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Synopsis
Cancer is a major public health challenge worldwide, including developing countries. The
annual incidence of cancer is one million in India, of which, approximately 100,000 are breast
cancers. Cancer is characterized as uncontrolled division of cells with underlying mutations in
tumor suppressor genes or proto-oncogenes. Breast cancer ranks second as a cause of cancer
death in women. Germline mutations in BRCA1, BRCA2 and a few other genes are responsible
for hereditary breast and ovarian cancer (HBOC) syndrome which accounts for 5-10% of all
breast and ovarian cancers [1]. Carriers of deleterious germ-line BRCA1 mutations have a 50–
80% lifetime risk of developing breast cancer, and 30–50% risk of developing ovarian cancer
[2]. Gain of function mutations in oncogenes (e.g. RET or RAS) occur at specific loci and their
functional and phenotypic effect are well characterized. In contrast, mutations are scattered
across the tumour suppressor genes, majority being missense changes with variable biological
effect. While nonsense and frame shift mutations which truncate the protein are always
pathogenic, missense mutations that have weak or no biological consequence (polymorphisms)
or severe biological effect (deleterious mutations), confer high risk for disease. Missense
germline variants for which the cancer risk has not been determined or cannot be predicted
with great confidence are termed as variants of uncertain significance (VUS), accounting for
>90% of missense BRCA1 variants. VUS pose a major challenge in risk estimation and
counseling of individuals inheriting these VUS and in interpreting research results. There is a
need for comprehensive characterization of known and novel missense germline variants of
uncertain significance using in silico, clinical, biophysical, structural and functional
approaches for making recommendation for genetic screening and surveillance of carriers of
these variants. Several novel missense variants of BRCA1 have been discovered in Tata
Memorial Centre (TMC) cohort of Indian HBOC families. The objectives of the present study
are
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•

Structural and functional analysis of novel BRCA1 variants identified in Indian
HBOC families

•

Studies on structure of central regions of BRCA1 and their interaction with DNA.

•

Studies on ZBRK1- a BRCA1 central region binding protein.

Chapter 1 provides brief introduction about the structure and function of BRCA1 gene
(17q21) with 24 exons [3,4]. Developmental defects and embryonic lethality in BRCA1 null
mice and chromosomal abnormalities in BRCA1 deficient cell lines clearly indicate its role in
maintaining genomic stability. BRCA1 is a pleiotropic tumor suppressor gene with autosomal
dominant inheritance. BRCA1 is a 220 kDa protein, which has two recognizable domains, an
N-terminal ring finger (1-109) domain and a C- terminal (1646-1859) BRCT domain which is
established as a phospho-peptide recognition domain. The central region, reported to be
unstructured, has two nuclear localization signals in exon 11, and a ‘SQ’ cluster between
amino acids 1280–1524 [5]. BRCA1 plays a role in transcription regulation, by acting both as
a transcriptional activator and transcriptional repressor. BRCA1 has role in regulating G1/S,
S-phase, and G2/M checkpoints during cell proliferation. BRCA1 participates in both types
of double strand DNA break repair, non-homologous end joining and homologous repair
[6,7,8,9,10,11].
Chapter 2 provides a brief description of the various methodologies and techniques used in
this study. Sticky-end-generating, restriction enzyme based cloning technique was used to
ensure correct orientation of the insert in the vectors. Site-directed mutagenesis was
performed on wild type template to incorporate the mutations identified in TMC cohort.
Bacterial strains Rosetta2 (DE3) and BL21 (DE3) were used for protein expression. Protein
purification

methods

employed

were

ammonium

sulphate

precipitation,

affinity

chromatography (GST and Ni-NTA), and size exclusion chromatography. The purity of
protein was confirmed by SDS-PAGE. Further, peptide mass fingerprinting was used to
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reveal the identity of purified proteins. Conformational and oligomeric characterization was
performed using gel permeation chromatography and native gel electrophoresis. The
secondary and tertiary structural characterization was explored using Circular dichroism and
Fluorescence spectroscopy, respectively. Molecular interaction studies were performed using
Isothermal Titration Calorimetry (ITC), electrophoretic mobility shift and pull down assays.
In silico analysis for predicting the biological effect of BRCA1 variants was performed using
Polyphen, Align GVGD, PhD SNP, and Sift servers. Anchor, Metadisorder, MFDp and
Cspritz servers were used for disorder prediction. Composition Profiler and PONDR were
used for amino acid composition analysis. Molecular modeling studies were performed using
software Desmond to understand the alterations in hydrogen bond and hydrophobic
interactions of BRCA1 variants.
Crystallization attempts were made at 22°C, by the hanging drop and sitting drop vapor
diffusion methods. Crystallization screening was performed using Hampton’s Crystal Screen
1 and 2, SaltRx 1, PEG/Ion and additive screen solutions. X-ray diffraction data were
collected on the mar dtb image plate system mounted on a rotating microStar X-ray generator
available in- house. Diffraction data frames were processed using iMosflm and were scaled
using SCALEPACK. Finally, structure was solved by the molecular replacement method and
subsequent structure refinement was done using Refmac-5. Electron density maps were
examined using Coot software.
Chapter 3 describes the systematic in silico, genetic and clinico-pathological evaluation of
the germline missense BRCA1 variants identified in 48 HBOC families through Sanger
sequencing of the cancer affected cases. Of the 19 missense variants identified, 10 were
already reported in the BIC/ClinVar database, 5 were synonymous variants and the remaining
4 (C1697Y, S1722P F1124I and Q210H) were novel unreported variants. The likelihood ratio
for these variants being deleterious were calculated by examining 1) co-occurrence of variant
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with deleterious mutation in trans, have very low likelihood of being deleterious, as
homozygosity for BRCA1 pathogenic mutations are embryologically lethal, 2) co-segregation
of variant with the disease in family more than expected by chance, 3) proband and family
history of cancer which considers age at cancer diagnosis, number of members affected, and
4) pathological characteristics like tumor grade and ER/PR status [12]. The four likelihood
ratios obtained were then multiplied to get the joint likelihood value. These final likelihood
values was used to calculate the posterior probability, considering the prior probability value
obtained from Align GVGD. The value of the posterior probability was used to place the
variants in different (International Agency for Research on Cancer) IARC class and also to
define the protocol for genetic testing and surveillance recommendations [13]. In silico
studies were carried out to predict the pathogenicity of variants, based on, either sequence or
structure or both sequence and structure. The variants S1722P and C1697Y belong to the
definitely pathogenic IARC class 5. Expectedly, these residues are at positions which are
conserved across the species. F1124I and Q210H are not conserved and belong to IARC class
2, which indicates class of little clinical significance. Co-occurrence of Q210H variant with a
deleterious mutation suggests that this variant is very unlikely to be a deleterious mutation.
Even though E809 is not a conserved residue, its high posterior probability value classifies it
into IARC class 4, a likely pathogenic variant. All other identified variants classified belong
to class 2/1, which is a likely not pathogenic class. Therefore, S1722P, C1697Y and E809G
mutants were further pursued in this research study.
Chapter 4 deals with functional and biophysical characterization of S1722P and C1697Y
variants. BRCA1 transactivation domain (1560-1859) (TAD) was cloned in pGBKT-7 and
pGEX-KT vector for expression in yeast and bacterial system, respectively. Site directed
mutagenesis was carried out to generate mutant clones S1722P and C1697Y for use, both in
yeast and bacteria. These variants occurred in the TAD of BRCA1 and therefore the influence
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of these variants on transactivation was assessed. Transcription activation assay in yeast
resulted in the loss of the β-galactosidase activity for both variants and M1775R, which was
used as a negative control. However, wild type protein showed β-galactosidase activity
suggesting that the variants perturb optimal protein-protein interactions. In bacterial system,
all the constructs were expressed as observed in SDS-gel electrophoresis. However, C1697Y
could not be purified in soluble form, as it was prone to aggregation and precipitation.
S1722P and TAD were successfully purified. ITC was carried out to explore the binding of
S1722P and TAD with (pS-X-X-F) phosphopeptide motif. However, while TAD binds to
phosphopeptide motif, S1722P did not. The observation that S1722P elutes in Superdex-200
column in void volume, suggests protein aggregation, providing a further possible
explanation for nonbinding of the phosphopeptide. Intrinsic tryptophan fluorescence also
suggests unfolding and aggregation of S1722P. Far UV CD analysis suggests loss in alpha
helical content in S1722P. In summary, multimodal in vitro and in silico studies, led to the
conclusion that these substitutions destabilize the proteins’ three dimensional folding thereby
affecting their functionality. Thus comprehensive analysis suggests that C1697Y and S1722P
are high risk variants.
Chapter 5 Crystallization and biophysical characterization of N terminal deletion constructs
of BRCA1 are reported in this chapter. Although, the carboxyl terminal region 1760–1863 is
the minimal region required for BRCA1 to activate transcription, it is also known that
extension of this region in the N terminal direction enhances the transcriptional activity in a
context dependent manner [4]. The following N-terminal deletion constructs (1314-1863,
1396-1863, 1560-1859 and 1646-1859) of BRCA1 were generated by cloning in pGEX-KT
vector at the BamH1/ECoR1 site. The different BRCA1 fragments were expressed in
bacterial system and were purified using ammonium sulphate precipitation and affinity
chromatography methods. Attempts were made to crystallize these constructs by hanging and
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sitting drop vapour diffusion method. However, crystals were obtained only for the BRCA1
(1560-1859) fragment. These crystals were screened for diffraction analysis using laboratory
X-ray source. Crystals screened, diffracted to a low resolution of around 4 Å. These crystals
belong to space group P 61 2 2 with unit cell parameters a=b= 114.2 Å and c=120.9 Å. Cell
content analysis calculates the Matthews coefficient (VM) value of 3.40 Å3Da-1 which
corresponds to a solvent content of 63%, and suggests presence of one protein molecule of 33
kDa per asymmetric unit. Structure solution was performed by PHASER using the structure
with PDB ID 1T29 as a search model. Interestingly, good electron density was observed only
for residues forming the BRCT domain (1646-1859). Crystal packing shows that the
polypeptide is either disordered or totally absent as there is enough space to accommodate the
extra 86 amino acid upstream of BRCT. As the cell parameters matched with those of
BRCA1 BRCT crystals (PDB ID: 1JNX), SDS-gel electrophoresis was employed to
investigate the actual protein contents of the crystals and the mother liquor. A band
corresponding to 33 kDa was observed in some crystal samples although majority of samples
showed band at 24 kDa suggesting sample degradation to BRCT domain. The reason for
degradation was further explored by incubation of BRCA1 (1560-1859) alone and in the
presence of protease inhibitor cocktail. It was found that total degradation of protein resulted
within 31 hours in either case. Limited proteolysis study of other N-terminal deletion
constructs show that while BRCT was resistant, all others were susceptible to quick tryptic
digestion yielding 24 kDa band corresponding to BRCT. Interestingly, far UV CD (250-195
nm) signal due to BRCT domain progressively decreases as the number of N-terminal
residues added onto BRCT increases. In silico study, in concordance with other biophysical
studies, using PSIPRED and Composition Profiler showed that region upstream of BRCT
(1646-1859) has no defined structure, and is enriched with disorder promoting residues.

Synopsis

Page 6

Chapter 6 describes: 1. The characterization of central regions of BRCA1 which are
involved in binding to DNA and proteins like p53, ZBRK1, STAT1 and RAD 51, 2.
Structural alterations in BRCA1 (502-802) in presence of DNA, 3: Biophysical
characterization of a novel missense variant E809G. Cloning of BRCA1 fragments (260-553)
in pGEX-4T, (341-748) in pET 41a+, (502-802) and (758-1064) in pGEX-KT vectors were
carried out using BamH1/ECoR1 restriction site. The proteins were expressed in bacterial
expression system and purified using affinity chromatography. In silico study using PONDR
and composition profiler demonstrated that the central region spanning these fragments are
rich in residues conferring disorder, and has high net negative charge [14,15,16]. Far UV CD
spectra showed negative ellipticity at 200 nm, confirming that the central region of BRCA1 is
unstructured [17]. Limited proteolysis with trypsin also demonstrated degradation of protein
within 10 min, in sharp contrast to BSA, which under identical conditions, did not show any
degradation even after 2 h. Thermal denaturation study indicated incorporation of structure
with increase in temperature, which is termed as ‘turned out’ response, providing further
support to intrinsically disordered nature of the central fragments. BRCA1 (502-802)
interaction with duplex and cruciform DNA were studied. EMSA study showed two and three
different type of complex formation for (502-802) with duplex and cruciform DNA,
respectively. Increase in retention volume was observed for DNA/BRCA1 (502-802)
complex as compared to BRCA1 (502-802) alone in gel permeation chromatography,
indicating compaction in the structure. Increase in negative ellipticity at λ222 nm in far UV
CD scan, and increase in fluorescence intensity, on DNA binding suggests increase in
ordered component in BRCA1 (502-802). Although all the above studies suggest increase in
structural component and compaction of protein, no change in susceptibility to protease was
observed.
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Biophysical study explored the effects of variant E809G classified under likely pathogenic
IARC class 4. Elution profile in gel permeation chromatography indicates less compact
structure for E809G variant compared to BRCA1 (758-1064) wild type. Far UV CD scan
suggest that incorporation of E809G variant leads to increase in disorder. Red shift of 5 nm of
E809G variant in fluorescence spectroscopy study also suggests loss of tertiary structure. In
conclusion, central region of BRCA1 is intrinsically disordered. This unstructured pattern
even in the presence of its binding partner is possibly responsible for providing BRCA1, the
ability to interact with multiple binding partners and act as a scaffold protein in the DNA
repair process.
Chapter 7 describes purification and interaction study of ZBRK1 zinc finger domain.
ZBRK1 is a zinc finger transcription regulatory protein that plays a crucial role in cell-cycle
regulation, DNA damage response and tumorogenesis [18]. ZBRK1 interacts with BRCA1
central region to repress various cell-cycle regulatory proteins. In this study, we have cloned
ZBRK1 zinc finger domain (ZFD) (206-424) in pRSET-A vector. The protein was expressed
in Rosetta 2 (DE3) and purified using Ni-NTA resin. ZFD binding with zinc ions and DNA
were explored using biophysical techniques. Dissociation and pull down assays suggest that
ZFD forms a higher order oligomer. The elution profile of the purified protein suggests that
this oligomer is a homo tetramer in solution [19]. Thermal denaturation study indicated ZFD
acquires higher stability in the presence of zinc ions and DNA. Near UV CD spectra indicate
structure of the DNA in the complex with the protein is significantly altered from the
standard B-DNA conformation. ITC study of ZFD with zinc and DNA showed exothermic
reaction with stoichiometry of 1:42 and 1:2, respectively.
Chapter 8 summarizes the findings of the study. In this study, we could establish the clinical
significance of BRCA1 missense variants identified in the Indian HBOC families using
comprehensive in silico, clinico-pathological and structure–function analysis. Of the 14
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variants identified, 3 variants (E809G, C1697Y and S1722P), which were classified as
pathogenic were characterized further with detailed functional and structural studies. The
C1697Y and S1722P variants were shown to impair the transcriptional activity of BRCA1 in
yeast. C1697Y was expressed but was not soluble. S1722P variant aggregates and abrogates
interaction with signature phosphopeptide. Biophysical analysis of S1722P revealed loss in
secondary structure and distortion in the tertiary structure of the protein. While In silico study
predicted E809G to be neutral variant, biophysical studies of this variant show increased
hydrodynamic radius due to altered secondary and tertiary structure. Comprehensive
characterization of 3 novel BRCA1 variants (E809G, C1697Y and S1722P) confirmed the
pathogenic nature of these variants. To reveal the three-dimensional structural details of these
variants crystallization attempts were made. Structural characterization of the N-terminal
deletion constructs of full length BRCA1 suggested the constructs to be enriched in disorder
promoting residues with defined secondary structure only in BRCA1 BRCT region.
Study on the central region revealed the region to be intrinsically disordered. The central
region has random coil like structure and is extremely sensitive to trypsin digestion. To
explore structural changes on ligand binding, interaction study of BRCA1 (502-802) with
DNA was carried out, and these studies revealed decrease in the hydrodynamic radius of the
protein on binding to DNA. Biophysical study demonstrated incorporation of secondary and
tertiary structure on DNA binding. The central region of BRCA1 binds to zinc finger domain
and acts as a co repressor of ZBRK1. Study on ZBRK1 zinc finger domain indicated that it
forms a tetramer. ZFD binds exclusively to double stranded DNA with stoichiometry of 1:2.
It was found that the zinc finger of ZBRK1 binds DNA even in the absence of zinc ions. In
the

complex

with

ZFD,

the

DNA

is

distorted

from

standard

B-geometry.

This study confirms the utility of a multi-modality approach for comprehensive
characterization of missense variants in clinically important tumor suppressor genes like
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BRCA1. Establishing the pathogenicity of variants of unknown significance in such genes
greatly helps in genetic counseling and risk management of mutation carriers.
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Chapter 1
Review of Literature

1.1 Cancer
Cancer is the second most deadly disease that occurs due to uncontrolled division of cells, and
this uncontrolled division of cells leads to formation of tumour, which may be either benign or
malignant. A benign tumour is a mass of cells that lacks the ability to invade the neighbouring
tissue, a process that is described as metastasis. Although benign tumours do not metastasize
they may cause nerve damage, ischemia, necrosis and organ damage. However, malignant
tumours multiply aggressively, degrade the extracellular matrix components, migrate and
colonise at distant organs. The reasons for uncontrolled division of cells are attributed to
mutations and deregulation in genes that play a crucial role in maintaining the genetic integrity
and homeostasis. The genes involved in multiplication and maintenance of genomic integrity
include: (1) Tumour suppressor genes such as RB (Retinoblastoma), TP53 (tumor protein
p53), APC (Adenomatous polyposis coli), (2) Proto-oncogenes such as RAS (Rat sarcoma),
Myc

(avian

Myelocytomatosis

viral

oncogene

homolog),

RAF

(Rapidly

Accelerated Fibrosarcoma), and (3) Stability/ caretaker genes, which include BRCA1/2 (breast
cancer type 1/2 susceptibility protein), ATM (Ataxia telangiectasia mutated), and MLH1(MutL
homolog1). The mutations in the tumour suppressor genes are recessive in nature, and hence it
requires mutations in both the copies of the genes to have an effect. A proto-oncogene can
become an oncogene due to mutations or increased expression, and is responsible for sensing
and repairing the DNA damage. Stability genes control the rate of mutation as they are
responsible for sensing and repairing the DNA damage [20]. In the process of tumorigenesis,
cells must acquire at least six different properties to become abnormal or malignant by
overcoming all the regulatory mechanisms [21]. These six basic properties, known as
‘hallmarks of cancer’, for malignant transformation are as follows:
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1.1.1 Self-sufficiency in growth signal
Normal cells enter into the proliferative state via paracrine and systemic endocrine signalling.
Normal cells can replicate only in the presence of mitogen signals and proper substratum
whereas the tumour cells show a reduced dependence on the external mitogen signal. The
common mechanisms of tumour cells for this reduced dependence on mitogen signal are as
under: (1) Alterations in extracellular growth circuit; overexpression of cell surface receptor
enables normal cells to become over responsive to growth stimulatory signals, for example
HER2/ neu overexpression in mammary and stomach carcinomas [22]. (2) Modification of
intracellular growth circuits. Ligand-independent signalling is caused due to overexpression
and structural alterations, e.g. Ras protein in human colon cancer. (3) Autocrine signalling
which creates a positive feedback loop. Cancer cells acquire the competence to synthesise the
growth factor to which they are responsive, e.g. platelet-derived growth factor in
glioblastomas [23,24].

1.1.2 Insensitivity to antigrowth signals
In a normal situation, cells maintain tissue homeostasis by responding to the anti-proliferative
signals or by entering into quiescent phase. The anti-proliferative signals include both soluble
growth inhibitors and immobilised inhibitors of an extracellular matrix. Growth inhibitory
signals are transmitted through proteins like retinoblastoma (pRb) (Figure1.1), p107 and
p130 [25]. To constitutively multiply, cancer cells turn off expression of integrin and other
cell adhesion molecules. Tumour cells also use various strategies to avoid terminal
differentiation, for example, Myc in association with Max elicits growth stimulatory signal
while Max-Mad complex elicits differentiation inducing signal. In tumour cells, Myc is
overexpressed shifting the equilibrium towards Myc-Max complex promoting growth [26].
Similar examples are seen in colon carcinogenesis and avian erythroblastosis.
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Figure 1.1: Signal transduction of transforming growth factor beta (TGF-β) signalling:
TGF-β ligand binds to TβR receptor and activates its serine-threonine kinase activity.
Activated TβR further activates Smad4and transduces the signal from receptor to
p15INK4b/p21 which in turn activates cyclin-CDK kinase activity. The cyclin-CDK kinase
then phosphorylates pRb which liberates E2F. This liberated E2F now controls the
expression of genes essential for G1-S progression. Arrows indicate different ways in which
the pathway may be hindered.
1.1.3 Evading apoptosis
Apoptosis is a process of programmed cell death where cells commit suicide in a defined
pattern either to help for development in the case of survival factor deficiency or in
irreparable DNA damage. Apoptosis in cells is initiated by sensor molecules which show
their effect through effector molecules via mitochondrial or direct signal transduction
pathways. In mitochondrial pathway, Bcl-2 family proteins that include pro-apoptotic
(Bax,Bak, Bid, Bim) and anti-apoptotic (Bcl-2, Bcl-XL, Bcl-W) proteins, act by governing
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mitochondrial death signal through cytochrome C. Direct signal transduction occurs via TNF
pathway or Fas ligand pathway. Mutations and deregulation of proteins of the apoptotic
pathway lead to cancer. Up-regulation of Bcl-2 is shown to be responsible for follicular
lymphoma [27], overexpression of survivin has been reported in several cancers [28], and
reduced expression of CD95 has been reported in neuroblastoma and lymphoma [28].

1.1.4 Limitless replicative potential
Mammalian cells carry an intrinsic, cell-autonomous programme that decides the limits of
their multiplication described as Hay flick limit. The Hay flick limit/ senescence is defined as
the number of times a normal human cell divides until cell division stops [29]. This Hay flick
limit is determined by the stretch of nucleotide sequence present at the end of chromosomes
known as telomeres. Telomeres are a 6 base pair sequence repeated thousands of times at the
end of chromosomes. During replication, the DNA polymerase is not able to copy a short
stretch of DNA present at the end of chromosome leading to telomere loss in each replicative
cycle. This shortened telomere is not able to protect the chromosomal ends leading to
apoptosis. However, this process of telomere erosion does not take place in malignant cells
[30].The malignant cells are able to maintain their telomere length in successive cell-cycle by
two different ways: 1) Up-regulation of enzyme telomerase which adds hexanucleotide to
telomere ends. 80 to 90% of tumours show up-regulation of telomerase activity. 2) Through
recombination-based interchromosomal exchanges of sequence information.

1.1.5 Sustained angiogenesis
Angiogenesis is a process of formation of new blood vessels from the pre-existing blood
vessels. In normal tissues, oxygen and nutrients are supplied by vasculature for cell function.
Positive and negative signals, extracellular proteases and integrin’s exist for angiogenesis
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regulation. Angiogenesis initiating signals are exemplified by vascular endothelial growth
factor (VEGF) and fibroblast growth factors (FGF1/2) through transmembrane tyrosine
kinase receptors displayed by endothelial cells [31]. Increased expression of VEGF and/or
FGFs and downregulation of angiogenesis inhibitor thrombospondin-1 or β-interferon is
demonstrated in many tumours.

1.1.6 Tissue invasion and metastasis
Metastasis is the spread of cancer cells from one organ to another. Cancer cells migrate to
other secondary sites of the body through lymphatic or blood stream, and this phenomenon is
known as haematogenous /lymphatic spread [32].The most common sites for metastasis
include lung, liver, bone and brain. For the cells to metastasise from the site of the tumour to
secondary sites they need the ability to separate them from neighbouring cells and pass
through the extracellular matrix component. Therefore, cell-cell adhesion molecules like, Ecadherin and integrin are altered in metastatic cells.
To meet the increased nutritional requirement of rapidly dividing tumour cells
reprogramming of energy metabolism and evasion of the immune response are now
considered as additional hallmarks to the above list. To fulfill their energy requirement,
cancer cells exhibit increased expression of glucose transporter genes (Glut1 and Glut3) to
facilitate the import of glucose [33]. Although information on evasion of the immune
response by cancer cells is still rudimentary, certain reports suggest that cancer cells may
paralyse infiltrating cytotoxic T lymphocytes and natural killer cells by secreting
immunosuppressive factors [34]. Transplantation experiments in mice suggested that only
weakly immunogenic cells are able to grow and form the solid tumour.
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1.2 Types of cancer
Cancers are grouped into broader categories based on the site of origin (Table1.1).
Table 1.1: Nomenclature of cancer based on site of origin
Sr.no
Cancer
Site of origin
1
Carcinoma
skin or in tissues
2
Sarcoma
connective/supportive tissue
3
Leukemia
Bone marrow
4
Lymphoma/myeloma
Immune system.
5
Central nervous system
Brain and spinal cord.
1.3 Cancer Statistics
Cancer is the second most common disease in India responsible for about 0.3 million deaths
per year [35]. Rates of cancer deaths in India are about 40% lower in adult men and 30%
lower in women than in USA or UK. In India, in the year 2010, more than 556,000 cancer
deaths were estimated for people of all age. 71% of cancer deaths occurred in the age group
of 30–69 years. The three most common fatal cancers reported in this age group are oral22·9%, stomach-12·6%, and lung-11·4% in men, and cervical-17·1%, stomach-14·1%, and
breast-10·2% in women. [36].
Table 1.2: 5-year relative survival rate at different stages of breast cancer
Sr. No.

Stages

1

localized stage (no spread to lymph nodes or other
locations
If cancer has spread to tissues or lymph nodes
under the arm (regional stage)
If the spread is to lymph nodes around the
collarbone or to distant lymph nodes or organs
(distant stage)

2
3
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Breast cancer is one of the leading causes of cancer death in women. 232,670 new cases of
invasive breast cancer are expected to be diagnosed among women and about 2,360 new
cases are expected in men in the US during 2014. The 5-year survival rate by race for breast
cancer is 90% for white women and 79% for African American women [37] (Table 1.2).
As per records from National Cancer Registry, breast cancer is common cancer in urban
Indian females and the second most common in the rural Indian women. A case-control study
in Mumbai indicated that nulliparous women had a 2.2-fold higher risk than parous women
for developing breast cancer in the age group of above 40 years [38,39]. Premenopausal
breast cancer patients in India constitute ~ 50% of all patients (SGPGIMS Lucknow data).
The proportion of Indian breast cancer patients, younger than 35 years varies between 11%
(Tata Memorial Hospital (TMH) Mumbai) to 26% (SGPGIMS Lucknow) [40]. A study from
hospitals in Mumbai, Chennai and Thiruvananthapuram shows that breast cancer rates were
reported to be highest among Christians and Parsis [41,42]. Incidence of breast cancer is
predicted to increase by two-thirds in 2025 among older women [43].
1.4 Breast cancer
1.4.1 Anatomy of breast
The breast is an organ that has the function of producing milk during the period of lactation.
It is located anteriorly to the pectoralis major muscle of the thoracic wall. It extends
anteriorly up to second rib, posteriorly up to sixth or seventh ribs. The longitudinal section of
the breast is divided into 5 parts 1) Lobes and Lobules, 2) Ducts, 3) Areola, 4) Nipple and 5)
Fatty, connective tissue and lymph nodes (Figure 1.2). The different lymph nodes present in
the breast, and which help in understanding disease progression are supraclavicular,
infraclavicular, axillary and internal mammary nodes. An abnormal mammogram includes
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lump in the breast, swelling in the armpit, abnormal nipple discharge and change in the size,
contour, texture, or temperature of the breast.

Figure 1.2: Longitudinal section demonstrating the anatomy of breast
1.4.2 Types of breast cancer
Two different types of breast cancers are described: 1) sporadic or non- inherited cancer, and
2) inherited cancer. Sporadic breast cancer occurs at the late stage of life and is due to
environmental factors while familial breast cancer occurs at a relatively early age, and is due
to inheritance of defective cancer susceptibility genes i.e. BRCA1/2. Mutations in a number
of genes other than BRCA1/2 also cause inherited breast cancer (Table 1.3). Inheritance of
mutation in other different genes has 20% lifetime risk of developing cancer [44].
a. Sporadic breast cancer-----------------------------------------------------------------------------Parity, hormones, environment and diet are the major factors that play an important role in
the development of sporadic cancer [26]. 90 % of breast cancer cases are sporadic. Sporadic
breast cancer occurs late in life, is mostly unilateral cancer, and increases by 1.2 fold the
susceptibility to cancer of first-degree relatives [27]. Cytoplasmic localisation of Δ11b splice
variant with reduced production of full-length BRCA1 has been demonstrated in sporadic
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tumour [28]. In sporadic breast and ovarian cancer cases, BRCA1 was found to be down
regulated by epigenetic silencing [29] and transcriptional repression. Over expression of
HMGA1 that represses transcription of the BRCA1 gene leading to downregulation of
BRCA1 is observed in aggressive mammary carcinoma [30]. Hyper methylation of BRCA1
promoter leads to reduced BRCA1 expression interfering with the functions of BRCA1
protein. Promoter hyper methylation in BRCA1 gene account for 11 to 33% of sporadic
breast cancer cases [31]. All these observations suggest that BRCA1 has a key role in the
development of sporadic cancers also.
Table 1.3: High penetrance breast cancer susceptibility genes
Sr
No
1

Gene

Syndrome associated with gene

BRCA1/ 2

Hereditary breast and ovarian cancer

2

TP53

Li-Fraumeni syndrome

3

PTEN

Cowden syndrome

4

STK11

Peutz-Jeghers syndrome

5

CDH1

Familial diffuse gastric cancer

6

ATM

Ataxia-telangiectasia

7

NBS1

Nijmegen Breakage syndrome

b. Inherited breast cancer
Hereditary breast and ovarian cancer syndrome (HBOC) is mostly attributed to mutations
present in BRCA1/2 genes. About 3-5% cases of breast cancer and 10% of ovarian cancer are
estimated to be due to mutations in BRCA1/2 genes [1]. Carriers of even a single missense
mutation in BRCA1/2 may have a 50-80% lifetime risk of developing breast cancer, and 3050% risk of developing ovarian cancer [2]. The mutations reported in BRCA1 include frame
shift, missense, insertion and deletion of bases. The prevalence of the deleterious mutation in
BRCA1/2 genes in the general population is estimated to be 1:140 to 1:800 [45,46]. Founder
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mutations are also reported in certain populations. Patients with mutations in BRCA1 gene
generally show triple negative phenotype (triple negative breast cancer cells do not express
estrogen receptor (ER), progesterone receptor (PR) or Her2/neu; hence cannot use drugs that
target these receptors). BRCA1 mutations show an excess of medullary/atypical medullary
carcinoma, high mitotic count pushing tumour margins and a lymphocytic infiltrate [47,48].
The inherited breast cancer, therefore, is of higher grade than sporadic cancer.

1.5 BRCA1; an Overview
1.5.1 Domain organisation of BRCA1
BRCA1is encoded by the gene which is present on the chromosome 17 q21, and contains 24
exons. It is a 220 kDa protein that comprises of 1863 amino acid residues [3,4]. BRCA1, a
tumour suppressor protein has two reported domains, an N-terminal RING finger domain and
the C-terminal BRCT domain [5], and an intrinsically unstructured central region.
The RING (Really Interesting New Gene) finger domain at the N-terminus is encoded by
exons 2-7 encompassing (1-109) amino acids [49]. This RING finger domain interacts with
BARD1 and forms a BRCA1/BARD1 heterodimer, which possesses E3 ubiquitin ligase
activity. This heterodimer is known to specifically ubiquitylate lysines at 127 and 129 of
histone H2A in nucleosomal context upon DNA damage [50]. Pathogenic mutations reported
in the RING finger domain abrogate the interactions with BARD1, and further impair the
ubiquitin activity [51,52].
The C-terminal region of BRCA1 has two tandem repeats of BRCT (BRCT1 and BRCT2)
motifs, which are also found in many DNA repair proteins. The BRCA1 BRCT is a Class-I
BRCT domain which recognises phospho-serine residue. The BRCA1 BRCT domain
recognizes the consensus sequence containing pSer-X-X-Phe (pSer-phosphoserine, X-any
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amino acids) in its binding partners. The BRCA1 BRCT domain interacts with a number of
proteins including CtIP [10], BACH1, and CCDC98/Abraxas [53,54].
The central region is not well ordered structurally and contains two nuclear localization
signals located in the exon 11, and a ‘SQ’ cluster between amino acids 1280–1524. The
central region of BRCA1 interacts with different DNA repair and cell cycle regulatory
proteins. It interacts with retinoblastoma protein (RB) [55], c-Myc [56], Rad50 and Rad51
[57,58]. The SQ/TQ cluster domain or (SCD-serine cluster domain) contains multiple sites
phosphorylated by ATM (ataxia-telangiectasia mutated). The phosphorylation of BRCA1 by
ATM after DNA damage is essential for cell cycle checkpoint activation [59,60] (Figure
1.3).

Figure 1.3: Domain organisation of BRCA1 and its interacting partners
1.6 Interacting partners and functions of BRCA1
BRCA1 protein performs various functions like transcription activation, transcription
repression and DNA damage repair by interacting with multiple cellular binding partners
(Table 1.4). Following are few of the reported interacting partners, the region of BRCA1
with which they interact, and function the complex performs post- interaction.
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Table 1.4: Interacting partners of BRCA1
BRCA1
interacting
region
C-terminus
(BRCT)
AD1
N-terminus
(RING)
N-terminus
(RING)
Middle
C-terminal
C-terminal

Interacting
protein
partner
CtIP

Function
of the complex

Referenc
e

Transcription repression

[61]

Jun
ATF1

Transactivation
Transactivation

[62]
[63]

BARD1

Ubiquitin ligase activity

[64]

Rad51
RNA Pol II
RNA
helicase A

Homologous recombination
Transactivation
Transactivation

[58]
[65,66]
[67]

C-terminus

p53

Act as a scaffold protein for
phosphorylation of p53, act as p53 co-activator

[68,69]

Central
Central
Central
C-terminal
C-terminal

STAT1
c-myc
ZBRK1
BACH1
FHL2

Transactivation
Transcription repressor of c-myc
Transcription co-Repressor
DNA Repair
Enhances transactivation function of FHL2

[70]
[71]
[72]
[73]
[74]

C-terminal

AKT

Regulates AKT activity through ubiquitination

[75]

C-terminal

DBC1

Represses the transcriptional activation
function of BRCT

[76]

N-terminus

BAP1

Enhances BRCA1-mediated cell growth suppression

[77]

N-terminus

E2F

Regulates cell cycle

[78]

1.6.1 Transactivation functions of BRCA1
The C-terminal region, comprising exons 16-24 (amino acids 1560-1863) of BRCA1 can
activate transcription, both in yeast and mammalian cells. Deletion mutations of exons 16-24
of BRCA1 demonstrated that the region between exon 21-24 (amino acids 1760–1863) is the
minimal transactivation domain that activates transcription, although less efficiently
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compared to larger fragment encoded by exons 16-24. Germline mutations (A1708E,
R1699Q, M1775R, Y1853Stop) found in patients with breast or ovarian cancer, abolish the
transcription activity, strongly supporting the idea that BRCA1 protein is involved in
transcription. Further studies in yeast and human cells demonstrated a new (AD1) activation
domain (amino acids 1293–1558) in BRCA1 that can function cooperatively with the (AD2)
activation domain 2 (amino acids 1560-1863). Further, the study established that AD1
activity is more dependent on cellular environment, whereas AD2 activates transcription in a
ubiquitous manner [4]. BRCA1 via a coiled-coil motif in AD1 interacts with the basic leucine
zipper (bZIP) region of the Jun proteins. The Jun-interacting domain in BRCA1 is critical for
AD1-mediated transcriptional activation. In particular, the strength of AD1 in transcriptional
activation is limited by the JunB level as explained by the observed correlation between
ectopic expression of Jun B and the transcriptional activity of AD1. Furthermore, it has been
observed that Jun B mRNA expression is down-regulated in many ovarian tumour tissues
examined. Thus, the BRCA1 and Jun B interactions may facilitate the tumour suppression
function of BRCA1 in the tissue-specific manner [62]. BRCA1 is also known to stimulate
transcription machinery directly without the requirement for DNA-tethering partners. It could
stimulate transcription of the p53-responsive promoter, without p53, when overexpressed.
BRCA1 does not require functional TATA box sequence to stimulate transcription. The
reported results, indicated the role of BRCA1 in the stabilisation of transcription machinery
[79]. Results on direct transactivation by BRCA1 have been demonstrated, in the expression
of p27Kip1, a member of the universal cyclin-dependent kinase inhibitor family. The
transactivation domain of BRCA1 binds to the BRCA1-responsive element located at
position -615 to -511 of the p27Kip1 promoter. These results suggest a mechanism for
BRCA1-induced growth inhibition through transcriptional regulation of p27Kip1 [80]. BRCA1
transactivates the expression of the cyclin-dependent kinase inhibitor p21 (WAF1/CIP1).
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Trans-activation deficient mutants of BRCA1 are defective in both transactivation of p21 and
cell-cycle inhibition [81]. The BRCT 2 of BRCA1 is reported to interact with LIM domains
of FHL2 (four and a half LIM-only protein 2) and enhance the transactivation function of
FHL2. FHL2 mRNA levels are down regulated in many breast cancer cell lines indicating its
growth regulatory function [74]. In conclusion, BRCA1 acts both as a direct as well as an
indirect transactivator protein, which performs its function in cell-specific and ubiquitous
manner.

1.6.2 Transcription repression functions of BRCA1
BRCA1 regulates AREG transcription directly by binding to the AREG promoter. It binds to
BRCA1-response elements located at the positions −202/−182 and +19/+122 in the AREG
promoter. BRCA1 is responsible for the repression of EGR1, indirectly by associating with
ZBRK1 [82]. BRCA1 BRCT interacts with CtIP, which associates with the CtBP
transcriptional co-repressor. Tumour-associated mutations discovered in BRCA1 BRCT
motifs abrogates interaction with CtIP, suggesting BRCA1-CtIP interaction is necessary for
tumour suppression [61]. Study of the role of BRCA1 in the regulation of estrogen receptorα has revealed the underlying basis for the tissue-restricted tumor-suppressive properties of
BRCA1. In BRCA1-deficient human ovarian cancer cells estrogen receptor- α exhibited
ligand-independent transcriptional activity that was not observed in BRCA1-proficient cells
[83]. BRCA1 is also able to perform repression function in ubiquitin-dependent manner. In a
study by Horwitz et al, a unique BRCA1 ubiquitin-dependent mechanism of repression is
demonstrated. BRCA1 is reported to ubiquitinate the transcriptional pre-initiation complex.
The ubiquitin moiety interferes with the assembly of basal transcription factors at the
promoter, and thus blocks the initiation of mRNA synthesis [84]. The BRCA1-BRCT binds
to phosphorylated Akt leading to Akt ubiquitination by BRCA1 N-terminal E3 ligase activity
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and ultimately to degradation. Mutant cells lacking the BRCA1 BRCT repeats accumulate
nuclear pAkt and consequently inactivate the transcription functions of FOXO3a.
Phosphorylated FOXO3a is translocated out of the nucleus. FOXO3a is responsible for
upregulation of proapoptotic genes Bim and PUMA and downregulation of anti-apoptotic
proteins such as FLIP [75]. HP1γ regulates BRCA1 mediated transcription via modulation of
promoter occupancy and histone modification. Time-lapse studies on promoter association
and histone methylation revealed that HP1γ occupies the promoter, in the quiescent
unstressed state to repress transcription. In case of DNA damage, BRCA1 is recruited to the
promoter site while HP1 γ is disassembled. Once the damaged DNA is repaired,
HP1γ/SUV39H1 is restored at the promoter leading to BRCA1 disassembly and histone
methylation, after which transcription repression resumes [85].

1.6.3 BRCA1 in DNA repair
The developmental defects, the embryonic lethality of BRCA1 null mice and chromosomal
abnormalities in cell lines deficient in BRCA1 clearly indicated the role of BRCA1 in
maintaining genomic stability during cell proliferation [86,87]. Translocation of BRCA1 to
DNA damage sites, co-localization with RAD51 and hypersensitivity of BRCA1-deficient
cells to IR, UV and DNA alkylating agents confirm the role of BRCA1 in DNA repair.
a. BRCA1 is recruited to the DNA damage sites
ATM a double-strand breaks sensor protein, autophosphorylates on residue Ser1981 on DNA
damage and releases active ATM monomers from inactive dimer. Further, it performs the
function by interacting with protein like MRN complex, NBS1, MDC1 and MRE11 and
phosphorylating downstream target [88]. ATR interacts with ATRIP and recognizes RPA
coated single-stranded DNA. Activated ATR phosphorylates Chk1 ultimately leading to cell
cycle arrest [89].
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Upon DNA damage, H2AX is phosphorylated at serine 139 after ataxia telangiectasia
mutated (ATM), ataxia telangiectasia and RAD3-related (ATR) proteins are activated
[90,91]. Phosphorylated γH2AX mark the sites of DNA breaks which leads to recruitment of
an E3 ubiquitin ligases-RNF8 and E2 ubiquitin conjugating enzyme 13 (UBC13/UBE2N) by
MDC1. This complex exclusively catalyzes lys63linked ubiquitination of histone and other
substrate ubiquitylation reactions close to double-strand breaks (DSBs) [92]. These ubiquitin
chains are recognized by the ubiquitin interacting motif (UIM) of RAP80, which recruits
BRCA1 to double-stranded break site [93,94]. Phosphopeptide affinity proteomics analysis
could identify the coiled-coil domain containing protein ABRAXAS (CCDC98), one of the
binding partners of the BRCA1 BRCT domain that forms a part of the Rap80-ABRAXASBRCA1 complex. Abraxas phosphorylated at Ser 406 position interacts specifically with the
BRCA1 BRCT [95]. Hence, Abraxas bridges the interactions between RAP80 and the
BRCA1 BRCT domain in RAP80-ABRAXAS-BRCA1 complex and this mediates the
localization of BRCA1 to the sites of DNA damage. Mutations affecting the BRCT domains
of BRCA1 disrupt the recruitment of BRCA1 to DNA (DSBs) site.
BRCA1 also plays a role in all the three checkpoints G1/S, S-phase and G2/M checkpoint to
maintain homeostasis.
b. G1/S checkpoint
The G1/S checkpoint arrests cells at G1/S boundary, following DNA damage. BRCA1 acts as
a scaffold protein facilitating the phosphorylation of bound p53 by ATM and this further
leads to p53-mediated induction of p21 and induced G1/S arrest. BRCA1 is required for both
IR and UV-induced p53 phosphorylation by ATM/ATR. Downregulation of BRCA1 using siRNA showed that BRCA1 depleted cells had defective G1/S checkpoint in response to DNA
damage. BRCA1 was only required for IR-induced G1/S checkpoint, but not for UV-induced
G1/S arrest [96].
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c. S phase checkpoint
S-phase checkpoint stops DNA replication following DNA damage [6]. ATM and ATR are
activated on DNA damage and these subsequently activate Chk1 and Chk2. Activated Chk1
and Chk2 regulate Cdc25 A/B/C, which governs the activity of cyclins and cyclin-dependent
kinases during S phase progression [7]. Upon IR irradiation, ATM is known to phosphorylate
BRCA1 at Ser 1387 which is required to recruit other binding partners to regulate Chk1
kinase activity. BACH1 is a part of BRCA1/BRCA2 complex that is required for timely
progression through the synthetic phase of cell-cycle. BRCA1-deficient HCC1937 cells are
defective in S-phase checkpoint. Cells with defective BACH1 helicase activity display
enhanced genomic instability [97]. BRCA1 is also reported to interact and co-localise with
Mre11/Rad50/NBS1 (MRN) complex, which is a sensor for DSBs, and also to directly
activate ATM [8,9].
d. G2/M checkpoint
G2/M checkpoint repairs and prevents DNA lesions from being passed on to daughter cells.
Phosphorylated and activated Chk1 and Chk2 phosphorylate mitotic kinase weel and
Cdc25A/B/C proteins, which suppress the activity of cyclin B and Cdc2 and block the cells
from entering into mitosis. BRCA1 regulates Chk1 kinase activity during G2/M checkpoint
activation [10]. Here, ATM phosphorylates serine1423 of BRCA1 which is required for
G2/M checkpoint activation. BRCA1 defective cells demonstrate a defective G2/M
checkpoint action [11].
1.6.4 BRCA1 in Non-homologous end joining (NHEJ) and Homologous Recombination
(HR) repair
NHEJ and HR are repair pathways for DSBs in DNA, and BRCA1 participates in both types
of repair [98]. NHEJ is a relatively error-prone repair, unlike HR, which faithfully repairs the
damage. NHEJ mostly occurs during the G1 phase of the cell cycle while HR mediated repair
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works during the S and G2 phases of the cell cycle. BRCA1 binds to MRN complex that
plays an important role in NHEJ and HR repair. BRCA1, through its BRCT domain,
promotes HR by blocking the ability of DNA-PKcs to auto phosphorylation at the Serine
2056 position. Blocking auto phosphorylation of DNA-PKcs promotes HR-required DNA
end processing and loading of HR factors to DSBs [99].
HR-mediated DNA repair requires the recombinase RAD51, a single strand DNA (ss DNA)
binding protein. BRCA2 is responsible for recruitment and assimilation of RAD51 onto the
ssDNA forming a nucleoprotein filament. PAlB2 is required to assist in chromatin loading of
BRCA2 and RAD51 [100] and it also act as a bridging factor required for the BRCA1BRCA2 association. The loss of BRCA1 interferes with HR mediated repair, and the
mechanism by which BRCA1 promotes HR through the PAlB2-BRCA2-RAD51 complex
still remains unclear [101,102]. However, recent studies on β-HPV infections in skin cancer
demonstrated the role of BRCA1 in homology dependent repair. Viral proteins β-HPV and
E6 proteins destabilise histone acetyltransferase and p300, which interfere with transcription
of BRCA1/2 that curtails the ability of these proteins to form repair foci at DSBs [103].
In NHEJ pathway, damage DNA ends are directly ligated without using an additional
template which may lead to removal or addition of bases. BRCA1 is a part of the
Mre11/Rad50/Nbs1 complex, which plays a role in double-strand break repair. BRCA1 is
reported to suppress the nuclease activity of MRE11 and is required for phosphorylation of
NBS1 following DNA damage [104,105]. Studies in BRCA1-deficient cell lines MEFs and
HCC1937 have provided evidence for defective NHEJ [106,107]. However, previous
conflicting results and indirect assays still leave a room to understand the exact mechanism of
action of NHEJ pathway and a role of BRCA1 in the NHEJ pathway.
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1.7 Regulation of BRCA1
BRCA1 being a multifunctional protein, a stringent control on the regulation of BRCA1
expression is essential for the cell to maintain genomic stability. Chromatin
immunoprecipitation assay established the interactions of Myc with BRCA1 promoter which
acts as a transcriptional activator of BRCA1. C-Myc activates BRCA1 via the E boxes
present in the distal BRCA1 promoter region [108]. A repressive multi-component
transcriptional complex containing E2F-1 RB and BRCA1 inhibits BRCA1 promoter
transcription. Chromatin immune-precipitation studies demonstrated that this repressive
complex is disrupted by DNA damaging agents. This disassembly releases the repression on
BRCA1 promoter and leads to transcription of BRCA1 in response to genotoxic insult [109].
The aberrant methylation of the BRCA1 promoter in patient sample leads to decrease in
expression of BRCA1 suggesting its role in sporadic mammary carcinogenesis [110] and
other techniques. The different regions of BRCA1 have been expressed and purified to
homogeneity. Structural details of each one of these were elucidated using circular dichroism
spectroscopy and NMR. NMR spectra and CD for different central regions of BRCA1
displayed features of disordered proteins [17,111,112]. No crystal structure has been reported
for the central domains of BRCA1 perhaps due to its disordered nature. BRCA1 DNA
binding was visualised using electron microscopy which revealed the formation of
nonspecific complexes involving multiple DNA strands and multiple BRCA1 molecules at a
given site [104]. NMR solution structure of the complex of the N-terminal region of BRCA1
with the N-terminal region of BARD1 and X-ray crystal structure of C-terminal BRCA1
BRCT are reported till date. Co-crystal structures of BRCA1 BRCT with the interacting
phosphopeptides are also reported.
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1.8 Structure of BRCA1 protein
1.8.1 X-ray structure of BRCA1 BRCT
BRCA1 protein at its carboxyl region has tandem repeats of two BRCTs. The crystal
structure of BRCA1 BRCT has been determined to a resolution of 2.5Å (PDB ID: 1JNX).
The study revealed that the molecule is shaped like a cylinder of length ∼70 Å and ∼30-35 Å

diameter. Furthermore, the two BRCTs are arranged in the head to tail fashion (Figure 1.4).

The BRCT fold has central parallel four-stranded β-sheet, with a pair of α-helices (α1 and α3)
packed against one face of this sheet and a single α-helix (α2) packed against the opposite
face of the sheet. The core of this interface between the BRCT repeat is formed by α1′ and
α3′ from the C-terminal repeat, and α2 of the N-terminal repeat. The two tandem BRCTs are
linked by a 23-amino acid linker which is poorly defined in the electron density, possibly
indicating flexibility [113]. Crystal structures of BRCA1 BRCT in complex with oligopeptide
derived from binding partners have been determined. These structures PDB IDs are listed in
Table 1.5.

Figure 1.4: BRCA1 BRCT crystal structure
The BRCA1 BRCT has been co-crystallised with phosphorylated oligopeptides from binding
partners containing the signature sequence pS0-X1-X2-F+3 (where phosphorylated serine at 0
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position, X can be any amino acid and phenylalanine residue at +3 position) [114]. The
crystal structures give a detailed picture of the interaction between the signature motif and the
protein. It has been observed that phosphopeptide interacts with BRCA1-BRCT via the pS0
and F+3 residues.

Figure 1.5: Peptide binding site in BRCA1 BRCT- BACH1 complex (PDB ID: 1T15).
Interaction between pSer and Phe residues of peptide forms network of hydrogen bonds
The phosphate group of the phosphorylated serine in phosphopeptide interacts with residues
from the N-terminal BRCT via the salt bridge and hydrogen bonding interactions. The
backbone of Phe (+3) residue from the phosphopeptide is recognized by conserved Arg-1699
residue. Arg 1699 forms a strong hydrogen bond with the carbonyl oxygen of phenylalanine
residue in the +3 position of the signature sequence. This interaction ensures proper
positioning of the hydrophobic side chain of Phe in the hydrophobic pocket from BRCT
domain [115]. Out of the reported crystal structures of the complexes, it has been observed
that the association between pSer (0)-X-X Phe (+3) and BRCA1-BRCT is very much
conserved [116].
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Table 1.5: List of PDB ID of complexes of BRCA1 BRCT and different phosphopeptide
partners
Sr.No.

PDB ID

Interacting peptide

Resolution

1

4JLU

3.5

2

4IFI

Doubly phosphorylated
Abraxas
BAAT

3

4IGK

ATRIP

1.74

4

3COJ

ACC1

3.21

5

1Y98

CtIP

2.5

6

1T15

BACH1 helicase

1.85

7

1T29

BACH1

2.3

2.2

1.8.2 Structure of RING finger domain of BRCA1 BARD1
BRCA1 through its N-terminal region interacts with BARD1 and performs the ubiquitin
ligase activity. Interaction between BRCA1 with BARD1 is also necessary to retain BRCA1
in the nucleus. Structurally the RING finger domain of BRCA1 is characterized by a central
α-helix, two large Zn2+ binding loops and a short three-stranded antiparallel β-sheet (Figure
1.6). The RING motif has a conserved pattern of eight Cys and His residues arranged in pairs
in the primary sequence that form zinc binding sites I and II [117]. The solvent exposed
regions surrounding the second Zn2+ binding loop is the most variable part in the RING
motifs of both BRCA1 and BARD1. The central RING motif of BRCA1 (residues 23-76) is
flanked by antiparallel α-helices encoded by residues (8-22) and (81-96) of the BRCA1. In
BRCA1, the side chains of Gln 19, Leu 22, Val 83, Glu 84 and Leu 87 in the helices are in
contact with Leu 30, Ile 31 and Lys 32. Similarly, in BARD1, central RING motif
(residues49-100) is surrounded by helices formed by residues (36-48) and (101-116) in the
BARD1. Likewise, in BARD1 the side chains of helix residues Glu 45, Leu 48 and Ile 105
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interact with Ile 56 and Leu 57 [118]. These helices combine as a four-helix bundle to form a
BRCA1-BARD1 heterodimer complex interface.

Figure 1.6: Structure of BRCA1-BARD1 heterodimer complex (PDB ID 1JM7)
1.9 Missense mutations in BRCA1 accountable for HBOC syndrome
Germline mutations reported throughout 1863 amino acids of BRCA1 are responsible for
hereditary breast and ovarian cancer (HBOC) syndrome. Missense, indels, truncating and
frame shift mutations are reported in BRCA1. While all the mutations alter the primary
sequence of the protein, missense mutations identified alter a single residue, thus posing a
challenge to classify the variant as a deleterious or just polymorphic variant (Table 1.6). Such
unclassified variants are known as variants of uncertain significance (VUS). Breast Cancer
Information Core (BIC) Database http://research.nhgri.nih.gov/bic/) has all the information
regarding different kinds of mutations reported in BRCA1/BRCA2 and their classifications.
Of the thousands of mutations reported in BIC database, 90% are variants of uncertain
significance. Classification of the variants as deleterious or neutral is necessary for genetic
testing and surveillance recommendations. Classification of VUS as either deleterious or
polymorphic is
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done on the basis of frequency of occurrence of variants, linkage analysis, clinical, functional
and structural studies.
Table 1.6: Mutations reported in different regions of BRCA1
Different region of No. of mutations

Missense mutations

BRCA1 *

reported

1-109

56

M18K, C24R, C64R, D96N, G98R, A102G

110-200

23

E111A, I124V, S157P, R170W, Y179C, D201N

200-340

38

R213G, H239R, L246V, S264R, G275S, T276R

341-758

109

K355R, Q356R, S377N, R504C, D522N, N609S

758-1064

85

1065-1169

30

1170-1270

39

1271-1366

22

R979H, M1008I, S1027N, R1028H, S1040N,
E1060A
Q1069R, G1087A, V1088D, S1101N, N1102S,
S1140G
R1203Q, P1238R, S1241Y, T1242A, K1254E,
N1259T
A1293D, S1301N, D1337E, E1346K, R1347G,
R1347K
S1377R, S1389N, Q1395R, M1400T, L1404P,

1367-1467

24

1468-1641

58

1642-1736

54

1737-1755

12

1756-1863

50

H1421R
P1544L, D1546N, S1613C, M1628I, M1628T,
S1631N
M1689R,V1696L, C1697R, R1699Q, S1722F,
S1722P
G1738E, V1741G, H1746N, P1749R, R1751Q,
A1752P
L1764P, M1775R, E1836K, W1837C, P1859R,
H1862L

* indicates different functional regions selected for analysing the different mutations reported.
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To calculate the likelihood ratio for these variants being deleterious each of the following
independent observations and criteria were considered: 1) co-occurrence of variants with
deleterious mutations in trans, have a very low likelihood of being deleterious, as
homozygosity for BRCA1 pathogenic mutations are embryonically lethal, 2) co-segregation
of variants with the disease in family more often than expected by chance, 3) proband and
family history of cancer which considers age at cancer diagnosis, number of members
affected, and 4) pathological characteristics like tumour grade and ER/PR status [12]. The
four likelihood ratios obtained are then multiplied to get the joint likelihood value. These
final likelihood values are used to calculate the posterior probability, considering the prior
probability value obtained from Align GVGD. The value of the posterior probability was
used to place the variants in different IARC (International Agency for Research on Cancer)
classes and also to define the protocol for genetic testing and surveillance recommendations
[13].
Each of the above clinical classification methods is dealt in detail in chapter 3 of the thesis.
This IARC class further provides guidelines for genetic testing. Leiden Open Variation
Database (LOVD) database includes the entries of all the missense mutations along with
IARC

classification

and

available

information

of

functional

(http://brca.iarc.fr/LOVD/variants.php?action=view_unique&select_db=BRCA1).

This

data
IARC

classified variant is further validated with in-vitro experiments for genetic testing and
surveillance recommendations [13]. Since the variants reported in BRCA1 are very rare and
are ethnic specific, getting information that is statistically significant poses major challenges
in classifying the variants by focusing only on the clinical data. Therefore, a study on the
functional impact of the variants should be carried out by transactivation assay, small colony
assay, rescue of radiation resistance and ubiquitin ligase assay. Structural changes at the
atomic level have been revealed by using the techniques like X-ray crystallography and
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NMR. The biophysical analyses of the variants are also being exploited to understand the
effect of variants on their biochemical properties and on the nature of interactions with
interacting partners. In-silico approach considers sequence conservation, charge, bulkiness,
solvent accessibility and structural alterations. Using any of the above mentioned approaches
in isolation has its own advantages and disadvantages [12].
1.10 Conclusion
Breast cancer ranks second as a cause of cancer death in women worldwide. The mutations
can be either hereditary or sporadic. ~ 90 % of breast cancer cases are sporadic in nature
[119]. About 3-5% of familial breast cancer and 10% of ovarian cancer are estimated to be
due to mutations discovered in BRCA1/2 [1]. Carriers of an inherited missense mutation in
BRCA1, have a 50-80% lifetime risk of developing breast cancer, and 30-50% risk of
developing ovarian cancer [2]. Classification of a given missense variant as either deleterious
or polymorphic determines the nature of recommendation for genetic screening and
surveillance of the patients and their relatives. The present study aims at the clinical
classification of the novel missense variants of BRCA1 discovered in TMC cohort of the
Indian population. The study further deals with the structural, functional and biophysical
characterization of the different functional domains of wild-type/ variant BRCA1 and its
binding partners.
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Chapter 2
Materials and Methods

2.1 Materials
i. Vectors used
Pet41a+, pGEX-KT, pRSET-A, pGEX-4Tand pGBKT7 are the vectors used for protein
expression. Complementary DNA (cDNA) of BRCA1 is a generous gift from Prof. Richard
Baer, Columbia University. pGEX-KT vector and pET-TEV construct a generous gift from
John. Ladias, BIDMC, Eric Sundberg, BBRI, US. pGBKT7 is a kind gift from Dr. Alvaro
Monterio of H. Lee Moffitt Cancer Centre & Research Institute, USA.
ii. Molecular biology reagents
Plasmid DNA extraction, DNA gel extraction kits, Bradford reagent, Ethidium Bromide are
obtained either from Sigma-Aldrich (USA) or Qiagen (USA), Restriction enzymes, Pfu
polymerase, DNA ligase, DpnI are procured either from Fermentas or New England Biolabs
inc (NEB). Agarose is obtained from Himedia (India).
iii. Media and Antibiotics: Ampicillin, Kanamycin, Chloramphenicol, Agar powder,
Luria Bertani (LB) Broth, Yeast Nitrogen Base, Isopropyl β-D-1-thiogalactopyranoside
(IPTG) are obtained from Himedia, India.
Antibiotic stock solutions:
a) Ampicillin (100mg/ml): 1 gm of ampicillin is dissolved in 10 ml of sterile Milli-Q
water and filtered using 0.22 µm filters
b) Kanamycin (50mg/ml): 0.5 gm of kanamycin is dissolved in 10 ml of sterile Milli-Q
water and was filter sterilised.-----c) Chloramphenicol (34μg/ml): 0.340 mg is dissolved in 10 ml of 100% isopropanol.
iv. Buffer components and stock solution preparation:
NaCl, Tris, EDTA, Glycerol, β-mercaptoethanol, TEMED, Glycine, Sodium Dodecyl
Sulphate (SDS), Ammonium sulphate, Sodium phosphate dibasic, Sodium phosphate

Chapter 2

Page 44

monobasic, Potassium chloride, Magnesium sulphate, CTAB, sodium deoxycholate, Triton
X-100 other salts, buffers, precipitant, detergents and organic solvents are obtained from Hi
Media (India), Sigma (USA), Merck (Germany), Fluka (Germany), SRL diagnostics,
Qualigens (India).
a) 5M Sodium chloride: 292 gm of sodium chloride is dissolved in Milli-Q water and
volume is adjusted up to 1 litre. This stock solution is then filtered using Whatman filter
paper and autoclaved. It is stored at room temperature for further use.
b) 1M Tris: 121.14 gm of Tris is dissolved in Milli-Q water and volume is adjusted up to 1
litre. It is filtered and autoclaved.
c) 1M HEPES: 238.3 gm of HEPES is dissolved in Milli-Q water and volume is adjusted up
to 1 litre
d) 0.5M EDTA: 186.1 gm of disodium EDTA (Na2EDTA) is dissolved in Milli- Q water at
pH 8.0 and volume is made up to 1 litre (pH is adjusted with NaOH)Acrylamide
preparation: 30% Acrylamide is prepared by mixing 29% acrylamide and 1% N, N’
methylene bisacrylamide.
v. Affinity resins:
GST (Glutathione S-transferase), Ni-NTA (Nickel-Nitrilotriacetic acid), and Amylose resin
were obtained from GE Healthcare and Novagen. Pre-packed gel filtration columns Superdex
200 and 75 of 16/60 were purchased from GE Healthcare.
vi. Instruments
FPLC (Fast protein liquid chromatography) system AKTA purifier and (Isothermal titration
Calorimetry) ITC-200 GE Healthcare (Sweden), MWCO (Molecular Weight Cut Off) filter
unit-Millipore (USA), SDS-PAGE apparatus- Bio-Rad (USA), Circular Dichroism
spectrophotometer-JASCO
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Spectrofluorometer-

Horiba

(Japan),

High-speed
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centrifuge-Thermo scientific. Ultrasonic Homogenizer (Model 300 V/T, Biologics, Inc.-200
C incubator- Sanyo (Japan), -800C deep freezer Thermo Fisher (USA), Vibration-free
cooling incubator- Sanyo (Japan), X-Ray Diffractometer (Generator-Bruker, Image PlateMAR 345 (Germany), Stereo microscope-Olympus (Japan).
vii. Crystallization chemicals
Crystallisation screens: Crystal screen 1/2, PEG/Ion screen, Salt Rx, Natrix and additive
screens, Ammonium sulphate, 2-(N-morpholino) ethane sulfonic acid (MES), Cobalt
chloride, Crystallization buffers, salts, precipitants, organic solvents were procured from
Hampton’s Research (USA). Synthetic peptides are from USV Biotech (India). Buffer
prepared for crystallization were filter sterilized using 0.45 μM filter. Most of the chemicals
and buffer components used during purification were sterilized or made in sterile distilled
water to avoid any contamination.
viii. Other chemicals--------------------------------------------------------------------------Protease cocktail kit and trypsin were procured from Sigma-Aldrich. Glutaraldehyde, PMSF,
Ethidium Bromide, Coomassie Brilliant Blue, Methanol, Isopropanol, Sodium hydroxide,
Hydrochloric acid, Acetic acid, Ammonium persulphate, ortho-Nitrophenyl-β-galactoside,
Sodium Carbonate, Bromophenol blue, Acrylamide, Bis-acrylamide, Bradford reagent,
Protein ladder was purchased from Sigma (USA), Merck (Germany), Fluka (Germany).

2.2 Methods
2.2.1 Gene Cloning
The method of producing multiple identical copies of a gene/ fragment is known as gene
cloning. Cloning of DNA is a prerequisite for a variety of experiments such as protein
expression and purification, gene regulation studies, confocal microscopy and siRNA studies.
The cloning of the gene of interest or its fragment from cDNA is achieved by designing a
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defined sequence oligonucleotide known as a primer. The sequence of these primers is
chosen to be complementary to a stretch of cDNA segment to be amplified. The primer
sequence also provides the opportunity of introducing additional features (restrictions enzyme
site, protease codon sequence or small tags like His tag) that would be helpful in the cloning
and protein purification process. The restriction enzyme cleavage sites in the primer and the
vectors are identical, so as to anneal the insert in the vector in a specific direction, and this is
known as directional-cloning.
Gene cloning is carried out in 4 steps: PCR, Digestion, Ligation, and Transformation.
a. Polymerase chain reaction (PCR):
PCR is based on using the ability of DNA polymerase to synthesize a new complementary
strand to the given DNA template, in 5’-3’ direction. Obviously, DNA polymerase requires a
continuous supply of nucleotides and a set of primers to start its reaction (Table 2.1). PCR
comprises of three basic steps: denaturation - the two strands of double helical template
DNA are separated, annealing - the oligonucleotide primers anneal to the denatured strands
at complementary sites and elongation - DNA polymerase elongates the annealed primer on
complementary DNA strand. Under appropriate conditions (Table 2.2), in each PCR cycle,
the number of molecules of the target gene doubles and further it increases exponentially.
Thus after n cycles of PCR, 2n copies of the target gene are produced.
Table 2.1: Typical PCR reaction
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Sr.No.

Components

Volume (μl)

1
2
3
4
5
6
7
8

100 ng/µl Template
10 pm/µl Forward primer
10 pm/µl Reverse primer
5X HF Buffer
10 mM dNTPs
Phusion DNA Polymerase
Autoclaved D/W
Total reaction volume

1.5
1
1
10
2
1
34
50
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The typical program for PCR reaction is mentioned in Table 2.2. Different conditions have
been modified depending on the requirement. The elongation time depends on the rate of the
reaction of the polymerase enzyme and the length of the DNA to be amplified. The annealing
and elongation conditions used in the case of site-directed mutagenesis are comparatively
different from those of normal PCR reaction.
Table 2.2: Typical condition used for PCR setup
Steps

Temperature (°C)

Duration (min:sec)

1.Initial denaturation
98
2.Denaturation
95
3.Annealing
60
4.Elongation
72
Run steps 2-4 for 32 more cycles
5.Final Elongation
72

3:00
00:30
00:30
00:50
10:00

b. Digestion of vector and PCR product:
The amplified PCR product and the expression vector are digested using two separate
restriction enzymes. Restriction enzymes cut the vector and the target gene at specific
sequence thereby generating complementary sticky ends. The digestion reaction is carried out
at 37º C for approximately 1.5 hr - 2 hr (Table 2.4 and 2.5)
Table 2.3: Digestion reaction for target gene
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Sr.no

Components

Volume (μl)

1
2

PCR product
10X Buffer

20
3

3

EcoR 1

1

4
5
6

BamH 1
Autoclaved D/W
Total reaction volume

1
5
30
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Table 2.4: Digestion reaction for vector
Sr.no
1
2
3
4
5
6

Components
Vector DNA
10X Buffer
EcoR1 enzyme
BamH1 enzyme
Autoclaved D/W
Total reaction volume

Volume (μl)
10
1
1
1
7
20

c. Ligation of vector and PCR product:
DNA ligation refers to the formation of phosphodiester bonds between the acidic 5’
phosphate group and alcoholic 3’ hydroxyl group of the deoxyribose sugar. The sticky and
complementary ends which are formed during restriction digestion of vector and PCR
product are ligated using DNA ligase. In general, during ligation there should be excess of
insert DNA over vector DNA (3:1 or 6:1). The following types of annealed products may be
formed: 1. self-ligation of the vector, 2. ligation of multiple copies of insert and vector and 3.
ligation of vector and insert. Setup for ligation reaction is shown below. As different types of
ligation products are possible, digestion with corresponding restriction enzyme and DNA
sequencing is necessary to confirm the clone.
Table 2.5: Ligation reaction of vector and insert
Sr.no

Components

Volume (μl)

1
2
3
4
5

(50 ng/µl)Double digested Vector DNA
(50 ng/µl)Double digested Insert/ DNA
2X Quick Ligation Buffer
Quick Ligase
Total reaction volume

1
3
5
1
10

d. Transformation and plasmid isolation:--------------------------------------------------------------The properly ligated plasmid is then transformed into competent bacterial strain to increase
the copy number, and then further plasmid isolation is carried out. This isolated plasmid is
submitted to DNA sequencing facility to confirm for the sequences of positive clones.
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2.2.2 Bacterial strains used for cloning and purification
E. coli is a preferred bacterial strain used for gene cloning and protein expression as it has a
short doubling time of about 20 minutes requires low-cost media for growth and, can be
easily genetically manipulated. The E. coli strains used for recombinant DNA technology are
engineered so as to possess the following properties:
a. Insert expression under control of T7 system
The target gene is cloned downstream of T7 promoter on a plasmid which is introduced into
the DE3 strain. This targeted gene controlled by T7 promoter is recognized only by T7 RNA
polymerase and not by E. coli RNA polymerase. Therefore, the E. coli is engineered so as to
contain a chromosomal copy of the phage T7 RNA polymerase gene & such expression hosts
are known as DE3 strains or T7 Express strains. T7 RNA polymerase gene is under the
control of the lacUV5 promoter which is transcriptionally activated by lactose analog IPTG.
Thus when IPTG is added to the culture, T7 RNA polymerase is expressed and the gene of
interest which is present under the control of T7 promoter is transcribed.
b. Elimination of protease activity
The most important characteristics in BL21 are the deletions of OmpT outer membrane
protease and ATP-dependent Lon protease. OmpT is a housekeeping protease that degrades
foreign peptide material [120]. Lon is an ATP-dependent serine protease that mediates the
selective degradation of mutant and abnormal proteins as well as certain short-lived
regulatory proteins. Inactivation of Lon protease increases the yield of some recombinant
proteins. Hence, Rec A positive BL21 strains should be used for expression, as recombination
may alter the exogenous plasmid DNA during cloning.
c. Improved recovery of purified target protein
Lemo21 (DE3) strain can improve the expression and solubility of membrane proteins. The
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NiCo21 (DE3) strain has been recently engineered to improve the recovery of the His-tagged
target protein.
Thus, there are different kinds of engineered strains of E. coli which can be used depending
on the kind of protein to be expressed. Few of the frequently used strains are:
i.

BL21(DE3)-------------------------------------------------------------------------------It is derived from B834 which is a methionine auxotroph; a relatively "wild" B strain of E.
coli. It is deficient in Lon and OmpT proteases. BL21 (DE3) Star Ta derivative of BL21
has a mutation in RNAse E making it less capable of degrading mRNA and this results in
enhanced expression levels.

ii.

Rosetta(DE3)-----------------------------------------------------------------------------These strains supply additional tRNA genes for codons AGG/AGA (Arg), AUA (Ile),
CUA (Leu), CCC (Pro) and GGA (Gly) on a compatible chloramphenicol-resistant
plasmid. Thus, the Rosetta strains are for "universal" translation which is otherwise limited
by the codon bias in E. coli [115].

iii.

BL21 (DE3) pLysSpLysS plasmid encodes the gene for T7 lysozyme. T7 lysozyme inhibits T7 RNA
polymerase function. The pLysS plasmid is used to minimize basal expression of the
target genes by inhibiting the function of minimal amounts of T7 RNA polymerase formed
due to leaky expression. It is mostly used for expressing proteins that are toxic to the cell.

iv.

DH5-α
In this strain, the nonspecific endonuclease I (endA1) is inactivated and rec A is mutated.
Inactivation of nonspecific endonuclease I (endA1) prevents plasmid degradation and Rec
A mutation reduces the chance for deletions and plasmid multimerisation. The
chromosome of this strain contains an hsdR17 mutation in the restriction endonuclease of
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the EcoKI restriction-modification system. This mutation helps in the efficient
transformation of unmethylated DNA derived from PCR, cDNA and many other sources.
2.2.3 Competent cells preparation and Transformation
The ability of bacterial cells to take up the foreign DNA from the environment is known as
competence, and the cells that have taken up the foreign DNA are called as transformed cells.
Natural competence is being witnessed in bacteria as evidenced by their ability to use DNA
as a food source, and also to derive benefits of genetic diversity and lateral gene transfer.
Bacterial cells can also be artificially induced to become competent by physical
(electroporation) and chemical (use of divalent cations like Mg2+ and Ca2+) methods. Under
normal conditions, the restriction modification system (RMS) in the bacterial cells degrades
the incoming foreign DNA. But the strains used in labs have defective RMS system, and
hence can be transformed [121,122].
Competent cells preparation protocol
Competent cells preparation protocol for 500 ml culture. The buffers used are
mentioned below:
Transfer Buffer 1

Transfer Buffer 2

30 mM Potassium acetate

10 mM MOPS (3-(N-morpholino)

50 mM Magnesium chloride

propanesulfonic acid)

100 mM Potassium chloride

10 mM Potassium chloride

10 mM Calcium chloride

75 mM Calcium chloride

15% Glycerol (v/v)

15% Glycerol (v/v)

a) A single isolated colony from LB-agar plate is inoculated in 10 ml of Luria-Bertani (LB)
broth (without antibiotic, except Rosetta 2 DE3 strain). It is incubated at 37°C in shaker
incubator for about 12 hr. 1% of this culture is diluted into 500 ml LB broth and allowed
to grow at 37°C until OD600 reaches to 0.6. The culture is then chilled on ice.
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b)

Cells are then harvested at 5000 rpm for 15 min in precooled rotor and then resuspended
in pre-chilled 100 ml transfer buffer 1.

c) Centrifuge the suspension at 5000 rpm for 8 min and resuspend the cell pellet in prechilled 10 ml transfer buffer 2.
d) Resuspended cells are then aliquoted, each 50 µl, in 1.7 ml Eppendorf tubes and snapfrozen in liquid nitrogen. The entire preparation is performed aseptically inside laminar
hood and is maintained in the chilled condition. For long term storage aliquots are kept in 80°C freezer.
Transformation of the construct (a vector with the desired insert) into the competent host
bacterial cells
a) Thaw the competent cells on ice. DNA to be cloned/ expressed is mixed with these
competent cells and incubated on ice for 30 minutes
b) Heat shock is given at 420C for 90 sec in a water bath.
c) 800 μl of LB broth is added and incubated at 370C for 45 min on shaker incubator so as to
activate the growth of bacterial cells, as the agar plates containing antibiotics may kill such
biochemically inactive cells.
d) 100 μl of these cells is plated onto the plate containing LB agar with appropriate antibiotic.
The plate is incubated at 37˚C overnight.

2.2.4 Protein purification methods
Protein purification involves a series of processes aimed at separating the protein of interest from
cell debris and other proteins. Separation of protein, from other constituents of the cell, usually
exploits differences in physicochemical properties like protein size, net charge, solubility,
binding affinity and biological activity [123]. Protein purification can be either on an analytical
or preparative scale:
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1. Analytical: Analytical methods aim to detect and identify a protein in a mixture. 2.
Preparative: Preparative methods aim to produce a large quantity of protein for different
purposes such as crystallization or industrial use.
Proteins present inside the cells can be extracted by repeated freeze and thaw method,
sonication, homogenization by high pressure, osmotic shock and lysozyme treatment etc.
Protein released in the buffer can be purified in crude/ advanced ways depending on the
requirement. Several chromatographic and other methods used for purification are:
a. Ammonium sulfate precipitation
It is based on salting out effect, which means precipitating the protein from the soluble
fraction with the addition of increasing amounts of ammonium sulfate. High molecular
weight proteins precipitate faster than low molecular weight proteins. As the salt
concentration is increased the hydrophobic groups from the proteins get exposed to the
solvent thereby attracting hydrophobic groups of other protein for the aggregation and
subsequent precipitation.
b. Ultracentrifugation
It is a process of separation of molecules based on densities with the use of high-speed
centrifuge. The centrifugal force separates mixtures of particles of varying masses or
densities suspended in a liquid. If samples are centrifuged long enough, the particles in the
tube will reach equilibrium where in the particles accumulate specifically at a point in the
tube where their buoyant density is balanced with the centrifugal force. Such an
"equilibrium" centrifugation can allow extensive purification of a given particle.
c. Size exclusion chromatography
It separates proteins based on the size and conformation. The column is packed with porous
inert material like Sephacryl HR, Superdex, Superose, Sephadex etc. Superdex is a composite
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matrix of highly cross-linked agarose beads covalently attached to dextran molecules.
Agarose provides physical and chemical stability while dextran governs the gel filtration
properties of this aqueous gel. Superdex 75 and Superdex 200 have an average bead size of
13 µm. When protein is passed through such calibrated column it is sieved based on its
molecular size. The smaller molecules travel through a number of pores in the porous matrix,
and hence they will elute later whereas larger will elute earlier from the column. Size
exclusion chromatography is used for group separations e.g. for desalting the protein.G-10,
G-25, and G-50 columns are used for group separations. The high-resolution fractionation is
performed using Superdex 75 and 200 to separate multimeric forms of protein, for estimating
molecular weight and so on. The fractionation range for globular proteins in Superdex 200 is
10,000-600,000 Dalton (Da) and for Superdex 75 are 3,000-70,000 Da. The upper exclusion
limit for globular proteins of Superdex 200 and 75 is 1300,000 and 100,000 Da respectively.
d. Hydrophobic Interaction Chromatography (HIC)
HIC media is amphiphilic with both hydrophobic and hydrophilic regions, allowing
separation of proteins based on their surface hydrophobicity. The interaction between the
resin and the hydrophobic regions of the protein is enhanced by applying a protein sample to
HIC resin under conditions of high ionic strength. The ionic strength of the buffer is then
reduced gradually to elute proteins in order of decreasing hydrophobicity [124].
e. Ion exchange chromatography
Ion exchange chromatography separates compounds according to the nature and degree of
their ionic charge. Anion exchange resins have a positive charge and are used to retain and
separate negatively charged compounds while cation exchange resins have a negative charge
and are used to separate positively charged molecules. Few examples of anion exchangers are
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Quaternary ammonium (Q), Diethylaminoethyl (DEAE) and cation exchanger are
Sulfopropyl (SP), and Carboxymethyl (CM) cellulose.
f. Affinity Chromatography
Affinity Chromatography is a separation technique based on a reversible interaction between
a tagged protein and a specific ligand coupled resins. To purify a protein using affinity
chromatography, proteins are expressed with a specific tag, which is incorporated in cloning
vector itself. These tagged proteins are then passed through the resins and due to the affinity
of the tag towards the resin, the protein binds to the resin. Specificity and reversibility are the
two basic criteria that are well considered in affinity purification. The most commonly used
tags for protein purification are maltose binding protein (MBP), glutathione-S-transferase
(GST) [125] and 6-His tag with six Histidine residues.
i. GST (Glutathione S-transferase)
Glutathione is a tri-peptide, which consists of the amino acids glutamic acid, cysteine, and
glycine. GST is a 26 kDa dimeric protein derived from Schistosoma japonicum. GST tag is
capable of binding to its substrate, glutathione. This property thus, can be used to capture
pure GST or GST-tagged proteins via the enzyme-substrate binding reaction. Reduced
glutathione through its sulfhydryl group can be used to crosslink glutathione with agarose
beads. The bound GST-fusion protein can be recovered by the addition of excess reduced
glutathione since the affinity of GST for free glutathione is higher than the affinity for
immobilized glutathione. The free glutathione replaces the immobilized glutathione and
releases the GST-tagged protein from the matrix which can be further eluted from the column
[126,127].
ii. IMAC (immobilized metal ion affinity chromatography)
IMAC technique is based on the interactions between histidines and transition metal cations
(Cu2+, Ni2+, Zn2+and Co2+). His-tagged proteins can be purified easily using IMAC
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chromatography under specific buffer conditions. The transition metal (chelating agent)
nickel-nitrilotriacetic acid (Ni-NTA) and cobalt-carboxymethylasparate (Co-CMA) is
immobilized to a cross-linked agarose matrix. The bound metal ion forms the coordination
complex with the His-tagged protein (Figure 2.1) [128,129]. This His-tagged protein
immobilized on the chelating agent can be eluted by introducing a competing agent like
imidazole or an additional metal chelating agent (EDTA). The major advantage of using His
tag is its small size, affinity and its ability to bind to metal ions under denaturing conditions,
which becomes important for purification of proteins that are found even in inclusion bodies
[128,130].

Figure 2.1: Formation of complex between the poly-histidine tag and nickel NTA support

2.2.5 Protein Estimation
A. Bradford assay
The Bradford assay is a protein estimation method that involves the binding of the dye to
proteins. Bradford reagent is a combination of ethanol (95%), phosphoric acid (85%), and
Coomassie Brilliant Blue G 250. The dye Coomassie Brilliant Blue G 250 exists in three
forms: cationic (red), neutral (green) and, anionic (blue). The dye binds to basic amino acids
of the
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protein (lysine and arginine), and is converted to a stable non protonated blue form. This blue
colored protein-dye complex formed is detected at λ=595 nm in the assay using a
spectrophotometer or microplate reader.
Standard preparation: A stock solution of Bovine serum albumin (BSA) at a concentration of
10 mg/ml is prepared in 2 ml autoclaved distilled water. BSA dilutions of 1, 0.5, 0.25, 0.125
and 0.0625 mg/ml in distilled water were made from stock of 10 mg/ml to make a standard
graph. 10 μl of sample is added in each well of Elisa plate in duplicates, from BSA dilutions
carefully, to avoid any bubble or pipetting error. To these wells, 300 μl of Bradford reagent is
added. The reading is recorded using Elisa plate reader. A plot of absorbance at 595 nm
versus different BSA concentration is made and a regression value for the straight line
equation is calculated.
From this straight line equation, concentration of protein sample is then extrapolated using
straight line equation: y = mx + c

Where y = average absorption, λ=595 nm, m = slope of the line, x = concentration of the
protein sample, c = y-intercept
B. NanoDrop
Nanodrop instrument has a fiber optic cable connected to a sample loading port, and a second
fiber optic cable is brought near the first cable leaving a small gap in between them. The
sample loaded onto this port bridges the gap between the fiber optic ends. The gap is
controlled to both 1 mm and 0.2 mm paths depending upon the concentration of the sample
used. The xenon lamp is used as a source of light and a linear CCD array detector is used to
measure the transmitted light from the sample. The instrument is controlled by PC based
software. Nanodrop is based on the principle of Beer-Lambert’s law. This equation is used to
correlate the calculated absorbance with concentration: A = ε b c. A = the absorbance of
sample (blank corrected), ε = extinction coefficient with units of litre mol-1cm-1, b = the path
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length in cm, c = the analyte concentration in moles/liter or molarity (M).
The transmitted light intensity for both the sample and of the blank are required to calculate
the absorbance. Protein concentration can be estimated using Nano drop at λ=280 nm. Nano
Drop absorbance value and molar extinction coefficient give the value of c in moles.
2.2.6 Gel Electrophoresis
Gel electrophoresis is a technique for separation of macromolecules (proteins, DNA, and
RNA ) and their fragments, under the influence of an electric field. Under the influence of
electric field positively charged (cations) species migrate towards the cathode and negatively
charged (anions) species migrate towards the positively charged anode. Gel electrophoresis
method can be used to separate a mixture of DNA and RNA fragments of different length to
estimate the size of DNA and RNA fragments or to separate proteins by their charge and size.
The separation of small molecules from larger ones is brought about by simple sieving
process which occurs through the use of the porous material known as a gel. Agarose and
acrylamide are the commonly used materials for making the gel. Different concentration of
these materials is used for producing different sized mesh networks. Electrophoresis is
performed in buffer solutions to reduce pH changes due to the electric field, which is
important because the charge on DNA, RNA and protein depends on the pH. Gel
electrophoresis is usually performed for analytical and preparative purposes e.g. to check for
PCR amplification, mass spectrometry, RFLP, DNA sequencing, Southern/Western blotting
and for protein visualisation.
A. Agarose gel electrophoresis
This is a commonly used method for analytical and preparative separation of nucleic acids.
The agarose gel of concentration ranging from 0.2 to 2% can be used for the separation of
DNA fragments of different length. The DNA fragments are separated on the basis of charge
and mass [156]. The standard DNA marker loaded on the same gel can be used to determine
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the sizes of DNA fragments. The DNA can be visualized by adding a fluorescent dye like
ethidium bromide (EtBr), which binds to DNA through intercalation between bases. The EtBr
stained DNA fragments are visualized using UV light and documented by Gel documentation
system (Fisher Scientific, UK).
B. Polyacrylamide Gel Electrophoresis
(a) Native Polyacrylamide Gel Electrophoresis (Basic proteins)
Table 2.6: Native Polyacrylamide Gel Electrophoresis (Basic proteins)
Stock solutions

Volume added (ml)
Resolving

1.5M Acetate KOH pH 4.3

1.6 ml

50% glycerol

1.5 ml

30% Acrylamide

1.6ml

H20

1.65ml

10% APS

80 µl

TEMED

10 µl
Stacking gel for 3ml

0.25M Acetate-KOH PH 6.8

1.25 ml

30% Acrylamide

0.5 ml

H20

3.2 ml

10%APS

50 µl

TEMED

5 µl
Sample loading buffer

Glycerol 50%

1.45 ml

0.25 M Acetate KOH Ph 6.8

0.5 ml

Methyl green

Traces

Electrode buffer (1litre- 1X)
B-Alanine
Acetic acid
Adjust pH to 4.3 and makeup volume with water (200 ml)
The native gel can reveal information about the protein oligomeric characteristics, analysis of
molecular structure and conformation of the protein. Here separation of proteins is dependent
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on charge and shapes under native conditions. As SDS and β-mercaptoethanol are not used,
the proteins retain their native charge and conformation. Use of only β-mercaptoethanol can
reveal if any disulphide linkages are involved in oligomerisation/ quaternary structure
formation in protein. Table 2.6 shows the different reagents used for casting the gel. In case
of native gels for basic proteins, the gel is pre-run for half an hour for activation. The
electrodes are connected in reverse i.e. in power pack connect the positive electrode to the
negative and the negative electrode to a positive end.
(b) Native polyacrylamide Gel Electrophoresis (Acidic proteins)
Before electrophoresis, all the apparatus is cleaned properly so as to get rid of any traces of
SDS that may interfere with the experiments. The resolving components are mixed and
poured between the sealed glass plates and allowed to polymerize. Subsequently, stacking gel
mix is added (Table 2.7). The samples were mixed with sample loading buffer and directly
loaded on the gel for electrophoresis without heating. Electrophoresis is done using electrode
buffer (Table 2.7) at 25 mA (constant current) and the gel is run at 40C. Finally, protein
bands on the gels are detected by staining solution.
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Table 2.7: Native Polyacrylamide Gel Electrophoresis (Acidic proteins)
Stock solutions
Volume added from stock for 8% Gel
Resolving
30% Acrylamide

2.7 ml

1.5M Tris pH8.8

2.5 ml

10% APS

100 µl

TEMED

40 µl

Water

4.6ml
Stacking gel for 3ml

30% Acrylamide

0.5ml

1M Tris pH6.8

0.380 ml

10% APS

30 µl

TEMED

3 µl

Water

2.13 ml
Sample loading buffer

Water

22 ml

0.5M Tris pH-6.8

5 ml

Glycerol

10 ml

β-mercaptoethanol

2 ml

(0.25%) Bromo Phenol blue

800 µl

Electrode buffer (1litre- 1X)
Tris-chloride

3.02 g

Glycine

18.8 g

(c) SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE is performed as per the method described by Lammeli 1970 [131,132][132]
Separation of proteins by SDS-PAGE can provide information about the molecular weight of
primary structure, presence of disulphide bonds and subunit composition. In SDS-PAGE,
proteins are denatured in the presence of an anionic detergent SDS (Sodium Dodecyl
Sulfate) so as to separate the protein on the basis of mass. Generally, 1.4 gm of SDS binds
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per gram of protein imparting an overall negative charge to every protein molecule. Hence,
migration of SDS coated proteins in the gel is related to its size and not its charge or shape. βmercaptoethanol added is responsible for breaking the disulphide linkage formed in protein
molecule itself or in the oligomer. All the resolving gel component are mixed and added
between sealed glass plates with spacers. It is allowed to set for 30 min
Table 2.8: SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Stock solutions
Volume added from stock for
12% Gel
Resolving
30% Acrylamide

4 ml

1.5M Tris pH8.8

2.5 ml

10% SDS

100 µl

10% APS

100 µl

TEMED

40 µl

Water

3.3 ml
Stacking gel for 3ml

30% Acrylamide

0.5 ml

1M Tris pH6.8

0.380 ml

10% SDS

30 µl

10% APS

30 µl

TEMED

3 µl

Water

2.1 ml
Sample loading buffer

Water

22 ml

0.5M Tris pH-6.8

5 ml

10% SDS

8 ml

Glycerol

10 ml

β-mercaptoethanol

2 ml

Electrode buffer (1litre- 1X)
(0.25%) Bromo Phenol blue
800 µl
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Tris-chloride

3.02 gm

SDS

1 gm

Glycine

18.8 gm
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A stacking gel is further overlaid on the polymerized resolving gel along with the combs in it.
Table 2.8 shows the different reagents used for casting the gel. The protein samples are
mixed and boiled for 5 minutes in sample loading buffer. Electrophoresis is done using
electrode buffer at a constant voltage of 110 V. Finally, protein bands on the gels for native
and SDS polyacrylamide gel electrophoresis were detected by staining with staining solution
containing methanol-45 ml, acetic acid-10 ml, Coomassie Brilliant Blue-0.25 g and water-45
ml.
2.2.7 Mass Spectrometry
MALDI is the abbreviation for "Matrix Assisted Laser Desorption/Ionization. TOF MS is the
abbreviation for Time of Flight Mass Spectrometry. MALDI is a method of generating
oligopeptide into ionic form for separation through TOF. Since MALDI-TOF/TOF MS/MS
data can determine the molecular weight to an accuracy of 0.1 Da, one can sequence
oligopeptides using MS. Protein, when digested with site-specific proteases, produce
signature oligopeptides for that particular protein. The peptides generated are processed to
estimate their molecular weights through MS. The collection of masses so obtained are
analysed for protein identification. Here, protein identification is based on the principle of
peptide mass fingerprinting. The process of identification of sample in MALDI can be
divided into three parts.
i. Mixing of sample and matrix: The protein digest is mixed with the matrix material and
spotted on to a metal plate. The solvents from this mixture vaporize forming co-crystals of
the matrix with the analyte. The most commonly used matrix material are 3,5-dimethoxy-4hydroxycinnamic acid (sinapinic acid), α-cyano-4-hydroxycinnamic acid (CHCA, alphacyano or alpha-matrix) and 2,5-dihydroxybenzoic acid (DHB).
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ii. Laser irradiation: The metal plate is then inserted into the vacuum chamber of the mass
spectrometer and the sample is pulse irradiated with the laser. The instrument uses Nd: YAG
(neodymium-doped yttrium aluminium garnet) laser at 337 nm to desorb and ionize the
molecules.
iii. Ionization and desorption: The laser transfers energy to the matrix, promotes the
ionization and transition of the matrix molecules and finally, the analyte molecules are
ionized by being protonated or deprotonated in the hot plume of ablated gases, and is then
accelerated. This process produces positive and negative ions usually in the forms of (M+H)
+

, (M+Na) + and (M-H)-. MALDI-TOF instrument can detect mass of protein at very low

concentration of picomole to femtomole amount. These ionized analyte molecules are
accelerated under the influence of electric field until they reach the detector. The time
required for the ion to reach detector differs according to the mass-to-charge ratio, (m/z)
value of the ion. The technique of mass spectrometry that exploits this phenomenon is called
Time of Flight Mass Spectrometry.
iv. Peptide mass fingerprinting: The peptide map (peak list) generated due to different massto-charge ratio (m/z) is used to search in database such as Swiss-Prot, NCBI nr, EMBL to
find a good match in Mascot analysis software. The software applies the cleavage rules of
protease (e.g. trypsin) on proteins in the database; the mass of these peptide fragments is then
calculated and compared to the peak list of measured peptide masses. The possible matches
are statistically analysed [133]. The signal intensities of different peptides cannot be used to
quantitate the amount of protein present, as these signals are suppressed because of
competition for a charge or an optimal position in the matrix. The higher the molecular
weight the more sample is needed as sensitivity decreases with increase in mass [134,135].
Applications of MALDI are: protein identification; measuring mass of the intact protein;
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identification of microorganisms. MALDI-TOF/TOF mass spectrometers can be used to
reveal amino acid sequence of peptides from high-energy collision-induced dissociation.
5. In-gel digestion with trypsin (Coomassie stained) [136]----------------------------NH4HCO3-50 mmol/l, Dithiothreitol (DTT)-10mmol/l (freshly prepared), Iodoacetamide
(IAA) - 55mmol/l (light sensitive), and Trypsin: 20-25 ng used for about 20 μg of protein.
a. Excision of protein bands from polyacrylamide gels:-Wash the gel thoroughly with water and excise the band of interest from the gel. Cut the
excised gel piece into smaller pieces. Wash the gel particles with water and 50 mM
NH4HCO3/ acetonitrile 1:1(v/v) for 15 minutes. Aspirate the liquid and add enough
acetonitrile to cover the gel particles. The gel pieces will shrink and stick together. Remove
the acetonitrile and rehydrate the gel pieces in 50 mM NH4HCO3. After 5 min add an equal
volume of acetonitrile and incubate further for 15 minutes. Discard the supernatant and add
enough acetonitrile to cover the gel particles. After the gel pieces have shrunk remove the
acetonitrile and dry the gel particles in a vacuum centrifuge.
b. Reduction and alkylation:
Swell the gel particles in 10 mM DTT /50 mMNH4HCO3. Incubate it for 45 min at 56°C.
Remove the liquid and replace it with freshly prepared 55 mM IAA in 50mM NH4HCO3.
Incubate for 30 min at room temperature in the dark. Remove IAA solution. Wash the gel
particles with 50 mM NH4HCO3 and acetonitrile (1+1; v/v), one or two changes each, 15
minutes per change. Add enough acetonitrile to dehydrate and dry down the gel particles in a
vacuum centrifuge.
c. In-gel trypsin digestion:
Add freshly prepared enzyme solution (in 25 mM NH4HCO3 and 9% acetonitrile) to cover
the gel and incubate further at 37°C overnight.

Chapter 2

Page 66

d. Extraction of peptides:
To this overnight digested gel plugs apply extraction buffer enough to cover the gel pieces
completely. Support the extraction by ultrasonication for 30 minutes at room temperature.
The three extraction buffers used are
1. 50% acetonitrile + Trifluroacetic acid (TFA) 5%
2. 1% TFA
3. 100% acetonitrile
Pool all the extracted peptides from above three extraction buffer and speed vac to dry it. The
peptide was finally resuspended in 50% acetonitrile and 1% TFA.
2.2.8 Interaction study
The interactions between molecules are very important in a diverse and complex set of
biological processes such as signal transduction, regulatory mechanisms, gene expression,
immune response etc. The different types of interactions are protein-protein, protein-DNA,
antibody-antigen, enzyme-substrate and ligand-receptor interactions. The studies of
interactions aim to understand stoichiometry of the interaction, the association constant,
thermodynamic parameter like a change in free energy, enthalpy and entropy on binding and
detailed 3D structures of the complexes. The different methods used to characterize
biologically important interactions include ELISA (enzyme-linked immunosorbent assay),
surface plasmon resonance, EMSA, ITC and pull down assay etc. Brief description of
techniques used in this thesis is given below. While EMSA and pull down assay is a crude
method to study interactions, ITC is a quantitative method for measuring the thermodynamic
parameters of an interaction.
A. Electrophoretic Mobility Shift Assay
Electrophoretic mobility gel shift assay (EMSA) is an electrophoretic separation technique to
study the protein-DNA, protein-protein and protein-ligand interaction in vitro. A mixture of
the molecules, interactions between which is being explored, is electrophoresed on a
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polyacrylamide or agarose gel. One of the interacting molecules in the sample is called a
probe and its amount is held constant in all the lanes of a gel. It is the probe that is detected to
know the position of a band in the gel. The mobility of any molecule depends on its
molecular mass. For example, the complex of protein: nucleic acid migrates slowly as
compared to nucleic acid alone. Hence, a relative shift is observed in the positions of bands
corresponding to nucleic acid alone and nucleic acid-protein complex. The gel matrix that
surrounds the protein prevents diffusion of protein away from the probe (nucleic acid)
promoting prompt re-association of the complex & this effect is known as "caging" effect. To
further enhance the shifting of the complex band, antibody-antigen interaction is exploited to
decrease mobility by creating a ternary complex, in what is called as a "supershift assay"
[137,138,139]. The bands corresponding to bound and free nucleic acid on the gel reflect the
number of nucleic acid molecules in the free and bound form. In the saturated titration data
(that has no free probe); EMSA can be utilized quantitatively to measure thermodynamic and
kinetic parameters of binding. EMSA can also be used to analyze the specific sequence of
nucleic acid that is recognized by the protein, and also to detect sequence-specific DNA
binding proteins from crude lysates. EMSA can also be used to resolve complexes of
different stoichiometry or conformation. In order to study the interaction of the protein and
DNA, constant amount of the DNA is titrated with increasing amounts of protein. The sample
is incubated along with reaction buffer (Table 2.9) in ice for 30 min and loaded onto native
or non-denaturing PAGE.
Table 2.9: Composition of reaction buffer (2.5X)
Sr. No.
Components
Concentration
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1

Tris base

20 mM pH 6.8

2

Sodium chloride

50 mM

3

Triton-X100

0.1%

4

Glycerol

10%

5

Zinc chloride

0.01 mM
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To prevent dissociation of the complex due to heat generated during electrophoresis, the gel
is cast to have larger pore sizes. The percentage of gel used is dependent on 1) size of the
target DNA, 2) size, number and charge on the interacting protein. The percentage of the gel
should be such that it should allow the DNA complex to enter the gel. Polyacrylamide gels in
the range of 4-8% and Agarose gels (0.7-1.2%) can be used to resolve very large complexes.
Non-denaturing Polyacrylamide gel (5%) is prepared as shown in (Table 2.10).
Table 2.10: Preparation of 5% and 8% native PAGE
Sr. No.

Components

5% PAGE

8% PAGE

1

30% acrylamide, bis acrylamide

4.15 ml

6.67 ml

2

10X TBE

1.25 ml

1.25 ml

3

10%APS

25 µL

25 µL

4

TEMED

250 µL

250 µL

5

Autoclaved water

19.6 ml

17.08 ml

Composition of (10X) TBE buffer is Tris base - 89 mM, boric acid - 89 mM, EDTA - 0.5 M
pH 8.0. The gels were pre-run in 0.5X TBE at 200 V for 30 minutes until the current no
longer varies with time in the cold room. Pre-running the gel removes all traces of
ammonium persulfate and ensures a constant gel temperature. Samples are loaded and further
electrophoresed at 200 V. Bromophenol blue is used as a tracking dye and it migrates 10-20
mm ahead of double stranded DNA probe of ~30 bp. Staining is carried out by the addition of
1.5 µL (10mg/ml) of ethidium bromide in 20 ml of distilled water and the gel is kept on the
rocker for 5 minutes. Later, the gel is washed thoroughly in water and observed under UV
light in gel doc and the images are captured using Vision Works LS system.
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B. Pull-down assay
The pull-down assay is an in vitro method used to determine a heterogeneous or homogenous
(oligomerisation) physical interaction between molecules. It can also predict the region that
may be probably involved in the interaction. In a pull-down assay, a bait protein is expressed
with affinity tag and is immobilized on corresponding affinity resin. This immobilised protein
acts as a support for purifying other proteins that interact with the tag or bait protein. This
bait protein is then incubated with cell lysate that is a source of putative "prey" proteins. A
control reaction with only tag protein is also set up to rule out any possibility of tag protein
interacting with the prey. The method of protein elution depends on the affinity tag used and
ranges from using competitive analytes to low pH or reducing buffers. The final
determination of interacting proteins often involves mass spectrometric identification of
tryptic digests of the protein band. If pull down is performed using pure protein, western blot
analysis of the band can also be performed for confirmation.

C. Isothermal Titration Calorimetry (ITC)
ITC is the quantitative means for measurement of the thermodynamic parameters of the
interaction. An ITC instrument consists of two identical cells (sample and reference cell)
made of a highly efficient thermal conducting material and is surrounded by an adiabatic
jacket. A feedback power system is available to maintain these two cells at the same
temperature. Heat evolved or heat absorbed on the association of ligand with its binding
partner is measured in this calorimeter. When the reaction is exothermic (heat evolving), the
temperature of sample cell increases, and the feedback power will be turned off, to maintain
equal temperatures between the two cells. While, in case of endothermic reactions, the
feedback circuit will increase power supply to the sample cell so as to achieve equal
temperature as the reference cell. The heat absorbed or evolved is directly proportional to the
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fraction of the bound ligand during titration. As the macromolecule in the sample cell gets
saturated with the ligand the amount of heat change becomes constant on further addition of
ligand [140]. The heat change on ligand binding can be represented by the equation [141]
Q = V0 ΔHb [M]tKa [L]/ (1+Ka [L]) where V0 is the volume of the cell, ΔHb is the enthalpy of
binding per mole of ligand, [M]t is the total macromolecule concentration including bound
and free fractions, Ka is the binding constant, and [L] is the free ligand concentration.
The thermodynamic measurements provide insight about the binding mechanisms. ΔG= ΔHTΔS is the equation that determines the favorability and mechanism of interaction. The
reaction is allowed only if the total entropy change of the universe is zero or positive and
hence when ΔG is negative. Polar interactions contribute favorably to the enthalpic
component, whereas entropically favored interactions tend to be more hydrophobic. The
negative or favorable binding enthalpy (ΔH) and entropy factor (TΔS) is dependent on
hydrogen bonding and hydrophobic interactions. The values of the binding constant, the
stoichiometry, and the enthalpy of binding can be determined from single saturated data of
titration. Association constant value is used to determine free energy and entropy of binding.
The data of association constant and number of binding sites can also be used in assessing the
protein quality. ITC not only provides information about the stoichiometry of reaction, but it
also reveals information about cooperativity and affinity of the ligand towards the two
binding site [142]. Dimer dissociation model helps us to calculate the heat of association and
affinity amongst monomer in a multimer [143,144].

2.2.9 Structural characterization
Biophysical characterization of different functional domains of BRCA1 has been carried out
using following methods
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A. Circular Dichroism Spectroscopy
“Dichroism” means the differential absorption of polarised light when passed through a
medium. Circular dichroism (CD) spectroscopy is a method that has been used in structural
biology to examine secondary structures of proteins, polypeptides, and DNA. It is a nondestructive technique used for the evaluation of conformational stability of proteins in several
environmental conditions like temperature, ionic strength, and the presence of solutes or
small molecules.
a. Principle
Circular Dichroism (CD) relies on the principle of differential absorption of left and righthanded circularly polarised light by chromophores, which either possess intrinsic chirality or
are placed in a chiral environment. Superposition of two linearly polarized perpendicular
lights that have the same direction, amplitude, and wavelength but are out of phase by 900
results in electric field vector that rotates in a circle. The asymmetry in the molecular
structure is responsible for absorption of the left circularly polarized light to a different extent
than it does for right circularly polarized light. When this light passes through such an
optically active sample, the amplitude of the stronger absorbed component will be smaller
than that of the less absorbed component. Thus, the resultant yields an ellipse instead of the
line. This phenomenon is called circular dichroism.
b. Secondary structure:
The asymmetric peptide bonds in proteins, molecules without a plane of symmetry and other
chromophores in proteins can give rise to CD signals. Amide (chromophore) of the peptide
bond have two electronic transitions n-π* and π0- π*. In the CD spectrum of the α-helix the nπ* and π0- π* transitions are primarily responsible for the negative band at 222 nm and 208
nm respectively. The n-π* and π0- π* transitions form a negative band in the λ range of 216218 nm and a positive band at ~190 nm, a signature for β-sheet spectrum. The spectrum for a
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random coil has a negative band around 200 nm. Aromatic residues also exhibit circular
dichroism with π0- π* transition in near UV range from 300-250 nm. The peak at ~ 260 nm is
related to n-σ* transition that is contributed from disulfide bonds and is generally wider than
peaks for an aromatic residue. Pyridoxal-5-phosphate, flavins, and haem are some of the nonprotein chromophores that exhibit the property of circular dichroism. The stacking of bases in
DNA helix gives rise to very large CD signals due to exciton coupling between the bases.
The CD spectrum of B-form DNA is composed of four major peaks, negative peaks around
214 and 245 nm, and positive peaks around 225 and 280 nm [145,146]. The positive
maximum around 280 nm is attributed to base stacking and the negative peak at 245 nm is
attributed to DNA helicity [147]. The relative intensity of CD signal at 275 nm is often taken
as a signature for DNA geometry. An increase in its intensity suggests unwinding of DNA
and/or displacement of base-pairs away from helix axis.
CD has also been used extensively to give useful information about protein structure, the
extent and rate of structural changes on ligand binding. CD spectrum can be analyzed to give
the content of regular secondary structural features such as α-helix, β-sheet, coils, and
disorder. CD is also used to study the secondary structural changes in the variant protein due
to the presence of the mutation. It also can reveal the environments of the aromatic amino
acid side chains and thus gives information about the tertiary structure of the protein
[148,149].
In the protein design field, CD is used to assess the structure and stability of the designed
protein fragments. It is a valuable tool to study secondary structural changes as a function of
temperature/ denaturing agents. However, CD spectroscopy is a quick method that does not
require large amounts of proteins or extensive data processing [150].
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B. Fluorescence Spectroscopy
Fluorescence is an electronic phenomenon that occurs in molecules having conjugated πelectrons. The π-electrons can exist either in the ground state or in the excited state, each with
vibrational energy levels in it. Absorption of photons leads to excitations of electrons to a
higher energy level known as the excited state. In the excited-state lifetime, a non-radiative
relaxation occurs in which the excitation energy is dispersed as vibrations or heat to the
solvent and no photon is emitted (Figure 2.2).

Figure 2.2: Jablonski diagram. Horizontal lines indicate vibrational energy level in S0 and S1
phase. The diagram illustrates the creation of an excited electronic singlet state by energy
absorption and subsequent transfer of energy by emission of fluorescence to ground state.

The difference in energy of incident and emitted photons is due to energy dissipation, which
leads to emission of longer wavelength light, and this is called as ‘Stokes shift’. The electrons
now jump from the lowest vibrational energy level of the excited state to the ground state via
the emission of the specific quantum of energy in the form of light. This light thus emitted
results in fluorescence. The fluorescence quantum yield is defined as the ratio of photons
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emitted to photons absorbed. The fluorescence quantum yield of 0.10 or higher is considered
as fluorescent [151].

Figure 2.3: Indole ring structure in Tryptophan
There are many compounds in the biological system that exhibit fluorescence and proteins
are amongst one of them. Phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) are the
amino acids with intrinsic fluorescence properties. The selective excitation of Trp residues
occurs at wavelengths of λ=295-305 nm and both Trp and Tyr will be excited at a wavelength
of 280 nm. The large redistribution of electron density in the asymmetric indole ring of the
Trp residue after the excitation makes tryptophan fluorescence sensitive to the environment.
Quantum mechanical studies showed that during excitation much electron density is directed
from the Nε1 and Cγ atoms to Cε3, Cζ2, and Cδ2 atoms of the indole ring (Figure 2.3). This
dipole moment in the indole ring in the excited state creates a local non-equilibrium in the
tryptophan environment. The structural property of the tryptophan environment leads to
various interactions between atoms of the indole ring and protein atoms, and/or with water
molecules. These interactions affect the positions of maxima of the fluorescence spectrum
and other fluorescence properties [152].
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Owing to the characteristics of tryptophan, tryptophan fluorescence is used as a tool to
monitor changes in proteins with regards to the local structure and dynamics. The properties
studied are fluorescence intensity, emission maxima, anisotropy, fluorescence lifetimes, and
energy transfer. When Tyr and Trp are present in a hydrophobic environment high
fluorescence intensity is observed due to high quantum yield and vice versa for the
hydrophilic environment. When tryptophan is present in the hydrophobic environment in
protein the emission maxima shifts towards lower wavelength (blue shift) while if exposed
the emission maxima shifts towards higher wavelength (red shift). In conclusion, if Trp is
used as a probe to monitor structural change, fluorescence intensity, as well as the maximum
emission wavelength (λ max), will change upon unfolding. Quenching studies are also
performed using fluorescence spectroscopy which can be analyzed for study of the
thermodynamic properties [153]. Extrinsic fluorescent dyes including 8-Anilinonaphthalene1-sulfonic acid (ANS), Nile Red, Thioflavin T are used to characterize folding and
understand the structural alteration due to ligand interaction. It is also used to study
intermediates, detect aggregation and measure surface hydrophobicity [154].
2.2.10 Bioinformatics analyses
Mutations discovered in a cohort of Indian patient have been characterized for their
pathogenecity using different online in silico tools
1. Align GVGD
Align-GVGD uses multiple sequence alignment (MSA) to characterize the biochemical
properties viz. composition (C), polarity (P), and volume (V) of the wild type and variant
amino acids at each position. The values of these properties C, P, and V are plotted on a
graph. From this graph, the biochemical variation between the wild type and variant is
calculated to check for the exchangeability of two amino acids. A Grantham Variation scores
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(GV) and a Grantham Difference score is generated (GD). These values are used as a
measure of how likely the substitution is to be deleterious or neutral on a classification
spectrum. The prediction classes forms a spectrum (C0, C15, C25, C35, C45, C55, C65) with
C65 being the most likely and C0 least likely, to interfere with function [155].
2. MutPred
MutPred classifies an amino acid substitution as disease-associated or neutral, based on three
classes of attributes: a) the evolutionary conservation of the protein sequence, b) the protein
structure and dynamics and c) functional properties like secondary structure, solvent
accessibility, stability, intrinsic disorder, B-factor, transmembrane helix, catalytic residues
and others. MutPred utilizes the SIFT method [156] for defining the evolutionary attributes,
along with PSI-BLAST, transition frequencies and Pfam profiles [157]. MutPred provides
two score values g and p: g (general)score for the probability that the substitution is
deleterious, and p (property)score for the indication of the structural and functional property
impacted, for instance, gain of helical propensity or loss of a phosphorylation site [158].
Certain combinations of g scores and of p scores are referred to as hypotheses.
Table 2.11: MutPred scores for variant classification
Scores
Hypothesis
Actionable hypotheses
Confident hypotheses
Very confident hypotheses

g
> 0.5
> 0.75
> 0.75

p
< 0.05
< 0.05
< 0.01

3. PhD-SNP (Predictor of human Deleterious Single Nucleotide Polymorphisms)
PhD-SNP is Support Vector Machine (SVM) based prediction method that uses protein
sequence information to predict whether a mutant is disease-associated, based on a
supervised training algorithm. Two SVMs are incorporated in this program, single-sequence
SVM and profile-based SVM. The single-sequence SVM (SVM Sequence) classifies the
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missense variant to be pathogenic or neutral based on the nature of the substitution and
physico-chemical properties of the neighboring amino acid environment in the sequence. The
profile-based SVM (SVM-Profile) utilizes sequence profile information taken from MSA and
the conservation index is calculated for the position involved, and classifies the variant
according to the ratio between the frequencies of the wild-type and the substituted residue
[159].
4. PolyPhen2 (Polymorphism Phenotyping v2)
PolyPhen 2 predicts the effect of mutation using Bayesian classifier. It utilizes a combination
of sequence, phylogenetic and structure based characteristics for the description of an amino
acid substitution. The PSIC scores (Position-Specific Independent Counts), MSA properties
and position of the mutation in relation to domain boundaries as defined by Pfam (38) are
included in sequence-based classification. The structure-derived features are: change in
solvent accessibility, and crystallographic B-factor. The conservation of amino acid in the
MSA and the deleterious effect on the protein structure results in the Position-Specific
Independent Count (PSIC) score that ranges from 0 to 1. The mutant is classified as either
Possibly Damaging (PSIC > 0.5) or Benign (PSIC < 0.5) [160].
5. SIFT (Sorting Intolerant From Tolerant)
The SIFT tool uses a sequence homology based on the MSA conservation approach to
classify the mutant as tolerated or damaging to the protein. SIFT makes inferences from
sequence similarity using mathematical operations. The SIFT score is the normalized
probability that the amino acid change is tolerated. The score ranges from 0 to 1 with a cutoff score of 0.05. Amino acids substitutions with less than 0.05 are predicted to be
deleterious, and those greater than or equal to 0.05 are predicted to be tolerated [161].
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6. SNAP (Screening for Non-Acceptable Polymorphisms)
SNAP is a neural network-based tool for the prediction of the effect of a missense variant.
The method utilises evolutionary information from PSIBLAST [162], PSIC score, transition
frequencies of the mutations, biophysical characteristics of the substitution, secondary
structural information, and relative solvent accessibility values. The training sets for the
neural network were constructed from Protein Mutant Database (PMD) [163]. The SNAP
network uses protein sequences, lists of mutants and provides a score for each substitution,
which can then be translated into binary predictions as a neutral or non-neutral effect [164].
7. PSIPRED
PSIPRED is a secondary structure prediction method. Two feed-forward neural networks are
incorporated to perform an analysis on the output obtained from PSI-BLAST (Position
Specific Iterated-BLAST). The prediction method or algorithm is split into three stages:
generation of a sequence profile, prediction of initial secondary structure and filtering of the
predicted structure.
PSIPRED normalizes the sequence profile generated by PSIBLAST and by using neural
networking, the initial secondary structure is predicted (helix, sheet, coil). A second neural
network is used for filtering the predicted structure of the first network. These three final
outputs deliver a score for each secondary structure element. Using the secondary structure
with the highest score, PSIPRED generates the secondary structure prediction. The Q3 value
is the fraction of residues predicted correctly in the secondary structure states, namely helix,
strand, and coil [165].
8. SABLE (Solvent AccessiBiLitiEs)
The SABLE server is used for predicting real-valued relative Solvent AccessiBiLitiEs of
amino acid residues in proteins. SABLE server also predicts secondary structures using
evolutionary
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Chapter 3
A systematic clinical and in silico assessment
of the missense mutations of BRCA1
identified in the Indian Population

3.1 Introduction
Hereditary breast cancer accounts for 5-10% of all breast cancers and occurs as a part of
Hereditary Breast and Ovarian Cancer Syndrome (HBOC), Li-Fraumeni Syndrome and a few
other cancer predisposition syndromes. Of these, HBOC is the most common breast cancer
predisposition syndrome. HBOC is characterized by early onset of disease, manifestation in
multiple generations, bilaterality, and the absence of expression of ER, PR and Her2/neu
receptors (‘Triple Negative’ disease). Deleterious germline mutation in BRCA1 gene, account
for 40-45% cases of cancer in HBOC families [167,168] and, in females, confer a very high life
time risk of 60-80% for breast cancer and 25-40% risk of ovarian cancer by age 70 [169]. The
cloning of BRCA1 gene allowed direct estimation of germline mutations which can be attributed
for its role in cancer. A combination of single-strand conformation polymorphism (SSCP),
heteroduplex analysis, and chemical cleavage of mismatch was used to screen the BRCA1 gene
for mutations [170]. As missense variants could be either neutral polymorphisms or disease
causing pathogenic mutations, Greenman et al, [170] for the first time, used five different criteria
of pathogenicity, to assess the variants in BRCA1. These include 1) co-segregation, 2) absence
in ethnically matched controls, 3) non-conservative amino acid substitutions, 4) residue
conservation in the murine and canine homolog of BRCA1, and 5) occurrence of variant in a
conserved region and a functional motif [170]. Statistical analysis using Bayesian approach to
calculate posterior probability and risk assessment based on family history of proband was also
one of the methods used for variant classification [171]. However analysis of a family with few
and all affected members, or their availability for study is non-random, the posterior probability
value estimation could be affected. [172]. The full pedigree likelihood was proposed later, which
contained complete pedigree information with a clear distinction made between unaffected
individuals and those of unknown genotype/phenotype [173]. Classification of inherited from
sporadic breast cancer based on cytologic and architectural features of these tumours was also a
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distinctive criterion later considered [174]. Goldgar et al for the first time classified the variant
based on multifactorial likelihood-ratio (LR) model. Classification of variants was based on cosegregation, family history of the disease, amino acid conservation, severity of amino acid
change, and an evidence from functional assays [12],[175]. Structure based assessment of
variants has also been used as a mode of classification. Residues near the phosphopeptide
binding pocket or those involved in binding with phosphorylated peptide or residues responsible
for maintaining the integrity of the phosphopeptide binding pocket are all shown to have the
deleterious effect. Protein stability and integrity were also used to understand the effect of the
variant on protein folding and its functional activity [115,176,177]. Classifying BRCA1 variants
using functional assay can be a useful adjunct to multifactorial analysis. Functional analysis of
BRCA1 variants has been done through transactivation assay, small colony phenotype, ubiquitin
ligase activity, rescue of radiation resistance and embryonic stem cell-based assay [178]. Using
the large dataset contained in the largest BRCA testing laboratory, the Myriad Genetics, 1,433
sequence variants of unknown clinical significance were evaluated. The odds ratio in favour of
causality was calculated from odds ratio for co-occurrence, co-segregation and family history.
The final odds /likelihood ratio was used to classify the variant as deleterious or neutral [179].
Use of data from a range of functional assays may be required to identify variants which are
associated with a low to moderate risk of cancer [180]. In 2008, the International agency for
research on Cancer (IARC) working group standardised a method for classification of BRCA1
variants based on the odds ratio. Based on the likelihood of pathogenicity a system of five
classes of variants was recommended. A specific recommendation for clinical management of
at-risk relatives was suggested for each of the five classes shown in (Table 3.1).
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Table 3.1: Clinical recommendations for variants of different class
Class

5

Definition of

Posterior

Clinical Testing

the variant

Probability

for variant

Definitely pathogenic

>0.99

Test at-risk relatives

Surveillance recommendations

Full high-risk
surveillance

4

Likely

0.95-0.99

Test at-risk relativesf

pathogenic
3

Uncertain

Full high-risk
surveillance

0.05-0.949

Do not use as predictive

Counsel based on

testing

family history and other risk factors

in at-risk relatives
2

Likely not pathogenic

0.001-0.049

Do not use as predictive

Counsel as if no

testing

mutation detected

in at-risk relatives
1

Not Pathogenic

<0.001

Do not use as predictive

Counsel as if no

testing

mutation detected

in at-risk relatives

A computational statistical approach for inferring the disease relevance of variant from data
derived from an in vitro functional assay is also under process. It is based upon a Bayesian
hierarchical model that accounts for sources of experimental heterogeneity. Classification of
variants based on clinical and functional data will lead to improved classification of VUS and
will aid in the clinical decision making for the carriers of variants [181]. (Table 3.1) shows
clinical recommendation made based on posterior probability value calculated from clinical
likelihood ratio. A consortium called the Evidence-based Network for the Interpretation of
Germline Mutant Alleles (ENIGMA) was formed as an international initiative to evaluate risk
and clinical significance of sequence variants in BRCA1/2 genes. It currently includes more than
100 research scientists and clinicians from 19 countries [182].
Here, we have carried out systematic in silico, genetic and clinico-pathological evaluation of the
germline missense BRCA1 variants that were identified in a cohort of 48 Indian HBOC families.
The BRCA1 variants were identified through Sanger sequencing of BRCA1 gene for the cancer
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affected proband. Their cancer-affected or healthy relatives were also evaluated for deleterious
mutations or VUS identified in the family. Genetic testing was always done after detailed pretest genetic counselling and written informed consent. Of the 19 missense variants identified, 10
were already reported in the BIC/ ClinVar database, 5 were synonymous variants and the
remaining 4 (BRCA1 C1697Y, S1722P, F1124I and, Q210H) were novel unreported variants.
The posterior probability value of variants S1722P and C1697Y belong to the definitely
pathogenic IARC class 5. Expectedly, these residues are at positions which are conserved across
the species. For one of the variant, E809G, reported in ClinVar database, even though not a
conserved residue has high posterior probability value and is classified into IARC class 4,
suggesting thus a likely pathogenic variant. F1124I and Q210H are at non-conserved positions
and belong to IARC class 2, which indicates little clinical significance. Therefore S1722P,
C1697Y and, E809G mutants were further pursued for functional study. Study of variant S1722P
and C1697Y is described in chapter 4and E809G and P871L (polymorphic variant) in chapter 6.
3.2 Materials and Methods
3.2.1 Identification of missense BRCA1 mutations and pedigree analysis
HBOC families registered at the Cancer Genetics Clinic in Tata Memorial Centre are offered
genetic counselling, and individuals who give consent for genetic testing are screened for germline mutations in BRCA1, BRCA2 and TP53 genes. Using genomic DNA extracted from
peripheral blood from forty eight members of HBOC families, Sanger sequencing of either the
mutation hot spots or complete BRCA1 and BRCA2 genes was carried out using amplicons of
all the exons amplified by PCR (Gen Bank accession number BRCA1 U14680; BRCA2
U43746). Clinico-pathological information such as the age of cancer onset, type of cancer,
unilateral or bilateral cancer, and pathological characteristics of tumor (grade, ER/PR/Her2
status) were ascertained. This information is used in IARC classification of the variant using
multifactorial likelihood ratio calculation as described below.
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3.2.2 Multifactorial Likelihood Ratio (LR) calculation
The calculation of final posterior probability based on clinical and pedigree information is one of
the fastest and reliable methods for variant classification. Co-segregation, Co-occurrence, family
and proband LR and pathological features are used for multifactorial LR calculation.
a.

Cosegregation

“Cosegregation analysis” calculates the likelihood ratio for inheritance of BRCA1 variant and
causation of disease. The LR for co-segregation is calculated from penetrance as a function of
age of onset. LR for co-segregation is obtained using the algorithm available online at
http://www.msbi.nl/cosegregation [183]. The computational algorithm used to determine the
likelihood ratio for pathogenicity within the families takes into account all members with
available/missing genotypic information is

Where, G stands for the genotype (VUS in the family), and is equal to 1 if the VUS is present
and is equal to 0 if not. d, n, o, u, denote deleterious, neutral, observed, and unobserved variant
for family (f) and proband (p) respectively. Phenotypic information is denoted by P.
Co-segregation analysis of the variant with cancer was done in two families harbouring the
BRCA1 VUS, C1697Y (Figure 3.1A) and S1722P (Figure 3.1B). Tables 3.2 and 3.3 show the
information used to calculate the likelihood ratio for co-segregation of S1722P and C1697Y
respectively. The co-segregation calculation is performed by assigning number 0, 1 and, 2 based
on available information which includes 1 for proband and 0 for others, gender (1 male, 2
female, 9 unknown), genotype (0 non-carrier, 1 carrier and 2 for unknown genotype), current age
(if ages are unknown, estimations can be made for each generation, based on the mean age of
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that generation), age of onset of the first and second breast cancer and age of onset of the ovarian
cancer.
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in the pedigree indicates age of the individual.
Ovarian cancer with variant,
breast cancer with variant,
carrier of variant, empty circle indicates absence of BRCA1 variants (A) C1697Y (B) S1722P

Figure 3.1: Pedigree of family with HBOC syndrome. Females are denoted by circles and males by squares. Numbers

Table 3.2: Ped file for BRCA1 S1722P
Person Father Mother Proband
ID

ID

Age

Gender Age of

Age of

onset BC onset 2nd

ID

Age of
onset

BC

OC

Genotype

1

3

2

1

38

2

30

0

0

1

2

11

10

0

70

2

47

0

0

1

3

0

0

0

73

1

0

0

0

2

4

3

2

0

44

2

0

0

0

0

5

3

2

0

54

2

0

0

0

0

6

3

2

0

52

2

0

0

0

0

7

3

2

0

50

2

0

0

0

0

8

3

2

0

48

1

0

0

0

1

9

3

2

0

46

2

0

0

0

1

10

0

0

0

85

2

0

0

0

2

11

0

0

0

90

1

0

0

0

2

12

11

10

0

70

2

50

0

0

2

13

0

0

0

75

1

0

0

0

2

14

11

10

0

73

1

0

0

0

1

15

0

0

0

72

2

0

0

0

2

16

14

15

0

54

1

0

0

0

1

17

14

15

0

50

1

0

0

0

1

18

14

15

0

52

2

48

0

0

1

19

14

15

0

42

2

0

0

0

0

20

14

15

0

35

2

35

0

0

2

21

14

15

0

58

2

0

0

0

0

22

14

15

0

38

2

0

0

0

0

23

13

12

0

54

2

54

0

0

2

OC-Ovarian cancer, BC-Breast cancer
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The first HBOC family with BRCA1 S1722P variant belongs to the Hindu Sindhi community.
Of the 15 members in this family, 7 first degree and 7 third degree relatives of the proband were
assessed for this variant. In the second HBOC family, belonging to Oriya Brahmin community, 6
first-degree relatives of the proband were tested for the BRCA1 variant C1697Y.
Table 3.3: Ped file for BRCA1 C1697Y
Person Father
ID

Mother Proband

ID

Age

Gender Age of

ID

Age of

Age of Genotyp

onset

onset

onset

BC

2nd BC

OC

e

1

2

3

1

47

2

42

0

0

1

2

0

0

0

75

1

0

0

0

2

3

0

0

0

68

2

0

0

0

2

4

2

3

0

47

2

0

0

47

2

5

2

3

0

48

2

0

0

0

1

6

2

3

0

46

2

0

0

46

1

7

2

3

0

52

2

0

0

52

1

8

0

0

0

60

1

0

0

0

2

9

8

7

0

26

1

0

0

0

1

OC-Ovarian cancer, BC-Breast cancer

b. Co-occurrence
The likelihood-ratio for co-occurrence of a VUS in trans with a deleterious mutation is
calculated from the following equation [179]
k

(P2) *(1-P2)

n-k

k

n-k

/ P1 *(1-P1)

where n is the number of times the variant was observed, k is the number of times it co-occurred
in trans with a known deleterious mutation, P1 is the total frequency of pathogenic mutations in
the data set, and P2 is the probability of being a compound heterozygote for two pathogenic
mutations i.e. 0.0001. P1 value for co-occurrence which is 0.07 was calculated from the cohort of
patient in Tata Memorial centre.
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c. Personal and Family history of the proband
Family LR calculations were obtained from odds ratio calculated from logistics regression
analysis. As we did not have a large dataset, to calculate odds ratio for classification of variant
based on personal and family history of proband, we used the odds ratio calculated from myriad
genetics database of 47,335 probands [179]. Odds ratio for a proband is calculated based on
gender, age of breast or ovarian cancer diagnosis in the variant carrier and, unilateral or bilateral
breast cancer. The family history odds ratio calculation considers number of first degree and
second degree relatives affected with cancer and their age at breast and ovarian cancer onset.
d. Pathological characteristics
LR in favour of mutation being pathogenic can be estimated from pathological characteristics of
tumours with and without BRCA1 mutation. To calculate the likelihood ratio for histopathology,
Chenevix-Trench, et al studied these features in 600 tumours from patient with BRCA1
mutations as against age matched 258 patients without mutation in BRCA1/2. The odds in
favour of causality for variant being pathogenic were obtained based on the patient ER/PR status
and grade of tumour [184,185]. Odds ratio for pathology of breast cancer with BRCA1 variant
carrier in our study was obtained from this previous published information. The tumour grade,
ER/PR status, cytokeratin 5, 6, 14 and HER2/neu expression are characteristics in tumors from
carriers and non-carriers of BRCA1/2 pathogenic mutations.
3.2.3 Posterior probability calculation
The final posterior probability of a variant is calculated from combined likelihood ratio and prior
probability. To determine the combined LR for a particular variant the values of each individual
LR of clinical and pedigree information is multiplied
Likelihood of pathogenicity = LR (Co-occurrence × Pathology × Segregation × Cancer history).
where LR is likelihood ratio or odds ratio of pathogenicity.
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The prior probability value is obtained from sequence conservation information of BRCA1
obtained from Align-GVGD. These combined likelihood ratio and prior probability is used to
obtain posterior odds which is used to calculate the final posterior probability. The final
posterior probability obtained was used to classify the variants into five IARC classes based on
five tier IARC classification system [13]. This definition of variant being pathogenic or likely
not pathogenic is used to counsel patients for genetic testing, disease management and
surveillance recommendation.
Posterior Odds = Likelihood ratio × [prior probability/ (1-prior probability)]
Posterior Probability of Pathogenicity = Posterior Odds / (Posterior Odds + 1)

3.2.4 In silico analysis
As few of these missense mutations were not reported earlier and their biological effects are
unknown, we performed a comprehensive sequence and structure based in silico analysis using
online tools. The sequence based analysis was performed using Align GVGD [155], MutPred
[158], PhD-SNP [186], and multiple sequence alignment using ClustalW [187]. The sequence
and structure based analysis was performed using PMUT [188], SNAP [164], and PolyPhen2[160].
3.3 Results
The systematic evaluation was carried out for the germline missense BRCA1 variants identified
in 48 HBOC families through Sanger sequencing. Of the 19 missense variants identified, 10
were already reported in the BIC or ClinVar databases, 5 were synonymous variants and the
remaining 4 (C1697Y, S1722P, F1124I and, Q210H) were novel unreported variants. One of
these variant (E809G) has been reported recently as a VUS. The likelihood ratio for the variants
identified in Indian HBOC families as being deleterious was calculated by examining 1) co-
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occurrence, 2) co-segregation 3) proband and family history of cancer and, 4) pathological
characteristics.
3.3.1 Clinical analysis of identified variants
Multifactorial likelihood ratio was calculated for Cosegregation, co-occurrence, family history
and pathology based on available information.
a. Cosegregation
If majority of the individuals carrying a particular gene variant develop the gene associated
disease e.g. HBOC associated cancers with BRCA1, the variant is likely to be pathogenic. Cosegregation of the unclassified variant with cancer cases within the family helps to classify the
variant as pathogenic. Such studies in large families are highly informative.
In the family with novel variant C1697Y, 4/5 females were tested for inheritance of variant. 3/4
female carriers developed epithelial ovarian cancer or triple negative infiltrating duct carcinoma
of the breast. The only female carrier of this variant in the family who has not yet developed any
cancer is 30 years old and has substantial risk of developing cancer later in life (Figure 3.1A).
The novel variant S1722P was found in 4/11 females and 4/4 males tested for this variant. Of the
4 female carriers, 3 have developed epithelial ovarian cancer or triple negative breast cancer.
The only female carrier of this variant in the family who has not yet developed any cancer is 46
years old and has substantial risk of developing cancer later in life. The 7 females without this
variant have not developed any cancer with their ages being in the range of 43-63 years. None of
the four male carriers of this variant has developed any cancer at 53, 55, 59 and, 87 years of age
(Figure 3.1B). The calculated co-segregation LR values are 5.2 for C1697Y and 32.34 for an
S1722P variant.
The assumption made in this algorithm includes selection of the youngest cancer affected VUS
carrier in the family as the proband and assuming that the penetrance for the “Causal" VUS's
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will be same as a deleterious mutation. However, the power of this analysis depends on the
access to genotype data from a large number of individuals.
b. Co-occurrence
In Mendelian autosomal dominant conditions such as HBOC, co-occurrence of an unclassified
genetic variant along with a known deleterious mutation, in the same gene, occurring in trans
suggests that the unclassified variant is very unlikely to be a deleterious mutation. This is
explained by the embryonic lethality of two deleterious mutations in trans in tumour suppressor
genes like BRCA1 [189,190]. Forty eight families were assessed for co-occurrence of VUS with
the deleterious variant. The LR for co-occurrence depends on the frequency of occurrence VUS
in the population and the frequency of co-occurrence of VUS in trans with known deleterious
mutation. The likelihood ratio calculated for the different identified VUS is shown in (Table
3.4). As expected, VUS which were reported multiple times in this cohort and also co-occurred
with a deleterious mutation several times had a low likelihood ratio of co-occurrence. This
indicates that the VUS is least likely to be pathogenic. The novel variants reported (C1697Y,
Q210H, S1722P and, F1124I) did not co-occur with any deleterious mutation resulting in a high
LR for co-occurrence. The absence of co-occurrence in these novel missense variants with
deleterious mutations in HBOC cases indicates their pathogenicity.
Although it is assumed that two deleterious variants in trans will be embryonically lethal,
existence of “hypomorphic variants” with subtle effects on protein function which may not result
in embryonic lethality or Fanconi anaemia is a hurdle in using co-occurrence LR alone for VUS
classification.
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Table 3.4: Co-occurrence of VUS in TMC cohort.
BRCA1

No. of times co-occurred

No of times

Likelihood

variant

with deleterious mutation

reported

ratio

C64R

0

1

1.076318622

E809G

1

0

0.001408451

*F1124I

0

1

1.076318622

*C1697Y

0

5

1.444455849

*S1722P

0

8

1.801054418

M1652I

1

1

1.076318622

*Q210H

1

2

0.001515942

R504C

1

1

0.001408451

P871L

10

31

1.43938E-28

M1008I

1

1

0.001408451

E1038G

9

28

8.82168E-26

S1040N

1

1

0.001408451

K1183R

9

30

1.02196E-25

S1613G

10

36

2.07912E-28

* indicates novel variants
c. Family history
There are certain characteristics observed in a family with true deleterious mutation as compared
to a family with sporadic cancer harbouring a benign or polymorphic variant. In families
harbouring a deleterious mutation, the cancers generally occurs at the young age, several first
and second degree relatives are affected and bilateral disease or breast and ovarian cancer in an
individual is seen. The final family likelihood ratio calculated for the VUS is shown in (Table
3.5). The odds ratio value is dependent on type of cancer breast or ovarian, age of onset, number
of affected relatives with age, number of affected males and bilateral cancer.
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Table .3.5: Family likelihood ratio prediction (TMC cohort).
BRCA1

Personal LR

Family LR

Final Family LR

C64R

15.3

5.6

85.68

E809G

416.88

3.33

1388.21

*F1124I

1.67

0.56

0.9352

*C1697Y

11.8

36.963

436.1634

*S1722P

9.65

21.2736

205.2902

M1652I

1.67

15.8175

26.41523

*Q210H

3.4

8.31

28.254

R504C

3.4

0.7544

2.56496

P871L

15.3

7.1928

110.0498

M1008I

15.3

8.31

127.143

E1038G

8.16

39.4725

322.0956

S1040N

18

36.963

665.334

K1183R

9.65

2.7306

26.35029

S1613G

9.65

3.33

32.1345

variant

* indicates novel variants
The major hurdle of classifying a VUS based on family data is access to family information of
all alive and dead members of the family, reasons for early death if any and information
regarding the carrier status of the family members.

d. Tumor Pathology;
Breast cancer pathology is also an important criterion for variants classification. The distinct
pathological characteristics of the tumour with and without BRCA1 pathogenic mutation are
considered for classification. Tumors with pathogenic BRCA1 mutations are mostly of high
grade and negative for estrogen and progesterone receptor, and HER2/neu expression [191].
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Table 3.6: Scores for pathological characteristics of proband.
BRCA1

Pathological Characteristic

Score

C64R

ER, PR -ve, IDC III

2.95

E809G

ER / PR -ve, IDC III, bilateral breast + ovary

2.95

*F1124I

IDC grade 1, Triple negative

0.97

*C1697Y

ER, PR -ve ,IDC III

2.95

*S1722P

ER, PR -ve ,IDC III

2.95

M1652I

IDC grade III, ER, PR +ve, erb2 –ve

0.18

*Q210H

ER, PR -ve ,IDC III

2.95

R504C

ER, PR -ve ,IDC III

2.95

P871L

ER, PR -ve ,IDC III

2.95

M1008I

ER, PR -ve ,IDC III

2.95

#E1038G

ER, PR -ve ,IDC III

2.95

S1040N

Only ovarian cancer in family

NA

#K1183R

ER, PR -ve ,IDC III

2.95

#S1613G

ER, PR -ve ,IDC III

2.95

variant

*Novel variants; #variant co-occurring with a known deleterious mutation in this individual

ER positive and high grade with serous histology is observed for ovarian tumors with pathogenic
mutation. Based on the histopathological characteristics, scores are assigned to the variants in
our cohort (Table 3.6).

3.3.2 IARC classification of identified variants of BRCA1
The Posterior Probability of Causality for each VUS is estimated from combined likelihood ratio
and the prior probability value. The combined likelihood ratio value obtained from
multiplication of each LR value (LR for family history, co-segregation, co-occurrence,
pathology) is shown in (Table 3.7). The posterior probability value, calculated from posterior
odds and prior probability is shown in (Table 3.8). The identified variants were categorized into
the different class based on posterior probability value.
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Table 3.7: Combined likelihood ratio from clinical data.
BRCA1 Co-segregation Co-Occurrence
variant

LR (A)

LR (B)

Pathology

Final Family

Final LR

LR (C)

LR (D)

(AxBxCxD)

C64R

1.076318622

2.95

85.68

272.04599

E809G

1.076318622

2.95

1388.2104

4407.76228

*F1124I

1.076318622

0.97

0.9352

0.97637598

*C1697Y

5.199

1.444455849

2.95

436.1634

1858.55538

*S1722P

32.3395

1.801054418

2.95

205.29024

1090.72974

M1652I

0.001408451

0.18

26.415225

0.00669682

*Q210H

0.001515942

2.95

28.254

0.12635268

R504C

0.001408451

2.95

2.56496

0.01065723

P871L

1.43938E-28

2.95

110.04984

4.6729E-26

M1008I

0.001408451

2.95

127.143

0.52827021

E1038G

8.82168E-26

2.95

322.0956

8.3822E-23

S1040N

0.001408451

NA

665.334

0.93709014

K1183R

1.02196E-25

2.95

322.0956

9.7105E-23

S1613G

2.07912E-28

2.95

322.0956

1.9755E-25

* novel variants. Co-Segregation values calculated only for families with variant information in several members of
family

The variants S1722P and C1697Y are classified in definitely pathogenic IARC class 5.
Expectedly, these residues are strictly conserved across the species. Even though E809 is not a
conserved residue, its high posterior probability value classifies it into IARC class 4, a likely
pathogenic variant. F1124I and Q210H are not conserved and belong to IARC class 2, which
indicates VUS of little clinical significance. The co-occurrence of Q210H variant with a
deleterious mutation suggests that this variant is very unlikely to be a deleterious mutation
(Table 3.9). All other variant belonging to class 2 and 1 are likely not pathogenic variant are not
considered for further functional study.
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Table 3.8: Posterior probability value of identified variants of BRCA1.
BRCA1

Prior

(prior prob/1-prior

Posterior

Posterior

variant

probability

prob)

odds

probability

C64R

0.81

4.263157895

1159.775009

0.999138507

E809G

0.02

0.020408163

89.95433224

0.989005471

*F1124I

0.02

0.020408163

0.01992604

0.01953675

*C1697Y

0.81

4.263157895

7923.315061

0.999873806

*S1722P

0.81

4.263157895

4649.953088

0.99978499

M1652I

0.03

0.030927835

0.000207118

0.000207075

*Q210H

0.02

0.020408163

0.002578626

0.002571994

R504C

0.02

0.020408163

0.000217494

0.000217447

P871L

0.02

0.020408163

9.53652E-28

9.53652E-28

M1008I

0.02

0.020408163

0.010781025

0.010666034

E1038G

0.02

0.020408163

1.71065E-24

1.71065E-24

S1040N

0.02

0.020408163

0.019124289

0.018765413

K1183R

0.02

0.020408163

1.98173E-24

1.98173E-24

S1613G

0.03

0.030927835

6.10991E-27

6.10991E-27

* Novel variants. Posterior Odds = Final LR × [prior probability/ (1-prior probability)]; Posterior Probability of
Pathogenicity = Posterior Odds / (Posterior Odds + 1)
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Table 3.9: IARC classification
BRCA1
variants

Posterior
probability

IARC
class

IARC
classification

C64R

0.999138507

5

definitely pathogenic

E809G

0.989005471

4

likely pathogenic

*F1124I

0.01953675

2

little clinical significance

*C1697Y

0.999873806

5

definitely pathogenic

*S1722P

0.99978499

5

definitely pathogenic

M1652I

0.000207075

1

not pathogenic

*Q210H

0.002571994

2

little clinical significance

R504C

0.000217447

1

not pathogenic

P871L

9.53652E-28

1

not pathogenic

M1008I

0.010666034

2

little clinical significance

E1038G

1.71065E-24

1

not pathogenic

S1040N

0.018765413

2

little clinical significance

K1183R

1.98173E-24

1

not pathogenic

S1613G

6.10991E-27

1

not pathogenic

3.3.3 In-silico study to identify pathogenicity of BRCA1 variants
The tools used in this study which include Pmut, SNAP, PhD-SNP, Mutpred, Polyphen 2 and
Align-GVGD use a combination of factors like sequence conservation across the species,
alterations in the biochemical property and structure to predict the pathogenicity of the missense
variants. All these tools perform analysis of amino acid, based on their charge, hydrophobicity,
bulkiness and solvent accessibility. Analysis of crystal structure, change in active site &
structural change are also used by Polyphen2, PMut and Mutpred to evaluate the pathogenicity
of the variant. Polyphen2 and PMut also perform alanine scanning and massive mutation
analysis. Comprehensive in silico analysis predicted the effect of identified variants based on
sequence, structure and sequence plus structure based analysis (Table 3.10).
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In silico analysis was also performed on M1775R which is a well-documented pathogenic
variant and is used as a negative control in our yeast functional assay (data shown in chapter 4).
In light of the analysis of our and previous data, in silico analysis does not unambiguously define
pathogenicity of VUS.
Table 3.10: In silico analysis
BRCA1

A-GVGD

PHD-SNP

POLYPHEN

SIFT

Mutpred

Variant

Hum-Frog

Effect

Prediction

Class

deleterious

C64R

Class C65

DAMAGING

DAMAGING

affect

deleterious

E809G

Class C0

DAMAGING

BENIGN

tolerated

deleterious

*F1124I

Class C0

DAMAGING

BENIGN

affect

deleterious

*C1697Y

Class C65

DAMAGING

DAMAGING

affect

deleterious

*S1722P

Class C65

DAMAGING

DAMAGING

affect

deleterious

M1652I

Class C0

Neutral

BENIGN

affect

Neutral

*Q210H

Class C0

Neutral

DAMAGING

tolerated

Neutral

R504C

Class C0

DAMAGING

DAMAGING

tolerated

deleterious

P871L

Class C0

Neutral

BENIGN

tolerated

Neutral

M1008I

Class C0

Neutral

BENIGN

tolerated

Neutral

E1038G

Class C0

Neutral

DAMAGING

tolerated

Neutral

S1040N

Class C0

Neutral

DAMAGING

tolerated

Neutral

K1183R

Class C0

Neutral

BENIGN

tolerated

Neutral

S1613G

Class C0

Neutral

BENIGN

tolerated

Neutral

M1775R

Class C65

DAMAGING

DAMAGING

affect

deleterious

Red-deleterious variant, green-neutral variant
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Different servers do not predict the pathogenicity of VUS in concordance with each other and
also ambiguity is observed for in silico and functional data which can create a problem in the
classification of moderate risk variants.
3.4 Summary
Here, we have performed comprehensive in silico, genetic and clinicopathological evaluation of
the germline missense BRCA1 variants identified in a cohort of 48 Indian HBOC families. Full
gene sequencing of 48 samples was carried out to identify the variants responsible for inherited
breast and ovarian cancer. Of the 19 missense variants identified, 10 were already reported in the
BIC/ ClinVar databases, 5 were synonymous variants and the remaining 4 (C1697Y, S1722P,
F1124I and Q210H) were novel unreported variants. Classification of VUS is necessary for
further surveillance recommendation. In novel variants reported, S1722P and C1697Y belong to
the definitely pathogenic IARC class 5. F1124I and Q210H were classified into IARC class 2,
which indicates the class of little clinical significance. The high posterior probability value of
variant E809G, recently reported in ClinVar database, classifies it into IARC class 4, a likely
pathogenic variant. In silico analysis using different online algorithms has characterised the VUS
to be possibly damaging/neutral. BRCA1 variants C1697Y, S1722P, C64R and M1775R were
consistently classified as a damaging variant by all online servers used. The P871L, M1008I,
K1183R and S1613G variants were classified as the neutral variant. All other variants were
classified differently by different servers creating ambiguity in the use of online tools for variant
classification. The variants S1722P, C1697Y and E809G which belonged to the IARC class 4 or
5 were further validated with functional and biophysical assay, the results of which are described
in chapter 4.
Classification of variant into deleterious or benign requires a panoramic view. Presymptomatic
testing cannot be offered in cases of intronic or missense variants based on statistically
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insufficient clinical data, family history or in silico analysis. Plon et al based on the degree of
likelihood of pathogenicity classified the variant into five different classes [13]. The desirable
feature of this classification system is it takes into consideration grades of risk and clinical
management for that risk. Classification of variant with comprehensive analysis may prevent the
patients from unnecessary prophylactic surgeries (mastectomy & oophorectomy), therapeutic
treatments and intensive screening. Similarly, cancer patients carrying these mutations could be
advised about the benefit of BRCA1 specific targeted therapy like platinum agents or PARPi.
The outcome of this definitive information will help avoid misinterpretation & prevent from
undesirable stress, anxiety and fear in patients and their relatives. It will also help clinicians to
use the available manpower and resources in an economical way. So classifying a variant as
pathogenic, based on unreliable methods could create greater uncertainties and challenges in
counselling families harbouring such VUS. Therefore, comprehensive analysis, as performed in
our study, could help classify most VUS and is a very useful approach for classification of
variants. As novel or rarely reported variants may be more common in specific geo-ethnic
groups, it is important to perform such comprehensive analysis in diverse populations. This is
the first such study in the Indian population.
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Chapter 4
Structural and Functional basis to classify
novel cancer risk mutations identified in
BRCA1 transactivation domain

4.1 Introduction
Mutations and deregulation of BRCA1 is well documented to be responsible for hereditary
and sporadic breast and ovarian cancer. Inherited cancers are caused due to missense
mutations, frame shift mutations, and indels. Missense mutations of uncertain significance
(VUS) can be classified either as polymorphic or disease associated variants. If the missense
variants are observed in large numbers among a population, such variants are classified as
polymorphic and the classification would be definite. However, if the variants observed are
rare and ethnic specific, the classification becomes challenging and not certain. In such a
situation, further validation of the effect of variant by structural and functional studies is
necessary to be able to effectively classify the variant. In this chapter, we have structurally
and functionally characterized two rare IARC class 5 variants C1697Y and S1722P of
BRCA1 for which the available clinical data is limited.
4.2 Materials and Methods
4.2.1 Cloning of BRCA1 TAD domain
The Trans-Activation Domain (TAD) of BRCA1 (1560-1859) was amplified and cloned in
pGEX-KT and pGBKT7 vectors for protein purification and yeast transactivation assay
respectively. The PCR was performed from full length BRCA1 cDNA using the following
forward and reverse primers (Table 4.1). The PCR were performed in 50 μl total volume
containing pfu polymerase, 0.2 mM of each dNTP, 10 pM of both primers, and 100 ng FL
BRCA1 DNA. The conditions for various steps used in the amplification of amplicons from
cDNA construct are mentioned in Table 4.2.
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Table 4.1: List of primers used for BRCA1 TAD cloning

Region cloned
BRCA1(15601859)

BRCA1 (15601863) (yeast
assay)

Forward and Reverse primers (5’→3’)
BRCA1 1560 F
GTCGGATCCGAGAACCTGTACTTTCAGGGTGGAACC
CCTTACCTGGAATC
BRCA1 1859 R
GTAGAATTCCTATTAGTAGTGGCTGTGGGGGATCTG
GGG
BRCA1 1560 F
GTCGAATTCGGAACCCCTTACCTGGAATCTGGAATC
BRCA1 1863 R
GTCGGATCCCTATTAGTAGTGGCTGTGGGGGATCTGG
GGTATCAGGTA

Table 4.2: Program setup for PCR reaction of TAD
Sr. nos.

Steps

Temperature (oC)

Time (seconds)

1

Denaturation

95

180

2

Denaturation

95

30

3

Annealing

60

30

4

Extension

72

60

Go to step 2, 32 times
5

Final Extension

72

600

The PCR product and vector were then subsequently digested with BamH1 and ECoR1
restriction enzymes to generate cohesive ends. The digested vector and PCR product was
ligated using ligase enzyme at 16oC for 6 hr. The ligated product was then transformed into
Escherichia coli DH5α cells and plated onto the LB-antibiotic plates (pGEX-KT ampicillin,
pGBKT7-kanamycin). The resistant clones were further checked by insert release and were
sequenced to confirm for the correct DNA sequence.
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4.2.2 Site-directedmutagenesis of BRCA1 C1697Y, S1722P and M1775R
Site directed-mutagenesis for BRCA1 C1697Y, S1722P and M1775R variants were made in
BRCA1 TAD/pGEX-KT and TAD/pGBKT7 as a template. Primers used for the SDM are listed
in Table 4.3. To the PCR reaction mixture forward primer was added and reaction was
continued for 3 cycles, and then reverse primer was added, and further 18 cycles of PCR were
performed as mentioned in Table 4.4. After the last cycle, the reaction mixture was incubated
at 72°C for an additional 10 minutes.
Table 4.3: Primers for site directed mutagenesis
Gene Name /(residue

Forward and Reverse primers (5’→3’)

position of SDM)
C1697Y F
BRCA1 C1697Y

GCTGAGTTTGTGTATGAACGG
C1697Y R
CCGTTCATACACAAACTCAGC
S1722P F

BRCA1 S1722P

GACCCAGTCTATTAAAGA
S1722P R
TCTTTAATAGACTGGGTC
M1775R F

BRCA1 M1775R

GACCCAGTCTATTAAAGA
M1775R R
TCTTTAATAGACTGGGTC

M1775R was used as negative control for the transactivation assay. All the constructs were
PCR amplified, digested with Dpn1 to remove methylated template. Each of the clones was
sequenced for confirmation.
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Table 4.4: Program setup for SDM reaction
Sr. nos

Steps

Temperature

Time (seconds)

(oC)
1

Denaturation

95

180

2

Denaturation

95

30

3

Annealing

52

30

4

Extension

72

800

Go to step 2, 18 times
5

Final Extension

72

600

4.2.3 Expression of BRCA1 TAD and variants
The cloned constructs of BRCA1 were transformed in E. coli BL21 (DE3) bacterial strain.
Single colony was inoculated in Luria Bertani broth containing ampicillin at a concentration
of (100 μg/ml), and the culture was allowed to grow for 12-14 hours. These cells were then
diluted 100 fold by adding LB media, and were grown till the OD600 reached a value in the
range of 0.6-0.8. This culture was then induced with 0.4 mM IPTG at 180C for 16 hours.
Cells were then harvested by centrifugation at 6000 rpm for 10 minutes, and the pellets were
stored at -800C till further processing.
4.2.4 Purification of BRCA1 TAD and variant S1722P
Cells were resuspended in buffer A (containing 50 mM Tris pH 7.5, 300 mM NaCl, 0.1%
Triton X-100, 20 mM BME, 1mM EDTA, 5% glycerol, and protease inhibitor cocktail). Cells
were lysed, using sonicator at 65 pulser rate with 1 min duty cycle for 5 times. Cell debris
was removed by centrifugation at 18,000 rpm at 40C for 50 minutes. The soluble part of
protein was allowed to bind on GST resin for 1-2 hours at 4oC. Washed the GST beads with
5-6 column volume of buffer A to remove non-specifically bound proteins. On-column
cleavage was done with TEV for 3 hr so as to separate protein from GST tag and get protein
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in native form. Further, protein was eluted from beads and concentrated using Amicon
Millipore tube and passed through Ni-NTA resin to remove his-tagged TEV.
The steps of purification were similar for S1722P variant protein, except that the wash buffer
used after binding to remove non-specifically bound proteins was buffer A with 10 mM ATP
and 15 mM MgCl2. S1722P bound beads were incubated with wash buffer for 30 min to get
rid of contaminating chaperon protein. Beads were further washed with buffer A to remove
any traces of ATP present and were preceded for TEV cleavage to remove the tag.
BRCA1 TAD and BRCA1 S1722P proteins were finally concentrated up to 2 ml and
centrifuged at 40C for 10 min and passed through size exclusion chromatography. Superdex
75 and 200 column were used for TAD and S1722P purification respectively, so as to remove
other contaminating band and get the proteins in homogenous form.
4.2.5 In silico analysis
The molecular models for the mutants were generated using the crystal structure of BRCA1
BRCT (PDB ID 1T15) as a template. These structures were subjected to molecular dynamics
simulation for a period of 8 ns under standard temperature pressure conditions using the
desmond module [192] of the software suite Schrodinger. The structures were subjected to
force field, Optimised Potential for Liquid Simulated force field (OPLS) [193]. Protein
structure was solvated using orthorhombic box in Monte-Carlo simulated water model. The
molecular models were energy minimised using the steepest descent algorithm until 2000
maximised energy step. The minimum energy structure of PDB ID 1T15 extracted after
simulation for BRCA1 BRCT, S1722P and C1697Y were used to analyse weak molecular
interactions viz., hydrogen bonds and hydrophobic interactions [194].
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4.2.6 Circular Dichroism Spectroscopy
Far UV CD scans were obtained from λ= 195-250 nm at data interval of 0.1 nm with a
scanning speed of 20 nm/minutes Protein concentration determined using the molar extinction
coefficient and absorbance value at λ=280 nm was 7µm,. All spectra were measured at 25°C.
Thermal denaturation experiments were performed from 25oC to 95oC with a temperature
interval of 2oC. Samples were equilibrated at each temperature for 180 sec before recording the
spectrum. Spectral scans were taken in far-UV CD range from λ= 240 to195 nm at data
intervals of 0.5 nm with a scanning speed of 50 nm/minutes
4.2.7 Fluorescence emission spectroscopy
The fluorescence scan was measured in the emission wavelength range λem 310–400 nm when
excited at 295 nm. The emission slit width was 5 nm. Protein concentration calculated using the
molar extinction coefficient and absorbance at λ=280 nm was 2 µM. The spectral data were
collected using FluorESSCENCE software.
4.2.8 Isothermal Titration Calorimetry
The interactions of BRCA1 TAD and S1722P protein with Abraxas synthetic peptides were
studied using isothermal titration calorimetry. While Abraxas peptide [NH2-GFGEYSR
(pS406) PTF-COOH] served as a positive control, the differently phosphorylated Abraxas
peptide [NH2-GFGEY (pS404) RSPTF-COOH] served as a negative control in the titration
experiments. The peptides were diluted in 25 mM Tris, pH 7.5, 150 mM NaCl which was used
for BRCA1 TAD protein preparation. The protein concentration was 20 μM and the
concentration of peptide used to achieve saturation was 400 μM. All experiments were carried
out at 25oC, with reference power of 10 μcal/ sec, with a stirring speed of 1000 rpm. Binding
was recorded for 19 injections, with each injections of 2 μl volume, spaced 180 sec apart. Data

Chapter 4

Page 107

was analyzed using software Origin (Origin Lab, Northampton, MA) by assuming one set of
binding sites.
4.2.9 Transformation of SFY526 yeast strain using lithium acetate method
A single colony from YPD (Yeast peptone dextrose) agar plate was inoculated in 5ml YPD
broth for pre-culture, and was then incubated at 300C with shaking at 200 rpm for 12-16 hr.
50 μl of this pre culture was then inoculated in 50 ml of fresh YPD media and incubated at
300C till OD600 of 0.5 was attained. Culture was then harvested at 3000 rpm for 3 min and the
cell pellet was resuspended in 20 ml sterile YPD broth. The resuspended cells were again
centrifuged at 3000 rpm for 3 min for an effective wash. This cell pellet was resuspended in
500 μl of 0.1 M Lithium Acetate (LiAc) and further incubated at 300C in water bath for 15
minutes. These cells are ready for transformation. 50 μl of competent yeast cells, 100 ng of
recombinant plasmid, single stranded calf thymus DNA (used at a concentration of 1mg/ml)
and 300 μl PEG LiAc solution were mixed gently. This mixture was then further incubated at
300C for 30 min in water bath and then finally at 420C for 15 minutes. These cells were then
plated on to YNB trp- plate and incubated at 300C for 48 hr.
Note: In order to prepare calf thymus ss DNA for use, it was boiled at 990C for 10 minutes
and incubated in ice immediately for 1-5 minutes. Do not heat for more than 10 minutes
Recombinant plasmid used should be approximately 100 ng in 5ul or less for efficient
transformation.
4.2.10 Western blotting
S.cerevisiae yeast strain (SFY526) was transformed with vector (pGBKT-7), BRCA1 TAD
wild-type, and also with BRCA1 C1697Y, S1722P and M1775R mutants. Each transform
ants were grown at 30°C for 16 h. Equal number of cells were taken and lysed in buffer
containing 10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1%
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sodium dodecyl sulphate, 0.1% sodium deoxycholate and protease inhibitor cocktail. Cell
lysates were sonicated and centrifuged at 13,000 g for 10 min at 4°C. Equal volumes of cell
lysates from each cell type were mixed with Lammeli buffer, boiled and loaded on to 12%
SDS PAGE, and electrophoresed. Proteins from gel were blotted on PVDF membrane. The
blotted membrane was blocked with 5% skimmed milk in 0.1% TBS-T containing (500 mM
NaCl, 10mM Tris-HCl pH7.4 containing 0.1% Tween 20) at room temperature for 1h and
incubated overnight at 4°C with c-myc antibody (Santacruz Biotechnology.Inc,USA (1:1000
dilution) in 1% BSA containing 0.1% TBS-T). Blots were subsequently incubated with antimouse HRPO (1:1000) in 1% BSA containing 0.1% TBS-T for 1h at room temperature. Blot
was developed using enhanced chemiluminiscent plus reagent (GE Healthcare, Amersham,
UK).
4.2.11 Cell permeabilization assay for transactivation study
The effect of C1697Y and S1722P variant on the BRCA1 transactivation activity was studied
using the modified Miller protocol. All experiments were performed in triplicates with two
clones. The S. cerevisiae strain SFY526 was transformed with BRCA1 TAD, C1697Y,
S1722P and M1775R (negative control) plasmid using lithium acetate method. Single colony
of the transformed yeast is inoculated in 5 ml growth media at 300C till OD600 reached to 0.6.
Cells were harvested by centrifugation at 2000 rpm for 5 minutes Cell pellet was washed with
1 ml of sterile milli Q water and resuspended in 5 ml of 60 mM phosphate pH 7 buffer,
containing 10 mM KCl, 2 mM of magnesium sulphate, 80 mg/ml CTAB, 40 mg/ml sodium
deoxycholate and 50 mM βME. To 1 ml of these cells 60 μl of chloroform and 40 μl of 10%
SDS were added, and the mixture was vortexed at top speed for 10 sec for permeabilization.
Preincubate the cells at 280C for 5 min in water bath. To check for β- galactosidase activity in
these cells, 200 μl of substrate solution containing 60 mM phosphate buffer pH 7, 4mg/ml of
ONPG (o-nitrophenyl-β-D-Galactoside) was added, and the mixture was monitored for
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development of yellow color incubated at 370C. When pale yellow color developed, reaction
was stopped by addition of 250 μl of sodium carbonate from a 2M stock solution and
simultaneously the time taken for the color to develop was recorded. Suspension was
centrifuged at 13,000 rpm for 10 minutes to remove any suspended particles or cell debris.
Absorbance of o-Nitrophenol was measured at λ=420 nm. The β-Galactosidase activity was
calculated in Miller units using the formula: Miller units = 1000*(Abs420
nm)*(v)*(t))

nm)/

((Abs

600

where Abs420 is the absorbance of the yellow o-nitrophenol, Abs600 reflects cell

density, t = reaction time in minutes, v = volume of culture assayed in millilitres.

4.3 Results
4.3.1 Cloning of BRCA1 TAD domain
The PCR amplified transactivation domain (amino acid 1560-1859) of BRCA1 was cloned in
vectors pGEX-kT and pGBKT7 (Figure 4.1A). The fragments released on digestion with
BamH1 and ECoR1 are shown in (Figure 4.1B). The size of the insert is consistent with the
expected value of 897 bp. The clone was further confirmed by DNA sequencing.

Figure 4.1: Screening clones of BRCA1 transactivation domain (amino acid 1560-1859) with
BamH1 and ECoR1 enzyme in 1% agarose gel. Lane1 DNA ladder (A): PCR product. (B):
positive clone with 897 bp insert release.
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4.3.2 Functional characterization of novel VUS
The transactivation activity of the C-terminal region is very important for the tumor suppressor
function of BRCA1. Hence pathogenic mutations in the BRCA1 TAD are expected to inhibit
the tumor suppressor function of BRCA1. Structural and functional characterization of
missense mutations in the BRCA1 TAD can provide insight into pathogenicity of mutations
discovered in this domain.
The BRCA1 protein expressed along with Gal 4 DNA binding domain binds to the upstream
activating sequence of lac Z gene promoter present in the yeast chromosome. Lac Z gene is a
reporter gene which encodes for β-galactosidase enzyme (Figure 4.2A).

Figure 4.2: Quantitative Functional assay to determine the effect of variants in BRCA1 TAD:
Cell permeabilization assay to check the B galactosidase activity were performed on yeast
transformed with TAD wild type (positive control), M1775R and pGBKT7 vector (negative
control), C1697Y and S1722P (test sample) construct. Graph represents β-galactosidase activity
in Miller units against TAD and its variants. The data is mean value and standard deviation of
triplicate samples of two independent assays.
The yeast strain SFY526 transformed separately with BRCA1 TAD wild type, two novel
variants (BRCA1 C1697Y and S1722P) and also with a known pathogenic missense mutation
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(M1775R) was grown in YNB trp- medium. Chromogenic substrate X-gal and ONPG were
used to evaluate the β-galactosidase activity.
In quantitative ONPG assay, cells were permeabilized and β-galactosidase activity was
spectrophotometrically measured at 420 nm for yellow colored o-nitrophenol formation from
ONPG (Figure 4.2B). BRCA1 TAD showed pale yellow color formation within 4-5 minutes of
ONPG addition showing transactivation activity. For BRCA1 S1722P, C1697Y and M1775R
even extended incubation of cells with ONPG did not show development of color suggesting
absence of β-galactosidase activity. Thus, BRCA1 C1697Y and S1722P variants showed total
loss in transactivation activity, as was also the case with the known pathogenic mutation
M1775R.

Figure 4.3: Qualitative X-gal assay: (A): All yeast transformed strains were streaked in YPD
plates containing X-gal (40 μg/ml). Blue coloured colony was observed for TAD wild type
construct containing cells. (B) Western blot data indicating expression of wild type and mutant
TAD. Φ indicates nonspecific band.
In the qualitative X-gal assay, yeast strains were streaked on agar plate containing X-gal (40
μg/ml). Colonies of BRCA1 TAD construct developed blue coloration on incubation, whereas,
BRCA1 M1775R, C1697Y, S1722P variants and vector control did not show any colour
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formation (Figure 4.3A). Western blot analysis confirmed the expression of the protein in wild
type as well as in all the 3 mutants studied. Hence, it can be concluded here that the loss in
transcriptional activity in these variants is not due to lack of expression, but due to their nonfunctionality (Figure 4.3B).
4.3.3 In-silico analysis of BRCA1 TAD novel variants
Pathogenicity of mutations has been analysed with different online servers like SNAP,
Mutpred, Polyphen 2 & Align-GVGD. All these tools predict the pathogenicity of variant on
the basis of one or a combination of criteria like alanine scanning, massive mutation analysis,
multiple sequence alignment (Figure 4.4), and biophysical characteristics such as charge,
hydrophobicity, bulkiness and solvent accessibility of amino acids.

Figure 4.4: Multiple sequence alignment of BRCA1BRCT domain. Arrow at the top indicates
residue S1722P and C1697Y.
Massive mutation analysis using Align-GVGD algorithm, classified all possible alterations at
1697 (Table 4.5A) and 1722 (Table 4.5B) position under grade C65 which is suggestive to
have deleterious effect. Grantham deviation suggests these residues to be a hot spot residue
with clinical relevance. It has been observed that residue at 1722 and 1697 are conserved
across species (Figure 4.4). Therefore, all the servers which were used here for in silico
predictions classified the BRCA1 C1697Y and S1722P modification, with a good score
value, to have pathogenic effect on the carrier without any contradiction.
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Table 4.5: In silico analysis for mutations at 1697 and 1722 position in BRCA1 *
A
nsSNP

SNAP

MUTPRED Polyphen

Reliability index Probability

Score

Align GVGD
Grade
(human to frog)

C1697F

4

0.824

0.997

C65

C1697G

3

0.836

0.819

C65

C1697R

4

0.856

0.915

C65

C1697S

3

0.845

0.756

C65

C1697Y

4

0.827

0.984

C65

C1697W

5

0.819

1

C65

B
nsSNP

SNAP

MUTPRE Polyphe

Align GVGD

Reliability

D

n

Grade

index

Probability

Score

(human to frog)

S1722P

4

0.821

0.983

C65

S1722T

1

0.661

0.480

C65

S1722A

0

0.644

0.111

C65

S1722C

3

0.693

0.112

C65

S1722Y

3

0.778

0.578

C65

S1722F

5

0.785

0.972

C65

* BRCA1 at 1697 and 1722 position was analysed for all probable mutation in Align-GVGD, Mutpred, Polyphen
and SNAP for their effect. Grantham deviation suggests the residue to be a hot spot residue with clinical relevance.
(A) C1697, (B) S1722.

4.3.4 Protein expression and purification of BRCA1 TAD and variants
BRCA1 recombinant TAD, BRCA1 S1722P and C1697Y were expressed in BL21 (DE3)
bacterial strain. Protein was purified using GST-affinity chromatography. BRCA1 TAD,
S1722P and C1697Y showed co-purification and interaction with chaperon, indicative of
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aggregated/ misfolded protein [195]. However, there was a difference in strength of
interaction with the chaperon which led to separation of chaperon from BRCA1 TAD in gel
permeation chromatography (Figure 4.5A), but for BRCA1 S1722P, washing with ATP was
essential to get the purified protein. On-beads cleavage with TEV protease was performed to
get protein in native form. It has been observed that missense mutation BRCA1 S1722P has
drastically altered the protein solubility, and increased its propensity for aggregation &
nonspecific interactions with other proteins. BRCA1 C1697Y fusion protein was soluble and
also bound to GST beads. Nonetheless, we could not elute the protein from beads after TEV
cleavage (Figure 4.5B). Addition of different detergents & additives like Emphigen, Triton
X-100, NP-40, Sarkosyl, Tween-20, PEG 8000, sucrose and glycerol also was of no use in
solubilizing the protein. No beneficial effect of additives in solubilizing the protein suggests
irreversible denaturation and precipitation of protein on beads. This suggests the BRCA1
C1697Y mutation has a detrimental effect on protein folding which destabilizes the entire
domain leading to loss of function.

Figure 4.5: Affinity purification of C1697Y mutant: SDS analysis of TAD construct (A) and
C1697Y (B) after affinity purification. lane M -molecular weight marker, 2- un induced whole
cell after sonication , 3-induced whole cell after purification, 4- cell debris re suspended and
loaded, 5- induced soluble fraction, 6-GST bound protein , 7 & 8- elution fraction after on
beads cleavage, 9- beads after cleavage

Chapter 4

Page 115

4.3.5 Oligomer characterization of BRCA1 TAD and variant S1722P
In gel permeation chromatography BRCA1 S1722P has eluted in void volume, indicating
misfolding and aggregation of protein, unlike TAD that eluted at 60 ml (Figure 4. 6).

Figure 4.6: Oligomeric characterisation of BRCA1 TAD and S1722P variant:
S1722P elutes in void volume of column indicating oligomerization while TAD elutes around
60 ml in Superdex 75 column.

Figure 4.7: Native gel electrophoresis: Lane M-marker, 1-TAD, 2-S1722P
4.3.6 Conformational characterization of BRCA1 TAD and S1722P variant
Circular dichroism and fluorescence spectroscopy studies revealed the effect of variant on
protein folding pattern for secondary and tertiary structures. Fluorescence scan has shown the
emission maxima at λ=341 and 337 nm for BRCA1 TAD and S1722P variant respectively
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(Figure 4.8). Decrease in fluorescence intensity of BRCA1 S1722P variant with a blue shift
of 4 nm indicates structural alterations in mutant.

Figure 4.8: Fluorescence spectra of BRCA1 TAD and S1722P, 2 μM of protein in 25 mM
Tris pH 7.5, 150 mM NaCl excited at 295 nm.
Far-UV CD from λ= 250-195 nm of wild-type and variant has revealed the alterations in
secondary structure composition. BRCA1 TAD domain has negative ellipticity at λ= 208 and
222 nm and positive ellipticity at λ=195 nm, both signatures for alpha-helical structure.
Comparison of mean residue ellipticity of BRCA1 TAD and S1722P variant indicates decrease
in helical content in S1722P variant. There was a 9.5% and 7.6% decrease in helicity, estimated
using measurements at λ= 222 nm and 208 nm respectively, for S1722P variant compared to
the BRCA1 TAD (Figure 4. 9).
Stability of BRCA1 TAD and S1722P was assessed by secondary structural changes as a
function of temperature. Ellipticity was monitored at λ=222 nm & normalized to plot for the
fraction folded against the temperature. The melting temperature (Tm) for BRCA1 TAD was
~53oC.
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Figure 4.9: Far UV CD scans of TAD and S1722P indicating BRCA1 TAD with
predominantly helix secondary structure & decrease in helicity in BRCA1 S1722P.
However, no reduction in ellipticity at λ=222 nm was observed up to around 67oC for BRCA1
S1722P (Inset in Figure 4. 10B), the probable reason could be the formation of aggregates and
thermodynamically stable intermediates. To resolve this, temperature both as a function of high
tension voltage (HT) and mean residue ellipticity at λ= 222 nm were plotted (Figure 4. 10 A
and 10B).

Figure 4.10: Thermal stability study of TAD and S1722P: Plot of ellipticity at 222 nm (red)
and voltage (green) Vs temperature at each 2oC from 25-95oC (A): BRCA1 TAD and (B):
BRCA1 S1722P. The inset shows Far UV CD scan of S1722P at different temperature
indicating formation of denatured intermediate that has similar secondary structure
conformation like its native form.
Chapter 4

Page 118

To our conclusion, a heat induced aggregation was observed in BRCA1 TAD and S1722P at ~
53°C and 67°C respectively. The increase in HT voltage is due to scattering of light that
depends on particle size & aggregation in the sample used to record the scan. Gel permeation
chromatography and fluorescence spectroscopy also indicated aggregation in the protein
4.3.7 BRCA1 S1722P abrogates the interaction between BRCA1 TAD and phospho
specific binding partners
BRCA1 C-terminus is known to interact with proteins containing consensus sequence motif
pSer-X-X-F (pSer-phosphorylated serine, F-phenylalanine, X-aromatic/hydrophobic residue). It
also has been reported earlier that BRCA1 BRCT domain interacts with BRIP1, CtIP and
CCDC98 via pS-X-X-F motif [53,196,197]. Mutations that affect the integrity of BRCA1
BRCT domain are known to impair the interaction between BRCA1 C-terminal domain with
this motif [176]. Since S1722P is in the BRCT domain of BRCA1TAD, interaction study using
Isothermal Titration Calorimetry with phosphorylated Abraxas peptide was undertaken

Figure 4.11: Interaction study of BRCA1 TAD and S1722P variant with pS-X-X-F motif
containing peptide: (A) BRCA1 TAD domain interaction with phosphorylated peptide.
(B)Interaction was totally abolished in variant BRCA1 S1722P
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BRCA1 TAD interacts with Ser 406 phosphorylated Abraxas peptide (Figure 4.11A).
However, titration of negative control peptide (NH2-GFGEY (pS404) RSPTF-COOH) and
BRCA1 TAD did not show any interaction (data not shown). The interaction between Abraxas
peptide and BRCA1 S1722P variant was totally abrogated (Figure 4.11B) and (Table 4.6)
Table 4.6: Thermodynamics parameters of interaction of BRCA1 TAD with phosphopeptide
Protein

RNA binding

ABRAXAps

BRCA1

Nup153

Kif1B

N Sites

0.939±0.169

K(M-1)

8.43E4

2.51E7

1.16E6

1.19E6

1.28E5

H(cal/mol)

-1.552E4

-1.138E4

-2.300E4

-9627

-9939

S(cal/mol/deg)

-29.5

-4.30

-49.4

-4.48

-9.95

Kd(μM)

11.8

0.0398

0.862

0.840

7.80

0.590 ± 0.0054 1.12 ± 0.0238 1.27± 0.0139 1.21±0.0498

4.3.8 Structural analysis of the variants S1722P and C1697Y
To investigate the structural changes in the variant proteins, the mutations (S1722P and
C1697Y) were introduced into the three dimensional structure of BRCA1 BRCT (PDB ID
1T15) [116]. These molecular models were subjected to molecular dynamics simulation, and
the lowest potential energy and Ramchandran plot validated structure, was used for analysing
the structural alterations. Superposition of simulated wild type structure with C1697Y and
S1722P structures yielded RMSD values of 0.943 and 0.803 Å respectively.
In the wild type structure, the -SH group of Cys 1697 residue is interacting with the π
electron cloud of residue Tyr 1703 thereby stabilising the position of that residue.
Replacement of Cys by Tyr at 1697 positon leads to a loss of these interactions. Further, the
CE atom of Tyr 1697 residue would make a steric contact of 1.8 Å with the hydroxyl group
of Tyr 1703. Because of these two factors the Tyr 1703 residue has shifted by 1.9Å in the
mutant structure. The side chain of Arg 1699 which is present in the vicinity of 1697 is also
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displaced by 2.5 Å from its position in the wild type structure. In the crystal structure of
BRCT complexed with phosphopeptides containing the signature sequence pS-X-X-F, Arg
1699 forms a strong hydrogen bond with carbonyl oxygen of phenyalanine residue in the +3
position of the signature sequence. This interaction ensures proper positioning of
hydrophobic side chain of Phe in the hydrophobic pocket from BRCT domain [115]. The
displacement of Arg 1699 by 2.5 Å in the mutant can have a deleterious effect on positioning
of Phe residue leading to loss of phosphopeptide binding and molecular recognition. Valines
at 1736 & 1696, Asp 1739, Met 1689, and Glu 1698 are also moved from their positions due
to incorporation of this bulky hydrophobic residue. Even though Lys 1702, which is known to
interact with phosphorylated Ser of phosphopeptide, is present in the vicinity of 1703 residue,
it has not moved away from its position. Thus, overall structural distortions due to mutation
at 1697 may interfere with phosphopeptide binding (Figure 4.12A).
The Ser residue at 1722 is present in the α-3 helix of the protein and its substitution by Pro
has resulted in kinking of the alpha helix as can be seen in the superposed structure (Figure
4.13). As a consequence, the side chains of many conserved residues have been shifted by
substantial amounts. For example, Ile at 1723 position is flipped away by 2.9 Å, while Arg at
1726 position is shifted by 4.8 Å. Similarly, Phe at 1668 and Trp at 1718 positions are also
displaced by 1.4 and 1.8 Å respectively (Figure 4.12B). Assuming that conserved residues
play essential biological roles, the movements of conserved residues observed here are likely
to interfere in the biological functioning of BRCT domain, and this may be a reason why
S1722P mutation is associated with cancer.
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Figure 4.12: Structural analysis of C1697Y and S1722P variants: Superposed structure
1T15 wild type with (A) Cysteine 1697 and (B) Serine 1722. Red color sticks indicate variant
residue and green indicate wild type residue.
4.4 Summary
BRCA1 is a pleiotropic tumour suppressor protein. The major challenges that prevail with
non-synonymous missense variant is less information on pedigree data, ethnic specificity,
segregation profile & expressivity that pose a hindrance for classification of VUS in to low,
high or moderate risk. Therefore classification of missense mutations with statistically
insufficient clinical data and co-segregation pattern, additional information becomes utmost
important to categorize mutations into pathogenic or benign. Pedigree information of variants
from patient families has helped clinicians & genetic counsellors for pre symptomatic
counselling, risk prediction, disease management and prevention. But the hurdles in obtaining
clinical data make it necessary to validate the variants with structural and functional studies.
A germ-line mutation BRCA1 C1697Y was diagnosed in proband at age of 42 with breast
cancer. The clinico-pathological examination revealed that patient had triple negative, intra
ductal carcinoma grade III cancer. The siblings who harboured the variant were also affected
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except for a carrier sister. The missense variant S1722P in BRCA1 shows a variable
penetrance. The proband was diagnosed with cancer at age of 30, her mother had breast
cancer at 47y, while her brother an obligate male carrier was unaffected at age 82y, and
however his daughter was diagnosed with breast cancer at 35y and passed away due to the
disease. In order to examine whether the novel missense germ line variant C1697Y (Oriya
family) and S1722P (Sindhi family) has a role in early onset of breast and ovarian cancer
multidisciplinary in silico, in vitro studies was performed. Analysis of all possible alteration
at C1697 and S1722 position using Align-GVGD indicates it as a hotspot residue that can be
damaging for any possible change. The Grantham-deviation value above 60 & Align-GVGD
grade C65 for all possible alterations is suggestive of measurable damaging biochemical
difference observed at this position. Previous report of BRCA1 C1697R in Scandinavian
breast and ovarian cancer families is a well characterised pathogenic mutation. BRCA1
S1722F variant is also reported to have compromised peptide binding activity, transcriptional
activity and protein folding defect [198]. Structural and functional studies of BRCA1
C1697R and S1722F variant, indicated loss in transcriptional activity which is very much in
support to our yeast transcriptional activation data [175,198,199,200,201]
To further validate the pedigree and in silico studies, yeast transactivation assay was
performed to determine the transactivation activity of BRCA1 TAD and its variant. BRCA1
C1697Y and S1722P missense variant is located in exon 18 and 19 respectively, which is a
part of BRCT-N of BRCA1 BRCT. The C-terminal region of BRCA1 has maximum number
of pathogenic mutations reported, many of which are well characterized to be deleterious
with transactivation assay. In this assay, C1697Y and S1722P were tested for their ability to
bring about transcriptional activation. M1775R was used as a negative control [202], BRCA1
TAD as a positive control. According to the yeast transactivation assay, BRCA1 TAD
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exhibited the transactivation activity but BRCA1 C1697Y and S1722P showed total
abrogation of activity like in M1775R, suggesting these to be devastating changes.
In order to understand effects of these variants, secondary and tertiary structural
characteristics and protein-protein interactions studies were explored. We have purified TAD
domain of BRCA1 in native form and BRCA1 S1722P in oligomer form. However, C1697Y
could not be successfully purified due to aggregation and precipitation. CD and fluorescence
studies indicated reduction in alpha helical content with aggregation of S1722P. S1722P
variant being present in an α- helix, we speculate it to disrupt the helix. Proline, being unable
to donate an amide for hydrogen bonding, and steric interference due to its side chain,
incorporates bend if present in the middle of a helix.[203] To study the effect of incorporation
of Proline, in terms of helical content in BRCA1 TAD domain AGADIR algorithm [204] was
used. Decrease in helicity was observed in BRCA1 S1722P as compared to TAD. Circular
dichroism spectroscopy along with Mutpred also supported decrease in alpha helical content
of protein as indicated by decrease in negative ellipticity at λ=222 nm (Figure 4.12). Kink
was also visible in the molecular dynamics simulated structure with a lateral displacement of
2.3 Å.

Figure 4.13: Kink in α-helix in S1722P variant
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BRCA1 S1722P variant not only indicated loss of secondary structural integrity, but we also
witness aggregation of protein as indicated by thermal denaturation, native gel and size
exclusion profile.
Isothermal Titration Calorimetry showed complete abrogation of interactions with pS-X-X-F
motif in variant S1722P. In conclusion, the segregation of variant with the disease in carrier,
conservation of residue in question across species, loss in transactivation activity and
interaction ability, alteration in secondary and tertiary structural conformation, instability of
protein and crystal structure analysis, suggest novel missense variants BRCA1 C1697Y and
S1722P are probably high risk variants with high chance of carrier to manifest the disease.
There are a lot of missense variants reported with unknown clinical significance and failure in
assignment of these variants in to low risk, high risk or moderate risk becomes a major
impediment in genetic counselling and preclinical testing.
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Chapter 5
Structural characterization of Nterminal extended BRCA1 BRCTs

5.1 Introduction
The C-terminal region of BRCA1, BRCA1 BRCT, is well documented to interact with
proteins like RAP80, CCDC98, JunB, AhR, p53, p27Kip1 and CtIP [61,80,205] and play a
central role in DNA repair and transcription regulation. BRCA1 BRCT recruits DNA repair
proteins to the damage site to form a DNA repair complex. Germ-line mutations in BRCA1
BRCT reported in patients with breast or ovarian cancer, interfere with transcription activity,
strongly supporting the role of BRCA1 in transcription [206].The C-terminal region of
BRCA1 can activate transcription both in yeast and mammalian cells. BRCA1 BRCT
residues from 1760 to 1863 form the minimal region required for transactivation function, but
reports suggest that the two regions AD1 (amino acids 1293–1558) and AD2 (amino acids
1560-1863) present upstream of BRCT significantly enhance the transcriptional ability of
BRCT region. AD1 functions cooperatively with the BRCT and performs its function in a
tissue specific manner while AD2 activates transcription in a ubiquitous manner [4,62]. In
BRCA1, negative charge along with hydrophobic residues is crucial for performing the
transactivation function [207].
Therefore, to explore at the molecular level structural effects of upstream region on BRCT
domain, BRCT with three different N-terminal extended regions were cloned, expressed and
purified. Crystallisation attempts, in silico, biophysical and structural studies were performed
on these purified constructs. Results of these experimental studies are described in this
chapter.
5.2 Materials and Methods
5.2.1 Gene-Cloning
The following N-terminal extended BRCTs, residues (1314-1863), (1396-1863) and (15601859) were cloned in pGEX-KT vector by using BRCA1 cDNA as the template. Cloning of
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BRCA1 (1560-1859) has already been described in chapter 4. Forward primers used for
BRCA1 1314 - 1863 is 5’-GTCGGATCCGAGAACCTGTACTTTCAGGGTGATCCTTTCTT
GATTGGTTCT-3’ that for BRCA1 1396 – 1863 is 5’-GTCGGATCCGAGAACCTGTACTTT
CAGGGTCAGAGGGATACCATGCAACA-3’ and the common reverse primer used is of
sequence5’GTCGAATTCCTATTAGTAGTGGCTGTGGGGGATCTGGGG 3’ to amplify the
different constructs. Templates along with forward and reverse primers were mixed with the
PCR reaction mixture and Pfu polymerase. The PCR condition used for the reaction is as
mentioned in chapter 2. The amplified PCR product and the vector were digested with
restriction enzymes BamH1 and ECoR1, and further ligated. The colonies obtained after
ligation were screened for positive clones by checking the insert release and DNA sequencing
to confirm the presence of correct DNA sequence.

5.2.2 Expression of N-terminal extended BRCTs constructs
For protein expression, the clones BRCA1 (1314-1863), (1396-1863), (1560-1859) and
(1646-1859) (kind gift from Dr. Dilip Badgujar) were transformed in E. coli bacterial strain
BL21 (DE3). Single transformed colonies for each of the construct were inoculated in Luria
Bertani broth with ampicillin. Overnight-grown cultures were diluted 1:100 and were then
further grown at 370C, until OD600 was 0.6. These cultures were then induced with 0.4 mM
IPTG and incubated at 180C for 16 h after which the cells were harvested by centrifugation
for 10 min at 6000 rpm.
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5.2.3 Purification of N-terminal extended BRCTs constructs
A. Purification of BRCA1 (1314-1863):
Bacterial pellet from two litre culture was resuspended in 80 ml of buffer B (50 mM Tris pH
7.5, 300 mM NaCl, 1 mM EDTA, 5% Glycerol, 0.1% Triton X-100, 20 mM BME and
protease inhibitor cocktail). After sonication and centrifugation protein was affinity purified
using GST resin. The non-specifically bound proteins were removed by washing the resin
with wash buffer containing 1M NaCl in buffer B. On-beads cleavage with TEV was
performed and protein was eluted from the affinity column and concentrated.
B. Purification of BRCA1 (1396-1863):
The harvested bacterial pellet was resuspended in buffer C (50 mM Tris pH 7.5, 300 mM
NaCl, 1 mM EDTA, 2.5% Glycerol, 0.1% TritonX-100, 2 mM DTT and protease inhibitor
cocktail). The cell suspension was sonicated 3 times with 1 minute duty cycle at a pulse rate
of 60 to lyse the cells. Cell debris was removed by centrifugation at 18,000 rpm for 40
minutes at 4oC. The supernatant was then passed through the pre-equilibrated glutathione
resin for affinity purification. The non-specifically bound proteins were removed by washing
the resin with buffer C containing enriched amount of NaCl, Triton X- 100 and DTT (1M
NaCl, 0.5% Triton X- 100, 4 mM DTT). This washing was essential to remove the nonspecifically bound protein of 60 kDa. On-bead cleavage using TEV protease was performed
to remove the fusion GST tag. The protein eluted after TEV cleavage using lysis buffer was
further purified using ammonium sulphate precipitation. Ammonium sulphate in powder
form was gradually added till its concentration reached 20%, and the mixture was then
incubated on ice for 30 minutes with intermittent gentle mixing. The precipitated protein,
separated by centrifugation for 30 minutes at 18,000 rpm, was resuspended in 1 ml of lysis
buffer and was centrifuged again at 13,000 rpm for 10 min to remove aggregated protein.
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C. Purification of (1560-1859) and (1646-1859):
The protocol followed for purification of (1560-1859) and (1646-1859) is similar, and is
mentioned in chapter 4.
The purified protein obtained after affinity chromatography was confirmed using MALDITOF and peptide mass fingerprinting. In solution and in-gel trypsin digestion were carried out
to obtain the peptides. Peptide mass fingerprinting under following search parameters: mass
tolerance of 50-200 ppm, and missed cleavage of 0-1, Swiss Prot/NCBInr database, has
confirmed the identity of the protein.
5.2.4 Gel permeation chromatography
The purified proteins obtained were further purified to homogeneity using Superdex 200 gel
filtration column. The sample and standards (BSA, lysozyme, phosphorylase B, and carbonic
anhydrase) were chromatographed at a flow rate of 0.5 ml/min, and 1 ml fractions were
collected. From the calibration plot of elution volume versus standard protein molecular
weight the molecular size and oligomeric characteristics of the sample were estimated.
5.2.5 Circular Dichroism and Fluorescence spectroscopy
Far UV CD scans for the wavelength range λ=250-195 nm were acquired for BRCA1 (13141863), BRCA1 (1396-1863), BRCA1 (1560-1859) and BRCA1 (1646-1859). CD scans,
averaged over 3 accumulations, were recorded at 200C, with a scanning speed of 20 nm/
minutes Protein concentration was calculated using measured Nano drop absorption at λ= 280
nm and the known molar extinction coefficient. For tertiary structural study fluorescence
emission was measured in the wavelength range λem 310–500 nm, when excited at 295 nm.
The emission slit width was 5 nm. All the samples were baseline corrected. The spectral data
were collected using FluorESSCENCE software.
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5.2.6 Crystallisation Screening and Optimisation
Screening of crystallization conditions for BRCA1 (1314-1863), (1396-1863) and (15601859) were carried out using Hampton Crystal Screen 1 and 2, Salt Rx. Additive and PEG ion
screens were also used to screen the crystallisation condition for BRCA1 (1560-1859). FPLC
purified protein at a concentration of 6-25 mg/ml was used for setting up the trial. Screening
trials were set using both hanging and sitting drop vapour diffusion techniques, and the
crystallisation plates were placed in vibration-free incubator maintained at 22°C. The droplet
volume was 2 μl, obtained by mixing 1 μl drop of protein with 1 μl of reservoir solution. The
volume of the reservoir solution was varied from 200 to 500 μl.
Crystals were obtained for only the (1560-1859) protein, and the crystallisation conditions are
as under: 2 M Ammonium Sulfate, 0.1M MES pH 6.5 and 10 mM Cobalt Chloride. The
crystals obtained were confirmed to be protein crystals by staining with Izit dye.
Crystallization condition was further optimized to increase the crystal size and obtain
diffraction quality crystals by methodically varying the pH and concentration of precipitant
and salt. The ratio of volume of well solution and drop size was also varied in an attempt to
obtain larger crystals.
5.2.7 Diffraction data collection and processing
The BRCA1 (1560-1859) crystals were screened for diffraction analysis using the rotating
anode X-ray generator available at ACTREC. 25-30 % glycerol performed the best as cryoprotectant. The radiation damage to the protein crystals is also minimized by bathing the
crystal in a continuous stream of cooled nitrogen gas. Diffraction data were collected by the
oscillation method using mar dtb mounted on a microStar rotating anode X-ray generator
operated at a voltage of 45 kV and current of 60 mA. The crystal to detector distance was 200
mm and 180 frames were collected, each for 1o oscillation.
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5.2.8 Degradation assay of BRCA1 (1560-1859)
To understand the stability and /or lysis of BRCA1 (1560-1859) protein, purified BRCA1
(1560-1859) alone, BRCA1 (1560-1859) with 10X protease inhibitor cocktail (Sigma) and
BRCA1 (1560-1859) in presence of 6 M urea was incubated at 37°C. The samples were
incubated for durations of 0, 0.5, 2, 5, 8, 12, 22, 25, 28, 31, 94 and 100 h, and were then
electrophoresed on 10% SDS gel.
5.2.9 Limited proteolysis
All the four purified proteins were incubated with trypsin at 37°C for periods of 0, 5, 15, 30,
60 and 120 minutes 360 μl of protein at a concentration of 6-12 μM and 3 μl of trypsin at a
concentration of 20 ng/ μl was used for the assay. 60 μl aliquot of the reaction mixture were
taken at each time point and the reaction was stopped by the addition of 1μl of 1mM PMSF.
Proteolysis digests were analysed on 10% SDS/PAGE.
5.2.10 In silico analysis
In-silico analyses of sequence and structure composition were performed for disorder
prediction. The softwares used for this purpose are: PONDR [208], Composition profiler and
PSIPRED [209,210]. The databases used are PDB Select 25 and SwissProt 51.

5.3 Results
5.3.1 Cloning of BRCA1 (1314-1863)
Digestion of recombinant vector, isolated from selected colonies, with BamH1 and ECoR1
gave a fragment of 1647 base pair (Figure 5.1A and Figure 5.1B). These clones obtained
were further confirmed by DNA sequencing
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Figure 5.1: Screening of clone of BRCA1 1314-1863 with BamH1 and ECoR1 enzyme in
1% agarose gel. Lane1: DNA ladder, Lane 2 (A): PCR product. (B): Positive clone showing
insert release of 1647bp.
5.3.2 Purification and confirmation of N-terminal extends of BRCTs
BRCA1 (1314-1863), (1560-1859) and (1646-1859) were expressed in bacterial system and
were purified using GST affinity chromatography. BRCA1 (1396-1863) was purified using
ammonium sulphate precipitation and affinity chromatography methods. These fusion
proteins were cleaved with TEV protease to obtain the protein in native form, and this was
further FPLC purified (Figure 5.2).

Figure 5.2: Purified N-terminal extensions of BRCA1 BRCT loaded on SDS-gel
The purified proteins obtained were confirmed for their identity using MALDI-TOF. The
mass spectrum and spectral analysis has confirmed the identity of each regions (Figure 5.3)
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Figure 5.3: Identification of N-terminal extends of BRCA1 BRCT (A): BRCA1 1314-1863,
(B): BRCA1 1396-1863. A-Peptide mass fingerprinting peaks, B- Spectrum analysis report.
5.3.3 Oligomeric characterisation of N-terminal extended BRCTs fragments.
The retention volumes obtained from size exclusion chromatography were used to estimate
the sizes of these purified proteins (Figure 5.4). The molecular weights derived by
extrapolation from standard plot are not matching with expected monomeric molecular
weights, suggesting either oligomerisation or non-compact three dimensional structures.
From the estimated molecular weight data all the constructs appear to be homo dimers except
for BRCT (Table.5.1)

Figure 5.4: Oligomeric characterisation: Elution profile with inset showing plot of
standards used to estimate the molecular weight of N-terminal extended BRCTs fragments.
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When these purified protein samples were run on a native PAGE, BRCA1 (1646-1859) and
(1560-1859) band at positions corresponding to a monomer and dimer respectively, while
BRCA1 (1314-1863) and (1396-1863) displayed a smeared pattern in the gel indicating the
proteins have open conformation.
Table 5.1: Molecular weight estimation from plot M.wt and elution volume of standards
BRCA1

Theoretical

Observed

Ratio to monomer

fragments

molecular weight

molecular weight

molecular weight

1646-1859

24.63

32.15

1.30

1560-1859

33.64

58.06

1.72

1396-1863

52.52

91.65

1.74

1314-1863

62.21

137.44

2.21

5.3.4 Structural characterisation of the N-terminal extended BRCTs
Far UV CD scans of N-terminal extended BRCTs revealed the proteins to have alpha helical
characteristics (Figure 5.5A). This is probably expected as the crystal structure shows that
BRCT domain contains alpha helices. All the N-terminal extended BRCTs of BRCA1
proteins have demonstrated negative ellipticity at λ = 222 and 208 nm, except for BRCA1
(1314-1863) which showed a dip at near λ = 200 nm, which is characteristic of disordered
protein. Interestingly, far–UV CD signal due to BRCT domain progressively decreases as the
number of N-terminal residues added to BRCA1 (1646-1859) increases. These data suggest
that the CD signal is majorly due to BRCT domain while the added amino acids do not have
an ordered structure.
Tertiary structural studies using fluorescence has revealed structural influence due to residues
added to the N-terminal of the BRCT region (Figure 5.5B). For example, incorporation of
around 80 residues upstream to BRCT, as happens in BRCA1 (1560-1859) construct,
demonstrates a red shift of 9 nm; however addition of 250 residues to BRCT as in (13961863) has revealed emission maximum almost similar to BRCT. Again when 332 amino acid
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residues are added to BRCT region, there is a red shift of 8 nm indicating tryptophans are in
an exposed environment as compared to BRCT (Table 5.2).

Figure 5.5: Structural characterisation of the N-terminal extended BRCTs: (A) Far UV CD
scans, (B) Emission spectrum of N-terminal extended BRCTs fragments.
In conclusion, addition of residues upstream to BRCT results in comparatively exposed status
of hydrophobic patches. Table 5.2 shows the emission maxima and number of tryptophan
residues present in these different fragments.
Table 5.2: Fluorescence emission maxima for different N-terminal extended BRCTs
N-terminal extended BRCTs

Tryptophan residues

λ max (nm)

1314-1863

6

340

1396-1863

6

333

1560-1859

5

341

1646-1859

5

332

5.3.5 Crystallisation of BRCA1 (1560-1859)
Different crystallisation conditions were screened using various commercially available
crystal screens from M/s Hampton research (USA). The N-terminal extended BRCTs proteins
screened for crystallisations were BRCA1 (1314-1863), (1396-1863) and (1560-1859).
BRCA1 (1646-1859) has already been crystallised and its structure is reported (PDB ID:
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1JNX).Crystals were obtained only for BRCA1 (1560-1859). Microcrystals were obtained in
several different conditions, but they could not be grown to bigger size even after several
systematic trials varying droplet size, protein concentration, ionic strength, pH etc. Crystals
were obtained under following conditions: Ammonium sulphate (1.2-1.6 M), 0.1M MES (pH
6.2-6.5) and 10 mM Cobalt chloride, protein (25 mM Tris pH 7.5, 150 mM NaCl) at
concentration of 6-8 mg/ml. Spindle shaped and hexagonal crystals for BRCA1 (1560-1859)
were obtained within six days of setting the trials at 220C (Figure 5.6).

Figure5.6: Crystal of BRCA1 (1560-1859)
5.3.6 Data processing of BRCA1 (1560-1859) crystal
The BRCA1 (1560-1859) crystals were screened for diffraction analysis on the rotating anode
X-ray generator. Majority of the crystals screened, diffracted to the low resolution of around
4 Å (Figure 5.7). The post crystallization treatments such as dehydration and cryo-annealing
were tried to improve the diffraction quality but these treatments could not improve the
diffraction resolution [252].
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Figure 5.7: Diffraction pattern of BRCA1 (1560-1859)
Diffraction data were collected by the oscillation method under cryo conditions with a
rotation of 10 for each frame. A total of 180 frames were collected with a crystal to
detector distance of 200 mm. Diffraction images were processed using iMosflm. The
crystals were found to belong to the space group P 61 2 2 with unit cell parameters:
a=b= 114.2 Å and c=120.9 Å. Cell content analysis calculates the Matthews coefficient
(VM) value to be 3.40 Å3Da-1 which corresponds to a solvent content of about 63 %, if
presence of one protein molecule of 33 kDa per asymmetric unit was assumed.
Molecular replacement calculations performed by PHASER using the structure with
PDB ID 1T29 as a search model confirmed both the space group and the presence of
single molecule in the asymmetric unit.
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Figure 5.8: Electron density map contoured at 1.2σ level
Good electron density in the 2Fo-Fc map was observed only for residues (1649-1859)
suggesting that only this region of BRCA1 TAD is ordered consistent with other results
described before in this chapter (Figure 5.8).

Figure 5.9: Electron density map contoured at 1.3σ level at residue 1649
Figure 5.9 shows electron density for a few residues from 1649 to 1652. Even on
decreasing the contour level no density developed for residues N-terminal to 1649.
Therefore, one of the following possibilities can exist: 1) the region upstream of 1649 is
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totally disordered as already indicated by other biophysical studies mentioned above,
and 2) the region upstream for 1649 is proteolytically removed. The proteolysis must
have happened, if at all, in crystallisation drops because molecular weight of the protein
was established as 33 kDa just before setting up for crystallisation. Further to check for
the integrity of protein in the crystals, crystals were dissolved and loaded onto SDSPAGE (Figure 5.10). While a majority of experiments showed a protein band at 24
kDa (size of BRCA1 BRCT) on few occasions a protein band was observed at 33 kDa
expected for a BRCA1 (1560-1859). So this was further investigated and results are
described in the next section.

Figure 5.10: SDS-gel electrophoresis of crystal: Lane1-Marker, 2- 3-crystals, 4-clear drop
5.3.7 Self-degradation of BRCA1 (1560-1859)
During the purification process, degradation of the protein was noticed even when enough
quantity of protease inhibitor cocktail was used. To further examine this phenomenon
BRCA1 (1560-1859) was incubated at 37oC under following different conditions: 1) purified
protein alone, 2) protein in the presence of the cocktail of protease inhibitors at 10X
concentration, and 3 protein in the presence of 6 M urea. Each sample was electrophoresed
and the results are shown in Figure 5.11.
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.
Figure 5.11: Degradation study of BRCA1 (1560-1859): Lane M-marker, C-control, 0-100:
time in hours
These results show that the protein degrades within 28 h of incubation, both in the presence
and in the absence of protease inhibitor cocktail. No degradation was observed when protein
was incubated with 6M urea. In conclusion, these experiments suggest three possibilities:
1).the preparation is contaminated by a molecule which has protease activity that is destroyed
in the presence of urea. 2) The size exclusion purified protein has protease contamination in it
and that this protease is not inhibited by the added protease inhibitor cocktail used and 3)
BRCA1 TAD has autolytic activity which is responsible for its self-degradation. In view of
the exhaustive purification process adopted here the third alternative is a likely reality. It also
means that the added inhibitor cocktail does not inhibit the autolytic activity of BRCA1 TAD.
Since, this is the first report of such an observation it is necessary to do further investigation.
5.3.8 Limited proteolysis of BRCA1 (1314-1863), (1396-1863) (1560-1859) and (16461859)
Limited proteolysis is often used to explore the ordered structure in proteins. Proteins that are
unstructured are sensitive to degradation even at very low protease concentration. To check
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the sensitivity, all the N-terminal extended BRCTs were subjected to trypsin digestion. All
the purified proteins were degraded within 30 min of incubation to either BRCT or to a larger
intermediate size (~33 kDa) and ultimately to BRCT, unlike BRCT which under identical
conditions was not degraded even after 2h of incubation (Figure 5.12).

Figure 5.12: Limited proteolysis of N-terminal extended BRCTs constructs. (A): BRCA1
(1314-1863), (B):BRCA1 (1396-1863), (C):BRCA1 (1560-1859), (D):BRCA1 (1646-1859).
Lane1-marker, 2-Control, 3-0min, 4-5min, 5-15min, 6-30min, 7-60min, 8-120min.
This sensitivity of protein to such a low concentration of protease indicates BRCA1 Cterminal region, except for BRCT, has a disordered structure accessible for protease
degradation.
5.3.9 In silico analysis of C-terminal region of BRCA1 (1314-1863)
In silico analysis of the region of 550 residues from the extreme C-terminal end of BRCA1
(1314-1863) protein using Composition profiler, Swiss Prot51 and PDB Select 25 databases,
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revealed that this region is rich in residues that promote disorder, and is also depleted of order
promoting residues. Figure 5.13A illustrates the composition profiler output with disorderpromoting residues (red), order-promoting residues (blue), while neutral residues (grey).
Graph with bars on lower side indicates depletion and on upper side indicates enrichment of
corresponding residues. Analysis of plot of absolute mean net charge versus mean scaled
hydropathy of N-terminal extended BRCTs from the software PONDR revealed presence of
disorder.

Figure 5.13: Composition analysis of N-terminal extended BRCTs (A) Composition profiler
output. (B) PONDR black squares is N-terminal extended BRCTs; yellow is region from
amino acid (1314-1863).
The plot further shows a decrease in hydrophobicity and increase in net charge of the protein
with addition of more and more residues upstream to BRCT, as in regions from BRCA1
(1314-1863), (1396-1863) and (1560-1859) ultimately leading to increases in disorder.
Prediction of secondary structural content in the region of BRCA1 (1314-1863) using
PSIPRED server indicates the structure content is concentrated in the BRCT region of
BRCA1. The upstream region of BRCT up to 1314 residue has maximum coil like structure
with only few stretches of short alpha helices and one long alpha helix.
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Figure 5.14: Secondary structural content predicted using PSIPRED. Pink-helix (H),
yellow-sheet (E), black line- coil (C), AA-target sequence, conf-prediction confidence

5.4 Summary
N-terminal extended BRCTs with functional relevance were cloned, expressed and purified
from E. coli. The homogenous and purified proteins were used to carry out biophysical,
biochemical and crystallisation experiments. The elution profile from SEC column suggested
all the purified proteins to be homo dimers or non-compact structures except for BRCA1
BRCT. However, the native PAGE profiles for the fragments BRCA1 (1314-1863) and
(1396-1863) displayed characteristics of open structure. Secondary structural characterisation
by CD revealed the purified N-terminal extended BRCTs to have predominantly alpha helical
content in them. The proportion of alpha helix decreased as more and more residues are
incorporated upstream to BRCT, and the purified protein BRCA1 (1314-1863) demonstrated
behaviour of an unstructured protein. Tertiary structure profiles derived from fluorescence
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spectroscopy demonstrate similar behaviour of decrease in compactness of protein with
addition of residues upstream to BRCT. To reveal the structures at atomic level, attempts
were made to crystallize these N-terminal extended BRCTs by hanging and sitting drop
vapour diffusion method. However, crystals were obtained only for the BRCA1 (1560-1859)
fragment and these crystals diffracted to a low resolution of around 3.5 Å on the home source
of X-rays. Processing of the diffraction images classified the crystals to space group P 61 2 2
with unit cell parameters a=b= 114.2 Å and c=120.9 Å. Cell content analysis calculates the
Matthews coefficient (VM) value of 3.40 Å3Da-1 which corresponds to a solvent content of
63%, and suggests presence of one protein molecule of 33 kDa per asymmetric unit.
Molecular replacement was performed using software PHASER and the structure with PDB
ID: 1T29 as a search model. Interestingly, good electron density was observed only for
residues BRCA1 (1646-1859) which forms the BRCT domain. Since Matthews number
shows that there is enough space to accommodate extra 86 amino acid upstream of BRCT it
is likely that the polypeptide is disordered. As the cell parameters matched exactly with those
of BRCA1 BRCT crystals (PDB ID: 1JNX), SDS-gel electrophoresis was employed to
investigate the actual protein content of the crystals and the mother liquor. A band
corresponding to 33 kDa was observed in some dissolved crystal samples although majority
of samples showed band at 24 kDa suggesting sample degradation to BRCT domain. As
stringent conditions were maintained to avoid any protease contamination from external
source the degradation of protein was astonishing. The reason for degradation of BRCA1
(1560-1859) was explored by incubation of only BRCA1 (1560-1859) , BRCA1 with
protease inhibitor cocktail and BRCA1 with 6 M Urea at 37oC.The protease inhibitor cocktail
used can inhibit serine proteases, amin peptidases, cystein and metalloproteases. Even in
presence of protease inhibitor cocktail at 10X concentration total degradation of protein
resulted within 31 hr. This observation suggests the interesting possibility that BRCA1
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(1560-1859) has autolytic activity. Limited proteolysis study also shows that while BRCT
domain was resistant, all others were susceptible to quick tryptic digestion yielding 24 kDa
bands corresponding to BRCT. In silico studies using servers PSIPRED, Composition
Profiler and PONDR have shown that the regions upstream of BRCT (1646-1859) have no
defined structure, and are enriched with disorder promoting residues. These results are
consistent with biophysical studies. Thus, in conclusion in the C-terminal region of BRCA1
from 1314-1863 it is only the BRCT that has ordered structure. The intrinsically unstructured
nature of this segment, like the central region of BRCA1, may have been deliberately
designed to confer multi-functionality to BRCA1 through interaction with other binding
partners.
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Chapter 6
Multimodal approach to explore
intrinsic disorder in central domains of
BRCA1

6.1 Introduction
BRCA1 comprises of 1863 amino acids [211] with an N-terminal ring finger domain (RING)
[212], the C-terminal BRCT domain and a central region. The central region of BRCA1 (2501200) interacts non-specifically with DNA, and has strong affinity for cruciform DNA
[73,95,104]. It is also known that this region interacts with many different proteins, including
ZBRK1, p53, RAD50 and RAD51 [58,213,214].
The structure of the central region of BRCA1 has been investigated previously [17]. These
authors have subdivided the central region into 21 fragments of varying lengths, and have
expressed each fragment with a histidine-tag. Out of the 21 different constructs generated, 16
were designed such that their N and C termini did not occur in a region of predicted
secondary structure. The remaining five were selected based on the regions reported in the
literature as binding to other proteins or DNA. These tagged constructs were expressed,
purified and used for further biophysical studies without removing the tag. Their
experimental studies suggested that these tagged protein fragments were intrinsically
unstructured. They further suggested that this disorder may help to encode multi-functionality
in the BRCA1 sequence. However, more recently presence of polyhistidine tag is shown to
perturb the conformation and compaction in intrinsically disordered proteins, probably
because of interaction between terminal histidine residue & other parts of the protein [215].
Further secondary structure prediction is not fool-proof, and it is conceivable that the
boundaries between secondary structural elements were not correctly identified [216].
We have identified different set of fragments of BRCA1 that are reported to bind DNA and
specific proteins. These fragments are: BRCA1(260-553) which binds to HP1γ involved in
gene silencing [85]; BRCA1(341-748) which binds to ZBRK1, RAD50 and RAD51 [57,217];
BRCA1(502-802) which interacts with transcriptional activation domain of STAT1a [218]
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and BRCA1(758-1064) which interacts with RAD51 [58]. These fragments have been
abbreviated as CRC-1, CRC-2, CRC-3 and CRC-4 respectively. Here, we report cloning,
expression, purification and biophysical studies on all these fragments of BRCA1. Further,
we have removed the tags introduced to aid in the purification process. Our results also
indicate that these fragments are intrinsically unstructured.
6.2 Materials and methods
6.2.1 Cloning of CRCs of BRCA1
The four CRCs were PCR amplified from full length BRCA1 cDNA and cloned in different
expression vectors. The forward and reverse primers used in PCRs are mentioned (Table 6.1).
Table 6.1: List of primers used for cloning of central region constructs
BRCA1 fragments

F→ Forward, and R→ Reverse, primers (5’→3’)
BRCA1 260 F

BRCA1(260-553) CRC-1

GTCGGATCCGAGAACCTGTACTTTCAGGGTAAGTATCAGGGTA
GTTCTGTT
BRCA1 553 R
GTCCTCGAGCTATTAATGACCACTATTAGTAATATT
BRCA1 341F

BRCA1 (341-748)
CRC-2

GTCGGATCCGAGAACCTGTACTTTCAGGGTGATCTGAATGCTGA
TCCCCTG
BRCA1 748 R
GTCGAATTCCTATTATTTGGGGTCTTCAGCATTATT
BRCA1 502 F

BRCA1 (502-802)

GTCGGATCCGAGAACCTGTACTTTCAGGGTTTAAAGCGTAAAAG
GAGACCT

CRC-3

BRCA1 802 R
GTCGAATTCCTATTACACACATTTATTTGGTTCTGT
BRCA1 758 F

BRCA1(758-1064) CRC-4

GTCGGATCCGAGAACCTGTACTTTCAGGGTCAAACTGAAAGATC
TGTAGAG
BRCA1 1064 R
GTCGAATTCCTATTAACTGGAACCTATTTCATTAA
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The PCRs were performed in 50 μl total volume containing Pfu polymerase (Fermentas),
0.2 mM of each dNTP, 10 pM of both primers, and 100 ng BRCA1 cDNA as template. These
samples were incubated for 5 min at 98°C and then the program was set for 32 cycles. The PCR
amplification was carried out under following conditions for denaturation, annealing and
extension: 30 s at 98°C, 30 s at 65°C, and 1min at 72°C. After the last cycle, the reaction
mixture was incubated for an additional 10 min at 72°C.The PCR products were purified using
Qiagen gel elute kit to remove excess primers and then digested with BamH1 and ECoR1 to
generate cohesive ends for cloning in suitable vectors. The digested products were separated by
electrophoresis, and were extracted from the agarose gel and further purified.The digested
vector DNA and PCR products were then ligated for 15 minutes using the quick ligase. The
ligated samples were transformed into the Escherichia coli DH5α cells and plated onto the LBantibiotic plates. Resistant colonies were picked and screened for positive clones, which were
then sequenced for the presence of the correct DNA sequence. Table below lists different
vectors and bacterial strains used for cloning and protein expression.
Sr.No

BRCA1 region

Vector

Resistant

Protein

marker

expression strain

1

BRCA1 (260-553)

pGEX-4T

Ampicillin

BL21(DE3)

2

BRCA1 (341-748)

pET41 a+

Kanamycin

Rosetta2 (DE3)

3

BRCA1 (502-802)

pGEX-KT

Ampicillin

Rosetta2 (DE3)

4

BRCA1 (758-1064)

pGEX-KT

Ampicillin

BL21(DE3)

6.2.2 In silico analysis for disorder prediction
In-silico analysis was performed to evaluate the sequence and structure composition of
BRCA1 fragments. Composition Profiler software was used to detect the amino acid
differences between BRCA1 CRCs and the proteins belonging to the PDB Select 25
reference database, for purposes of predicting disorder propensity [209,210]. PONDR
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analysis was also performed to check the positioning of CRCs in the hydropathy plot [208].
Structural disorder in the four CRCs of BRCA1 was also analysed by submitting the amino
acid sequences to different online servers: primary servers like Cspritz [219], Anchor [220],
and Spine D [221], and the two meta servers MFDp [222] and MetaDisorder [223]. The
prediction algorithms of these servers take into account sequence complexity, intramolecular
interactions, solvent accessibility, torsion angle fluctuation and secondary structure.
6.2.3 Expression of BRCA1 central region constructs
For protein expression, CRC-1 and CRC-4 were successfully transformed in E. coli bacterial
strain BL21 (DE3), while CRC-2 and CRC-3 were transformed in E. coli Rosetta2 (DE3)
strain. A single transformed colony was inoculated in Luria Bertani broth with appropriate
antibiotics. Bacterial cultures were grown at 370 C until O.D600 reached a value between 0.60.8 and insert expression was induced with 0.4 mM IPTG. CRC-2 and CRC-3 were incubated
for 16 h at 180 C whereas CRC-1 and CRC-4 were incubated for 3 h at 370 C, after which the
cells were harvested.

6.2.4 Protein purification
1. Purification of BRCA1 {260-553} (CRC-1)
Harvested bacterial pellet of CRC-1 was suspended in buffer D (50 mM Tris pH 7.5, 300 mM
NaCl, 1 mM EDTA, 5% Glycerol, 0.1% Triton X-100, 20 mM β-mercaptoethanol and
protease inhibitor cocktail). Resuspended cells were lysed by sonication for 3 times with 1
minute duty cycle at 60 pulse rate. Cell debris was removed by centrifugation at 18,000 rpm
for 40 minutes at 40C. The supernatant was passed through the pre-equilibrated glutathione
resin for affinity purification. Bound resin was washed with wash buffer (50 mM Tris pH 7.5,
1 mM EDTA, 5% Glycerol, 1M NaCl, 1% Triton X-100 and protease inhibitor cocktail). To
get protein in native form, on-beads cleavage using TEV protease was performed. Proteins
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were further passed through pre-equilibrated Ni-NTA column to remove His-tagged TEV and
flow through fraction was then concentrated.
2. Purification of BRCA1 {341-748} (CRC-2)
Cell pellet of two litres culture was suspended in 80 ml of buffer D. Cells were lysed by
sonication at 50 pulse rate, 1min duty cycle for 3 times at 40C. Cell lysate was centrifuged to
remove the insoluble proteins and cell debris, at 15,000 rpm for 35 min at 40C. Supernatant
containing the protein in soluble form was allowed to bind with the pre-calibrated GST beads
for an hour. To remove non-specifically bound protein, 8 ml beads were washed with 200 ml
of wash buffer containing 500 mM sodium chloride, 20 mM magnesium chloride, 50 mM
potassium chloride, 20% glycerol, 5 mM ATP, 1mM PMSF and 20mM β-ME in buffer D. To
remove traces of ATP, resin was washed with 10 ml of lysis buffer. To remove the GST tag
from the protein, TEV protease was added on-beads and incubated at room temperature for 2
h. 30 ml of elution fraction was collected after cleavage. This fraction was then concentrated
to 10 ml and passed through 500 μl of Ni-NTA resin to get rid of the TEV protease which is
His-tagged.
3. Purification of BRCA1 {502-802} (CRC-3)
For 2 litres cell pellet, 100 ml of lysis buffer E (20 mM phosphate buffer pH 6.5, 500 mM
sodium chloride, 2% glycerol, 1 mM EDTA, 20 mM β-mercaptoethanol and protease
inhibitor cocktail) was used for resuspension. Cells were lysed by sonication at 60 pulse rate
with 1min duty cycle for 3 to 4 times. Centrifuge the cell lysate at 15,000 rpm for 35 min at
40C. The supernatant was collected and passed through pre-calibrated GST column
containing 5 ml beads. Cell lysate was incubated with resin for an hour. Beads are then
washed with 200 ml wash buffer containing buffer E and 500 mM sodium chloride. To
remove the GST tag from the protein, TEV protease was added and incubated at room
temperature for 2 h. 30 ml of fraction was passed through column to elute native protein from
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beads. Lysis buffer containing 1mM dithiothretol was used for elution. This fraction was then
concentrated to 25 ml and passed through 500 μl of GST and Ni-NTA resin to get rid of TEV
protease and GST tag.
4. Purification of BRCA1 {758-1064} (CRC-4)
Bacterial cells of three litre culture were suspended in 100 ml of buffer D. Cells were lysed
by sonication at 60 pulse rate with 1 min duty cycle for 4 times and were centrifuged at
15,000 rpm for 35 minutes at 40C. Supernatant was collected and incubated with a precalibrated 5ml GST beads, for an hour. Beads were washed with 100 ml buffer D, containing
500 mM sodium chloride, 0.5 % Triton X-100, 20 mM MgCl2, and 5 mM ATP [224]. Oncolumn TEV cleavage was performed and the eluted protein was passed through Ni-NTA
resin to remove His tagged TEV protease.
6.2.5 Size exclusion chromatography
BRCA1 CRCs were purified to homogeneity by passing concentrated protein solution
through Superdex 200 column. To prepare the standard plot for molecular weight estimation
and calculation of Stoke’s radii, protein standards (BSA, lysozyme, and carbonic anhydrase)
were eluted from the same column under similar conditions. The sample was
chromatographed at a flow rate of 0.5 ml/min, and 1 ml fractions were collected. Standard
plot of (-log Kav) ^1/2 versus Stoke’s radii was used to estimate elution volume of a protein
from Stoke’s radius, for a given molecular weight. The empirical equation used to calculate
Stoke’s radius is
Log (Rs) N =0.369 log (MW)-0.254
Log (Rs) U =0.533 log (MW)-0.682
where (RS) N and (RS) U are Stoke’s radii of the native and completely unfolded states, of a
globular protein and MW (Da) is the molecular mass [225]. Molecular weights of CRCs were
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estimated from elution parameters using the equation Kav= (Ve -Vo)/ (Vt-Vo). Ve is elution
volume, Vt is the total volume and Vo is the void volume of the SEC column [226,227].
6.2.6 Limited proteolysis assay
Limited proteolysis of BRCA1 CRCs with trypsin was carried out to probe the stability of the
purified protein. Protein concentration of 8-12 μM was used, whereas 3ul of trypsin at a
concentration of 20 ng/ μl was used for the assay. The ratio of trypsin to protein used was
1:4000. Protein was incubated with trypsin at 37oC and 60 μl of the reaction mixture was
taken out at time intervals of 0, 5, 15, 30, 45, 60 and 120 minutes. The reaction was stopped
by the addition of 1μl of 1mM PMSF. Proteolysis digests were analysed on 10% SDS/PAGE.
6.2.7 Circular Dichroism
Far UV CD spectra of the BRCA1 CRCs were recorded. The spectra were recorded at 200C
for the wavelength range of λ=250-195 nm with 3 accumulations and scanning speed of 20
nm/minutes All the samples were baseline corrected. Thermal stability studies for all the
BRCA1 proteins were carried out in the temperature range of 20 to 95 oC at a wavelength
range of λ=240-195 nm. All the samples were incubated for 200 s and scans were recorded at
a data pitch of 5oC. Plot of θ222 nm as a function of temperature was plotted to check for
helicity changes.
6.2.8 Native gel electrophoresisTo check the homogeneity and the folding pattern of the protein, purified protein sample was
loaded on acidic (CRC-1, CRC-2 and CRC-4) and basic (CRC-3) native polyacrylamide gel.
5 μM of purified protein sample was mixed with loading dye and loaded on the gel. Protein
concentration was estimated from molar extinction coefficient and absorption at 280 nm. For
basic native polyacrylamide gel electrophoresis, 7% polyacrylamide gel was prepared in
potassium acetate buffer. β-alanine acetic acid buffer at pH 4.3 was used for electrophoresis.
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Methyl green was used as a tracking dye. For acidic protein 10% polyacrylamide gel was
prepared in Tris-HCl buffer. Tris glycine buffer was used for electrophoresis.
6.3 Results
6.3.1 Cloning of BRCA1 central region fragments
Figure 6.1 shows electrophoresis profile of the PCR products and screening of clones done
by insert release for the four CRC fragments. The clones with insert release were further
confirmed by sequencing. This construct is then further used for protein expression.

Figure 6.1: Screening of clones of BRCA1 central domains with BamH1 and ECoR1 enzyme
in 1% agarose gel. Lane 1-DNA ladder, 2-Amplicons and insert release (A): CRC-1, (B): CRC2, (C): CRC-3 and (D): CRC-4.
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6.3.2 Purification of different central fragments of BRCA1
Figure 6.2 shows the SDS profiles at different steps of protein purification for the four
CRCs. A contaminating band present at approximately 60 kDa was co-eluted with all the four
CRCs. To remove this contaminating band washing with high concentration of sodium
chloride, Triton X-100, ATP, magnesium chloride and β-mercaptoethanol was performed.
The final purified protein was obtained using gel permeation chromatography.

Figure 6.2: Purification of central fragments of BRCA1: A: CRC-1, B: CRC-2, C: CRC-3,
D: CRC-4. Lane 1: Marker, 2: Uninduced whole cell, 3: Induced Whole cell, 4: Pellet, 5:
Induced Soluble Fraction, 6: Beads after binding, 7: purified elution fraction.

To confirm for the protein of interest, trypsin digested peptides were subjected to time of
flight mass spectrometry (Figure 6.3). MS spectrum of peptide products was analyzed in
Flex analysis 3.0 and Bio-tools software.
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Figure 6.3: Peptide mass fingerprinting of CRCs. (A) Mass spectrum data, (B) Matched
peptide peaks. (A) CRC-1, (B) CRC-2, (C) CRC-3, (D) CRC-4.
The MS peaks were further analyzed by searching against SwissProt/NCBI nr database using
MASCOT search engine. The score shown is with value of p≤0.05. Table below shows the
sequence coverage and score value of confirmed proteins of central region of BRCA1.
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Sr.No.

BRCA1 fragments

Sequence Coverage (%)

Score

1

CRC-1

5.3

58.4

2

CRC-2

8

63

3

CRC-3

9

83

4

CRC-4

6.5

82
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6.3.3 Oligomeric characterization of the four purified CRCs
The FPLC elution profiles of the four different CRC’s loaded on Superdex 200 column are
shown in Figure 6.4. The retention volumes for all four CRCs are higher than the void
volume suggesting the size of all the fragments are smaller than the exclusion limit of the
column. The elution peaks are also sharp and symmetrical suggesting homogeneity of
molecular species. The lower retention volumes for CRC-1, CRC-2, and CRC-3 suggest them
to form higher order oligomers while, for CRC-4, the high retention volume suggests it to be
a monomer. A standard plot of log10 (molecular weight) versus (elution volume) was used to
estimate the apparent molecular weight of the eluted CRCs. These calculated molecular
weights are 126, 153, 105 and 28 kDa respectively.

Figure 6.4: Oligomeric characterisation: Gel filtration profile for the central fragments,
molecular weight displayed estimated from standards. Inset shows a standard plot of log10
(molecular weight) versus (elution volume).
This estimation of molecular weights is based on the assumption that the molecules are
globular (Inset in figure 6.4). In the case of native folded/ unfolded proteins following
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empirical relationships have been established [225]between the size of the protein and its
Stoke’s radius
Log (Rs) N =0.369 log (MW)-0.254
Log (Rs) U =0.533 log (MW)-0.682
The Stoke’s radius so obtained was used to estimate the elution volume of protein in both,
native and unfolded states, by using the standard plot of (–log Kav) ^1/2 versus Stoke’s radii
(Å) [226,227].
Table 6.2: Characterization of protein conformation from elution volume and Stoke’s radii:
Da.-Daltons, Ve -elution volume, M.wt.-molecular weight
CRCs

M.Wt. (Da)

Native folded

Unfolded

Actual Ve

Monomer (M. Wt. sequence)
260-553

32910

21.20926

12.7177

16.12

341-748

45990

19.80187

11.2425

15.39

502-802

33620

21.08785

12.5593

16.797

758-1064

33719

21.08783

12.5593

21.878

Dimer (M. Wt. sequence)
260-553

65820

18.09611

10.3512

16.12

341-748

91980

16.53137

10.0706

15.39

502-802

67240

17.99734

10.3221

16.797

758-1064

67438

17.98372

10.3182

21.878

Trimer (M. Wt. sequence)
260-553

98730

16.1995

10.0465

16.12

341-748

137970

14.66598

10.0041

15.39

502-802

100860

16.09973

10.0408

16.797

758-1064

101157

16.086

10.0401

21.878

M. Wt. (calculated from Ve of size exclusion column)
260-553

126000.4

15.0733

10.0086

16.12

341-748

153000.2

14.21338

10.0016

15.39

502-802

105000.8

15.9121

10.0316

16.797

758-1064

27000.82

21.8573

13.6675

21.878
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The elution volume so calculated for the four CRCs is in the range of 19.7 to 21 ml when
molecule is assumed to be globular, and is in the range of 11.2 to 12.6 ml if protein is
assumed to be completely unfolded. However the experimental elution volumes of the CRCs
are in the range of 15.3-21.8 ml suggesting that the three CRCs (1-3) have partially folded
structures, except for CRC-4 which has demonstrated a folded conformation (Table 6.2). The
discrepancy between the observed and calculated elution volumes could be due to
oligomerisation of the proteins, so we recalculated the elution volume by considering dimeric
and trimeric molecular weights. The match with the observed elution volume was the best
when the molecular weight used was that corresponding to a folded trimer (Table 6.2).
This expectation on the trimerisation of the molecules was not supported by presence of
discrete band in native gel electrophoresis. In this gel, each protein gave a smeared pattern
with no definite bands suggesting the absence of discrete oligomeric species (Figure 6.5B).
Hence, looking at the lower retention volume on the size exclusion column, smear pattern of
native gel and calculated elution volume from Rs value, it can be concluded that all the four
CRCs do not have globular structure. The lower retention volumes in FPLC may be because
of skewed shapes.

Figure 6.5: Oligomeric characterisation using native-PAGE gel (A): FPLC pure protein
loaded on 10% SDS gel. (B): Native gel profiles of the BRCA1 central domain construct.
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6.3.4 Intrinsic disorder in central regions of BRCA1
The amino acid composition of a protein can be used to predict whether, the protein is in
natively folded or unfolded states [26, 27] since, folding of protein is based on the principle
that the hydrophobic amino acids are to be buried away from aqueous solvent and hydrophilic
amino acids are to be exposed to the solvent. Composition profiler is a web based tool to
study for enrichment and depletion of residues in a given sample, when compared to standard
dataset of proteins with known physico-chemical and structural properties. It plots data for
fractional differences in amino acid residues in the sample and reference dataset for the
selected property. The property selected may be any of the following: 1). ability to form αhelical and β-sheet structures, 2). tendency towards surface exposure, 3). positional
flexibility, 4). disorder propensity etc (16).

Figure 6.6: Composition profiler output. Disorder-promoting residues are colored red, orderpromoting residues are colored blue, and disorder-order neutral residues are colored black.
Graph with bars on lower side indicate depletion and on upper side indicates enrichment of
those residues
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In the present analysis of CRCs the reference dataset chosen was PDB Select 25, and the
property selected was disorder propensity. A bar plotted on positive y axis denotes
enrichment of that amino acid residue while bar on negative y axis denotes depletion of
thatamino acid residue (Figure 6.6). It may be seen that for all the four CRCs the number of
blue bars are more in negative region while number of red bars is more on the positive region.
Taken together these results predict that the CRCs are intrinsically unstructured proteins.
This inference is also supported by the analysis using software PONDR, which analyses the
net charge and hydrophobic profile [14,15,16] (Figure 6.7). The probability of disorder as
predicted by Cspritz primary disorder predictor server is given in Table 6.3. Cspritz uses
information from X-ray crystal structure and Disprot database for prediction. It is significant
that the predicted degree of disorder is substantially high for all the four constructs, ranging
from 50 to70%.

Figure 6.7: PONDR plot: The plot of absolute mean net charge versus mean scaled
hydropathy. Yellow colored squares are the four BRCA1 CRCs; green color is the central
region from amino acid 260-1064.
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Table 6.3: Sequence analysis of different domains of BRCA1 from ExPASy, ProtParam tool
to probe for the feature that may lead to disordered protein

Figure 6.8: In silico prediction (A): MFDp of the four constructs CRC (1-4), (B):
MetaDisorder server analysis considering the entire central region from 260-1064. Here x axis
residue 1 corresponds to residue number 260 on the BRCA1 protein.
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The probability of disorder, analyzed from Meta servers (MFDp and Meta disorder) also
calculates the probability of disorder to be high. Meta server MFDp is an ensemble of 3
support vector machine which predicts short, long and generic disordered region. It predicts
disorder based on three complementary disorder predictors, sequence information, predicted
secondary structure, solvent accessibility, backbone dihedral torsion angles, residue
flexibility and B-factors (Figure 6.8A). MetaDisorder server combines prediction from 13
different servers and uses the combined output to improve the prediction accuracy (Figure
6.8B). Thus the analysis from primary and Meta servers predicts the central region to be
intrinsically disordered.
6.3.5 Secondary structural analysis of CRCs
Far UV CD spectra of CRC-1 to CRC-4 are shown in (Figure 6.9A). It may be seen that
these proteins show negative ellipticity at λ200 nm. It has been reported that random coils or
intrinsically-disordered proteins exhibit a negative ellipticity near λ200 nm and ~zero
ellipticity around λ218 nm [228,229,230]. Central regions of BRCA1 thus show CD spectra
characteristic of random coil structures.

Figure 6.9: Circular Dichroism Spectroscopy :( A): Far UV CD scans of all the central
region of BRCA1. (B): Plot of ellipticity at θ222 nm versus temperature
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Further, to confirm for absence of secondary structural characteristics, temperature induced
changes in ellipticity was monitored at λ=222 nm. A slight increase in negative ellipiticty was
observed at around 70oC (Figure 6.9B). This effect may be attributed to increased strength
of the hydrophobic interaction at higher temperatures, which may act as a driving force for
folding [231,232,233]. This slight increase in negative ellipticity due to increase in
temperature is defined as “turned out response” as witnessed with other proteins like αsynuclein [234], caldesmon [235], and phosphodiesterase γ-subunit [236].
6.3.6 Protease sensitivity assay for structural characterisation
Limited proteolysis technique relies on accessibility of the protease target site, enhanced
backbone flexibility and local unfolding at the proteolytic site. This is often used to explore
disordered regions in the proteins. Proteins with disordered structure are sensitive to
degradation even at very low protease concentrations [237,238].

Figure 6.10: Protease sensitivity assay: Central purified domains treated with trypsin at
concentration of 4000:1. All the different domains were incubated at 37oC for different time
points of 0, 5, 15, 30, 45, 60, 120 m. C-is untreated protein sample used for assay.

Chapter 6

Page 163

In fact, molecular simulation studies have suggested that more than 10 residues around the
cleavage site are required to be in an unfolded conformation to provide accessibility to
trypsin to its active site [239]. To check the sensitivity of this central region of BRCA1,
purified proteins were subjected to trypsin degradation. The ratio of trypsin to protein was
1:4000. The four purified CRCs were degraded within 15 min of incubation at 37oC, unlike
bovine serum albumin, which, under identical conditions, was not degraded even after 2h of
incubation (Figure 6.10). This sensitivity of CRC’s to such a low concentration of protease
indicates BRCA1 central region has a disordered structure and accessible protease cleavage
sites.

6.4 Summary
Initial preliminary study was done to determine the structural elements presents in these
different constructs. The central regions of BRCA1 co-purified with another protein of
approximate molecular weight of 60 kDa. This contaminant was identified as a bacterial
chaperon, because removal of that protein required extensive wash of affinity resin with wash
buffer containing Triton X-100, NaCl and ATP with MgCl2. Co-purification of chaperons,
especially Hsp70 is reported to assist in solubilising the aggregation-prone, intrinsically
disordered proteins [240]. Hsp70 is known to bind proteins in their extended form and protect
them from proteases thereby helping in folding [241]). This co-purification of chaperons &
purification with MgCl2 and ATP suggests that the central regions of BRCA1 have an
extended form which is stabilised by bacterial chaperons. All the four CRC’s were extremely
prone to degradation supporting their unstructured nature.
Molecular weight estimated from elution volumes on the size exclusion column, suggested
the protein to be monomeric with partially folded conformation. Interestingly, the Stoke’s
radii predicted all the CRCs to be trimeric except for CRC-4 which was monomeric.
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However, native gel profile suggested the protein to have a partial structured conformation.
This was further confirmed by limited proteolysis. Limited proteolysis assay also showed
high sensitivity of the four CRCs to trypsin digestion. However, there appears to be a
difference in the rates at which these four proteins are hydrolyzed by trypsin. The CRC-1 and
CRC-3 are more stable compared CRC-2 and CRC-4.suggesting presence of residual
secondary structure in CRC-1 and CRC-3. Since, binding to DNA involves specific structural
elements of protein this observation suggests that CRC-1 and CRC-3 are the regions utilised
by BRCA1 for direct interaction with DNA. This expectation is also supported by
experimental finding of previous published report [242].
Bioinformatics analysis of sequences of BRCA1 central regions carried out using primary
and Metadisorder servers, PONDR and Composition profiler classified them as intrinsically
unstructured proteins based on their mean-hydrophobicity, mean charge at pH 7, presence of
flexible loops, predicted secondary structure and missing coordinates in crystal structures. All
these data suggest the central region of BRCA1 to be intrinsically unstructured
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6A: Conformational characterisation of BRCA1 (502-802) in presence of DNA
6A.1 Introduction
The region in between the ring finger & BRCT domains of BRCA1 is known as the central
region that interacts with transcriptional repressors, activators, DNA repair proteins and also
with DNA [57,68,105,243,244,245]. BRCA1 central region from amino acid 504-802 was
responsible for the inhibition of nucleolytic activity of enzyme Mre, involved in doublestrand break repair, in the Mre11/Rad50/Nbs1 complex [104]. Competition gel retardation
assay has revealed that BRCA1 has the ability to discriminate between four-way junction
DNA, mismatch containing DNA, bulge containing DNA and linear DNA. Central region of
BRCA1 is reported to bind to DNA non-specifically and to have preference for cruciform
DNA/ supercoiled DNA [242,246]. BRCA1 protein when bound to DNA forms two types of
complexes: Type1 complex which has very strong affinity for nonspecific DNA which bind
without any structural requirement and Type II complex shows cooperative binding, and
which is affected by the structure and the length of the DNA molecule [104]. NMR and
biophysical studies on the central region of BRCA1 established the central region to be
intrinsically unstructured/ disordered [17,112].
Disordered state of a protein is only thermodynamic state, unlike ordered protein that is both
in thermodynamic and structural state [247]. The proteins which are intrinsically unstructured
are involved mostly in signalling, regulation or control e.g. BRCA1, p53, Calmodulin. The
interfacial and contact free energy of ligand binding to unstructured protein is used to bring
about the disorder to order transition [14]. This association results in a highly specific
interaction with low net free energy of association, which is useful for reversible processes
like signalling. Due to flexibility in structure, disordered protein can act as scaffold to bind
multiple partners forming a hub [248,249]. The globular protein structure is restricted to
maintain long range interaction and a nonpolar interior unlike disordered protein; hence the
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rate of evolution is constrained in globular protein. The pattern of amino acids substitution is
therefore chemically restrained in globular proteins [250]. Disordered proteins are reportedly
known to fold upon binding to their interacting partners [251,252,253]. Phospho tyrosinebinding domain of Numb protein [254] and the intrinsically disordered calcium binding
domain of calmodulin undergo disorder-to-order transitions upon Ca2+ binding [255]. The
release of solvent molecules is supposed to provide a favourable entropic contribution to the
binding. This structural plasticity leads to functional plasticity of protein e.g. Calmodulin,
Numb [256,257].
BRCA1 is indispensable for ATM and ATR-dependent phosphorylation of downstream
targets e.g. p53, Nbs1 and Chk2. The intrinsic disorder in central region of BRCA1 enables it
to act as a scaffold for the binding of the two kinases ATM and ATR, thereby facilitating
phosphorylation of downstream components required for apoptosis and checkpoint activation
[258]. Protein phosphorylation sites were found to be in regions of the protein that is
structurally characterized as natively disordered [15,259,260]. The central region of BRCA1
is also believed to be involved in direct interaction with DNA. However, the minimal region
required for DNA binding is not yet clearly established. [17,104,242]. The fragment (4521079) of BRCA1 is reported to bind DNA and multimerise on DNA binding [104]. No
binding was reported with DNA for the fragment BRCA1 (1021-1552). Naseem et al
suggested the BRCA1 (340-554) is the minimal DNA binding region of BRCA1 [111].
Further work by Brazda et al suggested BRCA1 (498-663) as the region sufficient for
effective binding. The BRCA1 (219-498) did not establish any binding with DNA [242]. In
view of all uncertainties we have overexpressed the region of BRCA1 (502-802), which
encompasses most DNA binding regions described above. Our aim has been to examine if
order is conferred on the central region of BRCA1 on binding to DNA.
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In this study, we have shown that the central region of BRCA1 is intrinsically unfolded, binds
effectively to duplex and cruciform DNA as expected. Surprisingly, this region remains
unfolded even after interaction with the DNA.
6A.2 Materials and Methods
6A.2.1 Size exclusion chromatography
To monitor the conformational change in BRCA1 (502-802) on binding with DNA, purified
protein was incubated along with duplex and cruciform DNA. Sequence for oligonucleotide
used for cruciform and duplex DNA formation is as follows [111].

Type of DNA
Cruciform
DNA

Sequence 5’---3’
F1: GAATTCAGCACGAGTCCTAACGCCAGATCT
F2: AGATCTGGCGTTAGGTGATACCGATGCATC
F3: GATGCATCGGTATCAGGCTTACGACTAGTG
F4: CACTAGTCGTAAGCCACTCGTGCTGAATTC

Duplex DNA

D1: GTCGACTTATGCCAAGTGGTACGTCTCCGT
D2: ACGGAGACGTACCACTTGGCATAAGTCGAC

Purified protein (20 μM), protein (16 μM) along with duplex DNA (45 μM) and protein (16
μM) with cruciform DNA (35 μM) was chromatographed using Superdex 200 column.
Standard proteins (BSA, lysozyme, phosphorylase B and carbonic anhydrase), DNA (duplex
and cruciform) were eluted from the same column under similar conditions to prepare the
standard plot for molecular weight estimation, and to get the elution volume of free DNA
respectively. 500 μl of sample were injected and resolved at a flow rate of 0.5 ml/minutes.
The elution was monitored by absorbance at λ=215 and 280 nm.
6A.2.2 Circular Dichroism
Far UV CD scan for the wavelength range of 240-195 nm was monitored for BRCA1 (502802) (14μM), BRCA1 (502-802) (14μM) with duplex DNA (4μM), and BRCA1 502-802 (14
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μM) with cruciform DNA (2μM). Near UV CD scan from λ=310-230 nm was also recorded
to monitor the structural changes in the DNA. Protein concentration used was 1.7 µM with
0.8 µM cruciform DNA and 1.8 µM duplex DNA. All the measurements were baseline
corrected. CD scans were recorded at 200C, at a scanning speed of 20 nm/min, and 3
accumulations were averaged. Protein concentration was measured using Bradford assay.
DNA concentration was calculated based on vendor provided concentration.
6A.2.3 Fluorescence spectroscopy
Fluorescence measurements were made on sample excited at λ=295 nm. Protein
concentration was 1.7 µM with 0.8 µM cruciform DNA and 1.8 µM for duplex DNA. The
emission slit width was 5 nm. The fluorescence scan was monitored for emission wavelength
range λem 310–500 nm. All the measurements were baseline corrected. The spectral data were
collected using FluorESSCENCE software.
6A.2.4 Limited proteolysis
To understand the effect of cruciform and duplex DNA on stability of BRCA1 (502-802),
limited proteolysis with trypsin was performed. Protein at a concentration of 20 μM was
mixed with DNA (duplex and cruciform 10 μM) and incubated in ice for 30 minutes.. Protein
concentration of 20 μM was estimated from Bradford using molar extinction coefficient
value. 60 ng of trypsin was used for the assay. The molar ratio of trypsin to protein was
1:7500. Protein was incubated with trypsin at 30oC, for periods of 0, 1, 2, 4, 6, 8, 12, and 20
minutes. Reaction was stopped by addition of 1mM PMSF in 60 μl aliquots and the mixture
was boiled at 100°C for 3 to 5 minutes, and then these samples was loaded on the gel
immediately. Proteolysis digests were analysed on 10% SDS/PAGE.
6A.2.5 Electrophoretic Mobility shift assay
To check for the interaction of BRCA1 (502-802) and DNA, cruciform and duplex DNA
were titrated with increasing concentrations of protein. Binding was performed in binding
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buffer containing 20 mM Tris pH 8.0, 50 mM NaCl, 4 mM DTT, 0.1% Triton X-100, 10%
glycerol, 0.01 mM ZnCl2. Cruciform DNA (0.10625) μM was titrated with protein of
concentration 0, 0.065, 0.131, 0.196, 0.262, 0.328, 0.393, 0.459, 0.525, 0.590 μM and Duplex
DNA (0.225) μM was titrated with protein of concentration 0, 0.372, 0.496, 0.620, 0.744,
0.868, 0.993, 1.117, 1.241 μM. These samples were incubated at 4ºC for 30 min, and were
then electrophoresed with 0.5X Trisborate- EDTA buffer onto a 7% pre-electrophoresed
polyacrylamide gel. The gel was run in the cold room at 200 V and 40 mA current.
6A.3 Results
6A.3.1 Conformational characterisation of BRCA1 (502-802) and DNA complex
The elution profiles of BRCA1 (502-802), BRCA1 (502-802) with duplex DNA, and BRCA1
(502-802) with cruciform DNA chromatographed on Superdex 200 column are presented
(Figure 6A.1). The elution volumes of standards injected was used to estimate the molecular
weight of the sample (Inset 6A.1).

Figure 6A.1: Size exclusion chromatography profile: BRCA1 purified protein along with
complex of protein with duplex and cruciform DNA injected in Superdex 200 column. Inset
shows plot of elution volume vs. log molecular weight of standards.
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The BRCA1 (502-802) fraction eluted at 22 mL in Superdex 200 column, that corresponds to
a molecular weight of 95 kDa. The protein complexed with duplex and cruciform DNAs
eluted at a higher retention volumes that is equivalent to molecular weights of 49 and 67 kDa
respectively. The higher retention volume of protein DNA complex suggests that the protein
has a smaller compact size when bound to DNA.
6A.3.2 Secondary structural characterisation of BRCA1 (502-802) and DNA complex
Far UV CD scan of (BRCA1 (502-802)) and protein DNA complex were obtained (Figure
6A.2A). The overlay of scans of protein and protein DNA complex revealed increase in
negative ellipticity at around λ=222 nm, and the negative ellipticity at λ=200 nm, which
signifies disorder, showed a shift towards 205 nm. This increase in negative ellipiticity λ=222
nm indicates incorporation of structural characteristics in the protein incubated with DNA.
To understand the structural changes in the DNA due to protein binding CD scan was
monitored from λ=310-230 nm. Increase in positive ellipticity at 280 nm and negative
ellipticity at 245 nm was observed (Figure 6A.2B).

Figure 6 A.2: Secondary structure characterisation: Secondary structure characteristics of
BRCA1 (502-802) studied in presence of DNA: (A) Far UV CD scans of BRCA1 (502-802), and
BRCA1 (502-802) with duplex and cruciform DNA. (B) Near UV CD scans to monitor the
structural changes in DNA in presence of BRCA1 (502-802)
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The positive maximum around λ=280 nm is attributed to base stacking and the negative peak
at 245 nm is attributed to DNA helicity [147]. The increase in ellipticity at 245 and 280 nm
suggests unwinding of DNA and/or displacement of base-pairs away from helix axis.
6A.3.4 Tertiary structural study of BRCA1 (502-802) and DNA complex
Fluorescencescans were recorded to see the changes in tertiary structural characteristics of
protein and protein DNA complex (Figure 6A.3). Increase in fluorescence intensity in the
protein: DNA complex suggests that the protein forms a more compact structure in terms of
hydrophobic core when bound to the DNA. No change in emission maximum was observed
indicating unaltered hydrophobic environment of the innate fluorophores.

Figure 6 A.3: Fluorescence spectra: Tertiary structural changes in BRCA1 (502-802) on
interaction with duplex and cruciform DNA.
6A.3.5 BRCA1 (502-802) sensitivity to trypsin in presence of DNA
Comparison of band patterns of protein, with and without DNA, suggests presence of DNA
do not enhance the stability of protein (Figure 6A.4). This sensitivity of protein in complex
with DNA indicates association of DNA does impart structural characteristics that would
have protected BRCA1 (502-802) from protease degradation.
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Figure 6A.4: Limited proteolysis assay: BRCA1 (502-802) and BRCA1 in complex with DNA
treated with trypsin at concentration of 1:7500. The protein and complex were incubated at
30oC for different time points of 0, 1, 2, 4, 6, 8, 12, and 20 min.
6A.3.6 Conformational characterisation of protein: DNA complex
The central region of BRCA1 is reported to bind to different forms of DNA non-specifically.
[104,246]. To demonstrate the binding of DNA with BRCA1 (502-802) DNA mobility shift
assay with duplex and cruciform DNA was performed. A constant amount of duplex and
cruciform DNA was titrated with increasing concentration of protein.
A

Figure 6A.5: Electrophoretic mobility shift assay: (A) Titration of Duplex DNA with protein.
Lane1- Free duplex and cruciform DNA, lane 2-9 has 0.225μM of DNA and increasing amount
of protein (0.3-1.2-uM). (B): Titration of cruciform DNA with protein. Lane1- Free cruciform
DNA, lane 2-10 has 0.10625 μM of DNA titrated with increasing amount of protein (0.06-0.6uM).
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Increase in protein concentration resulted in appearance of a band with reduced
electrophoretic mobility as compared to free DNA (F) suggesting formation of DNA-protein
complex (Figure 6A.5A & 5B). Incubation of BRCA1 (502-802) and cruciform DNA
resulted in formation of three types of complexes (C1, C2 and C3) each shifted by different
extent on the gel. At low protein concentrations complex I is formed which totally disappears
as the protein concentration increases leading to formation of complex II, suggesting cooperativity as reported earlier [104].
A slow migrating C3 complex predominated, when protein concentration was further
increased (Figure 6A.5B). In the case of interaction with duplex DNA, formations of two
shifted bands were observed (D1 and D2). Increase in D1 complex formation was observed
with an initial increase in protein concentration. However, after some stage increase in the
concentration of protein led to the formation of only slow migrating D2 complex (6A.5A).
6A.4 Summary
Studies on the central region of BRCA1 revealed it to be an intrinsically disordered region. It
has also been reported by different investigators that BRCA1 interacts with DNA nonspecifically. In order to investigate whether interactions with binding partners such as DNA
would confer folded structural characteristics, complexes of BRCA1 (502-802) with duplex
and cruciform DNA have been studied. These studies revealed an increase in retention
volume for BRCA1 (502-802):DNA complex in gel permeation chromatography. Far UV CD
scan demonstrated increase in ellipticity at λ=222 nm, and a shift in the peak of negative
ellipticity at λ=200 nm to a higher wavelength range, indicating incorporation of secondary
structural characteristics. Near UV CD scan demonstrated unwinding of DNA, when bound
with BRCA1 protein. This phenomenon could be probably important in unwinding the DNA
during the process of repair.
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The fluorescence intensity of the BRCA1 (502-802) protein was increased when complexed
with DNA, suggesting that the protein forms a more compact structure in terms of
hydrophobic core. EMSA study showed two and three different types of complex formation
for BRCA1 (502-802) with duplex and cruciform DNA, respectively. Although all the above
studies suggest incorporation of some structural component and compaction of protein, no
change in susceptibility to protease was observed.
As we are not observing substantial structural alterations in protein on binding to DNA, we
presume that unstructured part of BRCA1 left after DNA binding may probably provide
space for other binding partners involved in DNA repair and transactivation process, thereby
facilitating the role of BRCA1 as a scaffold protein (Figure 6A.6).

Figure 6A.6: BRCA1 as a scaffold protein: Cartoon illustrates the unstructured BRCA1
region which binds to DNA and other protein to gain structured form (yellow-DNA, pinkBRCA1 (502-802), green /blue are other interacting protein
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6B: Biophysical characterisation of BRCA1 Glu809Gly and Pro871Leu variants
6B.1 Introduction
Mutations reported in BRCA1 are well recognised for their association with breast and
ovarian cancer. Out of the 19 missense variants identified in patients of TMC cohort in our
study, BRCA1 E809G and P871L were located in the putative RAD51-binding domain of
BRCA1 [58,261]. These mutations may alter the RAD51-binding capacity, and also
compromise cell’s ability to repair damaged DNA. Though, E809G variant has been reported
both in COSMIC (which reports somatic mutations) and ClinVar databases, in ClinVar
database, it is reported as a germline variant of uncertain significance [262,263]. To the best
of our knowledge no further clinical or functional study is reported till date on the BRCA1
E809G mutant.
The allele frequency of P871L variant, as reported in ClinVar database, is 0.49. This fairly
high value characterises this variant as a polymorphic, which is expected not to affect the
fitness of the individual. However, certain reports from population based and functional
studies present conflicting biological effects for this variant.
A population based study suggests correlation between occurrence of ovarian cancer and
existence of P871L variant [264]. Again pathology and family history study of 110 unrelated
patients affected by familial breast and/or ovarian cancer, indicated association of P871L
with high tumour proliferation [265]. On the other hand, a recent study with proper age and
race matched controls in North Carolina, of 312 women with ovarian cancer (76% invasive
and 24% borderline) indicated no association of BRCA1 P871L genotype and ovarian cancer
risk. It has been suggested that this discrepancy in previous findings might be due to effects
of gene-gene or gene-environment interactions e.g. effect of polymorphisms on the
penetrance of deleterious BRCA1 mutations, cancer risk in females with high lifetime
ovulatory cycles or oral contraceptive use [266]. Altered protein expression of BRCA1 is
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known to be responsible for tumor susceptibility. Protein expression is recently shown to be
post transcriptionally regulated via micro-RNA:mRNA interactions. Over-expression of miR638 showed a reduction in BRCA1 P871L protein levels. Interaction of miR-638:BRCA1
P871L mRNA is responsible for this reduction of BRCA1 protein levels, indicating the
functional significance of the BRCA1 P871L variant in vivo [267].
A population based case control study, reported the role of BRCA1 P871L in reducing the
risk of cervical cancer [268]. Advanced gastric cancer patients with BRCA1 P871L
polymorphism, showed a longer progression-free survival and overall survival when treated
with taxane and cisplatin [269]. Hence, the dilemma posed with various reports on BRCA1
P871L suggest a need for a detailed investigation and understanding of this variant.
Here, we have attempted to study the variants BRCA1 P871L and E809G using biophysical
and in silico approach. BRCA1 (758-1064), BRCA1 E809G and P871L were cloned, purified
and structurally characterised. Secondary and tertiary structural profiles revealed alteration in
structure that leads to increase in the hydrodynamic radius for both the variants. In silico
study (chapter 3) unanimously classified BRCA1 P871L as neutral variant while BRCA1
E809G was ambiguously classified both as a neutral and a deleterious variant by different
servers.
6B.2 Materials and Methods
6B.2.1 Site-Directed Mutagenesis
BRCA1 E809G and P871L variants were incorporated, in BRCA1 (758-1064) construct, in
pGEX-kT vector. The forward and reverse primers used for polymerase chain reaction are
mentioned in the (Table 6B.1).100 ng of BRCA1 (758-1064) construct, 2.5 mM of each
dNTP, 10 pM of forward primer, PCR buffer and Pfu polymerase were mixed in the PCR
mix. The samples were pre-heated for 3 minutes at 95°C and then 3 cycles of PCR were
performed for 30 s at 95°C, 30 s at 51°C, and 14 minutes at 72°C with only forward primer.
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After the 3 cycles, reverse primer was added to the reaction mixture and further 18 cycles of
PCR were performed: 30 s at 95°C, 30 s at 51°C, and 14 minutes at 72°C. After the last
cycle, the reaction mixture was incubated for an additional 10 minutes at 72°C.
Table 6B.1: Primer used for site-directed mutagenesis of E809G and P871L
Region cloned

Forward and Reverse primers (5’→3’)
E809G F primer:

BRCA1 (E809G)

TGTGCAGCATTTGGAAACCCCAAGGGA
E809G R primer:
TCCCTTGGGGTTTCCAAATGCTGCACA
BRCA1 P871L F primer:

BRCA1 (P871L)

CGCCAGTCATTTGCTCTGTTTTCAAATCCA
BRCA1 P871L R primer:
TGGATTTGAAAACAGAGCAAATGACTGGCG

The PCR products were then digested with Dpn1 to remove methylated template containing
the wild type sequence. The digested product was then transformed into the Escherichia coli
DH5α cells and plated onto the LB-ampicillin plates. Several colonies were then screened for
the presence of the variant DNA sequence.
6B.2.2 Purification of (758-1064) E809G variant
Cell pellet obtained after harvesting of 3 litres of cell culture, was resuspended in 100 ml
chilled buffer D (50 mM Tris-HCl pH 7.5, 300 mM sodium chloride, 5% glycerol, 20 mM βME, 1 mM EDTA, 0.1% Triton X- 100 and protease inhibitor cocktail). Cells were lysed
using sonicator with 1 min duty cycle at 60 pulse for 3 times at 4oC. The cell lysate was
centrifuged at 15000 rpm for 45 minutes at 4oC to remove the insoluble proteins and the cell
debris. The soluble protein of interest present in the supernatant was bound for 1-2 hrs to precalibrated GST affinity resin. To remove the unbound protein beads were washed with wash
buffer (buffer D and 1 M sodium chloride, 20 mM MgCl2, 5 mM ATP). The beads were
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washed with 100 ml wash buffer/ 7ml of beads. All the washing was performed by incubating
the beads with wash buffer for 5 minutes. Finally beads were washed with 10 ml of lysis
buffer to remove any traces of ATP present. On-beads cleavage with TEV protease was
performed to get the target protein in the native form. Two hrs after TEV incubation, protein
was eluted from the beads with elution buffer containing 50 mM Tris-HCl pH 7.5, 300 mM
sodium chloride, 5% glycerol, 20 mM β-ME, 1 mM EDTA, and protease inhibitor cocktail.
The eluted fraction is then passed through 700 μl of pre-calibrated Ni-NTA resin to get rid of
TEV protease. The size exclusion column was pre calibrated with buffer containing 25 mM
Tris-HCl pH 7.5 and 150 mM sodium chloride. The collected eluent is then concentrated to
1.5 ml, and passed through size exclusion chromatography column for purification of protein
to homogeneity.
The purification protocol for BRCA1 P871L is same as the protocol used for of its wild type
BRCA1 (758-1064) construct mentioned in first part of this chapter.
6B.2.3 Size exclusion chromatography
BRCA1 (758-1064) and its variants BRCA1 E809G and P871L were purified to homogeneity
using gel permeation chromatography. The purified proteins were chromatographed on
Superdex 200 column. 700 μl of sample were injected and resolved at a flow rate of 0.5
ml/minutes. The elution profile of protein was monitored by absorbance at 280 nm.
6B.2.4 Circular Dichroism
Far UV CD scan at wavelength range of λ=240-195 nm were monitored for BRCA1 (7581064) (8μM), BRCA1 E809G (10μM) and BRCA1 P871L (10μM). All the measurements
were baseline corrected. CD scans were recorded at 20oC, with a scanning speed of 20
nm/min and 3 accumulations were averaged. Protein concentration was measured using
Bradford assay and the known molar extinction coefficient. Comparative scans of wild- type
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and its variants were plotted as mean residual ellipticity versus wavelength to eliminate the
effect of concentration dependent change in ellipticity.
6B.2.5 Fluorescence spectroscopy
The fluorescence scan was measured in the emission wavelength range λem 310–500 nm,
when the sample was excited at 295 nm. The emission slit width was 5 nm. All the data were
baseline corrected. Protein concentration measured using BSA as a standard was 3 µM.
6B.3 Results
6B.3.1 Purification of BRCA1 (758-1064) and variants E809G and P871L
BRCA1 (758-1064) was transformed in BL21 (DE3), and its variants (E809G and P871L)
were transformed in Rosetta 2 (DE3) for over expression. SDS-PAGE profile at different
stages of purification of BRCA1 variants E809G (Figure 6B.1A) and P871L (Figure 6B.1B)
is shown.

Figure 6B.1: Purification of BRCA1 variants E809G and P871L. (A) E809G (B) P871L.
Lane 1: Marker, 2: Uninduced whole cell, 3: Induced Whole cell, 4: Pellet, 5: Induced Soluble
Fraction, 6: Beads after binding, 7: purified elution fraction.

Protein was analysed for purity using 10% SDS-PAGE. A single protein band at
approximately 33kDa was obtained after all purification steps as shown in (Figure 6B.3).
Two litres of bacterial culture yielded approximately 0.5 mg of BRCA1 758-1064 wild type
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and its variant proteins. The solubilities of wild type construct and its variants were almost
similar.
6B.3.2 Oligomeric characterisation of BRCA1 (758-1064) and variants E809G and
P871L
BRCA1 (758-1064) eluted at approximately 21 ml, while the variants BRCA1 E809G and
P871L eluted at approximately 15 ml elution volume in the Superdex 200 size exclusion
column (Figure 6B.2). This indicates that the variants have a larger hydrodynamic radius as
compared to wild type protein.

Figure 6B.2: Oligomeric characterization of BRCA1 758-1064 and its variant E809G and
P871L. Size exclusion chromatography profiles of purified proteins. Inset is a plot of log of
molecular weight standards versus. elution volumes.
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Figure 6B.3: FPLC purified protein loaded on 10% SDS gel.
Lane 1 -marker, 2-BRCA1 758-1064, 3- BRCA1 (E809G), 4- BRCA1 (P871L)
6B.3.3 Structural characterisation of BRCA1 (758-1064) and variants E809G and
P871L
To study the secondary structural characteristics of BRCA1 (758-1064) and variants E809G
and P871L, far UV CD scan of protein from λ=240-195 nm was monitored (Figure 6B.4).
The far UV CD scan showed a negative ellipticity at 208 nm and a positive peak at 198 nm,
and this is indicative of beta sheet like structure. However the BRCA1 E809G and P871L
variants have negative ellipticity at 200 nm, and this indicates a disordered structure.

Figure 6B.4: Circular Dichroism spectra of BRCA1 758-1064 and its variants E809G and
P871L
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Intrinsic fluorescence spectra were recorded from λ=310-500 nm, upon excitation at 295 nm
(Figure 6B.5). The fluorescence emission maxima for the BRCA1 (758-1064) and its
variants BRCA1 E809G and P871L are at 332, 338 and 322 nm respectively. Red shift of 6
nm in BRCA1 E809G variant suggests loss of burial of the residues responsible for the
fluorescence signal. On the other hand, in the case of BRCA1 P871L, the blue shift of 10 nm
is suggestive of an increase in the burial of the residues responsible for the fluorescence
signal

Figure 6B.5: Fluorescence spectra of BRCA1 758-1064 and its variants E809Gand P871L.

6B.4 Summary
Strong inherited predisposition to breast and ovarian cancers in families is attributed to high
penetrance of deleterious germ line mutations in BRCA1. Understanding the atomic level
detail of multi-functional BRCA1 protein becomes essential, to characterise the variants of
uncertain significance. BRCA1 E809G is a missense germ line variant identified in TMC
cohort. The proband developed bilateral breast cancer at the age of 42 y and ovarian cancer at
47 y. The pathological study revealed IDC grade III tumour with ER, PR negative breast
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cancer. The first and second degree relatives were diagnosed with breast and ovarian cancer
and leukaemia at an early age.
Multiple sequence alignment showed that BRCA1 E809 is not a conserved residue, but its
high posterior probability value classifies it into IARC class 4, a likely pathogenic variant.
Hence, to understand and classify the variant E809G and BRCA1 P871L, biophysical study
was performed on the variant classified under likely pathogenic IARC class 4 and not
pathogenic class 1 respectively.
BRCA1 E809 residue is present in the central region of BRCA1. The central region of
BRCA1 (758-1064) is reported to interact with RAD51 protein. Hence region encoding
residues BRCA1 758-1064 was cloned, and variants E809G and P871L were prepared, using
site directed mutagenesis. Biophysical study explored the effects of variant E809G and
P871L variant. Elution profile in gel permeation chromatography indicates less compact
structure for E809G and P871L variant compared to BRCA1 (758-1064) wild type. Far UV
CD scan suggests that incorporation of E809G/ P871L variant leads to increase in disorder
demonstrated with the negative ellipticity around 200 nm. The emission maxima value
indicates that both the variants show opposite effects on tertiary structural property of
BRCA1 (758-1064).
In conclusion, central region of BRCA1 (758-1064) demonstrated a change in structure in the
variant proteins. Based on the observation of pedigree data and biophysical study it seems
that this change is sufficient to alter the normal function of BRCA1 protein. It would be
interesting to further investigate the influence of the variants on DNA repair function through
cell-based in vitro experiments.
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Chapter 7
Characterisation of BRCA1 dependent
ZBRK1 repressor domain

7.1 Introduction
The majority of Zinc Finger (ZF) proteins belong to the C2H2 class, which contains a
consensus amino acid sequence ψ-X-Cys-X(2-4)-Cys-X3-ψ-X5-ψ-X2-His-X(3-4)-His, where X
is any amino acid and ψ is any hydrophobic residue. Zinc Finger (ZF) proteins are known to
play a central role in transcriptional regulation, DNA replication and repair, protein
translation, cell proliferation and apoptosis [270,271]. C2H2 type containing the KRAB
(Kruppel-associated box) domain forms the largest subfamily (KRAB-ZFP) of ZF proteins
[272] and, ZBRK1 (Zinc Finger And BRCA1-Interacting Protein with a KRAB Domain) is
one member of this family.
Human ZBRK1 consists of 532 amino acids and performs a variety of biological functions
through its different domains: the N-terminal KRAB, eight consecutive central C2H2 zinc
fingers and a BRCA1-dependent C-terminal transcriptional repression domain (CTRD) [18].
The N-terminal KRAB domain also performs repressor function by interacting with other
proteins, such as KAP1. The repressor ZBRK1 binds to a 15 bp consensus nucleotide
sequence, GGGXXXCAGXXXTTT (where X is any nucleotide), which is found near
promoter regions of many DNA damage inducible genes like p21, ANG1 [273], GADD153
and GADD45 [213,217]. The ZBRK1 region containing residues from 206 to 424 is the zinc
finger DNA-binding domain (DBD). ZBRK1 represses cellular invasion and metastasis and,
its loss enhances MMP9 transcription in cervical cancer [274]. ZBRK1 represses a high
mobility group AT-hook 2 (HMGA2), a DNA architectural protein, activation of which plays
a significant role in tumorigenesis and metastasis [275]. Exposure of cells to DNA damaging
agents leads to degradation of ZBRK1 via the BRCA1-independent ubiquitin proteasome
pathway leading to de-repression [276]. Binding interactions between ZBRK1 with Trim28
and histone deacetylase, results in repression of HIV-1 LTR acting as an intrinsic retroviral
defense system. In order to understand the different functions of ZBRK1, we have carried out
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structural and binding interactions studies of ZBRK1 with different ligands. The present
chapter deals with expression, purification and biophysical characterization of the ZBRK1
Zinc Finger Domain (ZFD) or (ZBRK1 DBD), and binding analyses with zinc and cognate
oligonucleotide.
Our results indicate that ZBRK1-DBD domain exists as a homo tetramer in solution and it
binds double stranded DNA, even in the absence of zinc ions. The DNA is found to be
overwound on binding, while the conformation of the protein is relaxed on DNA binding.
7.2 Materials and methods
7.2.1 Cloning of ZBRK1-DNA binding domain
ZBRK1-DBD (206-424) was sub-cloned at the Bam H1 and HinD III site in pRSET-A vector
(Invitrogen). The forward primer has TEV site incorporated in it so as to enable cleavage of
the native protein from the His-tagged protein. The forward primer used for amplification of
ZBRK1 DBD (206-424) is
5’-GTCTCCGAGAACCTGTACTTTCAGGGTGTGTGCAGTGAATGTGGGAA-3’
and reverse primer used is 5’-GTCAAGCTTCTATTAGTGTATTCTCTTATGCTTAAC-3’.
The PCR reaction containing Pfu polymerase, 0.2 mM of each dNTP, 10 pM of both primers,
and 100 ng of ZBRK1cDNA were performed in 50 μl of total volume, The samples were
preheated for 3 minutes at 95°C and then 32 cycles of PCR were performed under following
condition: 30s at 95°C, 30 s at 65°C and 1 minutes at 72°C. After the last cycle, the reaction
was incubated for an additional 10 minutes at 72°C. The PCR products were then purified
using Sigma gel elute kit to remove excess primers and enzymes. It was then digested with
BamH1 and HinD III to generate cohesive ends for ligation into pRSET-A vector. The
digested vector and insert were ligated in 1:3 molar ratio using Quick DNA ligase at 16°C for
about 30 minutes. The ligated samples were then transformed into Escherichia coli DH5α
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cells and plated on ampicillin plates. Ampicillin resistant colonies were screened for positive
clones and correct DNA sequence.
7.2.2 Protein expression and purification
E. coli bacterial strain Rosetta 2(DE3) was transformed with ZBRK1-DBD construct. Single
colony was inoculated in Luria Bertani broth containing ampicillin (100 μg/ml) &
chloramphenicol (12 μg/ml), and the culture was allowed to grow over night. This grown
culture was then diluted 100 fold and further allowed to grow till the OD600 reaches a value
between 0.6-0.7. This culture was then induced with 0.4 mM IPTG for 16 h at 180C. Cells
were harvested & resuspended in the lysis buffer A containing 10 mM HEPES pH 7.0, 500
mM NaCl, 0.1% Triton X-100, 20 mM βME, 1 mM EDTA, 2.5% glycerol, and 10 mM
imidazole. Cells were lysed by sonication at a pulse rate of 50, three times with 1 minute’s
duty cycle. Cell debris was removed by centrifugation at 18,000 rpm for 45 minutes. The
induced soluble fraction was allowed to bind on Ni-NTA resin for 1-2 h at 25oC. To remove
the non-specifically bound proteins, resin was washed with 50 mM imidazole made in lysis
buffer A. Twenty column volume of wash buffer was used to get rid of the nonspecifically
bound contaminant protein. Resin bound protein was eluted with (500 and 750 mM)
imidazole made in lysis buffer A at pH 8.0 and further treated with TEV protease to remove
histidine tag.
7.2.3 Gel Filtration chromatography
ZBRK1-DBD was further purified to homogeneity using FPLC. TEV-cleaved protein was
concentrated up to 1.5 ml using 10 kDa Millipore centricon tubes. This protein was then
further centrifuged at 13,000 rpm for 10 min to remove precipitated protein. Concentrated
protein was chromatographed using Superdex-75 column, pre equilibrated with buffer (5 mM
HEPES pH 7.0, 150 mM NaCl, and 20 mM β-mercaptoethanol). Four proteins (BSA,
lysozyme, phosphorylase B, and carbonic anhydrase) were eluted from the same column
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under similar conditions to prepare the standard plot for molecular weight estimation. The
samples were run at a flow rate of 0.5 ml/ minutes, and 1 ml fractions were collected. FPLC
purified protein was further passed through buffer exchange column to remove βmercaptoethanol that could interfere in other experiments.
7.2.4 Mass Spectrometry
Molecular mass of proteins were determined by using MALDI-MS. Peptide mass
fingerprinting was performed for protein identifications. The detailed protocol for mass
spectrometry sample preparation has been described in materials and method chapter 2.
Trypsin was used for protein digestion. The protein samples were suspended in sinapinic acid
matrix and spotted onto the stainless steel plate. MS spectrum obtained was analyzed in
Mascot (http://www.matrixscience.com) for peptide mass fingerprinting.
7.2.5 MBP Pull down Assay
MBP-ZBRK1ΔK (amino acid 146-532) and MB`P vector (pMAL c2X) were transformed
into Rosetta 2 (DE3) strain. These constructs were then expressed and affinity purified using
amylose resin. Purified ZBRK1-DBD was incubated with resin bound MBP-ZBRK1ΔK, and
resin bound MBP for 3 h on ice with occasional gentle mixing. Amylose resin was washed
with buffer (5 mM HEPES pH 7.0, 150 mM NaCl) to remove non-specifically bound
ZBRK1-DBD. The resin was then loaded on to 12% SDS-PAGE gel to check for the pull
down results.
7.2.6 Circular Dichroism Spectroscopy
Far-UV CD scan of ZBRK1-DBD (7 µM) was monitored to study secondary structural
characteristics. Scan was recorded from λ=240-190 nm at a scanning speed of 20
nm/minutes, data interval of 0.1 nm and 3 accumulations. To study the effect of zinc sulfate
and DNA on secondary structural characteristics, ZBRK1-DBD was titrated with zinc sulfate
(10-180 µM) and DNA (5-30 µM). To reveal the structural alteration in DNA due to ZBRK1
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binding, CD scan was obtained from λ=300-200 nm at a scanning speed of 20 nm/minutes
Protein concentration was calculated using OD

595

nm from Bradford method and a molar

extinction coefficient of 12950 M_1 cm_1. All the spectra were measured at 25oC and were
baseline corrected. α-helical content of the protein was estimated using ellipticity signals at
wavelengths of 208 and 222 nm and the standard equation [27,28)
7.2.7 Thermal stability
To measure the thermal stability of ZBRK1-DBD (5 µM), CD spectra in the range λ= 250200 nm were recorded, as a function of temperature. Far-UV CD scan was monitored at every
5oC increase in temperature, with an equilibration time of 3 minutes and a scanning speed of
50 nm/minutes. Thermal unfolding pathway was also studied to reveal the effect of ZnSO4
(100 µM) and DNA (30 µM) on the stability of ZBRK1-DBD. Ellipticity at λ= 222 nm was
plotted as a function of temperature to understand the course of change in secondary structure
elements.
7.2.8 Fluorescence spectroscopy
The fluorescence scan was monitored from λem =310-500 nm, when excited at λ= 295 nm.
The emission slit width was 5 nm. Titration experiments with ZBRK1-DBD and different
concentrations of DNA (4-60 μM) and ZnS04 (5-110 μM) were performed to study the
tertiary structural alterations [277].
7.2.9 Isothermal Titration calorimetry
Interaction studies of ZBRK1-DBD with ZnS04 and consensus double stranded DNA
oligonucleotide (5’-GGGACGCAGTTTTAT-3’) were performed using MicroCal iTC200
calorimeter. To understand the stoichiometry and binding affinity of ZBRK1-DBD, titration
experiments were performed under following conditions; (1) 5.2 µM of ZBRK-DBD in cell
and 1 mM of ZnS04 in syringe, (2) 20 μM of ZBRK1-DBD in cell and 200 μM of DNA in
syringe. Protein concentration was estimated, using BSA as standard. To study the heat

Chapter 7

Page 189

effects from dissociation of ZBRK1 DBD tetramer, ZBRK1-DBD (50 µM) was injected into
calorimetric cell containing buffer 5 mM HEPES pH 7.0, 150 mM NaCl. Thirteen injections
each of 3 μl, were injected at 25oC into the cell, allowing an equilibration time of 150
seconds between each injections.

7.3 Results
7.3.1 Cloning of ZBRK1 DNA binding domain
The ZBRK1-DBD amplicons (Figure 7.1A) were ligated into histidine tag expression vector
pRSET-A for affinity purification. The clones obtained from the ligated products were
digested with BamH 1 and HinD III to confirm for the presence of insert (Figure 7.1B).

Figure 7.1: Cloning of ZBRK1 DBD. Lane 1- DNA ruler (A): PCR amplified product, lane 2 amplicons of 684 bp of ZBRK1 gene, (B): Insert release Lane 2- Screening with BamH1 &
HindIII to confirm for clone
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7.3.2 Expression and purification of ZBRK1 DBD
ZBRK1 DNA binding domain encoded by amino acids (206-424) was expressed in Rosetta 2
(DE3) strain and the target recombinant protein with Histidine tag was affinity purified using
Ni-NTA resin. Nonspecifically bound proteins on the beads were washed with lysis buffer-A
containing 50 mM imidazole. Resin bound protein was eluted with lysis buffer-A containing
500 mM and 750 mM imidazole (Figure 7.2A). Final purification of protein was achieved
after size exclusion chromatography. FPLC purified protein was further passed through the
buffer exchange column to remove β-mercaptoethanol that can interfere in other experiments.
Two litres of bacterial culture yielded ~ 0.4 mg of pure ZBRK1-DBD. Protein was analyzed
for purity using 10% SDS-PAGE. A single purified band at approximately 24 kDa was
obtained after final purification (Figure 7.2B).
A

B

Figure 7.2: Expression and purification of ZBRK1 DNA binding Domain: (A): 10% SDS gel
analysis of ZBRK1 DBD after affinity purification. Lane 1- molecular weight marker, 2uninduced whole cell, 3-induced whole cell, 4-induced soluble fraction, 5-Ni-NTA bound
protein, 6-elution fraction, (B): SDS electrophoresis showing sample purity.
The molecular weight of ZBRK1 was estimated to be 22.3745 kDa from MALDI-TOF
(Figure 7.3A). Peptide mass fingerprinting confirmed the presence of 24 kDa band to be
indeed, of ZBRK1 (Figure 7.3B & C). The search parameters used were mass tolerance of
100 ppm in SwissProt database with sequence coverage of 11% and Score of 72.
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Figure 7.3: Peptide mass fingerprinting: (A) Molecular weight estimation. (B). Tryptic
peptides. (C). Spectral analysis report.
7.3.3 ZBRK1-DBD forms a tetramer
The elution of ZBRK1-DBD at ~ 58 ml in 16/60 Superdex-75 size exclusion column
indicates that the protein forms a higher order oligomer (Figure 7.4A). From the standard
linear graph of log10 (molecular weight) versus (elution volume) (Figure 7.4 A inset), the
size of the eluted sample was estimated to be approximately 94 kDa. To explore the ability of
self-association of ZBRK1-DBD, MBP pull down assay with MBP tagged ZBRK1ΔK
construct was performed. ZBRK1-DBD showed interaction with ZBRK1ΔK construct. No
interaction was visible with MBP (Figure 7.4B). Thus, based on size exclusion
chromatography and pull down assay, it can be concluded that the ZBRK1-DBD forms a
homo tetramer in solution.
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Figure 7.4: Oligomeric characterization of ZBRK1-DBD. (A) Size exclusion chromatography
profile of purified ZBRK1-DBD protein. Inset is a plot of log of molecular weight standards.
(B) MBP pull-down (lanes 1, 3, 5-show input), (lane 2, 4 -pull down) samples.
7.3.4 Dissociation of ZBRK1 DBD tetramer
To further confirm the oligomeric behaviour of ZBRK1 DBD, we have performed
dissociation study using ITC.

Figure 7.5: Dissociation study of ZBRK1 DBD.
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Addition of concentrated protein from the syringe into calorimeter cell containing buffer (5
mM HEPES pH 7.0, 150 mM NaCl) resulted in a heat change which gradually decreased as
the concentration of the protein inside the cell increased (Figure 7.5). This observation
suggests that the heat change was due to dissociation of an oligomeric species. The
dissociation curve yielded enthalpy of dissociation as -482 kcal/ mol with a dissociation
constant of 0.125 μM.
7.3.5 Secondary structure alterations on ligand binding
The CD scan showed peaks at approximately λ=222, 208 and 195 nm, which are
characteristic of α- helical conformation [277,278]. The α-helical content of ZBRK1-DBD,
estimated using measured ellipticity at λ= 222 and 208 nm, was 12 and 15% respectively.
Far- UV CD spectrum of ZBRK1-DBD is shown in (Figure.7.6A). The CD spectra of
ZBRK1-DBD were recorded also in the presence of varying concentrations of DNA and zinc
ions. The ratio θ222/ θ208 nm of only protein is 1.0, which decreases during titration with DNA,
indicating the reduction in coiled coil structure (Figure.7.6B). However, interaction with zinc
sulfate, the ratio of θ222/ θ208

nm

increases with further addition of ZnS04, indicating the

incorporation of quaternary structure (Figure.7.6C) [277,279]. (Figure.7.6D) shows the CD
spectrum over the λ range of 320-230 nm, when DNA was titrated with different amounts of
ZBRK1-DBD. The CD spectrum of B-form DNA is composed of four major peaks: negative
peaks around λ =214 and 245 nm and positive peaks around λ= 225 and 280 nm [145,146].
The positive maximum peak around λ =280 nm is attributed to base stacking and the negative
peak at λ =245 nm is attributed to DNA helicity [147]. The changes in ellipticities at λ =275
nm and λ = 245 nm, on addition of ZBRK1-DBD, indicate that the standard B-geometry of
the DNA is being altered on protein binding.
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Figure.7.6: Circular Dichroism spectra: (A) ZBRK1-DBD (B) ZBRK1-DBD titrated with
DNA, (C) ZBRK1-DBD titrated with ZnSO4. (D) DNA titrated with ZBRK1-DBD. Arrows
indicate directions of decrease in ellipticity.
7.3.6 Intrinsic tryptophan fluorescence to elucidate local tryptophan environment
Tryptophan emission spectrum was recorded from λ = 310-500 nm, when excited at λ = 295
nm (Figure 7.7A). Emission maximum observed at λ =336 nm indicates the presence of
single tryptophan residue buried inside of hydrophobic environment [280]. Titration of
ZBRK1-DBD with DNA (Figure 7.7B) and ZnSO4 (Figure 7.7C) showed a decrease in
fluorescence intensity without any shift in the position of the maxima. This suggests
interactions of ZBRK1-DBD with either zinc sulfate or with DNA does not have any effect
on local tryptophan environment
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Figure 7.7: Fluorescence spectra: (A) ZBRK1-DBD. (B) ZBRK1-DBD titrated with DNA. (C)
ZBRK1-DBD titrated with ZnSO4. Arrows indicate directions of decrease in fluorescence
intensity.
7.3.7 Thermal stability of ZBRK1-DBD in presence of DNA and ZnSO4
To evaluate the nature of folding and unfolding transitions and to measure the structural
stability of ZBRK1-DBD in presence of DNA and ZnSO4, the far UV CD spectra were
recorded at different temperatures (Figure.7.8). Variations in the ellipticity at λ=222 nm as a
function of temperature suggests that ZBRK1-DBD unfolds via three state unfolding
transitions with Tm values of 58 and 69o C. Presence of zinc sulfate or DNA with ZBRK1
increased thermal stability of protein as suggested by increase in melting temperatures from
57oC to 62oC & 68oC respectively. Interestingly, in the presence of either DNA or zinc
sulfate, ZBRK1 demonstrated simply a two state unfolding transitions.
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Figure.7.8: Thermal denaturation profile of ZBRK1-DBD. Plot of fraction unfolded versus
temperature at 5oC intervals.
7.3.8 Thermodynamics of ligand binding to ZBRK1 DBD
Calorimetry experiments have been performed to study the interactions of ZBRK1 with zinc
sulfate and DNA (Figure.7.9). Model fitting for ZBRK1-DBD with zinc sulfate with one set
of sites showed exothermic reaction with a stoichiometry of 1:42. It demonstrated an affinity
of 1.4 μM under these conditions (Figure.7.9A).

Figure.7.9: Isothermal Titration Calorimetry: Interaction of ZBRK1-DBD with (A) ZnSO4, (B)
DNA.
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Nonlinear curve fitting done, using one set of sites for ZBRK1-DBD with DNA demonstrated
a stoichiometry of 1:2 with binding affinity of 0.29 μM (Figure.7.9B). ZBRK1-DBD
interaction with zinc sulfate and DNA is an enthalpically driven reaction. Table.7.1 shows
the thermodynamic parameters derived from heat change of ZBRK1-DBD interaction with
ZnSO4 and DNA on curve fitting in origin software.
Table.7.1: Thermodynamic parameters derived from heat change: ZBRK1-DBD interaction
with ZnSO4 and DNA.

7.4 Summary
ZBRK1 DBD has been cloned, expressed and purified. The purified protein was used for
structural and biophysical characterization to study the binding interactions with its potential
binding partners. The elution profile of ZBRK1-DBD from the gel filtration column indicates
it to be a homo tetramer in solution. MBP pull down assay also revealed the ability of
ZBRK1-DBD to oligomerize with ZBRK1ΔK in the MBP tagged ZBRK1ΔK construct. The
ITC titration also suggests that dissociation of ZBRK1-DBD is enthalpically favoured. The
negative enthalpy change, on dissociation implies that association process will be
endothermic and entropically driven. The presence of two transitions in thermal unfolding
pathway is also consistent with presence of tetrameric species. The first transition with a Tm
of 580C would be for the disassembly of the tetramer, while the second transition with a Tm
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of 680C would be for denaturation of the monomers. The stoichiometry of 1:42 for zinc
binding of ZBRK1-DBD, containing eight zinc fingers is also supportive for tetrameric
oligomerisation of ZBRK1-DBD. The DNA-binding motif in ZF proteins comprises of two
beta strands and an α- helix, and the residues from the helix bind to a triplet of bases in the
major groove of the DNA helix [281,282,283]

Figure 7.10: Electrophoretic mobility shift assay: Lane 1: duplex free DNA, lane 2-8: fixed
amount of DNA was titrated with ZBRK1-DBD from 0.6 to 1.8μM in absence of zinc ions.
Formation of the helix and proper positioning of the helical residues for optimal interaction is
assumed to be ensured by coordination of zinc ion to conserved cysteine and histidine
residues of the motif [284]. Therefore Zn ions are essential for repressor activity of C2H2
type of zinc fingers [285]. Interestingly, in the present study, ZBRK1-DBD binds to 15 bp
consensus DNA sequence even in the absence of Zn ions. EMSA (Figure 7.10) and ITC
(Figure 7.9A) studies also revealed binding interactions in absence of Zn ions.
It has been observed that the structure of DNA bound by ZF protein is altered from the
standard B-geometry [286]. In silico based approach; molecular modeling has revealed that
this distortion is necessitated by the requirement for neighbouring zinc fingers to bind
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optimally in the major groove. The actual distortions observed in the crystal structures of
complex molecules are in agreement with in silico based predictions. The relative intensity of
CD signal at λ= 275 nm is often taken as a signature for DNA geometry. An increase in its
intensity suggests unwinding of DNA and/or displacement of base-pairs away from helix
axis. However, in the present study on ZBRK1-DBD: DNA complex, the CD signals at 275
nm is significantly decreased. The geometry of the DNA in the complex is likely to be over
wound compared to B-DNA. This probably may help ZBRK1 in repression activity, on
interaction with DNA. Although previous reports mention no change occurs in ZF
conformation on DNA binding, our results indicate subtle changes. Interestingly, binding of
Zn and DNA to ZBRK1-DBD appear to have opposite effects on protein conformation. The
n-π* transition at λ=220 nm in CD reflects the α-helical content. The π-π* excitation band at
λ= 208 nm is sensitive to whether the α-helix is involved in tertiary contacts [287]. The ratio
of θ222/θ208 nm is, therefore, regarded as an indicator of quaternary structure through inter-αhelix coiling/interaction. The binding of ZBRK1-DBD protein to DNA suggests decrease in
θ222/θ208 nm ratio indicating decrease in compactness of protein. On the other hand, increase in
θ222/θ208

nm

ratio for ZBRK1-DBD with Zn-ions suggests incorporation of quaternary

structure in presence of Zn as compared to Zn deficient protein.
In conclusion, the results presented here indicate that ZBRK1-DBD forms a tetramer.
ZBRK1-DBD binds exclusively to double stranded DNA in the absence of zinc ions. The
future goal of this work is to crystallize the protein for understanding the structure, that will
help in using it as a drug target and also to engineer it for therapeutic purposes.
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Chapter 8
Summary and Conclusion

Breast cancer is one of the leading cancers in women. Along with breast cancer, ovarian
cancer also accounts for the majority of cancer deaths in women. Strong inherited
predisposition to breast, ovarian and few other cancers is attributed to the high penetrance of
deleterious germline mutations discovered in BRCA1/2 genes. BRCA1 is a multi-functional
protein involved in maintaining genomic stability, DNA repair in phosphorylation-dependent
manner and transcription regulation. BRCA1 interacts with many different cellular partners in
executing this variety of functions.
Mutations reported in BRCA1 include truncating mutations (nonsense and frameshift) &
missense mutations. Truncating mutations drastically change the primary sequence thereby
affecting protein folding necessary for function, whereas missense mutations which substitute
a single residue could be either polymorphic with no clinical significance or a jeopardizing
variant. Germline missense variants in BRCA1/2 for which the cancer risk has not been
determined, are termed as unclassified variants (UCV) or variants of uncertain significance
(VUS). In this study aimed at understanding the functionality of BRCA1 at a molecular level,
different fragments of BRCA1 were cloned and site-directed mutagenesis were performed for
the identified variants. These constructs were expressed in E.coli and the purified proteins
were used for biophysical and functional studies.
Over thousands of different BRCA1 variants are deposited in BIC database, and of these,
94% of the variants are unclassified variants. The advent of new sequencing technologies
may lead to a steep rise in the number of the unclassified variants. Proper and reliable
classification of unclassified variants is helpful in counselling cancer patients. Therefore, we
have combined clinical, biophysical and computational techniques in an attempt to classify
the novel identified variants in Indian HBOC families. The Cancer Genetics Unit, Tata
Memorial Centre, Mumbai, has carried out full gene sequencing of 48 samples of BRCA1/2.
In this sequence data we have identified 19 missense variants, and of these 19 variants, 10
Chapter 8

Page 201

were already reported in the BIC/ ClinVar database, 5 were synonymous variants and the
remaining 4 (BRCA1 C1697Y, S1722P, F1124I and Q210H) were novel unreported variants.
The variants BRCA1 S1722P and C1697Y were classified under definitely pathogenic IARC
class 5. Mutation at E809G belongs to IARC class 4, a likely pathogenic variant. BRCA1
F1124I, Q210H and other reported variants belong to IARC class 2 and 1, which is the class
of little clinical significance. The variants S1722P and C1697Y belonging to definitely
pathogenic class impair the transactivation activity of BRCA1. Incorporation of Proline at
1722 position led to a decrease in secondary structure and also distortion in the tertiary
structure of the protein. This loss in secondary and tertiary structures affected the binding of
the S1722P variant with the phospho-peptide derived from binding partners. BRCA1 C1697Y
variant had a deleterious effect on protein folding leading to aggregation and insolubility. In
silico studies on both these variants demonstrated alterations in weak intramolecular
interactions which may affect the structural integrity of the protein. The results presented here
for BRCA1 C1697Y and S1722P, provide a rationale for co-segregation of variants with the
disease in the HBOC families. The variant present in the RAD51 interacting region of
BRCA1, E809G, showed an increase in the hydrodynamic radius of the protein and distortion
in its secondary structure. As this variant lies in a region that is intrinsically disordered,
mammalian tissue culture-based study is necessary for definitive classification of this variant.
Four central regions of BRCA1 (amino acids 260-553, 341-748, 502-802 and 758-1064) were
cloned & purified. Biophysical and in silico studies revealed that each of these central regions
is intrinsically disordered. All of them show extreme sensitivity to trypsin digestion
consistent with the predicted disorder. Bioinformatics analyses considering sequence,
structure, amino acid charge, hydrophobicity also supports disorder in all the four constructs.
The structure of BRCA1 (502-802) in the presence of its binding partner (cruciform and
duplex DNA) was explored using SEC, CD and fluorescence spectroscopy. It was found that
Chapter 8

Page 202

there was a change in the hydrodynamic radius of the protein suggesting the formation of
intermolecular complexes. The complexes were found to be of multiple forms when
investigated using EMSA. Sensitivity to trypsin digestion, however, did not decrease. Thus,
there was only a marginal decrease in the disorder of BRCA1 (502-802) on binding to
different types of DNA. These experiments indicate that the central region from amino acid
260-1064 is intrinsically disordered even when complexed with some binding partner
molecule such as DNA. The study on the ZBRK1, a binding partner to the central region of
BRCA1 was also accomplished. BRCA1 is a co-repressor of ZBRK1: a transcriptional
repressor protein that binds to sequence-specific DNA and represses transcription of cell
cycle regulatory proteins.
Our study indicates that ZBRK1-DBD forms a homotetramer. It binds exclusively to doublestranded DNA with a stoichiometry of 1:2, even in the absence of zinc ions. The thermal
stability of the protein is enhanced on binding to ZnSO4 and DNA. DNA binding led to
decrease in compactness of protein as evident from the decrease in the θ222/θ208 nm ratio in
far UV spectra. On the other hand, an increase in θ222/θ208 nm ratio on titration of protein with
zinc suggested incorporation of quaternary structure. In the complex with ZBRK1-DBD, the
DNA is distorted from the standard B-geometry.
The C-terminal region of BRCA1 from 1314-1863 is known to be involved in transactivation
and DNA repair function. Though the minimal region required for this function is the BRCT
domain (1649-1863), its N-terminal extensions are suggested to enhance an efficiency of
transactivation. Therefore, segments 1314-1863, 1396-1863, 1560-1859 and 1646-1859
which also correspond to different N-terminal deletion constructs of BRCA1, were expressed
and purified from E. coli to carry out biophysical studies. Purification was extremely difficult
as all these three constructs (1314-1863, 1396-1863 and 1560-1859) were unstable and prone
to fast degradation. The experiments indicate that these three constructs were intrinsically
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disordered, with order confined only to the 1646-1859 (BRCA1 BRCT) portion. One of the
constructs (1560-1859) could be crystallized and its structure has been refined to 3.2 Å
resolution. Though cell content analysis indicates the presence of full length construct of
molecular weight 33 kDa in the crystals, no electron density was visible for residues
upstream of BRCT domain. Purification and structure solution data indicate the interesting
possibility that BRCA1 TAD is autolytic; however, this need to be further investigated and
confirmed.
While the association of deleterious mutations with the disease is well established, it is not
known whether a given VUS missense mutation is only polymorphic or can lead into disease
development. Very often the available clinical data on the variant is inadequate to make a
definitive classification of the variant. In such situations in vitro studies can provide critical
information beneficial to predict the potential pathogenicity of missense variants and also to
recommend the steps to be taken for correct testing and disease management. In this context,
a variety of experimental and theoretical techniques have been employed here to evaluate a
number of novel missense mutants discovered in HBOC families in Indian population. The
structural properties of two missense mutants have been shown to be altered in a way that
affects their ability to bind cellular proteins necessary for proper functioning of BRCA1. The
central region of BRCA1 and the region N-terminal to BRCA1 BRCT domain have been
shown to be intrinsically disordered and even interaction with the natural binding partner, at
least in one case, has not conferred order. This suggests that the intrinsic disorder is a design
feature probably to facilitate multi-functionality of BRCA1. A zinc finger protein that binds
to the central region of BRCA1, ZBRK1, has been shown to be a homotetramer binding to
DNA even in the absence of zinc ions.
Structural and functional analyses are necessary to understand the 3D structure of the protein,
and the effect of identified mutations on this structure and how it may hinder the
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functionality. X-ray crystal structure determination could be useful in screening of
therapeutic compounds capable of restoring normal function in mutant protein structure.
Information of structure could be used to design anti-cancer drug molecules using
bioinformatics tools. Structural and biophysical analysis could be useful in discriminating
between cancer-predisposing mutations and neutral polymorphism. It could also prove useful
in the interpretation of the effect of these alterations, even in the absence of clinical data.
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a b s t r a c t
Zinc ﬁnger transcription regulatory proteins play crucial roles in cell-cycle regulation, DNA damage
response and tumor genesis. Human ZBRK1 is a zinc-ﬁnger transcription repressor protein, which recognizes double helical DNA containing consensus sequences of 50 GGGXXXCAGXXXTTT30 . In the present
study, we have puriﬁed recombinant DNA binding domain of ZBRK1, and studied binding with zinc ions
and DNA, using biophysical techniques. The elution proﬁle of the puriﬁed protein suggests that this
ZBRK1 forms a homotetramer in solution. Dissociation and pull down assays also suggest that
this domain forms a higher order oligomer. The ZBRK1-DNA binding domain acquires higher stability
in the presence of zinc ions and DNA. The secondary structure of the ZBRK1-DNA complex is found to
be signiﬁcantly altered from the standard B-DNA conformation.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Zinc ﬁnger proteins, are known to play pivotal roles, through
transcriptional regulation in DNA replication and repair, protein
translation, cell proliferation and apoptosis. Regulation of gene
expression using customized transcription factors has been
reported recently [1,2]. Chimeric ZF proteins have been engineered
to obtain customized activities, such as restriction, methylation
and integration [3,4]. The erb2 oncogene and peripheral arterial
obstructive diseases have been repressed by customized ZF proteins [5]. ZF proteins contain more than one ZF in tandem, and
are considered potential targets for drugs. They can also make
the genome a potential drug target.
There are different types of ZF proteins, and these are classiﬁed
based on the environment around zinc ions. The major class is the
C2H2 class, which contains a consensus amino acid sequence w-XCys-X(2–4)-Cys-X3-w-X5-w-X2-His-X(3,4)-His, where X is any
amino acid and w is any hydrophobic residue. C2H2 type containing the KRAB (Kruppel-associated box) domain forms the largest
subfamily (KRAB-ZFP) of ZF proteins [6] and, ZBRK1 is a member
of this family. Human ZBRK1 performs a variety of biological
functions through its various domains: the N-terminal KRAB, eight

Abbreviations: CD, circular dichroism spectroscopy; ZBRK1, zinc ﬁnger and
BRCA1-interacting protein with a KRAB domain 1; ZF, zinc-ﬁnger.
⇑ Corresponding author. Fax: +91 22 2740 5085.
E-mail address: avarma@actrec.gov.in (A.K. Varma).
http://dx.doi.org/10.1016/j.bbrc.2014.05.104
0006-291X/Ó 2014 Elsevier Inc. All rights reserved.

consecutive central C2H2 zinc ﬁngers and a BRCA1-dependent
C-terminal transcriptional repression domain (CTRD) [7]. ZBRK1
consists of 532 amino acids, and the region from residues 206 to
424 is the DNA-binding domain (DBD). The N-terminal KRAB
domain also performs repressor function by interacting with other
proteins, such as KAP1. ZBRK1 represses cellular invasion and
metastasis and, its loss enhances MMP9 transcription in cervical
cancer [8]. ZBRK1 represses a high mobility group AT-hook 2
(HMGA2), a DNA architectural protein, activation of which plays
a signiﬁcant role in tumor genesis and metastasis [9]. The repressor
ZBRK1 binds to a 15 bp consensus nucleotide sequence,
GGGXXXCAGXXXTTT (where X is any nucleotide), which is found
near promoter regions of many DNA damage inducible genes like
p21, ANG1 [10] GADD153 and GADD45 [11,12]. Exposure of cells
to DNA damaging agents leads to degradation of ZBRK1 via the
BRCA1-independent ubiquitin–proteasome pathway leading to
de-repression [13]. Interaction of ZBRK1 with Trim28 and histone
deacetylase, results in repression of HIV-1 LTR acting as an intrinsic
retroviral defense system [14]. In order to understand the various
functions of ZBRK1, in details, we have initiated to study the
structure and interactions of ZBRK1 with different ligands.
Here, we report puriﬁcation and biophysical characterization of
the DNA binding domain of ZBRK1 (ZBRK1-DBD), and an analysis of
its binding with zinc and the cognate oligonucleotide. It is found
that this domain exists as a homotetramer in solution, in contradiction to earlier report that C-terminal residues were essential
for tetramer formation [15]. ZBRK1-DBD binds only to double
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stranded DNA, even in the absence of zinc ions. The DNA is found
to be overwound on binding, while the conformation of the protein
becomes less compact.
2. Materials and methods
2.1. Reagents
All the enzymes used for cloning were procured from NEB (US).
Oligonucleotides were ordered from Sigma Aldrich (US). Chemicals
used were from HiMedia, Qualigens and Sigma Aldrich. Bacterial
culture media, IPTG and ampicillin were from HiMedia (India).
2.2. Cloning of ZBRK1-DNA binding domain
ZBRK1-DBD from amino acid 206 to 424 was sub-cloned at the
BamHI and HinDIII site in pRSET-A vector (Invitrogen). Forward
primer 50 -GTCTCCGAGAACCTGTACTTTCAG GGTTGTGTGCAGTGAA
TGTGGGAA-30 and Reverse primer 50 -GTCAAGCTTCT ATTAGTGTAT
TCTCTTATGCTTAAC-30 were used for polymerase chain reaction.
The forward primer has TEV site incorporated in it so as to enable
cleavage of the native protein from histidine tag. The ligated samples were transformed into Escherichia coli DH5a cells and plated
on ampicillin plates. Ampicillin resistant colonies were screened
for positive clones and correct DNA sequence (Genetic AnalyserApplied Bio Systems).
2.3. Protein expression and puriﬁcation
E. coli bacterial strain Rosetta 2(DE3) (Invitrogen) was transformed with ZBRK1-DBD construct. Single colony was inoculated
in Luria Bertani broth containing ampicillin (100 lg/ml) and chloramphenicol (34 lg/ml), and the culture was allowed to grow for
12–14 h. Cells were then diluted 100 fold and grown till the
OD600 reached a value of 0.7. This culture was then induced with
0.4 mM IPTG for 16 h at 18 °C. Cells were harvested and resuspended in buffer-A containing 10 mM HEPES pH 7.0, 500 mM NaCl,
0.1% Triton X-100, 20 mM b-ME, 1 mM EDTA, 2.5% glycerol, and
10 mM imidazole. Cells were lysed by sonication at a pulse rate
of 50, three times with 1 min duty cycle. Cell debris was removed
by centrifugation. Cell lysis was allowed to bind on Ni–NTA resin
for 1–2 h at 25 °C. To remove the nonspeciﬁcally bound protein,
resin was washed with buffer-A addition containing 50 mM imidazole. Fusion protein was eluted with imidazole (500 and 750 mM)
and further treated with TEV protease to remove histidine tag.

MBP-ZBRK1DK and MBP for 3 h on ice with gentle mixing. Amylose
resin was washed with buffer-A to remove non-speciﬁcally bound
ZBRK1-DBD. The resin was then loaded on 12% SDS gel to check for
the pull down.
2.6. Circular dichroism spectroscopy
Far UV CD scan of ZBRK1-DBD (7 lM) was monitored to study
secondary structural characteristics. Scan was recorded from 240
to 190 nm at a scanning speed of 20 nm/min, data interval of
0.1 nm and 3 accumulations. To study the effect of zinc sulfate
and DNA on secondary structural characteristics, ZBRK1-DBD was
titrated with zinc sulfate (10–180 lM) and DNA (5–30 lM). To
reveal the structural alteration in DNA due to ZBRK1 binding, CD
scan was obtained from 300 to 200 nm at a scanning speed of
20 nm/min. Protein concentration was estimated directly by Bradford method assuming a molar extinction coefﬁcient of
12,950 M1 cm1. All the spectra were measured at 25 °C using
(Jasco J-815) spectropolarimeter, and were baseline corrected. aHelical content of the protein was estimated using ellipticity signals at 208 and 222 nm and the standard equation [16].
2.7. Thermal stability
To measure the thermal stability of ZBRK1-DBD (5 lM), CD
spectra in the range 250–200 nm was recorded as a function of
temperature. Far UV CD scan was monitored at every 5 °C increase
in temperature, with an equilibration time of 3 min and a scanning
speed of 50 nm/min. Thermal unfolding pathway was also studied
to reveal the effect of ZnSO4 (0.1 mM) and DNA (30 lM) on the stability of ZBRK1-DBD. Ellipticity at 222 nm was plotted as a function
of temperature to understand the course of change in secondary
structure elements.
2.8. Fluorescence spectroscopy
Spectroﬂuorometer (JOBIN YVON Horiba Fluorolog 3) was used
for ﬂuorescence measurements. The emission slit width was 5 nm.
The ﬂuorescence scan was measured in the emission wavelength
range of kem 310–500 nm, and the excitation was at 295 nm. The
spectral data were collected using FluorESSENCE software. Protein
concentration was measured using molar extinction coefﬁcient as
described before. Titration experiments with ZBRK1-DBD and different concentrations of DNA (4–60 lM) and ZnSO4 (5–110 lM)
were performed to study the tertiary structural alterations.
2.9. Isothermal titration calorimetry (ITC)

2.4. Gel ﬁltration chromatography
ZBRK1-DBD was further puriﬁed to homogeneity using AKTA
explorer system (GE Healthcare). Concentrated protein was chromatographed using Superdex-75 column pre equilibrated with
buffer (5 mM HEPES pH 7.0, 150 mM NaCl, and 20 mM b-mercaptoethanol). Four proteins (BSA, lysozyme, phosphorylase B, and
carbonic anhydrase) were eluted from the same column under
similar conditions to prepare the standard plot for molecular
weight estimation. The sample was run at a ﬂow rate of 0.5 ml/
min, and 1 ml fractions were collected. FPLC puriﬁed protein was
further passed through buffer exchange column to remove bmercaptoethanol. Peptide mass ﬁngerprinting was done for protein
conﬁrmation using MALDI-MS (Ultraﬂex Bruker Daltonics system).

ZBRK1-DBD (50 lM) was injected into calorimetric cell containing buffer to study the heat effects from dissociation. Thirteen
injections each 3 ll, were injected at 25 °C, allowing an equilibration time of 150 s between injections. Interaction studies of ZBRK1DBD with ZnSO4 and consensus double stranded DNA oligonucleotide (50 GGGACGCAGTTTTAT30 ) were performed using MicroCal
iTC200 calorimeter. (GE Healthcare) The titration experiments
were done under following conditions: (1) 5.2 lM of ZBRK-DBD
in cell and 1 mM of ZnSO4 in syringe, (2) 20 lM of ZBRK1-DBD in
cell and 200 lM of DNA in syringe. Protein concentration was estimated, using BSA as standard.
3. Results

2.5. MBP pull down assay

3.1. Expression and puriﬁcation of ZBRK1-DBD

MBP-ZBRK1DK and MBP were expressed and afﬁnity puriﬁed
using amylose resin. Puriﬁed ZBRK1-DBD was incubated with

Two liters of bacterial culture yielded 0.4 mg of >95% of pure
ZBRK1-DBD protein (Fig. 1A). A single band corresponding to a
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molecular weight of 24 kDa suggests that the preparation is very
homogeneous. Peptide mass ﬁngerprinting further conﬁrmed the
sample to be ZBRK1-DBD (data not shown).
3.2. ZBRK1-DBD forms a tetramer
ZBRK1-DBD eluted at approximately 58 ml from 16/60 Superdex75 size exclusion column (Fig. 1B). This indicates that the protein forms a higher order oligomer. From the standard linear graph
of log10 (molecular weight) versus (elution volume), the size of the
eluted sample was estimated to be approximately 94 kDa (Fig. 1B).
The partition coefﬁcient Kav, for ZBRK1-DBD was calculated from
the elution volume [17,18]. Stoke’s radius of ZBRK1-DBD was interpolated from a plot of partition coefﬁcient (Kav) versus Stoke’s
radii for standard markers. The calculated Stoke’s radius of
ZBRK1-DBD was 5.6 nm which is closer to Stoke’s radius of standard of 97 kDa. To explore the ability of self-association of
ZBRK1-DBD, MBP pull down assay with MBP tagged ZBRK1DK construct was performed. ZBRK1-DBD showed interaction with
ZBRK1DK construct. No interaction was visible with MBP (Fig. 1C).
Thus, based on size exclusion chromatography and pull down
assay, it is proposed that the ZBRK1-DBD forms a homotetramer
in solution.
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To conﬁrm the formation of an oligomer, next we performed
dissociation study using ITC. Addition of concentrated protein from
the syringe into calorimeter cell containing the buffer-resulted in a
heat change, which gradually decreased as concentration of the
protein inside the cell increased (Fig. 1D). This observation suggests that the heat change was due to dissociation of an oligomeric
species. The dissociation curve yielded enthalpy of dissociation as
482 kcal/mol with a dissociation constant of 0.125 lM.
3.3. Secondary structure alterations on ligand binding
Far UV CD spectrum of ZBRK1-DBD is shown in (Fig. 2A). The
scan showed peaks at approximately 222, 208 and 195 nm, which
are characteristic of alpha-helical conformation [16,19]. The alphahelical content of ZBRK1-DBD, estimated using measured ellipticities at 222 and 208 nm, was 12% and 15% respectively. The CD
spectra of ZBRK1-DBD were recorded at different concentrations
of zinc (Fig. 2B) and DNA (Fig. 2C). The h222/h208 nm ratio of only protein is 1.0, and this ratio increases with further addition of ZnSO4,
indicating incorporation of quaternary structure. In the case of
interaction with DNA, this ratio decreased, indicating reduction
in coiled coil structure [16,20]. Fig. 2D shows the CD spectrum over
the k range of 320–230 nm, when DNA was titrated with varying

Fig. 1. Oligomeric characterization of ZBRK1-DBD: (A) size exclusion chromatography proﬁle of puriﬁed ZBRK1-DBD protein. Inset is a plot of log of molecular weight
standards (carbonic anhydrase, lysozyme, phosphorylase B and BSA) vs. elution volumes. (B) SDS electrophoresis showing sample purity. (C) MBP pull-down (lanes 1, 3, 5 –
show input), (lane 2, 4 – pull down samples). (D) Exothermic heat pulses for 3 ll injections into buffer of ZBRK1-DBD (50 lM). Lower panel shows integrated heat data after
blank correction.
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Fig. 2. CD spectra: (A) ZBRK1-DBD. ZBRK1-DBD titrated with (B) DNA, (C) zinc sulfate. (D) DNA titrated with ZBRK1-DBD. Arrows indicate directions of decrease in ellipticity.

amounts of ZBRK1-DBD. The CD spectrum of B-form DNA is composed of four major peaks: negative peaks around 214 and
245 nm and positive peaks around 225 and 280 nm [21,22]. The
positive maximum around 280 nm is attributed to base stacking
and the negative peak at 245 nm is attributed to DNA helicity
[23]. The changes in ellipticities at 275 nm and 245 nm, on
addition of ZBRK1-DBD, indicate that the standard B-geometry of
the DNA is being altered by protein binding.
3.4. Intrinsic tryptophan ﬂuorescence to elucidate local tryptophan
environment
Tryptophan emission spectrum recorded from 310 to 500 nm,
upon excitation at 295 nm (supplemental Fig. 1A). Emission maximum observed at 336 nm indicates that the single tryptophan residue is in hydrophobic environment [24]. Titration of ZBRK1-DBD
with DNA (supplemental Fig. 1B) and zinc sulfate (supplemental
Fig. 1C) showed a decrease in ﬂuorescence intensity without any
shift in the position of the maxima. This suggests that interaction
of ZBRK1-DBD with either zinc sulfate or with DNA does not have
any effect on local tryptophan environment.
3.5. Thermal stability
To evaluate the nature of folding and unfolding transitions, and
to measure the structural stability of ZBRK1-DBD in presence of
DNA and ZnSO4 the far UV CD spectra, were recorded at different
temperatures (Fig. 3). Variation in the ellipticity at 222 nm as a
function of temperature suggests that ZBRK1-DBD unfolds via
three state unfolding transitions with Tm values of 58 and 69 °C.
Presence of zinc sulfate or DNA with ZBRK1 increased thermal stability of protein as suggested by increases in melting temperatures
from 57 °C to 62 °C and 68 °C, respectively. Interestingly, in the
presence of either DNA or zinc sulfate, ZBRK1 demonstrated simply
two state unfolding transitions.
3.6. Thermodynamics of ligand binding to ZBRK1-DBD
Fig. 4 shows the results of calorimetry experiments to study the
interactions of ZBRK1 with zinc sulfate and DNA. Model ﬁtting for
ZBRK1-DBD with zinc sulfate with one set of sites showed

Fig. 3. Thermal denaturation proﬁle of ZBRK1-DBD. Plot of fraction unfolded versus
temperature at 5 °C intervals.

exothermic reaction with a stoichiometry of 1:42. It demonstrated
an afﬁnity of 1.4 lM under these conditions (Fig. 4A). Nonlinear
curve ﬁtting done using one set of sites for ZBRK1-DBD with
DNA demonstrated a stoichiometry of 1:2 with binding afﬁnity of
0.29 lM (Fig. 4B). ZBRK1-DBD interaction with zinc sulfate and
DNA is an enthalpically driven reaction. Thermodynamic parameters of protein interaction with zinc and DNA, derived from ITC
experiments are tabulated (Table 1).

4. Discussion
4.1. Oligomeric DBD
The elution proﬁle of ZBRK1-DBD from the gel ﬁltration column
clearly indicates that ZBRK1-DBD was a homotetramer in solution.
The absence of any substantial monomeric peak implies a very
high afﬁnity for tetramer formation. MBP pull down assay also
revealed the ability of ZBRK1-DBD to oligomerize with ZBRK1DK
in the MBP tagged ZBRK1DK construct. The ITC titration also suggests that dissociation of ZBRK1-DBD is enthalpically favored.
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Fig. 4. Interaction of ZBRK1-DBD with: (A) zinc sulfate (B) DNA.

Table 1
Thermodynamic parameters derived from heat change: ZBRK1-DBD interaction with
(1) zinc sulfate, (2) DNA.

Interaction model
N sites
Kd (lm)
K (M1)
DH (cal/mol)
DS (cal/mol/deg)
Chi^2 value

ZnSO4

DNA

One set of sites
42.9 ± 0.0817
1.4
7.06E5 ± 1.91E5
3927 ± 29.88
13.4
3510

One set of sites
2.1 ± 0.0538
0.29
3.44E6 ± 1.26E6,
1.714E4 ± 192.6
27.6
1.34E + 05

The negative enthalpy change of dissociation implies that association process will be endothermic and entropically driven. The presence of two transitions in thermal unfolding pathway is also
consistent with presence of tetrameric species. The ﬁrst transition
with a Tm of 58 °C would be for the disassembly of the tetramer,
while the second transition with a Tm of 68 °C would be for denaturation of the monomers. The stoichiometry of 1:42 for zinc binding of ZBRK1-DBD, containing eight zinc ﬁngers is also supportive
for tetrameric oligomerisation of ZBRK1-DBD (Table.1). Tetramer
formation has also been established by chemical cross-linking
experiments [15]. However, in these studies, the molecule was full
length ZBRK1DK construct, and not just the DNA binding domain
used here. In fact experiments conducted by these authors with a
variety of C-terminal deletion constructs show that, C-terminal
nine residues are absolutely essential for formation of stable tetramers. Against this background our observation that ZBRK1-DBD,
which lacks 108 residues from the C-terminal region, is a homo tetramer in solution, is a very novel ﬁnding. It is conceivable that the
nature of tetramers formed by full length ZBRK1 and ZBRK1-DBD
are different. The biological implications of this observation are
not yet clear. Tetrameric DNA-binding proteins are known. The
transcription factor p53 forms a tetramer. One dimer part of the
tetramer binds to half site of consensus DNA sequence & the binding of second dimer to the other half enhances the afﬁnity to DNA
almost 50-fold [25]. Mutations in the mostly hydrophobic residues

responsible for tetramerization can inactivate the wild type protein
suggesting the importance of tetramerization in p53 function [26]
OB fold proteins that bind single stranded DNA are tetrameric
[27,28]. Bioinformatics and EMSA analysis, however, shows that
ZBRK1-DBD does not have the OB fold and does not bind ss DNA.
(data not shown).
4.2. Zinc ions for DNA binding
The DNA-binding motif in ZF proteins comprises of two beta
strands and an alpha helix, and the amino acid residues from the
helix bind a triplet of bases in the major groove of the DNA helix
[29–31]. Formation of the helix and proper positioning of the helical residues for optimal interaction is assumed to be ensured by
coordination of zinc ion to conserved cysteine and histidine residues of the motif [32]. Therefore Zn ions are essential for repressor
activity of C2H2 type of zinc ﬁngers [33]. Interestingly, in the present study, ZBRK1-DBD binds to 15 bp consensus DNA sequence
even in the absence of Zn ions (Fig. 2D, supplemental Fig. 1B).
EMSA (data not shown) and ITC (Fig. 4A) also revealed interaction
in absence of Zn ions.
4.3. DNA and protein conformation
It has been observed that the structure of DNA bound by ZF protein is altered from the standard B-geometry [34]. Molecular modeling has revealed that this distortion is necessitated by the
requirement for neighboring ﬁngers to bind optimally in the major
groove. The actual distortions observed in the crystal structures of
complexes are in agreement with predictions by modeling experiments. [35]. The relative intensity of CD signal at 275 nm is often
taken as a signature for DNA geometry. An increase in its intensity
suggests unwinding of DNA and/or displacement of base-pairs
away from helix axis. However, in the present study on ZBRK1DBD: DNA complex, the CD signals at 275 nm is signiﬁcantly
decreased. The geometry of the DNA in the complex is likely to
be over wound compared to B-DNA. This probably may help ZBRK1
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in repression activity, on interaction with DNA. Although previous
reports mention no change occurs in ZF conformation on DNA
binding, our results indicate subtle changes. Interestingly, binding
of Zn and DNA to ZBRK1-DBD appear to have opposite effects on
protein conformation. The n–p⁄ transition at 220 nm in CD reﬂects
the a-helical content. The p–p⁄ excitation band at 208 nm is sensitive to whether the a-helix is involved in tertiary contacts [36].
The ratio h222/h208 nm is, therefore, regarded as an indicator of quaternary structure through inter-a-helix coiling/interaction. The
binding of protein to DNA (Fig. 2C) suggests decrease in h222/
h208 nm ratio indicating decrease in compactness of protein. On
the other hand, ZBRK1-DBD with Zn ions indicated increase in
h222/h208 nm ratio (Fig. 2B) suggesting incorporation of quaternary
structure in presence of Zn as compared to Zn deﬁcient protein.
In conclusion, our report indicates that ZBRK1-DBD forms tetramer. ZBRK1-DBD binds exclusively to double stranded DNA with
stoichiometry of 1:2, even in the absence of zinc ions. Interaction
of ZBRK1-DBD with ZnSO4 and DNA leads to higher thermal stability. In the complex with ZBRK1-DBD, the DNA is distorted from
standard B-geometry. The future goal of this work is to crystallize
the protein for understanding the structure, which will help in
using it as a drug target and also to engineer it for therapeutic
purposes.
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The most studied function of BRCA1 is that of tumor suppression through its role in DNA repair and transcription
regulation. Germline mutations discovered in a larger cohort of patients, abrogate BRCA1 interactions with reported
cellular partners, and are responsible for breast and ovarian cancer. The different functional regions of BRCA1 interact
with nearly 30 different cellular partners. Thus, it becomes clinically signiﬁcant to understand the detailed protein-protein
interactions associated with functional regions of BRCA1. Different overlapping central domains of BRCA1 have been
characterized using in silico, in vitro and biophysical approaches. To our conclusions, it has been observed that central
domains of BRCA1 are intrinsically disordered and has large hydrodynamic radius with random coil like structures.
Keywords: BRCA1 central domains; intrinsic disorder; protein-protein interactions

1. Introduction
BRCA1 is a cancer susceptibility gene responsible for
hereditary breast and ovarian cancer syndrome. The basic
characteristic of family with (HBOC) syndrome is early
onset of breast and ovarian cancer (Goldgar et al., 2004).
Among cancer patients, 3–5% of breast cancer and 10%
of ovarian cancer cases are estimated to be due to alterations discovered in BRCA1 and BRCA2 gene (Risch
et al., 2006; Rubin et al., 1998). However, families with
inherited mutations in BRCA1 has 70–80% risk of
developing breast cancer and 50–60% risk of developing
ovarian cancer (Roy, Chun, & Powell, 2012).
BRCA1 is a pleiotropic protein that performs a variety of function in the cells. The well-known tumor suppressor function is because of its involvement in DNA
repair through homologous recombination and nonhomologous end joining mechanisms. (Bau, Mau, &
Shen, 2006; Moynahan, Chiu, Koller, & Jasin, 1999). It
also helps in transcription regulation, transcriptional
repair, cell-cycle regulation, chromatin remodeling and
genetic recombination (Hu, Hao, & Li, 1999; Narod &
Foulkes, 2004; Wang et al., 2000). Inability of BRCA1
to perform repair function, due to deleterious mutations,
leads to chromosomal instability that increases the
chances of malignant transformation. So, it becomes necessary to structurally characterize the BRCA1 protein so
as to understand the molecular basis of cancer progression. This will also help in genetic counseling and disease management of HBOC cases that predispose the
carrier to high risk of cancer.
*Corresponding author. Email: avarma@actrec.gov.in
© 2015 Taylor & Francis

BRCA1 comprises 1863 amino acids, distributed into
distinct functional domains (Miki et al., 1994): the
N-terminal, ring ﬁnger domain (RING) responsible for
ubiquitin ligase activity (Xia, Pao, Chen, Verma, &
Hunter, 2003), the C-terminal BRCT domain responsible
for recognition of speciﬁc phosphorylated binding partners, and a central region. The RING domain and the
BRCT domain have been extensively characterized structurally. It has been reported that the central region of
BRCA1 (residues 250–1200) interacts nonspeciﬁcally
with DNA, and has strong afﬁnity for cruciform DNA
(Cantor et al., 2001; Paull, Cortez, Bowers, Elledge, &
Gellert, 2001; Wang et al., 2007). It is also reported that
this region functionally interacts with many different proteins, including ZBRK1, p53, RAD50 and RAD51.
However the central region of BRCA1 has not been
characterized at the atomic level.
Protein that lacks 3-D structures under physiological
conditions in vitro are intrinsically disordered protein.
Globular proteins exist in four different conformations
i.e. folded, molten globule, pre-molten globule and
unfolded (Ptitsyn, 1995). Intrinsically disordered proteins
have native molten globules, native pre-molten globules
and native coils (Dunker & Obradovic, 2001; Uversky,
Li, & Fink, 2001; Uversky, 2003; Uversky, 2009). Furthermore, IDPs are enriched with negatively charged
amino acids and has less number of hydrophobic residues (Gast et al., 1995; Uversky, Gillespie, & Fink,
2000; Weinreb, Zhen, Poon, Conway & Lansbury 1996)
(Uversky, 2002b). However folding pattern of disordered
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protein may change when it binds to other cellular partners (Dunker et al., 2001; Dunker & Obradovic, 2001;
Wright & Dyson, 1999). These disordered proteins act as
hubs for signaling interactions and regulation.
The protein phosphorylation site is also known to be
predominantly enriched with disorder-promoting residues
(Iakoucheva et al., 2004). Phospho tyrosine-binding
domain of numb protein (Zwahlen, Li, Kay, Pawson, &
Forman-Kay, 2000) and the intrinsically disorder CaM
binding domains undergo disorder-to-order transitions
upon Ca2+ binding (Urbauer, Short, Dow, & Wand,
1995). The studies on differentially spliced gene and
associated proteins demonstrated that regions affected by
alternative splicing are often intrinsically disordered. This
provides a wide possibility of splicing without affecting
the structured part of protein (Romero et al., 2006).
Applications of intrinsically disordered proteins in
recombinant protein puriﬁcation, polypeptide nanoparticles for drug delivery, and as thermally sensitive carriers
of active peptides and proteins has been well established
(Uversky, 2014). Furthermore, intrinsically disordered
proteins as a bio-sensing system have been demonstrated
using BRCA1 as a model system (Cissell, Shrestha,
Purdie, Kroodsma, & Deo, 2008).
The structure of the central region of BRCA1 has been
investigated previously (Mark et al., 2005). These authors
have subdivided the central region into 21 fragments of
varying lengths, and have expressed each fragment with a
histidine-tag. Out of the 21 different constructs generated
16 were designed such that their N and C termini did not
occur in a region of predicted secondary structure. The
remaining ﬁve were selected based on the regions reported
in the literature as binding to other proteins or DNA.
These tagged constructs were expressed and puriﬁed and
were used for the biophysical studies without removing
the tag. The experimental studies suggest that these tagged
protein fragments were intrinsically unstructured. They
further suggest that this disorder may help to encode multiple-functionality in the BRCA1 sequence. It is conceivable that the samples were found to be unstructured
because of the domain boundaries being incorrectly identiﬁed (Huth, Mountjoy, Perini, Bedows, & Ruddon, 1992).
We have identiﬁed different set of fragments of
BRCA1 that are reported to bind DNA and speciﬁc proteins. The reported domains of BRCA1 which include
(260–553) binds to HP1γ involved in gene silencing
(Choi, Park, & Lee, 2012), (758–1064) interacts with
RAD51 (Scully et al., 1997), (341–748) bind ZBRK1,
RAD50 and RAD51 (Tan, Zheng, Lee, & Boyer, 2004;
Zhong et al., 1999), (502–802) interacts with transcriptional activation domain of STAT1a (Ouchi, Lee, Ouchi,
Aaronson, & Horvath, 2000). Further, we have removed
the tags used to aid in the puriﬁcation process. Here, we
report expression, puriﬁcation and biophysical studies on
these fragments of BRCA1, which are expected to be

more native like. Our results also indicate that these
fragments are intrinsically unstructured.
2. Results
2.1. Central regions of BRCA1 is disordered
The chemical composition of a protein is very often used
to predict, whether, the protein is natively folded or
unfolded (Gast et al., 1995; Weinreb et al. 1996).
Sequence composition analysis for all the four constructs
revealed that they have less of amino acids I, L, V, W, F,
Y, C, and N and are enriched with E, K, R, G, Q, S, P,
and A which may account for low overall hydrophobicity
and high net charge characteristics of natively unfolded
protein. This has been demonstrated by the plot of absolute mean net charge vs. mean scaled hydropathy in
PONDR (Table 1(A)) (Dunker et al., 2001; Dunker,
Brown, & Obradovic, 2002; Uversky, Gillespie, & Fink,
2000). For the four constructs (CRC1–4) results of such
analysis are given in (Table 1(B)). The pI values were
on the extreme basic side for CRC-3 and in the acidic
side for all others CRC-1, CRC-2 and CRC-4 domains
indicating these regions to have characteristics of intrinsically unstructured proteins. The probability of disorder
as predicted by Cspritz primary disorder-predictor server
is given in (Table 1(B)). It is signiﬁcant that the predicted degree of disorder is substantially high for all the
four constructs, ranging from 50 to 70%. Composition
proﬁler output on the use of background set PDB select
25: a set of ordered proteins, predicted the presence of
more number of residues responsible for disordered proteins (supplementary Figure 1). The same has been conﬁrmed by ANCHOR (Supplementary Figure 2).
ANCHOR predicts disordered regions using estimated
energy calculations and sensitivity to the structural
environment (Dosztanyi, Meszaros, & Simon, 2009;
Table 1A. The plot of absolute mean net charge vs. mean
scaled hydropathy. Yellow colored squares are the four BRCA1
CRC proteins; green color is the central region from amino
acid 260–1064.

Disorder central region of BRCA1
Table 1B.

Sequence analysis of different domains of BRCA1 from ExPASy, ProtParam.

BRCA1 region
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(260-553)
(341-748)
(502-802)
(758-1064)

3

pI

Hydropathicity

%Disorder (Cspritz)

ligand

5.97
6.33
8.97
5.82

−0.934
−1.033
−1.038
−0.764

60.40
71.07
87.70
51.46

DNA, p53
ZBRK1
DNA
STAT1

Mészáros, Simon, & Dosztányi, 2009). The probability
of disorder as a function of amino acid position in the
sequence was investigated using Meta servers (MFDp
and Meta disorder). MFDp is an ensemble of 3 support
vector machines which predicts short, long and generic
disordered regions. Meta Disorder server combines prediction from 13 different servers and uses the combined
output to improve the prediction accuracy. These servers
take into consideration physicochemical factors such as
chemical nature, secondary structure propensity,
sequence information, solvent accessibility, backbone

dihedral torsion angles, residue ﬂexibility and B-factors
if available. The predictions from these meta servers are
shown in (Figure 1). It is interesting that these results
conﬁrm primary server prediction, that the entire central
region of BRCA1 is unstructured.
2.2. Puriﬁcation of different central regions of
BRCA1
Each of the four central regions of BRCA1 was
puriﬁed using afﬁnity chromatography. SDS-gel

Figure 1. In-silico prediction data from (A): MFDp of the four constructs CRC(1–4), (B): Meta Disorder server analysis considering
the entire central region from 260 to 1064. Here x axis residue 1 corresponds to residue number 260 on and so on BRCA1 protein.
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Figure 2. Puriﬁcation of central regions of BRCA1. (A): CRC-1, (B): CRC-2, (C): CRC-3, (D): CRC-4 Lane 1: Marker, 2: Uninduced whole cell, 3: Induced whole cell, 4: Pellet, 5: Induced Soluble Fraction, 6: Beads after binding, 7: Puriﬁed elution fraction.

Figure 3. Oligomeric characterisation. (A) FPLC puriﬁed protein loaded on 10% SDS gel, (B) Gel ﬁltration proﬁle for the central
domains. Molecular weight estimated from standards, and (C) Native gel proﬁle of the BRCA1 central domain constructs.

Disorder central region of BRCA1
however showed presence of a 60 kDa band in all
the central regions constructs. To remove the
contaminant washing with high concentration of sodium
chloride, Triton X-100, ATP, magnesium chloride and
β-mercaptoethanol have been performed (Figure 2). The
ﬁnal puriﬁed protein was obtained using gel permeation
chromatography. Mass spectrometry based peptide mass
ﬁnger printing was performed to conﬁrm, different
puriﬁed BRCA1 CRC proteins (Supplementary
Figures 3–6).

5

However one is not sure if the higher size is due to
oligomerisation or due to unstructured protein. This point
was further probed by native gel electrophoresis. In this
gel each protein gave a smeared pattern with no bands in
the gel suggesting the absence of discrete olgomeric species (Figure 3(C)). Hence, looking at the lower retention
volume on the size exclusion column and smear pattern
of native gel, it can be concluded that the central region
has an intrinsically disordered structure.
2.4. Secondary structural analysis
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2.3. Oligomeric characterization
Different central regions of BRCA1 were FPLC puriﬁed
using superdex 200 column (Figure 3(A)). The retention
volumes in FPLC chromatogram for the central regions
of BRCA1 indicated them to form higher order oligomers except for CRC-4. The plot of log10 (molecular
weight) vs. (elution volume) was used to estimate the
apparent size of the eluted central regions of BRCA1.
These apparent sizes of central regions of BRCA1 are
labeled in (Figure 3(B)). The partition coefﬁcient Kav,
for different central region was calculated from the elution volume (Dulac et al., 2005; Wolfram, Morris, &
Taylor, 2010). Stoke’s radius (RS) for different central
region was interpolated from a plot of partition coefﬁcient (Kav) vs. Stoke’s radii (Blake-Hodek, Cassimeris
& Huffaker 2010; Portier 1975; Sá-Moura et al. 2013).
The dependency of log (RS) vs. log (M) curves to different conformation of protein is described by straight line
equation. Here, the straight line equation for BRCA1
CRC is ((−0.559) + (0.7167)·log (M)). This equation
matches with the protein which is natively unfolded
indicating high hydrodynamic radius of BRCA1 CRC
(Uversky, 2002b).

Far UV CD spectra of CRC-1 to CRC-4 are shown in
(Figure 4(A)). It may be seen that these proteins show
negative ellipticity at λ200 nm. It has been reported that
random coils or intrinsically-disordered proteins exhibit a
negative ellipticity near λ200 nm and ~zero ellipticity
around λ218 nm (Schweers, Schonbrunn-Hanebeck, Marx,
& Mandelkow, 1994; Weinreb et al., 1996). Central
regions of BRCA1 thus show CD spectra characteristic
of random coil structures.
Further to conﬁrm for absence of secondary structural characteristics, temperature induced changes in
ellipticity was monitored at λ = 222 nm. A slight increase
in negative ellipiticty was observed at around 70 °C
(Figure 4(B)). This effect may be attributed to increased
strength of the hydrophobic interaction at higher temperatures, which may act as a driving force for folding
(Millett, Doniach, & Plaxco, 2002; Uversky, 2002a,
2009). This slight increase in negative ellipticity due to
increase in temperature is deﬁned as “turned out
response” as witnessed with other proteins like α-synuclein (Uversky et al., 2001), caldesmon (Permyakov,
Millett, Doniach, Permyakov, & Uversky, 2003), and
phosphodiesterase γ-subunit (Uversky et al., 2002).

Figure 4. Circular dichroism spectroscopy. (A) Far UV CD scans of all the central region of BRCA1 and (B) Plot of ellipticity at
θ222 nm vs. Temperature.
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Figure 5. Protease sensitivity assay Central region puriﬁed
protein treated with trypsin at concentration of 1:4000. All the
different domains were incubated at 37 °C for different time
points of 0, 5, 15, 30, 45, 60, 120 min, C is the untreated
protein.

2.5. Protease sensitivity
Limited proteolysis is often used to explore disordered
regions in proteins. This technique relies on extended
conformation of protease target site, enhanced backbone
ﬂexibility and local unfolding of proteolytic site. Proteins
with disordered structure are sensitive to degradation at
very low protease concentration (Bouvier & Stafford,
2000; Iakoucheva et al., 2001). To check the sensitivity
of this central region of BRCA1, puriﬁed proteins were
subjected to trypsin degradation. The ratio of trypsin to
protein used was 1:4000. All the puriﬁed central regions
were degraded within 15 min of incubation at 37 °C,
unlike bovine serum albumin which, under identical conditions, was not degraded even after 2 h of incubation
(Figure 5). This sensitivity of protein to such a low concentration of protease indicates BRCA1 central region
have a disordered structure accessible for protease
degradation.

ﬂexible loops, predicted secondary structure and missing
coordinates in crystal structures.
The central regions of BRCA1 co-puriﬁed along with
another protein of approximate molecular weight 60 kDa.
This contaminant was identiﬁed as a bacterial chaperon,
because removal of that protein required extensive wash
of afﬁnity resin with wash buffer containing Triton X-100,
NaCl and ATP with MgCl2. Co-puriﬁcation of chaperons,
especially Hsp70 is reported to assist in solubilising the
aggregation-prone, intrinsic disorder proteins (Kyratsous,
Silverstein, DeLong, & Panagiotidis, 2009). Hsp70 is
known to bind extended form of protein in order to protect
it from proteases and help in folding (Hendrick & Hartl,
1995). This co-puriﬁcation of chaperons & puriﬁcation
with MgCl2 and ATP suggests that the central regions of
BRCA1 have an extended form which is stabilised by
bacterial chaperons.
All the four proteins were found to be extremely
prone to degradation during puriﬁcation, supporting their
unstructured nature. Limited proteolysis assay also
showed high sensitivity of the four constructs to trypsin
digestion. However, there appears to be a difference in
the rates at which these four proteins are hydrolyzed by
trypsin. The CRC-1 and CRC-3, which are involved in
binding DNA, appear to be more stable compared CRC2 and CRC-4. This observation is interesting in view of
the fact that known DNA-binding modes of proteins
involve protein secondary structures. Molecular simulation studies have suggested that unfolding of more than
10 residues of target is necessary to ﬁt target residue’s
backbone into trypsin’s active site (Hubbard, Eisenmenger, & Thornton, 1994). This sensitivity to protease
observed here suggests extended conformation of target
leading to unstructured conformation.
4. Materials and methods
All the enzymes used for cloning were procured from
NEB (US). Oligonucleotides were purchased from Sigma
Aldrich (US). Most of the other chemicals used were
from Hi Media, Qualigens and Sigma-Aldrich. Bacterial
culture media, IPTG and ampicillin were from Hi Media
(India).

3. Discussion

4.1. In-silico analysis

The aim of this study was to determine the crystal structure of the central DNA binding region of BRCA1. Initial preliminary study was done to determine the
structural elements presents in these different construct.
Bioinformatics analysis of sequences of BRCA1 central
regions carried out using primary and meta disorder servers, PONDR and Composition proﬁler classiﬁed them as
intrinsically unstructured proteins based on their meanhydrophobicity, mean charge at pH 7, presence of

In-silico analysis was performed to evaluate the sequence
and structure composition for disorder prediction Composition proﬁler analysis was performed to detect the differences in BRCA1 CRC against the PDB Select 25
reference database (Vacic, Uversky, Dunker, & Lonardi,
2007; Vucetic et al., 2005). PONDR analysis was also
performed to check the positioning of BRCA1 CRC
residues in the hydropathy plot (Romero, Obradovic,
Kissinger, Villafranca, & Dunker, 1997). Structural

Disorder central region of BRCA1

BRCA1 domains

F→ Forward, and R→Reverse Primers

BRCA1 (260–553)
CRC-1

BRCA1_F
5′-GTCGGATCCGAGAACCTGTACTTTCAGGGTAAGTATCAGGGTAGTTCTGTT-3′
BRCA1_R
5′-GTCCTCGAGCTATTAATGACCACTATTAGTAATATT-3′
BRCA1_F
5′-GTCGGATCCGAGAACCTGTACTTTCAGGGTGATCTGAATGCTGATCCCCTG-3′
BRCA1_R
5′-GTCGAATTCCTATTATTTGGGGTCTTCAGCATTATT-3′
BRCA1_F
5′-GTCGGATCCGAGAACCTGTACTTTCAGGGTTTAAAGCGTAAAAGGAGACCT-3′
BRCA1_R
5′-GTCGAATTCCTATTACACACATTTATTTGGTTCTGT-3′
BRCA1_F
5′-GTCGGATCCGAGAACCTGTACTTTCAGGGTCAAACTGAAAGATCTGTAGAG-3′
BRCA1_R
5′-GTCGAATTCCTATTAACTGGAACCTATTTCATTAA-3′

BRCA1(341–748)
CRC-2
BRCA1(502–802)
CRC-3
BRCA1(758–1064)
CRC-4
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disorder in the four constructs of BRCA1 was also analyzed by submitting the amino acid sequence to following different online servers: Primary servers like Cspritz
(Walsh et al., 2011), Anchor (Dosztanyi et al., 2009),
and Spine D (Zhang et al., 2012), the two meta servers
MFDp (Mizianty et al., 2010) and MetaDisorder (Kozlowski & Bujnicki, 2012) was used. The prediction algorithms of these servers take into account sequence
complexity, intramolecular interactions, solvent accessibility, torsion angle ﬂuctuation and secondary structure.
4.2. Gene-cloning of different regions of BRCA1
The following four regions of BRCA1 were cloned in
different bacterial expression vectors: BRCA1 (260–553)
in pGEX-4T, BRCA1 (502–802) and BRCA1 (758–
1064) in pGEX-kT (generous gift from John A Ladias,
BIDMC, USA), and BRCA1 (341–748) in pET41
a + vector from cDNA of BRCA1 (generous gift from
Prof. Richard Baer, Columbia University, USA). Primers
used to amplify the different constructs are given in table
below. The protein fragments encoded by these constructs are described hereafter for convenience as CRC1, CRC-2, CRC-3 and CRC-4.
All the clones were PCR ampliﬁed and ligated in the
corresponding vectors. Each clone was sequenced using
3500 Genetic Analyser (Applied Bio systems).

18 °C whereas CRC-1 and CRC-4 were induced with
0.4 mM IPTG and incubated for 3 h at 37 °C, after which
the cells were harvested. Harvested bacterial pellet of
CRC-1, CRC-2 and CRC-4 were resuspended in lysis buffer I containing 50 mM Tris pH 7.5, 300 mM NaCl, 1 mM
EDTA, 5% Glycerol, 0.1% Triton X 100, 20 mM
β-mercaptoethanol and protease inhibitor. Lysis buffer II
containing 20 mM phosphate pH 6.5, 500 mM NaCl,
1 mM EDTA, 2% Glycerol, 0.1% Triton X 100, 20 mM
β-mercaptoethanol and protease inhibitor were used for
puriﬁcation of CRC-3. Resuspended cells were lysed by
sonication, for three times with 1 min duty cycle at 60
pulse rate. Cell debris was removed by centrifugation for
40 min at 36,000 g and 4 °C. The supernatant was passed
through the pre-equilibrated glutathione resin for afﬁnity
puriﬁcation. The non-speciﬁcally bound proteins for
CRC-2 and CRC-4 were removed by washing the resin
with wash buffer containing lysis buffer I with 1 M NaCl,
0.5% Triton X 100, 20 mM MgCl2 and 5 mM ATP
(Rial & Ceccarelli, 2002). CRC-3 resin was washed by
adding lysis buffer II with 1 M NaCl and protease inhibitor in phosphate-lysis buffer, while CRC-1 bound resin
was washed by adding 1 M NaCl, 1% Triton X-100 and
protease inhibitor in lysis buffer I. To get protein in native
form, on-beads cleavage using TEV protease was
performed. The concentrated protein was further puriﬁed
by gel ﬁltration using AKTA-FPLC, and Superdex-200
column.

4.3. Protein expression and puriﬁcation
For protein expression, CRC-1 and CRC-4 were successfully transformed in E. coli bacterial strain BL21 (DE3),
while CRC-2 and CRC-3 were transformed in E. coli
Rosetta2 (DE3) strain. A single transformed colony was
inoculated in Luria Bertani broth with appropriate antibiotics. Bacterial cultures were grown at 37 °C until O.D600
reached between 0.6 and 0.8. CRC-2 and CRC-3 were
induced with 0.4 mM IPTG and incubated for 16 h at

4.4. Size exclusion chromatography
BRCA1 CRC was puriﬁed to homogeneity using AKTA
explorer system (GE Healthcare). Concentrated protein
was passed through Superdex 200 column. Protein
standards (BSA, lysozyme, and carbonic anhydrase) were
eluted from the same column under similar conditions to
prepare the standard plot for stokes radii estimation.
The sample was chromatographed at a ﬂow rate of
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0.5 ml/min, and 1 ml fractions were collected. Standard
plot of (−log Kav)*1/2 vs. stokes radii was used to estimate stokes radii of BRCA1 CRC.
Stokes radii for BRCA1 CRC was determined from
elution parameter Kav = (Ve−V0)/(Vt−V0). Ve is elution
volume, Vt is total volume and V0 is void volume of column (Dulac et al., 2005; Wolfram et al., 2010).
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4.5. Mass spectrometry
Mass spectrometry (MALDI-TOF) was performed to
conﬁrm the identity of different central domains of
BRCA1. Afﬁnity chromatography puriﬁed protein loaded
onto SDS-PAGE gel, and size exclusion chromatography
puriﬁed protein was used for, In gel and In solution trypsin digestion respectively (Shevchenko, Wilm, Vorm, &
Mann, 1996). This digested peptides were mixed with
sinapinic acid matrix and spotted onto the MALDI plate.
Peptide mass ﬁngerprinting were performed using
MALDI-TOF-MS spectroscopy (Ultraﬂex Bruker Daltonics system). MS spectrum was analysed in Flex analysis
3.0 and Bio-tools software (Bruker Daltonik, Germany).
The MS peaks were further analysed for searching
against SwissProt/NCBI nr database using MASCOT
search engine (Perkins, Pappin, Creasy, & Cottrell,
1999). The score shown is with value of p ≤ 0.05.

4.8. Native gel electrophoresis
To check the folding pattern of proteins and its homogeneity, 5 μM of puriﬁed protein sample was loaded on
acidic (CRC-1, CRC-2 and CRC-4) and basic (CRC-3)
native polyacrylamide gel. Protein concentration was
estimated from molar extinction coefﬁcient. For basic
native polyacrylamide gel electrophoresis, 7% polyacrylamide gel was prepared in potassium acetate buffer.
β-alanine acetic acid buffer at pH 4.3 was used for
electrophoresis. Methyl green was used as a tracking
dye. For acidic gel, 10% polyacrylamide gel was
prepared in Tris-Cl buffer. Tris glycine buffer was used
for electrophoresis.

Abbreviations
HBOC

Hereditary breast and ovarian cancer
syndrome
BRCA1
Breast Cancer associated gene 1
MFDp
Multilayered
Fusion-based
Disorder
predictor
CRC
Central Region Construct
MALDI-TOF Matrix-assisted laser desorption/ionization
time-of-ﬂight mass spectrometer

Supplementary material
4.6. Limited proteolysis assay
Limited proteolysis of CRC-1, CRC-2, CRC-3 and CRC4 with trypsin was carried out to probe the stability of
the puriﬁed protein. Protein of concentration of 8–12 μM
and 3 μl of trypsin at a concentration of 20 ng/μl were
used for the assay. The ratio of trypsin to protein used
was 1:4000. Protein was incubated with trypsin at 37 °C,
and 60 μl aliquot of the reaction mixture was taken at
time points of 0, 5, 15, 30, 45, 60 and 120 min. The
reaction was stopped by adding 1 μl of 1 mM PMSF.
Proteolysis digests were analyzed on 10% SDS/PAGE.
4.7. Circular dichroism
Far UV CD scan for the BRCA1 central region CRC-1,
CRC-2, CRC-3 and CRC-4 were recorded using CD
spectrometer (Jasco J-815). All the measurements were
baseline corrected. The scan was recorded at 20 °C for
the λ range of 250–195 nm, with a scanning speed of
20 nm/min and 3 accumulations .Thermal stability studies for BRCA1 CRC constructs were carried out in the
temperature range of 20–95 °C, and over a wavelength
range of 240–195 nm. All the samples were incubated
for 200 s, and scans were recorded at a data pitch of
5 °C. Plot of θ222 nm as a function of temperature was
analyzed to check for secondary structural changes.

The supplementary material for this paper is available
online at http://dx.doi.10.1080/07391102.2014.1000973.
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