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SYNOPSIS  

Cancer is a multifaceted phenomenon in which a cell generates an innate ability to sustain 

proliferation, becomes unresponsive to growth suppression, attains ability to invade, metastasis, 

and acquires replicative perpetuity by inducing angiogenesis [1]. Breast cancer arises due to 

inherited germ-line and somatic mutations in Breast cancer susceptibility gene 1 (BRCA1) and 

BRCA2 genes [2, 3]. BRCA1 is a tumor suppressor protein involved in different key pathways 

like DNA damage repair, cell-cycle control, transcription and apoptosis [4, 5]. BRCA1 

associated Ring domain protein 1 (BARD1) is N–terminal (RING-RING) interacting partner of 

BRCA1, and  also reported as binary interacting partner of CstF50 (Cleavage Stimulating factor 

1) [6]. BRCA1-BARD1 complex posses E3-ubiquitin ligase activity, and ubiquitinates different 

molecules like γ-tubulin, H2AX, Estrogen receptor-α, RNA-polymerase CTD  and  SWI-SNF, 

thus controlling transcription coupled repair, ploidy regulation and chromatin remodeling [7-11].  

BRCA1-BARD1and CStF50 complex controls transcription coupled DNA damage repair (TCR)  

[6, 12, 13]. BRCTs (C-terminal region of BRCA1) domain containing proteins play a pivotal role 

in the DNA repair by recruiting DNA-damage repair protein in phosphorylation dependent 

manner [14-19]. However, BRCT domain is highly conserved in BRCA1 and BARD1. 

In the present study, we have investigated the binding mechanism of BRCA1- BARD1-CstF50 

complex, and how germ-line mutation Gln564His in BARD1 leads to abrogation of the complex 

formation. Furthermore, significance of BRCA1-BARD1-CstF50 complex has been explored to 

understand its interplay in transcription coupled DNA damage repair mechanism. Our study also 

investigates the effect of pathogenic mutations reported in the BARD1BRCT domain using 

biophysical and computational biology based approach. 

This thesis comprises of six chapters and a summary chapter. 
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Chapter 1 Provides an overview of binding mechanism of BRCA1-BARD1-CStF50 complex 

and its role in DNA damage repair.  

DNA-damage-response is a result of complex cross-talk between different pathways for cell-

cycle arrest, the transcriptional and post-transcriptional activation of genes including those 

associated with DNA damage repair, and under some circumstances, triggering of the 

programmed cell death [20]. The N-termini RING-RING domain complex of BRCA1-BARD1 is 

an active E3 ubiquitin ligase complex, which is known to be inhibited by platinum drugs [21-24]. 

Tumor suppressor BARD1and the mRNA 3'end processing factors and cleavage-stimulating 

factor 1(CstF50), 2 and 3 are required for the ultraviolet (UV)-induced inhibition of the mRNA 

3' cleavage step of the polyadenylation reaction [25]. Interactive relationship between BRCA1-

BARD1 and CstF50 is important in Transcriptional Coupled Repair [6, 13, 26]. Cancer 

predisposing mutation Gln564His in BARD1 BRCT has been found in the germ-line of a patient 

with adenocarcinoma [27]. BARD1 Gln564His impairs the complex formation between BARD1 

and CstF50, which further leads to formation of premature transcript and loss of mRNA 

regulation. 

BRCT domain is evolutionarily conserved domain involved in DNA damage repair [28]. 

BRCA1, BARD1 and MDC1 contain the conserved phosphopeptide binding motif, and act as 

docking sites for DNA damage repair proteins in a phosphorylation dependent manner [29-31]. 

Recently, it has been established that Poly A-Ribose (ADP-ribose monomer) interacts with 

BARD1BRCT, and is required for the early recruitment of BRCA1 to the DNA damage site [18]. 

Cancer predisposing mutations Cys645Arg, Val695Leu, Ser761Asn, Arg658Cys and Ile738Val 

are reported in the BARD1BRCT domain [18, 32, 33]. Considering the importance of BRCA1-

BARD1-CstF50 complex, we have undertaken an interdisciplinary in-silico, in-vitro and 
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biophysical approach to understand the complex integrity, and alterations in the molecular 

structure due to cancer predisposing mutations. 

 Chapter 2 is a brief description of the different methodologies and techniques used to carry out 

research work reported in the thesis.  

Different genes for expression and purification were first sub-cloned from the provided 

mammalian c-DNA (generous gift from Prof Richard Bayer, Institute of Cancer Genetics, 

Columbia University) construct in to bacterial expression vectors. Further, mutants were 

generated by site-directed mutagenesis using Mis-match primer method on wild- type template. 

The cloned constructs were validated by DNA sequencing. The wild- type and mutant proteins 

were purified first by affinity chromatography, and then by molecular exclusion chromatography 

to get highly purified protein for biophysical characterization and crystallography. Purified wild-

type and mutant proteins were functionally characterized using biophysical tools such as Circular 

Dichroism, Fluorescence, Differential Scanning Calorimetry, Dynamic Light Scattering, and 

Mass Spectrometry. Protein-Protein and Protein-Platinum drug interactions were analyzed using 

HADDOCK server and Discovery studio tool Glide [34, 35].  

Chapter 3 describes biophysical, biochemical and structural characterization of ARD-

BARD1BRCT wild- type and BARD1 Gln564His mutant protein to unravel the residues 

involved in the binding interface of BARD1-CstF50 complex. 

ARD-BARD1BRCT (425-777aa) domain has been reported to bind with CstF-50, p53, and ATM 

[25, 36]. ARD domain of BARD1 is interconnected with BRCT domain (568-777aa) through a 

flexible 18 amino acid linker. Germ-line mutation BARD1 Gln564His was generated using site- 

directed-mutagenesis, sub-cloned into bacterial expression pGEX-kT vector, expressed and 

purified for structural and biochemical studies. It has been observed that wild-type protein is 
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monomer and mutation does not affect the monomeric nature of the protein having similar 

hydrodynamic diameter of 6.4 nm. Crystallization attempts have not yet yielded good quality 

single crystals. Therefore, homology model was built using the Robetta server [37]. The 

molecular model suggests disorderness in the linker region, which is consistent with the earlier 

reported structure of ankyrin repeat and BRCT domain [38, 39]. Thermal denaturation of 

BARD1 ARD-BRCT wild-type and mutant proteins indicates that both unfold through a two 

state pathway. However, chemical denaturation (using GuHcl) profiles suggest that BARD1 

ARD-BRCT wild-type and mutant unfold through formation of an intermediate species. Further, 

molecular dynamics simulation was performed to understand the structural alterations due to 

mutations. Molecular dynamics simulation performed for BARD1 ARD-BRCT wild-type and 

Gln564His suggest that ARD domain is independent of BRCT domain and does not have fixed 

orientation in the space. BARD1 Gln564His mutation which is located in the loop region does 

not cause any significant effect on the secondary structure of the protein. CstF50 as a binary 

interacting partner of BRCA1-BARD1 regulates the transcription couple repair. The CstF50 full 

length (1-431aa) and WD-40 (Tryptophan Aspartate) repeat domain (92-431aa) was sub-cloned 

into bacterial expression vector pGEX-kT and pET28a
+
, and the protein was expressed in E.coli 

Rosetta 2(DE3) and BL21 (DE3) strain. The full-length and WD-40 repeat domain were not 

soluble in both the expression system. Therefore, the six His tagged fusion full-length CstF50 

protein was purified from inclusion bodies by using 8M urea and further refolded. The refolded 

protein was subjected to fluorescence spectroscopy, and it was concluded that protein is properly 

refolded. Crystallization was not attempted as refolding process yielded very low amount of 

protein and precipitated during concentration. Noting the problem in crystallization, the in-silico 

model of full- length CstF50 was built and docked onto the BARD1 ARD-BRCT structure. The 
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molecular dynamics simulation was performed for the complex structure, and observed that 

binding to CstF50 reduces the domain flexibility and forms a stable complex with BARD1 ARD-

BRCT domain.   

Chapter 4 describes the comparative biophysical characterization of BARD1BRCT wild-type 

and reported pathogenic mutants  

To understand the effect of mutations on the structure, BARD1BRCT wild-type and mutants 

were sub-cloned into pET28a
+
 vector. Wild-type and mutant proteins were expressed and 

purified to carry out biophysical and crystallographic studies. BARD1BRCT is reported to be 

monomeric in nature [38], and to investigate whether mutation has affected the monomeric 

property of the protein, mutant proteins were subjected to size exclusion chromatography  

followed by glutaraldehyde crosslinking assay. It has been observed that mutants are monomeric 

in nature. CD and fluorescence spectroscopy suggests that BARD1BRCT Cys645Arg, 

Val695Leu, Ser761Asn, Arg658Cys and Ile738Val mutations are not driving any global 

secondary and tertiary structural changes in the wild-type protein. Thermal denaturation of wild- 

type and mutant protein indicates that except Cys645Arg, other mutant proteins Val695Leu, 

Ser761Asn, Arg658Cys and Ile738Val have lost thermal stability drastically, and show two state 

unfolding pattern. Chemical denaturation also show mutants have lost thermodynamic stability. 

Hence, BARD1BRCT Arg645Cys, Val695Leu, Ser761Asn, Arg658Cys and Ile738Val mutant 

proteins unfold via three state pathways. It has been concluded that BARD1BRCT Cys645Arg, 

Val695Leu, Ser761Asn, Arg658Cys and Ile738Val mutations does not affect monomeric 

property. However, BARD1BRCT Cys645Arg mutant protein do not show change in the thermal 

stability compared to wild- type. The BARD1BRCT (PDB ID: 2NTE)  structure was used to  

incorporate the pathogenic mutations using SPDB viewer [40]. Wild- type and mutant protein 
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were simulated for 50ns in periodic boundary condition using GROMACS 4.5.5 [41-43]. Further 

trajectory was analyzed for RMSD, RMSF, Rg, number of hydrogen bond, volume, and SASA 

using Gromacs in built commands g_rms, g_rmsf, g_gyrate, g_bond, and g_sas respectively. 

Principal component analysis (PCA) was performed to understand the difference in the concerted 

motion of the proteins. RMSD calculation for wild-type and mutant protein indicates alterations 

in conformation of mutant structures compared to wild- type. BARD1BRCT Ile738Val mutant 

structure shows highest RMSD, volume and SASA value for entire MD production run. Further, 

Ile738Val also shows increased RMSF values for during MD production run, and the mutant 

shows loss of average intra-molecular hydrogen bond, which also validates loss in 

thermodynamic stability of BARD1BRCT Val695Leu, Ser761Asn, Arg658Cys and Ile738Val 

mutant proteins. PCA analysis for wild -type and mutant protein indicates that the significant 

changes in the atomic motion of the mutant proteins than the wild-type. Projection of 

eigenvectors on residue for BARD1BRCT Arg645Cys, Val695Leu, Ser761Asn, Arg658Cys and 

Ile738Val protein shows mutation has local effect on the structure of the mutant protein. 

Chapter 5 describes the association between BRCA1 and platinum drugs Cis-platin and Trans-

platin.   

The wild-type gene BRCA1 (1-303aa) and BARD1 (16-119aa) were sub-cloned into the bacterial 

expression system, pET-41A and pGEX-kT respectively. The BRCA1 Ring domain (1-303aa) 

protein was not expressing in the bacterial system, but GST fused BARD1 (16-119aa) was 

expressing and found soluble. However, it precipitates at higher concentration 0.7 mg/ml. It is 

quite possible that BARD1 RING domain is not stable alone and requires BRCA1 for 

stabilization. We further generated  molecular model for BRCA1 (1-125aa) amino acids using 

Robetta server [35] and performed docking study of small molecules, Trans and Cis-platin using 
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discovery studio [34, 36].  The modeled structure suggests that BRCA1 (1-125aa) amino acids is 

a predominately helical protein of RING finger like structure with two Zn
+2

 binding sites.  

In conclusion, BRCA1 (1-125aa) molecular model is predominantly composed of α- helices 

having conserved C3HC4 zinc finger which binds to two Zn
2+

 ions. Cis and Trans Platinum drug 

binding site were observed close to the Zn
2+

 binding site in ring finger domain, and that may 

cause the structural perturbation in Zn
2+

 finger domain. The Pt coordination to Zn
2+

-binding sites 

in Ring domain may lead to Zn
2+

 ejection from the ring domain and consequently loss of protein 

tertiary structure, and inhibition of biological functions regulated by BRCA1 BARD1 

heterodimerization.  

Chapter 6 describes important research findings and conclusions of the work   

BRCA1-BARD1-CstF50 complex plays an important role in the regulation of the transcription 

coupled   DNA damage repair. Loss of functional BRCA1-BARD1-CstF50 complex due to the 

germ-line mutation Gln564His in the linker region of the ARD-BARD1BRCT domain leads to 

loss in CstF50 binding to the ARD-BARD1BRCT. Biophysical analysis of BARD1BRCT and 

mutant protein indicated that the mutations Arg645Cys, Val695Leu, Ser761Asn, Arg658Cys and 

Ile738Val in different position of BARD1 are not abrogating the monomeric, secondary 

structural and overall packing of wild-type protein. Further, pathogenic mutations reported in the 

BARD1BRCT domain displays similar resistivity towards the proteases. Alterations in weak 

intramolecular interactions for BARD1 Cys645Arg, Val695Leu, Ser761Asn, Arg658Cys and 

Ile738Val mutations have been reflected in loss in thermal stability of the mutant proteins. 

BARD1 Ile738Val and Val695Leu, mutation resulted in loss of structural compactness. The 

study presented here unravels the interactions involved in BRCA1-BARD1-CstF50-complex 
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formation and understanding the transcriptional coupled DNA damage repair process. 

Comparative biophysical and in-silico studies of BARD1BRCT and mutants will further explore 

the opportunities of structure based small molecule inhibitor design for therapeutic applications.  
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1.1 DNA damage and Cancer   

         In nature, every form of life preserves its genomic stock to ensure the high-fidelity 

communication of genetic information by repairing its damaged genetic material. To achieve 

very high accuracy, a plethora of evolved molecular systems including sensors, mediators, 

and effectors molecules continuously detect DNA damage, signal its presence, and mediate 

the damage repair. Living cells in an organism have advanced mechanisms for monitoring 

genome integrity and respond to DNA damage by triggering multifaceted DNA-damage-

response pathway. DNA-damage-response is a result of cross-talk between different pathways 

like cell-cycle arrest, transcriptional and post-transcriptional activation of genes including 

those associated with DNA damage repair. DNA damage may arise during normal cellular 

metabolic processes like DNA replication, free radical generation and exposure to UV or 

ionizing radiations. A sensor molecule detects the DNA damages, and transduces the damage 

signals through mediator molecules to terminal effector molecules, which activate the cell-

cycle checkpoints and recruits DNA repair proteins to the damage site. Inability to respond 

properly to damage and repair, lead to genetic instability, and an ablation in the genetic 

content which in turn may enhance the chances of cancer development [44, 45]. Cancer is 

intimately related to the accumulation of DNA damage, and repair fiascos. However, due to 

advancement in functional genomics, it is now becoming progressively clear that deregulated 

DNA-damage signaling and repair pathways is essential to the etiology of the most of the 

human cancers. However, it is understood that highly conserved DNA-repair and cell-cycle 

checkpoint pathways allow cells to handle both endogenous and exogenous causes of DNA 

damage. Furthermore, it is now accepted that inherited or acquired deficiencies in genome 

conservation system contribute ominously to the commencement of cancer [1]. Mammalian 
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genome contain proto-oncogenes that function to regulate normal cell proliferation and 

differentiation [1, 46]. Oncogenes activation play central role in the predisposition to cancer 

risk. In cancer cells, oncogenic protein level is frequently up or down-regulated due to the 

acquired mutations [1]. The after effects of these mutations, act through different 

mechanisms, including gene amplification that leads to increased copy number of oncogenes 

and chromosomal translocation which replace the original promoter with a constitutively 

active one [47, 48]. The cellular response to DNA damage involves change in the localization 

of a number of nuclear proteins [13]. It is now clear that Double strand DNA damage breaks 

(DSBs) lead to the triggering of an intricate regulatory reaction that impinges on a variety of 

cellular measures, including cell-cycle control, apoptosis, transcription, DNA replication, and 

telomere maintenance. Several proteins like RAD family of proteins have been anticipated as 

DNA damage sensors [20]. However, the identity of sensor molecules and their intermingled 

molecular interplay, which leads to DNA damage repair response and role in cancer, is yet to 

be fully understood.  

                        It is well documented that mutations in the tumor suppressor proteins such as 

p53, ATM, BRCA1 (breast cancer and ovarian cancer susceptibility gene 1) and BRCA2 have 

been linked to breast and ovarian cancer. Breast cancer develops from a heterozygous 

population of mutated cells in the breast. Breast cancers and neoplasms are closely associated 

with DNA damage repair defects in cell-cycle checkpoints, which allow damaged DNA to go 

unrepaired. Different proteins of the homologous recombination repair pathway are binding 

partner of BRCA1 and BRCA2. However, it is still a challenge to understand, how mutations 

in BRCA1 and BRCA2 lead to higher chances of predisposition to breast and ovarian cancers.  
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1.2 Breast Cancer and BRCA1 

Breast cancer is one of the most commonly diagnosed cancer after melanoma (skin cancer), 

and it is the second leading cause of cancer demises after lung cancer [49]. Breast cancer has 

been categorized into four clusters based on their tissue origin. These are ductal carcinoma, 

which is also known as intraductal carcinoma, lobular carcinoma, invasive (infiltrating) ductal 

carcinoma, and invasive (infiltrating) lobular carcinoma [50]. Most breast cancer cases are 

sporadic and only 5 to 10% are genetically linked [51]. In response to endogenous and 

exogenous sources of DNA damage, elementary signal transduction pathways involve majorly 

three proteins, BRCA1, BARD1 and PARP-1. Hereditary breast cancer arises due to inherited 

genetic alterations in the tumor suppressor genes BRCA1 and BRCA2 [52]. BRCA1 was 

mapped by genetic linkage on to the p-arm of chromosome 17 [53]. During early 1990’s it 

was first reported that germline mutations in BRCA1 are associated with early-onset of breast 

and ovarian cancer [53].           

   BRCA1 is implicated in various cellular processes like transcriptional 

regulation, cell-cycle control, and cellular response to DNA damage [54-57]. BRCA1 is a 

large protein comprising of 1863 amino acids, and well characterized into different domains 

such as N-terminal RING domain, DNA binding domain, transactivation domain and C-

terminal BRCT domain (Figure:- 1.1). Co-Immunoprecipitation studies have revealed that 

BARD1 is an obligatory binding partner of BRCA1 [58].  90% of the cellular BRCA1 exist as 

a BRCA1-BARD1 heterodimer. BRCA1 associated ring domain (BARD1) comprises of 777 

amino acids (Figure: - 1.2). BARD1 is characterized by N-terminal RING domain and 

conserved BRCT domain which shares a great deal of structural similarities to RING domain 

and BRCT repeats of BRCA1 [59].  
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Figure: - 1.1: - Domain organization and interacting partners of BRCA1 

 

In addition, BARD1 also possesses four ankyrin (ANK) repeats from 425-550 amino acids that 

are highly conserved in other cellular proteins [60-62]. Ankyrin repeats are reported to act as 

protein-protein interactions motif. In view of the much lower levels of sequence and structural 

homology for the rest of the protein (BARD1), it is reported that ARD and BRCT domains 

facilitate indispensable functions for BARD1.  

 

 

 

Figure 1.2: - Domain organization and interacting partners of BARD1 
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BRCA1 and BARD1 heterodimerizes in-vivo and in-vitro by interacting through its RING-RING 

domain and forms active E3 ubiquitin ligase complex which ubiquitinates several cellular 

proteins and has an essential role in tumor suppression (Figure: - 1.3) [63-65].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: - NMR solution structures of BRCA1-BARD1 RING-RING domain E3 ubiquitin 

ligase complex (PDBID:-1JM7) 

Ubiquitination is a traditionally conserved pathway known for degradation of proteins in cells. A 

wider view suggests that ubiquitination is an important posttranslational modification which 

includes proteasomal degradation, targeting proteins to their working niche in the cell, and 

regulating their activity [66].          
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    Ubiquitins are small poly peptides of 76 amino acids attached to target  molecule  

with the help of E3-Ubiquitin ligase (Figure:- 1.4) [67, 68]. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: - Mechanism of ubiquitination in protein 

 

Earlier studies have established that BRCA1-BARD1 acts as E3 ubiquitin ligase in-vitro [21, 

69, 70]. The BRCA1-BARD1 heterodimer specifically mediates the formation of ‘Lys-6'-

linked polyubiquitin chains and coordinates cellular pathways such as DNA damage repair,  

ubiquitination and transcriptional regulation to maintain genomic stability [71]. BRCA1-

BARD1 E3 ubiquitin ligase complex plays a central role in the cell-cycle check point control 
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in response to DNA damage. The BARD1-BRCA1 interaction is ablated by amino acid 

substitutions in BRCA1 ring domain, implying that the formation of a stable complex 

between these proteins may be a critical aspect of BRCA1 facilitated tumor suppression [63, 

64]. A tumor associated mutation of BRCA1 Cys61Gly within the RING domain leads to loss 

in binding to BARD1, thereby suggesting a role of BARD1 in mediating tumor suppression 

[72, 73]. The BRCA1 Cys61Gly is devoid of ubiquitination activity, supports that a complex 

of BRCA1 and BARD1 mediates ubiquitination and tumor suppression [63].  

               In BRCA1-BARD1 E3 ubiquitin ligase pathway the activity of the BRCA1–

BARD1 ubiquitin ligase leads to RNA Pol II degradation [12, 13, 26], cell-cycle arrest, γ-

tubulin degradation [7, 74, 75], control of centrosome duplication, H2A/H2AX  ubiquitination 

[69, 76], epigenetic control and NPM ubiquitination and stabilization [77]. BRCA1 exists as a 

part of BASC (BRCA1-associated genome surveillance complex) and because of ATM/ATR-

dependent phosphorylation of BRCA1, it generates binding sites for its associated factors 

[78]. Furthermore, BRCA1 phosphorylation by CHK2 at Ser988 is essential for HR activity 

[79], G2/M cell-cycle checkpoint activation and suppression of genotoxicity induced 

mammary and uterine cancer [80]. In response to DNA damage, BRCA1 interacts with MRN 

complex in checkpoint kinases ATM or Chk2 dependent manner [81]. MRN (Mre11-Rad50-

Nbs1) complex intervenes the G2/M cell-cycle checkpoint signal and plays roles in DSB 

repair by holding two DNA ends close to each other, which is required for non-homologous 

end-joining function and BRCA2-Rad51 mediated HR [82]. BRCA1 acts in a genome 

surveillance complex by specifically interacting with hyperphosphorylated processive RNA 

polymerase II (IIO), rather than hypophosphorylated RNA- polymerase II (IIA) found at 

promoters [15, 83]. 
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Figure 1.5:- Role of BRCA1-BARD1 E3-ubiquitin ligase complex in cellular pathways.  

 

BRCA1 is known to associate with RNA  polymerase II (Pol II) holoenzyme, which supports 

recent finding of cessation of transcription at the site of DNA damage leading to the BRCA1–

BARD1 mediated  ubiquitination of the Pol II holoenzyme [84, 85]. BRCA1 is a nuclear protein 

and its transport to the nucleus is facilitated by BARD1 whose degradation depends on the 

presence of RING structure. The full-length BARD1 might be exported and degraded while its 

excess is translocated to the nucleus. The BARD1 binding masks the nuclear export signal of 

BRCA1, thereby retaining it in the nucleus. BARD1 and BRCA1 are also required for 

localization of each other to the DNA damage induced foci [86]. Ubiquitination is a regulatory 
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mechanism that controls shuttling from nuclear to cytoplasm and vice versa, e.g. the nuclear 

export of p53 [45]. BRCA1 regulates a large number of chromatin remodeling activities through 

its activation domain 1 (AD1) and the C-terminal tandem repeats (BRCTs). 

                  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6:- Mechanism of nuclear import and export of BRCA1-BARD1 E3-ubiquitin ligase 

complex. 

BRCA1 remodeling activities do not require histone acetylation, and are mediated through the 

BRCA1-dependent recruitment of a cofactor of BRCA1 (COBRA1), also called NELF-B [87]. 

NELF-BRCA1 complex binds to the estrogen receptor-alpha (ER-α) and down regulates its 
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transcription activity, thus contributing towards BRCA1-mediated repression of ER-α activity 

[88]. Hence, it acts as a sensor of microtubule disorganization elicited by various microtubule 

dis-assembly agents such as drugs, and promotes apoptosis through JNK activation [89].  

                      The BRCA1-BARD1 complex plays a central role in the homologous 

recombination repair process. In the early Homologous recombination repair (HR), ATM/ATR 

phosphorylated γ-H2AX recruits MDC1 and RNF8/UBC13 ubiquitin ligase, that ubiquitinates 

the γ-H2AX. Ubiquitinated γ-H2AX interacts with UIM repeat of RAP80 and binds to 

ABRAXAS [90, 91]. The pS-X-X-F (pS-T-X-F) binding motif at the C-terminal of ABRAXAS 

interacts with BRCA1-BRCT phospho-peptide binding domain, thus achieving foci formation 

[92].  

                  The residues Ser404 and Ser406 positions of ABRAXAS are phosphorylated by 

ATM/ATR after exposure to Ionizing radiation (IR) and are required for the phosphodependent 

interaction between ABRAXAS and BRCA1 BRCT domains (Figure :- 1.7) [49, 50]. Further, 

BRCA1 surveillance complex in concert with RAD51, BRCA2, and XRCC3 initiates the 

homologous recombination repair [78, 93, 94].   

1.3 BRCA1 independent function of BARD1 

BARD1 is an interacting partner of p53, and facilitates p53 dependent apoptosis and tumor 

suppression by stabilizing p53 and activating caspase-3 [25, 95]. Hence, BARD1 has BRCA1 

independent but p53 dependent tumor suppressor function [95]. Functional aspects of BARD1 

interacting partners like CstF50, p53 and ATM are not well studied [25, 36]. In BRCA1 

independent pathway, expression of cellular BARD1 has been shown to be up regulated by DNA 

damage mediated by hormone signaling, exposure to ultraviolet light, and hypoxia [95]. 
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Figure 1.7:- Role of BRCA1-BARD1 E3-ubiquitin ligase complex in homologous 

recombination repair. 

The molecular mechanism of BARD1 mediated phosphorylation of p53 by ataxia telangiectasia 

mutated (ATM) is still unknown. BARD1 up-regulation under genotoxic stresses stabilizes p53 

by facilitating its phosphorylation at Ser15 position by ATM kinase which leads to the 

interaction of p53 with Ku-70, a subunit of DNA-dependent protein kinase (DNAPK) [96]. 

DNAPK plays an important role in DNA damage repair (DDR) by non-homologous end-joining 

Homologous Recombination 
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(NHEJ) to maintain genomic stability [96]. The inter-domain region of ankyrin repeat and BRCT 

domain of BARD1 interacts with p53.  

 

Figure 1.8:- Regulation of BRCA1-BARD1 E3 ubiquitin ligase complex. 

However, this process is independent of BARD1 RING-finger domain because even deletion 

mutants lacking this domain co-immunoprecipitated with p53 [96]. Hence, BARD1 alone has 

apoptosis inducing capability in a p53 dependent manner [95]. It is believed that CDK2–cyclin 

complexes like CDK2–cyclin A1/E1 and CDK2–cyclin B1 regulate the interactions between 

BARD1 and BRCA1 and trigger its mitotic activity in phosphorylation dependent manner [97] 

(Figure: - 1.2). Interestingly, ubiquitination of NPM in-vivo and BRCA1 auto-ubiquitination are 

disrupted by co-expression of CDK2–cyclin A1/E1, but not by CDK2–Cyclin B1 (Figure: - 1.8).                                                                                    

                        BARD1 also showed transcriptional activation of NF-κB through binding to 

BCL3, a NF-κB co-factor. However, BCL3 does interact with BRCA1 and whether its activation 

mechanism is BARD1 dependent or not, has not been elucidated clearly [98]. BARD1 is 
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susceptible to proteolytic cleavage by caspase dependent protease caplin, and proteolytic 

products are found to be immunogenic and also suspected to have anti-tumorigenic properties 

like BCL3 [61, 98]. Another BRCA1-independent function of BARD1 is  interaction with NF-

κB and modulation of its transcriptional activity via Bcl-3 [99].  

1.4. Regulation of BRCA1/BARD1 E3 ligase function   

Sumoylation is one of the mechanisms of fine-tuning in regulatory pathways. Sumoylation 

enhances the E3 ubiquitin ligase activity of BRCA1-BARD1 complex. BRCA1 sumoylation 

mutants Lys199Arg and Asp121Arg have shown drastically reduced ubiquitination affinity and 

foci formation [100]. Furthermore, BRCA1-BARD1 E3 ubiquitin ligase activity is found to be 

inhibited by phosphorylation of DNA damage response molecule CDK1/CDK2, ATM, ATR, 

CHK1/2 in vivo (Figure:- 1.8) [79, 97, 101-105]. UBXN1 binds to BRCA1 through its N-

terminal UBA domain, whereas the C-terminal domain binds to BRCA1-BARD1 heterodimer in 

an ubiquitin independent manner [106]. BRCA1 Associated Protein 1 (BAP1) is a novel nuclear 

UCH–type (ubiquitin carboxyl-terminal hydrolase) deubiquitinating enzyme, which interacts 

with the RING domain of BRCA1 (Figure: - 1.9) [107].  

                           BAP1, like other deubiquitinating proteases, catalyses the hydrolysis of the 

isopeptide linkage joined by the COOH-terminal glycine of ubiquitin and lysine side chain of 

substrate. This leads to removal of single ubiquitin moieties from ubiquitin chains or cleavage of 

the isopeptide bond between ubiquitin and the substrate protein [108]. BAP1 has ubiquitin 

COOH-terminal hydrolase (UCH) domain at N-terminus, two nuclear localization signals (NLS) 

and a host cell binding motif (HBM) [94]. BAP1 was first identified as a BRCA1 associated 

protein, which binds to the RING finger domain of BRCA1 and BARD1 (Figure: - 1.9) [107, 

109]. BAP1 binds to wild–type BRCA1 but not to mutated BRCA1 RING finger domain and 
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enhances the growth suppression properties of BRCA1. Binding with zinc finger RING domain 

of BRCA1 suggests that BAP1 may serve as regulator/effector of BRCA1 mediated growth 

control and differentiation pathways. BAP1 region from 182-365 amino acids binds to BARD1 

RING finger domain [110]. 

 

 

Figure 1.9:- Domain organization and interacting partners of BAP1 

 

It has been reported that BAP1 interferes with BRCA1-BARD1, RING-RING domain E3 

ligase activity by binding to BARD1 [84]. This suggests that BRCA1-mediated ubiquitination 

and BAP1-mediated deubiquitination may coordinately function in these cellular processes. 

The results show that a BAP1 directly inhibits E3 ligase activity of BRCA1-BARD1 complex 

[84]. BAP1 mutations, having correlation with metastatic uveal melanomas of eye, has also 

shown to reduce BARD1 binding [111]. Hence, BAP1 is likely the key regulatory factor 

behind modulation of BRCA1-BARD1 E3 ubiquitin ligase mediated tumor suppressor 

activity, and thus reflects its potential to control ubiquitin-dependent biological processes 

[112]. Furthermore, it has been recently observed that HECT type E3 ubiquitin ligase HERC2 

interacts with BRCA1 and ubiquitinates BRCA1 unbound to BARD1 [113]. BRCA1-BARD1  

interaction serves to protect BRCA1 from HERC2 [113]. Hence, it can be concluded that 

HERC2 have some role in the cell-cycle checkpoint control by BRCA1 degradation via 

ubiquitination [114]. 
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1.5 BRCA1-BARD1 E3 ubiquitin ligase complex inhibited by platinum 

drugs  

Deregulation of fundamental cell survival pathways is the prime cause of genetic instability 

and cell death. Recent advancements in cancer therapy involve altering pathways that are vital 

for cell survival, and particularly to target pathways involved in maintenance of genomic 

integrity [115]. As discussed earlier BRCA1 has critical role in the DNA damage repair. 

Several clinical and preclinical studies have demonstrated that modulation of BRCA1 

function has proven to be a promising therapeutic solution for breast and ovarian cancer [116-

118]. Dysfunctioning the E3 ubiquitin ligase activity of BRCA1 can be considered as a 

potential therapeutic target [119, 120].  

                             Recent report suggests that tumor suppressor activity of BRCA1-BARD1 

E3-ubiquitin ligase complex is inhibited by platinum compounds like transplatin, cisplatin, 

oxaloplatin and carboplatin [23]. This inhibition occurs in decreasing order of their efficiency 

in-vitro as well in-vivo respectively and making tumor cells more sensitive to 

chemotherapeutic drugs. Binding of anticancer drug cisplatin has been shown to affect the 

Apo-conformation of the BRCA1 RING finger domain. Mass spectrometric analysis shows 

that cisplatin binds to BRCA1 RING finger domain forming inter-molecular as well as intra-

molecular adduct at His117 position of the RING domain [121]. Hence, platinum compounds 

or metal-based drugs, which principally target BRCA1 E3 ubiquitin ligase activity, can be 

significantly helpful in improvising the combinatorial therapy and efficacy of anti-breast 

cancer drugs (Figure: - 1.10).  
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Hence, to understand the mechanism of E3 ubiquitin ligase activity inhibition of BRCA1-

BARD1 in vitro or in-vivo, their protein-inhibitor complex structure should be determined to 

elucidate the mechanism of inhibition by platinum compounds. 

 

 

Figure 1.10:- BRCA1-BARD1 E3 ubiquitin ligase complex inhibition by platinum and its 

effects 

 

1.6 3’-cleavage and polyadenylation are closely coupled to the transcription  

The poly (A) tail is characteristic of eukaryotic mRNAs and plays an imperative role in 

regulation of mRNA stability, transportation, and translation [122-124]. In humans, ∼75% of 

the core poly (A) sequences contain a conserved AAUAAA or AUUAAA upstream 
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hexameric motif located upstream of the poly(A) site and U or GU-rich sequence element 

(DSE)  [125, 126].  

                                                                                                                          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11:- Molecules involved in mRNA processing and polyadenylation in-vitro 
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This hexameric sequence is recognized by the Cleavage stimulating Factor (CstF) [127-129]. 

Cleavage stimulation factors (CstF), heterotrimeric in nature CstF50, CstF64, CstF77) and are 

responsible for processing of 3’end of premature mRNA transcript generated by RNA 

polymerase II.  

                          CstF50 (Cleavage stimulating factor 1) is involved in the processing of 

premature transcript and has also been implicated in direct interaction with the RNA 

polymerase II CTD through its N-terminal region [130, 131].  CstF-50 is a WD (Tryptophan 

Aspartate) 40-repeat containing protein, interacts with the carboxyl-terminal domain (CTD) of 

RNA polymerase II (Pol II). N-terminal of CstF50 has predominant helical regions, followed 

by a connecting linker having high flexibility loop region.  

1.7 CstF50 structure and domain organization  

CstF50 belongs to the highly conserved family of WD40 repeat proteins which contains 7 

WD40 repeat domains spanning C-terminal region (92-431aa) comprising of beta-sheets and 

folding in to a propeller like structures (Figure:- 1.13).  

                          The WD repeat in CstF50 comprises of ~44-60 residue sequence that 

typically contains the GH dipeptides at the N-terminus, and the WD di-peptides at the C-

terminus. In a homodimer of CstF50, N-terminal domain is a repertoire of three α-helical 

segregation and WD40 repeat, which collectively bury >1500 Å
2
 of surface area per 

monomer. Gβ subunit of GPCR is also a WD repeat protein which shows very high structural 

homology with CstF50 model structure (Figure: - 1.12). 
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Figure 1.12:- 7 WD40 repeat protein β-subunit of G-protein. (A) Secondary structure (B) 

Electrostatic surface (C) Secondary merged with surface and (D) Solvent accessible surface view 

(PDBID: 1XHM). 

CstF50 protein has an important role in the processing of premature mRNA transcripts and 

polyadenylation by interacting with BARD1 ankyrin repeat domain through its WD40 repeats 

region [12, 36, 131]. BARD1 interacts to CstF50 through its flexible linker region consisting of 
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554-568 amino acids (Figure:-1.2). BARD1 and the cleavage-stimulating factor 1 (CstF 1, 

CstF50) are required for the (UV)-induced inhibition of the mRNA 3' cleavage polyadenylation 

reaction [25]. Interactive relationship between BRCA1-BARD1 and CstF50 has been found to be 

important in Transcription Coupled Repair (TCR) [6, 13, 26]. Ionizing radiation activates TCR 

response through ATM/ATR kinases which phosphorylate their substrate ChK1/ChK2 and 

regulate cell-cycle and DNA damage repair. These results indicate that BRCA1-BARD1-CstF50 

mediated inhibition of polyadenylation may prevent post-transcription defective pre-mRNA 

processing [12]. Treatment of cells with hydroxy-Urea leads to inhibition of transcription, 

suggesting that BARD1 is an important factor with CstF50 in inhibition of polyadenylation of 

nascent mRNA [72, 93]. BARD1 forms heterodimer with CstF50 to modulate mRNA processing 

and RNAP II stability, by inhibiting pre-mRNA 3’end cleavage [6, 7, 12, 13]. Depletion of 

CstF50 enhances sensitivity to UV treatment and reduces the ability of BRCA1-BARD1 to 

ubiquitinate RNAP II and repair DNA damage, which leads to cell-cycle arrest and apoptosis 

[132]. 

 

Figure 1.13:- Domain organization of CstF50. 

CstF50 also interacts with the DNA replication and repair factor PCNA [12]. PCNA co-

localizes with BRCA1-BARD1 at sites of DNA repair [72, 78], and associates with DNA 

repair proteins as part of the TCR response [133]. Hence, PCNA is the repair factor that 

associates with the unprocessive RNAP II complex to the DNA damage repair machinery 

during TCR. Supporting these facts, studies have shown that cells lacking BRCA1 have 
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defective transcription coupled repair (TCR) [26]. Since the results of two independent studies 

link BRCA1-BARD1 to the stimulation of ubiquitination of RNAPII in non-breast cells, it is 

improbable that the BRCA1-BARD1 mediated RNAPII degradation by ubiquitination is a 

breast and ovarian cell-specific event [134]. Linker region between ARD and BRCT domain 

of BARD1 binds to p53, CstF50 and ATM [25]. However, ARD-BRCT binding to DNA 

damage repair protein in a phosphorylation dependent manner does not indicate its direct 

involvement in DNA damage repair mechanism.  

 

 

 

 

 

 

 

 

Figure 1.14:- Model structure of CstF50. 

The CstF50 N-terminal domain (1-91aa) is the homodimerization domain predominantly 

comprising of α- helices and is required for interaction with RNA Pol-II CTD. The C-terminal 

WD40 repeat domain has barrel shaped structure providing an interaction interface at top 

region, the bottom region, and the cylindrical surface. Therefore, CstF50 WD40 repeat 
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domains can thus act as a platform for interacting proteins, making them best suited to be 

hubs in cellular interactions networks.  

                          Structural studies of WD40 repeat domain containing protein complexes 

indicate that proteins of this family interact with protein partners at the groove formed at the 

centre of the WD40 β-propeller structure [135]. Such interactions can form an anchor for 

association of larger protein complexes. Similar, interactions were also characterized for 

heterotrimeric G-proteins where the β-subunit is a WD40 family protein [136, 137].  

1.8 BRCA1-BARD1, E3 ubiquitin ligase mediates CstF50 dependent 

transcriptional repair control                                                          

         It is known that regulation of mRNA 3' end formation has significant role in cancer, as 

unprocessed pre-mRNA are susceptible to nuclease digestion [6], and pre-mRNA cleavage 

regulates gene expression of diverse mRNAs in tumor cells during cell differentiation [138].  

                           After DNA damage, mRNA 3' processing is inhibited by CstF50-BARD1-

BRCA1 complex [12] and subsequently proteasomal degradation of RNA polymerase II CTD 

[13]. Further, prematurely terminated transcripts are known to activate a nuclear surveillance 

pathway which allows elimination of defective mRNAs by exosome-mediated degradation 

[139]. Cancer predisposing BARD1BRCT mutation, Gln564His has been found in the germ-

line of a patient with adenocarcinoma [27]. BARD1 Gln564His mutant impairs the binding 

between BARD1 and CstF50, which leads to the formation of premature transcript and 

uncontrolled mRNA regulation (Figure: - 1.15). 
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Figure 1.15:- Role of BRCA1-BARD1-CstF50 complex in transcriptional coupled repair. 

           

The BARD1 Gln564His mutation induces apoptosis less efficiently when transfected in 

mammalian cells, demonstrating that the BARD1 loop region connecting the ARD and BRCT 

domain is essential for its tumour-suppressor and pro-apoptotic functions (Figure:- 1.16) 

[95]. An in depth understanding of the structure, and functions of CstF50-BARD1-BRCA1 

complex, will be helpful in deciphering of cellular processes at atomic level. Furthermore, it 

will ultimately provide new means to tinker with biological functions via synthetic and 

systems biology approaches. Reasons for WD40 domains to act as scaffolds evidently 

epitomise one of the important domain families for indispensable cellular processes. 
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Figure 1.16:- Consequences of BARD1 Gln564His mutation on the p53 and CstF50 

interactions.    

1.9 BRCT domain as tumor suppressor  

The BRCT domain was first characterized and identified in BRCA1. The tumor suppression 

function of BRCA1 is largely contributed by its BRCT domain as, truncation and missense 

mutations in BRCA1 BRCT region leads to increased risk of breast and ovarian cancers [140-

142]. BRCT domains are present in different proteins, predominantly involved in DNA 

metabolism and repair mechanism [142, 143].  

                             BRCT domain of BRCA1 recognizes specifically the phospho peptide 

containing signature sequences pS-X-X-F ( pS-phospho Ser, X-any amino acids, F-

Phenylalanine) motif present in proteins such as (BACH1/FANCJ), [30, 31]  CtIP11 and 
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CCDC98 [17, 144, 145]. BRCT-BRCT domain packing in different BRCT repeat structures 

such as Mediator of DNA damage checkpoint protein 1 (MDC1), BRCA1, BARD1 and their 

functional role in phospho-peptide binding is well recognized [38, 146-148]. First crystal 

structure of BRCT  was inferred for the XRCC1 protein [149]. 

 

Figure 1.17: - Sequence alignment of BRCA1, BARD1, and MDC1BRCT. 

The BRCA1BRCT structure shows that BRCT domain is comprised of a central three β-

strands separated by a single α-helix on one side and two α-helices on the opposite side 

(Figure:- 1.19) [150]. Structural and sequence evaluation of different BRCT domain indicates 

that variation in structure and sequences are restricted mainly to the connecting loop regions 

(Figure: - 1.17). The crystal structures of proteins with multiple BRCT domains (tandem 

repeats) are separated by flexible linker regions. The BRCT tandem repeats in BRCA1 
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consists of the two sets of three α-helices and three β-strands at the N-terminal and C-terminal 

domain respectively (Figure:- 1.19) [115]. 

 

 

 

 

Figure 1.18: - Structure alignment of BRCA1, BARD1, and MDC1BRCT. 

So far, two diverse classes of phosphate binding pockets have been recognized in the tandem 

BRCT repeat domain. Amino acids located at phospho-peptide binding pocket and hydrophobic 

core are highly conserved [29, 151].                                                                  

                      The phospho-peptide binding compartments of BRCA1 and MDC1 serve as 

models for the first class; as the phosphate moiety of phosphopeptide interacts with 

Ser1655/Thr898, Lys1702/Lys1936, and Gly1656/Gly1899 in BRCA1/MDC1 respectively. 

The chemical natures of these residues are also conserved in BARD1BRCT (Figure 1.17). 
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Figure 1.19: - Structure of BRCA1BRCT 

In phosphopeptide chain, the +3 residue sits in the hydrophobic interface between the two 

tandem BRCT repeat and determines the binding specificity [152]. Conserved arginine 

residues Arg1699/Arg1933 in BRCA1/MDC1, respectively has a pivotal role in 

distinguishing the peptide main chain at the +3 position.  

                             In the highly homologous structure of BARD1BRCT, the conserved 

arginine is substituted by a serine residue (Ser616). Such replacement indicates that the 

phosphopeptide binding properties for BARD1BRCT might differ from MDC1 and BRCA1 

BRCT [29, 38, 153, 154]. Hydrophobic interactions between α2-α1'-α3' helices bring the 

BRCT domain pair in close vicinity and only show small non-conformities in domain 

movement upon peptide binding (Figure: - 1.20). 

N-ter 

C-ter 
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Figure 1.20:- Complex Structure of BRCA1BRCT and CtIP phosphopeptide (PDBID: 1Y98). 

Alterations in the hydrophobic packing between BRCT repeats may also alter phosphopeptide 

specificity. This possibly imitates in the absolute conservation of the cognate phospho-peptide 

motif sequence for BRCA1, where all confirmed interacting partners contain the consensus 

motif, pS-x-x-F [17, 30, 31, 91, 144, 145, 155, 156].  

1.10 Domain Organization of BARD1BRCT 

Like other BRCTs (BRCA1, XRCC, 53BP1) BARD1BRCT also has conserved 

phosphopeptide interacting residues and have tumor suppressor activity by interacting with 

other DNA damage repair protein (Figure:-1.21) [105]. Phosphorylated BARD1 at BRCT 

Thr734 in BRCA1-BARD1 complex degrades the actively elongating RNA polymerase, thus 

preventing cell cycle proliferation after DNA damage, induced by IR [105].  

N-ter 

C-ter 
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Figure 1.21:- Sequence alignment of BRCA1, BARD1 and MDC1 BRCT showing conserved 

binding pocket residues.  

Site-directed mutagenesis (Thr734Ala) study has revealed that phosphorylation of BARD1 at 

Thr734 position is required for the BRCA1-BARD1 facilitated ubiquitination and 

proteasomal degradation of RNA pol II CTD [105]. IR irradiated cells shows activation of 

ATM/ATR kinases and that further activates CHK1/CHK2 which in turn phosphorylates 

BARD1BRCT at Thr734 and Thr714 position [105, 157]. Depletion of BRCA1-BARD1 

complex using siRNA mediated knockdown leads to significant reduction of  

polyubiquitination of RNA Polymerase II following IR induced DNA damage [13, 105].  

                                CHK1/CHK2 cell lines having BARD1 Thr734Ala mutation failed to 

show RNA Pol II CTD degradation, and uncontrolled mRNA regulation. This phenomenon 

was reconstituted when complemented with wild-type BARD1 [61]. However BARD1 Thr 

714 Ala
 (--)

, Thr734
 (++)

 containing cells did not show significant change in RNA Pol II CTD 

and mRNA level. Hence, it can be concluded that Thr 734 phosphorylation of BARD1BRCT 
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is important for RNA Pol II degradation by ATM/ATR, mediated through Chk1/Chk2 under 

IR induced DNA damage response [105].                       

                        Recently, it has been identified that the BARD1BRCT domain interacts with 

ADP-ribosylated proteins, which are generated after DNA damage. Moreover, it was shown 

that BARD1 Leu44Pro at RING domain mutant abolishes the BRCA1-BARD1 heterodimer 

formation and failed early recruitment of BRCA1 to DNA damage foci. Similarly, Cys61Gly 

mutation in BRCA1 ring domain abrogates the heterodimer formation and lead to similar 

results amalgamating that BARD1BRCT is required for the early recruitment of BRCA1 at 

the DNA damage foci.  However, ITC experiment doesn’t show binding between ADP-ribose 

and PAR with BRCA1BRCT [18]. This braces the fact that protein with less sequence 

similarity can have conserved folding pattern and different binding affinity.  

                          Cancer predisposing mutations in BARD1 Cys645Arg, Val695Leu, 

Ser761Asn, Arg658Cys and Ile738Val are present in the BRCT region [27]. BARD1BRCT 

Ser761Asn missense mutation is suspected in uterine and breast cancer, Cys645Arg was 

identified in breast and ovarian cancer but Val695Leu was associated with breast cancer only 

(Figure:- 1.24) [27]. BARD1BRCT Cys645Arg and Val695Leu mutants have not shown 

interactions with ADP-Ribose, and its polymeric form PAR [18]. Cancer predisposing 

BARD1BRCT Gln564His mutant was found in the germ-line of a patient with 

adenocarcinoma [27]. BARD1 mutation Gln564His impairs the binding between BARD1 and 

CstF50, which leads to the formation of premature transcript and uncontrolled mRNA 

regulation [6, 13]. 
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Figure 1.22: - Structure of BARD1BRCT showing conserved phosphopeptide binding 

pocket. 

The Gln564His mutation has shown to induce apoptosis less efficiently when transfected in 

mammalian cells, indicating that the BARD1 region around Gln564His is necessary for its 

tumour-suppressor and pro-apoptotic functions [95]. BARD1BRCT Gln564His mutation 

abrogates the p53 and CstF50 binding to BARD1 [6, 95]. 

 



 

56 | P a g e  
 

 

Figure 1.23: - Role of BARD1BRCT Thr734 phosphorylation and consequences upon the 

DNA repair, chromatin remodeling complex and ploidy regulation. 

 

 

 

 

 

 

Figure 1.24: - Structure of BARD1BRCT showing cancer pre-disposing mutations. 
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Figure 1.25:- Mechanism of BARD1BRCT in BRCA1 recruitment and consequences of 

Cys645Arg and Val695Leu mutation upon the DNA damage repair.  

1.11 Conclusions 

BRCA1 interacts with BARD1 to form a potent E3 ligase [63, 64] and regulate different 

cellular pathway by ubiquitinating multiple protein substrates [13, 26, 75, 84, 97, 134]. 

BRCA1-BARD1 E3 ligase activity has been implicated in the BRCA1 mediated control of 

mitotic spindle assembly [75], checkpoint activation [158], centrosome duplication [159] and 

tumor cell motility [160]. E3 ligase activity and tumor suppression activity of BRCA1 is 

impaired due to tumor associated missense mutations Cys61Gly and Cys64Gly at the RING 
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domain, which abrogates the RING-RING interactions of BRCA1-BARD1 complex  [63, 

140]. Tumor suppression activity of BRCA1 is mediated by the BRCA1-BARD1 heterodimer 

and mammary specific inactivation of either brca1 or bard1 elicits breast tumors [143]. 

Unlike the tumorigenic Cys61Gly and Cys64Gly mutations, the synthetic Ile26Ala mutation 

specifically ablates the enzymatic activity of BRCA1 but allows appropriate assembly of the 

BRCA1-BARD1 heterodimer. The RING domain comprising zinc finger motif mediates 

protein-protein interactions while the BRCT domains are evolutionarily conserved and 

recurrently found in proteins that are involved in cell cycle checkpoint or DNA repair 

functions in response to DNA damage [142, 143, 161]. However, enzymatically inert BRCA1 

is sufficient to suppress tumor formation in several settings, including a model of human 

basal-like breast cancer. The E3 ligase activity of BRCA1 appears to be dispensable for tumor 

suppression. Thus, several of the recognized and unidentified functions of BRCA1 may be 

facilitated independent of its capability to ubiquitination; E3 ligase activity. The BRCA1 

protein displays E3 ubiquitin ligase activity, and this enzymatic function is thought to be 

required for tumor suppression. However, it was found that BRCT mutations that ablate 

phosphoprotein recognition in BRCA1 elicit tumor formation thus signifying that 

phosphoprotein recognition by BRCT domain is required for tumor suppression not the E3 

ligase activity [162]. 

                                   BRCTs are evolutionarily conserved tumour suppressor proteins act as 

docking site for phospho proteins involved in DNA damage repair and cell cycle control [29, 

30, 146, 150, 155, 162]. Binding of BRCT domain to phospho-ligands is critical for BRCA1 

tumor suppression and 95% of breast and ovarian cancer patients carry the mutations in 

BRCT region of BRCA1. The crystal structure of BRCT domain from different molecules 
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from the PDB shows different molecular orientations. Furthermore, truncation and missense 

mutations in BRCA1BRCT and BARD1BRCT region leads to increased risk of breast and 

ovarian cancers [27, 140-142]. Cancer predisposing mutations reported in BARD1 

Cys645Arg, Val695Leu, which shows failed recruitment of BRCA1 at DNA damage site, 

suggests that BARD1BRCT is required for BRCA1-dependent tumor suppression. Mutations 

responsible for breast and ovarian cancer in BRCA1BRCT and BARD1BRCT indicate that 

BRCT has significant role in tumor suppressor function. 
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1. Materials:-  

Restriction enzymes for gene cloning were procured from Ferments 

(https://www.thermofisher.com). All other chemicals were purchased from Sigma-Aldrich, 

unless otherwise specified. Chemicals of analytical grade or molecular biology grade were 

used to conduct the experiments. Double distilled, 0.44 µM filtered Milli-Q water (Millipore, 

USA) was used to prepare the buffers for protein purification and other purposes. Purified 

protein and buffer solutions were either centrifuged or filtered through 0.44-micron filter 

(Millipore, USA) and degassed prior to use for any experiments. 

2. Methods:- 

2.1. Gene Cloning:-  

2.1.1 Cloning of target gene:  Full length cDNA for gene of interest cloned in mammalian or 

prokaryotic vectors were used as template to clone full-length or desired gene regions of 

interest. PCR (polymerase chain reaction) was performed to amplify the region of interest. 

Complementary forward primers were designed in such a way that they have TEV protease 

nucleotide sequence was incorporated between the gene and fusion TAG region. Following 

are the steps performed for gene cloning:  

2.1.2 Primer Designing: Primers were designed manually; complementarity and 

thermodynamics parameters were cross-validated using Primer-3 software 

(www.bioinformatics.org/primerx/). The following parameters were taken into consideration 

[163]. 

Length: 18-25 (gene sequence), GC content: 40-60% 
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Tm: 50-65°C, GC clamp: Yes (3’) 

2.1.3 PCR amplification: Different combination of oligonucleotides were pre-tested and 

evaluated with the Primer-3 suite. The following parameters were used for the PCR 

amplification of genes of interest using gene specific primers. 

1. Denaturation: 95°C for 5 minutes 

2. Annealing: 55-65°C for 45  seconds 

3. Extension: 72°C @ 0.5 kb/minutes 

4. Repeat cycles from step 2 to 4 for 30 cycles 

5. Final extension: 72°C for 10 minutes 

To check the desired PCR amplification the amplified PCR product was loaded onto 1% 

agarose gel and with the help of DNA markers and the region of interest was excised. The gel 

block-containing product of interest was purified to remove gel contents using commercially 

available kit (Qiagen). The purified PCR product was subjected to restriction enzyme 

digestion. The digested gene of interest was purified to remove restriction enzyme, and then 

ligated in to suitable bacterial expression vector.    

2.1.4 Restriction digestion: The PCR amplified gene of interest and expression vector were 

digested with restriction enzymes (RE) as per the choice of selection of restriction site in the 

PCR primers. The digestion protocol is as follows. 

1. 1-2 µg (20µl) of DNA (gene interest) was taken in the microfuge tube                                                     

2. 10X digestion buffer was added as per total volume of reaction mixture. 
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3. 1µl each (10-unit) restriction enzymes were added to the reaction mixture. 

4. Reaction volume was then supplemented with DNAase and protease free distilled water. 

5.  The reaction cocktail was kept at 37°C in the water bath for 120-180 minutes. 

6. Digestion reaction was terminated by heat inactivation of the enzymes at 85°C for 5 minutes. 

7. Digested product was purified using enzyme clean-up kit (Qiagen). 

The digested product was then ligated using following protocol:- 

2.1.5 Ligation: Double digested gene of interest (sticky or blunt end insert) and bacterial 

expression vector were ligated using T4 DNA ligase. 

1. Digested vector backbone and insert DNA were taken in such a way that they are in molar 

1:3 ratio (1 vector and 3 insert). 

2. Reaction mixture was then supplied with 1 µl of T4 DNA ligase. 

3. Ligation buffer (2x) was added to final reaction volume. 

4. Ligation cocktail was adjusted to the final volume using nuclease free distilled autoclaved 

water and incubated at 16°C for 3 hours.  

The ligation reaction product was then used for transformation in bacterial host such as E.coli, 

DH5α strain.  

2.1.6 Transformation:- 

 Insertion or uptake of extracellular genetic material in prokaryotes from external agents or by 

means of extracellular stimulus such as temperature is called transformation. In prokaryotic 

transformation, fragments, or intact vector with or without foreign gene are taken up by living 
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cells under in-vitro condition. However, cells have to be made competent enough to uptake 

the naked DNA into the cells.  

Competency of bacterial cells is defined as biological nature of bacterial cell(s) to uptake 

DNA more voluntarily than in the normal growth conditions. Competency in a bacterial 

system can be externally induced by chemical or physical methods. The treatment of bacterial 

cells with buffers enriched with divalent cations such as Mg
2+

 or Ca
2+ 

most regular practice to 

make bacterial cells of desired competency. Under suitable condition, the transformation 

efficiency of most genes would be about 1 in every 10
3 
cells [164].  

2.1.7 Competent expression host cells:-  

The BL21 (DE3) is commonly used bacterial strain, which expediently expresses foreign 

proteins using T7 promoter. The (DE3) stands for the host is a lysogen of lambda-prophase 

(DE3), and carries T7 RNA polymerase gene under the control of lacUV5 promoter, which 

can be induced by non-hydrolysable analogue of lactose IPTG (Isopropyl β-D-1-

thiogalactopyranoside). This strain also comes with an advantageous property that they are 

devoid of expressing Lon and OmpT proteases making them an excellent host for foreign 

protein expression host.  

                   Expression of eukaryotic proteins in bacterial system often gets compromised due 

to the different codon usage. To overcome such problems Rosetta 2(DE3) which is a 

derivative of BL21 is designed to enhance the expression of foreign proteins having rare 

codons. The Rosetta strain has provided with supply of extra set of tRNAs for the rare codons 

such as AGA, CUA, AUA, AGG, CCC and GGA on a compatible chloramphenicol-resistant 

plasmid, called pRARE. In addition to the above mentioned rare codons, the strain also 
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supplies the seventh rare codon (CGG). This strain provides a “universal” translation system, 

which otherwise would have been limited by the codon usage of E. coli, and their tRNA genes 

found under the control of their own promoters. In the pLacI and pLysS derivatives of these 

bacterial strains, the rare tRNA genes are present on the plasmids that carry the T7 lysozyme 

and lac repressor genes, respectively. 

Protocol of preparation of competent cells:- 

1. Streaked out the desired competent cells from glycerol stock onto a LB agar plate and, grown 

over night at 37˚C. 

2. Prepared an inoculum by inoculating a single colony from LB streaked plate into 2ml LB 

media and, let it grown at 37
°
C for 10 hours.  

3. Added the starting inoculum into 500 ml LB media without antibiotic or with antibiotics 

selective for the host competent cell, and incubated it at 37
°
C with constant shaking condition 

till the O.D reached between 0.5-0.6 at λ=600 nm. 

4. Stopped the growth by replacing culture to low temperature (preferably ice) condition for 5-

10 minutes. 

5. Harvested the bacterial cells in collection tube (sorvall tubes) by centrifuging it at 5000 rpm 

for 15 minutes at 4
°
C. 

6. Discarded the broth supernatant and kept the centrifuge tube containing pellet on ice 

immediately (sterile condition). 

7. Added 100 ml of pre-chilled TB1 buffer
*1

 and resuspend the bacterial cell pellet such that no 

clumps should left over (maintain on ice while re–suspending the competent cell pellet) 
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8. Centrifuged the re-suspended competent cells at 5000 rpm for 8 minutes at 4
°
C in pre-chilled 

rotor (sorvall tubes). 

9. Discarded the supernatant and kept the bacterial pellet on ice immediately (sterile condition). 

10. Added 10 ml of pre-chilled TB2
*2

 buffer and resuspend the pellet (maintain on ice while re-

suspending). 

11. Made the even aliquots of 100 μl in 0.5 ml microfuge tubes. 

12. Snap frozen with liquid nitrogen and stored at -80
°
C for further use. 

*1
Composition of TB1 (Transfer Buffer 1): 300 mM Potassium acetate, 50 mM Magnesium 

chloride, 100 mM Potassium chloride, 10 mM Calcium chloride, 15% glycerol 

Make up the volume with autoclave double distilled water and store at 4
°
C. 

*
2
Composition of TB2 (Transfer Buffer 2):10 mM MOPS, 10 mM Potassium chloride, 75 

mM Calcium chloride, 15% glycerol 

Make up the required volume with autoclaved double distilled water and store at 4
°
C. 

The competent cells were tested by streaking on LB agar plates with and without ampicillin.  

Protocol of bacterial DNA transformation:- 

1. Allowed the competent cells to thaw on ice. 

2. Added 1μl (50-100ng) of gene of interest cloned to 100 μl of competent cells. 

3. Incubated the cells containing foreign DNA on ice for 45 minutes. 
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4. Provided a brief heat shock for 90 seconds at 42
°
C and quickly put back the tube in ice and 

kept it for 2 minutes. 

5. Added 800 μl of sterile LB medium in sterilized conditions. 

6. Grown cells at 37
°
C for ~45 minutes on shaker incubator. 

7. Centrifuged at 13000 rpm for 1 minute, and re-suspend the pellet in 100 μl of LB media. 

Spreaded the resuspended cells on the surface of LB agar plate containing the selective 

antibiotic with sterile L-shaped glass road. 

8. Placed the plate in inverted condition at 37
°
C maintained incubator for overnight to obtain 

well-isolated transformed colonies. 

2.2 Protein Expression and Purifications:- 

Recent advancements in the gene manipulation and recombinant DNA technology have 

enabled us to over-express protein of interest in-vitro using a bacterial host. A controlled but 

strong protein overexpressing promoter can efficiently convert bacterial cells into a micro-

protein production factory with a yields as high as 10-20% of total native cellular proteins. 

Since, we are overexpressing non-bacterial protein, which possess a threat to host system by 

intoxicating the host cells. Thus, desired gene of interest must be put under very stringent 

promoter control system. The expression vector system available generally contains modified 

inducible promoters and can sense the presence of inducer in the system e.g. an inducing 

agent induces Lac operon induced by addition of IPTG. In the absence of inducer in the 

growth medium, the lac promoter is repressed by Lac repressor protein (LacI). Induction or 

turning on of the Lac promoter is mediated by the addition of either Lactose or its non-

hydrolysable analogue, IPTG (isopropyl-β-D-thioglactopyranoside) to the medium. Either of 
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these substances prevents the Lac repressor from binding to the Lac operator, thereby 

enabling over-expression of the genes. 

In BL21 (DE3), the lacUV5 promoter controls the expression of T7 polymerase. BL21 (DE3) 

carries the LacI gene in its chromosome and exerts a negative control over the expression of 

T7 polymerase. Consequently, the addition of inducer releases LacI inhibitory effect and 

expression of T7 polymerase is turned on. Furthermore, addition of IPTG to the culture of 

BL21 (DE3) strain transformed with expression vector containing gene of interest induces the 

expression of T7 polymerase which in-turn over-express the protein of interest.   

Requirements: Sterile LB broth containing Ampicillin (100 mg/ml), IPTG, micropipette with 

sterile tips, sterile 10 ml pipette, table top centrifuge. 

Protocol for protein expression:- 

1. Inoculation: A single colony was selected from freshly transformed agar plate and 

inoculated it in 100 ml LB broth containing 100 µM of antibiotic for which cells are carrying 

resistant gene. Incubated the pre-inoculum on shaker incubator at 37
°
C overnight (12-16 hrs). 

2. Dilution: Diluted the 1000 ml culture with 10 ml of pre-inoculum (1:100 ratios) of 

autoclaved LB broth containing 100 µM of antibiotic. Grown the diluted culture on shaker 

incubator at 37
°
C until all the cells reached mid-log phase i.e. A600 between 0.6-0.8. 

3. Induction: The cell growth was arrested by cooling the grown culture, added optimized 

concentration of IPTG, and further incubated the culture on shaker incubator at optimal 

temperature and time.  
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4. Harvesting: The culture was transferred to centrifuge bottles and centrifuged for 10 minutes 

at 6000 rpm at 4
°
C. The pellet was re-suspended in small amount of supernatant and 

centrifuged for 15 minutes at 5000 rpm, 4
°
C. 

5. Storage: The pellet obtained was stored at -80
°
C until further used. 

2.2.1 Protein Purification:-  

Protein purification is a sequential way to fish-out your protein of interest from the cellular 

proteomic pool. Homogenous and highly pure protein is prerequisite for structure 

determination, functional and interactions analysis (protein with ligand, protein-DNA and 

RNA). Separation of desired protein from bacterial extract is usually the most difficult part of 

purification. Purification steps also depend on protein size, binding affinity to its respective 

tag and folding pattern. Chromatography is a general technique used for separation of 

desirable protein molecule from the mixture of complex pool of cellular proteins. Selection of 

stationary phase and mobile phase depends on the biophysical property of the proteins. 

Proteins are generally purified using size exclusion chromatography, hydrophobicity 

chromatography, ion exchange chromatography, and affinity chromatography. Regularly, 

purified proteins are detected as they elute from the column by their absorbance at λ=280 nm. 

The natural affinity between ligand and acceptor is the basis for affinity chromatography. 

Well-folded protein molecule recognizes its ligand through one of its structural motifs.  

General Protocol for purification of Proteins:- 

1. Re-suspension: The IPTG induced bacterial pellet was re-suspended in desired volume of 

purification buffer; supplemented with protease inhibitor (200 µl of 200 mM PMSF and 20 μl 

of protease inhibitor cocktail). 
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2. Cell lysis: Transferred the suspension devoid of any clump into centrifuge tubes and    

sonicated the cell suspension at 70-pulse rate and 70 power with 1 minutes of duty cycle in ice 

bucket. This process disrupts the cell wall using high frequency sound waves. Sonication 

process involves application of sound energy using an ultrasonic bath or probe to disrupt the 

cell wall and cellular contents oozes out. 

3. Centrifugation: The cell lysate was centrifuged at 18000 rpm for 45 minutes at 4
°
C to 

remove cell debris. Collected the supernatant and discarded the pellet. 

4. Equilibration of GST/Ni-NTA beads: Passed five column volume of water to remove traces 

of ethanol, as the beads are stored in 20% ethanol. Further, provided 5 column volume washes 

to calibrate the resin. 

5. Binding: The soluble protein was carefully transferred into the column containing the affinity 

resin, and allowed the binding by passing the cell lysate by gravity flow, collected the flow 

through of the column to recheck the fraction unbound to resin. 

6. Washing: To remove non-specifically bound proteins from the affinity matrix passed ten 

column volume of wash buffer. Taken ~10 µl of protein bound resin to load on SDS-PAGE 

gel to detect the binding. 

7. TEV Protease Cleavage: To remove the affinity tag like GST/his tag, 200 μl (20 units) of 

6His-TEV protease with wash buffer was incubated with eluted fusion protein for 3 hours. 

~10 μl of resin was taken out to run on the SDS-PAGE gel. The TEV protease is highly site-

specific cysteine protease found in Tobacco Etch Virus (TEV). The optimum recognition 

sequence for the enzyme is Glu-Asn-Leu-Tyr-Phe-Gln (Gly/Ser), and cleavage occurs 

between the Gln and Gly/Ser residues. 
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8. Equilibration of centricon: Rinsed the centricon (10-50 KDa molecular weight cut off) with 

water to eliminate traces of alcohol, calibrated it with wash buffer by centrifuging it at 4000 

rpm for 15 minutes at 4
°
C. 

9. Gel filtration: 2 ml ( or as per availability of FPLC loop size) of concentrated protein was 

injected on AKTA- FPLC pre-equilibrated with FPLC buffer and selected the size exclusion 

column (superdex-75 120ml) as per size of protein. Eluted protein fractions were collected  by 

reading the absorbance at wavelength λ=280 nm. 

10. Loading on SDS-PAGE: 10 µl of each FPLC fractions were loaded on desired percentage of 

SDS-PAGE gel, and stained with coomassie dye. Furthermore, destained to visualize the 

protein bands under trans-illuminator. 

11. Concentrate the protein: The purified fraction of proteins, which appears to be pure at the 

expected size, was concentrated as per the requirement. 

    2.2.2 Regeneration of GST resin:- 

    Composition of Wash buffer: 300 mM NaCl, 50 mM Tris, 5%   glycerol, pH-7.5 

    Buffer A: 0.5 M NaCl, 0.1 M Tris (pH 8.5) 

Buffer B: 0.1 M Na-acetate, 0.5 M NaCl (pH 4.5) 

Protocol:-  

1. 20 mM reduced glutathione solution prepared in 50 mM Tris pH 8.0 (final pH) was passed 

twice, through the column containing GST resin, to remove traces of bound GST and GST-

fusion protein. 

2. Five column volume distilled water was passed. 
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3. Provided 1 column washes with washing buffer followed by 2 column washes with 1% 

Triton-X 100. 

4. Passed one column volume of 70% ethanol followed by extensive washes with buffer-A and 

buffer-B alternatively. 

5.  Finally, passed single column volume wash buffer and a wash with distilled water 

subsequently. 

6. Stored the resin in 20% ethanol at 4
o
C for further use. 

2.2.3 Regeneration of Ni-NTA resin:- 

Regeneration buffer: 6 M GuHcl, 0.2 M acetic acid 

Protocol:- 

1. Two column volumes of 750 mM imidazole solution prepared in lysis buffer (pH 7.5) was 

passed, followed by two column washes with regeneration buffer.   

2. Provided excess of column washes with distilled water to completely remove traces of GuHcl 

and three subsequent washes with 2% SDS.  

3. Passed single column volume of 25%, 50%, 75%, and 100% ethanol. Repeated the washing 

steps in reverse order. 

4. One column volume of distilled water was allowed to pass through the column, followed by 

another five column washes with 100 mM EDTA (pH-8.0) to strip of all the chelated Ni
2+

. 

5. Again, re-charged the NI-NTA resins by applying two column volumes of 100 mM NiSO4, 

and passed 3 column volume of water to remove unbound nickel. 
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6. Stored the resin in 20% ethanol at 4
o
C. 

2.3 Protein characterization (BARD1 ARD-BRCT wild-type and Gln564His mutant, 

BARD1BRCT wild-type, mutants and CstF50) 

2.3.1 Protein Estimation:-  

Bradford (Expedon) assay and Nanodrop were used to measure the concentration of the 

purified proteins.    

1.  Different concentration of BSA 0.1, 0.5, 1.0, 2.5, 5, 10 mg/ml were prepared as a standard 

reference and absorbance was recorded at λ=595 nm using split beam UV spectrophotometer 

(Shimadzu).  

2. For most of the biophysical study, it is very important to estimate accurate protein 

concentration. Using protein sequence, the concentration of the protein can be obtained by 

determining the absorbance at λ=280nm and extinction coefficient using Nanodrop 

spectrophotometer.  

2.3.2 Mass Spectrometry:- 

The mass spectrometry is very powerful tool for identification of protein or DNA sequence, 

mass determination, post-translational modification, and other biophysical behaviour of 

proteins. This technique needs only miniscule amount (~ 1-10 ng) of protein. When the 

charged molecules or analytes are introduced in an electric and/or magnetic field, their paths 

through the field are function of their mass-to-charge (m/z) ratio. Mass/Charge ratio of the 

analyte can be used to determine the mass (M) of the analyte with very high accuracy. 
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Mass spectrometry can be applied to sequence short stretches of a polypeptide using a 

technique called tandem MS or MS/MS. A solution containing the protein to be identified is 

first digested with protease or chemical reagent to hydrolyse it to a mixture of oligopeptides. 

The mixture is then subjected into device that is mass spectrometers in tandem. 

Types of Mass spectrometry: Mass spectrometry of biomolecules can be characterized based 

on sample introduction/ionization approaches:- 

1. Electron Impact (EI): This is a harsh but versatile method, which 

provides fundamental information for the molecule up to 1000 Daltons. 

2. Chemical Ionization (CI): It is a lenient method for generation of molecular 

ion peak [M+H]
+
 and can be engaged for molecules up to 1000 Daltons. 

3. Electrospray Ionization (ESI): It is a soft method for production of 

manifold charged species, and can be employed for molecules up 

to 200,000 Daltons. 

4. Matrix Assisted Laser Desorption (MALDI): It is a soft method for generation of 

multiple charged species and can be used for molecules up to 500,000 Daltons. 

Protocol for mass spectrometry sample preparation:- 

1. Expurgated the gel into small pieces and, incubate into fresh destainer by keeping on shaking 

conditions overnight for complete removal of staining from the gel pieces. 

2. Provided repeated washing (3 changes for 10 minutes each) to the gel pieces with distilled 

water to eliminate any staining content from the gel. 

3. The excised gel pieces was treated with 50 mM NH4HCO3 + 50% acetonitrile (1:1) cocktail to 

offer buffering and destaining, kept it for 15 minutes at 25˚C. 
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4. Excluded excess of liquid and submerged it with sufficient amount of 100% acetonitrile. 

5. Removed the excess of acetonitrile, and add 50 mM NH4HCO3 to rehydrate the gel plugs. 

6. Added equal volume of 100% acetonitrile subsequently, kept it for 5 minutes to allow the gel 

to shrink.  

7. Quick dried the gel particles in vacuum spin-dry (for 10-25 minutes) to vaporize the solvent. 

Reduction and Alkylation- 

1. Swelled the gel pieces in 10 mM DTT, 50 mM NH4HCO3 (300 μl/tube) (freshly prepared) for 

reduction reaction. 

2. Incubated the gel particles at 56
°
C for 45-55 minutes. Brought the tubes at room temperature 

when incubation period is over. 

3. Eliminated additional fluid and substituted it rapidly by approximately the identical volume of 

recently prepared 55 mM iodoacetamide (IAA) in 50 mM NH4HCO3 for alkylation. 

4. Kept it for 30 minutes at room temperature in dark. 

5. Removed the IAA solution and washed the gel particles with the mixture of 50mM NH4HCO3 

and 50% acetonitrile (1:1). 

6. Added plenty of 100% acetonitrile (about 200 μl) to cover the gel pieces. 

7. Once the gel pieces shrinks, acetonitrile was removed. 

8. Dried down the gel particles in speed vacuum (5-6 minutes). 
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In Gel Digestion:- 

1. Provided superfluous amount of freshly prepared enzyme solution (Trypsin + NH4HCO3) to 

the gel particles. The working concentration of trypsin can be in the ratio of 1:100 or 1:10. 

2. Discarded the additional solution and incubated the tubes containing gel pieces at 37
°
C 

overnight in upright position (16 hours minimum). 

Extraction of peptides:- 

Composition of peptide extraction buffer: 100% acetonitrile + 5% TFA 

1. Added ~ 30 µl of extraction buffer each time after vortexing (three times, and kept the 

extracted peptides in fridge for supplementary use). 

2. Centrifuged the extract from the sample for 1-2 minutes at 1000 rpm. 

3. Dried the sample (45-50 minutes) using vacuum drier. 

4. Stored the vacuum dried samples at -20
°
C until next step. 

  2.3.3 Circular Dichroism:- 

Circular Dichroism (CD) is an optical phenomenon which arises due to the differential 

absorption of left and right circularly polarized light by chiral molecules. Only asymmetrical 

molecule can display such kind of activity when exposed to circularly polarized light. 

Biological molecules like amino acids, proteins can display differential absorption of R-CPL 

(right circular polarized light) and L-CPL (left circular polarized light). Proteins having 

different composition of secondary structural element like α- helices, β-strand or random coil 

has unique signature in CD spectrum. The far-UV region, (λ=250-190nm) CD spectroscopy 
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of proteins reveals secondary structural contents of the protein. However, near-UV region 

(λ=350-250nm) CD spectroscopy predicts tertiary structure of the protein. Proteins showing 

absorption minima at λ=208 nm and 222 nm indicate predominant α-helical structure, whereas 

a minimum at λ=218 nm is a characteristic content of β-strands or sheet. CD signal is often 

affected due to the composition of buffer in which protein is present. Hence, it is important 

that spectra of buffer components may also require additional monitoring at lower 

wavelengths. For example, CD spectrum at λ= 208, 218, 222 and 228 nm allows acquisition 

of higher signal to noise ratio for the secondary structural changes at different urea 

concentration. While avoiding amplification of the voltage at the higher concentrations of 

denaturant may incorporate noise in the data acquisition. 

CD Polarimeter: Jasco J-815 spectropolarimeter, fitted with a Peltier temperature controller. 

 

Protocol:-  

1. CD cuvette was washed with 0.1% t-Octylphenoxypolyethoxyethanol (Triton) and 

subsequently washed with 100% ethanol and air-dried the cuvette. 

2. Scanned 5-10 µM of protein solution (in 10 mM HEPES, pH 7.5, 50 mM NaCl) in a 

wavelength range of λ 200-240 nm at 15°C.  

3. Calculated the mean residual ellipticity considering the protein concentration and mass.  

2.3.4 Fluorescence Spectroscopy:-  

At room temperature, each molecule poses minimum energy state, and attains higher energy 

level when excited from the external source. Each electronic level comprises of closely 
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spaced energies bands, which exist at different vibrational modes. Electronic states are 

characteristically divided by energies roughly 10000 cm
-1

. Each electronic state is fragmented 

into multiple sublevels demonstrating the vibrational modes of the molecule. The energies of 

the vibrational levels are also separated by about 100 cm. Fluorescence intensity measurement 

allows the determination of the local environment presence of intrinsic fluorophores and their 

absorptions. The fluorescence emission spectrum of a well-folded protein is a combination of 

the fluorescence emission of individual aromatic residues. Aromatic amino acids like 

phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) have intrinsic fluorescence 

properties due to presence of conjugated ring system. Emission from Tyrosine and 

Tryptophan are generally used because their quantum yields are high enough to provide a 

decent fluorescence signal. The major involvement in intrinsic fluorescence emissions of a 

folded protein is due to tryptophan residue, with little complement from tyrosine and 

phenylalanine. Disulphide bonds also have considerable absorption in the same range. 

Emission spectra is collected from λ=310 to 400 nm, following excitation at λ=280 or 295 

nm. Temperature and chemical denaturants are used to monitor the folding pattern using 

fluorescence spectroscopy. In both, we can collect emission spectrum for the native and 

unfolded protein using a single wavelength range scan to monitor the structural changes. 

Spectrofluorimeter: JOBIN YVON Horiba Fluorolog 3  

Protocol:-  

1. The tryptophan and tyrosine microenvironments were monitored using Fluorolog 3 (Horiba, 

USA) at excitation wavelength of λ=280 nm and temperature of 10°C.  

2. Fluorescence emission scans were recorded from λ=310-380 nm wavelength. 
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There are two widely used methods to monitor the protein folding and melting temperature. 

1) Thermal Denaturation:- 

 A protein can acquire different conformations, and each conformation is closely related to the 

previous one. Week intermolecular interactions like hydrogen bonding, ionic interaction, van 

der Waal interactions, and hydrophobic interactions play very important role in protein 

folding. The kinetics and thermodynamic folding parameters of protein can be elaborated by 

utilizing intrinsic probes such as fluorescence and CD. Some proteins have internal features, 

which leads to its aggregation or precipitation, which in turn poses experimental difficulty to 

apprehend the folding pattern.  For thermal denaturation using CD, spectra of 10 µM protein 

at a temperature range of 10-80°C and λ=200-250 nm wavelengths were collected 

respectively. Fraction unfolded were calculated at each temperature interval and plotted upon 

each other to determine the melting temperature and folding pattern. In fluorescence 

spectroscopy, the tryptophan and tyrosine loci can be monitored at excitation wavelength of 

λ=280 nm and tryptophan specifically at λ=295 at 10°C. Emission spectra were collected 

from λ=310-400 nm wavelength. 2-µM wild-type and mutant proteins were unfolded in a 

temperature range of 15-80°C and emission maxima were obtained.  

Protocol for BARD1 ARD1-BRCT wild-type and Gln564His mutant thermal 

denaturation   

For thermal denaturation in CD:- 

1. Purified wild-type and mutant protein (10µM) were unfolded in a temperature range of 10-

60°C and unfolding pattern was analyzed at λ= 222 nm wavelength.  
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2. Data fitting was done in two-state transition model and thermal parameters were calculated 

respectively. 

Protocol for BARD1BRCT wild-type and mutant proteins thermal denaturation:- 

1. 10 µM proteins were unfolded in a temperature range of 15-80°C and spectra were obtained.  

2. Data was analyzed by fitting in to a three state transition model and thermodynamic 

parameters were calculated.  

Chemical denaturation: Fluorescence spectroscopy is spectrophotometric technique used to 

assess minor conformational changes in the protein structure even at low protein 

concentration (2μM).  To examine the alterations in proteins tertiary structures, we have taken 

GuHcl as chaotropic agent. Equilibrium denaturation studies allowed us to compute the free 

energy, protein stability and presence of intermediates.  

The protein concentration required for measuring the equilibrium of unfolding experiment in 

the micro molar range, but it also depends on number of aromatic residues. Different suitable 

buffer systems are available for fluorescence and CD experiments. However, absorbance 

required is to be corrected to obtain native protein fluorescence contribution. 

Following are the steps used to set up an equilibrium unfolding experiment: 

1. Prepared 7 M GuHcl stock. 

2. Checked that the protein is completely denatured. 

3. Adjusted the instrument background signal using native and denatured protein in their 

respective buffers. 

4. Incubated the samples in increasing (0-6M) concentrations of denaturant. 
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5. Established the equilibration time and reversibility. 

6. Performed equilibrium-unfolding experiments. 

7. Repeated experiments at different protein concentrations to determine the model used for 

fitting the data. 

Emission scans were collected between λ=310-390nm and blank correction was done to get 

high signal to noise ratio. Data fitting was performed in two or three state based on 

intermediate presence and further thermodynamic parameters were calculated. 

Data analysis and curve fitting:-  

Data fitting (CD, Fluorescence) was performed  using Origin (Origin Lab, Northampton, MA) 

for three state transition model, and thermal parameters were calculated by considering native 

(N) to intermediate (I) and intermediate to unfolded (U) transition [165]  

                                                                                                                       (1) 

Here, K1 and K2 represent the equilibrium constants for the two reactions. 

In order to analyze unrelated spectroscopic signals on a same scale, data was normalized 

using following equation.  

                                                   FF = (Yx-Yu) ÷ (YN-Yu)                                                     (2) 

Yx and YU are the normalized blank corrected signals and the signal of the unfolded protein 

respectively, and YN is the signal of the folded protein. FF represents the fraction folded at a 

particular temperature or denaturant concentration. A plot of the normalized signal (fraction 
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folded, fF) against the denaturant variables, generate the unfolding curve for spectroscopic 

probes. 

The equilibrium constant (K) can be derived from fF using following equations. 

                                                         K=fu/fF=fu/ (1-fu)                                                       (3)                                                                                

Following equations were employed to calculate the free energy (ΔG) and enthalpy (ΔH) of 

unfolding reaction from K. 

                                                             ΔG=-RTlnK                                                          (4)                                                                                                           

                                                       d(lnK)/d(1/T)=-ΔH/R                                                 (5)                                                                     

R is the gas constant (1.985 calK
-1

mol
-1

) and T is the temperature (Kelvin). 

                                                     ΔG=ΔG
H2O

-m [urea]                                                   (6)                                                

ΔG
H2O

 is defined as an estimate of the conformational stability of a protein in the                               

absence of denaturant (i.e. Intercept of linear extrapolation of ΔG value), m is the slope of the 

plot ΔG vs. Urea and it measures the dependence of ΔG on urea concentration [166, 167]. 

2.3.5 Limited Proteolysis:- 

 Limited proteolysis is used to probe structural features of proteins. Proteolytic probes such as 

trypsin and chymotrypsin can locate the sites of a polypeptide chain characterized by 

enhanced backbone flexibility. The target proteins would be induced to acquire the partially 

folded state under specific conditions, such as low temperature and pH. It can also be useful 

to isolate the protein fragments that can fold autonomously, and thus behave as domains.  
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Protocol for limited proteolysis of BARD1 ARD-BRCT wild-type and Gln564His 

mutant:- 

1. Equal concentration of BARD1 ARD-BRCT wild-type and Gln 564 His (1.5 mg/ml) was 

incubated with trypsin independently in two different set of experiment, keeping the final 

concentration of trypsin 40ρg/µl.  

2. Reaction mixture was incubated for different period of time 0, 5, 10, 15, 30, 60, 120 minutes 

at 37°C (trypsin).  

3. Reaction was terminated individually by adding protease inhibitor 1mM PMSF. 

4. Samples were heated by adding equal volume of laemmli buffer and analyzed by SDS-PAGE 

gel.  

Protocol for limited proteolysis of BARD1BRCT wild-type and mutants:- 

1. Trypsin and chymotrypsin were mixed to purified wild-type and mutant proteins (2mg/ml) 

separately with their final concentration of 40 Þg/µl and 10 Þg/µl respectively. Untreated 

protein was taken as a control.  

2. Reaction mixtures were incubated at 37°C (trypsin) and 25°C (chymotrypsin) for different 

time period, 0, 10, 30, 60, 120, 180 minutes. Reaction was terminated by adding 2 µl of 200 

mM PMSF. 

3. Samples were heated with laemmli buffer and analyzed on SDS-PAGE gel. To our 

conclusion, band corresponding to 24 KDa was considered as a most stable fragment.  

4. Domain of interest was identified by mass spectrometry and Mascot analysis with Biotool 

software (Bruker Daltonics, USA) [168].  
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2.3.6 Molecular Modeling and Docking:-  

Protein structure determination and functional characterization is an essential area of 

investigation in structural biology. Determination of protein tertiary structure unravels the 

functional domains present in the molecule at the atomic level. X-ray crystallography, 

electron microscopy and NMR spectroscopy are the important experimental methods for 

protein structure determination [169-171]. Structure determination of protein using X-ray 

crystallography or NMR spectroscopy requires large amount of pure protein, which 

sometimes becomes the limitation of these techniques. However, recent advancement in 

computational resources has enabled us to model the protein structure. Currently, ab initio 

prediction and homology modeling are widely used to generate the protein 3-D structure. Ab 

initio or de novo prediction is established on the fundamental physical and chemical 

properties and principles.  Ab-initio or de novo method is limited by computational power and 

accuracy. However, homology modeling of protein depends on sequence similarity with 

structures available in the Protein Data Bank (PDB) and other structural databases. Homology 

modeling is based on the principle that proteins of similar amino acid sequences, commonly 

evolutionarily interrelated, fold into analogous 3D structures [170]. There are two widely used 

approach for protein modeling:-  

1. Knowledge-based model that combines the sequence data to other information, such as 

homology modeling [172, 173]. 

2.  Energy-based calculations through theoretical models and energy minimization, such as ab 

initio prediction [174]. 
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1. Homology Modeling  

When sequence homology with known protein is high and stereo-chemical structure is known, 

modeling of an unknown structure by comparison can be carried out with reasonable success. 

It is shown that protein pairs with a sequence homology more than 50%, have 90% of the 

residues within a structurally conserved common folds [175]. If one examines sets of related 

proteins, they may find different primary amino acid sequence but tertiary fold is similar 

which signifies that general folding pattern of the structural core is conserved. Given a protein 

sequence of interest, the homology modeling procedure requires investigation of homologous 

sequences with solved crystal structures, alignment of the query sequence to the template 

structure, 3D model building, and refinement of the proposed model. 

The homology modeling normally consists of four steps: 

1. Begin with the known sequences. 

2. Assemble fragments/substructures from known homologous structures. 

3. Carry out investigation about the limited structural changes from a known adjoining 

protein. 

4. Optimize the structure by energy minimization. 

Homology modeling relies on the accepted similarity in 3D structure between proteins of 

similar sequences. Hence precise identification of homologous sequences is critical to 

generate the correct structural representations. Most commonly, identification of close 

homolog occurs through comparison of protein sequence profiles or Hidden Markov Models 

(HMMs). Additional, use of more innovative methods of sequence assessment, such as 



 

87 | P a g e  
 

sequences to profiles alignment (PSI-BLAST), profiles to profiles (FFAS), or HMMs to 

HMMs, helps greatly in homolog identification.  

First and foremost BLAST searches are performed against the input sequence for homology 

identification by pairwise sequence alignment. The reliability of BLAST and PSI-blast output 

in the “twilight zone” (<30% identity with probe) is often compromised, which limits the 

effectiveness of homologues identified by BLAST. In the profile based identification 

methods, that allows identification of more distantly related proteins. In a standard study of 

the SCOP database, PSI-BLAST validates with twice the accuracy of BLAST, while FFAS 

search enhances the accuracy by additional 20% upon PSI-BLAST. These increments in 

search specificity ultimately led to greater alignment of the query sequence with the 

experimental structures [169, 170]. Once a set of homologues is cautiously chosen to use as 

templates, alignment of the probe sequences to the template structures can often be followed 

by adjustments to optimize placement of insertion and deletions outside tight secondary 

structure elements. Building the large loops with low structural homology or no homology 

can be performed by searching structural libraries, loops longer than six or seven residues 

increases challenges because of the large number of random possible conformations [176]. 

Contemporary homology modeling techniques have achieved structure predictions of such 

accuracy that it can be successfully used in drug designing, virtual screening, and site directed 

mutagenesis applications [170].  

2. Ab initio Prediction of Protein Structure 

The prediction of the 3D structure from the sequence of amino acids in the absence of 

template structure has been a great challenge for protein modeling [174]. A 3D 

stereochemical structure determination of protein in the absence of homology depends on the 
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energy based structure prediction, which relies on energy minimization and molecular 

dynamics. The energy based structure prediction method is faced with the problem of a large 

number of possible multiple structures having very similar energy minima. A protein of 100 

amino acids can have (2x5)
100

 different main chain conformations, if only two torsion angles 

per residue are assumed to have five likely values per torsion angle. If we assume and 

calculate other features like optimal (constant) bond lengths, bond angles, and torsion angles 

for the side chains, it is computationally impossible to evaluate and analyze all the possible 

conformations to find the global minimum. Various constraints and approximations have to be 

introduced to simplify the problem of protein structure prediction. The total molecular energy 

E can be expressed as under the assumption of constant bond lengths, and bond angles as: 

 

                                       E= Etor +Eelec + Evdw +Epse 

Where Etor, Eelec, Evdw, and Epse are torsion angle potential, electrostatic potential, van der 

Waals and pseudo entropic interaction energies respectively. The secondary structure 

prediction may be helpful in reducing the search space so, calculation of realistic torsion 

angles or restrictions for torsion angles permitting to the predicted secondary structures can be 

used to constrain main-chain torsion angles. It is reasonable that an incorrectly predicted 

structure will have fewer stabilizing hydrogen bonds, electrostatic, and van der Waals 

interactions, larger solvent accessible surface and a greater fraction of hydrophobic side-chain 

atoms exposed to the solvent [177]. Typically, force field provided to ab initio modeling 

conducts a conformational quest under the direction of a pre-designed energy function. This 

method commonly produces a number of possible conformations (structure decoys), and final 

(1) 
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model is selected from them. Therefore, successful ab-initio modeling depends on three 

factors:  

(1) A precise energy function with which the native structure of a protein resembles to 

the utmost thermodynamically stable state, associated to all likely decoy structures.  

(2) An effective search method, which can rapidly and precisely identify the low-energy 

states over conformational search, 

(3) Assortment of native-like models from a pool of decoy structures.  

One of the best known methods for ab-initio modeling is one pioneered by Bowie and 

Eisenberg, who generated protein models by collecting small fragments (mainly 9-mers) 

taken from the PDB library [178].  Grounded on a related idea, Baker and coworkers have 

established ROSETTA [179, 180], which is extremely successful for the free energy modeling 

(FM). In the recent expansions of ROSETTA, models were generated in a reduced form with 

conformations specified with only heavy backbone and Cβ atoms. Furthermore, the low-

resolution decoys were subjected to all-atom refinement technique by an all-atom physics 

defined energy function, which includes van der Waals interactions, pair wise solvation free 

energy, and an orientation-dependent hydrogen-bonding potential [181, 182]. For the 

conformational search, multiple rounds of Monte Carlo minimization are performed [183]. 

Despite the significant success, the computational cost of the procedure is relatively exclusive 

for routine use. Partially because of the remarkable achievement of the ROSETTA algorithm, 

as well as the restricted accessibility of its energy functions to others, several groups started 

developing their own energy functions using the idea of ROSETTA. Derivatives of 

ROSETTA comprise Simfold [184] and Profesy [185].  
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2.3.7 Molecular Docking:- 

Protein-protein interactions are the basis of cellular function. The complex molecule adopts 

energetically and entropically best binding interface for each other. Furthermore, determining 

the structures of complex protein by experimental methods (X-ray and NMR solution) is still 

challenging. Hence, in-silico protein-protein docking can help to characterize the binding 

interface. It is usually achieved in three steps: 

(i) Sampling: A large number of randomized conformations of the protein structures to be 

docked are created. 

(ii) Optimizing: The binding complexes are optimized with respect to different energy terms, 

geometrical reasons or other supplemental information by performing translational, rotational, 

and conformational changes. 

(iii) Scoring: The output structures are ranked to find the best solutions (close to the native 

complex structure) in top positions. This is achieved by calculating appropriate scores that 

measure the quality of the complexes.  

In molecular docking, one molecule (ligand) is brought into close proximity of another 

(receptor) while investigating the energies of interaction in different possible mutual 

orientations. In the complex, ligand and receptor molecules are bonded in such a way that 

they adopt the most favorable (energetically) docked structures. There are majorly two  

approaches for docking. The first class treats a whole ligand molecule as a beginning point 

and engages a search algorithm to investigate the energy contour of the ligand at the binding 

site. Furthermore, it examines optimal reasonable solutions for a specific scoring function. 

The search algorithms comprise geometrical complementary fit, simulated annealing, genetic 
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algorithms and molecular simulation dynamics. Representative examples are DOCK3.5, 

AutoDock, and GOLD [186-188]. The second methodology of docking starts by placing one 

or several substructures (geometrical conformers) of a ligand into a binding pocket, and then 

it builds the rest of the molecule in the site. Representative examples are DOCK4.0, FlexX, 

LUDI, GROWMOL, and HOOK [189-194]. In an interactive docking, an initial knowledge of 

the binding site is normally required which helps in placing the ligand interactively onto the 

binding site. Furthermore, geometric restraints such as distances, angles and dihedrals 

between bonded or non-bonded atoms may simplify the docking process. For interatomic 

distance, bond length can be restrained to remain constant during a simulation for 

representative complex structure. Such constraints also guarantee the confinement of the 

ligand molecule at juxtaposition of the binding site of the receptor during energy 

minimization process. In an automatic docking, ligand is permitted to fit into possible binding 

cleft of the receptor of known molecule [186-188]. HADDOCK (High Ambiguity Driven 

biomolecular DOCKing) [195-197] is developed by EMBL which takes advantage of 

biochemical and biophysical data documented during chemical shift perturbation data 

resulting from NMR titration experiments, mutagenesis data or bioinformatics predictions. 

HADDOCK uses Ambiguous Interaction Restraints (AIRs) to carry out the docking process. 

An AIR can be defined as an ambiguous distance between all residues shown to participate in 

the interactions. Additionally, HADDOCK also uses more quantitative restraints between 

pairs of nuclei from NOEs and RDCs (residual dipolar couplings). HADDOCK has been 

extended to deal with large variety of data and complexes in addition to protein-protein 

docking [196, 197]. Docking by HADDOCK is performed by transforming the data into 

ambiguous interaction restraints (AIRs) that describe a huge grid of ambiguous spaces 
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between residues expected to be involved in the binding mode without forcing it to any 

specific position or orientation on the components. HADDOCK also handles other NMR 

sources of knowledge such as residual dipolar couplings (RDCs) [195] diffusion relaxation 

[198], and pseudo-contact shifts [199]. Other low-resolution data such as small angle X-ray 

scattering (SAXS) [200]  and cross-link data from mass-spectrometry can be used for scoring 

and/or generating models. 

The HADDOCK docking protocol 

Docking in HADDOCK is accomplished in three successive stages: 

1. Randomization of orientations and rigid body energy minimization. 

The receptor and ligand are placed at a geometrical separation of 150 Å from each other in 

space and  randomly rotated around their center of mass. Then both molecules are allowed to 

rotate to minimize the intermolecular energy function. After the translations and rotations, 

ligand and receptor are docked by rigid body energy minimization. The best decoys are 

selected based on intermolecular energies. 

2. Semi rigid simulated annealing in torsion angle space.  

First, the two proteins are presumed as rigid bodies and their particular orientation is 

optimized. Then the side chains at the interface are allowed to move in. Further, chains and 

backbone at the interface are allowed to move in with conformational rearrangements. The 

best top scoring models 200 out of 1000 from the 1
st
 stage are refined using a simulated-

annealing (SA) method in torsion-angle space procedure during which the interface is treated 

as flexible by taking first side-chains only, then both side-chains and backbone. 
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3. Final refinement in Cartesian space with explicit solvent. 

Models from simulated annealing are subjected to molecular dynamics simulation in an 

explicit solvent shell. In the final phase, they are solvated in a 8Å shell of TIP3P water 

molecules. In the TIP3P model, each atom is assigned a point charge, and the oxygen atom 

gets the Lennard-Jones parameters [201]. A large number of energetically improved structures 

generate the problem of selecting the better results. However, comparative analysis of 

micromolecular property, such as steric surface complementarity, electrostatic interactions, 

hydrogen bonding and knowledge based pair-potentials, desolvation energies and van der 

Waals interactions helps to find better scored model [202-211]. 

2.3.8 Molecular Dynamics Simulation (MD simulation):-  

Computer based MD simulations act as a connection between microscopic length and time 

scales i.e. to develop the prospect of the complication that splits ‘solvable’ from ‘unsolvable’. 

MD simulation ascertains the motion of atoms on a multi-dimensional potential energy 

landscape resultant to one electronic state using classical mechanics or quantum mechanical 

equation. MD simulation imposes Newtonian mechanics on a particle system to solve the time 

evolution of a set of interactions. MD simulation comprises of the mathematical, solution of 

the conventional calculations of motion.    

 

 

 

(1) 
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In order to compute the forces fi acting on the atoms, which is originate from a potential 

energy U (r
i
), where ri = (r1; r2; ….. ri) symbolizes the entire set of 3N atomic coordinates. 

The position and velocity vector describes the time evolution of the system in phase space, 

which is defined in the MD trajectory. The objective of the numerical integration of Newton’s 

equations of motion is to find an expression that describes positions ri (t1∆t) at time t1∆t in 

terms of the previously known positions at time t. Verlet algorithm is commonly used in MD 

simulations because of its simplicity and consistency. The elementary formula for this 

algorithm is derivative of the Taylor series for the positions ri (t); it. Reads as in equation  

 

 

Equation [2] is precise up to the fourth power in ∆t. Velocities can be obtained from the 

propagated explicitly as in alternative velocity Verlet scheme [212]. The atomic interactions 

and potential energy of the particle system can be described by the potential U (r1… rN), 

which signifies the potential energy of N interacting atoms as a function of their locations r i= 

(xi, yi, zi). Given the potential, the force acting upon ith atom is obtained by the gradient with 

respect to atomic displacements, as shown in equation 

 

                                                                                                                                              

                                           

The physical and chemical properties in a functional form of a system are defined by 

empirical potentials, which are defined by the atomic force field. The adaptable constraints 

(2) 

(3) 
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are chosen such that the empirical potential signifies a good fit to the appropriate sections of 

the ab initio Born–Oppenheimer surface [213]. The atomic force field model defines physical 

systems as collections of atoms kept together by inter atomic forces.  

A characteristic force field, used in the simulations of bio-systems, where the potential energy 

U is calculated from bonded and non-bonded interactions can be written as  

 

where rij = ri − rj , kb is the bond stretching constant,  r0 equilibrium bond distance, Kθ is the 

bond angle constant, θ0  is the equilibrium bond angle, τ is the torsion angle, ϕ is the phase 

angle, and Vn is the torsional barrier. The last two non-bonded terms in the potential are 

Lennard-Jones potential and coulomb interaction, in which is the van der Waals well depth, σ 

is the van der Waals diameter, q is the charge of each atom, and ε is dielectric constant. 

Biomolecular force fields are generally accounts for long-range electrostatic and dispersive 

interactions and an additive of order N
2
 required accounting for all non-bonded pairs. The 

new positions and velocities are upgraded after each stepwise numerical integration which 

also requires the forces acting upon the atoms have to be recomputed at each step. An aqueous 

medium is the illustrative environment for biological macromolecules and it has to be 

accounted for in realistic simulations. The treatment of long-range forces is associated to the 

choice of boundary conditions imposed on a particle system to deal with its limited size and 

surface effects. The two common techniques are generated on both periodic boundary 

conditions and the Ewald method for lattice summations or on spherical boundary conditions 

(4) 
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and the reaction field method. Particle meshed Ewald method or fast multiple methods allows 

more effective computation of the long-range interactions and do not accounts to basic cutoff 

approximation, in which contributions of sites separated by distance larger than a certain cut-

off are abandoned.  

Molecular modeling & docking Protocol for BARD1 ARD1-BRCT and CstF50:-  

1. Protein structure of BARD1 ARD-BRCT, ARD domain (425-550aa) and BARD1BRCT 

(568-777) amino acids and CstF50 (1-431aa) was modeled using Robetta server.  

2. Good-quality model was selected based on overall stereochemistry, Ramachandran plot and 

“SAVES” (Metaserver for analyzing and validating protein structures, 

(http://nihserver.mbi.ucla.edu/SAVES/). 

3. SAVES mainly comprises five programs, Procheck, What_check, Errat, Verify_3D, and 

Prove. Modeled structure was simulated for 100 ns using GROMACS [41-43].  

4. Monomer BARD1 ARD-BRCT-CstF50 geometrical docking was carried out using 

HADDOCK server [211]. 

5. PDBsum was obtained to analyze the interactions. 

6. DALI server is an important tool that predicts the best structure homologs of the novel 

protein [214]. It has been reported that structurally similar proteins most likely play similar 

role in a particular biological occurrence [215]. 

Protocol for BARD1BRCT domain and mutant’s simulation and mutational analysis:- 

1. Protein structure was downloaded from (PDB ID: 2NTE).  

http://nihserver.mbi.ucla.edu/SAVES/
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2. Mutants were generated by swiss PDB viewer and chemical quality, Ramachandran plot and 

validated by “SAVES” server.  

3. Protein was simulated for 50 ns using GROMACS [41].  

4. Monomer-monomer geometrical docking was carried out using HADDOCK server [197]. 

5. PCA analysis and clustering were performed on the wild-type and mutant trajectory using R 

3.2 and Prody software [216, 217].   

6. For mutational studies, substitution was incorporated in the modeled structure corresponding 

to a particular variant and structural analysis was performed using Ligplot 

(http://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/) to observe changes in the molecular 

environment [218].  

2.3.9 Principal Component Analysis (PCA):- 

In cellular milieu, proteins are dynamic in nature and extraction of physical principles that 

govern such directional dynamics may prove crucial in understanding their mode of 

functioning at the molecular level. MD simulations of macromolecules can mimic the cellular 

conditions, but extract the meaningful information from large diverse data set can be derived 

from PCA [219, 220]. A characteristic MD trajectory contains the data of time-evolution of 

the coordinates of all the component atoms of the system being investigated. Usually, MD 

time steps are roughly 1 fs while the simulation time may fluctuate from a few to tens of 

nanoseconds. So, a single resultant trajectory after MD simulation comprise huge amount of 

data. For an N-atom system, the input dataset for PCA can be constructed as a trajectory 

matrix and each column comprises a cartesian coordinate for a given atom at each output time 

step (x (t)). Prior to performing PCA, it is mandatory to remove any net translational and 



 

98 | P a g e  
 

rotational motion of the system by aligning the coordinate data to a reference structure (input 

structure) to get the appropriate trajectory matrix (X). The standardized trajectory data is then 

used to generate a covariance matrix (C) and elements matrix can be defined as 

                                                 Cij= < (Xi-<Xi>) (Xj-<Xj>) 

Where <
…

> signifies an average done over all the time steps of the trajectory. The following 

step comprises of diagonalization of the 3Nx3N covariance matrix and can be accomplished 

via eigenvector decomposition method as where T 

                                                                    C=TɅT
T
 

is a matrix of column eigenvectors and Ʌ is a diagonal matrix comprising the corresponding 

eigenvalues. This procedure leads to transformation of the actual trajectory matrix in a new 

orthonormal basis set composed of the eigenvectors. The eigenvalues are indicative of the 

mean squared displacements of atoms along the matching eigenvector. There will be 3N 

following eigenvalues if the number of arrangements (M) is more than 3N. If M<3N there will 

be the number of eigenvalues will decrease to M. 

The simplest mode of visualizing these results involves categorization of eigenvectors in a 

descending order with respect to their eigenvalues. The plot of eigenvalues against the 

respective eigenvector index can then be plotted as ‘scree plot’. Typically, a scree plot 

indicates that only a few first eigenvectors possess large eigenvalues and higher eigenvector 

shows lower eigenvalues. As a result, most of the variance or atomic motion in the data is 

content and illustrated by only a few first modes. It is then imperative to postulate that the 

motions along these ‘essential eigenmodes’ explain the most significant global information 

which shows predominantly the dynamics of the macromolecular systems. Visualization of 

(2) 

 

(1) 
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the components of individual eigenvector can be helpful to estimate the landscape of the 

eigenmodes and atomic fluctuation. After the identification of a subset of essential 

eigenmodes, further investigation specifying each mode can be undertaken by projecting the 

native trajectory along a specified eigenvector. The respective projection matrix (P) can be 

acquired as 

                                                                        P=XT 

The time evolution given by the projection matrix yields excitation amplitude of a given 

eigenvector. The column vectors in P (p(t)) are termed as the ‘principal components’. To 

investigate the motion along any specified eigenvector, the column vector from P multiplied 

by the respective eigenvector in T yields a compact trajectory comprising motion only along 

the selected mode. First 20 modes which occupy high eigenvalue position and thus contain the 

essential information of the macromolecular dynamics.  

2.3.10 Normal Mode Analysis (NMA):-  

The vital goal while examining the protein dynamics is to explain slow large-amplitude 

motions. These motions characteristically indicate conformational fluctuations which are 

crucial for the functioning of proteins. Normal mode analysis of protein can provide valuable 

insight regarding the mechanism of slow large-amplitude motions within multidomain protein 

assembly in a time independent manner [221, 222]. Normal mode analysis (NMA) is a quick 

and non-expensive technique to calculate vibrational modes and protein flexibility. In NMA 

the modeled atoms are considered as point masses associated by springs, which indicate the 

interatomic force fields. In NMA each interatomic bonds are considered as springs connecting 

each atom (which is also called as node) to all other neighboring nodes are of equal strength, 

(3) 
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and only the atom inter-connected within a limited distance are accounted. A standard NMA 

requires a set of Cartesian coordinates, a molecular force field defining the interactions 

between constituent atoms. NMA in Cartesian coordinate space usually involves three main 

calculation steps: 

(1) Minimization of the conformational potential energy as a function of the atomic Cartesian 

coordinates.  

(2) The calculation of the “Hessian” matrix, which is matrix of second derivatives of the 

potential energy with respect to the mass-weighted atomic coordinates.  

(3) The diagonalization of the Hessian matrix. This final step produces eigenvalues and 

eigenvectors (normal modes).  

All three steps are computationally demanding and depend on the size of the macromolecular 

system. Usually, the first and final steps are the bottlenecks. Normally, energy minimization 

and diagonalization are computationally demanding (CPU time and memory) because it 

encompasses the diagonalization of a 3N×3N matrix, where N is the number of atoms in the 

particle system. It is usually considered that at a potential energy minimum, the potential 

energy function V can be expanded in a Taylor series in terms of the mass-weighted 

coordinates. Which can be written for Cartesian coordinate (qi) as qi=√mi∆xi, where ∆xi is the 

displacement of the ith coordinate from the energy minimum and mi is that mass of the 

respective atom. If the expansion is completed at the quadratic level, then since the linear term 

is zero at an energy minimum: the potential energy function for the particle system can be 

written as   
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The second derivatives in Eq. 1 can be transcribed in a matrix “Hessian,” F. Determination of 

its eigenvalues and eigenvectors (equivalent to diagonalization) indicates:  

                                                               Fwj = ω
2

jwj 

where wj is the jth eigenvector and ω
2
j will be jth eigenvalue. There are 3N such eigenvector 

equations so each eigenvector classifies a normal mode coordinate through an equation: 

 

 

Yet, assessment of low-frequency normal modes and the directions of large-amplitude 

fluctuations in molecular dynamics simulations designate a close and clear similarity [219, 

220, 223]. Close directional coincidence of the first few normal mode  and the first principal 

component acquired from molecular dynamic simulations has been detected [223]. 

 

2.4 Protein oligomerization and size characterization:- 

Protein oligomerization can be distinguished and characterized using different approaches. 

Analytical ultracentrifugation, size exclusion chromatography, scattering techniques, NMR 

spectroscopy and mass spectrometry are day to day techniques to detect and quantify 

oligomerization [224-226]. 

(1) 

(2) 

(3) 
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2.4.1 Glutaraldehyde Cross-Linking:- 

Protein-Protein Interactions can be temporary or stable depending upon their role in several 

biological functions [227]. However, chemical cross-linking helps to find both transient and 

stable interactions involved between two proteins [228]. In chemical cross-linking, covalent 

bonds forms between bi-functional reagents such as glutaraldehyde containing reactive end 

group. The reactive end group reacts with the protein functional groups, which are primary –

NH2 and sulfhydryl’s of amino acid residues. Furthermore, cross-linking experiment can also 

reveal the areas of interacting interface between two interacting proteins. 

Protocol for BARD1 ARD1-BRCT and Gln564His glutaraldehyde cross-linking:-  

1. FPLC purified wild-type and mutant proteins at concentration 0.5mg/ml were prepared.  

2. Reaction mixtures with 10 μg of protein in 10 mM HEPES buffer (pH 7.5) were incubated 

with freshly prepared solution of glutaraldehyde (final concentration 0.1%) for 2 minutes at, 

37
°
C in a time dependent manner [229].  

3. This reaction was terminated by addition of 5 μl of 2 M Tris-HCl, pH 8.0. Cross-linked 

product was mixed with equal amount of Laemmli buffer and analyzed over 12% SDS-

PAGE.  

Protocol for BARD1BRCT wild-type and mutants glutaraldehyde cross-linking:-  

1. FPLC purified wild-type and mutant proteins at concentration 1 mg/ml were prepared.  

2. Reaction mixtures with 15 μg of protein in 10 mM HEPES buffer (pH 7.5) were incubated 

with freshly prepared solution of glutaraldehyde (final concentration 0.1%) for 2 minutes at, 

37
°
C in a time dependent manner [229].  
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3. This reaction was terminated by addition of 5 μl of 2 M Tris-HCl, pH 8.0. Cross-linked 

product was mixed with equal amount of Laemmli buffer and analyzed over 12% SDS-

PAGE.  

2.4.2 Dynamic Light Scattering:- 

 Dynamic Light Scattering (Photon Correlation Spectroscopy) measures time-dependent 

fluctuations in the scattering intensity from particles undergoing arbitrary Brownian motion. 

Dynamic scattering is less precise in differentiating small oligomers and dimer from 

monomer. However, DLS is capable in measuring several other biophysical parameters such 

as molecular weight, radius of gyration, translational diffusion constant etc.  

Dynamic Light Scattering Protocol for BARD1 ARD-BRCT and Gln564His mutant:-  

1. Molecular size measurement was done using Brookhaven 90 plus particle size analyzer 

(Brookhaven, NY).  

2. 1 mg/ml wild-type and mutant proteins were scanned at an interval of 5 minutes for 15 

minutes and effective diameter of each measurement was considered.  

Dynamic Light Scattering Protocol for Protocol for BARD1BRCT and mutants:-  

1. Molecular size measurement was performed using Brookhaven 90 plus particle size analyzer 

(Brookhaven, NY).  

2. 1 mg/ml wild-type and mutant proteins were scanned at an interval of 5 minutes for 15 

minutes and effective diameter of each measurement was considered.  
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2.5 Crystallization:- 

A three-dimensional structural analysis of a protein is essential to understand the protein 

function and design small molecule effectors to modify its function. During crystallization, 

purified protein forms nucleation from an aqueous solution. Discreet arrangement of protein 

molecules in the form of lattice are held together by non-covalent interactions, and make up 

smallest "unit cells”. Protein crystallography is used to determine protein’s three-dimensional 

structure using X-ray diffraction method. 

The diffraction pattern can then be processed to derive the three-dimensional structure of the 

protein. In order to produce a well-shaped crystal, appropriate uniformity with purity of the 

protein is required at an optimal pH conditions [230]. For crystallization, protein should be 

present in suitable buffer system and precipitants. 

Several elements can affect crystallisation of proteins, which comprises protein purity, 

concentration, temperature, pH, ionic strength, and volume of crystallization solution, etc. 

Process of crystallization is distinguished into two steps: Nucleation process and crystal 

growth. 

Nucleation and growth can happen in the supersaturated regions as represented in phase 

diagrams (Figure: - 2.1). The illustration mainly includes three regions; unsaturated region, 

saturated region, and supersaturated region. Crystal grows in saturated or supersaturated 

region while nucleation most habitually starts in supersaturated region. The major focus of 

crystallization process is to obtain diffraction quality crystals.  The best method to get crystals 

is through organized exposure of the protein solution to a diverse range of buffers, which have 

different amalgamations of suitable precipitants, such as salts, polyethylene glycols. For better 
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crystallization, the protein-precipitant mixture must reach to the nucleation phase gradually to 

deliver necessary time for crystal growth. Most commonly used precipitants in crystallization 

trial are salts of sodium, ammonium and potassium (NH4)2SO4, NaCl, KH2PO4), organic 

polymers (PEG) and alcohols (methanol, ethanol, propanol, acetonitrile). Salt generally 

preserve the ionic environment of the solution although organic polymers diminishes protein 

solubility by dropping the dielectric constant of solvent. Solubility of a protein is found lowest 

at its isoelectric point (pI) since protein carries a net zero charge. 

 

 

 

 

Figure 2.1: The phase diagram of crystallization. 

2.5.1 Methods of crystallization: Different strategies have been established to grow crystals 

of functionally important proteins. Some of the more frequently used methods are vapor 

diffusion, micro-batch, dialysis and liquid–liquid diffusion technique. 

1) Vapour Diffusion method: Subclasses into hanging drop and sitting drop method. 

In both the methods, a drop of purified protein mixed well with buffer and precipitant is 

present in a closed system and permitted to equilibrate with reservoir solution comprising the 

same precipitant. In the beginning, protein and precipitant concentration in the droplet is 

different, but as the system equilibrate the diffusion starts from higher concentration to lower 

concentration which in turn leads to nucleation, a level optimal for crystallization. Vapor 
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diffusion is a simple but potent technique since it consumes less amount of protein, and 

several crystallization conditions can be explored with a limited volume of protein. It is also 

appropriate for crystal growth monitoring, crystal manipulation and harvesting.  

2) Micro batch: The micro batch method of crystallization is introduced to resolve the 

problem of microcrystal formation. In micro batch system a low density paraffin oil (~0.87 

mg/ml) which float on the surface of protein-precipitant mixture, thus diminishes the rate of 

evaporation can be used [231]. In this process, a mixture of paraffin and silicon oil in 

combination can also be used. It is an excellent technique for filtering the known 

crystallization conditions to optimize the crystal growth [232]. 

3) Dialysis: The dialysis process is based upon the principal of slow diffusion of inorganic 

molecules through a semi permeable membrane, which leads to supersaturation of protein 

solution. The system tries to maintain equilibration between precipitant and solute particles by 

permitting selective passage of water and precipitant. The dialysis bag is kept in a chamber 

containing the pool solution with a precipitant [233].  

4) Liquid–liquid diffusion method: In this method, protein and precipitant solution keep a 

direct contact with the dense solution at the bottom. A concentration gradient is created due to 

the diffusion of protein and precipitant and thus crystallization may occur at suitable protein 

and precipitant concentration. Free interface diffusion is a method of choice for fine-tuning 

the crystallization conditions. 

3.0 Domain organization of expression contructs:- 

BARD1 ARD-BRCT: BARD1 ARD-BRCT (425-777aa) wild-type, BARD1 ARD-BRCT 

(425-777aa) Gln564His mutant domains of BARD1 ARD-BRCT were sub-cloned in pGEX-
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kT vector (Amersham Pharmacia). BARD1 ARD-BRCT domain (425-777aa) was expressed 

in bacterial system Rosetta 2D3 (DE3) strain. BARD1 N-terminal ring domain (16-119aa) and 

BRCA1 (1-303aa) was also expressed in bacterial system Rosetta 2(DE3) strain. 

BRCA1: BRCA1 N-terminal ring domain (1-303aa) was sub-cloned into bacterial expression 

vector pET-41a using one-step cloning method as described earlier.  

BARD1 BRCT and mutants: BARD1BRCT (568-777aa) region was sub cloned into pET28a 

vector. BARD1BRCT domain mainly comprises of C-terminal region, which includes 

phosphopeptide interacting region. Site-directed-mutagenesis with mismatch primers for 

respective mutations was performed over the wild-type template. All the reported mutations 

were confirmed by DNA sequencing. Wild-type and mutant construct was transformed into 

bacterial expression host, E. coli BL21 (DE3) strain, and the fusion protein was expressed. 
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   3.1 Introduction:- 

Germ-line mutations in Breast cancer susceptibility gene 1 (BRCA1) result in early 

predisposition of 40–50% familial breast cancer cases and >75% cases of hereditary breast 

and ovarian cancer [53, 141, 234, 235]. The gene product of BRCA1 comprises of 1863 amino 

acid protein that interact with different cellular partners such as BARD1, BAP1, ABRAXAS, 

CtIP and RAP80 [65]. BARD1 in association with BRCA1, present itself as E3 ubiquitin 

ligase and helps in tumor suppression function of BRCA1 [21, 236-239]. CstF50 (Cleavage 

Stimulating Factor 1) is key reported binding partner of BARD1 and has an important role in 

processing and polyadenylation of premature mRNA transcripts. BARD1 is the only binary 

interacting partner reported for CstF50 until now [12, 36, 131]. 

                       The polyadenylation reaction is a series of steps consisting of an 

endonucleolytic cleavage followed by synthesis of the poly(A) tail [130]. Cleavage 

stimulation factors (CstFs) are the essential processing factors, responsible for processing of 

3’-end of premature mRNA transcript generated by RNA polymerase II [240]. CstF50 is a 50 

KDa protein implicated in direct interaction with the RNA polymerase II CTD (C-terminal 

domain) through its N-terminal region [130, 131]. BARD1 interacts with 7
th
 WD40 repeat of 

CstF50 through the flexible linker region residues from 554-568 [12]. It has been reported that 

3’-end processing is repressed after UV-induced DNA damage as a result of proteasome 

mediated degradation of RNAP II by the BRCA1–BARD1–CstF50 complex [6]. Depletion of 

CstF50 enhances sensitivity to UV irradiation and reduces the ability of BRCA1-BARD1 to 

ubiquitinate RNAP II [132] and further leads to cell-cycle arrest and apoptosis [241]. CstF50 

is also reported to interact with the DNA replication and repair factor PCNA [12]. PCNA co-

localizes with BRCA1/BARD1 at the sites of DNA damage [72, 78] and in association with 
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other DNA damage repair proteins [133]. Supporting these facts, studies have shown that cells 

lacking BRCA1 have defective transcription coupled repair mechanism [8, 242]. Since, the 

results of two studies link BRCA1-BARD1 to the stimulation of ubiquitination of RNAPII in 

non-breast cells, signifying that the BRCA1-BARD1 mediated RNA Polymerase-II CTD 

ubiquitination and degradation is not a breast and ovarian cell-specific phenomenon. Genomic 

analysis of BARD1 in 58 ovarian tumors, 50 breast tumors and 60 uterine tumors has been 

previously performed and mutational investigation leads to detection of seven different 

polymorphism [27]. Cancer predisposing mutation in BARD1 ARD-BRCT linker region 

Gln564His was found in the germ-line of a patient with adenocarcinoma along with loss of 

the wild-type BARD1 allele [27]. BARD1 Gln564His mutation abrogates the p53 and CstF50 

binding to BARD1 as demonstrated by GST pull down assay [6, 95]. Loss of binding between 

BARD1 and CstF50 leads to the formation of premature transcript and uncontrolled mRNA 

regulation. The BARD1 Gln564His mutation has shown to induce apoptosis less efficiently 

when transfected in mammalian cells, indicating that the BARD1 linker region is necessary 

for the tumor-suppressor and pro-apoptotic functions [95]. These findings suggest role for 

BARD1 mutations in the development of sporadic and hereditary tumors. 

3.2 Material and Methods:-  

A comparative analysis of BARD1 ARD-BRCT wild-type and mutants were performed using 

different biophysical and in-silico tools.  

3.2.1 In-silico analysis: Interaction analyses between BARD1 wild-type and BARD1 

Gln564His mutant with CstF50 were carried out using HADDOCK server [196]. 
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 3.2.2 Gene Cloning: bard1 ard-brct (encoding 425-777aa) wild-type (cDNA of full length 

BARD1, a kind gift from Richard Baer, USA) was sub-cloned in pGEX-kT vector 

(Amersham Pharmacia). bard1 ard-brct (425-777aa) Glu564His substitution was generated 

using the mismatch primers considering wild-type construct as template. Different regions of 

CstF50 (1-431aa) and (92-431aa) (cloned in pDONR vector which was purchased from 

UCLA) were sub-cloned in to pGEX-kT and pET-28a vectors. The basic scheme for sub-

cloning was used and oligonucleotide primers complementary to the template sequence were 

used in PCR reactions and their details are mentioned below in primer details.  

The genes of interest were amplified using following PCR condition: 95°C denaturation (5 

minutes), 95°C denaturation (45 seconds), and annealing 62°C for 35 seconds, extension 72°C 

at 0.5kb/min, final extension 72°C for 10 minutes, and 25 cycles. The PCR amplified products 

were digested with EcoR1 and BamH1 and ligated in the pGEX-kT and pET-28a vectors 

(pGEX-kT was a kind gift from John Ladias, BIDMC-HMS, Boston). The ligation mixture 

was transformed into E.coli DH5α cells. Colony screening were performed and positive 

clones were selected after the insert release from the plasmid using EcoR1 and BamH1 

restriction enzymes, which was further confirmed by DNA sequencing. Sequentially correct 

clones were used for protein expression and purification. 

3.2.3 Primer details 

BARD1 ARD-BRCT domain (425-777aa) wild-type  

FORWARD PRIMER  

5’-GTCGGATCCCATATGGAGAACCTGTACTTTCAGGGTAACCATCGTGGTGAGACTTTGCTCCAT-3’  
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REVERSE PRIMER  

5’-GTCGGATCCGAATTCCTATTAGCTGCTAAGAGGAAGCAACTC-3’ 

FORWARD PRIMER BARD1 Gln564His 

5’-CAGTAATGAACACTGGGCACCGTAGGGATGGACC-3’ 

REVERSE PRIMER BARD1 Gln564His 

5’-GGTCCATCCCTACGGTGCCCAGTGTTCATTACTG-3’ 

Primer details for CstF50 (1-431aa) 

FORWARD PRIMER  

5’-GTCGGATCCGAGAACCTGTACTTTCAGGGTATGTACAGAACCAAAGTGG-3’ 

REVERSE PRIMER  

5’-GTCGAATTCCTATTAGTCAGTGGTCGATCTCCGG-3’   

BARD1 ARD-BRCT (425-777aa) and Gln564His mutant were expressed in Rosetta 2(DE3) 

bacterial strain. For protein expression, 50 ng/µl plasmid constructs were transformed into 

Rosetta 2(DE3) cells and grown on LB agar plate containing ampicillin (100 µg/ml). CstF50 

(1-431aa) was expressed in Rosetta 2(DE3) bacterial system. For protein expression, 50ng/µl 

plasmid constructs were transformed into Rosetta 2(DE3) cells and grown on LB agar plate 

containing kanamycin (100 µg/ml). Detailed protocol is described below.  

3.2.4 Protocol for protein purification of BARD1 ARD-BRCT (425-777aa) and 

Gln564His mutant: 

Purification buffer: 50 mM Tris (pH 6.2), 300 mM NaCl, 0.1% triton, 5% glycerol pH 6.2 

(Buffer A) 
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FPLC buffer: 20 mM Tris (pH 7.5), 100 mM NaCl, 1 mM 0.1% triton (Buffer B)  

1. Re-suspension: Re-suspended the pellet of BARD1 ARD-BRCT (425-777aa) and 

Gln564His mutant in 60 ml of buffer A; supplemented with 200 mM PMSF and 20μl of 

protease inhibitor. 

2. Ultra sonication: Transferred the resuspended cell pellet into centrifuge tube and sonicated 

at 70 pulse rate and 70 power with 1 minutes of duty cycle. Repeated the sonication cycle 5 

times with 1 min break.   

3. Centrifugation: After sonication, the suspension was subjected to centrifugation at 18000 

rpm for 45 minutes at 4
o
C to obtain cleared lysate. The soluble protein in the supernatant was 

collected and cell debris was discarded. 

4. Binding: The soluble wild-type and mutant protein fractions were allowed to pass from 

column containing pre-equilibrated affinity resin. The sepharose beads in affinity column 

charged with glutathione binds specifically to proteins having GST (Glutathione-S-

transferase) tag. The protein bound resin ~ 10 μl was loaded onto SDS-PAGE gel to check 

the binding.  

5. Washing: After binding, the protein bound column was washed with 10 column buffer A to 

remove any non-specific protein.  

6. Cleavage: Added 400 μl of TEV protease (20 units), 40 μl of protease inhibitor cocktail and 

100 µl of PMSF in 20 ml of buffer A and completed the cleavage step in 3 hours by passing 

the TEV containing buffer solution through column at an interval of 1 hour. Nearly 10 μl of 

protein bound beads were loaded onto 12 % SDS-PAGE get to detect the cleavage of protein.  
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7. Elution: After TEV cleavage, the protein was eluted with 30 ml of buffer A. 

8. Equilibration of Ni-NTA resin: Provided 2 column washes with double distilled water and 

then 5 to 6 column washes with buffer A. 

9. Metal Ion Chelate Affinity Chromatography: After calibration of Ni-NTA resin, passed 

the eluted fractions through Ni-NTA to get rid of His-tagged TEV protease contamination. 

10. Concentrating the protein: Transferred the eluted protein in a 10 KDa pre-equilibrated 

centricon and concentrate the protein up to 2 ml by centrifuging at 4500 rpm for 10 minutes 

at 4
o
C. Check the concentration on Nanodrop spectrophotometer (280 nm). Centrifuged for 

10 minutes at 13000 rpm at 4
o
C for removal of insoluble aggregates or precipitates. 

11. Gel filtration: 2 ml of concentrated protein was injected in AKTA- FPLC against buffer B. 

12. Fraction collection: Collected the purified protein obtained through FPLC in 1.7 ml 

microfuge tube at its elution volume according to gel filtration spectra profile of the sample. 

13. Loading on 12% SDS-PAGE gel: Loaded 20 µl of FPLC fractions on 12% SDS-PAGE, 

stained with coomassie dye, and then destained it to visualize the protein of interest. 

14. Concentrate the protein: The fractions, which showed purified protein band was 

concentrated as per the requirement. 

Protocol for protein expression of CstF50: 

1. Inoculation: picked a single transformed colony of pET-28a-6HIS-CstF50 from antibiotic 

resistant LB agar plate and inoculated it in 100 ml LB broth preinoculum containing 100 

µg/ml of kanamycin. Grown at 37
o
C overnight in shaking condition. 
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2. Dilution: Added 10 ml of pre-inoculum to 1000 ml (1:100) of autoclaved LB broth 

containing 100 µg/ml of kanamycin. Grown the medium on a shaker incubator at 37
o
C until 

it has reached mid-log phase i.e. A600 between 0.6-0.8. 

3. Induction: Cooled down the flasks and added 100 µl IPTG (stock 1M), and incubate on 

shaker incubator at 20
o
C for 18 hours.  

4. Harvesting: The culture was centrifuged for 10 minutes at 6000 rpm at 4
o
C. The pellet was 

resuspended in a small volume of supernatant and centrifuged for 15 minutes at 5000 rpm, 

4
o
C. 

5. Storage: The bacterial pellet obtained was stored at -80
o
C for further use. 

Proteins were purified by affinity chromatography followed by FPLC.  

3.2.5 Protocol for purification and refolding of CstF50: 

Cell lysis buffer: 50 mM Tris (pH 6.2), 500 mM NaCl, 0.1% triton, 5% glycerol pH 7.2, 8M 

urea (Buffer A) 

Pellet washing buffer: 50 mM Tris (pH 6.2), 500 mM NaCl, 0.1% triton, 5% glycerol pH 

7.2, 1% sodium do-decyl sulphate and 1% lauryl sulphate. (Buffer B) 

CstF50 solubilization buffer: 50 mM Tris (pH 6.2), 500 mM NaCl, 0.1% triton, 5% glycerol 

pH 7.2, 8M urea (Buffer C) 

Refolding buffer: 50 mM Tris (pH 6.2), 500 mM NaCl, 0.1% triton, 10% glycerol pH 7.2, 

2mM EDTA, 700mM arginine, 100mM KCl, 50mM MgCl2, 100mM CaCl2, 5mM DTT and 

0.2% triton (Buffer D).  
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FPLC buffer: 20 mM Tris (pH 7.5), 100 mM NaCl, 1 mM 0.1% triton, 200mM arginine 

(Buffer E).  

1) Re-suspension: Re-suspended the pellet of CstF50 (1-431aa) in 100 ml of Buffer A 

supplemented with 200 mM PMSF and 20μl of protease inhibitor. 

2) Ultra sonication: Transferred the resuspended cell pellet into centrifuge tube and 

sonicated at 70-pulse rate and 50 power with 1 minutes of duty cycle. Repeated the cycle 

5 times with 1 min break.   

3) Centrifugation: After sonication, the suspension was subjected to centrifugation at 18000 

rpm for 45 minutes at 4
o
C to obtain cleared lysate. Collected the supernatant and 

discarded the cell debris. 

4) Pellet washing: The soluble fraction was discarded (CstF50 is insoluble and forms 

inclusion bodies) and pellet was washed with pellet buffer B (composition described 

above) by resuspending in the buffer B thoroughly and centrifugation at 18000r.p.m. 

Discarded the supernatant and washed the pellet again. Repeated the process thrice.  

5) Solubilisation in 8M urea: Resuspended the pellet after washing in Buffer C. 

Resuspended the pellet in buffer C in such a way that no pellet clump should left over. 

Solubilized all the protein present in pellet by incubating the washed pellet in 8M urea 

solubilisation for four hours.     

6) Metal Ion Chelate Affinity Chromatography: The soluble 6HIS-CstF50 in 8M urea was 

allowed to bind fraction obtained is brought at room temperature and then mixed with pre-

equilibrated affinity resin (with Buffer C) and incubated at room temperature for 1 hour. 
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The Ni
2+

 in the affinity column binds specifically to those proteins having Hexa-histidine 

tag. Take out 40-μl bead for binding check.  

7) Washing: After binding, the protein bound column was washed with 4-column wash 

buffer c to remove any non-specific protein bound to the affinity column. 

8) Elution: Eluted the bound protein after passing buffer containing increasing concentration 

of imidazole (100-600 mM).   

9) Dialysis: Eluted protein was dialyzed by using 10KDa dialysis filter bag in presence of 

the buffer D. After every 4 hrs buffer changes were provided to refold the protein and at 

every change, the concentration of arginine was reduced 100mM and five serial changes 

were provided. 

10) Concentrating the protein: Transferred the eluted protein in a 10 KDa pre-equilibrated 

centricon and concentrated the protein up to 2 ml by centrifuging at 4500 rpm for 10 

minutes at 4
o
C. Check the concentration on nanodrop spectrophotometer (280 nm). 

Centrifuged for 10 minutes at 13000 rpm at 4
o
C for removal of insoluble aggregates or 

precipitates. 

11) Gel filtration: Injected 2 ml of concentrated protein in AKTA- FPLC against FPLC 

buffer. 

1. Fraction collection: Collected the purified protein obtained through FPLC in 1.7 ml 

microfuge tube at its elution volume according to gel filtration spectra profile of the 

sample. 
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12) Loading on SDS-PAGE 10% gel: Loaded 20 µl of FPLC fractions on SDS-PAGE, 

stained with coomassie dye, and then destained it to visualize the protein of interest. 

13) Concentrate the protein: The fractions, which showed purified protein band was, 

concentrated as per the requirement. 

3.3 Results and discussion 

3.3.1 Cloning, expression and purification of BARD1 ARD-BRCT domain (425-777aa), 

BARD1 ARD-BRCT Gln564His mutant and functional domains of CstF50:- Selected 

potential clones when digested with the EcoR1 and BamH1 restriction enzymes showed the 

insert release of correct size (Figure:- 3.3.1).  

 

 

 

 

 

 

         Figure 3.3.1:- (A) PCR and (B) Cloning of BARD1 ARD-BRCT wild-type  

DNA sequencing results confirmed the presence of ligated gene of interest in the vector with 

desired frame of codon sequence. Purified BARD1 ARD-BRCT (425-777aa) wild-type and 

Gln564His mutant showed similar solubility in the identical buffer and pH conditions 

(A) (B) 
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(Figure:- 3.3.2). This indicates that Gln564His mutation does not change the solubility of the 

wild-type protein. 

 

          

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2:-Expression and purification profile of (A) BARD1 ARD-BRCT wild-type and 

(B) cloning and purification of Gln564His mutant. 

3.3.2 Structural insights into BARD1 ARD-BRCT domain:-  

To comprehend the thermodynamic and biophysical parameters of BARD1 ARD-BRCT wild-

type and Gln564His mutant, gel filtration chromatography, thermal denaturation, and 

Lane1- Marker 
Lane 2- Uninduced Whole cell  
Lane3- Induced whole cell 
Lane 4- Induced Soluble 

Fraction Lane 5- Beads After Binding 
Lane 6- wash fraction 
Lane 7- Purified Protein cleaved 

(A) 
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Lane 5- Purified Protein cleaved 
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chemical denaturation were performed. Molecular exclusion analytical chromatogram of 

BARD1 ARD-BRCT and mutant shows that BARD1 ARD-BRCT wild-type and mutant exist 

mostly in the monomeric form, and mutation has not affected the monomeric property of the 

wild-type protein.  DLS performed for wild-type and mutant did not show any large change in 

the hydrodynamic size of the proteins providing evidence that mutation is not changing the 

oligomeric status of the wild-type protein (Figure:-3.3.3).  

 

Figure 3.3.3: - In-solution oligomeric characterization of BARD1 ARD-BRCT wild-type   

and Gln564His mutant. (A) Wild-type elution profile, (B) Elution profile of standard proteins 

(C) Stokes radii calculation, (D) DLS profile of wild-type and mutant, (E) Elution profile of 

mutant.  

(C) 

(D) (E) 

(A) (B) 
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Glutaraldehyde crosslinking experiment with BARD1 ARD-BRCT wild-type also yielded 

similar results as, there was no higher molecular weight aggregates conjugates were visible on 

the coomassie brilliant blue counterstained gel (Figure:- 3.3.4). Secondary structural 

components of BARD1 ARD-BRCT and mutant were characterized with far-UV Circular- 

Dichroism (Figure: - 3.3.5 A).  To determine independent behavior of ARD domain of 

BARD1 from its BRCT domain, we have performed limited proteolysis in a time-dependent 

manner using trypsin. After treating the wild-type and mutant for limited time period with 

equal concentration of enzyme, same domain stability of wild-type and mutant was observed 

and mutation had not brought any significant changes on the structural compactness (Figure:- 

3.3.5).  

 

 

 

 

 

 

 

 

 

Figure 3.3.4:- (A, B) Limited proteolysis and (C, D) Chemical crosslinking of BARD1 ARD-

BRCT wild-type and Gln564His respectively. 
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Comparative secondary structure characterization of BARD1 ARD-BRCT wild-type and 

Gln564His mutant protein using CD spectroscopy show similar spectra having a mixed 

profile of α-helices, β-sheets, turns, and random coil component in the structure.(Figure:-

3.3.5).  

 

 

 

 

 

Figure:-3.3.5- (A) CD spectra and (B) thermal denaturation of BARD1 ARD-BRCT wild-

type and Gln564His mutant protein respectively.   

              Thermal denaturation of wild-type and mutant proteins was performed using circular 

dichroism spectroscopy and fraction unfolded for wild-type and mutant proteins were 

calculated as function of temperature. It has been observed that wild-type and mutant proteins 

unfold via a two state pathway and both the proteins unfold completely at 55˚C. The Tm 

calculated for wild-type and mutant were 46.2±.25°C and 45.6°C±.45°C respectively. 

Insignificant change in the Tm indicates that the mutation does not affect the thermodynamic 

and unfolding pattern of the wild-type protein (Figure: - 3.3.5 B).  Chemical denaturation of 

wild-type and mutant proteins with guanidium hydrochloride (GuHcl) indicates that wild-type 

and mutant protein unfolds via intermediate formation. This observation is also supported by 
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blue-shift of the emission maximum in the fluorescence spectra consistent with the presence 

of an intermediate molten globule (Figure: - 3.3.6).  

 

 

Figure 3.3.6:- Chemical denaturation of (A) BARD1 ARD-BRCT wild-type (WT) and (B) 

Gln564His mutant. 

The emission maxima shifted from (λmax) shifted from 341nm to 335nm in wild-type and from 

341nm to 336nm for mutant at 1.8M GuHCl. However, the λmax at 6M concentration of 

GuHCl was observed to be close to 350nm, thus signifying that proteins unfold via molten 

globule formation.  

CstF50 was expressed in bacterial system using pGEX-kT and pET-28a vector (Figure: - 

3.3.6). However, CstF50 (1-431aa) and WD40 domain (92-431aa) shows that most of the 

protein is insoluble in nature and forms inclusion bodies (Figure: - 3.3.7). CstF50 full length 

was cloned in pET-28a vector (Figure: - 3.3.7) and purified as 6HIS-CstF50 from inclusion 

bodies by solubilizing in 8M urea (Figure: - 3.3.8) and further refolded in native condition. 

However, no good quality CD spectra were obtained due to presence of arginine in the 
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refolding buffer, this interfered with the measurement. Efforts to remove arginine 

hydrochloride led to precipitation of the refolded protein. 

 

 

Figure 3.3.7:- (A) Cloning of CstF50 (B) pGEX-KT and pET-28a vectors 

 

 

 

 

 

 

 

 

 

Figure 3.3.8:- Expression and purification of CstF50. 
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Figure 3.3.9: - Refolding profile of CstF50 

To further confirm CstF50 protein folding in native condition, we have performed 

fluorescence spectroscopy, and the unfolded protein shows loss of fluorescence intensity and 

red-shift in the emission maximum (λ= 348nm) (Figure: - 3.3.9). Fluorescence spectra of 

refolded protein shows an increase in the fluorescence intensity and blue-shift (λ= 335nm) of 

the emission maximum which indicates that tryptophan residues are buried in the hydrophobic 

core of the protein (Figure: - 3.3.9).  

3.3.3 Structural insight into the binding interface of BARD1 ARD-BRCT and CstF50:-

BARD1 ARD-BRCT region (425-777aa) was modeled using Robetta server [37] and 

mutation Gln564His was incorporated using the swiss PDB viewer [40]. Furthermore, CstF50 

was also modeled using Robetta server. Both the models were validated by saves   

(Metaserver for analyzing and validating protein structures 

(https://services.mbi.ucla.edu/SAVES/) [243] and Molprobity server [244, 245]. Further 

model was refined by Modloop server [246] and  based on  stereo chemistry and  

Ramachandran plot, best model was selected for structural analysis [247] (Figure:- 3.3.10).   

(A) (B) 
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Figure 3.3.10: - (A) Ramachandran plot and (B) structural details of validated model for 

BARD1 ARD-BRCT (425-777aa).  

Table 3.1:- Stereochemistry details BARD1 ARD-BRCT wild-type 

 

Poor rotamers 2 0.64% Goal: <1% 

Ramachandran outliers 0 0.00% Goal: <0.05% 

Ramachandran favored 344 98.01% Goal: >98% 

Cβ deviations >0.25Å 1 0.30% Goal: 0 

Bad backbone bonds: 0 / 1411 0.00% Goal: 0% 

Bad backbone angles: 1 / 1762 0.06% Goal: <0.1% 

(A) (B) 
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In BARD1 ARD-BRCT structure (425–777aa), ARD domain is connected to BARD1BRCT 

domain through a flexible linker of 14 amino acids in a head-to-tail manner. The three-

dimensional model structure of ARD domain is predominantly α-helical in nature and BRCT 

domain shows a combination of two repeats consisting of three α–helices and β-strand 

connected by linkers.   

                            Modeling BARD1 ARD-BRCT region also serves the purpose to study the 

extent of domain motion alone and also in complex with the CstF50. Errat evaluation [248] 

submits that model has an average overall quality factor of 92.151, and may have good 

structural resolution. 3D-1D analysis [249] indicates that 82.77% of the residues had an 

averaged 3D-1D score > 0.2 and never dipped below zero. MolProbity stereochemical 

parameters were also found satisfactory for the BARD1 ARD-BRCT (425–777aa) model and 

indicate that model structure parameters are in normal range (Table 3.1).  

                           However, CstF50 model is mainly α–helical at the N-terminal region and is 

connected to WD40 repeat region with large flexible loop. The C-terminal 7 WD40 repeats 

domain comprised of ~300 amino acids. WD40 repeat domain is an evolutionarily conserved 

domain, and it is composed of 5 to 7 repeats majorly consisting of β-strand acquiring a β 

propeller shape (Figure: - 3.3.11). In the structural model, majority of CstF50 residues (90%) 

are in the most favored regions of Ramachandran plot indicating that the corresponding 

coordinates for the folded amino acids are satisfactory. 
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Figure: - 3.3.11:- (A) Model structure of CstF50, (B) Structural details of validated model for 

CstF50 and (C). Ramachandran plot of cstF50. 

The Verify 3D-1D profile analysis of the predicted protein model of CstF50 revealed that the 

average score stayed above 0.2 and never decreased below zero. 
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Table 3.2:- Stereochemistry details of CstF50 (1-431aa) 

Poor rotamers 3 0.79% Goal: <1% 

Ramachandran outliers 0 0.00% Goal: <0.05% 

Ramachandran favored 400 93.24% Goal: >98% 

Cβ deviations >0.25Å 0 0% Goal: 0 

Bad backbone bonds: 0 / 1723 0.00% Goal: 0% 

Bad backbone angles: 2 / 2152 0.09% Goal: <0.1% 

 

The overall structure calculation from PROVE program [250] gave Z-score RMS of 1.53. The 

Z-score obtained from SAVES [251] is significant as the Z-score is not above 4.0 and below-

4.0, which indicates that the hydrophobic amino acids buried inside the core are well packed. 

A good average overall quality factor (Errat score) is around 87% for the predicted model 

which is satisfactory [248]. Furthermore, for evaluation of the structural geometry of the 

modeled CstF50 protein, we have submitted the structure to the Molprobity server [244, 245]. 

As the calculated structural parameters of the CstF50 model were within the allowed range 

(Table 2). Therefore, we have used this model for docking and molecular dynamics 

simulation studies. Similarly, being a member of WD40 family of proteins, CstF50 contains 

seven WD40 repeat domains spanning C-terminal region (92-431aa) comprising of β-sheets. 

N-terminal domain (1-91aa) is homodimerization domain, which is required for interactions 

with RNA pol-II CTD, is predominantly comprised of the α-helices. Inter-secondary structure 

segments/loops were identified by DSSP and STRIDE [252, 253]. These interactions can then 
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form an anchor for assembly of larger protein complexes. Such interactions were first 

structurally characterized for heterotrimeric G-proteins where the β-subunit is a WD40 protein 

[59, 60].  

3.3.4 Domain flexibility of ARD with respect to BRCT domain:-  

In-silico Normal Mode Analysis (NMA) is used to study the protein dynamics of BARD1 

ARD-BRCT domain and mutant, which is precisely well suited for demonstrating inter-

domain motions, embedded in the structure. 

 

 

 

 

 

 

 

 

 

Figure 3.3.12:- Comparative NMA first mode profile of BARD1 ARD-BRCT (A) wild-type 

and Gln564His mutant (B) Comparative Deformation analysis of wild-type and mutant 

showing hinge bending. 

(A) (B) 
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To study the extent of domain motion in BARD1 ARD-BRCT, we have performed NMA for 

BARD1 ARD-BRCT wild-type and mutant protein structure. First few modes are the low 

frequency modes and represent the large motions within the protein structure (Figure: - 

3.3.12 A). NMA of BARD1 ARD-BRCT wild-type and Gln564His indicates large domain 

motion between the ARD and BRCT domain, and the nature of concerted motion indicates 

that residues in the ARD domain and BRCT domain are positively co-related while linker 

region shows anti-correlated motion to the ARD1 and BRCT domain respectively. First five 

modes show that ARD and BRCT domains fluctuate between open and closed states because 

of bending of hinge at the linker region. Deformation analysis indicates that linker region of 

wild-type and mutant protein has high value of deformation as the RMSF of the linker region 

is recorded to be the highest.          

Large-scale conformational transitions in proteins can occur because of relative movement 

between domains. Flexibility in short segments of the protein backbone allows corresponding 

domain motions to occur, with only minor structural perturbations within domains [254, 255]. 

The collective motion of a simulated protein can be identified by analyzing both the 

covariance and time correlation in the positional fluctuation of its atoms [256]. It has been 

observed that full-length protein always has a rigid conformation than its individual domains. 

Here, MD simulation has been applied to investigate the conformational changes induced in 

the BARD1 ARD-BRCT domain. Comparative analysis of the RMSD data was performed 

after fitting the trajectory input of wild-type and mutant protein structures (Figure: - 3.3.13). 

  

 



 

133 | P a g e  
 

 

 

 

 

 

 

 

 

 

Figure 3.3.13: - Comparative (A) RMSD and (B) Rg profile of BARD1 ARD-BRCT (Black) 

and Gln564His (green) mutant and (C) Structures sampled at every 10ns for wild-type. 

The simulation for 100ns reveals that BARD1 ARD-BRCT wild-type structure is 

comparatively more stable than the mutant. After 5ns of simulation, RMSD of both mutant 

and wild type protein increased up to 5Å but after 10ns, the wild-type RMSD decreases to 

3.5Å, whereas mutant RMSD increases to 6.5Å. Sharp increase in the RMSD has been 

observed at 16ns in wild-type structure. Nevertheless, looking at the mutant RMSD profile, 

instead of sharp increase gradual change in RMSD at 18ns was observed. Sharp increase in 

the RMSD for mutant structure at 95ns was observed in contrast to the wild-type protein.  
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Figure 3.3.14: - (A) Comparative aligned structure sampled at every 10ns for mutant 

Gln564His, (B) highest RMSD and input structure aligned for wild-type and (C) mutant 

(Gln564His).  

We have analyzed the highest RMSD extracted structure for wild-type and mutant protein from 

the trajectory. After comparing the structures of wild-type at 0ns and 16ns (highest RMSD 

frame) and for mutant 0ns and 98ns, a large shift in the ARD domain orientation was observed. 

(A) 

(B) (C) 
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Figure 3.3.15: - Comparative RMSD representation of ARD and BRCT domain. ARD wild-

type (Black), mutant (Green) and BRCT domain wild-type (yellow), mutant (Blue) 

respectively.   

Structural alignment with input structure and highest RMSD attained structure for wild-type 

and mutant protein shows large rotation about 70˚ (RMSD=8.3 Å) in the ARD domain from 

the axis for wild-type, and 84.4˚ (RMSD=9.27 Å) for mutant protein respectively. This 

indicates that BRCT domain of BARD1 ARD-BRCT wild-type and mutant protein structures 

are comparatively rigid but hinge bending at the linker leads to the domain motion (Figure:- 

3.3.14, 3.3.15).  

                         Furthermore, domain wise comparative study of RMSD for wild-type and 

mutant protein structures shows that ARD domain is more flexible than the BRCT domain 

(Figure:- 3.3.15).  Decrease in the RMSD in both wild-type and mutant up to 4Å is indicative 

of stabilization in structural change, but the RMSD of mutant remained high as compared to 

wild-type protein. After 35ns wild-type structure is completely stabilized, as there was only 

small fluctuation in the RMSD in the wild-type structure. On the other hand, BARD1 ARD-
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BRCT Gln564His mutant structure shows a sudden increase in the RMSD profile at 90ns, 

indicating an another change in the conformation leading to high average RMSD in mutant 

structure than the wild-type structure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.16:- (A) RMSD, (B) Rg, and (C) RMSF attained by CstF50 during 100ns MD 

production. 

Moreover, CstF50 structure did not show any large RMSD, Rg deviation during 100ns 

simulation and residual RMSF fluctuations that contributed either from the linkers between 
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N-ter and WD40 domain or loops between beta strands of 1st WD40 repeat (Figure:- 3.3.16). 

The comparative radius of gyration for BARD1 ARD-BRCT, Gln564His mutant structure 

was also analyzed by molecular dynamics simulation.  

  

Figure 3.3.17: - (A and B) RMSF Structure representing for  BARD1 ARD-BRCT wild-type 

and mutant., ( C ) RMSF for wild-type (green) and mutant(black)  (D) RMSF structure and 

profile of  CstF50 . 

(D) 
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Change in radius of gyration during simulation indicates that the structural changes are time 

dependent and determines the protein structure compactness. Comparative evaluation of 

radius of gyration throughout the simulation of wild-type and mutant during the early phase of 

simulation doesn’t show any sharp changes in the structural compactness. After 16ns, there is 

steep rise in the Rgyr in wild-type which is a large structural juxtapositioning of the ARD 

domain (Figure: - 3.3.13B). However, in mutant structure, there is sharp increase in the Rgyr 

at 98ns. This may be due to bulky R-group attached to glutamine.  

3.3.5 Principal Component Analysis:-  

      PCA was performed over the 100ns trajectory of BARD1 ARD-BRCT wild-type, 

Gln564His mutant and CstF50 to analyze the dynamics of proteins in the essential subspace. 

First three eigenvector was deduced by diagonalizing the covariance matrix and further 

projected on each other. Projection of Eigenvector 3 on 1 and 2 on 1 indicates large tertiary 

structural fluctuation in the conformational spaces which indicates that protein is highly 

dynamic. Furthermore projection of eigenvector 2 on 1 indicates that wild-type and mutant 

shows large tertiary structural changes during the simulation (Figure: - 3.3.18 A, B).  

Similarly, CstF50 also shows conformational fluctuations when projected for eigenvector 3 on 

1 and 2 on 1. Observed large tertiary structural changes may be because of the two large 

interconnecting loops between N-terminal domain and WD40 domain and second in loop 

between 1
st
 β-strands of WD40 repeat (Figure:- 3.3.18 C). The Cross-correlation for PCA of 

wild-type and mutant indicates that differential residual correlation in both the domains. 

Compared to mutant wild-type shows more positive correlation within the residues of ARD 

domain and BRCT domain but mutant show comparatively reduced positive correlation in 

both the domains (Figure:- 3.3.19A, B).   
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Figure 3.3.18: - Projection of first three eigenvectors for the structure (A, B, C) BARD1 

ARD-BRCT wild-type, (D, E, F) mutant and (G, H, I) CstF50. 

CstF50 structure shows high value of positive correlation in WD40 repeat domain and 

comparatively low positively correlated motion within the N-ter domain (Figure:- 3.3.19C). 

To understand comparative residual displacements in the subspaces spanned by the first two 

eigenvectors were performed to understand the fluctuation at the residual level (Figure:- 

3.3.18). 
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Figure 3.3.19: - Cross-correlation for the structure (A) BARD1 ARD-BRCT wild-type (A), 

(B) mutant and (C) CstF50. 

Projection of eigenvector 1 on residue of wild-type, mutant protein N-terminal, and linker 

region shows comparatively high fluctuations as compared to the BRCT domain (Figure:- 

3.3.20). Similarly, projection of eigenvector 2 on residues shows a similar pattern of 

fluctuation in second eigenvector values, which shows the concerted character of residual 

(A) (B) 
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fluctuation in the ARD domain and linker region of the wild-type and mutant protein, 

substantiating results obtained from the NMA and RMSF from MD simulations (Figure:- 

3.3.20 and 3.3.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.20: - Residual fluctuation against first two eigenvectors for the structure (A, B) 

BARD1 ARD-BRCT wild-type, (C, D) mutant and (E, F) CstF50. 

(A) (B) 
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Moreover, CstF50 shows large fluctuation in eigenvector 1 against the residual region related 

to the N-terminal connecting linker and 1
st
 WD40 interconnecting loop. Eigenvector 2 

projection on residues indicates flexible N-terminal domain may be due to the flexible linker 

and stable WD40 domain (Figure: - 3.3.20 E and F).    

3.3.6 Binding mechanism of BARD1 ARD-BRCT and CstF50:- 

We have used HADDOCK server to understand the binding interactions between CstF50 and 

BARD1. It is well established that 7
th
 WD40 repeat domain from 395-431 amino acids of 

CstF50 is required to establish the functional complex with BARD1 [6]. PDBsum software  

was used to analyze the interactions between BARD1 ARD-BRCT and CstF50 complex 

[257].   

  

 

 

 

Figure 3.3.21: - Free-energy calculation for the structure (A) BARD1 ARD-BRCT wild-type 

and (B) CstF50. 

As Gln564His mutation leads to loss in CstF50 binding to BARD1 [258]. Best docked 

complex was selected, and PDB sum was used to understand the residues involved in the  

(B) (A) 
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binding interface. Proteins were simulated for 100ns and minimum energy structure was 

selected for docking studies (Figure: - 3.3.21).  

                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.22: - Binding interface of (A) BARD1 ARD-BRCT wild-type and CstF50 

complex, (B) BARD1Gln564His and cstF50 complex. 
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Docking was performed between minimum energy structure of BARD1 ARD-BRCT, mutant 

and CstF50 (Figure: - 3.3.22).  Similar, docking parameters were used for BARD1 ARD-

BRCT mutant and CstF50 docking, and results were analyzed using PDB sum. BARD1 Gln at 

564 position forms hydrogen bond with Asn409, Tyr425 and participates in non-hydrogen 

bonding interaction with Asn409, Tyr425, Pro410, and Thr 408. While BARD1 Thr 562 

facilitates other major interactions between BARD1 and CstF50, and forms hydrogen bonding 

interaction with Tyr425 and non-hydrogen bonding interaction with Arg427, Ser428. Thr430 

of CstF50 supports the interaction by forming hydrogen and non-hydrogen bonding 

interactions with linker residues (Figure: - 3.3.22 A).   

                         CstF50 Thr 430 forms non–hydrogen bonding interactions with BARD1 linker 

residues like Asn561. From the mutant’s structure, it has been observed that BARD1 His564 

has lost all hydrogen and non-hydrogen bonding interactions with the CstF50, 7
th
 WD40 

repeat region residues and form non hydrogen bonding interaction with CstF50 Glu100, 

Asp394 and Leu394 (Figure:- 3.3.22 B). To determine the stability of the docked complex 

and interaction we simulated the complex for 100 ns (Figure: - 3.3.23). Further simulation of 

complex structure shows no large changes in RMSD, Rg and RMSF (Figure: - 3.3.23). 

Hence, it can be concluded that binding of CstF50 binding to BARD1 ARD-BRCT stabilizes 

the ARD domain flexibility. Hydrogen bonding analysis between the BARD1 ARD-BRCT 

domain and CstF50 shows that linker region has intact hydrogen bonding interactions with 

CstF50 C-terminal throughout the simulation (Figure: - 3.3.23 C).  
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Figure 3.3.23: - (A and B) Comparative RMSD and Rg of BARD1 ARD-BRCT wild-type 

(Black), Gln564His (green), CstF50 (blue) and complex (yellow) respectively, and (C) 

Hydrogen bonding profile for BARD1 ARD-BRCT-CstF50 complex. 

Furthermore, cross-correlation of PCA for BARD1 ARD-BRCT, CstF50 and complex 

indicates that positive correlation has increased within the N-terminal region of CstF50; it 

shows increased positive residual correlation within the WD40 repeat and N-terminal residues 

in CstF50 in the complex. 

(C) 

(A) 

(B) 
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Figure 3.3.24: - Comparative RMSF (A, B and C) of BARD1 ARD-BRCT wild-type 

(Black), Gln564His (green), CstF50 (blue) and BARD1 ARD-BRCT wild-type-CstF50 

complex (Red) respectively,  (D) RMSF structure for CstF50, (E) complex, and (F) BARD1 

ARD-BRCT.  
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Figure 3.3.25:- Comparative cross-correlation for PCA of (A) BARD1 ARD-BARD1BRCT-

CstF50 complex, (B) BARD1 ARD-BRCT wild-type and (C) CstF50. 
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Figure 3.3.26: - Free-energy calculation for the ARD-BRCT-CstF50 complex. (A) Free-

energy landscape of BARD1 ARD-BRCT wild-type CstF50 complex and (B) Model of 

structure of the BARD1 ARD-BRCT-CstF50 complex. 

Moreover, cross-correlation of PCA for BARD1 ARD-BRCT in complex also shows 

significant increase in the positively correlated motion within the ARD-domain and BRCT 

domain (Figure: - 3.3.23). The representative complex structure derived after free-energy 

calculation shows CstF50 binds to the BARD1 ARD-BRCT domain in such a way that it 

prevents the motion of ARD domain and keep it in a compact conformation (Figure:- 3.3.26). 

Further distance calculated between ARD domain and BRCT domain for wild-type and 

complex structure indicates that CstF50 binding has reduced the domain dynamics of BARD1 

ARD-BRCT wild-type protein structure (Figure: - 3.3.27). 

 

 

BARD1 ARD-BRCT  
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Figure 3.3.27: - Distance calculation between ARD domain and BRCT domain for the 

structure BARD1 ARD-BRCT wild-type- CstF50 complex  

In BARD1 ARD-BRCT wild-type ARD and BRCT domain shows a fluctuation of 5.5nm,  

when alone. However, distance fluctuation calculated for ARD and BRCT domain in complex 

has drastically reduced demonstrating that CstF50 binding restricts the domain dynamics of 

ARD domain.  

3.4 Crystallization of BARD1 ARD-BRCT  

An attempt was made to crystallize the BARD1 ARD-BRCT protein from 7 mg/ml of protein 

concentration using vapor diffusion method. The protein and mother liquor solution was 

mixed in 1:1 ratio (1 µl+1µl) and allowed to crystallize at 22°C with 500-µl reservoir solution 

in vibration free incubator. A clear drop or light precipitation was detected in most of the 

crystallization conditions. No attempt was made to crystallize CstF50 as refolding process 
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yielded very a low concentration of protein and furthermore, it precipitated during 

concentration. 

3.5 Conclusions:- 

It has been observed that BARD1 ARD-BRCT wild-type and mutant Gln564His are 

monomeric in nature and mutation does not affect the biophysical property of wild-type 

protein. CstF50 was found insoluble in bacterial system, therefore efforts were made to purify 

from inclusion body. NMA analysis and deformation analysis predicted large domain 

fluctuation between ARD and BRCT domain of BARD1. Molecular dynamics simulation data 

shows high correlation with small angle X-ray scattering (SAXS) of BARD1 ARD-BRCT 

domain (425-777aa) [147]. Docking studies indicate that linker region residue Gln564 plays 

important role in complex formation between BARD1 ARD-BRCT domain and CstF50. 

Binding of CstF50 to BARD1 ARD-BRCT domain provides rigidity to the structure and 

moderates the inter-domain motion between ARD and BRCT domain (Figure:- 3.3.28).   

 

 

 

 

 

 

Figure 3.3.28: - Model for BARD1 ARD-BRCT and CstF50 complex formation. 
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4.1 Introduction  

Mutations in the brca1 and brca2 genes are responsible for breast and ovarian cancer 

predisposition [141, 259, 260]. BRCA1 share a great deal of similarity with tumor suppressor 

protein BARD1 in domain organization, as both harbors N-terminal RING domain and two 

tandems BRCT repeat motifs at C-terminus [59]. However, BARD1 contains four ankyrin 

repeats in the region from 425-550 amino acids, which is absent in BRCA1 [59, 64, 237]. 

BRCA1 & BARD1 heterodimerizes through N-terminal RING-RING domain interaction, and 

co-localize to distinct nuclear sites at during the cell-cycle progression [72, 73]. Furthermore, 

in-vivo BRCA1-BARD1 heterodimer is an active E3-ubiquitin ligase complex, which plays a 

significant role in its tumor suppression function [21, 63, 64]. Mis-sense mutations within the 

BRCA1 RING domain lead to loss of heterodimerization, and reduces E3 ubiquitin ligase 

activity [63]. It has been reported that exon 11-deficient BRCA1 splice variants which only 

retain the RING and BRCT domain are targeted to IR-induced foci, suggesting that RING 

domain and BRCT are required for foci formation [261]. Furthermore, tandem BRCT domain 

when transfected in U2OS cell, foci formation was restored, and this reversal clearly indicates 

that BRCA1 BRCT alone is needed for DNA damage foci after IR mediated DNA damage 

[30].  

                                The BRCT domain is established as a phosphopeptide recognition motif, 

and is conserved in many other multiple DNA damage-response (DDR) proteins [142, 143]. 

Several proteins are found to be harboring BRCT domain and having role in DNA damage 

repair such as base excision response scaffold protein XRCC1, DNA ligase IV, BRCA1, 

MDC1, p53-binding protein 53BP1 and BARD1 [142, 143, 161]. Different DDR proteins 

have diverse repeats of BRCTs [262]. It has been reported that BARD1BRCT is required for 
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the early recruitment of BRCA1 at the DNA damage site [18]. Furthermore, BRCA1 

Cys61Gly mutation in the RING domain abrogates the BRCA1-BARD1 heterodimer 

formation and early recruitment of BRCA1 at the DNA damage foci, leading to the 

conclusion that BARD1BRCT is required for the BRCA1 recruitment and tumor suppression  

[18]. Recently it has been identified that ADP-ribosylated proteins are new interacting 

partners of the BARD1BRCT domain [263]. However, no binding was observed during 

Isothermal Titration Calorimetry with ADP-ribose and PAR with other BRCTs like BRCA1 

[18].  

Noting the role of BARD1 in genomic integrity, we have decided to explore functional 

consequences of genetic alterations in the BRCT region. In this study, we have used In-vitro, 

biophysical and in-silico approaches to understand the folding pattern of BARD1BRCT wild-

type and cancer predisposing mutants BARD1 Cys645Arg, Val695Leu, Arg658Cys, 

Ile738Val and Ser761Asn. Cancer predisposing mutations, Arg658Cys have been detected in 

Caucasian, African, Finnish population and Ile738 Val in Polish and Belgian families with 

unknown functional consequence [27, 32, 264-266]. The families were also tested negative 

for both BRCA1 and BRCA2 inherited mutations in sporadic and BRCA1 associated breast 

cancers [33, 267]. BARD1 Ser761Asn  missense mutation is reported in uterine and breast 

cancer, Cys645Arg mutation in breast and ovarian cancer, but Val695Leu mutation only in  

breast cancer [27, 33]. The mutants Cys645Arg and Val695Leu failed to show any interaction 

either with ADP-Ribose or with its polymeric form PAR, and also failed in early recruitment 

of BRCA1 to the DNA damage site [18]. Therefore, In-silico and In-Vitro approach was 

applied to investigate the structural changes acquired due to these point mutations, and also to 

assess the effect of protein folding patterns on their ability to interact with phospho-peptide 
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pSer-X-X-Phe, and could posed pathogenic implications for breast cancer risk. Molecular 

dynamics simulation (MDS) was carried out to explore alterations in the structure of wild-type 

and mutant proteins. To our conclusion, Val695Leu, Arg658Cys Ile738Val and Ser761Asn 

mutants except BARD1 Cys645Arg show loss of thermodynamic stability. However, BARD1 

Ile738Val mutant protein structure showing higher structural flexibility.  

4.2 Material and Methods  

A comparative structural and biophysical characterization of BARD1BRCT (568-777aa) wild-

type and mutants were performed. BRCT domain of BARD1 was sub-cloned into pET28a 

vector (Amersham Pharmacia) using BARD1 full length cDNA (a kind gift from Richard 

Baer, USA). The basic scheme for sub-cloning was to use oligonucleotide primer 

complementary to the template sequence for PCR. The mutants were generated using primer 

mis-match method and further confirmed by DNA sequencing.   

                       The gene of interest was amplified using following PCR condition: 98°C 

denaturation (5 minutes), 98°C denaturation (45 seconds), and annealing 57°C for 35 seconds, 

extension 72°C at 0.5kb/min, final extension 72°C for 10 minutes, and 25 cycles. The PCR 

amplified product was digested with EcoR1 and BamH1 and ligated in the pGEX-kT vector (a 

kind gift from J. Ladias, Harvard Medical School-BIDMC, Boston US). The ligation mixture 

was transformed into E.coli DH5α cells. The final ligated product was confirmed by DNA 

sequencing.  

Primer details:- 

FORWARD PRIMER C645R 5’-GTCTACGAAGAAAAGTACGTGAACAGGAAGAAAAG- 3’ 

REVERSE PRIMER C645R 5’-CTTTTCTTCCTGTTCACGTACTTTTCTTCGTAGAC-3’ 
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FORWARD PRIMER V695L 5’-CCTTATTAAGCTCCTCACTGCAGGTGGGGGCC-3’ 

REVERSE PRIMER V695L 5’-GGCCCCCACCTGCAGTGAGGAGCTTAATAAGG-3’ 

FORWARD PRIMER S761N 5’-GGAAGGCTCCTTCGAACTGGTTTATAGACTG-3’ 

REVERSE PRIMER S761N 5’-CAGTCTATAAACCAGTTCGAAGGAGCCTTCC-3’ 

 FORWARD PRIMER R658C 5’-GAAATTCCTGAAGGTCCATGCAGAAGCAGGCTCAACAG-3’ 

REVERSE PRIMER R658C 5’-CTGTTGAGCCTGCTTCTGCATGGACCTTCAGGAATTTC-3’  

Forward primer I738V 5’-CTGCACACAGTATATCGTCTATGAAGATTTGTGT-3’ 

Reverse primer I738V 5’-ACACAAATCTTCATAGACGATATACTGTGTGCAG-3’ 

BARD1BRCT (568-777aa) wild-type and mutants were expressed in Rosetta 2(DE3) bacterial 

system.  

Protocol for protein expression:- 

1. Inoculation: A single colony from antibiotic resistant LB agar plate was inoculated in 100 ml 

LB broth preinoculum containing 100 µg/ml of ampicillin. Further, grown at 37
o
C overnight 

in shaking incubator at 200 rpm. 

2. Dilution: Added 10 ml of pre inoculum to 1000 ml (1: 100) of autoclaved LB broth 

containing 100 µg/ml of ampicillin. Grown medium on shaker incubator at 37
o
C until it 

reached mid-log phase i.e. A600 between 0.6-0.8.  

3. Induction: Cooled down the flasks, added 400 µl IPTG (stock 1M), and incubated on shaker 

incubator at 24
o
C for 16 hours. 

4. Harvesting: The culture was centrifuged for 10 minutes at 6000 rpm at 4
o
C. The pellet was 

resuspended in a small volume of supernatant and centrifuged for 15 minutes at 5000 rpm, 

4
o
C. 
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5. Storage: The bacterial pellet obtained was stored at -80
o
C for further use. 

Protocol for purification of BARD1BRCT and mutants:- 

Purification buffer: 50 mM HEPES (pH 7.5), 300 mM NaCl, 2mM EDTA, 5% glycerol pH 

7.5 (buffer A) 

FPLC buffer: 50 mM HEPES (pH 7.5), 300 mM NaCl (buffer B) 

Protocol for protein purification:- 

1. Re-suspension: Re-suspended the induced bacterial pellet of BARD1BRCT and mutants in 

40 ml of buffer A; supplemented with 200 mM PMSF and 20μl of protease inhibitor. 

2. Ultra sonication: Transferred the resuspended cell pellet into centrifuge tube and sonicated at 

70-pulse rate and 50 power with 1 minutes of duty cycle. Repeated the cycle 5 times with 1 

min break.   

3. Centrifugation: After sonication, the suspension was subjected to centrifugation at 18000 

rpm for 45 minutes at 4
o
C to obtain cleared lysate. Collected the supernatant and discard the 

cell debris. 

4. Binding: The soluble protein fraction obtained was brought at room temperature, then mixed 

with pre-equilibrated affinity resin and incubated at room temperature for 1 hour. The 

sepharose beads in affinity column charged with Ni
2+ 

binds specifically to those proteins 

having HIS (Histidine) tag. Take out 40 μl bead for binding check.  

5. Washing: After binding, the protein bound column was washed with 4 column volume of 

buffer A to remove non-specific bound proteins.  
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6. Cleavage: Added 200 μl (20 units) of TEV protease, 40 μl of protease inhibitor cocktail and 

100 µl of PMSF in 20 ml of buffer A and completed the cleavage step in 3 hours by passing 

the solution through column at interval of 1 hour. Take out 10 μl of resin to detect the 

cleavage of protein.  

7. Elution: After TEV cleavage, the protein was eluted with 30 ml of buffer A. 

8. Equilibration of Ni-NTA resin: Provided 2 column washes with double distilled water and 

then 5 to 6 column washes with buffer A. 

9. Metal Ion Chelate Affinity Chromatography: After calibration of Ni-NTA resin, passed the 

eluted fractions through them to get rid of His-tagged TEV protease contamination. 

10. Concentrating the protein: Transferred the eluted protein in a 10 KDa pre-equilibrated 

centricon, and concentrate the protein up to 2 ml by centrifuging at 4500 rpm for 10 minutes 

at 4
o
C. Check the concentration on Nanodrop spectrophotometer (280nm). Centrifuge for 

additional 10 minutes at 13000 rpm at 4
o
C to removal insoluble aggregates or precipitates. 

11. Gel filtration: Injected 2 ml (or as per availability of FPLC loop) of concentrated protein in 

AKTA-FPLC against Buffer B. 

12. Fraction collection: Collected the purified protein eluted through FPLC in 1.7 ml microfuge 

tube at its elution volume according to gel filtration spectra profile of the sample. 

13. Loading on SDS-PAGE 12% gel: Loaded 20 µl of FPLC fractions on SDS-PAGE, stained 

with coomassie dye, and then destained it to visualize the protein of interest. 

14. Concentration of protein: The fractions, which showed purified protein band was 

concentrated as per the requirement. 
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The purified proteins were used in various bio-physicochemical experiments. The complete 

details of protocol have been discussed earlier in chapter 3 (material and methods). 

4.3 Results and discussion 

4.3.1 Cloning, expression, purification and characterization of 

BARD1BRCT and Mutants:- 

Selected clones were digested with the EcoR1 and BamH1 restriction enzymes, and insert 

release was observed at appropriate size on agarose gel. DNA sequencing results have 

confirmed the presence of the gene of interest in the vector with desired frame of codon 

sequence. Biophysical and computational characterization of BARD1BRCT wild-type and 

mutants were performed to investigate the conformational changes due to the mutations. 

Biophysical characterizations were performed using CD spectroscopy, fluorescence 

spectroscopy, chemical crosslinking and limited proteolysis. Whereas, computational 

techniques included molecular dynamics simulation and PCA (Principal component analysis). 

Oligomeric character of purified BARD1BRCT and mutants were studied with respect to 

proteins of known molecular weight by injecting the proteins in superdex-75 column. In 

AKTA-FPLC, both wild-type and mutant proteins eluted at the 65 ml of the column volume in 

superdex-75, which suggests the insignificant effect of mutation on the monomeric nature of 

the BARD1BRCT (Figure:- 4.1). Glutaraldehyde cross-linking was also performed to 

characterize the oligomeric property, and it has been observed that there is no higher 

molecular weight oligomers formed in wild-type and mutant proteins. 
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Figure 4.3.1:- (A) Expression and purification of BARD1BRCT and mutant proteins, (B) 

FPLC purification profile of wild-type and mutants,(C) Elution profile of standard known 

molecular weight proteins and (D) Stokes radii calculation of BARD1BRCT wild-type 

protein. 

                      Hence, it can be concluded that mutations do not change the monomeric 

property of the BARD1BRCT (Figure: - 4.3.2). CD spectroscopy was performed in far-UV 

and near-UV range to study the secondary and tertiary structure of the proteins (Figure: - 

4.3.3). Purified monomeric wild-type and mutants do not show any large change in CD 

spectroscopy profile, which suggests that mutations did not, affects the secondary and tertiary 

structure of the proteins (Figure:- 4.3.3). 
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Figure 4.3.2:- Comparative chemical crosslinking profiles of BARD1BRCT and mutant 

proteins.  

Nevertheless, local changes induced in the structure, which is beyond the sensitivity of CD 

cannot be ignored. To investigate the overall 3D packing, chemical denaturation using 

fluorescence spectroscopy was performed for wild-type and mutant proteins. Wild-type and 

mutant proteins show an emission maximum for folded protein in the range λ=332-336nm 

indicating the complete burial of tryptophan residue inside the hydrophobic core, hence 

signifying that mutations do not affect the compactness of BARD1BRCT.   
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4.3.2 Structural characterization and thermal stability  

To study the effect of mutations on thermodynamic stability, thermal denaturation and 

chemical denaturation using GuHcl was performed.  

  

 

 

 

 

 

 

 

 

 

Figure 4.3.3:- (A and B) secondary and tertiary structure characterization of BARD1BRCT 

domain and mutant protein using CD spectroscopy. (C and D) Chemical denaturation profile 

of BARD1BRCT wild-type and mutants using fluorescence spectroscopy.  

Thermal denaturation spectra of BARD1BRCT wild-type and mutants in far-UV range and 

near-UV range suggest that except BARD1 Cys645Arg, mutant proteins Val695Leu, 

Arg658Cys, Ile738Val, Ser761Asn have lost thermodynamic stability and all mutant proteins 

unfold via a two state pathway (Figure:- 4.3.4A). 
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Figure 4.3.4:- (A) Thermal and chemical denaturation of wild-type and mutant proteins using 

CD and (B) fluorescence spectroscopy. 

Near-UV range thermal denaturation also has good corroboration with far-UV range data, 

except BARD1 Cys645Arg, Val695Leu, Ser761 Asn, Arg658Cys and Ile738Val mutants have 

lost their overall packing at 45˚C, and completely unfold at 60˚C (Figure:- 4.3.5). Tm 

calculated for BARD1BRCT wild-type, Cys645Arg, Val695Leu, and Ser761Asn mutant 

proteins were 47.7±.85°c, 47.6±.65°c, 42.3±.78°c, and 41.1±.42°c respectively. ∆G calculated 

for BARD1BRCT wild-type, Cys645Arg, Val695Leu, Ser761Asn, Arg658Cys and Ile738Val 

mutant proteins were 9.8±0.39kcal/mol, 9.6±0.11kcal/mol, 7.4±0.69kcal/mol,  

7.1±0.12kcal/mol, 7.3±0.12 kcal/mol, and 7.6±.42 kcal/mol respectively. Chemical 

denaturation study shows that Val695Leu and Ser761Asn, Arg658Cys and Ile738Val mutants 

have lost thermodynamic stability compared to wild-type protein and Cys645Arg mutant 

proteins and unfold via a three state pathway (Figure:- 4.3.4B). ∆G calculated for 

BARD1BRCT wild-type, Cys645Arg, Val695Leu, Ser761Asn, Arg658Cys and Ile738Val 

(A) (B) 
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mutant proteins were 7.19±.36 kcal/mol, 6.28±0.82kcal/mol, 6.2±0.45kcal/mol,  

6.11±0.18kcal/mol, 6.29 ± .41 kcal/mol, and 6.8± .21 kcal/mol respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5:- (A-F) Thermal denaturation of BARD1BRCT wild-type and mutant protein 

using CD spectroscopy in near- UV range (λ=350-250nm). 
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To confirm BARD1BRCT wild-type and mutants unfold via a three state pathway                                         

thermal denaturation studies of wild-type and mutants using fluorescence spectroscopy was 

performed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: - Thermal denaturation of BARD1BRCT wild-type and mutant proteins using 

fluorescence spectroscopy.  

  R658C   I738V 
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Wild-type and mutant proteins show a non-monotonic shift in the intensity of emission 

maximum. While the fluorescence emission intensity for wild-type and mutants first gradually 

decreases from 15˚C to 45˚C, and further it shows a sharp rise in intensity when temperature 

increased to 50˚C. These observations are consistent with the presence of a molten globule 

intermediate during the three-step denaturation process. A similar blue shift in the emission 

maximum with an increase in the temperature indicating unfolding through molten globule 

formation is consistent with the conclusions drawn by chemical denaturation studies as well 

(Figure:- 4.3.6 and Table 4.1).  

 

Table 4.1: - Comparative emission maximum attained by BARD1BRCT wild-type and 

mutant protein during thermal denaturation using fluorescence spectroscopy 

 

 

 

 

 

 

 

 

 

 
Wild-type 

Ser761 

Asn 
Val695 

Leu 
Cys645Arg Arg658Cys 

Ile738 

Val 

Tm 45.8°C 40°C 39.7°C 45.2°C 40.6°C 41.7°C 

Emission maxima recorded at different temperatures for BARD1BRCT wild-type and 

Mutants 

 
WT S761N V695L C645R R658C I738V 

15
0
C 332  nm 335 nm 333 nm 333 nm 334nm 336nm 

30
0
C 330 nm 333 nm 333 nm 333 nm 336nm 335nm 

45
0
C 328 nm 331 nm 331 nm 331 nm 333nm 335nm 

50
0
C 329 nm 329 nm 329 nm 330 nm 331nm 334nm 
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Figure 4.3.7: - Comparative limited proteolytic profile of BARD1BRCT domain and mutant 

protein using trypsin and chymotrypsin (A and B) wild-type, (C and D) Val695Leu, (E and 

F) Ser761Asn and (G and H) Cys645Arg respectively. 
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 BARD1BRCT and mutants were subjected limited proteolysis using trypsin and 

chymotrypsin to study the effect of the mutation on overall folding of protein. Trypsin 

digestion profile of wild-type and mutants concluded that proteins are resistant to trypsin 

digestion and mutation has not brought about any drastic change in domain organization 

(Figure: - 4.3.7). 

 

 

 

 

 

 

 

 

Figure 4.3.8:- (I and J) Limited proteolytic profile of BARD1 Arg658Cys and (K and L) 

BARD1 Ile738Val respectively using trypsin and chymotrypsin. 

Similarly, chymotrypsin digestion profile shows that, except BARD1 Ile738Val mutant 

protein, wild-type and other mutant proteins Cys645Arg, Val695Leu and Ser761 Asn and 

Arg658Cys show similar resistivity profile in a time-dependent manner. Hence, it can be 

concluded that BARD1 Ile738Val has lost overall packing locally (Figure: - 4.3.8 L) as 

compared to wild-type and mutant proteins Cys645Arg, Val695Leu, Ser761Asn and 

Arg658Cys (Figure: - 4.3.7). 
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4.3.3 Structural characterization of BARD1BRCT and mutants:- A Molecular dynamics 

simulation approach 

To explore the effect of mutations on the BARD1BRCT structure, molecular dynamics 

simulations was performed on wild-type and mutants structures for a period of 50ns.   

 

  

 

 

 

 

 

 

 

 

 

 

 



 

170 | P a g e  
 

 

 

 

 

 

 

 

 

 

Figure 4.3.9:- Comparative representation of (A) RMSD, (B) RMSF, (C) H-bond, (D) Rg, 

(E) Volume, and (F) SASA. The wild-type is represented as black, Cys645Arg as green, 

Val695Leu as blue, Ser761Asn as cyan, Arg658Cys as purple and Ile738Val yellow 

respectively. 

The RMSD Fluctuations for BARD1 Ile738Val protein structure were observed to be 

comparatively higher than wild-type and mutant proteins Cys645Arg, Val695Leu and Ser761 

Asn and Arg658Cys. This observation suggests that Ile738Val mutation destabilizes the 

hydrophobic core of the protein that is also reflected in the fluctuating values of radius of 

gyration attained by the Ile738Val mutant structure (Figure: - 4.3.9). 
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The destabilizing effect of BARD1 Ile738Val mutation is also very well revealed in the  

RMSF profiles of Ile738Val mutant, as overall RMSF value for Ile738Val is high as 

compared with the wild-type and mutant proteins Cys645Arg, Val695Leu and Ser761 Asn and 

Arg658Cys. Mutant proteins Val695Leu, Ser761Asn, Ile738Val and Arg658Cys except 

Cys645Arg mutant structure show reduced number of intra-molecular hydrogen bonds 

compared to wild-type protein structure. Average H-bond formed during different periods of 

simulation suggests that except BARD1 Cys645Arg mutant proteins, Val695Leu and Ser761 

Asn, Ile738Val and Arg658Cys mutants show significant decrease in the number of hydrogen 

bond (Figure:- 4.3.10). Furthermore, BARD1 Ile738Val and Val695Leu show increase in 

volume and solvent accessible surface area, which is consistent with the reduced number of 

hydrogen compared to wild-type, Cys645Arg, Arg658Cys and Ser761Asn mutant proteins.  

 

 

 

 

 

 

 

Figure 4.3.10: - Comparative average intra-molecular hydrogen bond formed by the wild-type 

and mutant structures. 
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4.3.4 PCA of BARD1BRCT wild-type and mutant proteins:-  

Principal component analysis was performed over the wild-type and mutant trajectory to study 

the comparative effect of mutation on the concerted motion of the protein.  

 

 

 

 

 

 

 

Figure 4.3.11:- Scree plot of mutant and wild-type structure. 

Eigenvector and eigenvalues were calculated after diagonalization of the covariance matrix 

for the wild-type and mutant proteins Val695Leu, Ser761 Asn, Ile738Val, Arg658Cys and 

Cys645Arg. Scree plot for wild-type and mutants shows the magnitude of Eigen value for 

each eigenvector and it is evident that first few eigenvector describes more than 90% of the 

protein dynamics. It may be seen that Ile738Val mutant has the highest eigenvalue for first 

few eigenvector as compared to wild-type and mutant protein Val695Leu, Ser761 Asn, 

Ile738Val and Arg658Cys and Cys645Arg mutant structures (Figure:- 4.3.11). Trace of 

covariance matrix which is sum of all the eigenvalues provides important information 

illustrating the dynamics of the protein. Trace of co-variance matrix calculated for Ile738Val 
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was highest compared to wild-type and mutant proteins Val695Leu, Ser761Asn, Arg658Cys 

and Cys645Arg suggesting that mutation Ile738Val structure is more flexible than the wild-

type and mutants proteins structures. Further, projections of 1st three eigenvectors were 

performed for wild-type and mutant protein structures. As, the projection of eigenvector 3 on 

1 and 2 on 1 for Ile738Val has large periodic transition in the tertiary structure than the wild-

type and Val695Leu and Ser761Asn,  Arg658Cys and Cys645Arg  mutant proteins. 

 Table 4.2:- Comparative tabulated values of trace of covariance matrix attained by 

BARD1BRCT wild-type and mutant  

 

 

  

 

 

 

 

 

 

These observations are suggestive of larger and varied motion for BARD1 Ile738Val mutant 

compared to wild-type, Val695Leu, Ser761Asn, Arg658Cys and Cys645Arg mutant proteins. 

Projection of eigenvector 3 on 1 and 2 on 1 shows Ile738Val mutant has highest value of trace 

BARD1BRCT 

and Mutants 

Trace of covariance 

matrix 

WT 53.89nm
2 

Cys645Arg 57.22nm
2 

Arg658Cys 56.35nm
2 

Val695Leu 64.97nm
2 

Ser761AsnN 58.49nm
2 

Ile738Val 92.53nm
2 
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of co-variance matrix attained as compared to the wild-type and Val695Leu, Ser761Asn, 

Arg658Cys and Cys645Arg mutant proteins, signifying that Ile738Val structure has lost  

 

Figure 4.3.12: - Projection of first three eigenvectors for the structure (A, B, C) 

BARD1BRCT wild-type, (D, E, F) Cys645Arg, (G, H, I) Val695Leu and (J, K, L) 

Ser761Asn.  
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Figure 4.3.13: - (M, N, O) Projection of first three eigenvectors for the BARD1BRCT 

Arg658Cys and (P, Q, R) Ile738Val mutant protein. 

structural rigidity and compactness. The eigenvector projection for Ile738Val also shows that  

the number of tertiary structure conformers attained by Ile738Val mutant is higher than the 

wild-type and other mutant proteins. Similarly, eigenvector projections for Val695Leu mutant 

structure also show relatively high trace of covariance matrix attained by the Cys645Arg, 

Arg658Cys and Ser761Asn mutant proteins as compared to the wild-type protein, indicating 

that Val695Leu mutation has mild effect on the structural rigidity of the protein (Figure:- 

4.3.12). Furthermore, Arg658 Cys, Ser761Asn mutant protein structure does not show 

significant fluctuation in their respective structures but Val695Leu and Ile738Val shows three 

major groups of tertiary structure conformations as compared to the wild-type and mutant 

protein structure. 
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4.3.5 Comparative residual displacements in the subspaces spanned by the 

first two eigenvectors:-  

To study the overall effect of mutations at the residual level, we have projected first two 

eigenvector (which describes the 80% of protein motion) on the c-ɑ residues for wild-type and 

mutant protein structures. Projection of eigenvector 1 on residues for wild-type structure 

shows no large fluctuation at N-terminal region of the structure but the eigenvector 1 and 2 

captured the concerted fluctuation in the c-terminal loop region of the protein structure 

(Figure:- 4.3.14 A, B).  

 

 

 

 

 

 

 

 

 

 

Figure 4.3.14: - Residual fluctuation against first two eigenvectors for the structure (A, B) 

BARD1BRCT wild-type, (C, D) Cys645Arg mutant. 
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Projection of eigenvector 1 on residues for Cys645Arg mutant shows significant residual 

fluctuation in the N-terminal region of the protein structure suggesting that mutation is 

destabilizing the N-terminal region of the protein structure (Figure:- 4.3.14 C, D). 

Figure 4.3.15: - Residual fluctuation against first two eigenvectors for the mutant structures 

(E, F) BARD1 Val695Leu and (G, H) Ser761Asn mutant. 

 Projection of eigenvector 2 on residues for Cys645Arg mutant structure also shows local 

increase in fluctuation in the connecting loop between N-ter BRCT and C-ter BRCT where 

the mutation site is located, indicating the local increase in the conformational entropy  due to 

the mutation. 
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Eigenvector 2 projection indicates fluctuation in the β’2 bridging α’2 and β’2(Figure:- 4.3.14 

C, D and 4.3.17). 

 

 

 

Figure 4.3.16: - Residual fluctuation against first two eigenvectors for the mutant structures 

(I, J) BARD1 Arg658Cys and (K, L) Ile738Val. 

Projection of eigenvector 1 and 2 on residues also shows good correlation with the RMSF 

structure for Cys645Arg (Figure: - 4.3.18). As projection of eigenvector 1 against residue for 

Cys645Arg indicates that N-terminal region showing high fluctuation at region from 568-610 

amino acids.  Residual amino acid region from 740-750 is also showing high fluctuation of 

eigenvector 2, which corresponds to β’2 and β’3 connecting loop (Figure:- 4.3.17). Residual 

projection against eigenvector 2 also suggests that dynamic region between α’2 and β’2 which 

is between 710-721 amino acids in Cys645Arg mutant structure. Results obtained from 

(J) (I) 

(K) (L) 
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projection of eigenvector fluctuation on residues have very good corroboration with the 

Cys645Arg RMSF structure (Figure: - 4.3.18).  

 

 

 

 

 

 

 

Figure 4.3.17: - Cancer predisposing mutations in different regions of BARD1BRCT domain.  

Furthermore, projection of eigenvector 1 and 2 on residues for Val695Leu specifies that 

mutational effect on the motion is not cantered at local level. As the fluctuation of 

eigenvector, 1 and 2 on residues is affecting the overall structure of the protein. RMSF 

structure for Val695Leu indicates that mutation has affected the structure at a global level 

(Figure: - 4.3.18). Projection of eigenvector 1 on residues for Ser761Asn structure reveals 

that connecting loop between β’1-α’2, random region between α’2-β’2, and β’2-β’3  is 

showing fluctuation which has consistency with the RMSF structure (Figure:- 4.3.15, and 

4.3.17). Interestingly projection of eigenvector 2 on residue for Ser761Asn structure indicates 

that effect of amino acid substitution on overall structure in a cumulative way (Figure:- 

4.3.15, and 4.3.17). As projection of eigenvector 1 against residue for Arg658Cys indicates 

that N-terminal region showing low fluctuation at N-terminal and low RMSF (blue) regions 

V695L 
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shows residual terminal region but has large fluctuation random region between α’2-β’2 and 

β’2-β’3 connecting loop. Moreover, projection of eigenvector2 does not show any major 

fluctuation in the structure (Figure: - 4.3.15, 4.3.17 and 4.3.18). Projection of eigenvector 1 

on BARD1 Arg658Cys mutant structure shows fluctuation due to the linker region between 

α’1-β’1 and α’2-β’1. Eigenvector 2 on residues for Arg658Cys shows insignificant fluctuation 

in the structure, which may be due to the superficial location of mutation in the protein 

structure (Figure: - 4.3.16, 4.3.17 and 4.3.18).   

 

 

 

 

 

 

 

 

Figure 4.18: - Comparative representation of RMSF structure of wild-type and different 

mutants of BARD1. Red show regions of highest fluctuation and blue regions indicate areas 

of minimum fluctuations.  

Projection of eigenvector 1 on BARD1 Ile738Val mutant structure shows fluctuation due to 

the linker region between α1-β2 and α’2-β’1. Eigenvector 2 on residues for Ile738Val shows 

overall fluctuation in the structure, which may be due to the destabilization of the 

(A) (B) 

(D) (E) (F) 

V695L 

WT C645R R658C 

S761N I738V 

(C) 
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hydrophobic core of the protein.  Increase in the fluctuation in the eigenvector 2 at residues at 

α1, β2 is evident when eigenvector 1 residual projection, which indicates the concerted nature 

of motion described by these two eigenvectors (Figure: - 4.3.16, 4.3.17 and 4.3.18).  

4.3.6 Comparative of Cross-correlation of PCA for BARD1BRCT wild-type 

and Mutants:- 

To understand the effect of mutation on protein dynamics, residual cross-correlation analysis 

for wild-type and mutants protein were performed. The trajectory of wild-type and mutants 

were transformed in to covariance matrix, and cross-correlation for PCA was generated to 

analyze the dynamics of the wild-type and mutants structures. Cross-correlation for PCA heat 

map for wild-type indicates that N-terminal BRCT domain shows high positive correlation but 

C-terminal BRCT residue shows residual correlation within the domain (Figure: - 4.3.19 A).  

                               BARD1 Cys645Arg, Arg658Cys, Val695Leu, Ile738Val and Ser761Asn 

mutants show similar pattern as they have poor positive correlation within the C-terminal 

residue. Moreover, Ile738Val has lost the positive correlation within N-terminal BRCT as 

well C-terminal BRCT residues, which may be due to loss of stabilizing contacts within the 

structure (Figure: - 4.3.19).   
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Figure 4.3.19: - Comparative cross-correlation for PCA of (A) wild-type, (B) Cys645Arg, (C) 

Arg 658 Cys, (D) Val695Leu, (E) Ser761Asn and (F) Ile738Val mutant. 
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4.3.7 Intra-molecular interaction analysis:- 

To study, the effect of mutation on intra-molecular interactions minimum energy structure 

was calculated using the RMSD and Rg after free energy landscape preparation (Figure: - 

4.3.20). Comparative residual interaction between wild-type and Cys645Arg mutant structure 

indicates that in the wild-type structure Cys645 is involved in non-hydrogen bonding 

interaction with Leu590 and Leu570, but in the mutant structure residue the Arg645 formed 

hydrogen with Leu592 carbonyl group and non-hydrogen bonding interaction with Leu570 

(Figure:- 4.3.21).  

 

 

 

 

 

 

 

 

Figure 4.3.20: - Free-energy calculation for the structure BARD1BRCT wild-type and mutant 

structures. 

(A) (B) (C) 

(D) (E) (F) 
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Similarly intra-molecular interactions environment in wild-type Val695 structure illustrates 

hydrogen-bonding interaction with Gly698, Thr696, Ile692, and Leu691. Furthermore, 

BARD1 Val695 is also found involved in the non-covalent interaction with Phe577, Phe763, 

Gly698, Lys693, Ala697. However, Leu695 in mutant structure formed hydrogen bonding 

interactions with Gly699, Gly700, and Leu691 and has lost one hydrogen bond. However, 

similar kind of non-covalent bonding pattern in wild-type and mutant were observed (Figure: 

- 4.3.21). 

 

 

 

 

 

 

 

 

 

Figure 4.3.21: - Intra-molecular interaction analysis for the mutant structures (A, B) 

Cys645Arg, (C, D) Val695Leu and (E, F) Ser761Asn. 

C645 R645 V695 

L695 S761 N761 
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In BARD1 wild-type structure Ser at 761 position establishes contact with very few residues 

in its vicinity. It forms hydrogen bond with Ile764 and non-covalent interactions with Pro759, 

Asp741, and Phe763. But BARD1 Ser761Asn, hydrogen bond with Asp741 and non-covalent 

interactions with Pro759 and Phe763 were observed. 

    

 

 

 

 

 

 

 

 

Figure 4.3.22: - Comparative intra-molecular interaction analysis for the mutant structures 

(G, H) BARD1BRCT Arg658Cys and (I, J) Ile738Val. 

BARD1 wild-type Arg658 forms three hydrogen bonds with Glu649, Glu655, Glu652 and 

non-hydrogen bonding interactions with Ser 660, Gly656 and Leu662. On the other hand, in 

mutant protein structure Cys658 shows more hydrophobic interactions in the local milieu with 

Ser660, Gly656, Ile653, Pro654, Glu652, and hydrogen bonding interactions with Arg661, 

Glu655 and Leu661 (Figure:- 4.3.22). Comparative intra-molecular interactions of BARD1 

R658 C658 

I738 V738 
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Ile738 in wild-type and BARD1 Ile738Val indicates that Ile738 shows only hydrogen bonding 

interaction with Tyr678 and non-hydrogen bonding interactions with Tyr736, Ala758, Phe763 

and Tyr736. As compared to Ile738 mutant Val738 forms two hydrogen bond with Trp680, 

Tyr678 and non-hydrogen bonding interactions with Tyr736, Ala758, Phe677, Phe683 and 

leu679 showing additional interactions than wild-type (Figure:- 4.3.22). The additional 

interactions established in mutant may be due to the void space and conformational entropy 

created for neighbouring residues side chain, which leads to infiltration of side chains of 

neighbouring amino acid near the valine establishing new contacts.    

4.4 Conclusions:-  

Biophysical characterization of BARD1BRCT wild-type and mutants shows that mutations do 

not have drastic effect on the monomeric property and secondary structures of the proteins, 

however, local structural changes cannot be denied. Thermal and chemical denaturation using 

CD spectroscopy indicated that except BARD1 Cys645Arg mutant, other reported 

BARD1BRCT mutants Arg658Cys, Val695Leu, Ile738Val and Ser761Asn have lost 

thermodynamic stability.  Molecular dynamics simulation studies with wild-type and mutant 

structure show significant loss in intra-molecular hydrogen bonding in mutants than the wild-

type. PCA shows BARD1BRCT Ile738Val and Val695Leu mutants have lost compactness 

than the BARD1 wild-type and BARD1 Cys645Arg, Arg658Cys, and Ser761Asn mutant 

protein structures.  Intra-molecular interactions analysis shows that BARD1BRCT Ser761Asn 

mutation leads to loss of hydrogen bonding with Ile764 and Ser761, which is an important 

residue suspected to interact with the phosphopeptide Ps-x-x-F. Hence, it may lead to loss of 

hydrophobic pocket architecture, which can inhibit phosphopeptide docking pocket for DNA 

damage repair proteins.  
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5.1 Introduction:- 

BRCA1 and BARD1 have wide role in tumor suppression, as both the genes are frequently found 

mutated in breast and ovarian cancer [3, 27]. BRCA1 is a, 1863 amino acids large protein 

comprising of N-terminal RING domain, central DNA binding domain, transactivation domain 

and the C-terminal phosphopeptide interacting BRCT domain. BARD1 comprises of 777 amino 

acids shows structural homology in domain organization with BRCA1. BARD1 and BRCA1 

heterodimerizes in-vitro by RING-RING domain interactions at the N-terminus [21, 69, 70], and 

heterodimer displays E3 ubiquitin ligase activity which have a wide role in tumor suppression 

[59, 76, 85]. The BRCA1–BARD1 E3 ubiquitin ligase activity is down-regulated by the CDK2–

cyclin A1/E1 and CDK2–cyclin B1 complex in a phosphorylation dependent manner [97]. 

                    BRCA1-BARD1 heterodimer plays an important role in cell-cycle regulation, 

DNA repair and apoptosis [13, 94, 96]. BRCA1–BARD1 ubiquitin ligase mediates ubiquitination 

and degradation of RNA Polymerase II [13, 26], cell-cycle arrest, γ-tubulin ubiquitination, 

control of centrosome duplication [7, 74, 75, 268], H2A/H2AX ubiquitination, epigenetic control 

[69, 76], and NPM stabilization via ubiquitination [77]. In the G2/M cell- cycle check-point, γ-

tubulin is ubiquitinated at Lys48 as well as Lys344 residue [74] by BARD1-BRCA1 complex 

[74, 269, 270]. BRCA1-BARD1 complex is present as heterodimer, at the nuclear foci during the 

S-phage of the cell-cycle [271]. BRCA1-BARD1 E3 ubiquitin ligase activity also regulates 

increased expression levels of NPM (nucleophosmin or B23), which controls the centrosomal 

amplifications [7]. Protein-Protein interaction of BRCA1-BARD1 with MSH2-MSH6 complex is 

crucial to carry out mismatch repair and double stranded DNA damage repair [272]. BRCA1 is a 

well-established component of RNA polymerase holo-enzyme complex [72], and is a 

transcriptional co-activator of both P53 and p21WAF1/CIP1 [16, 273, 274].  
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BARD1-BRCA1 complex has unique property of ubiquitinating the target proteins at Lys6, 

position which is quite irregular. This complex also undergo auto-ubiquitination at Lys48 which 

enhances their E3 ubiquitin ligase activity by 20 folds [21, 69, 76, 275]. Reported cancer 

predisposing mutations of BRCA1 Cys61Gly and Cys64Gly, are identified in BRCA1 RING 

domain, which abolishes the E3 ubiquitin-ligase activity and tumor suppressor function  [85, 

237, 276] by interrupting  the BRCA1–BARD1 interaction in- vitro [277]. 

              Recent developments in cancer therapy encompass targeting vital cell survival 

pathways involved in maintenance of genomic integrity [1, 278]. In this approach these pathways 

are intentionally deregulated to induce genetic instability and subsequent cell death. The 

dysfunctioning of E3 ubiquitin ligase activity of BRCA1 can be a potential therapeutic target 

[119, 120]. Recent reports have suggested that platinum compounds like transplatin, cisplatin, 

oxaloplatin, and carboplatin inhibit tumor suppressor activity of BRCA1-BARD1 E3-ubiquitin 

ligase complex, thereby making tumor cells more sensitive to chemotherapeutic drugs [121]. The 

binding of anticancer drug cisplatin has been shown to affect the Apo-conformation of the 

BRCA1 RING domain. Mass spectrometric analysis has also revealed that cisplatin covalently 

binds to BRCA1 RING finger domain at His-117 position forming inter-molecular as well as 

intra-molecular adducts [121]. 

                  Hence, there is a possibility that platinum compounds or metal-based drugs, which 

target BRCA1 E3 ubiquitin ligase activity, can be significantly helpful in the combinatorial 

therapy and improving the efficacy of anti-breast cancer drugs. To understand the atomic 

association of platinum compounds with BRCA1-BARD1 complex and molecular mechanism of 

E3 ubiquitin ligase inhibition, BRCA1-inhibitor complex structure should be explored which will 

open new avenues to design the small molecule inhibitors for effective treatment.  
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5.2 Material and Methods  

A comparative structural and binding analysis between transplatin and Cis-platin, and BRCA1 

Ring domain (1-303aa) was carried out. RING domain of BRCA1 was sub-cloned in pET41a 

vector (Amersham Pharmacia). BARD1 Ring domain (16-119aa) was sub-cloned into the 

bacterial expression vector pGEX-kT (Amersham Pharmacia) using one step cloning method. 

Oligonucleotide primers complementary to the template sequence used in the PCR reactions are 

listed below.  

5.2.1 Gene cloning  

The different genes of interest were amplified using following PCR condition: 95°C denaturation 

(5 minutes), 95°C denaturation (45 seconds), and annealing 65°C for 35 seconds, extension 72°C 

at 0.5kb/min, final extension 72°C for 10 minutes, and 25 cycles. The PCR amplified product 

was digested with EcoR1 and BamH1 and ligated in the pGEX-kT and pET41a vector (a kind 

gift from John Ladias-HMS, Boston US). The ligation mixture was transformed into E.coli 

DH5α cells. Colony screening were performed for BARD1(16-119aa) and BRCA1(1-303aa), 

and positive clone were selected after the insert release from the plasmid using EcoR1 and 

BamH1 restriction digestion further confirmed by DNA sequencing. Positive clones with correct 

DNA sequence were used for protein expression and purification. 

5.2.2 PCR Primers for BARD1 (16-119aa)  

Forward primer: 5’-GTCGGATCCGAGAACCTGTACTTTCAGGGTGGTCCTCTTGTACTTATAGG- 3’ 

Reverse primer 5’-GTCGAATTCCTATTAGCTGTCAAGAGGAAGC-3’ 

Primer details BRCA1 (1-303aa)  

Forward primer: 5’-GTCGGATCCGAGAACCTGTACTTTCAGGGTATGGATTCTGCTCTTCGCG- 3’ 
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 Reverse primer: 5’-GTCGAATTCGTCGACCTATTATTCAGCCTTTTCTACATT-3’ 

 

BARD1 (16-119aa) and BRCA1 (1-303aa) RING domains were expressed in Rosetta 2(DE3) 

bacterial strain. For protein expression, 50 ng/µl of plasmid construct was transformed into 

Rosetta 2(DE3) cells and grown on LB agar plate containing ampicillin (100 µg/ml). Detailed 

protocol is described below.  

5.2.3 Protocol for protein expression:- 

1. Inoculation: Picked a single freshly transformed colony from antibiotic resistant LB agar 

plate and inoculated it in 100 ml LB broth preinoculum containing 100 µg/ml of ampicillin. 

Grown the culture at 37
o
C overnight in shaking condition. 

2. Dilution: Added 10 ml of preinoculum to 1000 ml (1:100) of autoclaved LB broth containing 

100 µg/ml of ampicillin. Grown medium on shaker incubator at 37
o
C until it has reached mid-

log phase i.e. A600 between 0.6-0.8. 

3. Induction: Culture flasks were cooled and added 400 µl IPTG (0.4mM IPTG final 

concentration) to induce the culture, and incubated on shaker incubator at 24
o
C for 16 hours.  

4. Harvesting: The culture was centrifuged for 10 minutes at 6000 rpm at 4
o
C. The pellet was 

resuspended in a small volume of supernatant and centrifuged for 15 minutes at 5000 rpm, 

4
o
C. 

5. Storage: The bacterial pellets obtained were stored at -80
o
C for further use. 

Proteins were purified by affinity chromatography followed by FPLC.  
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5.2.4 Protocol for purification of BARD1 (16-119aa):- 

Purification buffer: 50 mM HEPES (pH 7.5), 300 mM NaCl, 2mM ZnCl2, 5% glycerol, pH 7.5 

(buffer A) 

FPLC buffer: 50 mM HEPES (pH 7.5), 300 mM NaCl, 1 mM ZnCl2 (buffer B) 

Re-suspension: Re-suspended the induced pellet of BARD1 (16-119aa) in 40 ml of (buffer A); 

supplemented with 200 mM PMSF and 20μl of protease inhibitor. 

1. Ultra sonication: Transferred the resuspended cell pellet into centrifuge tube and sonicated at 

70-pulse rate and 50 power with 1 minutes of duty cycle. Repeated the cycle 5 times with 1 

min break.   

2. Centrifugation: After sonication, the suspension was subjected to centrifugation at 18000 

rpm for 45 minutes at 4
o
C to obtain cleared lysate. Collected the supernatant and discarded 

the cell debris. 

3. Binding: The soluble protein fractions obtained was brought at room temperature and then 

mixed with pre-equilibrated affinity resin and incubated at room temperature for 1 hour. The 

sepharose beads in affinity column charged with glutathione bind specifically to the proteins 

having GST (Glutathione-S-transferase) tag.  ~10-μl of resin was loaded onto SDS page to 

check the protein bound on the resin.  

4. Washing: After binding, the protein bound column was washed with 5-column wash buffer to 

remove any non-specific protein.  

5. Cleavage: Added 400 μl (20 units) of TEV protease, 40 μl of protease inhibitor cocktail and 

100 µl of PMSF in 20 ml of buffer A and completed the cleavage step in 3 hours by passing 
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the solution through column at interval of 1 hour. ~10 μl of beads was loaded on to SDS-

PAGE to detect the cleavage of protein.  

6. Elution: After TEV cleavage, the protein was eluted with 30 ml of buffer A. 

7. Equilibration of Ni-NTA resin: Given 2 column washes with double distilled water and then 

provided 5 to 6 column washes with wash Buffer. 

8. Metal Ion Chelate Affinity Chromatography: After calibration of Ni-NTA resin, pass the 

eluted fractions to remove His-tagged TEV protease.  

9. Concentrating the protein: Transferred the eluted protein in a 10 KDa pre-equilibrated 

centricon, and concentrate the protein up to 2 ml by centrifuging at 4500 rpm for 10 minutes 

at 4
o
C. The concentration of protein was measured on Nanodrop spectrophotometer at λ=280 

nm. 

10. Gel filtration: Injected 2 ml of concentrated protein in AKTA- FPLC on Sperdex-75 column 

11. Fraction collection: FPLC fractions were collected in 1.7 ml microfuge tube at its elution 

volume as per gel filtration spectra profile of the sample. 

12. Loading on SDS-PAGE 12% gel: Loaded 20 µl of FPLC fractions on SDS-PAGE gel. The 

SDS-PAGE gel was stained with coomassie dye, and then destained it to visualize the protein 

of interest. 

13. Concentration of protein: The fractions, which showed purified protein was concentrated as 

per the experiments requirement. 
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Protocol for purification of BRCA1 (1-303aa) and BARD1 (16-119aa) region:- 

The BRCA1 (1-303aa) and BARD1 (16-119aa) were cloned and expressed in Rosetta 2(DE3) 

cells and purified using the similar protocol described in material and method section. Induction 

with IPTG (0.1 to 0.4 mM) was performed at 20
o
C for 22 hrs. No expression of BRCA1 (1-

303aa) soluble protein was observed at wide induction temperature range. The complete details 

of expression and purification have been provided in section 3 material and methods. 
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5.3 Results and discussion 

5.3.1 Cloning, expression and purification of BARD1(16-119aa) and BRCA1(1-303aa) 

RING domains:- Positive clones were selected after confirmation of double  digestion  with the 

EcoR1 and BamH1 restriction enzymes, leading to insert release of appropriate size (Figure:- 

5.3.1). DNA Sequencing results confirmed the presence of ligated gene of interest in the vector 

with desired frame of codon sequence.  

 

 

 

 

 

 

 

 

 

 

Figure 5.3.1: - Cloning of BRCA1 and BARD1 Ring domain region. (A) PCR profile of BARD1 

Ring domain and (B) clones showing insert release. (C) PCR profile of BRCA1 Ring domain 

and (D) clones showing insert release. 

(A) (B) 

(D) (C) 
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Figure 5.3.2: - Expression of BARD1 Ring domain region. (A and B) Expression profile of 

BARD1 Ring domain and (C) FPLC purification profile. 

BARD1 (16-119aa) was expressed and purified as a GST fusion protein (Figure: - 5.3.2). The 

Fusion protein was further treated with TEV protease to get rid of GST tag. The TEV was 

removed using Ni-NTA affinity chromatography as it contains 6His tag.  

5.3.2 In-silico approach to unravel Structural insight into BRCA1-platinum 

drug complex:-  

In order to analyze the  binding of platinum drug to BRCA1 functional motif, RING domain (1-

125aa) was modeled using Robetta server [37] using one ensemble of NMR solution structure 

(PDB ID: 1JM7) as the template [279].  

 BARD1 (16-119aa) 

(A) (B) 

(C) 
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Best model was selected on the basis of stereo chemistry and acceptable Ramachandran plot. The 

model was validated using server “SAVES” (Metaserver for analyzing and validating protein 

structures, (http://nihserver.mbi.ucla.edu/SAVES/). The server SAVES mainly comprises of five 

programs, Procheck, What_check, Errat, Verify_3D, and Prove. Platinum drugs were docked 

onto the structure of BRCA1(1-125aa) using discovery studio C-DOCK module [280]. Ligplot 

was used to analyze the weak intermolecular interactions [218].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.3: - Model structure BRCA1 Ring domain (1-125aa) 

Modeled structure of BRCA1 shows a total of 5 α-helices and one double stranded β-sheet as 

shown in (Figure:- 5.3.3). Two of these α-helices perturb in a shape of a finger from a ring 

shaped base with two Zinc binding sites within it. 

 N-terminal  

 E2 binding site  

Zn2+  Finger  

 Ring domain  
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http://nihserver.mbi.ucla.edu/SAVES/
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Figure 5.3.4:- (A) Hydrogen bonding and hydrophobic interactions between BRCA1 and 

cisplatin (B) complex model structure of cisplatin and BRCA1. The dotted lines indicate H-bond 

and brush lines indicate hydrophobic interactions.  

Helix and strand intertwined themselves in such a way that they acquire a finger and ring like 

structure (Figure: - 5.3.3). The 4-cysteine residues and one histidine residue in the loop region 

provide close interacting space for binding two Zn
2+ 

ions. Figure: - 5.3.4 and 5.3.5 shows 

cisplatin and transplatin molecules docked to the BRCA1 ring domain. It can be seen that these 

drug are binding in the small α-helical region of BRCA1, which is very close to the E2 binding 

site. Cisplatin shows hydrogen-bonding interactions with Glu116 and Asp120 (Figure: - 5.3.4). 
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Figure 5.3.5: - (A) Inter-molecular interaction analysis and (B) complex structure of transplatin 

and BRCA1. The dotted lines indicate H-bond and brush lines indicate hydrophobic interactions.  

The NH3 of cisplatin at Cis position interacts with BRCA1 Glu116 and Asp120, and platinum 

shows interaction with BRCA1 Asp120. On the other hand, transplatin at binding site shows 

that the NH3 group forms two hydrogen bonds with BRCA1 Glu116, Asp120 (Figure:- 5.3.5). 

However, an extra hydrogen bond is formed in case of transplatin Cl
- 
and Asp 120 of BRCA1, 

which is not the case with the cisplatin molecule (Figure:- 5.3.5). There is also an increase in 

number of weak intermolecular interactions between transplatin and BRCA1 ring domain. 

Therefore, Trans conformation provides the favorable positioning of NH3 group, which is the 
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basis of more favorable interactions and inhibition of E3 ubiquitin ligase activity of BRCA1 as 

compared to the cisplatin. 

5.4 Conclusion:- 

BRCA1 and BARD1 RING domain complex has E3 ubiquitin ligase activity, which is inhibited 

by platinum drugs like transplatin and cisplatin. A BRCA1-drug interactions study with modeled 

structure of BRCA1 RING domain and platinum molecules predicts that platinum drugs interact 

with BRCA1 through the RING domain. The Trans conformation of NH3 group in transplatin 

molecule forms more number of hydrogen bonds as compared to cisplatin. Hence, transplatin 

inhibits BRCA1-BARD1 RING domain E3 ubiquitin ligase activity at lower concentration than 

cisplatin. This information will be very helpful in designing the small molecules inhibitor with 

higher affinity to BRCA1. 
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6.1 BARD1-CstF50 complex  

BARD1 and BRCA1 are well known for their tumor suppressor function. Complex of 

BRCA1 and BARD1 heterodimer with CstF50 has indispensable role in the pre-mRNA 

processing, and transcription coupled repair. However, BARD1 Glu564His mutation leads to 

the reduced binding to CstF50. Therefore, our aim was to delineate the structural details of the 

complex to understand the intermolecular interactions and effect of mutations on the protein-

protein interactions. BARD1 ARD-BRCT wild-type and Glu564His mutant have been 

purified, and attempts were made to crystallize the proteins. It has been observed that the 

flexible linker region connecting ARD and BRCT domain keeps the ARD domain dynamic 

with respect to the BRCT domain. Furthermore, we have characterized the wild-type and 

mutant protein using different biophysical tools. We tried to purify the CstF50, which 

interacts at the linker region of the BARD1 ARD-BRCT domain. Insolubility of the CstF50, 

leads us to model BARD1 ARD-BARD1BRCT and CstF50 using Robetta server. Models 

obtained were validated and the extent of domain motion in ARD-BRCT domain was 

characterized using NMA and molecular dynamics simulation. We found similarity in results 

from NMA and molecular dynamics simulation studies. On the basis of these results, we 

conclude that in BARD1 ARD-BRCT domain, ARD domain has no specific orientation with 

respect to the BRCT domain. Molecular docking was performed to unravel the interacting 

residues between BARD1 ARD-BRCT and CstF50 and structural rigidity of the complex. The 

docked complex was simulated further to study the complex stability. RMSD, Rg and RMSF 

profile indicated that the binding has stabilized the complex. Further, protein-protein 

interactions revealed from docking studies indicate that BARD1 Glu564 plays an important 

role in binding to CstF50. Loss of this interaction with CstF50 due to Glu564His mutant 
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rationalizes abrogation of productive complex with cstF50. Hence, crystallographic studies 

with the complex will be helpful in understanding the precise mechanism of interaction, 

residual details and better understanding of the disease predisposition.      

6.2 BARD1BRCT and Cancer predisposing mutations 

BRCTs are conserved domains present in different proteins involved in the DNA damage 

repair process. BARD1BRCT has been found to be involved in the early recruitment of 

BRCA1 at the DNA damage site and involved in recruiting DNA damage repair proteins in a 

phosphodependent manner. Cancer predisposing mutations are reported in the BARD1BRCT 

domain in different populations across the world. In the present study, we have decided to 

characterize the deleterious effects of the mutations on the protein structure using in-vitro, 

biophysical techniques and computational tools like MD simulation. Comparative thermal and 

chemical denaturation studies with wild-type and mutant proteins indicated that besides 

BARD1 Cys645Arg mutant, other mutants like, Val695Leu, Ser761Asn, Arg658Cys and 

Ile738Val show loss of thermal stability. These results are further supported by less number of 

the H-bonds observed in MD simulation of the mutant proteins. Mutations Val695Leu and 

Ile738Val are present in the hydrophobic core of the BARD1BRCT and destabilize the core, 

which is reflected in the increase in the volume, and solvent accessible surface area, and trace 

of covariance matrix compared to the wild-type protein. According to the reports, BARD1 

Cys645 and Val695 are involved in Poly-A ribose binding, and early recruitment of BRCA1 

to the DNA damage site. Mutations such as Cys645Arg and Val695Leu lead to loss of Poly-A 

ribose binding, and consequently failed BRCA1 recruitment to DNA damage site. Therefore, 

structure determination of BARD1BRCT with Poly-A ribose will be helpful in understanding 

the molecular mechanism of Poly-A ribose binding to BARD1BRCT and will further explore 
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the possibility of structure based inhibitor design of pharmacological molecules for 

therapeutic application that can compensate the effect of such mutation.  

6.3 BRCA1-BARD1 E3 ubiquitin ligase complex  

Several pre-clinical, clinical and animal model studies have established that modulation of 

BRCA1 function has proven to be encouraging therapeutic answer for breast and ovarian 

cancer treatment. One such study indicates that platinum drugs like Transplatin and Cisplatin 

inhibit BRCA1-BARD1 E3 ubiquitin ligase activity. The mode of action of platinum drug 

binding to BRCA1 ring domain was poorly understood. Therefore, to unravel the mechanism 

of the drug binding, we have modeled the Ring domain of the BRCA1 and performed the 

binding with the platinum drugs. The validated models were docked with platinum drugs to 

understand the detailed mechanism of atomic interactions. In complex structure, transplatin 

shows more effective binding than the cisplatin molecule due to the Trans orientation of the 

NH3 group. So, structural biology based approach will be more helpful in understanding the 

mode of inhibition more precisely and development of effective platinum drug derivatives.  

6.4 Future perspective  

The structural and functional analysis of BRCA1-BARD1-CstF50 complex was explored to 

understand its role in DNA damage repair mechanism. Non-homologous expression system 

like bacterial system often poses a great hurdle during protein expression and purification. 

CstF50 is a member of WD40 repeat domain protein, and was found insoluble in the bacterial 

system. So a better approach could be the expression of protein in eukaryotic expression 

system such as yeast or insect cells lines in order to get a well folded protein with all desired 

post-translation modification. Such a preparation will be more suitable for crystallization.  
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                                     Inter-domain motion within a protein can be overcome by co-

crystallizing it with its binding partner. In-silico approach such as docking can provide a 

possible binding interface, but stereochemical structure determination using x-ray 

crystallography will provide a rational approach of precisely understanding the mechanism of 

interaction. Often mutations in one residue in the same class (Ile to Val and Val to Leu) 

cannot have drastic effect on the secondary structure of the protein and probing such 

substitution with less sensitive techniques like CD spectroscopy are an alternative approach. 

Therefore, to delineate such changes techniques with high sensitivity like x-ray 

crystallography must be applied to unravel the small critical changes induced due to the act of 

mutation and disease predisposition.  
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