phosphorylated protein 

partners 

It is well known that BRCA1 BRCTs can interact with many protein partners 

including BACH1/FANCJ (Clapperton et al., 2004), Abraxas (Wu et al., 2016) and CtIP  

(Varma et al., 2005) in a phosphorylation-dependent manner. Using the fluorescence 

polarization assay, we first measured the interaction between BACH1/FANCJ peptide and 

BRCA1 BRCTs and obtained a binding affinity of Kd ≈ 0.28 μM (Figure 2-3A left). 

Interested in whether peptide 8.6 can block BRCA1 BRCTs interaction with BACH1/FANCJ 

peptide in vitro, we carried out a competition assay by treating BRCA1 BRCTs with 

increasing concentration of peptide 8.6. We observed a clear decrease in polarization, 

indicating peptide 8.6 has inhibited BRCA1 BRCTs interaction with the BACH1/FANCJ 

peptide. The inhibition curve has an IC50 ≈ 98.3 μM, which is equivalent to Ki ≈ 11μM 

(Figure 2-3A right).  

Our collaborator also examined the effectiveness of peptide 8.6 Nat in inhibiting 

BRCA1 BRCTs interaction with CtIP using immunoprecipitation assay with crude cell lysate. 

As shown by the western result, we observed an apparent inhibition of CtIP interactions with 

peptide 8.6 Nat treatment of > 5µM and almost complete inhibition around 50 µM (Figure 

2-3B). Together, we concluded that peptide 8.6 is indeed an inhibitory compound that blocks 

PPI of BRCA1 BRCTs. 

 

2.2.2 The crystal structure of nonphosphopeptide inhibitor in complex with BRCA1 

BRCT 

To define the mechanism by which peptide 8.6 binds the BRCA1 BRCTs, we  
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Figure 2-3. Peptide 8.6 blocks BRCA1 BRCTs PPIs. 
(A) FP competition assay of peptide 8.6 against BACH/FANCJ peptide (both FITC 
labeled) on BRCA1 BRCTs. (B) Pull-down Western blot showing the effect of increasing 
concentrations of the peptide 8.6 Nat on the capture of phospho-CtIP-myc from cell lysates 
with BRCA1 BRCTs beads. Only a portion of CtIP is phosphorylated; hence, the contrast 
in intensity between input and bound. Panel B of this figure is result from Dr. Hartman’s 
group. 
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successfully solved the crystal structure of peptide 8.6 3-14 (which lacks the N-terminal 

Met-Cys and is more soluble) bound to human BRCA1 BRCTs. Distinct from the BRCA1 

BRCTs apo structure (PDB ID: 1JNX) which belong to the P6 2 2 space group, our crystals 

belong to the tetragonal space group P 41 and contain only one protein/peptide complex in 

the asymmetric unit. After initial molecular replacement against BRCA1 BRCTs apo 

structure, we observed apparent density for the peptide on the phosphopeptide binding 

interface. We were able to model in the entire peptide sequence and refine the whole 

structure at 3.05 Å resolution (Figure 2-4 and Table 2-1).  

 

2.2.3 The E-x-x-F motif can partially mimic pS-x-x-F in BRCA1 BRCT recognition 

An alignment of our structure with the structure of BACH1/FANCJ peptide bound to 

BRCA1 BRCTs reveals that the Glu-X-X-4FPhe (E-X-X-F) motif of peptide 8.6 tracks 

closely along the pSer-X-X-Phe (pS-X-X-F) motif and the structures of the BRCA1 BRCT 

domains are essentially identical (RMSD 0.4 Å for all Cα atoms) (Figure 2-5A). The 4FPhe 

residue at the +3 position of peptide 8.6 overlays closely upon the phenylalanine of the 

natural peptide (Figure 2-5B), while the phosphomimetic glutamate is positioned to provide 

two of the three hydrogen bond/salt bridge interactions within the phosphate binding pocket 

(Figure 2-5C). The two available oxygen atoms of the glutamate side chain form hydrogen 

bonds with the Ser1655 side chain hydroxyl and the Gly1656 main chain amide. However, 

this binding mode sacrifices the salt bridge to Lys1702.  Instead, a long-range (~4.5 Å) 

electrostatic interaction between Lys1702 e-amino group and the glutamate may partially 

stabilize binding. The selected peptide also contains a Lys at +5, which makes salt bridging 

interactions with Glu1836 and Asp1840, an interaction that is also observed in the BRCA1 

BRCTs-BACH1/FANCJ peptide complex (Figure 2-5E). 
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Figure 2-4. Representative bias-reduced electron density of BRCA1 BRCT 
bound to peptide 8.6 3-14. 
The structural view shown is directed into the peptide-BRCT interface with the 
peptide and associated electron density (contoured at 2.0 sigma level) colored blue, 
and the BRCA1 BRCT colored green. The electron density map was calculated using 
the “prime-and-switch” method using the final refined structure to calculate the 
initial phases used in the bias reduction procedure. 
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Figure 2-5. Crystal structure of BRCA1 BRCT bound to peptide 8.6. 
(A) The overall structure of the BRCA1 BRCT-peptide complex (peptide in blue and the 
BRCT domain in green) superimposed on the structure of BRCA1 BRCT-BACH1 peptide 
complex (PDB ID: 1T15; BACH1 peptide in pink). (B) Comparison of interactions in the 
BRCA1 BRCT phosphate binding pocket between peptide 8.6 Glu and the BACH1 pSer 
with hydrogen bonds highlighted in yellow. (C) Recognition of the peptide +3 residue. (D) 
Interactions between N-terminal BRCT and residues -2 to -4 of peptide 8.6. Additional 
residues N-terminal to the -5 position are indicated by the blue dashed line. (E) The 
interaction between the C-terminal BRCT and peptide +1 to +5 residues.  
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2.2.4 Additional interactions that support peptide 8.6 recognition by BRCA1 BRCT  

The substitution of the phospho-serine for a glutamate is expected to dramatically 

reduce peptide binding affinity (Lokesh et al., 2007).  To compensate for this loss in binding 

energy, peptide 8.6 makes several additional contacts to the BRCTs. Residues N-terminal to 

the glutamate (residues -2 to -5) occupy a hydrophobic groove in the BRCTs domain 

between β1 and α1. In particular, the -2 4FPhe and the -4 Ile residues pack in this cleft,  

providing van der Waals contacts (Figure 2-5D). Although the peptide utilized in 

crystallization terminates at -5, the actual peptide 8.6 extended to -7 with the additional -6 

Met and -7 Cys residues that could interact with this groove. In addition, residues at the +1, 

+2 and +4 positions also contact the BRCTs in ways that are predicted to enhance binding 

(Figure 2-5E). The selected Tyr at +1 stacks against Asn1774 and also packs at against the 

Phe at +3. The +1 position is either a proline or a tyrosine in all structures determined to date 

that have a pS-x-x-F motif in peptides. Arginine residues are selected at the +2 and +4 

positions, which are oriented towards Glu 1698, providing electrostatic contacts that are 

absent in any of the complexes determined with pS-X-X-F containing peptides. A summary 

of the crystal structure contacts is shown in Figure 2-6A. 

 

2.2.5 Structure-guided mutagenesis study reveal additional interface for inhibitor 

design 

To further characterize the difference between peptide 8.6 and the native pSer peptide 

from BACH1 in interaction with the BRCA1 BRCTs, we generated several BRCA1 BRCT 

mutants and examined their affinity with both peptides using a fluorescence polarization (FP) 

assay (Figure 2-6B, 2-7A and Table 2-2).  As expected, mutations within the conserved 

pS-X-X-F recognition groove (M1775R, S1655A, K1702M) completely abolished 

recognition of the pSer peptide. In contrast, only M1775R mutant completely abrogated  
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Figure 2-6. Crystal structure of BRCA1 BRCT bound to peptide 8.6. 
(A) Summary of the crystal structure contacts of peptide 8.6 with the BRCA1 BRCT 
domain. Residues absent in crystal structure are shown in grey. (B) Binding curves of the 
pSer-containing BACH1 peptide or Fam-8.6 to various protein mutants.  
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Figure 2-7. Analysis of binding with protein and peptide mutants by fluorescence 
polarization.  

(A) Comparison of binding affinities of peptides (FITC-BACH1 or FAM-8.6) with a series 
of GST-BRCA1 BRCTs mutants. The fold-increases in KD values were normalized against 
the KD of the WT GST-BRCA1 BRCTs. (B) Changes in competitive binding observed 
with alanine mutants of peptide 8.6. The values reported were derived by dividing the 
IC50 of the mutant peptide with the IC50 of WT peptide 8.6 under identical conditions. ND 
= no binding or competitive binding detected. Fa refers to 4-fluorophenylalanine. These 
results are from Dr. Hartman’s group.  
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binding of peptide 8.6.  The K1702M mutant only reduced peptide 8.6 binding by ~6-fold, 

and the S1655A mutant demonstrated binding that is indistinguishable from wild type. This 

suggests that the Phe recognition pocket at the interface between the two BRCT repeats is 

critical for peptide 8.6 binding, and that the integrity of the pSer binding pocket, formed by 

Ser1655 and Lys1702, is less important. The finding that the K1702M mutation significantly 

impacts peptide 8.6 binding but the S1655A mutation does not is consistent with the idea that 

the positive charge of Lys1702 acts to stabilize the negative charge of the glutamate. The fact 

that the S1655A mutation does not impact binding could be explained if the glutamate 

residue can rotate to hydrogen bond with the main chain NH of Gly1656 and Lys1702. The 

novel contacts involving Glu1698 and Asn1744 were also tested. The results reveal 

significant 11- and 26-fold reductions in binding affinity for E1698A and N1774A, 

respectively to peptide 8.6, but no significant change in affinity to the wild type pSer peptide. 

To validate our mutagenesis result, our collaborator performed an alanine scan to 

further understand how each residue contributes to the affinity of the peptide (Figure 2-7B 

and Table 2-3). The N-terminal residues that we tested all affect competitive binding; 

including those that sit in the hydrophobic groove (I4, and Fa6) and the N-terminal Met and 

Cys, which were not present in the crystallized peptide.  Based on the crystal structure, it 

was not surprising that the Glu-Tyr-Arg-4FPhe portion of the peptide contained the residues 

most essential for binding.  Substituting either the Glu (E8) or the 4FPhe (Fa11) residues 

resulted in the largest reductions in competitive binding.  The Arg (R10) alanine mutant 

also showed a large (16-fold) reduction in affinity which validates the importance of the 

interaction with E1698 in the crystal structure.  We were surprised to find that the Tyr to 

alanine mutant (Y9A) competed more effectively for binding than the wild-type 8.6, which 

suggests that either the interaction between the Tyr side chain and N1774 is unimportant, or 

that the loss in that interaction is compensated for by a reduction in the entropic cost of 

binding.  Finally, the C-terminal Arg (R12) and Lys (K13), although they both form salt 

bridges in the crystal structure, were not required for competitive binding. 
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2.2.6 Peptide 8.6 interferes with DNA damage response 

Although we have shown that peptide 8.6 can actively inhibit BRCA1 BRCT 

interaction with a protein partner involved in HR, it was unclear whether this could inhibit 

HR in cells subjected to with DNA damage. To further examine the effect of peptide 8.6 in 

cells, T98 human glioblastoma cells transduced with EGFP or EGFP tagged peptide 8.6 Nat 

were examined by our collaborator. They first evaluated DSB level in cells by 

analyzing γ-H2AX foci. Cells treated with DOX to initiate induction of EGFP-8.6 Nat 

production showed a significantly (2.3-fold) higher background of γ-H2AX foci than 

untreated cells, suggesting that the induction of EGFP-8.6 Nat correlates with increased DNA 

damage (Figure 2-8A). Upon irradiation, the level of γ-H2AX foci also increased in the 

presence of EGFP-8.6 Nat as compared to cells lacking DOX induction (6.8-fold vs 4.3-fold). 

Neither of these effects are observed in cells expressing EGFP alone, although the 

comparative data with these cells is somewhat obscured by a higher basal level of foci. They 

then analyzed the Rad51 foci that mark HR level in these cells and observed a similar trend. 

Rad51 foci are increased in EGFP-8.6 Nat cells after induction with DOX both in the 

presence and absence of IR. This enhancement is not observed in T98 cells expressing EGFP 

alone (Figure 2-8B). This suggests that the inhibition of DNA repair caused by peptide 8.6 is 

likely due to aberrant homologous recombination.  

 

2.3 Discussion 

In summary, we have validated the first non-phosphorylated peptide inhibitor 

(peptide 8.6) of BRCA1 BRCTs in vitro, and in cells results from our collaborator further 

proved this peptide could block PPIs of the BRCA1 BRCTs and disrupt DNA repair by HR. 

We successfully solved the crystal structure of BRCA1 BRCTs-peptide 8.6 complex. 

Comparison of our structure with the BRCA1 BRCTs-BACH/FANCJ peptide complex 

shows the Glu-X-X-4FPhe motif of inhibitor peptide 8.6 mimics the pSer-X-X-Phe motif  
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Figure 2-8. Peptide 8.6 interferes with the DNA damage response.  
T98 cells transduced with either a TRIPZ-EGFP (T98-EGFP) or TRIPZ-EGFP-8.6 
Nat (T98-EGFP-8.6) construct were treated with or without DOX for 7 days. 
DOX-treated T98-EGFP-8.6 cells had significantly (p < 0.05) higher (A) γ-H2AX 
and (B) Rad51 foci than untreated cells, an effect that was more pronounced after 5 
Gy radiation. Cells were fixed 3 h after irradiation. Right panel: foci appearing in 
TRIPZ-EGFP-8.6 Nat cells as quantified in the bar diagram. Blue staining (DAPI) 
indicates nuclei, red staining indicates (A) γ-H2AX or (B) RAD51. Single cell inset 
shows digital magnification of representative 63× field. Scale bar is equal to 
33.5 μm. Results in this figure are from Dr. Hartman’s lab. 
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from conventional phosphorylated peptide while interacting with BRCA1 BRCTs. However, 

as previously indicated by other researchers (Lokesh et al., 2007), the E-X-X-F motif itself 

does not have enough binding affinity towards BRCA1 BRCTs. Results from our structural 

guided mutagenesis study of BRCA1 BRCTs-peptide 8.6 interaction reveals many new 

features that are absent in the BRCA1 BRCTs-BACH/FANCJ peptide complex. We 

identified a new hydrophobic groove in the BRCTs domain between β1 and α1 occupied by 

N-terminal hydrophobic residues from peptide 8.6, and some additional electrostatic 

interactions between arginine at +2 and +4 positions of peptide 8.6 and Glu1698 from 

BRCA1 BRCTs.     

It has been shown that BRCTs from several other DDR proteins also bind 

phosphorylated peptide targets (Rodriguez et al., 2003; Rodriguez and Songyang, 2008). Our 

structure models of peptide 8.6 docking into phosphopeptide binding pocket of other BRCTs 

indicates the core E-X-X-F interactions remain conserved for MDC1 BRCTs (Figure 2-9A) 

and TopBP1 BRCT7/8 (Figure 2-9B). Interested in the specificity of peptide 8.6, our 

collaborator also examined peptide 8.6 interactions with other BRCTs, which function as 

peptide-binding modules. They found no significant interaction between peptide 8.6 and 

other BRCTs, suggesting peptide 8.6 has very high specificity against BRCA1 BRCTs 

(Figure 2-9C). Alignments of our structure models show the new electrostatic or hydrophobic 

interactions between peptide 8.6 and BRCA1 BRCT are no longer conserved with other 

BRCTs (Figure 2-9B). Since previous virtual screening of BRCA1 BRCT inhibitors mainly 

focused on docking towards the phosphate binding pocket and the +3 hydrophobic groove 

that interact with the core pS-x-x-F motif, we believe the new structural features, such as the 

additional hydrophobic groove between β1 and α1, revealed by our study, could be used to 

guide the development of new small molecule inhibitors.       

Although better known for its interactions with phosphoproteins, BRCA1 BRCT is 

also found to interact with several proteins in a phosphorylation independent manner  
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Figure 2-9. Peptide 8.6 binds specifically to the BRCA1 BRCT and not to other 
related BRCT proteins.  
(A) Alignment of the BRCA1 BRCT – peptide 8.6 complex (green and blue, respectively) 
with the MDC1 BRCT domain (brown, PDB code 2AD0). Key residues at the 
BRCT-peptide interface are shown as sticks and labeled. (B) Alignment of the BRCA1- 
peptide 8.6 complex with TopBP1 BRCT7/8 (grey, PDB code 3AL3). (C) Isothermal 
titration calorimetric measurements reveal an interaction with BRCA1 BRCTs (left), but 
not MDC1 BRCTs (middle) or TopBP1 7/8 BRCTs (right). Results in panel C are from Dr. 
Hartman’s lab.  
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(Woods et al., 2012). A recent study from Dr. David Chen’s lab suggested that the 

DNA-dependent protein kinase catalytic subunit (DNA PKcs) interacts with BRCA1 BRCT 

in a phosphorylation independent manner. However, they were only able to narrow down the 

BRCA1 BRCT target on DNA PKcs between residues 1500-2182 (Davis et al., 2014). 

Interestingly, this region contains four E-X-X-F motifs (Figure 2-10). It will be interesting to 

examine these motifs to see whether they are involved in BRCA1 BRCTs recognition.  

Finally, our study also showed that the new phosphomimetic peptides screening 

method developed by our collaborator is useful in identifying potential peptide targets of 

specific BRCT domains. Future application of this technology to BRCT domains from other 

BRCT family proteins as well as other phosphoserine-mediated PPIs can not only help us to 

develop useful phosphomimetic peptide tools but may also unravel a new mechanism of 

interaction between DDR proteins. 

 

2.4 Material and Methods 

Cloning, expression and purification  

Human BRCA1-BRCTs (1646-1859) was expressed as an untagged recombinant protein in E. 

coli strain BL21 (DE3) then purified as previously described (Williams et al., 2001). Human 

BRCA1-BRCTs (1646-1859) was re-cloned into pGEX6P-1 vector, and used to make the 

mutants: S1655A, E1698A, K1702M, N1774A using QuickChange Lightning site-directed 

mutagenesis kit (Stratagene) (Braman et al., 1996; Kunkel, 1985; Nelson and McClelland, 

1992; Sugimoto et al., 1989; Taylor et al., 1985; Vandeyar et al., 1988). GST tagged 

recombinant proteins were expressed in E. coli strain BL21 (DE3) and purified as previously 

described (Campbell et al., 2010). 

Crystallization   

The BRCA1 BRCT protein was concentrated to 10 mg/mL in storage buffer (400 mM NaCl, 
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Figure 2-10. Potential DNA PKcs targets of BRCA1 BRCTs.  
The non-phosphopeptide BRCA1 BRCT inhibitor is used as a template and its alignment 
with all 14 amino acid length sequences from DNA PKcs (1500-2182) that contain 
E-X-X-F motifs (Glu in blue, Phe in green) is shown here. 



	

	

70	

10 mM Tris-HCl, pH 7.5) then incubated with –MC peptide 8.6 at 1:3 protein to peptide ratio 

for 2 hours at 4°C. Crystals were grown using sitting drop method by mixing 0.8 μL of 

protein/peptide mixture with 1.0 μL of crystallization buffer (0.1 M sodium cacodylate, 0.1 

M magnesium acetate, 24% PEG 6000, pH 6.5) and harvested after 24 hours. Suitable 

crystals were cryo-protected by immersion in crystallization buffer supplemented with 20% 

glycerol (v/v) prior to freeze in liquid nitrogen.  

Data collection and structure refinement. 

Data were collected at beamline 08B1-1 (Canadian Light Source), and the intensity data were 

processed with HKL2000 (Otwinowski and Minor, 1997). The crystals are in cylinder shape.  

Crystals belonged to the tetragonal space group P 41 (a = b = 37.8 Å, c = 176.0 Å, α = ß = 

γ = 90.0°) with a single protein/peptide complex in the asymmetric unit. The complex 

structure was solved with Phaser (McCoy, 2007) using the BRCA1 BRCTs crystal structure 

(PDB ID:1JNX) (Williams et al., 2001) as a search model. The inhibitor peptide was then 

built in manually in Coot (Emsley and Cowtan, 2004) based on the additional electron 

density around the conserved pSer-X-X-Phe motif recognition site. The BRCT domain from 

the higher resolution structure of the BRCA1 BRCTs/ATRIP peptide complex (PDB ID: 

4IGK) (Liu and Ladias, 2013) was superimposed on the current model and used as the basis 

for further refinement. Loop regions 1792-1807 and 1816-1819 were modeled based on their 

conformation in 1JNX. Due to a lack of density, residues Glu1817 and Asp1818 were left out 

of the final model. Statistics of data collection, processing, and refinement are provided in 

Table 2-1. 

Fluorescence polarization (FP) assay  

The affinity of the BRCA1-BRCTs proteins for either the N-terminally fluorescein labeled 

version of 8.6 (FAM-8.6: FAM-β-Ala-MCTIDFDEYRFRKT-NH
2
) as well as a pSer-x-x-Phe 

peptide derived from BACH1 (FITC-SRSTpSPTFNK-NH2) were both determined through a 

direct FP binding assay. Labeled peptide (10 nM of FAM-8.6 or FITC-BACH1) were mixed 
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with freshly concentrated WT or mutant BRCTs (20 nM-300 µM). In the first competition 

assay I performed between peptide 8.6 and FITC labeled BACH1, peptide 8.6 

(MCTIDFDEYRFRKT-NH
2
) was incubated at various concentrations with a mixture of 

BRCA1 BRCTs (2.5 μM) and 10nM FITC-BACH1 peptide. In the second set of competition 

assays done by Dr. Hartman’s group, each alanine mutant of peptide 8.6 was incubated at 

various concentrations with a mixture of BRCA1 BRCTs (2.5 μM) and the peptide 

FAM-β-Ala-pSPTF-NH
2
 (20 nM). All measurements were performed using an Envision 

multi-label plate reader on a 384-well OptiPlate (Perkin Elmer). FP was measured using an 

excitation wavelength of 485 nm and an emission wavelength of 538 nm after 15 minutes 

incubation at room temperature. The FP titration datas was analyzed, and the dissociation 

constant (KD) was calculated using GraphPad Prism software.  
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Insights into MDC1 recognition by TopBP1 in DNA replication checkpoint control 
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3.1 Introduction  

Mediator of DNA damage checkpoint protein 1 (MDC1) is an important scaffold 

protein that plays multiple roles in DNA damage response (DDR) (Coster and Goldberg, 

2010). It contains two major domains that can facilitate numerous interactions with other 

DDR proteins (Figure 3-1A). At the DSB site where the Mre11-Rad50-Nbs1 (MRN) 

complex binds first, ATM is then recruited by interaction with the C terminal motif of Nbs1 

to actively phosphorylate histone H2AX (Falck et al., 2005). The C-terminal BRCTs of 

MDC1 can then recognize the pSXXF/Y-COOH tail of already phosphorylated H2AX 

(γH2AX), while the N-terminal forkhead-associated (FHA) domain of MDC1 forms an 

additional interaction with pSer1981 of ATM. This recruitment and retention of ATM by 

MDC1 at a DSB site allows phosphorylation of more neighboring H2AX and creates a 

positive feedback loop that further amplifies the DNA damage signal.  

Meanwhile, MDC1 also contains several sets of repetitive motifs that can mediate 

more interactions with DDR proteins. Phosphorylation of threonine in TQXF repeats by 

ATM allows MDC1 to interact with the FHA domain of RNF8 to activate a downstream 

ubiquitination signal cascade (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007). 

Furthermore, phosphorylation of the SDT repeats of MDC1 by CK2 has also been shown to 

initiate interaction with Nbs1 to assist prolonging retention of MRN complex at DSB site 

(Figure 3-1B) (Chapman and Jackson, 2008; Melander et al., 2008; Spycher et al., 2008; Wu 

et al., 2008). 

Recently, the study of our collaborator, Dr. Junjie Chen (University of Texas MD 

Anderson Cancer Center), suggested that the SDT repeats of MDC1 could also facilitate 

interaction with the BRCT5 domain of TopBP1 during replication checkpoint control (Wang 

et al., 2011). Previously, Dr. Charles Chung Yun Leung from our lab solved the X-ray 

crystallography structure of human TopBP1 BRCT4/5 (Figure 3-2A). This structure reveals 

unconventional tandem BRCTs which hosts a phosphate binding pocket (Ser654, Lys661,  
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Figure 3-1. MDC1 contains six SDT repeats.  

(A) Overview of functional domains of MDC1 (B) Sequence alignment of six SDT repeats 
from MDC1. The phosphorylated Ser and Thr residues are highlighted in purple. The 
sequence of MDC1 SDT peptide used in our study is also included. 
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Figure 3-2. The X-ray crystal structure of TopBP1 BRCT4/5. 
(A) The overall structure of TopBP1 BRCT4/5 with surface charges displayed. Blue 
indicates basic surface, red indicates acidic surface, and grey indicates non-polar surface. 
(B) Predicted protein interface on Topbp1 BRCT5. 
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and Lys704) together with a shallow hydrophobic pocket (A701, Trp711 and Phe679) on its 

C terminal BRCT5. In addition, a rigid β2’-β3’ loop enriched in Arg/Lys residues extends the 

positively charged surface on BRCT5, and provides an ideal platform for interaction with any 

negatively charged protein partners (Figure 3-2B). Interested in the molecular basis of 

TopBP1/MDC1 interaction, he then co-crystallized TopBP1 BRCT4/5 in complex with a 

peptide that was constructed based on the consensus sequence of MDC1 SDT repeats (Figure 

3-1B). In this complex structure, a single MDC1 SDT peptide is sandwiched between two 

TopBP1 BRCT4/5 protomers, and MDC1 makes contact exclusively with the predicted 

binding surface on the BRCT5 domain of TopBP1 (Figure 3-3A). Surprisingly, only the pThr 

from the MDC1 SDT repeat fits in the predicted phosphate-binding pocket on BRCT5 of 

protomer A (Figure 3-3B). The MDC1 peptide interacts more extensively with BRCT5 of 

protomer B, and it places a -3 Asp in the phosphate-binding pocket of protomer B instead of 

pSer. The extended positively charged β2’-β3’ loop further secures the conserved C terminal 

acidic residues of the SDT repeat from MDC1 on the BRCT5 interface through multiple 

electrostatic interactions. The +2 Val that sits in a small hydrophobic pocket may also add 

more specificity to the interaction (Figure 3-3C). 

To validate the structural model of the MDC1/TopBP1 complex and gain more 

insight in the interaction between TopBP1 BRCT4/5 and MDC1, we further examined this 

interaction in vitro using the FP assay. Our data indicates MDC1 interacts with TopBP1 

BRCT5 in a dimerization-induced manner. Phosphorylation of serine and threonine residues 

in the SDT repeats appears to be equally important for the recognition of MDC1 by TopBP1. 

Detailed mutagenesis of the TopBP1 BRCT5 interface with MDC1 shows this interaction is 

highly dependent on electrostatics. Preliminary interaction study between TopBP1 and DNA 

suggests that TopBP1 BRCT5 can also interact with DNA using its positively charge β2’-β3’ 

loop. Therefore, we hypothesize that the interaction between DNA and TopBP1 BRCT5 may 

adopt the similar low specificity, electrostatics-based mechanism observed in MDC1 

recognition. We speculate that TopBP1 BRCT5 interactions with DNA and MDC1 can both  
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Figure 3-3. The X-ray crystal structure of TopBP1 BRCT4/5 in complex with MDC1 
SDT repeat peptide. 
(A) Overview of MDC1peptide binding induced TopBP1 BRCT4/5 dimer. The MDC1 
peptide in stick-view is colored blue. The TopBP1 BRCT4/5 protomers A (green) and B 
(yellow) are shown in both cartoon-view and surface representation (grey). (B) MDC1 
peptide interaction with protomer A. (C) MDC1 peptide interaction with protomer B. 
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assist in the recruitment of TopBP1 to DNA damage sites during replication checkpoint 

control. 

 

3.2 Results 

3.2.1 TopBP1 BRCT5 interacts with MDC1 in a dimerization-induced manner  

Unlike conventional tandem BRCT repeats that function together to form a 

phospho-peptide binding surface (Glover et al., 2004), our structure suggested that TopBP1 

BRCT5 interacts with MDC1 SDT repeat peptide on its own. Interested in the potential role 

of TopBP1 BRCT4, we compared the interactions of MDC1 with GST-BRCT4/5 and 

GST-BRCT5 using FP spectroscopy (Figure 3-4A). The GST-BRCT4/5 interacts with 

similar affinity as GST-BRCT5 (KD = 27 ± 4 μM for GST-BRCT4/5, KD = 28 ± 4 μM for 

GST-BRCT5), indicating the presence of BRCT4 is irrelevant to MDC1 recognition (Table 

3-1). It appears that interaction between MDC1 peptide and TopBP1 BRCT5 may induce the 

formation of a homodimer of BRCT5 in the complex structure of TopBP1/MDC1. However, 

previous attempts of Dr. Leung failed to obtain the MDC1 peptide bound TopBP1 BRCT5 

dimer using methods including size exclusion chromatography, chemical cross-linking and 

EMSA. Interestingly, we observed a tighter interaction between GST-BRCT4/5 and MDC1 

in comparison with the interaction between untagged BRCT4/5 with MDC1 peptide (KD = 97 

± 15 μM) during FP study. Control measurement of interaction between GST and MDC1 

peptide indicates no interaction, indicating that the GST tag itself does not bind MDC1. Since 

the GST tag is known to improve dimerization of tagged protein (Vinckier et al., 2011), we 

hypothesized that this GST induced dimerization could improve the BRCT5 affinity for 

MDC1. Examination of the interaction of MDC1 with MBP-BRCT4/5 gives a similar affinity 

(KD = 82 ± 16 μM) compared to untagged BRCT5. This suggests the enhanced affinity we 

observed in GST tagged BRCT5 cannot be achieved by just any other N-terminal tags.  
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Figure 3-4. TopBP1 BRCT5 interaction with phosphorylated MDC1 SDT peptide. 
(A) FP result of MDC1 SDT peptide interaction with TopBP1 protein BRCT domain 
variants. Diphosphorylated FITC labeled MDC1 SDT peptide is used in this study. (B) FP 
result of TopBP1 BRCT5 interaction with MDC1 SDT peptide variants. GST tagged 
TopBP1 BRCT5 protein is used in this study. 
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Therefore, we concluded that TopBP1 BRCT5 may interact with MDC1 peptide in a 

dimerization induced manner. After two GST tags dimerized in solution, this brings the two 

TopBP1 BRCT4/5 attached to these tags in close proximity, making it easier for them to bind 

a single MDC1 SDT peptide as a homodimer.   

 

3.2.2 TopBP1 BRCT5 prefers phosphorylated MDC1 SDT repeats 

Based on our complex structure of TopBP1 BRCT4/5-MDC1 peptide, only the pThr 

from MDC1 SDT repeat binds loosely to the phosphate-binding pocket of protomer A, 

making one direct hydrogen bond with K704. The -3 Asp is found in the phosphate-binding 

pocket of protomer B, leaving the -2 pSer outside which only makes a potential long-range 

electrostatic interaction with the ε amino nitrogen of Lys661 from protomer A and a 

water-bridged hydrogen bond with the main chain of Arg700 from protomer B (Figure 3-3B, 

C). Interested in the importance of pThr and pSer from SDT in MDC1 recognition by 

TopBP1 BRCT5, we tested the interaction between BRCT5 and variants of SDT repeat 

peptides using FP (Figure 3-4B). The diphosphorylated peptide binds BRCT5 with ~11 fold 

higher affinity than the non-phosphorylated peptide (KD = 310 ± 70 μM), indicating the 

importance of phosphorylation on SDT repeat. To our surprise, both mono-phosphorylated 

peptides bind BRCT5 with ~3.5 fold reduction in affinity (KD = 98 ± 9 μM for SDpT, KD = 

105 ± 9 μM for pSDT), suggesting pThr and pSer are equally important. However, the 

overall dependency of phosphorylation on SDT repeat of MDC1 in its interaction with 

TopBP1 appears to be less significant compared to conventional phosphorylation-dependent 

recognition by BRCT repeats. For example, the BRCT7/8 of TopBP1 interacts with BACH1 

with ~100 fold reduced affinity after BACH1 became dephosphorylated (Gong et al., 2010).  

 

3.2.3 +2 Val/Asp in SDT repeats aids MDC1 recognition by TopBP1 
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Aside from the phosphate-binding pocket, many tandem BRCTs also have sequence 

preference in residues upstream of pSer/pThr (Glover et al., 2004). For instance, the BRCTs 

of BRCA1 and PTIP both contain a hydrophobic groove that specifically interacts with the 

+3 hydrophobic side chain from their target proteins (Clapperton et al., 2004; Glover et al., 

2004; Manke et al., 2003). In TopBP1 BRCT5, we also identified a shallow hydrophobic 

pocket formed by A701, Trp711 and Phe679 that engages the +2 Val of the MDC1 peptide 

(Figure 3-3C). Since this +2 Val is partially conserved in SDT repeats, curious about the 

importance of this hydrophobic interaction with TopBP1, we generated a +2 Asp mutant of 

the MDC1 peptide (FITC-GFIDpSDpTDEE). To our surprise, this peptide mutant binds 

TopBP1 BRCT5 with similar affinity as the original di-phosphopeptide (KD = 24 ± 4 μM for 

pSDpTD), indicating +2 Val is not part of the consensus sequence required for MDC1 

recognition by TopBP1 (Figure 3-5A). This shallow hydrophobic pocket sits in the center of 

the positively charged surface on BRCT5. We hypothesize that the loss of Van der Waals 

interaction with +2 Val may be compensated by the gain of electrostatic interaction with +2 

Asp. To validate our speculation, we generate two TopBP1 mutants (A707D, A707K) of the 

key hydrophobic residue Ala707 from the hydrophobic pocket. As expected, mutation to 

positively charged Lysine does not affect MDC1 peptide recognition, but MDC1 interaction 

with negatively charged mutant much weaker (Figure 3-5B). Therefore, we concluded the 

shallow hydrophobic pocket of TopBP1 BRCT5 interacts with SDT repeats of MDC1 less 

specifically. TopBP1 BRCT5 equally prefers +2 Val and +2 Asp in SDT repeats.  

 

3.2.4 Functional study of TopBP1 BRCT5 binding interface by mutagenesis 

Overall, our structure suggested the interaction between TopBP1 and MDC1 seems to 

be mainly charge-based. We found a large positively charged surface extended from the 

phosphate-binding pocket to the β2’-β3’ loop on the BRCT5 of protomer B, which is 

engaging with the conserved C terminal residues (EE/DD) from SDT repeats that are highly  
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Figure 3-5. +2 Val/Asp in SDT repeats aids MDC1 recognition by TopBP1.  

(A) Comparison of TopBP1 interaction with +2 Val or +2 Asp containing MDC1 SDT 
peptide by FP. (B) Mutagenesis study of A707 from TopBP1 BRCT5 by FP 
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positively charged. Furthermore, the -3 Asp in the phosphate-binding pocket could form 

hydrogen bonds with the main chain of Glu655 and side chain of Ser654, and establish 

additional water bridged interaction with the side chain of Lys704 and the main chain of -1 

Asp (Figure 3-3C). We introduced several mutations on the BRCT5 interface to validate their 

importance in vitro using FP study. Mutations in the phosphate-binding pocket (K704A) and 

β2’-β3’ loop (R681E/K682E) of BRCT5 both largely reduced its interaction with MDC1 (KD 

= 210 ± 50 μM for K704A, KD = 280 ± 60 μM for R681E/K682E). However, the S654A 

mutant binds MDC1 with almost the same affinity as the wild type (WT) (KD = 32 ± 3 μM) 

(Figure 3-6A). 

It has been shown previously by Dr. Chen’s lab that BRCT5 of TopBP1 can facilitate 

its localization to DNA damage site at stalled replication forks (Wang et al., 2011). Interested 

in the functional relevance of these BRCT5 mutants, Dr. Chen’s lab examined their abilities 

to form hydroxyurea (HU)-induced foci in the cell. In this study, the HU-induced DNA 

damage sites in cells were indicated by the locations of γH2AX foci. Since MDC1 

co-localized with γH2AX, the co-localization of WT TopBP1 foci with γH2AX foci in cells 

this data also supports a role of MDC1 in the recruitment of TopBP1 to DNA damage sites in 

cells.  In agreement with our FP result, K704A and R681E/682E mutation both abolish the 

foci formation, while the S654A mutation only slightly lowers the fluorescence intensity of 

foci in cells (Figure 3-6B). These suggested that the mutations in K704A and R681E/682E of 

TopBP1 BRCT5 could both disrupt TopBP1 interaction with MDC1 and inhibit its 

recruitment to DNA damage site. Together, our results implied that phosphorylation 

dependent recognition and electrostatic interaction are equally important for the interaction 

between TopBP1 BRCT4/5 and MDC1 SDT repeats. 

 

3.2.5 TopBP1 BRCT4/5 interacts with ssDNA 
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Figure 3-6. Mutagenesis study of the TopBP1 BRCT5 binding interface. 
(A) FP binding studies of MDC1 FITC-labeled diphosphopeptide with GST-fusion 
proteins of wild-type BRCT5 and various missense variants. (B) Replication stress-induced 
focus formation of wild-type and TopBP1 mutants. U2OS cells transfected with plasmids 
encoding SFB-tagged WT or mutants of TopBP1 were exposed to 2 mM HU for 3 hr. Cells 
were fixed and immunostained with anti-FLAG and anti-γ-H2AX antibodies. Bar: 10 μm. 
Panel B shows results from Dr. Chen’s lab. 
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Several studies implied that BRCT domains might interact with DNA (Yamane et al., 2000; 

Yamane and Tsuruo, 1999), and TopBP1 BRCT5 contains a large positively charged surface 

that likely attracts a highly negatively charged molecule such as DNA. A recent study from 

Dr. W. Matthew Michael’s lab (Department of Biological Science, University of South 

California) revealed that BRCT4 and BRCT5 both seem to possess the ability to bind ssDNA 

(Acevedo et al., 2016). Interested in the molecular basis of the interaction between TopBP1 

4/5 and ssDNA, we first examined the interaction between TopBP1 BRCT5 and 16NT 

ssDNAs in vitro using FP study. Since previous studies of other BRCT family proteins 

indicated that BRCT domains might prefer binding of DNAs with 5’ phosphate group (Feng 

et al., 2004; Kobayashi et al., 2006), we have examined DNAs with or without phosphate on 

3’ end. Both ssDNAs bind TopBP1 BRCT5 well, but DNA with 3’ phosphate binds slightly 

tighter (KD = 16 ± 2 μM for 3’ P end, KD = 22 ± 3 μM for 3’ OH end) (Figure 3-7A, Table 

3-2). However, both affinities are comparable to MDC1 SDT peptide interaction, suggesting 

DNA could be a binding partner of BRCT5 as well. 

We then further examined the interaction between BRCT5 and 3’ P end ssDNA 

constructs of different length. The 20NT ssDNA binds BRCT5 much better than the 5NT 

ssDNA (KD = 15 ± 3 μM for 20NT, KD = 260 ± 30 μM for 5NT), but its affinity is similar to 

16NT ssDNA. It appears that longer ssDNA has a higher affinity towards TopBP1. To test 

whether the interaction with DNA occurs through the positively charged surface of BRCT5, 

we examined the R681E/K682E mutation from β2’-β3’of BRCT5. The DNA binding affinity 

for 20NT ssDNA is reduced by ~ 4 fold (KD = 70 ± 13 μM), indicating the positive charges 

from this loop is important for this interaction (Figure 3-7B).  

Interested in the potential role of BRCT4, we also measured the interaction between 

BRCT4/5 and ssDNA. Similar affinities were observed for BRCT4/5 and BRCT5, indicating 

that BRCT4 has no significant contribution to the interaction with ssDNAs (Figure 3-7C). To 

further validate this interaction we observed in FP study, we examined the interaction 

between ssDNA and TopBP1 BRCT4/5 using EMSA. An apparent shift of BRCT5 bound  



	

	
91	

 

 

 

 

 

Figure 3-7. FP results of TopBP1 BRCT4/5 interaction with ssDNA variants. 
(A) TopBP1 BRCT5 interaction with 16NT ssDNA containing 3’OH end or 3’P end. (B) 
Comparison study of WT and RK mutant of TopBP1 BRCT5 interaction with 20NT or 
5NT ssDNA. ssDNAs used in this study are all 3’P end. (C) TopBP1 BRCT4/5 interaction 
with 20NT or 5NT ssDNA. ssDNAs used in this study all have 3’P end and 5’ Fam label.  
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Figure 3-8. EMSA result of TopBP1 BRCT4/5 interaction with ssDNAs. 
The interaction between 20nM of Fam labeled ssDNAs (3’P end) and increasing 
concentration of TopBP1 BRCT4/5 are analyzed by gel electrophoresis. (A) TopBP1 
BRCT4/5 interaction with 20NT ssDNA. (B) TopBP1 BRCT4/5 interaction with 5NT 
ssDNA. ssDNAs used in this study all have 3’P end and 5’ Fam label. 
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DNA was found with the 20NT ssDNA but not the 5NT ssDNA, indicating the length of 

ssDNA effects its interaction with TopBP1 (Figure 3-8).  

Together, we conclude that TopBP1 BRCT5 can interact with ssDNA using the same 

positively charged surface involved in MDC1 recognition. Our preliminary data suggested 

that TopBP1 BRCT5 preferably binds a ssDNA with 3’ phosphate end and a minimum length 

of 16NT.  

 

3.3 Discussion 

TopBP1 is a multi-functional protein that plays important roles in DNA replication 

checkpoint control, and its internal BRCT5 domain is mainly involved in the recruitment of 

TopBP1 at DSB site and stalled replication fork. We have shown here that the recognition of 

conserved SDT repeats of MDC1 by TopBP1 BRCT5 can assist TopBP1 recruitment, and 

further amplify the ATR activation signal cascade. Our detailed functional study of MDC1 

interaction with TopBP1 BRCT4/5 not only validates the structural model Dr. Leung 

obtained from the X-ray crystallography structure of TopBP1 BRCT4/5 in complex with 

MDC1 SDT repeat peptide, but also reveals many interesting aspects of this interaction.  

Perhaps the most interesting observation we have is the apparent MDC1 SDT 

peptide-induced dimerization of TopBP1 BRCT4/5. Although previous studies failed to 

obtain a stable peptide-induced dimer in solution, we have demonstrated that a GST tag, but 

not an MBP tag, promotes TopBP1 BRCT4/5 interaction with MDC1 peptide, consistent 

with the hypothesis that the dimerization of GST stabilizes the binding of two TopBP1 

BRCT4/5 protomers to MDC1 (Vinckier et al., 2011). Since we didn’t observe any contact 

between BRCT4/5 protomers in the TopBP1/MDC1peptide complex structure, we 

hypothesize that the oligomerization of BRCT5 on MDC1 SDT repeats could be induced by 

interaction of other regions of TopBP1. For instance, the TopBP1 BRCT7/8-mediated 
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recognition of an internal pSer1159-containing motif in TopBP1 has been suggested to assist 

TopBP1 oligomerization (Liu et al., 2006). However, further experiments would be needed to 

address its relevance to TopBP1/MDC1 interaction. For example, it would be interesting to 

create a fusion protein of TopBP1 BRCT4/5 and BRCT7/8, and then examine how it interact 

with MDC1 SDT peptide.  

Unlike other canonical tandem BRCT repeats, TopBP1 BRCT4/5 binds MDC1 SDT 

repeats solely through its C-terminal BRCT5 domain with a unique electrostatic based 

mechanism. In addition to the conserved phosphate binding pocket formed by Ser654, 

Lys661, and Lys704, an arginine and lysine residue enriched β2’-β3’ loop further extended 

the positively charged surface on BRCT5 to enhance its interaction with the negatively 

charged MDC1 SDT repeats. Although our FP result indicated both pSer and pThr of SDT 

repeat are important for MDC1 recognition, removal of both phosphate groups only resulted 

in ~11 fold reduced affinity for the interaction with TopBP1 BRCT5, suggesting the 

interaction between MDC1 and TopBp1 is less phosphorylation dependent. Mutation of 

conserved Ser654 in the phosphate binding pocket also has no significant impact on 

phosphopeptide binding or TopBP1 foci formation, which further implies the specificity in 

this pocket is relatively poor. This can be explained by the lack of strong and direct 

interaction between either pSer or pThr of MDC1 with phosphate binding pocket of TopBP1 

BRCT5. Our structural model shows only the pThr from core SDT motif interacts directly 

with the phosphate binding pocket of BRCT5, while the rest of the interactions are mainly 

provided by the semi-conserved acidic residues in SDT repeats. Not only can the C-terminal 

acidic residues (EE/DD from +3 and +4 position) engage with the basic β2’-β3’ loop, but also 

the well-conserved -3 Asp is found to partially mimic the role of the phosphate group in 

hydrogen bonding with residues from phosphate binding pocket of BRCT5. Although the 

BRCT5 also possessed a small hydrophobic pocket that can interact with the +2 Val slightly 

upstream of pThr, this interaction appears to be less exclusive. Empowered by the overall 



	

	
96	

positive charges on BRCT5, this hydrophobic interaction could be easily replaced by 

electrostatic interactions with +2 Asp.  

Overall, the interaction between TopBP1 BRCT4/5 and MDC1 SDT peptide is 

mainly electrostatic and has lower specificity in comparison to other tandem BRCT based 

interactions. Since there are six different regions of SDT repeats from MDC1, it is possible 

that TopBP1 BRCT5 adopted this lower specificity interaction mechanism to target multiple 

SDT repeats. Further investigation is needed to understand how many of the six SDT repeat 

regions from MDC1 are involved in the interaction with TopBP1 BRCT5. Besides, the 

interaction between MDC1 SDT repeats and TopBP1 BRCT4/5 is not exclusive. While 

TopBP1 BRCT5 has been suggested in the interaction with other protein such as 53BP1 

(Cescutti et al., 2010), MDC1 SDT repeats are well known for their recognition by Nbs1 

FHA-BRCT-BRCT domains as well (Chapman and Jackson, 2008; Melander et al., 2008; 

Spycher et al., 2008; Wu et al., 2008). Although no one has solved the structure of Nbs1 in 

complex with MDC1 SDT repeat, the apo structure of S. pombe Nbs1 FHA-BRCT-BRCT 

and the complex structure of it with Ctp1 (CtIP in human) peptide bound are both solved 

(Williams et al., 2009). It has been suggested that MDC1 interact with Nbs1 using two of its 

SDT repeats, one engaging the FHA domain in a pThr dependent manner, while the other 

engaging with the BRCT-BRCT likely using both pThr and pSer (Figure 3-9A). Interestingly, 

similar to the SDT repeat of MDC1, Ctp1 contains a conserved SXT motif and has an acidic 

residue enriched region immediately downstream of pThr (Figure 3-9B). The SXT motif 

interacts with phosphate binding pocket of Nbs1 FHA domain using its pThr only, and the 

acidic residues from Ctp1 bind multiple lysine residues from FHA domain of Nbs1 to further 

secure the interaction (Figure 3-9C). This implies that electrostatic interaction is also 

important in MDC1 interaction with Nbs1, and the acidic residues immediately downstream 

of SDT motif are an essential part of the consensus sequence in MDC1 as well. We  
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Figure 3-9. MDC1 SDT repeats interaction with other BRCTs. 
(A) The X-ray crystal structure of Nbs1 FHA-BRCT-BRCT domains. The region from the 
FHA domain that can interact with pThr containing protein sequence is circled by the 
dashed line. (B) Sequence alignment of SDT repeats from Cpt1 and MDC1. 
Phosphorylated serine and threonine are highlighted in purple blocks, and residues that are 
not well conserved in MDC1 consensus sequence are indicated in grey. (C) Structural 
overview of the interaction between Nbs1 FHA domain and Cpt1. Peptide from residue 
74-83 of Cpt1 is used.  
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hypothesize similar electrostatic dependency would also exist in the interaction between 

Nbs1 BRCT-BRCT and MDC1 SDT repeat. The overall interaction between MDC1 and 

Nbs1 proteins is likely monomer based, but the FHA-BRCT-BRCT domains of Nbs1 may 

interact with two MDC1 SDT peptides. It would be interesting to measure the binding 

affinity between the MDC1 SDT peptide and FHA-BRCT-BRCT domains of Nbs1 and solve 

the complex structure of MDC1 SDT peptide-Nbs1-BRCT-BRCT domains if possible. In 

addition, further investigation on which two SDT motifs from the MDC1 are involved in the 

interaction with Nbs1 would also provide more insights on the specificity of this interaction.  

It has been implied in other studies that recruitment of TopBP1 to a replication 

checkpoint may also occur through direct interaction with DNA (Acevedo et al., 2016). Our 

preliminary data suggested that TopBP1 BRCT4/5 can interact with ssDNA solely using its 

BRCT5, and the positively charged loop on BRCT5 appears to be essential for this 

interaction. So far, we have identified a preference of 3’ P end with a minor length of 16NT 

in the targeting ssDNA sequence of TopBP1 BRCT5. Previously, Dr. Leung has shown that 

TopBP1 BRCT5 can also interact with dsDNA in a charge-depend manner (Leung, 2011). 

Moreover, his EMSA result suggested BRCT5 binds dsDNA with higher affinity compared 

to ssDNA. Since we haven’t tested TopBP1 BRCT5 interaction with dsDNA, further 

experiments would be required to address this question. Nevertheless, it is clear that TopBP1 

BRCT5 interacts with DNA using the same electrostatic based mechanism adopted in MDC1 

SDT repeat recognition.   

In conclusion, this study validated a unique electrostatic based interaction model of 

TopBP1 BRCT5. We have shown that TopBP1 BRCT5 can interact with the SDT repeats of 

MDC1 using this model, and this interaction likely assists TopBP1 recruitment to the 

replication fork. We also obtained preliminary data that indicated TopBP1 BRCT5 might 

interact with ssDNA using the same mechanism, and we hypothesized that this interaction 

could also assist in TopBP1 recruitment during replication checkpoint control. 
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3.4 Material and Methods 

Cloning, expression, and purification 

Human TopBP1 BRCT5 (641-746) and BRCT4/5 (549-746) were cloned into pGEX-6P-1 

(GE Healthcare). Mutants (S654A, K704A, R681A/K682A) of human TopBP1 BRCT5 were 

created from a WT template described above using QuickChange Lightning site-directed 

mutagenesis kit (Stratagene) (Braman et al., 1996; Kunkel, 1985; Nelson and McClelland, 

1992; Sugimoto et al., 1989; Taylor et al., 1985; Vandeyar et al., 1988). All the GST fusion 

proteins were expressed in Escherichia coli BL21-Gold cells and purified using glutathione 

affinity chromatography with glutathione sepharose 4B beads (GE Healthcare) and eluted 

with elution buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 20mM reduced glutathione and 

0.1% βME).  GST-fusion protein of BRCT5 was purified by Superdex 200 16/60 column in 

storage buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DTT).  GST-fusion protein 

of TopBP1 BRCT4/5 was cleaved with PreScission protease overnight at 4 °C.  BRCT4/5 

was purified by anion exchange chromatography (buffer A: 50 mM HEPES pH 7.0, 0.1% 

βME; buffer B: 50 mM HEPES pH 7.0, 1 M NaCl, 0.1% βME).  Residual GST was 

removed by incubation with glutathione sepharose 4B beads (GE Healthcare) prior to a final 

purification step on a Superdex 75 26/60 column in storage buffer (10 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1 mM DTT).  

Fluorescence polarization (FP) assay 

FP measurements were carried out using an Envision multi-label plate reader (Perkin Elmer) 

on a 384-well OptiPlate (Perkin Elmer). All the MDC1 peptide variants 

(FITC-GFIDpSDpTDVEEE-NH2, FITC-GFIDSDpTDVEEE-NH2, 

FITC-GFIDpSDTDVEEE-NH2, FITC-GFIDSDTDVEEE-NH2, 

FITC-GFIDpSDpTDDEEE-NH2) were synthesized and purified by Biomatik. All ssDNAs 

( 5’ FAM-TAGCACCTACCGATTGTA TG-3’ P, 5’ FAM-TAGCACCTACCG ATTG-3’ P, 

5’ FAM-TAGCA-3’ P ) were synthesized by Integrated DNA Technology. FP assays were 

performed by mixing 10 nM FITC-labelled phospho-peptide or Fam-labelled DNA with 
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freshly concentrated TopBP1 proteins in FP assay buffer (10 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 1 mM DTT, 0.05 % Tween-20) and incubated for 15 min at room temperature. FP 

measurements were taken at an excitation wavelength of 485 nm and an emission wavelength 

of 538 nm. Curve fitting and KD calculations were obtained using PRISM software 

(GraphPad Prism). KD values summarized in Table 2 are the average of at least three 

individual measurements. For binding curves that haven’t reach saturation due to the 

limitation of protein stability, the KD value generated based on existing data point is only an 

estimate of real affinity. 

Electrophoretic mobility shift assay (EMSA) 

The reaction was prepared by mixing 4 μL of H2O, 10 μL of EMSA buffer (50 mM Tris-HCl 

pH 7.5, 150 mM KCl, 1mM MgSO4, 1 mM DTT, 10% glycerol), 2 μL of poly dIdC, 2 μL of 

0.5 μM Fam-labeled DNA with 2 μL of increasing concentration of TopBP1 BRCT4/5 

(0-250 mM) and equilibrated for 20 minutes at room temperature. Samples were analyzed by 

gel electrophoresis on a 6% native gel in Tris-Borate-EDTA (TBE) buffer (45 mM 

Tris-Borate pH 8.3, 1 mM EDTA). The gel was pre-run at 80 mV for 10 minutes, then ran for 

50 minutes at 100 mV with 20 μL sample loaded per lane at 4 °C. Finally, the gel was 

visualized by a Typhoon Imager (GE healthcare).  
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Chapter 4 

Structural Insight into BLM Recognition by TopBP1 
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4.1 Introduction 

RecQ helicases are an important family of proteins that are well conserved from 

bacteria to human. In human, there are five RecQ helicases that all play important roles in 

maintenance of genome stability (Croteau et al., 2014). Bloom syndrome, RecQ helicase-like 

protein (BLM) is one of these helicases, and mutations in BLM cause Bloom syndrome, a 

disease characterized by growth retardation, immunodeficiency, genomic instability, and 

cancer predisposition (German, 1993). Like other ATP dependent RecQ helicases, BLM 

mainly functions as a 3’ à 5’ helicase, and Bloom syndrome related mutations typically 

result in deletion of this helicase activity (Karow et al., 1997). However, BLM also acts as an 

important part in the “dissolvasome” which also consist of Rim1, Rim2, and Topoisomerase 

IIIA (Top3A). Together, this complex can dissolve double holiday junction at the late stage 

of HR and prevent meiotic crossover outcomes (Bizard and Hickson, 2014). 

Recently, two reports have shown that BLM may also interact with TopBP1 BRCT5 

in a phosphorylation and cell-cycle dependent manner (Blackford et al., 2015; Wang et al., 

2013). Disruption of BLM-TopBP1 interaction in cells leads to elevated sister chromatid 

exchanges (SCEs) and chromosomal aberrations, features that are commonly found in Bloom 

syndrome patients (Blackford et al., 2015; Chaganti et al., 1974; German et al., 1965; Wang 

et al., 2013). While some evidence suggests that TopBP1 interacts with BLM pSer338 to 

stabilize BLM during S phase (Wang et al., 2013), other evidence has suggested that pSer304 

of BLM is more crucial for this interaction, and that TopBP1 has no effect on BLM stability 
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(Blackford et al., 2015). Here we use fluorescence polarization (FP) spectroscopy to 

demonstrate that TopBP1 BRCT5 specifically binds phosphopeptides corresponding to the 

pSer304 region of BLM but not the pSer338 region. The X-ray crystal structure of 

mammalian TopBP1 BRCT4/5 in complex with a BLM peptide reveals specific recognition 

of pSer304 by the phosphate binding pocket of BRCT5 and recognition of the residues 

N-terminal to pSer304 by a hydrophobic groove and positively charged loop in BRCT5. The 

same surface is used by BRCT5 to bind a phosphorylated SDT repeat in the DNA damage 

checkpoint mediator, MDC1, but the orientation of BLM binding is reversed compared to 

MDC1. We suggest that TopBP1 BRCT5 can engage alternative protein partners to regulate 

DNA replication checkpoints.  

 

4.2 Results 

4.2.1 TopBP1 BRCT5 interacts with BLM mainly through pSer304 and not pSer338 

To assess the likelihood that either Ser304 or Ser338 could serve as targets for 

TopBP1 BRCT5, we probed the conservation of sequences in this region in a number of 

vertebrate organisms (Figure 4-1A). Both Ser304 and Ser338 belong to the BLM N-terminal 

domain (1-636) that is largely unstructured and poorly conserved. The alignment shows 

striking conservation of residues N-terminal to the phosphorylation site of Ser304, with 

acidic residues conserved at the -7 and -5 positions, and a hydrophobic F(V/I)PP motif 

conserved from -4 to -1 (Figure 4-1A). In contrast, there is much poorer sequence 

conservation around Ser338.  To directly investigate TopBP1 BRCT5 interactions with 

peptide targets in vitro, we synthesized FITC labeled BLM peptides corresponding to both 

sites (297-DTDFVPPpSPEEII-309, 331-KEDVLSTpSKDL-341) and tested their ability to  
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Figure 4-1. BLM interacts with TopBP1 via pSer304, not pSer338. 
(A)	 Sequence	 alignment	 of	 BLM	 orthologs	 around	 pSer304	 and	 pSer338.	 The	 pSer	
residues	 are	 colored	 in	 purple,	 hydrophobic	 residues	 are	 colored	 in	 green,	 and	
positively	 charged	 residues	 are	 colored	 in	 red.	 (B)	 TopBP1	 BRCT4/5	 binds	 more	
tightly	 to	 BLM	 pSer304	 than	 BLM	 pSer338.	 TopBP1	 BRCT4/5	 protein	was	 titrated	
against	 BLM	 phosphopeptides	 corresponding	 to	 either	 the	 pSer304	 or	 pSer338	
regions	 and	 binding	was	monitored	 by	 fluorescence	 polarization	 spectroscopy.	 (C) 
TopBP1 BRCT4/5 binds BLM pSer304 in phosphorylation-dependent manner. BLM 
pSer304 peptide was dephosphorylated by treatment with Lambda phosphatase (+) and its 
interaction with GST-hTopBP1 BRCT5 protein was measured by FP. BLM pSer304 
peptide treated without Lambda phosphatase (-) or with heat-inactivated phosphatase (HI) 
were also included as controls.  
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interact with TopBP1 BRCT5 using FP study. TopBP1 interacts tightly with pSer304 BLM 

peptide (KD = 3.9 ± 0.3 μM), but weakly with the pSer338 BLM peptide (KD ≥ 300 μM) 

(Figure 4-1B). Then interested in whether the interaction between TopBP1 BRCT5 and 

pSer304 BLM peptide is phosphorylation dependent, we dephosphorylated the pSer304 BLM 

peptide using λ phosphatase treatment and examined its interaction with TopBP1 BRCT5 in 

vitro by FP. The λ phosphatase treated peptide binds TopBP1 BRCT5 much more weakly 

(KD ≥ 60 μM) in comparison with the untreated pSer304 BLM peptides (Figure 4-1C). In 

addition, control peptides treated under same condition without phosphatase (KD = 2.6 ± 0.4 

μM) or with heat inactivated phosphatase both bind BRCT5 at similar affinity compared to 

untreated BLM pSer304 peptide (KD = 3.7 ± 0.8 μM), indicating the treatment itself did not 

affect peptide affinity to TopBP1 BRCT5. Together, we can conclude that the 

phosphorylation of Ser304 is essential for its interaction with TopBP1 BRCT5. 

 

4.2.2 The crystal structure of TopBP1 BRCT4/5 bound to phosphorylated BLM 

To gain molecular insight into the interactions involved in pSer304-dependent BLM 

recognition by TopBP1, we crystallized and determined the structure of TopBP1 BRCT4/5 

bound to a pSer304-containing BLM peptide. Crystallization trials using human TopBP1 

BRCT4/5 were unsuccessful, but we were able to crystallize and determine the structure of 

the murine TopBP1 BRCT4/5-BLM complex at 2.6 Å resolution. The murine TopBP1 

BRCT4/5 and murine BLM Ser304 regions are highly conserved with the human 

counterparts and interact with similar affinity (Figure 4-2). The murine complex crystallizes 

in P21 space group with 8 copies of TopBP1 BRCT4/5 per asymmetric unit. There exists a 

translational non-crystallographic symmetry between protomers ACBE and HDGF, with 

BLM bound to only half of these protomers (Figure 4-3A). Comparisons of the unbound 

(EFGH) and bound (ABCD) structures of BRCT4/5 suggest that the TopBP1 structure is 

largely unchanged upon peptide binding (averaged root-mean-square deviation [rmsd]  
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Figure 4-2. Comparison of human versus mouse TopBP1 BLM interactions.  
(A) Sequence alignment of mouse versus human proteins with secondary structure by 
PROMALS3D. Residues forming the BRCT-BRCT interface are colored orange, residues 
from the peptide binding surface are colored blue (charged loop), purple (phosphate 
binding pocket), and green (hydrophobic groove). (B) Comparison of BLM interactions 
with the mouse and human TopBP1 BRCT4/5 by FP assay.  
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Figure 4-3. X-ray crystallography structure of TopBP1 BRCT4/5 with BLM.  
(A) Overview of the crystallographic asymmetric unit. All BLM peptide chains (L, M, N, 
and O) are in space filling representation (pink). The two groups of protomers that are 
related by translational symmetry are highlighted with dotted lines. (B) Overlay of all 
protomers on the structure of human TopBP1 BRCT4/5 (3UEN) in light grey. Peptide 
bound protomers are in orange hues, apo protomers are in blue hues. 
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Cα = 0.147 Å2 within each set, and Cα = 0.469 Å2 between the peptide-bound and unbound 

sets). The structural differences are largely limited to the α1-β2 and β2’-β3’ loops (Figure 

4-3B). The β2’-β3’ loop directly contacts the BLM peptide, which restrains the loop 

conformation compared to the TopBP1 protomers with no bound peptide. The differences in 

the BRCT4 α1-β2 loops are likely caused by differences in crystal packing. The overall 

structure of murine TopBP1 BRCT4/5 adopts a head-to-head packing that is identical to 

human TopBP1 BRCT4/5, and nearly all residues involved in the BRCT-BRCT interface are 

conserved (Figure 4-2A). As suggested functionally in previous BLM-TopBP1 interaction 

studies (Blackford et al., 2015; Wang et al., 2013), our structure shows that TopBP1 interacts 

with BLM exclusively through its BRCT5 domain (Figure 4-3A) and indeed FP 

measurements indicate that BRCT5 and BRCT4/5 bind the BLM peptide with nearly 

identical affinities (Figure 4-4A).  

 

4.2.3 Modeling of TopBP1-BLM binding interaction 

The electron density enabled us to model the core of the BLM phosphopeptide 

sequence 300Phe-Val-Pro-Pro-pSer-Pro305 for each of the peptide-bound TopBP1 BRCT4/5 

complexes (Table 4-1, Figure 4-5A). All peptide protomers adopt similar interactions with 

the TopBP1 BRCT5 except peptide O that interacts with two protomers (D and E) due to 

crystal packing (RMSD of Cα = 0.084 Å2 between L, M, N, and Cα = 0.201 Å2 with O) 

(Figure 4-6). The phosphate group of BLM pSer304 is bound in the phosphate-binding 

pocket of TopBP1 BRCT5 through a set of hydrogen-bonding interactions with side chains 

of Lys707, Ser657 and main chain NH of Gln658 that are conserved in other BRCT 

-phosphopeptide structures (Leung and Glover, 2011) (Figure 4-5B). The BLM peptide 

adopts a typical left-handed type II polyproline (PPII) helical structure. The phosphate group 

of BLM pSer304 is bound in the phosphate-binding pocket of TopBP1 BRCT5 through a set 

of hydrogen-bonding interactions with side chains of Lys707, Ser657 and main chain NH of 

Q658 that are conserved in other BRCT-phosphopeptide structures (Leung and Glover, 2011)  
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Figure 4-4. Crystal packing induced dimmer of TopBP1 BRCT4/5 with BLM.  
(A) FP study of TopBP1 BRCT5 interaction with BLM. (B) Overview of protomer E 
(salmon) and D (slate) dimmerized through peptide O (pink). (C) Conserved interaction of 
BLM with protomer D. (D) Packing enforced interaction of BLM with protomer E. 
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Figure 4-5. Detailed structure model of BLM interaction with TopBP1 via pSer304. 
(A) Structural overview of TopBP1 BRCT4/5 in complex with pSer304 BLM peptide. An 
electrostatic charge surface is displayed for TopBP1 BRCT4/5 while the modeled BLM 
phosphopeptide is shown in pink sticks. The structural insight of phosphate binding pocket 
(B), hydrophobic groove (C), and negatively charged loop (D) is also included. 
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Figure 4-6. Detail structures of pSer304 containing BLM peptides.  
(A) Representative bias-reduced density map of TopBP1 BRCT4/5 bound to BLM peptide. 
The stereo-view is directed into the peptide-BRCT interface between protomer D and 
peptide O. Density maps of the peptide (pink) and the BRCT4/5 (blue) are both contoured 
at 1.0 sigma level. The electron density map was calculated using the interact-build omit 
method. (B) The structural overlay of all BLM peptide protomers. Protomers M (blue), L 
(mustard), N (grey) and O (pink).  
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(Figure 4-5C). The conserved FVPP motif N-terminal to Ser304 contours through a 

hydrophobic groove on the surface of BRCT5 that leads to the β2’-β3’ loop. The tandem 

prolines at positions -1 and -2 pack against Phe681, the valine at -3 is buried within a 

hydrophobic pocket formed by residues Phe682, Ala710, and Trp714, and the phenylalanine 

at -4 packs against Met692 at the center of the β2’-β3’ loop (Figure 4-5C).  Although we 

were unable to model the conserved Asp-Thr-Asp motif N-terminal to the core sequence due 

to lack of electron density, this acidic motif could potentially interact with basic residues 

including Arg684, Lys685, Lys689 and Lys690 from the β2’-β3’ loop, which, together with 

the phosphate binding pocket, render the peptide-binding surface highly electropositive 

(Figure 4-5D). C-terminal to pSer304, the peptide tracks away from BRCT5 and in 3 of the 4 

complexes, there is no density observable for the semi-conserved Glu-Glu-Ile-Ile motif. In 

one of the complexes, however, this motif is visible and packs against another BRCT5 in the 

asymmetric unit (Figures 4-4B, C, D). We conclude that the primary TopBP1 binding 

determinant within the BLM target peptide is the core 300Phe-Val-Pro-Pro-pSer 304 region, 

while the acidic N-terminal motif (297Asp-Thr-Asp299) may play a secondary role to enhance 

this interaction. 

 

4.2.4 Comparison of BLM and MDC1 recognition by TopBP1  

MDC1 has also been identified as a potential binding partner of TopBP1 BRCT4/5 

and the structure of a consensus MDC1 SDT repeat region (GFIpSDpTDVEEE) bound to 

TopBP1 BRCT4/5 was solved by X-ray crystallography (Leung et al., 2013). MDC1 

interacts with TopBP1 in a manner not observed in other BRCT-peptide structures, with one 

MDC1 peptide sandwiched between two BRCT4/5 domains. There is no direct interface 

between the two BRCT4/5 protomers, and most of the MDC1 interaction involves just one of 

the protomers. Evidence that a TopBP1 dimer binds MDC1 more tightly than a monomer in 

solution comes from FP binding studies that show the untagged monomeric TopBP1 

BRCT4/5 binds MDC1 significantly weaker than dimeric GST-BRCT4/5 or GST-BRCT5  
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(Leung et al., 2013) (Table 4-2). In contrast, both the untagged and GST-tagged forms 

interact with BLM with similar dissociation constants in the 3-6 μM range that is 

significantly higher than MDC1 (Figure 4-4A, Table 4-2). This suggests that TopBP1 

BRCT4/5 interacts with BLM as a monomer and with much higher affinity than MDC1.  

In order to understand how TopBP1 BRCT4/5 interacts with two different partners, 

we first compared these interactions by superimposition of the structures of the 

TopBP1-BLM and TopBP1-MDC1 complexes (Figure 4-7A). The TopBP1 BRCT4/5 

structures are quite similar between the two complexes (RMSD of Cα= 0.497). The same 

BRCT5 groove is used to engage the two extended phosphopeptide partners. However, the 

orientations of the two peptides relative to the BRCT5 binding surface are reversed. To 

further probe the interactions of the two peptides with TopBP1, we compared the impact on 

peptide binding of a panel of human TopBP1 BRCT5 mutations using the FP assay (Figure 

4-7B). Mutation of either Ser654 or Lys704 in the phosphate-binding pocket (equivalent of 

S657A and K707A in mouse) causes an 8 to 11 fold reduction in BLM binding affinity, 

consistent with the role of these residues in hydrogen-bonding with the pSer304 (Figure 4-8). 

These same mutations only result in a 3 to 4 fold reduction of affinity in MDC1 for TopBP1. 

The reduced importance of this pocket for MDC1 binding is consistent with the structure. In 

the TopBP1 protomer that makes the most extensive contacts with MDC1, the 

phosphate-binding pocket does not bind a phosphate and instead binds the -3 Asp of MDC1. 

The -3 Asp only partially mimics a pSer, preserving hydrogen-bonding interactions with 

Ser657 and the main chain NH of Gln658. In the other TopBP1 protomer, the MDC1 pThr is 

partially docked into the phosphate-binding pocket. Two different pairs of charge reversal 

mutations within the basic β2’-β3’ loop (R681E/K682E and K686E/K687E, equivalent of 

R684E/K685E or K689E/K690E in mouse) reduced TopBP1 affinity ~9- to 12-fold 

suggesting charged interactions involving this loop are important to stabilize either complex. 

In the MDC1 complex, the acidic residues at +3 and +4 are in proximity to the β2’-β3’ loop, 

while in the BLM complex, we propose it is the DTD motif at positions -5 to -7 that contacts  
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Figure 4-7. Comparison of TopBP1 recognition of BLM and MDC1.  

(A) Structural comparison of TopBP1-BLM and TopBP1-MDC1 complexes. 
TopBP1-BLM complex (left) and TopBP1-MDC1 (right) are aligned by their BRCT5 
main-chain C

α
 positions. Both of the TopBP1 BRCT structures are displayed with a 

semi-transparent surface over a grey cartoon, while the BLM peptide is displayed as a pink 
cartoon and the MDC1 peptide is displayed as a blue cartoon. Key interacting residues are 
displayed as sticks and hydrogen bonds are indicated by yellow dash-lines. Residue 
numbering of mTopBP1 (left) and hTopBP1 (right) is differed by 3. (B) Comparison of the 
binding affinities of BLM and MDC1 phosphopeptides for a panel of human TopBP1 
BRCT5 variants using FP.  WT TopBP1 BRCT5 and a panel of eight missense variants 
were titrated against either BLM phosphopeptide (left) or the MDC1 phosphopeptide 
(right) and their binding affinities were assessed by FP. 
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Figure 4-8. Summary of effects of human TopBP1 BRCT5 missense mutations on the 
binding of either MDC1 or BLM. 
The fold increase in KD is plotted for each BRCT5 variant normalized against the binding 
affinity for the WT. Results for BRCT5-MDC1 interactions are shown in blue, while the 
results for BRCT5-BLM interactions are shown in pink. Mutations from the different parts 
of BRCT5 are colored differently (Green for hydrophobic groove, blue for negatively 
charged loop, purple for phosphate binding pocket). The inset shows the relative difference 
in KD between WT BRCT5-MDC1 and WT BRCT5-BLM. 
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this loop. Both MDC1 and BLM present a valine (position -3 in BLM, position +2 in MDC1) 

that docks into the TopBP1 hydrophobic pocket (Figure 4-7A). The floor of this pocket 

consists of a conserved alanine (Ala707 in human, Ala710 in mouse). Mutation of this 

alanine shows strikingly different effects on binding of the two peptides. Replacement of the 

alanine with either a positive (A707K) or negative (A707D) charge dramatically reduces 

BLM binding, but only the A707D reduces MDC1 peptide binding. This result suggests that 

the hydrophobic nature of this pocket is critical for the BLM interaction, but is much less 

important for the MDC1 interaction. Additional hydrophobic contacts observed in the BLM 

complex that are not found in the MDC1 complex (Figure 4-7A). The BLM proline at -2 

docks against TopBP1 Phe681 and the BLM phenylalanine at -4 packs into a shallow 

hydrophobic depression in the surface of the β2’-β3’ loop formed by Met692, Val683, and 

Phe681. Mutations of residues that constitute these surfaces in the human protein (M689A or 

Y678A) have no appreciable impact on the MDC1 binding. However, these mutations result 

in significant reductions in BLM binding (Figure 4-7B, 4-8).  

Taken together, these data indicate that BLM binds TopBP1 BRCT5 in a way that 

utilizes the electrostatic complementarity between the peptide and BRCT5, as well as 

hydrophobic contacts that impart additional specificity and binding affinity. In contrast, the 

MDC1-TopBP1 complex appears to be largely electrostatically driven and of much lower 

affinity than the BLM complex.    

 

4.3 Discussion 

TopBP1 is distinguished by the range of protein partners that interact with its diverse 

BRCT domains. TopBP1 BRCT5 has been particularly interesting as it has been proposed to 

bind multiple phosphoprotein targets: BLM, MDC1, and 53BP1 (although the relevant 

phosphorylated residue in the latter has not yet been identified). Our work shows that the 

recognition of BLM is highly specific for the region surrounding pSer304 and likely does not 

involve pSer338, which was also proposed as a possible binding target (Wang et al., 2013). 
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While MDC1 recognition involves the same surface on BRCT5, the MDC1 peptide binds in 

an opposite orientation to that observed for BLM, and is of lower affinity and specificity, 

relying primarily on electrostatic interactions between the highly negatively charged MDC1 

phosphopeptide and the positively charged surface of BRCT5. Our results raise further 

doubts as to whether MDC1 is a physiological binding partner for BRCT5 of TopBP1 

(Blackford et al., 2015; Choi and Yoo, 2016), although a similar electrostatic interaction may 

also explain reports of interactions between BRCT5 and single-stranded DNA, which have 

been suggested to play a role in the recognition of stalled DNA replication forks (Acevedo et 

al., 2016). 

TopBP1 BRCT4/5 has not only been shown to interact with BLM and MDC1, but has 

also been implicated in binding the key DNA damage signaling factor, 53BP1, in a 

phosphorylation-dependent interaction (Cescutti et al., 2010; Yamane et al., 2002). Insight 

into this interaction has been provided by structural studies of the S. pombe orthologs of these 

proteins, Rad4TopBP1 and Crb253BP1 (Qu et al., 2013). Rad4TopBP1 contains a pair of BRCTs 

(BRCT1 and BRCT2) which can both bind either of two Crb253BP1 phosphopeptides 

containing a VXXpT motif in a manner that is similar to the binding of BLM by TopBP1 

BRCT5, both in terms of the tracking of the peptide across the BRCT surface and docking of 

the -3 Val into the BRCT hydrophobic pocket (Figure 4-9A).  The major difference between 

TopBP1 BRCT5 and either BRCT1 or BRCT2 of Rad4TopBP1 is the lack of the positively 

charged β2’-β3’ loop in the Rad4TopBP1 BRCTs (Figure 4-9A,B) and the Crb2 phosphopeptide 

binding partner does not contain the conserved negatively charged residues at positions -4 to 

-7 observed in BLM (Figure 4-9C).   

To probe the possibility that similar interactions might be responsible for 

TopBP1-53BP1 interactions in the mammalian homologs, we scanned the known 53BP1 

phosphorylation sites for potential TopBP1 binding sites that contain the VXXpS/T motif. 

While many 53BP1 pSer/pThr sites conform to the VXXpS/T motif, only a few contain  
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Figure 4-9. TopBP1 BRCT5 may bind BLM and 53BP1 through similar mechanisms. 
(A) Structures of Rad4

TopBP1
 BRCT repeats bound to Crb2

53BP1
. Rad4 BRCT1/Crb2 (left) 

and Rad4 BRCT2/Crb2 (right) structures (PDB code: 4BU0) are aligned with the 
TopBP1/BLM complex as in Figure 4-7. Both structures have surface and cartoon 
displayed for Rad4

TopBP1
 (BRCT1 in orange, BRCT2 in green) and only cartoon displayed 

for Crb2
53BP1

 (blue). Interacting residues are displayed as sticks. Hydrogen bonds are 
indicated by yellow dash-lines. (B) Sequence alignment of the peptide binding region 
TopBP1 BRCT5 homologs. Residues from the positively charged β2’-β3’ loop are colored 
blue, residues from phosphate binding pocket are colored purple, and residues lining 
hydrophobic groove are colored green.    
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additional acidic residues or potentially phosphorylated residues upper stream to the 

VXXpS/T motif that could provide electrostatic interactions with the β2’-β3’ loop (Table 4-3). 

However, the pSer366 and pSer379/pSer380 sites are closer hits because they the region 

around these site are also enriched with hydrophobic residues, such as Pro or Phe, that may 

form the poly-proline helix observed in BLM peptide (Figure 4-10A). Besides, residues 

around pSer336 and pSer379/pSer380 sites are both well conserved across species, which 

further support they are great candidates for the interaction with TopBP1 BRCT5 (Figure 

4-10B). Further mutagenesis study of pSer336 and pSer379/pSer380 sites from 53BP1 in 

vivo is needed to validate which site is critical for 53BP1 interaction with TopBP1 in cells. 

Agents that increase the replication stress load in cancer cells can be very effective 

chemotherapeutics. Cells in which the BLM-TopBP1 interaction is disrupted show increased 

replication stress, as evidenced by the increased DNA replication origin firing, chromosomal 

aberrations and SCEs (Blackford et al., 2015). Therefore, the structure of the BRCT domains 

of TopBP1 in complex with a BLM peptide lays the foundation for targeting of the 

BLM-TopBP1 interaction with small molecules as potential chemotherapeutic agents.  

 

4.4 Material and Methods 

Cloning, expression, and purification 

Expression cell lines for Human TopBP1 BRCT5 (641-746) and BRCT4/5 (549-746), and 

mutants (K704A, R681E/K682E, K686E/K687E) were made previously (Leung et al., 2013). 

Mouse TopBP1 BRCT4/5 (553-749) was cloned into pGEX-6P-1 (GE Healthcare). Mutants 

(Y678A, A707D, A707K, M689A) of human TopBP1 BRCT5 were created from the WT 

template using QuickChange Lighting site-directed mutagenesis kit (Stratagene) (Braman et 

al., 1996; Kunkel, 1985; Nelson and McClelland, 1992; Sugimoto et al., 1989; Taylor et al., 

1985; Vandeyar et al., 1988). All recombinant TopBP1 protein domains were expressed  
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Figure 4-10.  Potential phosphorylation site of 53BP1 recognized by TopBP1.  

(A) Sequence alignment of BLM and 53BP1 phosphopeptide partners for TopBP1 BRCT5. 
(B) Sequence alignment of potential TopBP1 BRCT5 binding regions in 53BP1. 
Phosphorylated residues are colored purple, negatively charged residues are colored red 
and hydrophobic residues are colored green.    



	
127	

in Escherichia coli BL21-Gold cells with Luria-Bertani (LB) broth media containing 

50 μg/mL kanamycin and 50 μg/mL ampicillin at 25°C. Recombinant protein expression was 

induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at a cell density (OD) of 

0.5 – 0.8 and grown overnight (12 to 14 hours) at 22°C before harvest. All the GST fusion 

proteins were purified using glutathione affinity chromatography with glutathione sepharose 

4B beads (GE Healthcare) and eluted in elution buffer (20 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 20 mM reduced glutathione and 0.1% βME).  GST-fusion protein of BRCT5 was 

purified by Superdex 200 16/60 column in storage buffer (10 mM Tris-HCl pH 8.0, 150 mM 

NaCl, 1 mM DTT).  GST-fusion protein of TopBP1 BRCT4/5 was cleaved with PreScission 

protease overnight at 4 °C.  BRCT4/5 was purified by anion exchange chromatography 

(buffer A: 50 mM HEPES pH 7.0, 0.1% βME; buffer B: 50 mM HEPES pH 7.0, 1M NaCl, 

0.1% βME).  Residual GST was removed by incubation with glutathione sepharose 4B 

beads (GE Healthcare) prior to a final purification step on a Superdex 75 26/60 column in 

storage buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT).  

Crystallization 

Mouse TopBP1 BRCT4/5 concentrated to 10 mg/mL was incubated with 3-fold molar excess 

of BLM peptide (Ac-DTDFVPPpSPEEII-NH2, Genosphere Biotechnologies) for 2 hours on 

ice.  Crystals of the complex were grown at room temperature using hanging drop vapor 

diffusion by mixing 1 μL of protein:peptide complex with 1 μL of reservoir solution (0.1 M 

sodium citrate pH 5.4 and 24% PEG 8000).  Co-crystals were flash-cooled in reservoir 

solution supplemented with 20% glycerol. 

Data collection and structure determination 

Data for crystals of the BRCT4/5-pSer304 BLM peptide complex were collected at the 

CMCF 08ID-1 beamline (Canadian Light Source, Saskatoon).  Intensity data were 

processed by DENZO, scaled and reduced using SCALEPACK (Adams et al., 2010) to the 

space group P21 with unit cell dimensions: a = 98.62Å, b = 97.0 Å, c = 127.3Å, α = 90.0 °, β 

=94.3 °, γ =90.0 ° (Otwinowski and Minor, 1997). The human TopBP1 BRCT4/5 structure 
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(PDB ID: 3UEN) was used in PHASER 25.6 to successfully find 8 copies in the asymmetric 

unit (McCoy et al., 2007). Model building was carried out in COOT and refined using TLS 

refinement (peptide bound molecule ABCD and unbound molecule EFGH are grouped 

separately) in PHENIX (Adams et al., 2010; Emsley and Cowtan, 2004). The BRCT4/5 

molecules are related by translational symmetry (Supplementary Figure 2A). BRCT4/5 chain 

A and C lack the N-terminal 549–550 residues, C-terminal 742–746 residues, and α1-β2 loop 

residues 584–588. Chain B and D lack the N-terminal 549–550 residues, C-terminal 743–746 

residues, and α1-β2 loop residues 584–589. The BRCT4/5 molecules were fully refined before 

building of the four peptides. Peptides were positioned by first docking in the key pSer304 

residues using Ligandfit in Phenix, and the rest of peptide chain subsequently built manually 

in COOT (Koska et al., 2008). Peptide chains L and M lack the N-terminal 7 to 5 residues 

and C-terminal +1 to +5 residues, peptide N lacks the N-terminal 7 to 5 residues and 

C-terminal +1 to +5 residue, and peptide O only lacks the N-terminal 7 to 5 residues. The 

final model was refined in Phenix at 2.6 Å resolution to Rwork and Rfree of 0.256 and 0.219, 

respectively. The Ramachandran plot contained 96.7% of all residues in the favored region. 

All the 7 Ramachandran outliers come from the two flexible loop regions (β2’- β3’ loop and 

α1-β2 loop) of TopBP1 BRCT4/5. Data collection and refinement statistics for the structures 

are listed in Table 1. Models were validated with MolProbity (Chen et al., 2010). Alignments 

with structure information were done by PROMAL3D. Bias reduced omit maps were 

generated by Phenix (Terwilliger et al., 2008). All structure figures were prepared with 

PyMOL (Version 1.8, www.pymol.org). 

Lambda protein phosphatase treatment 

Unphosphoylated Ser304 BLM peptide (FITC-DTDFVPPSPEEII-NH2) was made by treating 

pSer304 BLM peptide (FITC-DTDFVPPpSPEEII-NH2) with lambda protein phosphataste 

(New England Biolabs) for 1 hour at 30 °C in reaction buffer (50 mM Tris-HCl, pH 7.5, 0.1 

mM Na2EDTA, 5 mM DTT, and 0.01% Brij 35, 2 mM MnCl2) The inactive form of lambda 

protein phosphataste was made by 1 hour heat inactivation at 65 °C in the presence of 50 mM 
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EDTA. Then control peptides treated under same condition with either inactive phosphatase 

or in the absence of phosphatase were made. 

Fluorescence polarization assay 

FP measurements were carried out using an Envision multi-label plate reader (Perkin Elmer) 

using 384-well OptiPlates (Perkin Elmer).  All pSer304 related BLM peptides 

(FITC-DTDFVPPpSPEEII-NH2, Ac-DTDFVPPpSPEEII-NH2, 

Ac-DTDFVPPpSPEEIIKK-NH2, Ac-DFVPPpSPEEII-NH2) were synthesized and purified by 

Genosphere Biotechnologies. The rest of peptides (FITC-KEDVLSTpSKDL-NH2, 

FITC-GFIDpSDpTDVEEE-NH2) were synthesized and purified by Biomatik.  FP assays 

were performed by mixing 10 nM FITC-labelled phospho-peptide with freshly concentrated 

TopBP1 in FP assay buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT, 0.05 % 

Tween-20) and incubated for 15 min at room temperature. FP measurements were carried out 

at an excitation wavelength of 485 nm and emission wavelength of 538 nm.  Curve fitting 

and KD calculations were obtained using PRISM software (GraphPad Prism). KD values 

summarized in Table 1 are the average of at least three individual measurements.  
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5.1 Overall Summary 

The BRCT domain family is an important group of proteins that are largely 

involved in cell cycle regulation, DNA damage response, and repair. Mutations in BRCT 

proteins often result in genomic instability and many diseases in humans including cancers. 

My thesis focuses on two important BRCT family proteins, BRCA1 and TopBP1. I have 

successfully verified the first nonphosphopeptide inhibitor of BRCA1 BRCTs and solved 

the crystal structure of this inhibitor in complex with BRCA1 BRCTs. My study reveals 

new structural insight that can guide the development of BRCA1 inhibitors and further 

support the possibility of phosphorylation-independent interaction of BRCA1 BRCTs 

(Chapter 1). Meanwhile, I have also studied the interactions between TopBP1 BRCT4/5 

and two different protein partners, MDC1 (Chapter 2) and BLM (Chapter 3). Consistent 

with the existing structural model of TopBP1 BRCT4/5 in complex with MDC1 SDT 

repeat peptide, my mutagenesis study of TopBP1 BRCT5 validated that TopBP1 engages 

MDC1 mainly through electrostatic interactions. The interaction with MDC1 is largely 

induced by TopBP1 dimerization. However, my structural and functional study of TopBP1/ 

BLM interaction reveals a different model of interaction. TopBP1 BRCT5 interacts with 

BLM in a monomer-based interaction that is highly dependent on phosphorylation of 

Ser304 of BLM. Additional hydrophobic interaction is crucial for stabilizing this complex 

while electrostatic interactions only play a supportive role. Together, my studies of BRCA1 

and TopBP1 further illustrate the structural diversity of BRCT domain architecture and 

reveal new protein-protein interactions (PPIs) that have therapeutic potential for cancer 

therapy.  

 

5.2 Structural diversity of BRCT tandem repeats 

Although both exist as tandem BRCT repeats, the overall domain architecture of 

BRCA1 BRCTs and TopBP1 BRCT4/5 differs significantly. Similar to other canonical 



	

	
135	

tandem BRCT repeats, the core beta sheets from BRCTs of BRCA1 are aligned in parallel 

with each other, as has been observed in MDC1 BRCTs and TopBP1 BRCT7/8 (Figure 

5-1A) (Leung et al., 2011; Stucki et al., 2005). It is well known that BRCA1 BRCTs has a 

phosphate-binding pocket formed by Ser1655, Lys1702 and Gly1656 on its N-terminal 

BRCT, and a hydrophobic pocket containing Leu1701 and Met1775 on the interface 

between BRCTs (Figure 5-1A, 5-2A)(Williams et al., 2004). It is also no secret that a core 

pS-X-X-F motif is conserved between phosphopeptide partners of BRCA1 BRCTs (Liu and 

Ladias, 2013; Varma et al., 2005; Wu et al., 2016)  (Figure 5-2C). Besides, Arg1699 from 

the BRCTs packing interface largely affects the positioning of the +3 residue from the 

peptide via interaction with the main chain at the +3 position. Likely due to this reason, 

BRCA1 BRCTs can only host peptide that has the N terminal to C terminal orientation. 

Comparing with internal peptide segments, it preferentially targets peptides with C terminal 

carboxylate at +3 position (Wu et al., 2015). Moreover, we recently discovered a second 

hydrophobic pocket, formed by Leu1657, Pro1659, Phe1662, and Leu1676, on BRCA1 

BRCTs between the β1 and α1. This small hydrophobic groove further expands the peptide 

interface on the N-terminal BRCT of BRCA1 and facilitates interactions with the peptide 

that has N-terminal hydrophobic residues (White et al., 2015). 

In contrast, the non-canonical BRCT4/5 of TopBP1 has its central beta sheets 

arranged in an antiparallel fashion, and binds peptide regardless of their orientation. The 

surface involved in interaction with partner proteins is found exclusively on the C-terminal 

BRCT5 (Figure 5-1B). This BRCT5 domain has a positively charged surface that runs from 

the phosphate binding pocket consists of Lys704, Ser654, and Gln655, to an extended 

arginine and lysine enriched β2’-β3’ loop (consist of Arg681, Lys682, Lys686, and Lys687). 

In addition, there is a hydrophobic groove consisting of Phe678, Phe679, Ala707, Trp711 

and Met689 that sits in the middle of the positively charged surface, which adds more 

selectivity to this BRCT (Figure 5-2B) (Leung et al., 2013). 

Interestingly, there is a third type of tandem BRCT repeat, in which both BRCT  
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Figure 5-1. Overview of tandem BRCT domains. 
X-ray structures of (A) BRCA1 BRCTs (PDB ID: 1JNX). (B) TopBP1 BRCT4/5 (PDB ID: 
3UEN). (C) Rad4 BRCT1/2 (PDB ID: 4BU0). In each BRCT, blue arrows indicate the 
directions of core beta sheets. All the protein-binding surfaces are in pink except the one of 
Rad4 BRCT2 which is found on the back of the current view shown by a pink arrow.   
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Figure 5-2. Structure features of TopBP1 BRCT4/5 and BRCA1 BRCTs interactions 
with their partner proteins. 
Detail structure features of protein interaction surface on (A) BRCA1 BRCTs (PDB ID: 
1JNX) and (B) TopBP1 BRCT4/5(PDB ID: 3UEN) are presented here. All the important 
residues involved in protein-protein interactions are highlighted in stick view. Major areas 
with different features on the proteins are circled by dash-line. The purple indicates 
phosphate-binding pocket, orange indicates hydrophobic pockets, and blue area indicates 
positively charged platform. Sequence alignment of peptide partners of (C) BRCA1 
BRCTs and (D) TopBP1 BRCT4/5. All the important phosphorylated residues are shown 
in pink, hydrophobic residues are shown in green, and acidic residues are shown in red. 
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domains have the well-constructed phosphate-binding pockets capable of phosphopeptide 

binding. BRCT1/2 of Rad4TopBP1 is a good example of such tandem BRCT repeats (Qu et al., 

2013).  The central beta sheets from Rad4 TopBP1 BRCT1/2 are almost perpendicular to each 

other, making the two phosphate-binding pockets isolated onto two almost perpendicular 

dimensions (Figure 5-1C). Both BRCTs of Rad4 TopBP1 are found to interact with the 

N-terminal loop region of Crb253BP1 with multiple phosphorylated threonine sites. The 

BRCT1/2 of the N-terminal triple BRCTs from TopBP1 also exhibit domain architectures 

that are similar to Rad4 TopBP1 BRCT1/2 (Huo et al., 2010). However, only TopBP1 BRCT1 

is found to be involved in the interaction with Rad9 of the 9-1-1 complex. The 

phosphate-binding pocket of BRCT2 is likely involved with a yet unknown protein partner 

of TopBP1 BRCT0/1/2. 

 

5.3 Novel aspects of BRCT mediated protein interactions 

In spite of their differences, BRCA1 BRCTs and TopBP1 BRCT4/5 also share some 

intriguing features. Firstly, they both have a type I phosphate binding pocket that can 

interact with either pSer or pThr. This type of phosphate-binding pocket interacts with 

phosphate using two side chains (S1655/S654, K1702/K704 in BRCA1/TopBP1, 

respectively) and one main chain NH (G1656/Q655 in BRCA1/TopBP1) (Figure 5-3A,B). 

This is different from the type II phosphate-binding pocket that only interacts with pThr, as 

we observed in Rad4TopBP1 BRCT2. In addition to the side chain of Thr110 and Lys151 and 

the main chain NH of Asn111, the side chain guanidinium of Arg117 from Rad4 TopBP1 

BRCT2 also engages the phosphate head group of threonine from Crb253BP1 (Figure 5-3C).  

Secondly, the interactions between their phosphate binding pockets and the 

phosphate of their partner protein can both be partially replaced by polar residues. Overlay 

of BRCA1/nonphosphopeptide complex with BRCA1/BACH1 phosphopeptide complex 

structure shows that the nonphosphopeptide inhibitor of BRCA1 uses glutamate to maintain  
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Figure 5-3. Phosphorylation-dependent and independent interactions of tandem 
BRCTs. 
Phosphorylation-dependent interaction of (A) BRCA1 BRCTs in complex (PDB ID:1T15). 
(B) TopBP1 BRCT4/5 in complex with pSer 304 BLM peptide (PDB ID:5U6K). (C) Rad4 
BRCT2 in complex with pThr Crb2 peptide (PDB ID: 4BU0) are presented here with the 
focus on the phosphate binding pockets of each structure. All hydrogen bonds are indicated 
by yellow dashed lines. Similarly, phosphorylation-independent interaction of (D) BRCA1 
BRCTs in complex with nonphosphorylated peptide inhibitor  (PDB ID: 4OFB). (E) 
TopBP1 BRCT4/5 in complex with MDC1 SDT repeat peptide (PDB ID:3UEO) are 
presented with alignment against existing protein complex structures in panel (A) and (B) 
accordingly.  
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two out of three hydrogen bonds found in interaction with pSer of phosphopeptide BACH1 

(Figure 5-3A, D). Besides, structural comparison of TopBP1 BRCT5 interaction with BLM 

and MDC1 suggests that asparatate can also form two hydrogen bonds with phosphate 

binding pockets to mimic the role of phosphate (Figure 5-3B, E) 

Thirdly, when interacting with phosphopeptide in a phosphorylation-dependent 

manner, both proteins utilize a hydrophobic pocket formed by residues downstream of the 

phosphate-binding pocket on the tandem BRCTs. In the case of BRCA1 BRCTs, this 

hydrophobic pocket targets residues from the +3 position of the phosphopeptide, and 

preferentially recognizes Phe. Therefore, it is no surprise that the core pS-X-X-F motif is 

largely preserved in phosphopeptide partners of BRCA1, including BACH1, CtIP and 

Abraxas (Liu and Ladias, 2013; Varma et al., 2005; Wu et al., 2016) (Figure 5-2A, C). This 

hydrophobic pocket plays a crucial role in phosphorylation independent protein recognition 

of BRCA1 BRCTs as well. My study of the nonphosphopeptide inhibitor of BRCA1 

BRCTs has already proved that an E-X-X-F motif can partially mimic the pS-X-X-F motif 

of phosphopeptides. Meanwhile, hydrophobic interactions between residues upstream of 

pSer and the second hydrophobic groove on N terminal BRCA1 BRCT likely compensate 

for the loss of one hydrogen bond in phosphate binding pocket and further secure the 

nonphosphopeptide. DNA-PKcs was suggested to interact with BRCA1 BRCTs in a 

phosphorylation-independent manner via its 1500-2182 region (Davis et al., 2014). We 

have identified four fragments that contain an E-X-X-F motif from this region (discussed in 

Chapter 2, see Figure 2-10). Recently, the X-ray crystal structure of DNA PKcs was solved 

at 4.3 Å (Sibanda et al., 2017). While three of the fragments we found turn out to be from a 

packed structural region of DNA PKcs, the fragment of residue 1767-1782 appears to be 

from an unstructured loop region that is now present in the crystal structure. This suggests 

these residues are likely from a solvent-exposed region of DNA PKcs, making them a good 

target for PPI with BRCA1 BRCTs. It will be interesting to further examine this region to 
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see whether DNA PKcs obeys similar model of interaction observed for the 

nonphosphopeptide inhibitor. 

Interestingly, the role of the hydrophobic pocket on TopBP1 BRCT5 varies on a 

case-by-case basis. Despite their opposite peptide orientations, both MDC1 and BLM place 

a Val in the hydrophobic pocket (Figure 5-2B, D). However, the hydrophobic interaction is 

only essential for the highly phosphorylation-dependent interaction between BLM and 

TopBP1 BRCT5. The positively charged loop only plays a supportive role in the 

phosphorylation-dependent interaction of TopBP1 BRCT4/5. Although the MDC1 SDT 

repeat peptide also contains a D-X-X-V motif that can mimic the V-X-X-pS motif of BLM, 

my mutagenesis studies have shown that a Val to Asp mutation on MDC1 can easily 

compensate the loss of hydrophobic interaction within the hydrophobic pocket with new 

electrostatic interactions with the neighboring positively charged loop. In fact, the 

interaction between double phosphorylated MDC1 SDT repeat peptide and TopBP1 

BRCT4/5 appears to have less phosphorylation dependency but more electrostatic 

dependency. While neither pSer nor pThr from the MDC1 peptide fits well in the phosphate 

binding pockets, the overall negative charge of this peptide makes it highly attractive to the 

positively charged loop on TopBP1 BRCT5.  

Therefore, I propose that both BRCA1 BRCTs and TopBP1 BRCT4/5 interact with 

various protein partners using two different models: one is highly 

phosphorylation-dependent, the other is likely not. I hypothesize that the dual model of 

interacting mechanisms exhibited by these two sets of tandem repeats may assist the 

regulation of their interaction with multiple protein partners under different cell cycles to 

activate different signal cascades. Since many BRCT family proteins act as important 

scaffold proteins that involve in many PPIs, it will be interesting to look into other proteins 

with tandem BRCT repeats.  
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5.4 Therapeutic potential in BRCT family proteins 

Dominated by proteins involved in cell cycle regulation, DNA damage response, 

and repair, BRCT family proteins are ideal targets for the development of DNA damaging 

cancer therapy. For instance, mutations in BRCA1 are found in about 50% of hereditary 

breast cancer patients (Miki et al., 1994). In particular, truncations or mutations, such as 

M1755R/K, in BRCA1 BRCT domains disable the BRCT mediated PPI of BRCA1, and 

sensitize the cancer cell to DNA damaging cancer therapy (Kennedy et al., 2003; Paul and 

Paul, 2014). However, over 95% of sporadic breast and ovarian cancer patients carry WT 

BRCA1 (Johnson et al., 2013). Therefore, cell-permeable PPI inhibitors that target the 

BRCA1 BRCT are potential anticancer agents. TopBP1 also seems to be a good target for 

cancer therapy, as it contains multiple sets of functional BRCTs that are involved in 

regulation of multiple oncogenic pathways. For example, calcein has been suggested 

recently in selective targeting of TopBP1 BRCT7/8 to block TopBP1 oligomerization and 

inhibit p53 binding (Chowdhury et al., 2014). This subsequently reactivates 

E2F1-dependent apoptosis, and blocks mutp53 gain-of-function in cancer cells.  

However, unlike enzymes or receptors with highly compact and well-defined active 

sites or pockets, targeting of BRCT remains challenging. The BRCT domains have an 

extensive protein-protein interface with rather shallow phosphate-binding pockets, and 

additional specificity from neighboring hydrophobic pocket or charged surfaces. Since the 

middle of 20th century, small molecule (< 500Da) inhibitors have been the mainstream 

pharmaceutical compounds. Benefiting from their small sizes, they often have advantages 

in solubility and cell-permeability (Craik et al., 2013). In particular, the development of 

small molecule cancer drugs has blossomed in the last 20 years (Coussens et al., 2017). 

Unfortunately, their limited sizes also restrained the numbers of functional groups they 

have, so they often fail to provide sufficient free energy for interaction with a large 

protein-protein interface, such as the one on BRCT domain. Previous attempts to identify 

small molecule inhibitors for BRCA1 BRCTs using either structural based computational 



	

	
143	

docking method or experimental high-throughput small molecule screening method both 

failed to reveal any useful compounds (Campbell, 2012). Instead, peptide mimetic based 

inhibitors caught the eyes of many researchers, because peptides have larger surface areas 

and can be easily screened by array technologies (Katz et al., 2011).  

Being the best defined pocket on BRCT domains, the phosphate-binding pocket of 

BRCT has been the primary target of inhibitor design. However, an ideal phosphopeptide 

inhibitor requires delicate chemical engineering to guard the phosphate group of the key 

amino acid during cellular penetration process before it reaches the targets. Previous 

collaboration between my lab and Dr. Amarnath Natarajan’s group (University of Nebraska 

Medical Center) has come up with a phosphopeptide inhibitor of BRCA1 BRCT, but 

successful cellular uptake of this inhibitor requires conjugation to other cell-penetrating 

peptides (Pessetto et al., 2012, 2016; Yuan et al., 2011). On the other hand, my study in 

collaboration with Dr. Matthew C. T. Hartman’s group (Massey Cancer Center, Virginia 

Commonwealth University) has revealed the first unphosphorylated peptide inhibitor of 

BRCA1 BRCT (White et al., 2015). The study of nonphosphopeptide interaction with 

BRCA1 BRCT provides new structural insights that were overlooked in previous structure 

studies. This suggests that incorporation of unnatural amino acids into the 

mRNA-displayed peptide library helps the discovery of new peptide target of BRCA1 

BRCTs. We believe this so-called PURE system used by Dr. Hartman’s group, could be 

beneficial for the development of peptide mimetic inhibitors of other BRCT domains, and 

screening of the three sets of BRCTs from TopBP1, including BRCT4/5, is currently 

carried out by Dr. Hartman’s lab. Since my study of TopBP1 BRCT4/5 has suggested that 

it may also be involved in PPI via a less phosphorylation-dependent mechanism (Leung et 

al., 2013), development of nonphosphopeptide inhibitors that target TopBP1 BRCT4/5 

seems promising.  

Interestingly, Dr. Shao Q. Yao’s group (Department of Chemistry, National 

University of Singapore) recently developed a peptide-hybrid small-molecule microarray 
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(SSM) system that converted peptide-based PPI inhibitors of BRCT domains to 

cell-permeable small-molecule-like compounds using a fragment-based combinational 

approach (Figure 5-4). Using this method, they have identified two cell-permeable 

inhibitors of BRCT domains: compound 15/15a that target BRCA1 BRCTs, and (+/+) 

gossypol that targets PARP1 BRCTs (Figure 5-5) (Na et al., 2014; Na et al., 2015). 

Unfortunately, I failed to validate their BRCA1 BRCTs inhibitor function by FP in vitro, 

and attempts to crystallize this inhibitor in complex with BRCA1 BRCTs also yielded no 

result. It is unclear why I observed no activity with the compound as the chemical property 

of this compound had been validated by mass spectrometry (MS) after we received the 

sample. It is possible that the organic solvent, 100% DMSO, used in their inhibitor sample 

has somehow interfered the compound activity. Further investigation on the specificity of 

compound 15 and gossypol in targeting BRCT domains is needed to evaluate the efficacy 

of this SSM based method.               

In summary, we believe the development of peptide mimetic inhibitors of BRCT 

family proteins is very beneficial for oncology drug discovery. With recent technical 

advances in synthetic chemistry and molecular biology, methods that provide more 

efficient peptide productions and larger diversity in chemical modifications all promotes 

the development of peptide-like drugs (Alexandru-Crivac et al., 2017; Hamzeh-Mivehroud 

et al., 2013; Wang and Liu, 2011). For example, the PURE system developed by Dr. 

Hartman’s lab is not only efficient in generating a large peptide library that incorporates 

various chemical modifications on peptides, but also allows direct in vitro selection of 

inhibitors against targets, such as BRCT domains. Although the delivery of peptides to 

cellular targets has its challenges, further modifications on peptides to form cyclized 

peptide or peptide conjugates often resolve these issues (Ahrens et al., 2012; Craik et al., 

2013). Besides, peptide mimetic inhibitors can also play a significant role in scientific 

research. Like we observed with the SSM system developed by Dr. Yao’s lab, the 

development of peptide mimetic inhibitors often lead to the discovery of new small  
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Figure 5-4. Workflow of the microarray assisted discovery of cell-permeable 
small-molecule-like PPI inhibitors of BRCT family proteins. 
Starting	 from	 a	 1000-member	 universal	 phosphopeptide	 microarray	 screened	 against	
Cy5-labeled	 BRCT	 family	 proteins.	 It	 first	 determined	 the	most	 preferred	 (BRCT)2-binding 
motif	of	the	phosphopeptide	(Step	I).	From	this	point,	they	can	carry	out	a	peptide	microarray	
screening	 against	 Cy5-labeled	 PARP1	 BRCT.	 In	 these	 phosphopeptides,	 residues	 from	 the	
preferred	motif	are	individually	substituted	with	each	of	the	20	natural	amino	acids	(Step	II).	
The	 best	 phosphopeptide	 partner	 of	 PARP1	 BRCT	 was	 attached	 with	 an	 N-terminal	
fluorescein	 dye	 and	 used	 as	 the	 probe	 for	 High-throughput	 screening	 of	 a	 small	 molecule	
compound	library	(Step	III).	Or	they	can	employ	the	fragment-based	combinatorial	approach	
and	synthesize	a	peptide-hybrid	small-molecule	library	of	BRCA1	BRCT.	All	these	compounds	
have	a	biotin	tag	for	subsequent	SMM	immobilization	(Step	II).	Then	the	hit	compounds	were	
reconstituted	 without	 the	 biotin	 tag	 (Step	 III).	 In	 both	 studies,	 final	 hits	 were	 further	
validated	by	in	vitro	quantitative	binding	assays	(FP,	thermal	shifts,	ITC)	and	in	situ	cell-based	
assays	(Step	IV). 
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Figure 5-5. Small molecule inhibitors of BRCT family proteins.  
Structures of small molecule inhibitor compounds of (A) BRCA1 BRCTs and (B) PARP1 
BRCTs. The structure shown in (B) only represent the (-)-Gossypol. 
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molecule compounds. Therefore, research that deciphers the molecular details of PPI of 

BRCT family proteins is critical for the further therapeutic development of genomic 

instability diseases, especially cancers, in humans.  
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A.1 Introduction 

Brd4 is a member of the bromodomain and extra-terminal domain (BET) family 

proteins. It has three major domains: the bromodomain and extra-terminal (ET) domain, 

which are highly conserved within the BET family; and a C-terminal domain, which varies 

between different BET proteins (Taniguchi, 2016). Brd4 plays important roles in controlling 

cell proliferation by regulating the expression of transcription factors (Dey et al., 2000). Like 

other BET family proteins, Brd4 can recognize acetylated lysine residues on histones through 

its bromodomain and controls the movement of RNA polymerase II (RNA Pol II) on 

chromatin (Dey et al., 2003). In addition, Brd4 can also enhance recruitment of positive 

transcription elongation factor b (P-TEFb) through its CT domain (Itzen et al., 2014; Jang et 

al., 2005; Yang et al., 2005). However, the function of the ET domain remains unclear. It has 

been suggested to involve in the interaction with several transcriptional co-activators 

(Rahman et al., 2011) and retroviral integration proteins (Crowe et al., 2016). 

We have previously shown that MDC1 can recruit TopBP1 to a DSB site through 

direct protein-protein interaction (PPI), and further amplifying the ATR activation in cells 

(Chapter 2). However, it remains unclear how cells regulate the TopBP1 and MDC1 

recruitment to DNA damage sites. Recently, evidence supporting the roles of Brd4 in 

regulating DDR started to surface. Brd4 was found to recruit condensin II chromatin 

remodeling complex to acetylated histones using its bromodomain. This then allows Brd4 to 

alter chromatin structures to modulate ionizing radiation (IR) induced DDR signaling 

cascade (Floyd et al., 2013). Through an unbiased proteomic screen, our collaborator Dr. 

Yaffe’s lab (Koch Institute for Integrative Cancer Research, Massachusetts Institute of 

Technology), revealed a novel interaction between Brd4, MDC1, and TopBP1. They have 

also proved that inhibition of Brd4 bromodomain interaction with acetyl-lysine of histones 

can induce replication stress and DNA damage in cells. Interested in how TopBP1 interacts 

with Brd4, we carried out a series of pull-down assays in vitro. Our result reveals that the ET 

domain of Brd4 can interact with the BRCT6 of TopBP1 to stabilize the TopBP1-MDC1 
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chromatin scaffold. Disruption of the Brd4 interaction with TopBP1 may induce endogenous 

replication stress and DNA damage. However, the interactions between TopBP1 BRCT6 and 

Brd4 ET domain is not strong enough to form a stable complex in vitro, which limited further 

structural investigation on this interaction alone. 

 

A.2 Results 

A.2.1 Brd4 interacts with TopBP1 BRCT6 through its ET domain 

To identify the functional domains involved in TopBP1 interaction with Brd4, we 

first designed various truncation constructs of both proteins and expressed them individually 

with a glutathione S-transferase (GST) tag in E. coli (Figure A-1). The interactions between 

different domains on both proteins were then examined by dual GST pull-down assays. We 

first isolated the GST tagged ET or CT domain of Brd4 from crude cell lysate using 

GST-affinity beads, then we apply purified proteins of functional TopBP1 BRCTs to the 

Brd4 bound beads (Figure A-2A). We were only able to observe clear co-existence of 

TopBP1 BRCT6 and GST-Brd4 ET on the beads (Figure A-3A, B). Our control experiment 

with GST alone on the beads shows no presence of TopBP1 BRCT6, indicating GST cannot 

interact with TopBP1 BRCT6 (Figure A-3C). To further validate our results, we carried out a 

reverse pull-down assay by applying purified GST-TopBP1 BRCT6 to beads, and then crude 

purified Brd4-ET protein (Figure A-2B). As expected, we found most Brd4 ET proteins from 

load were co-localized with TopBP1 BRCT6 on the bead (Figure A-4).  

However, there was one issue with visualizing our pull-down result by coomassie 

blue staining on SDS-PAGE gels. Due to the similarity in protein size, the band position of 

GST-ET overlapped with TopBP1 BRCT0/1/2 (Figure A-3A), and the band position 

GST-CT overlapped with TopBP1 BRCT0/1/2 and TopBP1 7/8 (Figure A-3B). It seems  
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Figure A-1. Construct overview of TopBP1 and Brd4 proteins. 
Two GST tagged constructs of Brd4 used in our study are presented here. All functional 
domains of TopBP1 are also highlighted here. GST tagged constructs of BRCT0/1/2, 
BRCT4/5, BRCT6, BRCT7/8 domains were made based on the fragments indicated here.  
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Figure A-2. Outline of different Pull-down assays used in interaction study of TopBP1 
and Brd4. 
(A) Cross-matched GST pull-down assay of TopBP1 BRCTs with different GST tagged 
Brd4 domains. (B) Reverse GST pull-down assay of BRD4 ET domain with GST tagged 
TopBP1 BRCT6. (C) S

35
 labeled methionine pull-down assay of TopBP1 functional 

domains with different GST tagged Brd4 domains 
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Figure A-3. Cross-matched interaction study of various Brd4 domains with TopBP1 
BRCTs. 
The interactions between purified TopBP1 BRCT0/1/2, BRCT4/5, BRCT6, and BRCT7/8 
domains and GST tagged (A) CT domain, (B) ET domain, or (C) GST tag alone examined 
by GST pull-down assay. L indicates loaded purified TopBP1 BRCTs controls. E 
represents elution from GST pull-down. MW: molecular weight standard. Black arrows 
indicate bands of different BRCTs, and brown arrows indicate potential positive 
interactions.  
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Figure A-4. Validation of Brd4 ET domain interaction with TopBP1 BRCT6. 
(A)	Reverse	GST	pull-down	assay	of	Brd4	ET	domain	with	GST	tagged	TopBP1	BRCT6.	

L	represents	loaded	purified	Brd4	ET	proteins,	and	only	protein	buffer	used	for	Brd4	

ET	 is	loaded	for	the	control.	B	represents	protein	samples	bound	on	the	glutathione	

beads,	 and	 E	 represents	 protein	 sample	 eluted	 from	 beads.	MW:	molecular	weight	

standard.	 (B)	 S
35
	 methionine	 pull-down	 assay	 of	 TopBP1	 functional	 domains	 with	

different	 GST	 tagged	 Brd4	 domains.	 The	 IP	 result	 (top	 panel)	 only	 shows	 the	 S
35
	

labeled	 TopBP1	 protein	 variants,	 while	 the	 purity	 of	 GST	 tagged	 Brd4	 protein	

variants	are	visualized	by	ponceau	S	staining	(bottom	panel).	Data	in	Panel	B	is	from	

Dr. Yaffe’s group. 
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impossible to judge with certainty whether these proteins co-localize on beads. Therefore, I 

designed a similar S35-Methionine label based pull-down assay, which our collaborator (Dr. 

Lam from Dr. Yaffe’s lab in MIT, USA) carried out (Figure A-2C). In agreement with our 

observation, they were only able to find the interaction between Brd4 ET domain and 

TopBP1 BRCT6 as well (Figure A-4B). Together, our results suggest that the interaction 

between TopBP1 and Brd4 occurs specifically between the TopBP1 BRCT6 and the Brd4 ET 

domain. 

 

A.2.2 Disruptions of TopBP1/Brd4 interaction induces replication stress and DNA 
damage  

Interested in the function of TopBP1/Brd4 interaction in cells, our collaborator first 

examined the localization of WT TopBP1, Brd4 and truncated TopBP1-BRCT6Δ, Brd4-ETΔ 

in HCT116 cells (Figure A-5). They found a discrete reticular and punctate staining pattern 

in the nuclei of resting cells expressing full length BRD4 and TopBP1. In contrast, 

expression of either BRD4-ETΔ or TopBP1-BRCT6Δ resulted in a uniformly diffuse pattern 

of staining. This implies the disruption of Brd4-TopBP1 interaction may alter the chromatin 

scaffold formation in cells. Interestingly, immunoprecipitation (IP) results show full length 

TopBP1 (F-TopBP1) interact with both MDC1 and Brd4. Since MDC1 is known to interact 

with TopBP1 and histone γH2AX of chromatin, disruption of TopBP1-MDC1 interaction 

may also effect chromatin scaffold formation. However, F-TopBP1 BRCT6Δ still interacts 

with MDC1, not Brd4, indicating deletion of BRCT6 solely abolishes TopBP1-Brd4 

interaction. 

To examine whether the Brd4-TopBP1 interaction was required for TopBP1 

localization to HU (Hydroxyurea)-induced damage foci on chromatin, HCT116 cells were 

co-transfected with BRD4 and either WT TopBP1 or TopBP1-BRCT6Δ in a 1:1 ratio. The 

recruitment to damage foci was assessed with or without an eight hours treatment of 2mM  
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Figure A-5. Disruption of Brd4-TopBP1 interaction alters the chromatin scaffold 
formation.  
(A) Representative images that demonstrate discrete reticular and punctate staining 
pattern in the nuclei of resting cells transfected with full length BRD4 or TopBP1. In 
contrast, cells expressing Brd4 lacking the ET domain (Brd4-ETΔ) or TopBP1 lacking 
the BRCT6 domain (TopBP1-BRCT6Δ) demonstrate uniformly diffuse nuclear 
staining. The green color indicates staining for the Brd4 protein in cells. (B) Western 
blot of co-IP of MDC1 and Brd4 using flag-tagged TopBP1 (F-TopBP1) with loss of 
interaction with Brd4 using TopBP1 lacking BRCT6 (F-TopBP1-BRCT6Δ). Data in 
this figure is from Dr. Yaffe’s group. 
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HU. It has been shown previously by our collaborator that inhibition of Brd4 bromodomain 

activity by the small molecular inhibitor JQ1 can also induce DNA damage. (Unpublished 

data) Interested in the role of Brd4-TopBP1 interaction under Brd4 inhibition, treatment with 

1 mM JQ1 in addition to 2 mM HU was also included. They observed apparent 

co-localization of BRD4 with full length TopBP1 (Figure A-6A, top panels, and 6C) but not 

with TopBP1-BRCT6Δ (Figure A-6B, top panels, and 6C) in cells at their basal state (DMSO 

treated). The basal γH2AX foci, caused by endogenous DNA damage in cells, co-localized 

with both BRD4 and TopBP1 (Figure A-6A, top panels, and 6C). Upon HU treatment, the 

number of these triple-staining foci was greatly enhanced (Figure A-6A middle panels and 

6C, D). Disruption of bromodomain interactions with JQ1 (Figure A-6A bottom panels and 

6C) and expression of TopBP1-BRCT6Δ (Figure A-6B) both resulted in the loss of discrete 

γH2AX, BRD4, and TopBP1-BRCT6Δ foci in HU-treated cells. They observed pan-nuclear 

γH2AX staining and reduced BRD4-TopBP1-BRCT6Δ co-localization (Figure A-6B middle 

panels and 6C) that was minimally altered by JQ1 treatment (Figure A-6B lower panels and 

6C) in cells expressed TopBP1-BRCT6Δ. Together, their results demonstrate that BRD4 

co-localizes with TopBP1 to both endogenous and HU-induced sites of DNA damage. The 

loss of the functional interaction between BRD4 and TopBP1 can disrupt the chromatin 

scaffold formation, causing chromatin instability, and inducing replication stress, and DNA 

damage. 

 

A.2.3 Protein complex of TopBP1 BRCT6/Brd4 ET domain is unstable in vitro 

Given the functional importance of Brd4 interaction with TopBP1, we would like to 

gain more structural insight on this interaction. However, to further examine this interaction 

structurally using X-ray crystallography, it is crucial to obtain a stable complex of 

TopBP1/Brd4 first. Interested in whether TopBP1 BRCT6 can form a stable complex with 

the Brd4 ET domain in solution, we analyzed the freshly made TopBP1 BRCT6/ Brd4  
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Figure A-6. Disruption of the Brd4-TopBP1 interaction prevents recruitment of 
TopBP1 to replication stress-induced DNA damage foci. 
(A) Cells show colocalization of transfected full-length TopBP1 and full-length Brd4 to 
endogenous damage foci in basal state cells (DMSO; upper panel). Treatment with HU 
increases colocalization of TopBP1 and Brd4 to replication stress-induced gH2AX foci 
(middle panel). Co-treatment of cells with JQ1 and HU results in loss of discrete γH2AX, 
BRD4, and TopBP1 foci (JQ1+HU; lower panel). (B) Cells transfected with full-length 
Brd4 and TopBP1-BRCT6Δ show loss of colocalization of TopBP1-BRCT6Δ with Brd4 
and also demonstrate pan-nuclear γH2AX staining under basal conditions (DMSO; upper 
panel). Full-length Brd4 and TopBP1-BRCT6Δ fail to colocalize to HU-induced damage 
foci and demonstrate a diffuse nuclear staining pattern. (C) Co-localization analysis of 
full-length TopBP1/ BRD4/γH2AX foci compared to TopBP1-BRCT6Δ/ Brd4/γ H2AX 
foci. (D) IF quantification of γH2AX in cells co-expressing full-length TopBP1 and Brd4 
and in cells co-expressing full-length Brd4 and TopBP1-BRCT6Δ. Cells are treated with 1 
mM JQ1 and/or 2 mM HU for 8 hrs. Data in this figure is from Dr. Yaffe’s group. 
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ET mixture using size exclusion chromatography. In control runs with single protein species, 

we observed TopBp1 BRCT6 elution peaked at 12.6 ml while Brd4 ET peaked around 13.3 

ml (Figure A-7), indicating TopBP1 BRCT6 has larger molecular weight (MW) than Brd4 

ET. This is further validated by gel electrophoresis, as we found BRCT6 runs higher than ET 

on the SDS-PAGE gel. Both results agree with the fact that Brd4 ET has a smaller estimated 

MW (10.5 kDa) than TopBP1 BRCT6 (11.9 kDa). Surprisingly, we only observed a single 

elution peak at 13.3 ml with a slightly wider left shoulder for the TopBP1 BRCT6/Brd4 ET 

mixture. Since the protein complex of TopBP1/Brd4 has a bigger MW and should elute faster 

than both controls, our result indicates that the complex of Brd4 ET/TopBp1 BRCT6 is not 

stable on its own in solution. 

Chemical crosslinking has been commonly used in PPI studies, and for complex 

stabilization in structure studies (Tran et al., 2016) (Tang and Bruce, 2009). BS3 

cross-linking is a powerful method that can induce protein oligomerization as well as 

stabilize protein-protein interactions (Kilkenny et al., 2012; Lay et al., 2012). Therefore, we 

attempted to obtain a stable Brd4/TopBP1 heterodimer using BS3 cross-linking. Control 

experiments of Brd4 ET and TopBP1 BRCT6 protein alone indicated that both proteins exist 

mostly as monomers in solution (Figure A-8A). Upon BS3 treatment, both proteins slowly 

shift to a dimer form in concentrations higher than 50 µM, then possibly a tetramer form at 

500 µM. This BS3 induced oligomerization in solution appears to be more evident in TopBP1 

BRCT6. We then applied the BS3 treatment on the Brd4/TopBP1 complex sample. 

Unfortunately, we observed a triple shift at 50 µM, indicating the BRD4/TopBP1 

heterodimer coexists with the homodimer of BRD4 or TopBP1 in solution (Figure A-8B). 

This suggested that the interaction between TopBP1 BRCT6 and Brd4 ET domains is too 

weak, and BS3 crosslinking is not suitable for stabilizing TopBP1 BRCT6/Brd4 ET complex 

because it also triggers self-oligomerization of both protein domains.  
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Figure A-7. Analyze of Brd4 ET/ TopBP1 BRCT6 complex stability in solution by gel 
filtration chromatography. 
An equivalent amount of purified TopBP1 BRCT6, Brd4 ET, or Brd4 ET/TopBP1 BRCT6 
complex samples were analyzed by size exclusion chromatography (Superdex 75 10/300). 
The composition of samples collected from elution peaks are visualized by gel 
electrophoresis. Due to overload of sample, limited resolution of the Brd4 ET/TopBP1 
BRCT6 mixture sample was found on the first gel. This same sample was reload after 1/10 
dilution on another SDS-PAGE gel to achieve better resolution.     
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Figure A-8. BS
3
 cross-linking treatment for stabilizing Brd4 ET/ TopBP1 BRCT6 

complex. 
(A) BS

3
 treatment results of Brd4 ET or TopBP1 BRCT6 alone. (B) BS

3
 treatment results 

of Brd4 ET/ TopBP1 BRCT6 mixture, with GST protein as a positive control. 
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A.3 Discussion 

It was shown previously by our collaborator that Brd4 co-localized with both TopBP1 

and MDC1 on chromatin. They also proved that inhibition of Brd4 by JQ1 could block the 

interaction of Brd4 bromodomain with acetylated lysine of histone and disrupt recruitment of 

TopBP1/MDC1 scaffold on chromatin. Our study has revealed that the Brd4 ET domain 

interacts exclusively with the BRCT6 domain of TopBP1. While the direct interaction 

between Brd4 and MDC1 has yet to be proved, we have already shown that TopBP1 can 

interact with the SDT repeats of MDC1 through its BRCT5 (Chapter 2). Therefore, we 

speculate that Brd4 may recruit MDC1 indirectly through TopBP1 to form the large protein 

scaffold on chromatin as well. 

To our surprise, our results suggest that TopBP1 BRCT6 by itself cannot form a 

stable complex with Brd4 ET. Although a TopBP1 BRCT6 has been implicated in interaction 

with several DDR proteins, including the phosphorylated E2F1 and PARP1, the precise 

mechanisms of these interactions remain mysteries (Liu et al., 2003; Wollmann et al., 2007). 

A recent structural and biochemical study of TopBP1 BRCT6 from our lab indicated that 

BRCT6 does not contain a functional phosphate-binding pocket to interact with 

phosphopeptide, and its PAR-binding motif is likely an artifact (Leung et al., 2010). 

Therefore, further investigation would be needed to understand the detailed mechanism of 

TopBP1 BRCT6 interaction with Brd4 ET domain. While the interaction between MDC1 and 

TopBP1 BRCT5 has been suggested in helping to recruit TopBP1 to DNA damage site 

(Chapter 2), results from this study indicate that Brd4 can also assist in the recruitment of 

TopBP1. Thus, the instability of TopBP1 BRCT6/Brd4 ET implies either it only exists as a 

transient complex in cells, or it is part of a bigger complex that is stabilized through other 

interactions.   

Human papillomavirus (HPV) 16 is the most common HPV that can cause many 

cancers in humans, including cervical and head and neck cancer (zur Hausen, 2009). 
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Targeting regulation of viral DNA replication could have therapeutic benefits in treating 

these cancers. Recently, evidence supporting the role of TopBP1 and Brd4 in the initiation of 

viral DNA replication surfaced (Gauson et al., 2015). While both Brd4 and TopBP1 were 

found to co-localize with HPV16 E1/E2-containing nuclear foci in cells, only the interaction 

between HPV16 E2 and Brd4 C-terminus was defined structurally (Abbate et al., 2006). 

Although it was shown previously both in vivo and in vitro that HSV16 E2 could interact 

with the C-terminal fragment of TopBP1 (BRCT6-8) (Boner et al., 2002), the detailed 

mechanism of this interaction remains unclear. Since we have shown here that BRD4 can 

interact with the BRCT6 of TopBP1 through its ET domain, it is reasonable to hypothesize 

that this interaction may help to bridge the interaction between TopBP1 and HSV16 E2 or 

vise versa.  

 

A.4 Material and Methods 

Cloning, expression, and purification 

Human TopBP1 BRCT0/1/2 (1-290), BRCT4/5 (549-746), BRCT6 (893-996), BRCT7/8 

(1264-1493) were all cloned into pGEX-6P-1 (GE Healthcare). All these GST fusion proteins 

were expressed in Escherichia coli (E. coli) BL21-Gold cells and purified using GST affinity 

chromatography with glutathione sepharose 4B beads (GE Healthcare) and eluted with 

elution buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 20 mM reduced glutathione and 0.1% 

βME).  

TopBP1 BRCT0/1/2 (1-290) 

Cell pellet was lysed in Lysis buffer (50 mM Tris-Base, pH 8.0, 150 mM NaCl, 5 mM MgCl2, 

5% Glycerol, 1 mM EDTA) by sonication. Solubilized GST-TopBP1 BRCT0/1/2 was then 

purified using GST affinity chromatography with glutathione sepharose 4B beads (GE 

Healthcare) and eluted with elution buffer (25 mM Tris-Base pH 8.0, 150 mM NaCl, 30mM 

reduced glutathione, 1 mM EDTA). GST-TopBP1 BRCT0/1/2 was cleaved by PreScission 
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protease at 4 °C overnight, then BRCT0/1/2 was purified by cation exchange 

chromatography using SP Sepharose Fast Flow column (GE Healthcare) (buffer A: 50 mM 

Tris-Base pH 8.0, 1 mM EDTA; buffer B: 50 mM Tris-Base pH 8.0, 1M NaCl, 1 mM 

EDTA). Further purification was done by gel filtration chromatography using Supderdex 75 

16/60 column (GE Healthcare) in storage buffer (50 mM Tris-Base, pH 8.0, 150 mM NaCl, 5 

mM MgCl2, 1 mM EDTA) 

BRCT4/5 (549-746) 

GST-fusion protein of TopBP1 BRCT4/5 was cleaved with PreScission protease overnight at 

4 °C. BRCT4/5 was purified by anion exchange chromatography using the Q Sepharose Fast 

Flow column (GE Healthcare) (buffer A: 50 mM HEPES pH 7.0, 0.1% βME; buffer B: 50 

mM HEPES pH 7.0, 1 M NaCl, 0.1% βME).  Residual GST was removed by incubation 

with glutathione sepharose 4B beads (GE Healthcare) prior to a final purification step on a 

Superdex 75 26/60 column in storage buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

DTT) 

BRCT6 (893-996) 

GST-fusion protein of TopBP1 BRCT6 was cleaved by PreScission protease at 4 °C 

overnight, and then BRCT6 was purified by gel filtration chromatography using Superdex 75 

16/60 column (GE Healthcare) in storage buffer (10mM Tris-HCl pH 8.0, 150 mM NaCl, 1 

mM DTT) 

BRCT7/8 (1264-1493) 

GST-fusion protein of TopBP1 BRCT7/8 was cleaved by PreScission protease at 4 °C 

overnight, and then BRCT7/8 was purified by cation exchange chromatography using SP 

Sepharose Fast Flow column (GE Healthcare) (buffer A: 50 mM HEPES pH 6.6, 0.1% βME; 

buffer B: 50 mM HEPES pH 6.6, 1M NaCl, 0.1% βME). Further purification was done by 

gel filtration chromatography using Supderdex 75 16/60 column (GE Healthcare) in storage 

buffer (10 mM Tris-HCl pH 7.5, 400 mM NaCl, 1 mM TCEP) 
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Human Brd4 CT (684-719) and ET (602-690) were cloned into pGEX6P1 and expressed in 

E.coli BL21-Gold cells. Cells were grown in LB broth with 50 µg/mL kanamycin and 50 

µg/mL Ampicillin at 28 °C until cell density reached 0.6. The cells were then induced with 

0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for overnight growth at 20 °C. Cells 

were pelleted then sonicated in Lysis Buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% 

EDTA and 0.1% βME), the crude cell lysates were obtained after 30 mins of 17000rpm 

centrifugation. GST-Brd4 ET can be purified using GST affinity chromatography with 

glutathione sepharose 4B beads (GE Healthcare). After cleaving the GST tag with 

PreScission protease at 4 °C overnight, Brd4 ET can be further purified on Superdex75 16/60 

column with storage buffer (150 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DDT).   

Glutathione S-transferase (GST) pull-down assay 

In the first set of pull-down assay, GST affinity beads were first incubated with crude lysate 

of E.coli cell expressing different bait proteins (GST-Brd4 ET, GST-Brd4 CT or GST) at 

4 °C for 1 hr. After removing other proteins through intensive washes (Washing buffer: 150 

mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DDT), 2 mg of purified prey proteins (TopBP1 

BRCT0/1/2, BRCT4/5, BRCT6 and BRCT7/8) were applied to the beads for 1hr at 4 °C to 

interact with bait proteins. The beads were rewashed to remove unbound prey proteins, and 

the remaining GST tagged proteins complex on beads were eluted (Elution buffer: 150 mM 

Tris-HCl, pH 8.0, 150 mM NaCl, 30 mM reduced glutathione, 1 mM DDT) and analyzed by 

gel electrophoresis on an SDS-PAGE gel. In the second set of reverse pull-down assay, 

purified TopBP1 BRCT6 was used as bait protein, and purified Brd4 ET was used as prey 

protein. The procedure is the same as described above for the first pull-down assay. 

S35-Methionine pull-down assay  

We have provided the purified proteins as well as expression constructs of different TopBP1 

domains to our collaborator. This experiment was carried out by Dr. Lam from Dr. Yaffe’s 

group. 
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Size exclusion chromatography 

Superdex 75 16/60 column was pre-calibrated with sample buffer (10 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1 mM DTT). 200 µL of 1mg/mL purified protein sample of TopBP1 BRCT6 

or BRD4 ET domain was first analyzed individually on the column as controls. Then 200 µL 

of 1mg/ml mixture sample was prepared at 1:1 ratio of TopBP1 BRCT6: BRD4 ET domain 

and incubated for 1hr at 4 °C. The mixture sample was analyzed on the same column, and 

samples from peak elution fractions of all three runs were analyzed by gel electrophoresis on 

an SDS-PAGE gel. 

BS3 cross-linking 

Purified protein samples (TopBP1 BRCT6, BRD4 ET, GST, or TopBP1 BRCT6/ BRD4 

mixture) were diluted in PBS buffer (20 mM Sodium Phosphate, 0.15 M NaCl, 20 mM 

HEPES, pH 7.5) to a final concentration of 1µg/µL. A mixture of TopBP1 BRCT6/BRD4 ET 

was made by incubated both proteins at 1:1 molar ratio in PBS buffer for 30mins on ice. In 

five aliquots that contain 10 µg of protein each, BS3 (Bis[sulfosuccinimidyl] suberate) was 

added to final concentration of 0, 10 µM, 50 µM, 100 µM, 500 µM After 30 minutes 

incubation at room temperature, 1µL of 1M Tris-HCl (pH 7.5) was used to quench the 

reaction for 5 minutes. Protein samples were then analyzed by gel electrophoresis on an 

SDS-PAGE gel. 
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Appendix B 

 Structure analogs of TopBP1 BRCT4/5 in Saccharomyces cerevisiae 
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B.1 Introduction 

The maintenance of genome stability is essential for cell survival, and if 

compromised, may ultimately lead to the development of various genetic diseases in humans 

including cancer. Topoisomerase binding protein 1 (TopBP1) is an important scaffold protein 

involved heavily in DNA damage response (DDR) including initiation of DNA replication, 

ATR-dependent checkpoint signaling, and transcriptional regulation. Its abundant BRCA1 

C-terminal (BRCT) domains in particular, are essential for mediating interactions with 

different DDR proteins. 

In yeast systems, there are two well-known homologs of TopBP1 that also play 

important roles in checkpoint activation and DNA replication initiation: the Rad4 TopBP1 in S. 

pombe, and the Dpb11TopBP1 in Saccharomyces cerevisiae (S. cerevisiae) (Wardlaw et al., 

2014). Both Rad4 TopBP1 and Dpb11TopBP1 have two sets of tandem BRCT repeats that 

function collaboratively while interacting with phosphorylated protein partners (Figure 

B-1A). In S. pombe, Rad4 TopBP1 uses its C-terminal BRCT3/4 repeats to interact with 

phosphorylated Rad9. And this interaction is believed to promote the Crb253BP1 recruitment 

via the N-terminal BRCT1/2 repeats of Rad4 TopBP1 (Taricani and Wang, 2006). Three CDK 

phosphorylation sites on Crb253BP1 are phosphorylated sequentially in order to interact with 

the BRCT1/2 of Rad4 TopBP1. While phosphorylation of Crb253BP1 at Thr215 and Thr235 

initiates the interaction with Rad4 TopBP1 BRCT1/2 repeats, the recruitment of 

Cdc2/Cdc13CDK/CyclinB along with Rad4 TopBP1 induces further phosphorylation of Crb253BP1 at 

Thr187.  Since Crb253BP1 self-dimerized via its C-terminal tandem BRCTs (Kilkenny et al., 

2008), the interaction between Rad4 TopBP1 BRCT1/2 repeats and Thr187 residues from the 

homo-dimer of Crb253BP1 results in the formation of a larger tetrameric complex (Qu et al., 

2013). This complex is found to promote Crb253BP1 phosphorylation by Rad3ATR and 

downstream recruitment/activation of checkpoint kinase Chk1 (Qu et al., 2012). 

In S. cerevisiae, a similar pathway for checkpoint activation exists. Upon Mec1ATR 
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Figure B-1. The protein homologs of BRCT family proteins.  
(A) Human TopBP1 and its homologs Rad4 from S. pombe and Dpb11 from S. cerevisiae. 
(B) Rtt107 from S. cerevisiae and its homologs Brc1 from S. Pombe and PTIP from 
humans. The length of each light grey bar reflects the known protein sequences length of 
each protein. The BRCT domains are indicated by similar size grey box and numbered 
sequentially. 
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dependent phosphorylation at T602, the Ddc1 of Ddc1-Mec3-Rad17 (9-1-1) complex recruits 

Dpb11TopBP1 through interacting with its BRCT3/4 repeats. Meanwhile, the N-terminal 

BRCT1/2 repeats of Dpb11TopBP1 interacts with CDK phosphorylated scRad953BP1. Together, 

both interactions promote the recruitment and activation of downstream checkpoint kinase 

Rad53 (Pfander and Diffley, 2011). It is worth noting that Dbp11TopBP1 has an ADD-like 

domain on its C-terminus that can interact with Mec1-Cdc2. This interaction can activate 

Mec1ATR kinase activity and phosphorylate Ddc1. However, whether this interaction is 

essential for DNA damage-induced checkpoint point activation remains debatable (Germann 

et al., 2011; Pfander and Diffley, 2011). Therefore, it is not a surprise that this ADD-like 

domain was recently shown to be absent in the Rad4 TopBP1 protein (Yue et al., 2014).    

Benefiting from the existing structures of Rad4 TopBP1 BRCT domains, it is easier to 

examine the evolutionary trend of TopBP1 BRCT domains between S. pombe and higher 

eukaryotes. Using structural comparison between human TopBP1 BRCT4/5 and Rad4 TopBP1 

BRCT1/2, we have successfully identified the potential pSer target of TopBP1 BRCT4/5 on 

53BP1 (Chapter 3). Therefore, we believed that solving the structure of Dpb11TopBP1 BRCT 

domains can further our understanding of TopBP1 BRCT domains as well. Using protein 

sequences alignment of Rad4 TopBP1 and Dpb11TopBP1 in combination with secondary structure 

prediction of Dpb11 TopBP1, we have defined the regions of BRCT1/2 and BRCT3/4 domains 

on Dpb11TopBP1. We then engineered the GST-tagged Dpb11TopBP1 BRCTs constructs for 

bacterial-based expression in E.coli cells, and designed the purification protocol for obtaining 

untagged Dpb11TopBP1 BRCT proteins for further study. 

Interestingly, the regulator of Ty1 transposition protein 107 (Rtt107) is also an 

important scaffold protein in S. cerevisiae. It recruits many proteins via its six BRCT 

domains during DDR, including DNA replication initiation and checkpoint activation (Figure 

B-1B). The BRCT3/4 and BRCT5/6 of Rtt107 work collaboratively in the recruitment of 

endonuclease Slx4 to DNA lesion (Leung et al., 2016). While the BRCT5/6 of Rtt107 

interacts with γH2A at DNA damage site, the BRCT3/4 recruits Slx4 with the help from 
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BRCT1/2. The Slx4/Rtt107 complex then induces Slx4 phosphorylation by Mec1ATR, which 

allows Slx4 to interact with BRCT1/2 of Dbp11TopBP1(Ohouo et al., 2010). This blocks the 

Dbp11TopBP1 BRCT1/2 interaction with scRad953BP1 and down regulates Rad53 

phosphorylation and checkpoint activation (Ohouo et al., 2013). Moreover, as part of the 

large N-terminal BRCT domains (BRCT1/2/3/4) of Rtt107, BRCT3/4 also play important 

roles in multiple PPIs that support replication progression with partner SUMO and ubiquitin 

ligases (Hang et al., 2015). This N terminal BRCTs of Rtt107 can either interact with Smc5/6 

to form a SUMO ligase complex together with Nse2 or interact with Cullin Rtt101 to form a 

ubiquitin ligase complex together with Mms22/1. 

Previously, a homolog search of Rtt107 has identified Brc1 in S. pombe and PTIP in 

humans as potential homologs of Rtt107 (Figure B-1B). Similarly to Rtt107, both Brc1 and 

PTIP have C-terminal BRCT repeats that can interact with phosphorylated H2A (Williams et 

al., 2010; Yan et al., 2011). However, crystal structures of apo Rtt107 BRCT5/6 and Rtt107 

BRCT5/6 in complex with H2A have revealed an interface that is quite distinct from Brc1 

BRCT5/6 (Li et al., 2012). In addition, it has been noted that aside from high sequence 

similarity, there are very low functional and structural similarities between Rtt107 and PTIP. 

(Gohler et al., 2008) This implies that Brc1 and PTIP may not be very good homologs of 

Rtt107. Using sequence alignment assisted by secondary structure prediction, we have shown 

that Rtt107 BRCT3/4 is likely the structural analog of human TopBP1 BRCT4/5. We have 

designed a few constructs of Rtt107 BRCT3/4 (with either GST tagged or His tag) based on 

our structural predictions and attempted to express these proteins in E. coli. Our preliminary 

results indicated we could successfully express GST-Rtt107 BRCT3/4 constructs in E. coli 

BL21 Gold cells and purify them using a GST affinity column, but the yield of these proteins 

after purification seems to be limited by their solubility. On the other hand, we only observed 

expression of His-Rtt107265-466 in E. coli BL21 DES cells. Likely due to protein instability in 

the current buffer, we failed to purify this protein using size exclusion chromatography. 
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Further experimenting with different buffer composition is needed. However, exploring the 

option of other fusion tags, especially MBP tag, may provide a good solution. 

 

B.2 Results 

B.2.1 Engineering of bacteria based expression constructs of Dpb11 BRCTs 

We first carried out pairwise protein sequences alignment of full-length Rad4 and 

Dpb11 (Figure B-2). The overall sequence conservation between these two proteins is fairly 

low (22.4% identity / 35% similarity). However, the localized sequence conservation 

between several BRCT domains from these proteins seems higher. The BRCT1 of Dpb111-87 

aligned quite well with regions from both BRCT1 (36% identity / 55% similarity) and 

BRCT2 (33% identity / 65% similarity) of Rad4 (Figure B-3A). Both threonine and lysine 

residues from the phosphate-binding pockets of BRCT1/BRCT2 of Rad4 are conserved in 

Dpb11 BRCT1. In addition, the Arg40 of Dpb11 BRCT1 aligned with the Arg 137 of Rad4 

BRCT2, which may further interact with the phosphate head group from pThr/pSer of the  

phosphopeptide. Moreover, the Leu38, Phe58 and His62 from Dpb11 BRCT1 may also form 

a hydrophobic pocket like observed in Rad4 BRCT1 and BRCT2 (Figure B-3B). However, 

the BRCT2 of Dpb11 has lower sequence similarity with known Rad4 BRCT2, making it 

harder to define its region. Using conserved domain (CD) search result from NCBI database 

(Marchler-Bauer et al., 2017), we found a BRCT domain between residues 111-206. 

Therefore, we believed this is likely the BRCT2 of Dpb11 (Figure B-3C).  

Meanwhile, residues 331-489 from Dpb11 aligned with residues 297-440 from Rad4 

BRCT3/4 (Figure B-4A). The Ile343 and Pro386 of Dpb11 BRCT3 aligned with the 

hydrophobic residues (Try311 and Pro355) from BRCT3 of Rad4, suggesting the 

phosphate-binding pocket is also absent in the BRCT3 of Dpb11 (Figure B-4B). Using the 

CD search identified a BRCT domain between residues 326-405 of Dpb11, which we  
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Figure B-2. Pairwise protein sequence alignment of Dpb11 and Rad4. 
Full length Dpb11 and Rad4 protein sequences are aligned using EMBOSS Needle. All the 
spaces found in this alignment are indicated by 

‘‘
-

’’
, residues from the phosphate binding 

pocket are colored pink, residues from the hydrophobic pocket are colored green.  
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Figure B-3. Comparison of Dpb11 BRCT1/2 and Rad4 BRCT1/2. 
(A) Protein sequence alignment of Dpb11 with Rad 4 BRCT1 and BRCT2 performed in 
PROMAL3D. All spaces in this alignment are indicated by 

‘‘
-

’’
, residues from phosphate 

binding pocket are colored pink, residues from hydrophobic pocket are colored green. 
Since Rad4 BRCT2 only partially aligned with Dpb11, residues that did not align well 
were shown in grey. (B) Structural overview of Rad BRCT1 and BRCT2 interaction with 
Crb2 (PDB ID: 4BU0). (C) CD search result of BRCT domains on Dpb11 from NCBI 
database. 
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Figure B-4. Comparison of Dpb11 BRCT3/4 and Rad4 BRCT3/4. 
(A) Protein sequence alignment of Dpb11 with Rad 4 BRCT1 and BRCT2 done by 
PROMAL3D. All spaces in this alignment are indicated by 

‘‘
-

’’
, residues from the 

phosphate binding pocket are colored pink, residues from the hydrophobic pocket are 
colored green. Since Rad4 BRCT2 only partially aligns with Dpb11, residues that didn’t 
align well were shown in grey. (B) Structural overview of Rad4 BRCT3/4 (PDB ID: 
4BMD) with BRCT3 colored in green, BRCT4 colored in red, and linker colored in silver. 
All residues from the proposed phosphate binding pocket are highlighted by stick 
representation.  
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proposed as the BRCT3 (Figure B-3C). Although a few residues from the protein interface of 

Rad4 BRCT4 (Thr 405 and Leu 412) are conserved in Dpb11 BRCT4 (Thr 451 and Leu 458), 

the region of BRCT4 on Dpb11 remains unclear.  

To better estimate these BRCT domains of Dpb11TopBP1, we carried out secondary 

structure prediction of Dpb11 (Figure B-5). We observed a long unstructured loop region 

from residue 211-318. Since the BRCT3 of Dpb11 starts around residue 210, we proposed 

that residues 1-210 represent the Dpb11 BRCT1/2. Then we managed to identify four beta 

sheets of BRCT4 that are often conserved in BRCT domains. We found the 4th beta sheet was 

conjugated with an alpha helix, and followed by a very long unstructured loop region. 

Therefore, we proposed the BRCT4 ends right after the alpha helix, and residue 319-510 

represent Dpb11 BRCT3/4. 

We then estimated the basic protein properties of Dpb11 BRCT1/2 and BRCT3/4 

using ProtParam (Table B-1) (Gasteiger et al., 2005). The Dpb11 BRCT3/4 has an instability 

index value of 40.56, indicating this protein is unstable. To resolve this issue and simplify the 

protein purification process, we incorporated GST tag on both proteins and re-examined their 

properties. The GST tag appears to stabilize the Dpb11 BRCT3/4. Therefore, both constructs 

of Dpb11 were cloned into the pGEX6P1 vector (Table B-2). The expression and purification 

protocols of Dpb11 BRCT1/2 and BRCT3/4 were then designed based on the typical GST 

tagged protein production and purification guide (Figure B-6)(Frangioni and Neel, 1993).  

 

B.2.2 Rtt107 BRCT3/4 is the structural analog of TopBP1 BRCT4/5 

Based on the result from CD search, the BRCT3/4 of Rtt107 exists between residues 

264-448 (Figure B-7D). We then carried out protein sequence alignment of Rtt107 with Rad4 

using PROMALS3D (Pei et al., 2008). We found the region of residues 287-469 aligns well 

with the sequence around the Rad4 BRCT1/2 (7-178), suggesting Rtt107 BRCT3/4 may be a 
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Figure B-5. Predicted secondary structure of Dpb11. 
The predicted secondary structure of Dpb11 presented here was generated by Jpred. 
Predicted structured regions from Dpb11 BRCT1/2 are colored in dark blue, from DpB11 
BRCT3/4 are colored in blue, and the rest of regions with secondary structure are colored 
in pale blue. Residues from the proposed phosphate binding pocket are colored pink, 
residues from hydrophobic pocket are colored green.  
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Figure B-6. Flowchart of protein expression and purification process designed for 
Dpb11 BRCTs. 
Both Dpb11 BRCT1/2 and Dpb11 BRCT3/4 DNA are PCR amplified from Fl-Dpb11 DNA 
(8-2191), then digested and inserted into the pGEX6P1 vector. These constructs are both 
expressed in E. coli Gold cells and purified by GST affinity column, then size exclusion 
column.  
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structural analog of Rad4 BRCT1/2 (Figure B-7A). The Lys 43 and Lys 56 from phosphate 

binding pocket of Rad4 BRCT1 are aligned with hydrophobic residues, Pro 315 and Ile 329, 

from Rtt107 BRCT3. This indicated there is no phosphate-binding pocket in the BRCT3 

domain. However, the Thr 385, Arg 392 and Lys 425 aligned well with the Thr 111, Arg 137 

and Lys 151 from the phosphate-binding pocket of Rad4 BRCT2. Since Rad4 BRC1/2 is a 

homolog of TopBP1 BRCT4/5, interested in the similarity between Rtt107 and TopBP1, we 

carried out protein sequence alignment between these two proteins. We found residues 

338-453 of Rtt107 aligns well with the region from TopBP1 BRCT5 (604-713). As expected, 

residues from the hydrophobic pocket (Phe 682, Ala 710, and Trp 714) of TopBP1 BRCT5 

are mainly conserved in Rtt107 BRCT4, while residues from the phosphate-binding pocket 

(Ser 657, Lys 661, and Lys 707) of TopBP1 BRCT5 have similar polarity comparing to 

Rtt107 BRCT4 (Figure B-7B). Together, these indicate the Rtt107 BRCT3/4 may be a 

structural analog of TopBP1 BRCT4/5. 

  

B.2.3 Constructs design of Rtt107 BRCT3/4 for bacteria based expression  

The sequence conservation between Rtt107 BRCT3/4 and Rad4 BRCT1/2 starts at 

residue 287, which is in the middle of an alpha helix based on secondary structure prediction 

of Rtt107 (Figure B-7C). Therefore, the region represents Rtt107 BRCT3/4 may begin from 

this alpha-helical structure. However, there is a predicted beta sheet that exists right before 

this alpha helix. Based on the CD search result, this beta sheet is also part of the BRCT3/4 

domain. Therefore, we designed two protein constructs for BRCT3/4, which we referred to as 

Rtt107 (282-466) and Rtt107 (265-466). Although estimated protein properties of both 

protein constructs seem ideal, we cloned both constructs into a pGEX6P1 vector in order to 

make GST fusion proteins that can simplify the protein purification process (Table B-3).  
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Figure B-7. Comparison of Rtt107 BRCT and Rad4 BRCT1/2. 
Protein sequence alignments of Rtt107 with (A) Rad 4 BRCT1/2 and (B) TopBP1 
BRCT4/5. All residues from phosphate binding pocket are colored pink, residues from 
hydrophobic pocket are colored green. (C) Secondary structure prediction of BRCT3/4 
domains on Rtt107. (D) CD search result of BRCT domains on Rtt107 from NCBI 
database. 
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B.2.4 Purification of GST-Rtt107 BRCT3/4 produced by E. coli cells 

We first compared the protein expression levels of two constructs of GST tagged 

Rtt107 BRCT3/4 in E. coli BL21 Gold cells using an induction test. Comparison of samples 

from cells pre- and post-induction showed clearly induced protein expression after treatment 

with IPTG. A band between 43 kDa to 55 kDa is found in all lanes with post-induction 

samples, and the intensity of these bands is higher in cells treated with 0.5 mM IPTG than 

cells treated with 0.2 mM IPTG (Figure B-8A). Since GST-Rtt107265-466 has an estimated 

MW of 52.5 kDa and GST-Rtt107282-466 has an estimated MW of 50.6 kDa (Table B-4), we 

believed these bands represent the GST-Rtt107 BRCT3/4 proteins. To further support our 

prediction, the identities of these bands were validated by in-gel protein ID via mass 

spectrometry (Data not shown). Meanwhile, a band around 26 kDa is also observed in cells 

transformed with GST-Rtt107 constructs. Since GST has an estimated MW of ~26 kDa, and 

our positive control of E. coli BL21 Gold cells transformed with GST-TopBP1 BRCT4/5 

construct also express this bands post-induction, we believed this band likely represents GST. 

Aside from GST-Rtt107 BRCT3/4, several other bands were also induced by IPTG treatment. 

Most of these bands are also observed in our positive control, suggesting they are from 

common leaking expression of proteins from this cell line itself.  Overall, cells transformed 

with GST-Rtt107 (282-466) construct and induced by 0.5 mM IPTG have the highest 

expression level of GST-Rtt107 BRCT3/4 protein among all condition tested.  

We solubilized the GST-Rtt107265-466 protein from harvested cell pellets, and further 

purified it using a GST affinity column. The presence of band corresponding to 

GST-Rtt107265-466 was unclear in lysis supernatant (IL) and we saw almost similar protein 

composition in the sample of flow-through (FT) after GST column, indicating most of the 

proteins solubilized in lysis buffer did not bind the GST column (Figure B-8B). Instead, a 

strong band at the position corresponding to GST-Rtt107265-466 was observed in lysis pellet, 

indicating a significant amount of GST-Rtt107265-466 proteins were insoluble. However, when 

comparing the GST affinity beads before and after incubation, we found bands corresponding  
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Figure B-8. Preliminary protein expression and purification results of GST-Rtt107 
BRCT3/4. 
(A) Induction test of two constructs of GST tagged Rtt107 BRCT3/4 proteins (265-466 or 
282-466) expressed in E. coli BL21 Gold cells. NI: Non-induced cell lysate obtained before 
induction. 0.2 and 0.5: Cell lysate induced with 0.2 mM or 0.5 mM IPTG. Positive control 
of well-characterized GST-TopBP1 BRCT4/5 construct expressed in the same vector with 
the same cell line is also included. Both protein bands that highlighted as GST-Rtt107 
BRCT3/4 proteins are validated by mass spectrometry. (B) Purification of cell lysate with 
GST tagged Rtt107 BRCT3/4 protein (282-466) by GST Affinity column. Samples from 
each step of the purification are shown here. NI: Non-induced cell lysate obtained before 
induction, IL: Induced cell lysate, IP: Induced cell pellet. IS: Induced cell supernatant. BB: 
Beads of GST affinity column before sample loading, FT: Flow-through sample from GST 
affinity column, W: Sample from last wash of beads, BA: GST affinity beads after sample 
loading, MW: Molecular weight standard. E1-E4 indicates elution fractions from the 
column and Ec indicates concentrated sample of all fractions. The position that equivalent 
to GST-Rtt107 is highlighted.  
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to GST and GST-Rtt107265-466 were both presented on beads after incubation (BA) along with 

many other bands. Only a band around 26 kDa was found on beads before incubation (BB), 

suggesting the beads might contain some leftover GST but nothing else. However, the 

sample from last wash (W) still contains a mixture of many proteins. Therefore, the other 

bands in BA are likely unbound proteins that left on the beads due to insufficient washing. 

Although the band that represents GST-Rtt107265-466 was almost invisible in elution fractions 

(E1 to E4), we were able to see this protein after concentrating all these fractions together to 

a 1 ml sample (Ec). However, the protein yield was already too low at this point, so we did 

not proceed further with the purification. Instead, we attempted to improve the solubility of 

GST-Rtt107265-466 by introducing variations in the pH value (6.6, 6.8, and 7.0) and the salt 

concentration of lysis buffer (150mM NaCl and 300mM NaCl). Unfortunately, none of them 

improved the solubility of GST-Rtt107265-466.  

 

B.2.5 Purification of His-Rtt107 BRCT3/4 produced by E. coli cells 

We re-cloned the Rtt107282-466 and Rtt107265-466 with N-terminal His tag (Table B-3) 

and examined the expression of these proteins by an induction test. The His-Rtt107282-466 has 

an estimated MW of 23.4 kDa, while His-Rtt107265-466 has an estimated MW of 25.4 kDa 

(Table B-4).  The His-Rtt107265-466 protein seems to express well as indicated by a strong 

band below 26 kDa post-induction (in the first lane), which is absent pre-induction (in the 

second lane). On the contrary, no strong band around 26 kDa was found in the last lane, so it 

was unclear whether the Rtt107282-466 expressed post induction. However, three unknown 

bands between 34 kDa and 43 kDa were enhanced significantly post induction, indicating the 

application of IPTG did promote protein expression in cells (Figure B- 9A). To further 

analyze the proteins expressed in both cells, we purified sample from both cells using a 

Nickel (II) affinity column. In agreement with the induction test result, we observed the 

presence of bands below 26 kDa in elution fractions (E1 and E2), which further supported 
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Figure B-9. Preliminary protein expression and purification results of His-Rtt107 
BRCT3/4. 
(A)	Induction	test	of	two	constructs	of	His	tagged	Rtt107	BRCT3/4	proteins	(265-466	
or	282-466)	expressed	 in	E.	 coli	BL21	DE3	 cells.	NI: Non-induced cell lysate obtained 
before induction, 0.2 and 0.5: Cell lysate induced with 0.2 mM or 0.5 mM IPTG.	 (B)	
Purification	 of	 cell	 lysate	 with	 His	 tagged	 Rtt107	 BRCT3/4	 proteins	 (265-466	 or	
282-466)	 by	Nickel	 (II)	Affinity	 column.	E	 indicates	elution	 fractions.	The	positions	
that	are	equivalent	to	His-Rtt107	are	pointed	out	on	the	right	side	of	the	gels.	  
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supported they are His-Rtt107265-466. Interestingly, we also observed bands around 26 kDa in 

elution sample from the cell expressing His-Rtt107 (265-466) construct, indicating there may 

be some weak expressions of His-Rtt107282-466. However, the abundance of other proteins 

that elute together with His-Rtt107282-466 makes it difficult to purify this protein further 

(Figure B-9B). Therefore, we only attempted to further purify the His-Rtt107265-466 using size 

exclusion chromatography on a Superdex 75 16/60 column (data not shown), but we failed to 

observe a measurable quantity of His-Rtt107282-466 protein in elution fractions.   

 

B.3 Discussion 

Dpb11 and Rad4 are both known homologs of TopBP1. Based on protein sequences 

alignments in conjunction with secondary structure prediction, we propose res. 319-510 

represent the BRCT3/4 and res.1-210 represent the BRCT1/2 of Dpb11. We believe that the 

BRCT1/2 of Dpb11 only has an N-terminal phosphate-binding pocket, consist of Thr 12, Arg 

40 and Lys 55, on BRCT1. Meanwhile, the Leu 38, Phe 58 and His 62 from BRCT1 may 

form a hydrophobic pocket that provides additional specificity to its binding partners. Similar 

to BRCT3 of Rad4, the BRCT3 of Dpb11 has no phosphate-binding pocket. The BRCT4 of 

Dpb11 likely host a phosphate-binding pocket, but residues from this pocket remain 

unknown. In contradiction to our prediction, a recent publication proposed that the BRCT1 

and the BRCT2 of Dpb11 both have phosphate-binding pockets (Cussiol et al., 2015). They 

predicted K55 from BRCT1 and R168 from BRCT2 are essential residues of these 

phosphate-binding pockets (Figure B-10A). However, their in vitro immune-precipitation 

result only showed that K55A and K55A/R168A mutations of BRCT1/2 interrupt Dpb11 

interaction with Slx4. The R168A mutant seems to interact with Slx4 normally like the WT, 

indicating their proposed phosphate-binding pocket on BRCT2 is not real (Figure B-10B). In 

addition, they proposed K544 is from the phosphate-binding pocket of Dpb11 BRCT4, but 

they failed to provide any evidence as well. Once we successfully purified our protein  
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Figure B-10. Dpb11 BRCT domains involved in the interaction with Slx4. 
(A) Multiple sequence alignment of Dpb11 BRCT domains 1, 2 and 4 from different 
fungal species. Each box represents the core region from Dpb11 BRCT domains 1, 2 and 4 
with the respective conserved positively charged amino acid residue that was mutated in 
parentheses. Conserved amino acid residues are highlighted in blue. Species abbreviations 
and protein entry numbers are: Sc (Saccharomyces cerevisiae); Sa (Saccharomyces 
arboricola); Sk (Saccharomyces kudriavzevii); Vp (Vanderwaltozyma polyspora); Zb 
(Zygosaccharomyces bailii); Zr (Zygosaccharomyces rouxii); Ag (Ashbya gossypii); Ca 
(Candida albicans ); Cd (Candida dubliniensis); Cm (Candida maltose); Ct (Candida 
tropicalis); Cp (Candida parapsilosis); Sp (Schizosaccharomyces pombe); Sj 
(Schizosaccharomyces japonicus); Sc (Schizosaccharomyces cryophilus); Kp 
(Komagataella pastoris). (B) Dpb11 containing the mutations indicated in the schematic 
illustration in top panel was expressed from a plasmid in yeast cells containing Flag-tagged 
Slx4 or Ddc1 for CoIP (Co-immunopercipitation) experiments. AD: activation domain.  
Figure adapted from (Cussiol et al., 2015).  
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construct of Dpb11 BRCT1/2, it will be interesting to generate the K55A and R168A mutants, 

and examine their function in comparison with the WT in our future study. Since K544 is not 

included in our current construct of Dpb11 BRCT3/4, it may be useful to generate a longer 

construct of Dpb11 BRCT3/4 for our future study.  

We have also shown that Rtt107 BRCT3/4 is likely the structural analog of human 

TopBP1 BRCT4/5. We proposed Rtt107 BRCT3/4 poses a C-terminal phosphate-binding 

pocket, consists of Thr 385, Arg 392 and Lys 426. Similar to TopBP1 BRCT5 and Rad4 

BRCT1, the BRCT4 domain of Rtt107 also has a small hydrophobic pocket, consist of Leu 

410, Ala 430 and Trp 433. In consistence with our finding, a recent study from Dr. Michael 

Kobor’s lab (University of British Columbia) reveals the BRCT3/4 domain plays a 

supportive in Rtt107 recruitment to DNA lesions, and K426M mutation in BRCT4 disrupt 

this function (Leung et al., 2016). To further examine the function of Rtt107 BRCT3/4 in 

vitro, we attempted to express and purify this protein. Unfortunately, preliminary testing 

results of our current expression and purification systems give a very low yield of targeting 

proteins. The GST-Rtt107282-466 expressed very well in E. coli BL21 Gold cells. However, it 

has very low solubility in buffers examined so far. Since this protein has a theoretical pI 

value of 7.63 (Table B-4), perhaps only a buffer with pH < 6 may improve its solubility. The 

His-Rtt107265-466 expressed better than His-Rtt107282-466 in E. coli BL21 DE3 cells. However, 

we failed to purify the His-Rtt107265-466 using size exclusion chromatography after we 

obtained the elution samples containing His-Rtt107265-466 protein from Nickel (II) affinity 

column. Therefore, we hypothesize that protein stability may be lower in the size exclusion 

buffer. Further experimenting with different buffer conditions will be done to test this 

scenario. Meanwhile, redesigning of the current expression construct with different protein 

tags is also a viable option. His-thioredoxin (TRX) and maltose binding protein (MBP) are 

two common types of tags that can be fussed with targeting protein to improve the solubility 

of the protein. Based on protein parameters estimated by ProtParam, TRX-Rtt107 BRCT3/4  
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proteins have pI values around 7.7 (Table B-5), which are similar to the pI of GST-Rtt107 

BRCT3/4 proteins (Table B-4), so they are unlikely to have good solubility under neutral pH 

as well. However, MBP-Rtt107 BRCT3/4 proteins have pI values around 6.2, so buffer with 

pH value between 7.5 and 8.0 provide good solubility for the proteins. In addition, MBP tag 

provides more specificity compare to His tag, because untagged proteins with internal 

histidines sometime bind to Nickel (II) affinity column as well. Therefore, expression and 

purification of MBP-Rtt107 BRCT3/4 seem promising.  

 

B.4 Material and Methods 

Designing of protein constructs 

Sequences of all proteins analyzed in this chapter are obtained from NCBI protein database. 

Pairwise full-length sequence alignment between Rad4 and Dpb11 is carried out by 

EMBOSS needle (Li et al., 2015; McWilliam et al., 2013; Rice et al., 2000). Structure-guided 

sequence alignments between Dpb11 BRCTs, Rtt107 BRCTs and Rad 4 BRCT1/2 (PDB ID: 

4BU0), Rad4 BRCT3/4 (PDB ID: 4BMD), and TopBP1 BRCT4/5(PDB ID: 4UEN) are done 

by PROMAL3D (Pei et al., 2008). Secondary structure prediction of Dpb11 and Rtt107 are 

done by JPred4 (Drozdetskiy et al., 2015). 

Cloning of protein constructs 

Dpb11 

We PCR amplified a long fragment of Dpb11 gene, which we referred to as Full construct 

(1-727), using the whole genomic DNA sample of Saccharomyces cerevisiae S288C stain (A 

kindly donation from Dr. Michael Schultz (Department of Biochemistry, University of 

Alberta) as the template first (Table B-1). All Dpb11 BRCT fragments were then PCR 

amplified using our Full construct as the template, and cloned into pGEX-6P-1 vectors (GE 

healthcare) encoding an N-terminal GST tag. Primers with Eco RI and Not I restriction sites 
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were used for Dpb11 BRCT1/2 (1-210), and primers with Bam HI and Not I restriction sites 

were used for Dpb11 BRCT3/4 (329-510).  

Rtt107 

Full-length Rtt107 DNA was generously provided by Dr. Kobor. We used two sets of 

primers with Bam HI and Not I restriction sites to clone two constructs of Rtt107 BRCT3/4 

(288-466, 265-466) into pGEX-6P-1 vectors (Table B-2). The other two sets of primers with 

Bam HI and Not I restriction sites were used to clone the same constructs of Rtt107 

BRCT3/4 (288-466, 265-466) into pET47b (-) vectors encoding an N-terminal His tag. 

Protein expression and induction test 

GST tagged Dpb11 BRCT1/2 or BRCT3/4 and GST tagged Rtt107 BRCT3/4 were both 

transformed into E. coli cell line BL21 Gold DE3. His tagged Rtt1077 BRCT3/4 constructs 

were transformed into E. coli cell line BL21 DE3. Cells expressing GST-Rtt07 BRCT3/4 

were grown in Luria-Bertani (LB) broth media containing 50 μg/mL Kanamycin and 

50 μg/mL Ampicillin at 28 °C. Cells expressing His-Rtt07 BRCT3/4 were grown with media 

containing only 50 μg/mL of Kanamycin at 28 °C. All cells were grown until they reach 

optimal cell density (OD600 >0.600), induced with 0.2 mM or 0.5 mM IPTG, then grown 

further at 20 °C for 16 hours. The changes of protein expressions in samples pre- and 

post-induction were analyzed by protein gel electrophoresis on SDS PAGE gels.  

Protein purification of Rtt107 BRCT3/4 

Cell pellets were re-suspended in lysis buffer (50 mM HEPES pH, 150 mM NaCl, 1 mM 

EDTA, 0.1% BME) with freshly added Halt protease inhibitors cocktail (Thermo Fisher), 

then lysed with 0.025 g/L egg white lysozyme (Sigma Aldrich) for 30 minutes at 4 °C. Cell 

lysate can be obtained after 5 times of 10 seconds subsequent sonication, followed by 30 

minutes of centrifugation at 17000 rpm. Lysis supernatant was incubated with a GST affinity 

column containing glutathione sepharose 4B beads (GE Healthcare) for 2hrs. After releasing 

the flow-through (FT) sample of unbound proteins from the column, the beads were washed 
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extensively with 20 column volumes (CV) of washing buffer (50 mM HEPES pH 7.0, 150 

mM NaCl, 1 mM EDTA, 0.1% BME). Proteins bounded on column were eluted in elution 

buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 250 mM reduced glutathione, 0.1% BME) at 

1 CV per fraction. As for cell expressing His tagged Rtt107 proteins, lysis supernatant was 

incubated on a Nickel (II) affinity column for 2 hrs. After releasing the flow-through (FT) 

sample of unbound proteins from the column, the beads were washed extensively with 20 

column volumes (CV) of washing buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 10 mM 

Imidazole, 0.1% BME). Proteins bounded on column were eluted in elution buffer (50 mM 

HEPES pH 7.0, 150 mM NaCl, 50 mM Imidazole, 0.1% BME) at 1 CV per fraction. All 

protein purification processes were monitored via SDS-PAGE calibrated with pre-stained 

protein standards. 
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