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SYNOPSIS

Fanconi anemia (FA) is a cancer predisposition syndrome, which exhibits hallmark features of
radial chromosome and sensitivity towards crosslinking agents [1]. FA arises due to inherited
germ-line and somatic mutations in the different genes present in FA pathways. Fanconi Anemia
Complementation Group- | (FANCI) and Fanconi Anemia Complementation Group -D2

(FANCD?2) are the proteins present in FA pathway that facilitates the DNA inter crosslink (ICL)
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damage repair by recruiting to DNA damage site. Recent reports suggest that proteins present
in FA and BRCA pathway together form a complex to repair the DNA ICL damage [2]. FANCI,
FANCD2, and BRCAZ are the important proteins that bridge the FA and BRCA pathway [2].
These proteins have functionally conserved domains that regulate the FA pathway. FANCI
armadillo repeat (ARM repeat) domain encompassing the region from 985-1207 amino acids
plays an important role in DNA ICL damage repair, and also perform functions associated with
protein-protein interactions by forming the complex with FANCD?2 protein [3]. FANCD2
protein contains coupling of ubiquitin conjugation to the endoplasmic reticulum (CUE)
domain, which is required for the interactions with mono-ubiquitinated FANCI and known to

regulate FA pathway [4].

In the present study, we have investigated the structural and functional basis of FANCI ARM
repeat as well as binding studies with the dsDNA. Furthermore, structure and function of
FANCD?2 coupling of ubiquitin conjugation to the endoplasmic reticulum (CUE) domain, and
protein-protein interactions with monoubiquitin have been evaluated using in-vitro and in-
silico tools. Functionally relevant mutations reported in CUE domain, and their effect on the
structure and functions of CUE domain has been explored comparatively. In addition, protein-
protein interactions studies of CUE domain wild-type and mutant with monoubiquitin and
BRCAZ2 was also explored. Protein-protein interactions (PPI) studies were carried out using in-
vivo tools to understand the interplay between FANCI, FANCD2, and BRCAZ2, that would help
in unraveling the molecular mechanism of DNA ICL damage repair. The results presented here,
explore the effect of cancer predisposing point mutations in PPIs of FANCI ARM repeat,
FANCD2 CUE domain, and BRCA2 C-terminal region using multimodal in-vivo, in-vitro and

in-silico based approach.

This thesis encompasses seven chapters including a chapter on summary and overall conclusion
at the end.
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Chapter 1 provides an overview on structural and functional basis of Fanconi anemia
(FANCI-FANCD2) pathway: protein-protein interactions required for DNA

intercrosslink repair

Studies of Fanconi Anemia (FA) pathway which is one of the rare genetic disorder provides
an opportunity to unravel the molecular mechanisms associated to DNA inter-crosslink (DNA
ICL) repair [1]. Recently, it has been observed that DNA ICL pathway/FA pathway comprises
eighteen complementation groups of proteins such as
FANCA,B,C,D1/BRCA2,D2,E,F,G,I,J/BRIP1,L,M,N/PALB2,0/RAD51C,P/SLX4,Q/XPF,S/B
RCAL and T/UBE2T that specifically act in a cascade [5]. FA patients exhibit the diverse
spectrum of clinical phenotypes and show high sensitivity to inter-crosslinking agents such as
mitomycin C and di-epoxybutane [6-8]. Radial chromosomal aberration is one of the diagnostic
hallmarks of FA cells [6]. Basic mechanism underlying the formation of the radial chromosome
is the inter-crosslinking of the DNA strands. Inter-cross links (ICLs) occur due to covalent
bond in DNA that has to be incised for a successful replication and transcription. Proteins
present in FA pathway comprises a set of specific proteins that recruited to DNA damage sites
to facilitate the DNA ICL repair [2]. In eukaryotes, the repair mechanism of intrastrand and
interstrand crosslinks (ICL's) are not yet fully explored. FANCI (Fanconi anemia
complementation group 1) is known to be recruited at DNA damage sites to facilitate the DNA
ICL repair [3]. FANCI protein also harbors armadillo repeat (ARM repeat) domain which is

known to be involved in protein-protein and protein-DNA interactions [3, 9].

The FA proteins together with BRCA1 and BRCAZ2 function cooperatively in the FA/BRCA
pathway [2]. The FA pathway is activated by exposure to DNA-damaging crosslinking agents
such as mitomycin c¢ and diepoxybutane during S-phase of the cell-cycle. This activated FA
core complex which is composed of FANC A, B, C, E, F, G, L, M, proteins monoubiquitinate
the FANCD2 and FANCI proteins [2]. Monoubiquitination of FANCD2 and FANCI targets
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these proteins to chromatin-associated nuclear foci, where they facilitate the interactions with
different key DNA repair proteins including BRCA1, FANCD1/BRCA2 and RAD51 [10].
FANCD2 protein is necessary for the recruitment of the FAN1 and SLX4/FANCP
endonucleases to the DNA damage sites [11]. FANCD?2 has a coupling of ubiquitin conjugation
to endoplasmic reticulum domain (CUE domain) which encompasses the region from 1-254
amino acids at the N-terminus. It has been reported that CUE domain regulates the FA pathway
by correcting the mitomycin ¢ hypersensitivity and localizing the FANCD2 and FANCI
proteins at chromatin site [4]. CUE domain is also responsible for the protein-protein
interactions between FANCD2 and monoubiquitinated FANCI, and masking the target protein
from poly-ubiquitination to regulate the protein homeostasis at the time of DNA damage repair
[4]. FANCD2 N-terminus is also known to interact with BRCA2 C-terminal region (BRCA2
CTR) [12, 13]. In addition, BRCAZ2 proteins with C-terminal truncations were observed in cell
lines derived from some FA patients [2]. Thus, it confirms the indispensable functional role of

different domains of FANCI, FANCD2, and BRCAZ2 in DNA ICL repair/FA pathway.

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

carry out research work reported in the thesis

The individual gene of interest was polymerase chain reaction (PCR) amplified using
specifically designed primers having TEV-(ENLYFQG) protease site at N-terminus, and
restriction enzyme site at both the end. The PCR amplified constructs were cloned in a different
bacterial expression vector such as pET28a+, pGex4T-1. DH5-a. and NOVABLUE cells were
used for cloning purposes. E.coli Rosetta 2 (DE3) and BL 21 (DE3) strains were used to check
the expression and solubility of the proteins. Soluble protein was passed through the pre-
equilibrated glutathione or Ni-NTA affinity column, further washed by Tris-NaCl, additives
(like imidazole) buffer to remove impurities bound to the resin. The fusion protein was treated
with TEV protease to remove the affinity tag. The native protein was further purified using gel
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filtration column (Superdex 75, GE Healthcare), mounted on AKTA —FPLC and BIORAD-
FPLC. Protein secondary structure assessment and temperature dependent folding pattern were
analyzed using a Circular-Dichroism (CD) polarimeter (Jasco J-810, Japan) with the
wavelength ranges from A= 200-240 nm. Fluorescence spectra were monitored using a
Fluorescence spectrophotometer (Horiba, USA) at emission wavelength from A= 300-450 nm,
in order to understand the tertiary structure and melting temperature (Tm) of the protein.
Limited proteolysis of purified protein was performed in different times 0, 10, 30, 60 and 120
minutes at 37°C using trypsin enzyme (Sigma-Aldrich), after that the reaction was terminated
by adding 1 mM PMSF (Sigma-Aldrich). Protein samples were heated at 95°C before loading
onto SDS-PAGE gel. Stable domain mapping was performed by peptide mass fingerprinting
using mass spectrometry. Dynamic Light Scattering (Malvern and Wyatt DynaPro) was used
to study the hydrodynamic radii and oligomeric behavior of the protein. Protein-protein
interactions were analyzed using Surface Plasmon Resonance (BIAcore T200) to quantify the
binding affinity and study the kinetics. Electrophoretic Mobility Shift Assay (EMSA) by
autoradiography was performed to study the protein-DNA interactions. In-vivo protein-protein
interactions were performed using Bacterial Two-Hybrid (BTH) system and beta-galactosidase
assay. For in-vitro protein-protein interactions, GST pull-down assay was performed by co-
expression strategy and using Snapcap column (Thermo-Fisher). In-silico Molecular Dynamics
(MD) were performed using GROMACS 4.5.5 package [14]. Normal mode analysis (NMA),
anisotropic network modeling (ANM) and Gaussian network modeling (GNM) were done by
using R 3.2 package and ProDy (Protein Dynamics 1.7), respectively [15, 16]. Protein-protein
and protein-DNA docking studies were performed by using HADDOCK [17] and HEX 8.0.0

[18].

Chapter 3 describes structural and biophysical properties of FANCI and FANCD?2
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Fanconi anemia complementation groups | (FANCI) protein facilitate DNA ICL (Inter-
Crosslink) repair and plays a crucial role in maintaining genomic integrity [3]. FANCI protein
comprises 1-1328 amino acids including armadillo (ARM) repeat between 985-1207 amino
acids [3]. ARM repeats are functionally diverse and evolutionarily conserved domain that plays
an important role in protein-protein and protein-DNA interactions [3, 19, 20]. Here, we are
reporting the multimodal comprehensive in-vitro, in-silico and biophysical approach to
understand the folding pattern of FANCI ARM repeat. Size exclusion chromatography,
dynamic light scattering (DLS) and glutaraldehyde crosslinking studies suggest that FANCI
ARM repeat exists as a monomer and in oligomeric forms. Circular-dichroism (CD) and
fluorescence spectroscopy results indicate that protein has predominantly a-helices and well-
folded tertiary structure. Temperature dependent CD, Fluorescence spectroscopy, and DLS
studies suggest that protein unfolding and oligomer formation occurred beyond 30°C. The
functionally stable domain of FANCI ARM repeat was examined using limited proteolysis and
mass spectrometry. To our conclusion, FANCI ARM repeat has a compact domain at N-
terminus and dynamic region at C-terminus. These findings are in consistent with previously
reported results [21-23], stating that FANCI ARM repeat also has a stable and dynamic region

which may acts as recognition and interacting module, respectively in cellular signaling.

Fanconi anemia complementation group D2 (FANCD2) protein is very important to understand
the mechanism associated with DNA interstrand crosslink repair, cell-cycle checkpoint, and
genome stability [24]. FANCD2 comprises ubiquitin binding domain at N-terminus, known as
CUE domain [4] which plays an important role in DNA intercrosslink repair and protein
stability [4]; however, its precise role at the structural level is not yet well characterized. Here,
we have carried out a comprehensive interdisciplinary approach to elucidate the structure and
function of FANCD2 CUE domain and cancer predisposing point mutations identified from a

cohort of patients. DLS data from purified CUE domain proteins wild-type, Ser222Ala,
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Leu231Arg mutants have revealed that wild-type protein is predominantly monomeric, having
the homogenous population, whereas mutated counterparts Ser222Ala and Leu231Arg are
devoid of homogeneity. Moreover, mass spectrometry data indicates the high intensity of
monomeric species in wild-type compared to Ser222Ala and Leu231Arg mutants. Perturbation
in a-helical contents in the mutants as compared to wild-type has been demonstrated by CD
spectroscopy. In addition, thermodynamic stability calculated by CD and fluorescence-
spectroscopy have revealed a significant decrease in melting temperature (Tm) of the mutant

protein.

Chapter 4 describes the functional characterization of FANCI and FANCD2

It has been reported that FANCI C-terminus region is involved in DNA binding and binds to
different forms of DNA such as double-stranded DNA, Holliday junction DNA, and Y-shaped
DNA [25]. FANCI C-terminus contains ARM repeat and the crystal structure from mouse
FANCI is available with ~78% homology [26], hence a model with a very good
stereochemistry was built using in-silico homology modeling. Structural alignment of FANCI
ARM repeat suggests the profound similarity with transcription factors. In general,
transcription factors are known to have DNA binding elements such as helix-turn-helix (HTH)
or helix-loop-helix [27-29]. Interestingly, sequence alignment from 20 master sets of different
known HTH motifs [28, 29], revealed that FANCI ARM repeat has similarity with known HTH
motif. Furthermore, it has conserved PHS (P= any charged amino acid mostly glutamate, H=
hydrophobic amino acid and S= small amino acid residue) signature known to present in HTH
motif [27]. Molecular dynamics and essential dynamics demonstrate that HTH-type motif
present in ARM repeat at C-terminus has high dynamicity and anti-correlated motion. In
addition, docking analysis has revealed that HTH-type motif binds to the major groove of
DNA. The results presented in this study provide the first information on detection of the HTH-
type motif, structural behavior, as well as dynamics of FANCI ARM repeat. Our findings offer
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intriguing possibilities of ARM repeat function that would help to understand the molecular

mechanism of DNA ICL repair.

CUE domain of FANCD?2 interacts with monoubiquitin and known to regulate FA pathway
[4]. We have performed protein-protein interactions between CUE domain wild-type and
Leu231Arg mutant protein with monoubiquitin using surface plasmon resonance (SPR) to
observe the binding affinity and kinetics. These data suggest a decrease in binding affinity
towards monoubiquitin of mutant proteins. In addition, the chaperone-like assay has revealed
the impaired chaperonin efficiency of mutants. Molecular modeling, simulation and docking
results were in concordance with in-vitro findings. Interaction interfaces of wild-type and
mutants were calculated, and found intact moderately conserved hydrophobic patch in wild-

type and perturbed in Leu231Arg mutants.

Chapter 5 describes protein-protein interactions between FANCI and FANCD2

FANCI and FANCD?2 interacts, and recruited to DNA damage sites during the DNA ICL
damage repair [3]. FANCD2 binds to FANCI with the help of CUE domain and mask
monoubiquitin, to rescue polyubiquitination that escapes the protein to degradation [3, 4].
However, little is known at domain level interactions between FANCI and FANCD?2.
Therefore, in-vivo bacterial two-hybrid assays followed by a beta-galactosidase assay as well
as in-silico binding analysis were performed. To our conclusion, CUE domain of FANCD2
interacts with ARM repeat of FANCI and interestingly, the higher binding affinity between
FANCI ARM repeat and FANCD2 were observed when N-terminus of FANCD2 ARM repeats

were included.

Chapter 6 describes the interactions between FANCD2 and BRCA2
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FA proteins are known to interact with BRCA1, FANCD1 (BRCA2), FANCN (PALB2) and
FANCJ (BRIP1) [2]. These proteins function in an orchestrating fashion to repair the DNA
ICL and prevent hypersensitivity to crosslinking agents and cellular transformation [30].
Recent reports suggest that FA/BRCA pathway coordinate important DNA repair processes
such as nucleolytic incision, translesion DNA synthesis and homologous recombination [2]. It
has been found that FA and BRCA pathway is bridged by protein-protein interactions (PPI)
between FANCD2 and BRCAZ2 [2], however not much has been explored on the PPIs for the
proteins present in FA and BRCA pathway. Here, we performed bacterial two-hybrid assays
(BTH) followed by beta-galactosidase assay, between FANCD2 CUE and BRCA2 C-terminal
region (BRCA2 CTR), and observed that these proteins have strong interactions. In addition,
we also compared the interactions between Ser222Ala/Leu231Arg CUE domain mutants with
BRCA2 CTR. To our finding, a decrease in interactions in both the mutant compare to wild
type CUE domain was observed. In-vitro GST-pull down assay is also in full agreement with
in-vivo BTH data. Furthermore, in-silico protein-protein docking analysis was performed to
support the in-vivo and in-vitro findings. Structural analysis at the binding interface revealed
that the CUE wild-type has the more number of hydrogen bonds (20 hydrogen bonds) compared
to Ser222Ala (7 hydrogen bonds) and Leu231Arg (12 hydrogen bonds) mutants with BRCA2

CTR.

Chapter 7 Summary and future prospects

This chapter concludes that ARM repeat is predominantly composed of alpha-helices. We have
analyzed oligomeric propensity, secondary and tertiary structure stability of FANCI ARM
repeat. FANCI ARM repeat has an HTH-type motif and DNA binding property. However, it
would be very interesting to do mutational studies of the conserved residues present at the

interface of FANCI ARM repeat HTH motif and DNA, to analyze the quantitative binding
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affinity, and ultimately co-crystallization with DNA to unravel the binding interface at the

atomic level.

This study also presents the structural and biophysical properties of FANCD2 CUE domain
wild-type to compare the folding pattern of DNA ICL repair mutant (Leu231Arg). It has been
observed that mutant was comparatively less stable. Moreover, there was inefficient binding
due to structural alterations in Leu231Arg mutant with a monoubiquitin. It has also been
observed that the hydrophobic patches (interface) of CUE domain and monoubiquitin are
perturbed in Leu231Arg mutant, and mutant is not able to form efficient interactions. The
interdisciplinary approaches reported here clearly explain the role of Leu231Arg mutation on
the CUE domain stability, overall conformation, chaperonin capacity and binding affinity with

a monoubiquitin.

It has been observed that FANCI ARM repeat interacts with BRCA2 CTR and FANCD2 CUE
domain. FANCD2 CUE domain showed strong interactions with BRCA2 CTR. However, the
Ser222Ala and Leu231Arg mutants were having perturbed interactions with BRCA2 CTR.
These results suggest that domain and regions present in FANCI, FANCD2, and BRCA2 are
playing important role in PPIs, and mutations cause the failure of functions associated to PPIs

between these proteins.

Comparative in-vivo, in-vitro, in-silico and biophysical studies of FANCI, FANCD2, BRCA2
and mutant proteins reported in this work will add to the existing knowledge of the molecular
mechanism of DNA ICL repair. However, it would be interesting to explore further, the
structure and function using high-resolution macromolecular crystallography and structural

biology approach.
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ubiquitin (B) Leu231Arg with monoubiquitin

Figure 4.9

Comparative profile for chaperone-like assay: (A) wild-type CUE
and (B) Leu231Arg mutant

Figure 5.1

STRING analysis of FANCI, FANCD2 and BRCAZ2 proteins

Figure 5.2

In-vivo protein-protein interaction studies of FANCI ARM Repeat,
FANCD2 CUE Domain and BRCA2 C-Terminal Region (CTR), 1=
FANCI ARM Repeat+ FANCD2 (1-472), 2= FANCI ARM Repeat+
FANCD2 CUE Domain, 3= FANCI ARM Repeat + BRCA2 CTR. 4=
Cells co-expressing pUT18 and pKNT25 tag empty vectors were used
as negative control, and 5= FtsA-T18 and FtsZ-T25 protein was used as
positive control, B-Galactosidase activity in Miller units are shown here
as mean£SD (n>2)

Figure 5.3

Protein-protein interaction interface of FANCI ARM with BRCA2 C-
terminal region and FANCD2 CUE domain

22| Page




Figure 6.1

(A & B) In-vivo protein-protein interaction studies of FANCD2 CUE
Domain with BRCA2 C-Terminal region, 1= FANCD2 CUE domain
+BRCA2 CTR, 2= Negative control (pUT18 and pKNT25 tag empty
vectors), and 3= FtsA-T18 and FtsZ-T25 protein was used as positive
control (B) B-Galactosidase activity in Miller units are shown here as
mean+SD (n>2)

Figure 6.2

In-vivo protein-protein interaction studies of FANCD2 CUE Domain
wild-type, Ser222Ala, Leu231Arg mutants with BRCA2 C-Terminal
region, 1= FANCD2 CUE Leu231Arg+BRCA2 CTR, 2= FANCD?2
CUE Ser222Ala+ BRCA2 CTR, 3= Negative control (pUT18 and
pPKNT25 tag empty vectors), and 4= FANCD2 CUE wild-type+ BRCA2
CTR (as positive control). Cells co-expressing pUT18 and pKNT25 tag
empty vectors were used as negative control, and FANCD2 CUE
Domain wild-type pUT18 and BRCA2-CTR-pKNT25 protein was used
as positive control, -Galactosidase activity in Miller units are shown
here as mean+SD (n>2) and the significance differences were analyzed
using Student’s t-test, and P values, obtained at 95 % confidence
intervals, are shown as (*) for <0.05, (**) for <0.01 and (***) for <0.001.

Figure 6.3

(A) Schematic presentation of FANCD2 CUE domain and BRCA2 CTR
(B) In-vitro protein-protein interaction studies of FANCD2 CUE
Domain, the supernatant of co-expressed pellet of FANCD2 CUE and
BRCA2 CTR were incubated with GST beads and analyzed on SDS-
PAGE by using Snapcap column, M= Protein Marker, 1= GST-resin+
GST proteint BRCA2 CTR, 2= GST-resin+t BRCA2 CTR, 3= GST-
resin+ GST-Fusion FD2 CUE wild-type+BRCA2 CTR, 4= GST-resin+
GST-Fusion FD2 CUE Ser222Ala+BRCA2 CTR, 5= GST-resin+ GST-
Fusion FD2 CUE Leu231Arg+BRCA2 CTR

Figure 6.4

In-silico protein-protein interaction studies of FANCD2 CUE Domain,
FANCD2 CUE Mutants and BRCA2 C-Terminal region, A= FANCD?2
CUE wild-type+ BRCA2 CTR, B= FANCD2 CUE Ser222Ala+BRCA2
CTR and C= FANCD2 CUE Leu231Arg + BRCA2 CTR
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1.1 Fanconi anemia, DNA repair pathways and Cancer

Fanconi Anaemia (FA) is a genomic instability syndrome clinically characterized by
congenital abnormalities, bone marrow failure and predisposition to malignancy [1]. It was
first diagnosed by the Swiss paediatrician Guido Fanconi in the year 1927 [6, 31]. Cancer
predisposition syndromes are closely related to the accumulation of DNA damage, and
repair abnormalities [32-34]. The advancement in interdisciplinary areas such as genomics,
proteomics, and metabolomics clearly suggest that the deregulation of DNA damage repair
and cell -cycle checkpoint signaling are the main etiological factors for the most human

cancers.

AN A A

Bulky Base Changes DNA Inter-crosslinks Small Base Changes Double Strand Breaks
Nucleotide Excision Repair DNA Intercrosslink Repair Base Excision Repair Double Strand Break Repair

Figure 1.1:- Different types of DNA damage and repair mechanism; (A) Nucleotide
Excision Repair (B) DNA Intercrosslink Repair (C) Base Excision Repair and (D) Double
Strand Break Repair

However, the molecular mechanism of associated to different DNA-repair (Figure 1.1)
and cell-cycle checkpoint pathways have still not been explored. Furthermore, the cells
try to repair both endogenous and exogenous causes of DNA intercrosslink (ICL) damage
[2]. The inherited or acquired deficiencies in conserved genomic blueprint system

contribute ominously in the commencement of cancer predisposition [6, 31]. Fanconi
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Anemia patients are affected by solid tumour and haematological malignancy at its early
stage [6, 31]. Fanconi Anemia cells exhibit hypersensitivity to DNA interstrand
crosslinking agents such as mitomycin c, diepoxy butane and cisplatin etc. Recent findings
suggest that different proteins associated with Fanconi Anemia pathway play a pivotal role
in DNA damage response especially in interstrand crosslink (ICL) repair mechanism [2, 6,

31, 35, 36].

Table 1.1 List of different proteins present in Fanconi anemia pathway with their

chromosomal locations and functions

FA Proteins Mol. Wt Chromosomal Location Functions Functional Domains
FANCA 163 16q24.3 FANC Core
FANCB 95 Xp22.31 FANC Core
FANCC 63 9q22.3 FANC Core
FANCDI1 380 13q12.13 Homologous
/BRCA2 Recombination
FANCD2 162 3p253 DNA damages signalling Cue Domain,
Replication forks stabilization ARM Repeat
Transcription factor
FANCE 60 6p21.22 FANC Core
FANCF 42 11p15 FANC Core
FANCI 140 15q25.16 DNA damages signalling ARM Repeat
Replication forks stabilization
FANCJ 140 17q22-q24 Helicase
/BRIP1
FANCL 43 2plé6.1 FANC Core
FANCM 250 14q21.3 Anchor the FANC Core
Chromatin translocase
FANCN 130 16p12.1 Homologous Recombination
/PALB2
FANCO 42 17q25.1 Homologous Recombination
/RADS1C
FANCP 200 16p13.3 Endonuclease
/SLX4 Transcription factor
FANCQ 101 16p13.12 Endonuclease
/XPF
FANCS 207 17q21.31 E3 Ubiquitin ligase
/BRCALI Homologous recombination
FANCT/UBE2T 23 1q32.1 E2 conjugating Enzyme
FANCR/RADS1 37 15q15.1 Homologous Recombination
FANCU/XRCC2 32 7936.1 Homologous Recombination

Fanconi Anemia which is a highly heterogeneous genetic disorder comprising of 18
complementation groups with discrete genes FANC (A, B, C, D1I/BRCA2, D2, E, F, G, |,
J/IBRIPL, L, M, N/PALB2, O/RAD51C, P/SLX4, Q/XPF, SIBRCA1 and T/UBEZ2T) [2, 5,

30, 31, 36, 37]. Since it is a rare human disorder, studies of Fanconi anemia pathway could
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reveal many proteins and their interactive networks that preserve genomic integrity [6, 38].
The defect in DNA repair pathway specific for ICL’s and molecular mechanism for
hypersensitivity of Fanconi Anemia cells to DNA crosslinking agents are not well studied.
The 18 Fanconi Anaemia proteins (FA proteins) have been reported to form different

complexes and act in a common pathway to repair the intercrosslink [2, 5].

Nucleus

FA Core
Complex

DNA ICL damage/
replication

DNA
Damage repair

cell cycle and DNA
Damage checkpoint

Figure 1.2:- DNA ICL repair pathway exhibiting DNA damage response specifically to
FA core complex and FANCI-FANCD2 complex including BRCA proteins
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The Fanconi Anemia (FA) proteins are categorized into three groups. Group first constitute
eight FA proteins (A, B, C, E, F, L, G and M) having E3-ubiquitin ligase activity [2].
Furthermore, FANCL is the catalytic subunit and acts as a ubiquitin ligase. The second
group comprises FANCI and FANCD2 proteins that forms FANCI-FANCD2 (I-D)
complex. Proteins present in Fanconi Anemia core complex monoubiquitylates FANCI-
FANCD?2 on its conserved lysine residue. These monoubiquitinated FANCI and FANCD?2
are recruited at DNA damage site for repair processes (Figure 1.2). The third group
comprises of BRCAL and BRCAZ2 that helps in DNA ICL repair by recruiting Fanconi
anemia nuclease 1 (FAN1) and other FA-associated proteins which bridges the FA-BRCA
pathway [2, 5, 31].

The Fanconi Anemia core complex is a downstream target of Ataxia telangiectasia Rad-3
related (ATR) checkpoint kinase which is activated by either DNA damage response or
replication stress [24, 30, 39]. Proteins encompassing of Fanconi Anemia complexes are
phosphorylated by ATR checkpoint kinase to get activated for DNA ICL repair [2, 3, 24,
40, 41]. These proteins act as signal transducers to promote DNA repair through

homologous recombination and translesion synthesis pathways [3].

1.2 Fanconi Anemia and Breast Cancer Susceptibility

The Fanconi anemia proteins repair the DNA inter-crosslink by interacting to proteins
involved in DNA double-strand break repair mechanisms such as BRCALl, BRCA2
(FANCD1), FANCN (PALB2) and FANCJ (BRIP1). BReast CAncer susceptibility gene
1 (BRCA1) and BReast CAncer susceptibility gene 2 (BRCA2) have been involved in
DNA double-strand break repair through homologous recombination [2, 3, 42]. The DNA
repair pathway in BRCAZ2 deficient cells leads to error prone single-strand annealing [43].

Furthermore, DNA repair processes such as nucleolytic incision, translesion DNA
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synthesis, and homologous recombination have been coordinated by FA/BRCA pathway

[44].

BRCAL and BRCAZ are the tumor suppressor proteins, and mutations in any part of these
genes are linked to breast and ovarian cancer [45-48]. Breast cancer neoplasms are closely
associated with DNA damage repair and cell-cycle checkpoints defects [43, 45, 47, 49].
Different proteins expressed in homologous recombination repair pathway are the cellular
binding partner of BRCA1 and BRCAZ2 [2]. BRCA1 and BRCA1-associated RING domain
protein 1 (BARD1) are a ring finger protein which has ubiquitin ligase activity and together
they can monoubiquitinate the FANCD2 [50]. BARD1 has an important role in domain
stabilization with CstF50 complex [51]. Member of BRCA1-A complex proteins such as
Coiled-coil domain-containing protein 98 (CCDC 98/ABRAXAS) and RAP 80 also
interact with FANCD2 [52]. Furthermore, BRCA1 and BRCA2 are inevitably involved in
various cellular processes like transcriptional regulation, cell-cycle checkpoint control, and

cellular response to DNA damage repair processes [2, 42, 43].

Besides great achievement in the field of cancer biology, there are still different
unanswered questions such as how the impairment in DNA repair pathway leads to
developmental abnormalities, bone marrow failure, and predisposition to cancer.
Furthermore, the mechanism underlying the activation of Fanconi Anemia pathway for
DNA cross-link damage but not to other forms of DNA damage remains a serious question
for study. The cellular, biochemical and molecular studies of Fanconi Anemia patients can
unravel the molecular mechanisms for different proteins associated to Fanconi Anemia

pathway in order to improve the diagnosis, early detection, and treatment of cancer.
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1.3 Activation of Fanconi Anemia Pathway

Eukaryotic DNA is uniformly packed in chromatin and get exposed at the time of
replication [53]. It has been reported that circular dsSDNA is sufficient to activate FANCD?2
monoubiquitylation in oocyte extracts of Xenopus laevis [54]. Interestingly, double strand
break (DSBs), an intermediate during DNA ICL damage repair is not required for the
activation of the Fanconi Anemia pathway proteins [54-58]. The DNA structures that are
spawned during replication, such as sSDNA and Y-shaped DNA are not known for the
activation of FANCD2 monoubiquitylation [25, 58-62].

Fanconi Anemia genes individually identified by linkage analysis, positional cloning and
genome wide analysis are also known to function in the FA pathway for genomic
maintenance [1, 3, 63-67]. The findings of different Fanconi Anemia genes i.e. FANCA,
FANCC, FANCF, FANCG, FANCI, and FANCD?2, have led to the identification of the
DNA-repair molecules involved in the FA-BRCA network [1, 5, 44, 68, 69]. FANCI and
FANCD2 protein expression increases when cells are exposed to various DNA ICL
damaging agents [3, 44, 70].

Fanconi Anemia core complex is required for FANCI and FANCD2 monoubiquitination,
however, if the cells are lacking any protein of the Fanconi Anemia core complex, the
monoubiquitinated form of FANCI and FANCD?2 will not be present [3, 5, 71, 72]. The

proteins which connect the FA-BRCA pathway are FANCD1 (BRCA2), FANCN (Partner and
Localizer of BRCA2, PALB2) and FANCJ (BRCALl-Interacting Protein BRIP1, or BRCA1-
Associated C-terminal Helicase 1, BACH1) [2, 12, 13, 34, 39, 42, 73-76]. The cells those are
defective in any of the members of third group proteins such as BRCA1, BRCA2 and BACH1 have
normal levels of FANCI and FANCD2 monoubiquitination. This suggest that the corresponding

proteins function either downstream of the ID complex or in a parallel pathway [2, 3, 69, 74, 77].
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MRE11
Complex
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FA/BRCA Proteins
DNA
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FAI-D
Complex

Figure 1.3:- Fanconi anemia pathway: DNA ICL repair pathway sensing DNA damage
response by ATM/ATR kinases that phosphorylates specifically FA core complex, FA I-
D and MRE11 Complex, plays an important role in S phase arrest and DNA repair

The homologous recombination repair mechanism for DNA double-stranded ended forks

and replication stalled forks are different [78-80]. The adjacent to the break of the

replication complex may facilitate recombination with the correct template sequences [3,

5, 44]. Furthermore, the MRE11-RAD50-NIBRIN (NBS1; known as the MRN) complex,

is required for the end resection of replication forks which is further regulated by RAD51

to avoid the extensive resection [2, 3, 5, 44, 68] (Figure 1.3). The recruitment of

homologous recombination repair and DNA ICL proteins that function specifically in DNA
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intercrosslink repair mechanism suggest that these proteins are recognizing the structural
differences in the DNA intermediates during the DNA damage repair process [5, 26, 58,

70, 75, 81-84].

1.4 Fanconi Anaemia; FANCI-FANCD2 complex

FANCI and FANCD?2 are paralogues that share miniscule sequence homology. It has been
reported that FANCI and FANCD?2 are co-ordinately regulated to work as an ID complex.
This ID complex is also recruited to DNA damage sites and perform independent functions
[2, 3, 85, 86] (Figure 1.4). However, FANCI-FANCD2 co-immunoprecipitate with each
other from cell lysates and both proteins are monoubiquitinated in response to DNA
damage or replication [2, 3]. This monoubiquitylation of FANCI and FANCD?2 depend on
the protein present in Fanconi Anemia core complex, and their de-ubiquitination is
catalyzed by the ubiquitin-specific protease 1 (USP1) [2, 3]. Once the cells are exposed to
DNA ICL damaging agents, the sensor kinases ataxia telangiectasia RAD-3 related (ATR)
or ataxia telangiectasia mutated (ATM) kinases phosphorylate the FANCI and FANCD2
proteins [2, 3, 87, 88]. Thereafter, they get localized into the chromatin at the sites of ICL
DNA damage to form nuclear foci. Both FANCI and FANCD2, depends on the presence
of its binding partner for stability and ubiquitination [2, 3]. Hence, the I-D complex is
activated by DNA damage induced specific phosphorylation and monoubiquitination [2,
3, 5, 44]. The post-translational modifications such as phosphorylation and
monoubiquitination serve as a stabilizer for FANCI and FANCD2 heterodimeric complex
[3, 5, 44].

Recent results and available crystal structure of FANCI and FANCD2 complex suggest
that both the protein have an ability to bind single as well as double-stranded DNA [26].

In addition, they also have an ability to bind single-stranded as well as double stranded
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DNA independently [26, 85]. This unravel the facts that I1-D complex can recognize DNA
structures resulting from DNA ICL damage. Hence, FANCI-FANCD?2 (I-D) complex
facilitates as a protecting agent to these DNA structures and also provides specificity for

initial incision of ICL damage [3, 26, 85].

Fanconi Anemia
Core complex

Figure 1.4: Schematic diagram for Intercrosslink DNA damage and response network;
Role of FANCI-FANCD2 complex in Fanconi Anemia pathway

FANCI-FANCD2 (I-D) complex perform different functions independently of the FA
pathway [2, 3, 26, 44, 85]. The clinical phenotypes in Fanconi Anemia patients with
FANCD2 mutations are severe than those who are defective in protein present in Fanconi
Anemia core complex [3, 89, 90]. Most of the identified FANCD2 mutations are
hypomorphic which suggest the importance of FANCD?2 in embryonic development [90,
91]. The fancd2 knockout mice show phenotypes such as small eyes, perinatal lethality,

and epithelial cancers. However, it has not been observed in the mice containing disrupted
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genes encoding Fanconi Anemia core complex [92-94]. The majority of FA core complex
genes are not present in many eukaryotic species that do contain orthologues of FANCD2
and FANCI [3, 95].

It has been reported that the FANCI-FANCD?2 (1-D) complex is important for Fanconi
Anemia pathway [1-3, 5, 12, 26, 40, 55, 59, 60, 62, 68, 69, 77, 83, 86, 93, 96-117]. The
FANCD2 point mutations are causing severe malformations and manifestations of
haematological malignancies [90, 91]. In addition, Acute myeloid leukemia (AML)
patients with FA disease have a high risk of developing solid tumor compared to other

cancer population [6-8, 36, 90, 91, 118-130].

1.5 Molecular basis of FA pathway

The understanding of Fanconi anemia at the molecular level is continuously evolving, as
new members are being discovered. In context to genomic maintenance, Fanconi anemia
proteins function to stabilize the replication forks and regulate the cytokinesis [131].
Fanconi anemia proteins together with BRCA proteins are the master regulators for
genomic maintenance and integrity [25, 54, 131-134] (Figure 1.5). Consistent with the
recent reports, Fanconi anemia deficient mice and Fanconi anemia patients are sensitive to
aldehyde compounds which suggest that Fanconi anemia pathway has evolved

intracellularly to avert with the endogenous cytotoxicity [56, 135-138].
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Figure 1.5: Schematic diagram of Fanconi Anemia pathway proteins during repair process

The DNA ICL damage arises from endogenous crosslinking agents such as acetaldehyde,
malondialdehyde and nitrous acid [56, 135-138]. Furthermore, exogenous sources of DNA
inter crosslink are clinically relevant as it employed during chemotherapy to the cancer
patients [96, 138-143].

Fanconi anemia pathway undertakes the DNA ICL damage repair as follows, (1) DNA
Lesion recognition (2) DNA Lesion incision (3) DNA Lesion bypass and (4) DNA Lesion

repair [2, 5, 11, 44, 144-146].
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Figure 1.6: Schematic diagram of Intercrosslink DNA damage response network FANCI-
FANCD2 complex. BRCA and RADS51 proteins that facilitate the lesion recognition, lesion
incision and homologous recombination repair in DNA ICL repair process of Fanconi
Anemia pathway

(1) DNA Lesion recognition- Once DNA Lesion is sensed by ATM-ATR kinases, the
FANCM protein gets phosphorylated and recruited to DNA damage sites which in turn
localize FA core complex proteins and forms nuclear foci during S and G2 phase of the
cell-cycle [3, 5, 85]. The Fanconi anemia-associated proteins (MHF1/FAAP 24),
histone fold protein (FAAP 16/CENPS) and MHF histone-fold complex subunit 2
(MHF2/FAAP 10/CENPX) helps during the DNA intercrosslink repair [3, 5, 26, 44].

These Fanconi anemia associated proteins together with ATR and BRCA1 (FANCYS)
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are required for the sensing, recognition, and recruitment to DNA ICL sites (Figure
1.6). The Fanconi anemia core complex comprises namely FANCA, FANCB, FANCC,
FANCE, FANCF, FANCG, FANCL, FANCM, FANCT/UBE2T, FAAP100, MHF1,
MHF2, FAAP 20 and FAAP 24 proteins. These proteins have multiple functions and
are recruited to DNA ICL sites [2, 3, 5, 26, 44]. They also act as a large ubiquitin ligase
complex and ubiquitinates the FANCI and FANCD2 proteins. The FANCI and
FANCD2 monoubiquitination process are interdependent and reversible [3, 147, 148].
Furthermore, the phosphorylation of FANCI and FANCD2 are responsible for the
heterodimer dissociation and their independent functions at the chromatin sites [3, 5,
85].

(2) DNA Lesion incision- Recent study suggest that converging replication forks activate
the DNA ICL repair [54]. The replication fork initially paused from the DNA ICL sites
20 to 40 base pairs away to avoid the steric clashes levied by a replicative helicase
complex (CMG complex) [59]. FANCI and FANCD?2 control the nucleolytic incision
of DNA ICL at converged replication forks, a process known as ‘unhooking’ [149,
150]. Monoubiquitinated FANCD?2 recruits the nuclease scaffold SLX4 (FANCP),
ERCC4 (FANQ) and Fanconi anemia nuclease 1 (FAN 1). ERCC 4 and ERCC 1
heterodimer has a crucial role in unhooking, therefore FAN 1 orient the DNA and
unwinds the 5 flap to promote the DNA incision [101, 151]. Furthermore, FAN 1 is
required to resume the replication of stalled forks [88].

(3) DNA Lesion bypass- After unhooking of the DNA ICL from the damage sites,
translesion synthesis polymerase (TLS polymerase) is recruited with the help of
ubiquitinated PCNA and Fanconi anemia core complex [152, 153]. TLS polymerase
performed lesion bypass by adding nucleotides opposite to the DNA ICL and extend

the nascent DNA strand [154, 155]. Extension of nascent DNA strand by TLS
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polymerase complex which is composed of REV 1 and REV3-REV7 and have a role
in the restoration of one intact DNA duplex, which is used as a template during
homologous recombination processes [156-158].

(4) DNA Lesion repair- After the nucleolytic incision step, homologous recombination
(HR) process complete the DNA ICL repair [54]. In homologous recombination, third
group of FA proteins plays a major role in FA-BRCA pathway [2]. BRCAZ2 and Partner
and Localizer of BRCA2 (PALB2) are known to perform the HR with RAD51, and
also form the nucleofilaments of single stranded DNA to catalyze the strand invasion
of homologous template for successful homologous recombination [159, 160]. In
addition, BRCAL interacting protein C-terminal helicase 1 (BRIP1/FANC)J) acts as a
multifaceted repair protein because it perform BRCA1 independent DNA repair
function not identical to canonical homologous recombination [161]. Furthermore,
FANCJ and BRCAL interactions are tightly regulated by post-translational
modification with specific phosphorylation at Ser990 position in FANCJ to carry out
proper translesion synthesis and homologous recombination [162]. Fanconi anemia
mediated DNA ICL damage repair involves the processes like unhooking of DNA ICL
lesion, nascent ssDNA formation, strand invasion, homologous recombination,

resolution, and ligation which gives rise to an intact double-stranded DNA [2, 44, 163].

1.6 Functional domains of FANCI

Fanconi anemia complementation group I (FANCI) protein is one of the FA pathway
protein recruited to the DNA ICL damage site to perform the repair function [3, 115, 156].
FANCI plays a key role in FANCD2 monoubiquitination, and also get monoubiquitinated

at conserved lysine at 531 position which further triggers the activation of FANCI-
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FANCD?2 (1-D) Complex [41, 104, 164]. The monoubiquitinated FANCI is recruited to
DNA damage site and forms the DNA repair foci [3, 5, 85]. FANCI protein is a leucine
rich peptide (14.80% leucine residues) having miniscule homology with other reported
proteins [3, 20, 115]. FANCI protein comprises of 1328 amino acids and has armadillo
repeat (ARM repeat), EDGE motif at C-terminus [3] (Figure 1.7). The ARM repeat forms
a-a superhelix fold which is involved in the protein-protein and protein-DNA interactions
[9, 19, 165-168]. The mutant FANCI has a dominant negative effect on FANCD2
monoubiquitination and DNA damage-induced FANCD2 foci formation [3, 115].
Therefore, the FANCI Lys523Arg mutant is not able to participate in DNA damage foci
formation [3, 115]. The Lys525Arg mutant chicken DT40 cells have an inability to restore
cellular resistance to the DNA cross-linking agent mitomycin C [169]. It also affects the
FANCD2 chromatin recruitment, suggesting that FANCI monoubiquitination plays an
important role in the chicken cells [3, 169]. However, additional studies needed to conclude
the significance of FANCI monoubiquitination in the activation of the Fanconi anemia

DNA repair pathway in mammalian and non-mammalian cells.
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Figure 1.7: Domain organization of FANCI protein; ARM repeat at C-terminus and
conserved Lysine at 523 amino acid position. FANCI protein interacts with specifically
FANCD?2 which further binds BRCA2, PALB2, RAD51, BRCAL to form nuclear foci at
the DNA damage site

The interesting observation regarding the phosphorylation status of FANCI is decisive for
FANCD2 monoubiquitination, and activation of I-D complex [3, 169]. In the DT40 cell
line, phosphomimetic mutations of ATR phosphorylates consensus sequences (S/T)Q
containing motifs. A conserved cluster at the Lys-525 monoubiquitination acceptor site of
FANCI act as a monoubiquitination switch for FANCD2 and FANCI-FANCD?2
localization at chromatin DNA damage site [3, 86, 169]. However, the FANCI
phosphorylation is not enough to promote localization of FANCD2/FANCI without other

DNA repair proteins such as RAD51 and FA pathway proteins [2, 3, 5, 85, 86, 169].
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After DNA damage response monoubiquitinated FANCI localizes to DNA ICL damage at
chromatin site and facilitate the repair process with FANCD?2 [2, 3, 85]. The C- terminal
region of FANCI which harbours ARM repeat binds double-stranded DNA [3, 25, 83].
Interestingly it was found that the C-terminal region encompassing the 985-1328 amino
acids has the similar DNA binding ability with similar DNA substrate preference [83].
Disease causing mutations are also found in the C-terminal region of the FANCI [2, 3,

169].

1.7 Functional domains of FANCD2

FANCD?2 protein has multifaceted role such as DNA repair, cell cycle checkpoint control
and cytokinesis [56, 58-61, 87, 99, 103-105, 114, 116, 117, 170-176]. Fanconi anemia core
complex monoubiquitinates FANCD?2 at conserved lysine 561 position and is recruited to
DNA ICL damage site [3, 41]. FANCD?2 interacts with other FA proteins mainly FANCI,
BRCA2 and RAD 51 involve in DNA ICL repair [173]. Recent reports suggest that
FANCD2 monoubiquitination is necessary for the recruitment of the Fanconi anemia-
associated nuclease (FAN1) and SLX4/FANCP endonucleases to DNA damage sites [11,
69, 101, 109, 149, 177]. FANCD2 and FANCI play a critical role in interstrand crosslink

repair mechanism [3], however, FANCD2 also has an important role in meiosis [178].

FANCD2 protein comprises of 1451 amino acids including coupling of ubiquitin
conjugation to endoplasmic reticulum domain (CUE domain) and armadillo repeat (ARM
repeat) [67, 179] (Figure 1.8). FANCD2 mono-ubiquitination occurs in response to DNA
damage during the S-phase of the cell-cycle [173]. The monoubiquitinated FANCD?2 is
targeted to nuclear foci containing proteins such as BRCA1, BRCA2, and RAD51 [3, 173]

and involved in DNA-damage signaling and homologous recombination repair

42 |Page




mechanism. The FANCD2 deficient DT40 cells are inefficient in homologous
recombination-mediated DNA ICL repair, DNA double-strand break (DSB) repair and
trans-lesion synthesis [71, 110, 113, 173, 180]. FANCD2 has multifunctional role in
addition to have functions in the maintenance of genomic stability [3, 71, 85, 108, 1009,

111-114, 117, 139, 149, 172,173, 177, 180-187].

FANCD2 Protein

— L |
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Figure 1.8: Domain organization of FANCD?2 protein; the CUE domain at N-terminus, a
conserved Lysine at 561 amino acid position and ARM Repeat. FANCD2 N-Terminus
known to interact with BRCA2 C-terminal region (CTR) (in red dots).

Furthermore, fancd2 knockout mice are severely affected from microphthalmia, early
epithelial cancers and perinatal lethality, but it remains unclear whether the murine
FANCD2 phenotype is severe than the corresponding murine knockouts of the FA genes

[92, 94, 188]. It has been reported that in Caenorhabditis elegans, fancd?2 is required for
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survival after DNA damage [97, 189]. fancd2 deficient zebrafish embryos show severe
developmental defects and increased apoptosis [190]. These reports clearly indicate the
importance of fancd2 function in the vertebrate developmental pathway, other than DNA
ICL repair. In Drosophila, the fancd2 knock-down causes pupal lethality [90, 191, 192].
Whereas in humans, it has been reported that complementation group FANCD?2 accounts
for <1% to 3% of Fanconi anemia mutations [90]. FANCD2 CUE domain encompasses the
region from 1-254 amino acids at N-terminus of FANCD?2 regulates the FA pathway by
correcting the mitomycin C hypersensitivity and localizing the FANCD2 and FANCI
proteins at DNA damage site [3, 4, 181]. FANCD2 CUE domain has an important role in
the FANCI-FANCD2 complex formation and escaping the FANCI protein from
polyubiquitination, thereby maintaining protein homeostasis (proteostasis) at the time of

DNA ICL repair.

1.8 Domain organization and functional association of BRCA2

BRCAZ2 is one of Fanconi anemia protein identified as an FANCDL1, implicated in the DNA
inter-crosslink (DNA ICL) repair pathway failure [193-195]. Germline mutations in the
brca2 gene confer an elevated lifetime risk of developing breast and ovarian cancer [45,
47,193, 195-197]. BRCAZ2 is composed of 3418 amino acids, a large protein that bridges
the FA and BRCA pathway, and also indicate some common pathway of DNA double
strand break and ICL repair [198]. The tumour suppressor function relates to a role of
BRCAZ2 protein in homologous recombination [45]. Tumorigenesis is linked with loss of
heterozygosity of the non-mutated allele. The gene encoding BRCA2 was identified by
linkage analysis and positional mapping on the basis of the inheritance of chromosomal

markers from a large cohort of affected families [2, 34, 45, 76, 159].
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Fanconi anemia proteins interact with cellular partners like BRCA1, BRCA2 (FANCD1),
FANCN (PALB2) and FANCJ (BRIP1) [2, 12, 13, 74, 76, 123, 178, 196]. FA/BRCA
proteins function in a coordinated fashion to repair the DNA ICL and avert cellular
transformation. FANCI, FANCD2, and BRCA2 act together to perform crucial functional
role in DNA ICL repair. BRCA2 protein is specifically involved in DNA ICL repair,
double-strand break repair through homologous recombination. The brca2 deficient cells

cause error prone single-strand annealing pathway [159, 199].

BRC REPEATS BRCA2 CTR

1 2350 2545 3418

BRCAI/FANCS > RAD51/FANCR)
- FANCD2

T ——

Figure 1.9: BRCAZ protein and its interacting partners

BRCAZ2 interacts with RAD51 which forms filaments on single-stranded DNA (sSDNA)
to perform DNA strand invasion and homologous recombination [2, 12, 159, 196]. It has
been reported that human BRCAZ2 binds six RAD51 molecules and promotes RAD51
binding to ssDNA coated by replication protein A (RPA) [196] (Figure 1.9). The reported
crystal structures (PDB ID; 11YJ and 1MIU) of 800-residue from the C-terminal domain
of BRCA2 unravel the molecular insights of the protein-DNA binding at atomic level [200-
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202]. The C-terminal region of BRCAZ2 is the most conserved region across metazoan,
plant and fungal orthologs, and also known as BLAT domain (BRCA2-motif in
Leishmania, Arabidopsis, and Trypanosoma domain) [12, 13]. Deleted in split hand /split
foot syndrome (DSS1), which is a small acidic protein has also been recognized as a
BRCAZ2 interacting partner in a yeast two-hybrid system [203]. Structural insights obtained
from protein structure of the mouse and rat contain bound DSS1, and sSDNA [203, 204].
Five domains are structurally characterized, four of them are globular and packed well in

a linear array [202, 204].

1.9 Ubiquitination, de-ubiquitination and its role in DNA ICL repair

Ubiquitin is a 7.6 kDa protein composed of seven lysine residues Lys 63, Lys 48, Lys 33,
Lys 29, Lys 27, Lys 11 and Lys 6 with specific linkage during chain assembly [205-207].
Most of the proteins undergo degradation through proteasome targeted by Lys48-linked
chains [208]. However, Lys63-linked chain present non-proteolytic signals involved in
protein trafficking [209].

Ubiquitination is a systematic process which involves at least three classes of enzymes; a
ubiquitin-activating enzyme E1, a ubiquitin-conjugating enzyme E2, and a ubiquitin ligase

E3. In FA pathway FANCL acts as a ubiquitin ligase.
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Figure 1.10: The model illustrates the E2-Catalytic mechanism. Isopeptide bond formation
during ubiquitin chain synthesis, and different Lys residues with specific linkage during
mono, di and polyubiquitination.

At the final stage of ubiquitination, a ubiquitin molecule forms covalent bond to a specific
Lys residue of the target substrate protein by an isopeptide bond [205, 207, 209] (Figure
1.10).

Monoubiquitinated substrate Lys residue serves as a target for E3 to assemble next
ubiquitin molecule and thereby forming polyubiquitin chain, and in some cases,
monoubiquitin is masked by ubiquitin-binding domain to maintain proteostasis until DNA
repair is not completed [3, 210, 211].

E1 forms a thioester linkage with cysteine located at active site and the C-terminus of
ubiquitin through ATP molecule [205, 209]. The ubiquitin molecule is then moved to the
active site cysteine of E2, and from E2 to cysteine residue of HECT domain of the E3 prior

to the substrate attachment. Eukaryotic organisms produce many types of E3 to ensure the
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specificity of ubiquitination. Most of E3s have RING domain and a structurally related
Ubox that bring a substrate and a charged E2 together, thereby activating the E2 to ligate
ubiquitin molecule [206, 207]. Ubiquitin usually attaches to the e-amino group of Lys in
substrates through isopeptide bond. Transfer of a single ubiquitin can occur to one
(monoubiquitylation) or two (diubiquitylation) or multiple (multi monoubiquitylation)
sites to recruit binding partners during DNA repair, protein-protein interactions, protein

localizations and in cell signaling activities [205-207, 209].

1.10 Conclusion

Fanconi Anaemia regarded as genetic instability syndrome in which cells are highly
sensitive to DNA crosslinking agents such as mitomycin c, diepoxy butane and cisplatin
etc. [6, 31]. The identification and characterization of 19 Fanconi Anemia genes (One more
is recently identified) have revealed a DNA-damage response network that comprises
novel signaling cascades with phosphorylation and ubiquitination [3, 5]. Fanconi anemia
proteins in association with other protein complexes performs various DNA-processing
activities that facilitate the repair mechanism [5, 30, 44, 212]. FA proteins also crosstalk
with other DNA repair proteins that intriguingly suggests their importance beyond DNA
damage response and repair. Fanconi anemia proteins are also involved in acute myeloid
leukemia (AML) and BRCA pathway to function in cell-cycle transition and chromosome
segregation [41, 130, 178, 213]. Fanconi Anemia pathway could explore some important
key target that might be useful for therapeutic application of Fanconi Anemia disease in

near future.
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2.1 Materials

Molecular biology grade reagents were used to perform the experiments. Autoclaved,
double distilled, 0.44 uM filtered Milli-Q water (Millipore, USA) was used to prepare the
buffers for protein purification, protein-protein interactions, protein-DNA interactions and
other spectroscopic studies. Buffer solutions and purified proteins were either centrifuged
at 13000 rpm or filtered through 0.44-micron filter (Millipore, USA) and degassed prior to

performing experiment. DNA polymerase and restriction enzymes for gene- cloning were

purchased from Fermentas (https://www.thermofisher.com) and New England Biolabs
(https://www.neb.com/). All other chemicals and consumables were procured from Sigma-
Aldrich, Promega, Roche, GE Healthcare and Boston Biochem, or unless otherwise

specified.

2.1.1 Materials and Instruments

(A) Bacterial medium, chemicals and materials; LB medium (Himedia, India, Cat. No.
M575), Petri plates 90 mm (diameter) x 15 mm (Himedia, India, Cat. No. PWO008), B-D-
Isopropyl thiogalactopyranoside (IPTG) (MP Biomedicals, USA, Cat. No. 102101),
Chemicals, salts, buffers, precipitants, detergents and organic solvents were procured from
Sigma (USA), Merck (Germany), Fluka (Germany), GE Healthcare (lllinois, USA),
Himedia (India), MP Biomedicals (USA) and SRL (India)

(B) Molecular biology grade antibiotics; Ampicillin (Himedia, India, Cat. No. CMS645),
Kanamycin (Himedia, India, Cat. No. TC136), Chloramphenicol (Himedia, India, Cat. No.
TC204)

(C) Protease inhibitor cocktail (Sigma, USA Cat. No. P2714), snake skin dialysis bag
(Thermo Fisher, USA, Cat. No. 68035)

(D) Enzymes, Trypsin Singles (Sigma, USA Cat. No. T7575)
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(E) Bacterial plasmid DNA isolation kits; Mini-prep kit (Qiagen, Germany, Cat. No.
27106), Plasmid DNA Maxi prep kit (Qiagen, Germany, Cat. No. 12163), Polymerase
Chain Reaction extraction kit (Qiagen, Germany, Cat. No. 28106) and Agarose Gel
DNA Extraction kit (Qiagen, Germany, Cat. No. 28706)

(F) Chromatographic affinity resins; Nickel- nitrilotriacetic acid (Ni-NTA) (Qiagen,
Germany, Cat. No. 32169), Glutathione-S-Transferase (GST) resins (Novagen,
Germany, Cat. N0.70541) and Amylose (New England Biolabs, USA, Cat. No.
E8021L)

(G) Pre-packed size exclusion chromatography columns; Superdex-200 and Superdex-75
GE Healthcare (Sweden)

(H) Crystallization screens; Hampton Research (USA) and Qiagen (Germany)

(I) Monoubiquitin (Boston Biochem, USA)

(J) Surface Plasmon Resonance; Sensor Chip, Carboxymethylated Dextrans-CM5, GE
Healthcare (Sweden)

(K) Instruments; Centrifuge (Beckman Coulter, USA), Shaker incubator (Infors HT,
Switzerland), Surface plasmon resonance-BIACore T200 (GE Healthcare, Sweden),
Circular Dichroism polarimeter (JASCO 815, USA), Fluorescence spectrophotometer
(Horiba, USA), Dynamic light scattering (Wyatt DynaPro, CA, USA and Malvern,
Worcestershire, United Kingdom), GelDoc, Nanodrop (GE), cell sonicator (Branson,
CT, USA) and MALDI-TOF-TOF (Bruker Daltonics, Germany)

(L) Super Computational Grid “UTKARSH” BARC and DBT-BTIS facility- ACTREC
were used for molecular dynamics simulation and analysis by utilizing GROMACS

4.5.5 package
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2.2 Methods

2.2.1 Gene Cloning

Full-length cDNA gene construct cloned in different mammalian or prokaryotic systems
were used as a template for cloning full-length or specific gene region. Polymerase chain
reaction (PCR) was performed to amplify the desired region. Most of the forward primers
for PCR reaction have TEV protease site between the gene and fusion TAG region and
reverse primers were designed with the two stop codons. Following steps were performed

for gene cloning experiments.

2.2.1.1 Primer Designing and expression vector

Primers were designed carefully by checking the presence of restriction enzyme (RE) sites
of the DNA insert by NEB CUTTER [214]. Furthermore, RE sites were used as per the
vector map provided for specific vector, ensuring that DNA insert will be in correct reading
frame with correct orientation between promoter and terminator site. Complementarity and
thermodynamics  parameters  were  validated using  Primer-X  software
(www.bioinformatics.org/primerx/). Primer Length; 18-25 (base pairs) with GC clamp,
GC content; 40-60%, melting temperature (Tm); 50-65°C parameters were taken into
consideration. Bacterial expression vectors were used such as pGEX-KT, pGEX4T-1, and
pET28a+ for cloning and expression of respective proteins. For the bacterial two-hybrid
system pUT18, pUT18C, pKT and pKNT vector backbone were used. Details of the vector
constructs, primers, and bacterial strains were described in Table 5.1, 5.2 & 6.1 in chapter

5 and 6, respectively.
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2.2.1.2 PCR amplification

PCR amplification of the desired region was performed using the following parameters*,
however, some modifications were made in the protocol as per the DNA insert size,
particularly in annealing temperature and extension time. PCR amplification of desired
genes was performed using gene specific primers, size and quality of the amplicons were

further evaluated using the 1% agarose gel by electrophoresis with specific DNA ladder.

The following protocols were used for the PCR amplification-

Denaturation: 95°C for 5 minutes

. Annealing: 55-65°C for 45 seconds

Extension: 72°C for 0.5 kb/minutes

Repeat cycles from step 2 to 4 for 32 cycles

Final extension: 72°C for 10 minutes

. Storage: 4°C

With the help of DNA markers, the desired amplicon of respective sizes was gel excised.
The gel portion containing amplicon of interest was purified using commercially available
gel extraction kit (Qiagen, Germany). The purified PCR product was subjected to
restriction enzyme digestion. The digested gene of interest was further purified using

Enzyme clean up- kit (Qiagen, Germany) to remove enzymes.
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2.2.1.3 Restriction digestion

The PCR amplified gene of interests and expression vectors were digested with the same
restriction enzymes (RE), as per the choice of selected restriction site in the PCR amplicons

and desired vectors. The digestion protocol is described below.

1. 1-2 pg (20ul) of DNA amplicons (PCR amplified gene of interest) was taken in the

microfuge tube (1.7 ml tube).

2. As per volume of the reaction mixture, 10X digestion buffer was added.

3. Restriction enzymes (RE); 1ul each (10-unit) were added to the reaction mixture.

4. Final reaction mixture volume was supplemented with DNAase and protease free double

distilled (dd) water.

5. The RE mixed reaction mixture was kept at 37°C for 2-3 hour in Water bath.

6. RE digested PCR amplicons were purified using enzyme clean-up kit (Qiagen).

The digested PCR amplicons were then ligated into double digested vector using following

protocol-

2.2.1.4 Ligation

Double digested gene sticky or blunt end insert and bacterial expression vector were ligated

either using T4 DNA ligase or Quick ligase.

1. Double digested vector and insert DNA were taken in such a way that they are in 1:3 molar

ratio (1 vector and 3 inserts).

2. Ligation buffer (2x) was added in the reaction mixture.

3. 1 pl of T4 DNA ligase or Quick ligase was added in the reaction mixture.
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4. The ligation mixture was adjusted to the final volume using nuclease free double distilled

water and further incubated at room temperature for 30 minutes.

This ligated product was used for transformation in a bacterial host such as E.coli DH5a

strain or E.coli NOVABLUE strain.
2.2.1.5 Transformation

Uptake of exogenous genetic material in prokaryotes from the external environment or by
means of extracellular stimulus such as temperature is called transformation. In prokaryotic
transformation, DNA fragment, a vector with or without foreign gene are taken up by the
living cells under in-vitro condition. However, cells have to be made competent enough by

chemical treatment to uptake the extracellular naked DNA inside the cells.

Competency is defined as biological nature of bacterial cells to uptake DNA easily than in
the normal conditions. The treatment of bacterial cells with buffers supplemented with
divalent cations such as Mg?* or Ca?*, that make bacterial cells of the desired competency.
Under the appropriate condition, the transformation efficacy of most genes would be about

1 in every 103 cells [215].
2.2.1.6 Bacterial expression host cells

The E. coli BL21 (DE3) and E. coli Rosetta (2DE3) are commonly used bacterial strain for
heterologous protein expression [216], which conveniently expresses foreign proteins
using T7 promoter. The (DE3) stands for the host that is a lysogen of lambda-prophase
(DEJ) and carries T7 RNA polymerase gene under the control of a lacUV5 promoter,
which can be induced by a non-hydrolysable analogue of lactose such as Isopropyl p-D-1-
thiogalactopyranoside (IPTG) [217]. This strain is also devoid of expressing Lon and
OmpT proteases which make them advantageous and an excellent host for foreign protein

expression.
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Since codon usage of eukaryotic and prokaryotic proteins are different, therefore the
expression of eukaryotic proteins in the bacterial system often gets complicated. To
overcome such problems, Rosetta 2(DE3) which is a derivative of BL21 is specifically
designed to enhance the expression of foreign eukaryotic proteins having rare codons. The
Rosetta strain has an extra set of tRNAs for the rare codons such as AGA, CUA, AUA,
AGG, CCC, GGA and CGG on a compatible chloramphenicol-resistant plasmid; called
PRARE. [218]. This strain offers a “universal” translation system, and their tRNA genes
are under the control of their own promoters. These bacterial strains are the pLacl and
pLysS derivatives and the rare tRNA genes are present on the plasmids that carry the T7

lysozyme and lac repressor genes.
2.2.1.7 Competent cells preparation protocol

. The desired competent cells stored at -80 °C were streaked on Luria Broth agar plate, and

allowed to grow over night at 37°C.

. The inoculum was prepared by inoculating single colony into 5 ml LB media and allowed

it to grow at 37°C for 12 hours.

. The freshly prepared inoculum was added into 500 ml LB media with/without antibiotics
as per the host competent cells, and incubated at 37°C with constant shaking condition at

220 rpm, till the O.D at A=600 nm reaches between 0.5-0.6.

. The growth was synchronised by transferring the culture at low temperature (preferably on

ice) for 5 minutes.

Bacterial cells were harvested in the collection Sorvall tubes by centrifuging at 5000 rpm

for 15 minutes at 4°C.
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10.

11.

The supernatant was discarded and harvested cells were kept on ice immediately in a sterile

condition.

The cell pellet was re-suspended in 100 ml of pre-chilled Transfer Buffer 1 (TB buffer 1)

without any bubbles and cell clumps.

Re-suspended cells were transferred to pre-chilled autoclaved sorvall tubes and further

centrifuged at 5000 rpm for 8 minutes.

The supernatant was discarded and centrifuged cell pellet was re-suspended in 10 ml of

pre-chilled transfer buffer 2 (TB2).
Further aliquots of 100 ul in 1.7 ml microfuge tubes were made.
This aliquot was snap frozen in liquid nitrogen and stored at -80°C for further use.

Composition of Transfer Buffer 1 (TB 1): 300 mM Potassium acetate, 50 mM

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

Composition of Transfer Buffer 2 (TB 2): 10 mM MOPS, 10 mM Potassium chloride,

75 mM Calcium chloride, 15% glycerol
Prepared both the buffers TB1 and TB2 freshly with autoclaved ddH20 and stored at 4°C.

The competent cells were tested by streaking on LB agar plates with or without antibiotics.

Result: with antibiotic; No colony, without antibiotic; colony grown

2.2.1.8 Protocol of DNA transformation in bacterial cell

The competent cells brought from -80°C were allowed to thaw on ice.

50-100 ng/ul of cloned DNA was added to the tube containing 100 pl of competent cells.

The DNA with cells was incubated on ice for 45 minutes.
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A brief heat shock was given for <2 minutes at 42°C and immediately brought back on to

the ice.
. Autoclaved LB medium of 800 ul was added in sterilized conditions.
Cells were incubated at 37°C for ~45 minutes.

The 100 ul of grown cells were spread the on LB agar plate containing the selective

antibiotic with sterile L-shaped glass rod/ autoclaved plastic L-shaped rod.

This Petri plate was placed in inverted position at 37°C for overnight in the incubator to

get well-isolated colonies.

2.3 Protein Expression and Purifications

The advancements in the genetic engineering and recombinant DNA technology have
empowered us for over-expression of the protein of interest using a bacterial host system.
Protein overexpression in a strong and controlled promoter can efficiently convert bacterial
cells into a micro-protein production factory with high yield. The over expression of a non-
bacterial protein may possess a threat to host system by intoxicating them. Therefore, the
desired gene of interest must be in under very stringent and strong promoter control system.
The expression vector generally available with strong inducible promoters that can sense
the presence of inducer in the system e.g. Lac operon induced by addition of IPTG (a non-
hydrolysable inducing agent and analogue of allolactose). When the inducer is absent in
the growth medium, lac promoter gets repressed by the Lac repressor protein (Lacl).
Induction of the Lac promoter is mediated by the addition of either Lactose or its non-

hydrolysable analogue isopropyl-p-D-thioglactopyranoside (IPTG) to the medium. These
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substances prevent the Lac repressor from binding to the Lac operator, as a result enabling

over-expression of the genes.

In E. coli BL21 (DE3), the lacUV5 promoter controls the expression of the T7 polymerase.
BL21 (DE3) carries the Lacl gene in its chromosome and applies a negative control over
the expression of the T7 polymerase. Subsequently, the addition of inducer releases Lacl
inhibitory effect that turned on the expression of T7 polymerase. Moreover, the addition
of IPTG to the culture induces the expression of T7 polymerase which further over-

expresses the desired protein.
Requirements:

Sterile LB broth medium containing the desired antibiotic such as Ampicillin (100 mg/ml)
or Kanamycin (50 mg/ml), 1M IPTG, micropipette with sterile tips, sterile 10 ml pipette,

table top centrifuge etc.

Protocol:

Inoculation: A single isolated healthy colony from freshly transformed agar plate was
selected to inoculate in 100 ml LB broth containing desired antibiotic as per expression
vector. The pre-inoculum was incubated in shaker incubator at 220 rpm at 37°C overnight

(12-16 hrs).

Culture Dilution: 10 ml of pre-inoculum was further diluted into the 2000 ml culture with
(1:100 ratios) of autoclaved LB broth containing an appropriate concentration of antibiotic.
Diluted culture was then allowed to grow in the shaker incubator at 37°C until all the cells

reached mid-log phase i.e. Asoo between 0.6-0.8.
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3. Protein Induction: The cells growth was synchronized by cooling the culture. The culture
was induced by adding an optimized concentration of IPTG and incubated on a shaker

incubator at optimal temperature, at 22°C overnight.

4. Cell Harvesting: The induced culture was centrifuged for 15 minutes at 6000 rpm in a

pre-cooled centrifuge.

5. Cell Storage: The cell pellet obtained after harvesting was stored at -80°C till further use.

2.3.1 Protein Purification

Protein purification is a chronological way to take out protein of interest from the cellular
protein pool. Homogenous and highly purified protein is a prerequisite for structure
determination, functional and interactions analysis such as protein-ligand, protein-DNA,
and RNA. Extraction of soluble protein from bacterial extract is usually the most difficult
part of protein purification. Protein purification steps depend on protein size, folding
pattern, binding affinity to its respective tag etc. Chromatography is one of the common
techniques used for separation and fractionation of desirable protein molecule from the
mixture of complex cellular protein pool. Affinity chromatography is widely used for the
protein purification because it purifies protein of interest in a high purity. Further, size
exclusion generally performed to get an idea of oligomeric behaviour, and the homogenous
population of proteins. The selection of stationary phase and mobile phase of the
chromatographic system depends on the biophysical properties of the proteins. Proteins are
generally purified using different chromatographic techniques such as affinity
chromatography, size exclusion chromatography, ion exchange chromatography and

hydrophobic interaction chromatography. Purified proteins are generally monitored using
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UV detector present in Fast Protein Liquid Chromatography (FPLC) as they traverse

through the column by their absorbance at A=280 nm and at A=215.

Protocol for Protein Purification

. Cell re-suspension: The induced bacterial cells were re-suspended in the desired volume
of buffer (Buffer A), complemented with protease inhibitor (200 pl of 200 mM PMSF and

20 pl of protease inhibitor cocktail).

. Sonication: Resuspended cells were disrupted by using cell-sonicator (BRANSON
Sonifier). This process involves the high-frequency sound waves that disrupt the bacterial
cell wall. In sonication process, the sound energy of an ultrasonic bath or probe was used
in a temperature controlled manner to disrupt the cell wall thereby exuding out of cellular
contents. Sonication conditions were 70-pulse rate, 70 power with 1 minutes of duty cycle

intermittently in an ice bucket.

. Fractionation by Centrifugation: These disrupted cells were centrifuged at 18000 rpm
for 45 minutes in 4°C to remove unwanted cell debris. The Clear supernatant was collected

in a fresh tube for further purification.

. Equilibration of GST/Ni-NTA affinity resins: Prior to binding, equilibration of GST/Ni-
NTA affinity resins were performed with the desired buffer. Initially, five column volume
of water was passed to remove traces of ethanol as the beads were stored in 20% ethanol.

Further, equilibrated with 5 column volumes of buffer.

. Protein Binding: The soluble protein was prudently transferred into the column containing
affinity resin and allowed to pass by gravity flow. The flow through from the column was

collected to check the protein fraction unbound to the resin.

62| Page




10.

6. Column Washing: To remove non-specific bound proteins from the affinity matrix,

washing with ten column volumes of wash buffer were performed. To detect the binding

efficiency, ~20 pl of protein bound on resin was taken and loaded onto the SDS-PAGE

gel.

. TEV Protease Cleavage: To remove the affinity tag like GST/His tag from the fusion

protein, 200 ul (20 units) of 6XHis-TEV protease in wash buffer was treated with fusion
protein for 3 hours. After cleavage, ~20 ul of resin was taken out to analyse on a SDS-
PAGE gel to check the cleavage efficiency. The TEV protease is highly site-specific
cysteine protease found in Tobacco Etch Virus (TEV). The recognition sequence for the
TEV enzyme is Glu-Asn-Leu-Tyr-Phe-GIn-(Gly/Ser), and cleavage occurs between the

GIn and Gly/Ser residues.

. Size exclusion chromatography: 2 ml or 1 ml concentrated protein (as per the availability

of FPLC loop size) was injected onto the AKTA-FPLC/BIORAD-FPLC pre-equilibrated
with respective FPLC buffer. Size exclusion column as per the size of the protein
(superdex-75 or superdex 200) was used. Eluted protein fractions were collected by

monitoring the absorbance at A=280 nm and A=215 nm wavelength.

Sample Loading on SDS-PAGE: 12 pl of FPLC fractions were loaded onto desired
percentage of SDS-PAGE gel, and stained with Coomassie brilliant blue dye. Furthermore,

destained to visualize the protein bands under gel documentation system.

Concentrate the protein: The purified protein fractions of the expected size as observed

on the SDS-PAGE gel were concentrated using desired Centricon filter (Millipore, USA).

2.3.2 Regeneration of GST resin
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Composition of Wash Buffer: Buffer A, 5% glycerol, pH-8.0
Buffer A: 300 mM NaCl, 50 mM Tris (pH 8.5)
Buffer 1: 0.5 M NacCl, 0.1 M Tris (pH 8.5)
Buffer 2: 0.1 M Na-acetate, 0.5 M NaCl (pH 4.5)
Protocol:-

. Freshly prepared 20 mM reduced glutathione in pre-chilled buffer 50 mM Tris pH 8.0, was
passed twice through the column containing GST resin in order to remove the traces of

bound GST and GST-fusion protein.
. Five column volume of autoclaved double distilled water was passed.

. Further, 1 column volume wash with washing buffer (300 mM NaCl, 50 mM Tris, 5%

glycerol, pH-8.0) followed by 2 column volumes wash with Buffer A+1% Triton-X 100.

. Passed two column volumes of 70% ethanol followed by washing with buffer-1 and buffer-

2 alternatively.
. Finally, passed single column volume of wash buffer followed by distilled water.

. The resin was stored in 20% ethanol at 4°C for further use.
2.3.3 Regeneration of Ni-NTA resin
Regeneration buffer: 6 M GuHCI, 0.2 M acetic acid

Protocol:

. 750 mM imidazole prepared in Buffer A (pH 8.0) was passed, from the column containing

Ni-NTA resin followed by two column washes with regeneration buffer.
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2. The column was washed with double distilled water to remove the traces of GuHcl and

further three column volumes of 2% SDS was passed subsequently.

3. Washing with a single column volume of 25%, 50%, 75%, and 100% ethanol. Further,

repeated the washing steps in reverse order of ethanol concentration.

4. Double distilled water of one column volume was passed through the column, followed by

five column washes with 100 mM EDTA (pH-8.0) to strip the chelated Ni?* ions.

5. Two column volumes of 100 mM NiSO4 were passed to re-charge Ni-NTA resins followed

by three column volumes of water to remove unbound Ni?*.

6. The resin was stored in 20% ethanol at 4°C for further use.
2.4 Protein Estimation

It is important to estimate the accurate protein concentration. Using protein sequences,
theoretical extinction coefficient was determined. Bradford (Expedon) assay and Nanodrop

(Thermo Scientific, USA) was used to measure the concentration of the purified proteins.

1. A gradient concentration of BSA from 0.1, 0.5, 1.0, 2.5, 5, 10 mg/ml were prepared as a
standard reference and the absorbance was recorded at A=595 nm using split beam UV

spectrophotometer (Shimadzu, Japan).

2. The concentration of the protein was obtained with the absorbance at =280 nm using

Nanodrop spectrophotometer (Thermo Scientific, USA).

2.4.1 Mass Spectrometry

The mass spectrometry is an important tool to study proteomics and identify protein/DNA

sequences, mass, post-translational modifications, and other biophysical nature of the
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proteins [219]. The sequence of the short stretches of polypeptides can be determined using
a technique called tandem MS or MS/MS, also known as peptide mass fingerprinting. Mass
spectrometry technique requires only miniscule amount (~1-10 ng) of protein for study.
Mass/Charge ratio of the analyte can be used to determine the mass (M) of the analyte with

very high resolution and accuracy almost in attomole range [219].

A solution containing the protein to be identified was digested with specific protease or
chemical reagent to get the mixture of oligopeptides. The specific peptide mixture is then

subjected into the device for peptide mass fingerprinting [219].

Types of Mass Spectrometry: Mass spectrometry of following types-

Electron Impact (EI): This is useful for a low mass range of molecules up to 1000 Daltons.
. Chemical lonization (CI): It is a method for the generation of the molecular ion peak
[M+H]* for molecules of up to 1000 Daltons.

Electrospray lonization (ESI): It is a powerful method for the production of
manifold charged species and can be engaged for the molecules of up to 200,000 Daltons.
Matrix Assisted Laser Desorption (MALDI): It is a good method for the generation of
multiple charged species and can be used for the identification and characterization of the

molecules of up to 500,000 Daltons [219].

Mass spectrometry sample preparation protocol

Cut down the protein band from the SDS-PAGE gel into small pieces and incubate into

fresh destainer by keeping in vortex conditions overnight to remove the stain.

Repeated washing was provided (3 changes for 10 minutes each) to the gel pieces with

ddH20 to remove any staining content from the gel pieces.
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The excised gel pieces were further treated with 50 mM NH4sHCO3 + 50% acetonitrile (1:1)

cocktail to provide buffering and de-staining. It was kept for 15 minutes at 25°C.

The excess liquid was discarded and the gel pieces were submerged with sufficient amount

of 100% acetonitrile.

Excess acetonitrile was removed, and 50 mM NHsHCO3 was added to rehydrate the gel

pieces.

. An equal volume of 100% acetonitrile was added subsequently for 5 minutes to shrink the

gel pieces.
The gel particles were dried out in vacuum spin-dry (for 10-25 minutes).
Reduction and Alkylation

The gel pieces were swelled in freshly prepared buffer 10 mM DTT, 50 mM NHsHCOs3

(300 pl/tube) for reduction reaction.

It was incubated at 56°C for 45-55 minutes. The tube was brought to room temperature

once the incubation period was over.

The additional fluid was removed and substituted quickly the identical volume of freshly

prepared 55 mM iodoacetamide (IAA) in 50 mM NH4HCO3 for alkylation.
It was incubated for 30 minutes more in dark environment.

IAA solution was removed and washed the gel particles with the mixture of 50mM

NH4HCO3z and 50% acetonitrile (1:1).
Excess of 100% acetonitrile (about 200 ul) was added to cover the gel pieces.
Excess acetonitrile was removed, once the gel pieces were shrunk.

Gel particles were dried out in speed vacuum (5-10 minutes).
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In -Gel Digestion

The required amount of freshly prepared enzyme solution (Trypsin + NHsHCO3) was
added to the gel particles. The working concentration of trypsin enzyme was in the ratio of

1:100 or 1:10.

The tubes containing gel pieces were incubated at 37°C overnight in an upright position

(up to 16 hours).

Extraction of Peptides

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

30 pl of extraction buffer was added three times after vortexing intermittently.
Centrifuge the extract from the sample for 1-2 minutes at 1000 rpm.

The sample (45-50 minutes) was dried using vacuum drier.

The vacuum dried samples were stored at -20°C till further use.

2.4.2 Circular Dichroism

Circular Dichroism (CD) employs an optical phenomenon, which arises due to the
differential absorption of left and right circularly polarized light by chiral molecules [220,
221]. The only asymmetrical molecule can display the differential absorption activity when
exposed to circularly polarized light. Biological molecules like amino acids which are
chiral in nature except glycine can display differential absorption of right circular polarized
light (R-CPL) and left circularly polarized light (L-CPL). In addition, proteins having a
different composition of a secondary structural element like a- helices, B-strand or random

coil has a unique signature peak in CD spectrum [220, 221]. The far-UV region ranges
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from A=250-190 nm, CD spectroscopy of proteins reveals secondary structural elements
and their quantification of the protein. However, near-UV region ranges from A=350-
250nm. CD spectroscopy also predicts tertiary structure of the protein with specific peaks.
Proteins showing the characteristic absorption minima at A=208 nm and A=222 nm indicate
predominant o-helical structure, whereas a minimum at A=218 nm is a characteristic
content of B-strands or sheet [220, 221]. The CD signal is often affected by the composition
of the buffer in which the protein is present. Therefore, it is important that spectra of buffer
components may also require additional monitoring at lower wavelengths. For example,
CD spectrum at A= 208, 218, 222 and 228 nm wavelength allows the acquisition of higher
signal to noise ratio for the secondary structural changes at different urea concentration.
The higher concentrations of denaturant may incorporate noise during data acquisition with

an increase of HT voltage.

CD Polarimeter; Jasco J-815 spectropolarimeter, inbuilt with a Peltier temperature

controller.
Protocol:-

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

subsequently with 100% ethanol and air-dried.

5-10 uM of protein solution in the buffer 10 mM HEPES/10 mM Tris, pH 7.5, 50 mM

NaCl was scanned using wavelength ranges from of A =200-250 nm at 20°C.

The mean residual ellipticity was calculated using the protein concentration and molecular

mass.

2.4.3 Fluorescence Spectroscopy
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Each biological molecule has a lower energy state and attains higher energy level when
excited from the external source. Electronic level comprises of closely spaced energy
bands, which exist at different vibrational modes. Each electronic state is divided into
multiple sublevels demonstrating the vibrational modes of the molecule. The energies of
the vibrational levels are further separated by 100 cm ™. Fluorescence intensity
measurement allows the determination of the intrinsic fluorophores and their absorptions
in the local environment. The fluorescence emission spectrum of a well-folded protein is a
combination of the fluorescence emission of distinct aromatic residues. Aromatic amino
acids like phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) have intrinsic
fluorescence properties due to the presence of conjugated aromatic ring system. Emission
from Tyrosine and Tryptophan are generally used because their quantum yields are very
high and provide a fluorescence signal. The major involvement in intrinsic fluorescence
emissions of a folded protein is due to tryptophan residue, with compliment from tyrosine
and phenylalanine. Disulphide bonds also have considerable absorption in the same
wavelength range. Emission spectra were collected from A=310 to 450 nm wavelength,
following excitation at A= 280 nm or at A= 295 nm wavelength. Temperature and chemical
denaturants were used to monitor the folding pattern. In both, we collect emission spectrum
for the native and unfolded protein using a single wavelength to observe the structural

changes.

Spectrofluorimeter: JOBIN YVON Horiba Fluorolog 3

Protocol

. The tryptophan, tyrosine and phenylalanine microenvironments were observed using
Fluorolog 3 (Horiba, USA) at an excitation wavelength of A=280 nm or A=295 nm at the

temperature range of 10°C to 60°C.
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2.

1)

Fluorescence emission scans were recorded from A=310-450 nm wavelength.

There are two widely used methods to monitor the protein folding and melting temperature

of the desired protein.

Thermal Denaturation

A protein can attain different conformations in different time points, however each
conformation is closely related to the initial one. Intramolecular interactions like hydrogen
bonding, ionic interactions, van der Waal interactions, and hydrophobic interactions play
a very important role in protein folding and dynamics. The kinetics and thermodynamic
parameters of protein folding can be explored by utilizing intrinsic probes in fluorescence

and CD spectroscopy.

Proteins found in complexes generally have an internal features such as exposed
hydrophobic patch, which leads to its aggregation or precipitation. For thermal
denaturation, CD spectra of ~10 puM protein at A=200-250 nm wavelengths in a
temperature dependent manner from the range of 10-80°C have been collected.
Furthermore, fraction unfolded (unF) were calculated at each temperature interval and

plotted to determine the melting temperature and folding pattern transition.

In fluorescence spectroscopy tyrosine, phenylalanine and tryptophan microenvironment
can be monitored at an excitation wavelength of A=280 nm and A=295 at 10°C,
respectively. Emission spectra were collected from A=310-450 nm wavelength. 10-uM
wild-type and mutant proteins were denatured in the different temperature range from 10-

80°C or 20-60°C with the emission spectra from A=310-450 nm wavelength.
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Data analysis and curve fitting

Data analysis and curve fitting of CD and Fluorescence spectra were performed using
Origin software (Origin Lab, Northampton, MA) for the two state and three state transition
model. Thermodynamic parameters were calculated considering native (N) to intermediate

(1) and intermediate to unfolded (U) transition [222].
K K
NI U (1)

Here, K1 and K> represent the equilibrium constants for the two reactions of intermediate

fractions and unfolded fractions, respectively.

2.4.4 Time-dependent Proteolysis

Time-dependent proteolysis or limited proteolysis was performed to analyze the structural
features of proteins. Specific proteolytic enzyme probes such as trypsin and chymotrypsin
were used to locate the sites of a compact and disordered polypeptide chain. Furthermore,
to get a clear picture of domain boundary in high-resolution mass spectrometry or protein
sequencing has been performed. The target proteins would exist in the folded, partially
folded or partially unfolded state in different conditions, such as low/high temperature, pH,
and ionic strength. It can also be useful to design the stable protein fragments that can fold

independently.
Protocol for limited proteolysis of FANCI ARM Repeat

. Equal concentration of FANCI ARM Repeat (1 mg/ml) was incubated with trypsin
independently in two different set of experiment, keeping the final concentration of trypsin

10 pg/ul.
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N

. The reaction mixture was incubated for the different period 1, 5, 10, 15, 30, 60 and 180

minutes at 37°C with trypsin enzyme.
. The reaction was terminated by adding 1mM PMSF protease inhibitor.

. Samples were mixed by adding an equal volume of laemmli buffer and analyzed on the

SDS-PAGE gel.
. In conclusion, the band corresponding to 14 kDa was considered as a stable fragment.

. The different domain of interest was identified by peptide mass fingerprinting, mass
spectrometry and Mascot analysis using Biotool software (Bruker Daltonics, USA) at a

resolution of attomole range [223].

2.4.5 Molecular Modeling

Characterization of protein structure and its associated function is an important area in the
structure biology. Protein structure unravels the functional domains present in the molecule
at the atomic level resolution. X-ray crystallography, Cryo-electron microscopy, and NMR
spectroscopy are the important experimental methods to determine protein structure [224-
226]. Structure determination of protein using X-ray crystallography or NMR spectroscopy
requires a large amount of pure and homogenous protein, that the limitation of these
techniques. However, recent advances in computational and bioinformatics resources has
empowered us to model the protein structure. Currently, ab initio prediction and homology
modeling are commonly used methods to model the three-dimensional structure of protein

[224-226].

Ab initio or de novo prediction is established on the fundamental physical and chemical

properties of atoms and molecules present in amino acid residues. However, Ab-initio or
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de novo method is limited by computational power and accuracy. Nevertheless, homology
modeling of protein structure depends mainly on available structures of a similar sequence
in the Protein Data Bank (PDB) or in other structural databases. Homology modeling is
based on the principle of similar amino acid sequences or the amino acids having similar
properties which are evolutionarily interrelated and fold into analogous three-dimensional

structure.

Two widely used approach for protein modeling are described here:-

1. Homology Modeling

Knowledge-based structural datasets combine the data to information about the structure
of polypeptides in a sequential manner, such as homology modeling [227, 228]. When the
amino acids sequence similarity is high with homologous protein and stereochemical
structure is also known, the model building of an unknown structure by sequence
comparison can be carried out with reasonable success [229, 230]. Upon the examination
of related proteins that have different amino acid sequences but similar tertiary fold
indicates conserved folding pattern [230, 231]. For desired protein sequences, the
homology modeling procedure requires investigation of homologous sequences with

crystal structures, and alignment of the query sequences to the target template structure.
The homology modeling generally comprises of four steps:
1. Begin with the available PDB structure of known sequences.

2. Assemble fragments with the substructures or missing loops if present, from known

homologous structures.
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3. Carry out the investigation about the limited structural changes from a known adjoining

protein structure.

4. Optimize the structure geometry by energy minimization.

Homology modeling relies on the three-dimensional structures between the structure of the
protein available with similar sequences [230]. Therefore, the precise identification of
homologous sequences is critical to generating the correct structural models. Usually,
identification of closed homolog occurs through the comparison of protein sequence
profiles with Hidden Markov Models (HMMs). Additional, use of innovative methods of
sequence assessment, such as sequences to profiles alignment position-specific iterative-
basic local alignment search tool (PSI-BLAST), profiles to profiles (FFAS), or HMMs to

HMMs, helps significantly in homolog identification [225, 226].

Amino acid sequence searches are performed from pairwise sequence alignment using
BLAST [232]. The reliability of BLAST and PSI- BLAST is often compromised when the
output is in the “twilight zone” (<30% identity with query sequence). Further, the profile
based identification method allows the identification of distantly related proteins. It has
been reported in the SCOP database, PSI-BLAST validates with twice the accuracy of
BLAST, whereas FFAS search enhances the additional accuracy by 20% in PSI-BLAST.
These augmentations in the search specificity ultimately led to the better alignment of the

query sequence with the experimental structures [225, 226].

Once a set of homologues structure is carefully chosen to use as templates, alignment of
the query sequences to the template structures can often be followed by adjustments to
optimize placement of insertion and deletions within the range of secondary structure
elements. In addition, building the large loops with low structural homology or no

homology can be performed by searching structural libraries [233]. Loops longer than six
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or seven residues increases challenges because of a large number of possible random
conformations [234]. Modern homology modeling techniques have achieved the structure
predictions in an accuracy that it can even be successfully used in site-directed

mutagenesis, virtual screening, and in drug designing applications.
2. Ab initio Prediction of Protein Structure

Energy-based calculations of the theoretical models based on amino acids composition,
energy parameters and energy minimization are involved in ab initio prediction [235]. The
prediction of the three-dimensional structure from the sequences of amino acids in the
absence of template structure is a challenging task [235]. An alternate option is energy
based structure prediction, which generally relies on energy minimization and molecular
dynamics. It is challenging because it generates a large number of possible multiple
structures that have very close energy minima. For example, a protein composed of 100
amino acids can have (2x5)'% different main chain conformations when only two torsion
angles per residue are presumed to have five probable values per torsion angle.
Furthermore, the assumption and calculation of other features of proteins like constant
bond lengths, bond angles, and torsion angles for the side chains, which is really tedious
to evaluate and predict all the possible conformations in order to find the global minima.
Several constraints and approximations have to be introduced to simplify the problem
associated with protein structure prediction. The total molecular energy E can be expressed

as under the assumption of constant bond lengths, and torsion bond angles are as follows:

E= Etor tEelec + Evaw +Epse @

Where Etor, Eelec, Evaw, and Epse are torsion angle potential, electrostatic potential, van der

Waals and pseudo entropic interaction energies, respectively.
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Moreover, it is possible that an incorrectly predicted three-dimensional structure may have
fewer stabilizing hydrogen bonds, electrostatic, and van der Waals interactions, larger
solvent accessible surface and a greater fraction of hydrophobic side-chain atoms exposed
to the solvent [236]. Classically, force fields that provide ab initio modeling conduct a
conformational expedition under the direction of a pre-designed energy function. This
method produces a number of possible conformations also known as structure decoys.

Hence, successful ab-initio modeling depends on the following three factors:

(1) A precise energy function in which the native structure of a protein resembles the

utmost thermodynamically stable state, related to decoy structures.

(2) An effective search method, which can precisely identify the low-energy states from

different conformational search model.

(3) An assortment of native-like protein models from a pool of decoy structures.

One of the classical known methods for ab-initio modeling is pioneered by Bowie and
Eisenberg [237], who generated protein models by collecting small fragments (mainly 9-
mers) taken from the PDB library [238]. Based on a related idea, Baker and coworkers
have designed ROSETTA software, which is immensely successful for the free energy
modelling (FM) [237, 239]. In the recent extensions of ROSETTA, models were generated
in a reduced form with conformations specified heavy backbone and Cp atoms.
Furthermore, the low-resolution decoys were subjected to all-atom refinement including
van der Waals interactions, pairwise solvation free energy, and an orientation dependent
hydrogen-bonding potential [240, 241]. However, analysis of conformational searches,
multiple rounds of minimization through Monte Carlo approach also needed attention
[242]. The success of the ROSETTA algorithm, as well as the restricted accessibility of its

energy functions to other groups, different investigators started developing new energy
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functions using the idea of ROSETTA, like the derivatives of ROSETTA are Simfold and

Profesy [243, 244].

2.4.6 In-silico Docking

Protein-protein interactions are the basis of cellular signaling, communication, and
functions. The interacting complex molecules generally adopt energetically and
entropically best binding interface. In addition, determining the structures of the protein
complexes by experimental methods X-ray and NMR solution is still challenging.
Therefore, in-silico protein-protein docking can help to illustrate the binding interface. It

is usually achieved by the following three steps:

(i) Sampling: A large number of randomized conformations of the three-dimensional

protein structures to be docked is generated.

(if) Optimizing the complexes: The docked complexes are optimized with respect to
different energy terms, stereochemistry or other additional information by performing

translational, rotational, and conformational parameters.

(i) Scoring: The output structures are categorized to find the best solutions close to the
native complex structure. This is attained by calculating appropriate scores that measure

the quality of the complexes.

Generally, in molecular docking, one ligand molecule is brought into close proximity of
target protein while investigating the energies of the interactions in different possible
mutual orientations. In the complex structure, the ligand and protein molecules are bound
in such a way that they adopt the energetically favorable conformation. There are majorly

two kind of docking. The first treats a whole target molecule as a beginning point and
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involves a search algorithm to inspect the energy contour for the ligand at the binding site.
Furthermore, it observes optimal reasonable solutions for a specific scoring function. The
search algorithms comprise geometrical complementary fit, simulated annealing, genetic

algorithms and molecular simulation dynamics.

The second methodology of docking is based on placing one or several
substructures/geometrical conformers of a ligand into the binding pocket of target molecule
and then further orienting the rest of the molecule. In this method of docking, an initial
knowledge of the binding site is usually required which helps in placing the ligand onto

the binding site.

Beside this, knowledge of geometric restraints such as distances, angles, and dihedrals
between bonded or non-bonded atoms may simplify the docking process. In the interatomic
distance, the bond length can be restrained to remain constant during a simulation for
representative complex structure. Such constraints also promise the confinement of the
ligand molecule at the juxtaposition of the binding site of the receptor during energy
minimization process. In an automated docking, the ligand is allowed to fit into the possible
binding cleft of the target molecule. HADDOCK (High Ambiguity Driven biomolecular
DOCKIing) is established by EMBL which takes the advantage of experimental
biochemical and biophysical data [17, 245]. HADDOCK uses an approach of Ambiguous
Interaction Restraints (AIRs) to carry out the docking process. An AIR can be defined as
an ambiguous distance between all residues shown to participate in the binding.

Furthermore, HADDOCK also uses more quantitative restraints between pairs of nuclei
from Nuclear Overhauser Effect (NOESs) and residual dipolar couplings (RDCs) [17, 245].

HADDOCK deal with a large variety of data and complexes in addition to protein-protein
and protein-DNA docking. Docking by HADDOCK is performed by transmuting the data

into ambiguous interaction restraints (AIRs). This describes a grid of between residues
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likely to be involved in the binding mode without forcing it to any specific position or
orientation of the components. HADDOCK also controls other NMR sources of knowledge
such as residual dipolar couplings (RDCs), diffusion relaxation, and pseudo-contact shifts.
Furthermore, experimental techniques such as small angle X-ray scattering (SAXS) and
cross-linking data from mass spectrometry can be used for scoring and generating models

of docked interfaces [17, 246-248].

Docking protocol of the HADDOCK

Docking using HADDOCK can be completed in three major successive stages:
1. Randomization of orientations and rigid body energy minimization

The receptor and ligand are positioned at a geometrical separation of 150 A from each
other in space and are allowed to randomly rotate around their center of mass. After the
translation and rotation, ligand and receptor are docked by rigid body energy minimization.

The best decoys are selected based on the energy minima.
2. Annealing

Two proteins present as rigid bodies with optimized orientations. However, their side
chains at the interfaces are allowed to move in. Furthermore, chains and backbone at the
interfaces are permitted to move in within the conformational rearrangements. The best top
scoring models 200 out of 1000 from the 1% stage are selected using a simulated annealing

(SA) method in torsion angle space procedure.
3. Final refinement in Cartesian space with explicit solvent

The simulated annealing models are subjected to a molecular dynamics simulation in an
explicit solvent shell. In the final phase, they are solvated in 8A shell of TIP3P water

molecules [249, 250]. In the TIP3P model, each atoms are assigned a point charge and the
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oxygen atom gets the Lennard-Jones parameters [251]. A large number of energetically
improved structures poses the problem to select the better model. However, comparative
analysis of micromolecular properties, such as steric surface complementarity, electrostatic
interactions, hydrogen bonding, knowledge based pair-potentials, desolvation energies and

van der Waals interactions supports to find better-scored model [247, 252-260].
2.4.7 Molecular Dynamics Simulation (MD simulation)

Computer-based MD simulations act as a connection between microscopic length and time
scales to develop the prospect of complication to split ‘solvable’ from ‘unsolvable’. MD
simulation determines the motion of atoms in a multi-dimensional potential energy
landscape which is resultant of the one electronic state of classical mechanics or quantum
mechanics. MD simulation imposes Newtonian mechanics on a particle system to solve a
set of interactions in the time evolution. MD simulation comprises of the mathematical and

conventional calculations of motion.

Fj(f)

mi

b2

At

r;(r+ Ar) = 2r(r) — ri(r — Ar) +

In order to calculate the forces fi acting on the atoms, originated from a potential energy U
(r'), where ri = (rl; r2; ..... ri) represents the entire set of 3N atomic coordinates. The
position and velocity vector describes the time evolution of the system in phase space,

which is defined in the MD trajectory. The objective of the numerical integration of
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Newton’s equations of motion is to reveal an expression that describes positions r; (t1At) at
time t1At in terms of the previously known positions at time t. Verlet algorithm is generally

used in MD simulations because of its simplicity and consistency [261].

The physical and chemical properties in a functional form of a system are defined by
empirical potentials, defined by the atomic force field. The permissible restraints are
chosen such that the empirical potential signifies a good fit to the appropriate sections of
the ab-initio Born—-Oppenheimer surface [262]. The atomic force field model defines

physical systems as collections of atoms packed together by inter and intra-atomic forces.

A characteristic force field, used in the simulations of biological molecules, where the
potential energy V is calculated from bonded and non-bonded interactions can be written

as follows-

V = Epondeda + Enon-bondea =
Vn
= Ybonas kp(r — rO)Z + Zangles ko (6 — 90)2 + Ztorsions? [1 + cos(nt — ¢)] “4)

12 6
+ 2 X ji 465 I(—rluz) - (Tlé) l + ZiZj—,m N
ij

where rij = ri — rj, kb is the bond stretching constant, ro equilibrium bond distance, Ky is
the bond angle constant, 6o is the equilibrium bond angle, 7 is the torsion angle, ¢ is the
phase angle, Vh is the torsional barrier, ¢ is the van der Waals diameter, q is the charge of
each atom, and ¢ is dielectric constant. The last two non-bonded are Lennard-Jones
potential and Coulomb interaction. Biological macromolecules force fields are generally

implicated with long-range electrostatic and dispersive interactions.

An aqueous medium is an illustrative environment for biological macromolecules and has

to be implicated in the realistic simulations. The treatment of long-range forces is
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associated with the choice of boundary conditions applied to a particle system to deal with
its size and surface effects. The two common techniques are developed on first periodic
boundary conditions and on the Ewald method for lattice summations. Particle mesh Ewald
method or fast multiple methods allow efficient computation of the long-range interactions
and do not account for basic cut-off approximation, in which contributions of sites

separated by a distance larger than a certain cut-off are not considered.

Docking Protocol for FANCI ARM Repeat, FANCD2 CUE Domain, and BRCA2

CTR

Protein structure of FANCI ARM Repeat and FANCD2 CUE Domain was modeled using
Robetta server (http://robetta.bakerlab.org/), BRCA CTR was modeled using FALCON

server (http://protein.ict.ac.cn/EFALCONY/).

. The good quality model was validated and selected based on overall stereochemistry,
Ramachandran plot, “SAVES” (Metaserver for analyzing and validating protein structures,

(http://nihserver.mbi.ucla.edu/SAVES/) and SWISSMODEL Workspace

(https://swissmodel.expasy.org/).

SAVES and SWISSMODEL Workspace (http://swissmodel.expasy.org/workspace/)

comprises programs like, Procheck. What_check, Errat, Verify 3D, Anolea, DFire,
QMEAN, Gromos, DSSP, Promotif and Prove. Modeled structure of FANCI ARM Repeat

was simulated for 80 ns and FANCD2 CUE Domain for 50 ns using GROMACS.

. Geometrical docking ~ was  carried out  using HADDOCK  server

(http://milou.science.uu.nl/servicesst HADDOCK?2.2/).
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5. PDBsum was performed to analyze the interactions of the docked cluster.

6. DALI server (http://ekhidna.biocenter.helsinki.fi/dali_server/start) is an important tool that
predicts the best structure homologs of protein. It has been reported that structurally similar

proteins more likely play a similar role in a particular biological system.
Protocol for FANCD2 CUE Domain
Validated protein structure model was used for molecular dynamics simulation.

1. Mutants were generated from available structure in protein data bank or independently

modeled by Robetta server [263].
2. Protein was simulated for 50 ns using GROMACS 4.5.5 [14, 264-266].
3. Protein-protein docking was carried out using HADDOCK server [246, 247].

4. PCA analysis and clustering were performed on the wild-type and mutant trajectory using

R 3.2 and Prody software [16, 267].

5. Interaction analysis was performed using Ligplot (http://www.ebi.ac.uk/thornton-

srv/software/LIGPLOT/) to observe changes in the molecular environment [268].

2.4.8 Principal Component Analysis (PCA)

Inside the cell, proteins are dynamic in nature. Protein dynamics have a crucial role in
understanding mode of functioning at the molecular level. Molecular dynamics simulations
of the biological macromolecules can mimic the cellular conditions, but exact meaningful
information particularly biological relevant motion from large diverse data set can be
derived from PCA [269, 270]. A characteristic MD trajectory comprises the datasets of

time-evolution of the coordinates in the system being investigated. Commonly, the MD
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time steps are of 1 femtosecond while the simulation time fluctuate from a few to tens of
nanoseconds. So, a single resultant trajectory after MD simulation can generate a huge
amount of data. For the N-atom system, the input dataset for PCA can be built as a
trajectory matrix on that each column comprises a Cartesian coordinate for a given atom
at output time step (x (t)). Before performing the PCA, it is necessary to remove any net
translational and rotational motion of the system by aligning the coordinate data to an input
structure (reference structure) to get the appropriate trajectory matrix (X). The standardized
trajectory data is then used to generate a covariance matrix (C) and elements of the matrix

can be defined as below

Cij:<(Xi'<Xi>)(Xj-<Xj>) (1)

Where <--> signifies an average done over all the time steps of the trajectory. The
following step comprises of diagonalization of the 3Nx3N covariance matrix that can be

accomplished by eigenvector decomposition method
C=TAT' (2)

Where T is a matrix of column eigenvectors and A is a diagonal matrix comprising the
corresponding eigenvalues. The equation 2 leads to the transformation of the actual
trajectory matrix in a new orthonormal basis set composed of the eigenvectors. The
eigenvalues are suggestive of the mean squared displacements of atoms along with the
corresponding eigenvector. There will be 3N eigenvalues if the number of arrangements

(M) is more than 3N. But if M<3N the number of eigenvalues will decrease to M.

The simplest mode of visualizing these results involves categorization of eigenvectors in a
descending order with respect to their eigenvalues. The plot of eigenvalues against the
respective eigenvector index can then be plotted which is also known as ‘scree plot’ [271].

Usually, a scree plot can indicate that only first few eigenvectors possess large eigenvalues

8 |Page




and increasing eigenvector shows lower eigenvalues. As a result, most of the large
biological atomic motion in the data is illustrated by first few modes. It is often imperative
to hypothesize that the motions along with these ‘essential eigenmodes’ explained the most
significant global information which shows predominantly the dynamics of the
macromolecular systems. Visualization of the components of the individual eigenvector is
helpful to estimate the landscape of the eigenmodes and atomic fluctuation. After the
identification of a subset of essential eigenmodes, further, the analysis of specifying each
mode can be assumed by projecting the native trajectory along with a specified eigenvector.

The respective projection matrix (P) can be acquired as
P=XT

The projection matrix yields excitation amplitude of a given eigenvector in a time
evolution. The column vectors in P (p(t)) are termed as the ‘principal components’. To
explore the motion along any specified eigenvector, the column vector from P multiplied
by the respective eigenvector T yields a compact trajectory. The first 20 modes which
occupy high eigenvalue position thus encompasses the essential information of the

macromolecular dynamics.

2.4.9 Normal Mode Analysis (NMA)

The main goal in the protein dynamics is to explain slow large-amplitude motions. These
motions, characteristically indicate conformational fluctuations crucial for the protein
functions. Normal mode analysis (NMA) of the protein provide valuable information
concerning to the mechanism of slow large-amplitude motions in multi-domain protein
assembly in a time-independent manner [272, 273]. Normal mode analysis is a fast

technique to compute the vibrational modes and protein flexibility.
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In NMA the modeled atoms are considered as point masses associated with springs that
specify the interatomic force fields. Each interatomic bonds in NMA are considered as
springs connecting each atom (known as a node) to all other neighboring nodes. However,
only the inter-connected atom within a limited distance is accounted. NMA in Cartesian

coordinate space usually involves three calculation steps:

(1) Conformational potential energy; minimization of the molecule as a function of the

atomic Cartesian coordinates;

(2) “Hessian” matrix calculation; the matrix of second derivatives of the potential energy

with respect to the mass-weighted atomic coordinates.

(3) The diagonalization of the Hessian matrix; the final step that produces eigenvalues and

eigenvectors known as normal modes.

These three steps require high-end computational power. Furthermore, the energy
minimization and diagonalization are computationally challenging, and it comprises the
diagonalization of a 3Nx3N matrix, where N is the number of atoms in the particle system.
It is generally considered that at a potential energy minimum, the potential energy function
V can be prolonged in a Taylor series [274] in terms of the mass-weighted coordinates
[275]. This can be written for Cartesian coordinate (qi) as qi=VmiAxi, where Ax; is the
displacement of the jth coordinate from the energy minimum and m; is that mass of the
respective atom. If the extension is completed at the quadratic level, then the linear term is
zero at an energy minimum; the potential energy function for the particle system can be

written as follows-
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The second derivatives in Eq. 1 can be transcribed in a matrix “Hessian,” F. Eigenvalues

and eigenvectors (equivalent to diagonalization) can be determined as follows-
Fwj = 0?jwj )

Where wj is the jth eigenvector and w? will be jth eigenvalue. There are 3N such
eigenvector equations so each eigenvector classifies a normal mode coordinate using

following equation-
3N
Q =D wjqi @)
i=1

Further, the calculation of low-frequency normal modes and the directions of large-
amplitude fluctuations in molecular dynamics simulations designate a close similarity
[270, 276]. The close directional coincidence of the first few normal modes and the first
principal component acquired from molecular dynamics simulation can be calculated using

equation (3) [276].

2.5.0 Protein Oligomerization

Protein oligomerization can be distinguished and characterized by different analytical
techniques. These techniques are analytical ultracentrifugation, native PAGE, chemical
crosslinking assays, size exclusion chromatography, dynamic and static light scattering
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techniques, small angle X-ray scattering, NMR spectroscopy, electron microscopy and

mass spectrometry.
2.5.1 Glutaraldehyde Cross-Linking

Protein-Protein Interactions can be either transient or stable, depend on their role in
different biological functions [277]. The chemical cross-linking assay helps to find both
transient and stable interactions involved between two proteins [278]. In chemical cross-
linking, covalent bonds form between different bi-functional reagents such as
glutaraldehyde, that contains reactive aldehyde group. The reactive aldehyde group reacts
with functional groups present in the protein side chains, such as primary —NH> and
sulfhydryls of amino acid residues. Moreover, the cross-linking experiment can also

explore the interacting interface areas.

Protocol for FANCI ARM Repeat glutaraldehyde cross-linking
FPLC purified proteins at the concentration of 1 mg/ml were prepared.

Reaction mixtures with 15 pg of protein in 10 mM HEPES buffer (pH 7.5) were incubated
with a freshly prepared glutaraldehyde (final concentration 0.1%) at 37°C in a time-

dependent manner [279].

. This reaction was terminated by adding 5 pl of 1 M Tris-HCI, pH 8.0. The cross-linked
product was mixed with equal amount of Laemmli buffer and analyzed over 10% or 12%

SDS-PAGE.

2.5.2 Dynamic Light Scattering
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Dynamic Light Scattering (DLS) also known as Photon Correlation Spectroscopy
measures the time-dependent fluctuations of the scattering intensity from particles
undergoing random Brownian motion [280]. Furthermore, Dynamic light scattering is used
to differentiate small oligomers and dimer from the monomer. This technique is further
complemented with size exclusion chromatography and chemical crosslinking assay. In
addition, the DLS is capable of measuring several other biophysical parameters such as
molecular weight, hydrodynamic radius, correlation coefficient and translational diffusion

constant etc. [280].

Dynamic Light Scattering Protocol for FANCI ARM Repeat

. Molecular size measurement was performed using MALVERN Zetasizer, Brookhaven 90
plus particle size analyzer (Brookhaven, NY) and also with DynaPro Nanostar (Wyatt

Technology, USA).

Purified 1 mg/ml protein was scanned at an interval of 5 minutes for 15 minutes and the

effective diameter of each measurement was recorded.

For temperature dependent DLS; 1 mg/ml protein was scanned at an interval of 5 minutes
for 15 minutes on temperature ranging from 25°C to 45°C at 5°C interval. The effective
diameter of each measurement was considered and plotted with percent intensity versus

diameter (nm) values.

Dynamic Light Scattering Protocol for FANCD2 CUE Domain and mutants

1. Molecular size measurement was performed using DynaPro Nanostar (Wyatt

Technology, USA).
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2. 1 mg/ml wild-type and mutant proteins were scanned at an interval of 5 minutes for
three times and the effective diameter of each measurement was recorded. However, for
frequency distribution graph percent intensity and radius (nm) were taken into

consideration.
2.5.3 Crystallization

Three-dimensional structural analysis of a protein at the atomic level is very important to
understand the protein structure and function. Furthermore, it helps in designing the small
molecule inhibitors or peptides to modify its function as a potential drug target. During
crystallization, purified protein forms the nucleation from an aqueous solution and tends
to crystallize. In order to achieve crystallization, purified protein undergoes slow
precipitation from an aqueous solution. The systematic arrangement of protein molecules
in the form of lattice are held together by non-covalent interactions, forming the smallest
unit known as “unit cells”. Protein crystallography is a commonly used technique to
determine of the three-dimensional structure using X-ray diffraction method. To get a good
quality crystal, a highly purified protein with homogeneous nature is required with high
concentration. Furthermore, a good crystal quality, shape, and size are also important to

get a better diffraction pattern especially in the case of protein crystals.

Furthermore, in order to produce a well-shaped crystal, appropriate uniformity with purity
of the protein is required at optimal pH conditions. However, to overcome the difficulty on
the size of protein crystals, the microseeding and macroseeding methods can be employed
to improve the quality of the protein crystals. For crystallization, protein should be present

in appropriate buffer system and precipitants [281].
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Many factors affect the crystallisation process of the proteins, such as protein purity,
homogeneity, concentration, temperature, pH, ionic strength, etc. The process of

crystallization is commonly divided into two steps:

1) Nucleation process

2) Crystal growth.

Nucleation and growth can occur in the supersaturated regions as plotted in phase diagrams
(Figure 2.1). The diagram mainly includes three regions; unsaturated region, saturated
region and supersaturated region. The crystal grows in the saturated or supersaturated
region while nucleation starts in the supersaturated region. The major focus of
crystallization process is to obtain well-ordered diffraction quality crystals. The best
method to get the protein crystals is the systematic treatment of the protein solution in a
diverse range of buffers. These buffers have different combinations of precipitants, such
as salts, polyethylene glycols, etc. For better crystallization conditions, the protein
precipitant mixture should reach to the nucleation phase progressively. Most commonly
used precipitants in crystallization are salts of sodium, ammonium, and potassium
(NH4)2SO04, NaCl, KH2PO4), organic polymers like polyethylene glycols (PEG) and
alcohols (methanol, ethanol, propanol, acetonitrile). Salt generally preserve the ionic
environment of the solution although organic polymers reduce the protein solubility by
reducing the dielectric constant of the buffer. The solubility of a protein is lowest at its
isoelectric point (pl) because it carries a net zero charge at particular pH. Therefore, buffer

also plays an important role in crystallization process.
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Figure 2.1: The phase diagram of crystallization.

2.5.1 Crystallization Methods: Various methods have been used to grow the crystals of
functionally important proteins. Frequently used methods are vapor diffusion, micro-batch,

dialysis, and liquid—liquid diffusion technique.

1) Vapor Diffusion method: Vapour diffusion method is further divided into hanging drop

and sitting drop method.

In both the methods, a drop of purified protein is mixed well with the precipitant. It further
allows equilibrating with reservoir solution comprising the same precipitant. At the
beginning, protein and precipitant concentration in the droplet is different, but as the
system equilibrate to start the diffusion from higher concentration to lower concentration
which in turn leads to nucleation. Nucleation is an optimal level for the protein
crystallization. Vapor diffusion is a simple but powerful technique as it consumes less
amount of protein, and many crystallization conditions can be explored with a limited

volume of protein.
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2) Micro-batch: The micro batch method of crystallization is applied to get the better
crystals from the problem of microcrystals. In the micro batch system, low-density paraffin
oil (~0.87 mg/ml) which floats on the surface of the protein-precipitant mixture and
moderates the rate of evaporation can be used [282]. In this process, a mixture of paraffin
and silicone oil in combination can also be used. It is an excellent technique for filtering

the already known crystallization conditions to optimize crystal growth [283].

3) Dialysis: The dialysis process is based on the slow diffusion of inorganic molecules
through a semi-permeable membrane, which leads to the supersaturation of protein
solution. The dialysis bag is kept in a chamber containing the pool solution with a
precipitant and as system tries to maintain equilibration between precipitant and solute
particles by permitting selective passage of water and precipitant the crystal grow better

[284].

4) Liquid-liquid diffusion method: In this method, protein and precipitant are in a direct
contact with the dense solution at the bottom. A concentration gradient is made by the
diffusion of protein and precipitant, and thus crystallization may occur at appropriate

protein and precipitant concentration.

2.5.4 Domain organization of the genes cloned in expression constructs

FANCI ARM Repeat, BRCA2 CTR, and FANCD2 CUE Domain were cloned in pET28a+
vector and pGEX4T-1 vector, respectively. Respective protein expression was checked

using bacterial system Rosetta 2(DE3)/ BL21 (2DE3J) strain.

Site-directed-mutagenesis with mismatch primers for respective mutations was performed

over the wild-type template. All the reported mutations were confirmed by DNA
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sequencing. Wild-type and mutant constructs were transformed into bacterial expression

host, E. coli Rosetta 2(DE3)/ BL21 (2DE3) strain, for protein expression.

2.5.5 Bacterial Two-Hybrid Assay

Bacterial two-hybrid (BTH), is based on "Bacterial Adenylate Cyclase-based Two-Hybrid”
system, to detect and characterize protein-protein interactions in vivo [285, 286].
Comparison to yeast two-hybrid system, BTH offers many advantages of working with
Escherichia coli. BTH requires techniques such as PCR, plasmid preparations,
transformation and blue-white colony screening [285]. The BTH system has been
established by the group of Dr. D. Ladant at the Pasteur Institute. The basis of this
technique relies on the interaction-mediated reconstitution of the adenylate cyclase activity
in E. coli. The catalytic domain of adenylate cyclase (CyaA) from Bordetella pertussis
comprises of two complementary catalytic fragments, T25 and T18. However, they are not
able to restore adenylate cyclase activity when physically separated [285, 286] (Figure

2.2).

These two fragments become active when they are fused to interact polypeptides such as

X and Y, and the heterodimerization of these hybrid proteins, in turn, leads to functional

complementation between T25 and T18 fragments.
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Figure 2.2: Principle of Bacterial Two-Hybrid Assay (A) T18 and T25 fragments interacts
and forms cAMP, (B) T18 and T25 fragments not able to interact and does not form cAMP,
and (C) T18 and T25 fragments interact through interacting partner X and Y proteins and
restore the catalytic functions and forms cCAMP (D) cAMP binds with CAP and turn on the
expression of reporter genes

After complementation, the cAMP synthesis starts that binds to the catabolite activator
protein (CAP). The cAMP/CAP complex is a pleiotropic regulator for gene transcription
in E. coli that turns on the expression of several genes including genes of the lac and mal
operons involved in lactose and maltose catabolism. Hence, bacteria become capable of
utilizing lactose or maltose as the unique carbon source that can be easily detected on

indicator media such as X-Gal.

Protocol for Bacterial Two-Hybrid Assay

In vivo interactions of different proteins were monitored using bacterial two-hybrid system

(BACTH) as described in following:-
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(1) FANCI (985-1207) aa ARM repeat, FANCD?2 (1-254) aa CUE Domain, and BRCA2
(2350-2545) aa C Terminal Region, were cloned in bacterial two-hybrid plasmids such
as puUT18, pUT18C, pKT25 and pKNT25. A series of recombinant plasmids were
generated in different combinations as given in Tables of chapter 5 and 6.

(2) These constructs were co-transformed in specialized E. coli BTH101 host in different
combinations, to detect possible interactions between co-expressing recombinant
proteins with T18 and T25 fragments that can be detected by spotting recombinant cells
on LB agar plates supplemented with appropriate antibiotics.

(3) Cells were grown overnight in triplicates, 5 uL of cell culture were spotted on LB agar
plate containing 5> bromo 4 chloro-3-indolyl-B-D-galactopyranoside (X-Gal) (40 pg /
mL), IPTG (0.5 mM) in the presence of antibiotics as required. Spotted LB-X-Gal-
IPTG plates were incubated at 30°C overnight and the appearance of blue-white colored

colonies was analyzed.

2.5.6 Beta-galactosidase Assay

(1) Analiquot of the cell culture from was grown in LB broth overnight with 0.5 mM IPTG
in appropriate antibiotics. The B-galactosidase activity was calculated from liquid
cultures.

(2) Further, the cultures were diluted 1:4 into LB broth medium and optical density at
A=600 nm were monitored. 100 pL of cultures were mixed with 400 puL Z- buffer
containing 60 mM NaxHPO4, 40 mM NaH2POs, 10 mM KCI, 10 mM MgSO4, 50 mM
-mercaptoethanol pH 7.0.

(3) Further 0.01 % SDS and 20 pL chloroform was added to permeabilize the cells. Enzyme

activity was measured in triplicates with 50 uL of clear supernatant using 0.4 % O-
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nitrophenyl-f-D-galactoside (ONPG) as a substrate. The -galactosidase activity was

calculated and plotted in Miller units by using a spectrophotometer.

2.5.7 Chaperone-like Assay

Chaperone-like Assay [287] was performed by using lysozyme as protein substrate in

following steps-

(1) Lysozyme (0.3 mg/ml) in phosphate buffer (pH 7.40) was pre-incubated for 5 min at
37°C either alone or in the presence of same quantities desired proteins in 96 well plate.

(2) The reaction was started by adding DTT up to the final concentration of 20 mM and
aggregation of lysozyme was monitored in the optical density of 340 nm wavelength

at different time points.

2.5.8 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) used for oscillation of electrons in a solid or liquid field
by incident radiation [288]. The resonance condition occurs when the natural frequency of
surface electrons oscillating against the restoring force of positive nuclei that coincide with
the frequency of light photons. SPR measures adsorption of material on the inert
substances such as gold surface or onto the metal nanoparticles. The basic principle utilizes
the change in the reflective index as a result of absorption (interaction) of molecules on the

immobilized ligand [289].
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SPR experiments were performed using BiacoreT200 Surface Plasmon Resonance (GE

Healthcare). SPR was performed in the following steps:-

(1) Immobilization: Immobilization of mono-ubiquitin (Boston Biochem, USA) was
performed on carboxymethyl (CM5) sensor chip using amine coupling protocol (as
described in amine coupling Kit).

(2) Immobilization level detection: Immobilization level detection of 2500 RU was
selected for immobilization on the sensor chip. HBSEP+ buffer used as running buffer
and glycine-HCI pH 2.50 used for regeneration (30-second pulse in 30ul/min flow rate)
with stabilization period of 60 seconds.

(3) The flow of analytes on the Immobilized surface: Purified proteins used as analytes
with concentrations from 20, 40, 60, 80,100, 200, 400, 600 and 800 nM, with a 30
pl/min flow rate, contact time of 120 seconds and a dissociation time of 60 seconds.

Data analysis was done using Biacore T200 evaluation software.

2.5.9 Pulldown Assay for protein-protein interactions

Pull down assay [290] of the desired proteins were performed in following steps:

(1) FANCD?2 (1-254) CUE Domain, FANCD2 Ser222Ala CUE domain mutant, FANCD2
Leu231Arg CUE domain mutant and BRCA2 (2350-2545) C-terminal region, cloned
in pPGEX4T-1 and pET28a+ vectors.

(2) Co-transformation of desired constructs in respective combination was done for
recombinant proteins expression with BRCA2 (2350-2545) C-terminal region in

chemically competent E. coli Rosetta 2(DE3) cells.
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(3) The overnight grown a culture of E. coli Rosetta 2(DE3) harbouring different
constructs combinations were diluted 1:100 in fresh LB broth and incubated at 37°C,
using shaking incubator at 200 rpm till OD ( A= 600 nm) reaches 0.60—0.80.

(4) The culture was then induced by the addition of 0.40 mM IPTG (Isopropyl B-D
thiogalactoside) for 16 hours at 21°C.

(5) Further, cells were lysed in buffer containing 300 mM NaCl, 50 mM Tris, 0.1% triton-
X, 5mM beta-mercaptoethanol, pH 8.00, protease inhibitor cocktail (Sigma) and
sonicated. The cell lysate was centrifuged at 15,000 rpm for 40 min at 4°C.

(6) Clear cell supernatant was allowed to pass from GST resin, on Snapcap column
(Thermo-Fisher). Bound protein was eluted using the buffer containing 20 mM
glutathione, 100 mM NaCl, 25 mM Tris, pH 8.50, followed by three washing in buffer
(50 mM NacCl, 10 mM Tris, pH 8.5).

(7) Eluted samples from Snapcap column (Thermo-Fisher) were mixed with laemelli
loading buffer, and heated at 95°C for 10 minutes before loading onto 12% SDS-PAGE

gel. The gel was stained and analyzed using Coomassie brilliant blue.
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3.1 Structural and Biophysical Properties of FANCI

3.1.1 Introduction:

To preserve the fidelity of genetic information, cells evolved in a complex, dynamic and
tightly regulated network called DNA damage response (DDR) [291]. In genotoxic stress,
DDR coordinates different cellular processes like cell cycle regulation, chromatin
remodeling, DNA-repair and transcriptions [291]. The DDR signaling cascade involves
the sensing of the DNA damage, assembly, and recruitment of many DDR sensors,
mediators and effectors molecules at the sites of damage [292]. Intercrosslink DNA strand
elicits the activation of ATM and ATR kinases which phosphorylate different protein
specifically proteins present in Fanconi anemia (FA) pathway [3].

Germline inactivation in any one of these genes causes Fanconi anaemia [293]. Fanconi
anemia complementation groups | (FANCI) protein, one of the FA pathway protein
facilitates DNA ICL (Inter-Crosslink) repair and plays a crucial role in maintaining the
genomic integrity [3]. FANCI protein comprises 1328 amino acids including armadillo
(ARM) repeat between 985-1207 amino acids [3]. ARM repeats are functionally diverse
and evolutionarily conserved domain that plays a key role in protein-protein and protein-
DNA interactions [9, 294]. ARM repeats are composed of tandem copies of the degenerate
protein sequences that form conserved three-dimensional structures [295]. ARM repeat
was first discovered in segment polarity gene of Drosophila and afterwards in other
proteins like junctional plaque protein plakoglobin [3, 296, 297], tumour suppressor
adenomatous polyposis coli (APC) protein [22, 167] , nucleocytoplasmic transport factor
protein importin, Fanconi anemia complementation group | (FANCI) and Fanconi anemia

complementation group D2 (FANCD?2) protein [3, 296]. The role of ARM repeat in tumour
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suppression is well documented [167]. ARM repeat proteins are generally composed of the
compact and dynamic region which performs as molecular recognition component and
interacting module [20].

Here, we are reporting the multimodal comprehensive in-vitro, in-silico and biophysical
approach to understand the structural and biophysical properties of FANCI ARM repeat

protein.

3.1.2 Materials and methods:

3.1.2.1 Gene cloning, protein expression, and purification

FANCI ARM repeat region (985-1207) aa was PCR (Thermocycler, Biorad)
amplified using full-length FANCI cDNA as template with forward primer 5°-
GTCGGATCCGAGAACCTGTACTTTCAGGGTCTAGTCACGGTTCTTACCAG-3’
and reverse primer 5-GTCCTCGAGCTATTAGGGGGTCAGATGAGAACCAG-3’.
The forward primer was designed with the TEV protease site (ENLYFQG) for native
protein purification, having restriction BamH1/Xhol sites. The ARM repeat region from
the gene of interest was amplified using following PCR condition: initial denaturation 95
°C for 5 minutes, denaturation 95 °C for 45 seconds, annealing 58°C for 45 seconds,
extension 72°C at 0.50 kb/min, final extension 72°C for 10 minutes for 32 cycles. PCR
product of amplified ARM repeat was subcloned into the pET28a vector (Novagen).
Positive clones were selected by colony screening, restriction digestion and finally
confirmed by DNA sequencing. DNA sequencing was 100% matching with the gene of

interest.

FANCI ARM repeat cloned in pET28a+ vector was induced in the E. coli Rosetta

(2DE3) cells (Novagen) at O.Degoo between 0.60-0.80 by adding 0.40mM IPTG and kept at
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22°C overnight. Protein was purified in buffer containing 300mM NaCl, 50 mM Tris (pH
8.50), 0.10% Triton-X, 5mM beta-mercaptoethanol. The 6xHis-tag fusion protein was

purified by affinity chromatography (Ni-NTA beads, Qiagen).

3.1.2.2 Protein characterization

The concentration of purified protein was determined by NanoDrop 1000 (Thermo
Scientific, USA) and Bradford method [298]. The absorbance of protein sample(s) was
recorded after blank correction and concentration was determined by considering
extinction coefficient. Bradford assay using spectrophotometer was performed using the
absorbance of different concentrations of BSA as standard. The concentration of protein
of interest was determined by a standard curve.

Size exclusion chromatography was performed using Superdex-75 pre-packed
(AKTA explorer, GE Healthcare) FPLC column as described in Chapter 2. Prior to
injecting the protein, the FPLC column was pre-equilibrated with 300mM NaCl, 50mM
Tris, SmM B-Mercaptoethanol, pH 8.50. Standard proteins of known molecular weight
were used to calculate void volume and the total volume of the column. The experiment

were repeated twice and averaged for elution volume calculation.

3.1.2.3 Chemical crosslinking assay

Purified protein was incubated in 0.10% glutaraldehyde for 0, 2.5, 5, 10, 15, 30,
and 60 min. This reaction was terminated in a time-dependent manner by adding 5 ul of 1
M Tris pH-8.50. Untreated purified protein sample was taken as control. Crosslinked
product was mixed with equal amount of Laemmli buffer to analyze on 12% SDS-PAGE

gel.

3.1.2.4 Limited proteolysis and mass spectrometry
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FPLC purified 1 mg/ml protein was treated with trypsin in time-dependent manner
till the final concentration of 10 pg/ul and the untreated protein was taken as control. The
reaction mixture was incubated at 37 °C (trypsin) for different time period 1, 5, 10, 15, 30,
60, and 180 min. Reactions were terminated by adding 2 pl of 200mM PMSF (Sigma-
Aldrich). Reaction samples were heated with laemmli buffer at 95°C for 5 minutes to
analyze on SDS-PAGE by Coomassie staining. The band corresponding to 14 kDa was
considered as a stable fragment and was further subjected to trypsin digestion followed by
mass spectrometry (MALDI TOF-TOF Ultraflex- 11 from Bruker Daltonics, Germany).
Digested peptides were analysed with high sensitivity at attomole range using peptide mass
fingerprinting. The domain of interest was identified by Mascot analysis with Biotool

software (Bruker Daltonics).

3.1.2.5 Dynamic light scattering

FANCI ARM repeat protein at a concentration of 1 mg/ml was filtered 0.22um
filter and degassed at 4°C prior to DLS measurements. Malvern zeta-sizer
(https://www.malvern.com/en/products/product-range/zetasizer-range/zetasizer-nano-
range) was used to study the oligomeric characteristic of protein with different
temperatures. Wyatt DynaPro nanostar
(http://www.wyatt.com/products/instruments/dynapro-nanostar-dynamic-light-scattering-

detector.html) was used for DLS experiment.

3.1.2.6 Circular -Dichroism
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Secondary structure characterization was performed using CD polarimeter (Jasco
J-815, Japan) in the far UV range at 20°C/25°C at the wavelength ranges between of
A=260-190nm. An average of seven spectra were taken for final representation in mean
residual ellipticity. Further, averaged spectra were used for secondary structure
quantification by K2D3 server [299] . 10 uM protein was taken to record the spectra from
10°C to 50°C to understand the thermal denaturation. For chemical unfolding experiments,
10 uM protein was treated with 0 M, 4 M and 8 M urea to record the emission spectra were

recorded as described earlier in Chapter 2.

3.1.2.7 Fluorescence spectroscopy

Micro-environment of tryptophan residues (intrinsic fluorophore) at the
hydrophobic core of the protein was monitored using fluorescence spectrophotometer
(Horiba, Japan) at the excitation wavelength of A=295nm. The emission spectra of 10 uM
were recorded from A=310nm to A=450nm to evaluate thermal and chemical unfolding

behavior of protein.

3.1.2.8 Model building, molecular dynamics, principle component analysis and

normal mode analysis

FANCI amino acids from 985 to 1207 was retrieved from UniProtKB [300] (Uniprot 1D
QI9NVI1) and submitted to Robetta server [263] for 3D model building [301].
Stereochemical refinement of Ramachandran outliers in the model was performed by
ModLoop server [302]. Further model was validated for stereochemistry using SAVES
server (https://services.mbi.ucla.edu/SAVES/) which includes PROCHECK, ProSA

(Protein Structure analysis) and PROVE plot [303]. The validated model was used for the
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molecular dynamics simulation using GROMACS 4.5.5 [266] with the implementation of
OPLS-AA/L force field [14, 304]. The system (solute configurations) was solvated using
TIP3P water model in a cubic box with periodic boundary conditions. Furthermore,
counter-ions were added to neutralize the system. The systems were first energy minimized
using steepest descent algorithm with a tolerance of 1000 kJ/mol/nm. Electrostatic
interactions were calculated using Particle Mesh Ewald (PME) summation [265] with 1
nm cut-offs. Coulombic interactions and Vander Waal interactions were calculated at a
distance cut-off of 1.40 nm [305]. System equilibration was performed by applying
positional restraints on the structure using constant number (N), volume (V) and
temperature (T) [NVT] followed by a constant number (N), pressure (P) and temperature
(T) [NPT] ensemble for 100 picoseconds each. The temperature of 300K was coupled using
Berendsen thermostat with pressure of 1 bar, in Parrinello-Rahman algorithm [306]. The
equilibrated systems were subjected to 80 nanoseconds of the production run with the time-
step integration of 2 femtoseconds. The trajectories were saved at every 2 picoseconds and
analyzed using Gromacs 4.5.5. Root mean square deviation (RMSD), root mean square
fluctuations (RMSF), the radius of gyration (Rg), hydrogen bonds, solvent-accessible
surface area (SASA), Dictionary of the secondary structure of the protein (DSSP) and the
volume were calculated [307]. Furthermore, cross-correlation analysis for principle
component analysis (PCA) was performed [308]. Eigenvector and Eigenvalues were
calculated after diagonalizing the covariance matrix. Trace of covariance matrix was
calculated by adding all the eigenvalues. The eigenvalue was plotted for each eigenvector
which suggests that 90% of the ARM repeat protein dynamics is exhibited by the first two
eigenvectors 1 and 2 and 7.50% by eigenvector 2 and 3. Therefore, to understand the

dynamics we have projected the eigenvector 2 on 1 [270, 271, 309]. Normal mode analysis
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(NMA), Anisotropic network modelling (ANM) and Gaussian network modelling (GNM)

were performed using R 3.2 package and ProDy (Protein Dynamics 1.7) [310, 311].

3.1.3 Results and discussion:

3.1.3.1 Cloning, expression, purification and identification of FANCI ARM repeat

Potential clones were selected by colony screening and restriction digestion with the

BamH1 and Xhol which showed the insert release of appropriate size (Figure 3.1). DNA

sequencing results confirmed the presence of ligated gene of interest in the vector with

desired reading frame of the codon sequences.
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Figure 3.1: (A) Restriction enzyme digestion of FANCI ARM Repeat cloned in pET28a+
vector (B) DNA Sequencing chromatogram of FANCI ARM repeat cloned in pET28a+,
exhibiting TEV site and FANCI ARM Repeat codons in correct reading frame, (different
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colors show the nucleotides; Adenine=Green, Guanine=Black, Cytosine=Blue and

Thymine=Red) (C) FANCI ARM Repeat purified protein on SDS-PAGE gel and (D) Peptide
mass fingerprinting using mass spectrometry profile for the identification of the FANCI ARM

Repeat protein (grey color shows the matching of captured peptides)

The protein was over-expressed and purified as mentioned in Material and Methods

(Section 2.2, Chapter 2). The purified protein was subjected to mass spectrometry for the

confirmation of the presence of FANCI ARM repeat sequences.

3.1.3.2 Oligomeric behavior of FANCI ARM repeat

In order to understand the oligomeric behavior of the ARM repeat of FANCI

protein, size exclusion chromatography, glutaraldehyde crosslinking and dynamic light

scattering studies were performed.
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Figure 3.2: (A) Size exclusion chromatography of FANCI ARM repeat, elution peak 1, 2
and 3 showing oligomer, dimer and monomer (B) Molecular weight determination with
standard proteins (C) Whole molecular weight determination by mass spectrometry (D)
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Time-dependent glutaraldehyde crosslinking SDS-PAGE gel profile showing different
species of monomer, dimer and oligomer (E) DLS profile showing multimeric population
of protein, each dot was showing the single DLS measurement and >7 scans were used for
the distribution plot

Table 3.1 [84]

Molecular weight estimation of purified protein

Experimentally derived mol. wt. (kDa)

Theoretical mol. wt.(kDa)>  Ve/VoP Size exclusion chromatography Mass spectrometry

28.98 1.40+0.01 260.6+1 29.08+0.05

Note: Ve/Vo: Elution volume/Void volume ratio in gel filtration chromatography (superdex 75 16/60)
PDetermined from Protparam, Expasy.

"Determined from standards chromate,aprotinin,lysozyme,carbonic anhydrase, ovalbumin, albumin,
ferritin, dextran

Affinity-purified protein was subjected to size exclusion chromatography (SEC)
using Superdex 75 column. It has been found that protein elutes at different column
volumes of 62.7+0.25 ml, 56.91+0.16 ml and 44.9+0.56 ml suggesting monomeric, dimeric
and oligomeric behavior respectively (Figure 3.2 A). Further to confirm oligomeric
property of ARM repeat, time-dependent glutaraldehyde cross-linking and DLS studies
(Figure 3.2 C and D) were performed. In crosslinking, dimeric and oligomeric species
were predominant at the size of 58 kDa and >66 kDa respectively (Figure 3.2 C). In DLS
protein shows different hydrodynamic radii which suggest its polydispersive
characteristics (Figure 3.2 D). In conclusion, these results suggest that FANCI ARM
protein exists in monomeric and multimeric forms at a physiological temperature that
might be due to the presence of some structurally distorted region. The molecular weight

of protein was determined by mass spectrometry and SEC (Table 3.1) [84].
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3.1.3.3 Secondary structure characterization of FANCI ARM repeat

The secondary structure of FANCI ARM repeat protein was characterized by far-
UV CD spectroscopy using FPLC purified protein. CD spectra of ARM repeat show
elliptical minima (in millidegree ellipticity) at A= 218 nm and 222 nm indicating the
predominantly presence of a- helices (Fig 2 A), which has sustained resemblance with the

crystal structure (PDB 1D; 3S4W) and the modelled structure (Figure 3.5 D) [84].
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Figure 3.3: (A) Far —UV, CD spectra of FANCI-ARM repeat, indicating the a- helical
nature of protein, (B) Thermal denaturation profile by CD showing protein unfolds at 50°C
(C) Quantification of a- helices of CD data using K2D2 server

To study the thermodynamic stability, temperature dependent unfolding of the protein was
performed from range of 10°C to 50°C with the interval of 2°C, and fraction unfolded was
calculated at A=222 nm. Furthermore, the melting temperature (Tm) was calculated by
fitting into a two-state unfolding pathway [312] (Figure 3.3) (Table 3.1). These results

suggest that protein predominantly composed of a-helices and have Tm of ~36°C [84].
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3.1.3.4 FANCI ARM protein tertiary structure conformation

Folding behavior of the protein varies with protein type and tertiary structure conformation.
It often becomes complicated because of different folding pattern and sensitivity of
fluorophore environment [313]. To investigate the overall folding and compactness of
ARM repeat, fluorescence spectroscopy was carried out with two intrinsic fluorophores
tryptophan at 25 and 118 positions present in ARM repeat (numbering positions of
fluorophores were considered in ARM repeat (985-1207 aa) from 1 to 222 amino acids).
To get an idea about the tertiary structure conformation, we have recorded the fluorescence
scan of both folded as well as unfolded (protein treated with 8M urea) FANCI ARM repeat
protein. It was found that the fluorescence emission maxima of the folded protein are at A=
~333 nm whereas unfolded protein (protein in 8M Urea) shows the emission maxima at A=
~345 nm. However, protein treated with 4M urea shows a decrease in fluorescence
intensity (Figure 3.4) suggesting the presence of intermediates such as molten globule or

oligomeric species which has sustained resemblance with FPLC and DLS data [84].
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Figure 3.4: (A) Chemical denaturation profile of fluorescence spectroscopy at OM, 4M
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showing oligomer formation beyond 30°C

Temperature (°C) | Red Shift (hm)
10°C 333 nm
20°C 338 nm
30°C 339 nm
40°C 339 nm
50°C 341 nm

Interestingly, temperature dependent unfolding of the FANCI ARM repeat from 10°C to

50°C, a decrease in fluorescence intensity and characteristic red shift of the emission

maxima observed at 30°C, suggests the misfolded molten globule protein fractions are

present predominantly beyond 30°C (Figure 3.4). Further to support this observation,

temperature dependent DLS studies (Figure 3.4) were performed and found that protein

hydrodynamic radii have increased beyond 25°C. In temperature dependent DLS, CD and
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Fluorescence spectroscopy, protein shows high propensity of polydispersity and perturbed

secondary and tertiary structure conformation beyond 20°C.

3.1.3.5 Peptide mass fingerprinting and in-silico analysis of stable region of FANCI

ARM repeat

In general, the compact globular domain of protein shows the resistivity towards
protease digestion that helps to determine the stability and dynamic conformation of the
proteins [314]. To identify the compact region of ARM repeat peptide mass fingerprinting
using MALDI-TOF-TOF was performed for ARM repeat as well as the region which
withstands with proteolysis against trypsin digestion. It has been found that at the N-
terminus about 95 amino acids of ARM repeat is forming compact region and shows
prominent resistivity towards trypsin digestion (Figure 3.5). To further validate the
compactness of this region the in-silico prediction for ARM repeat disorderness using
PrDOS [315] were performed. PrDOS results suggest that at N-terminus about hundred
amino acids are forming ordered structure, which is in agreement with peptide mass

fingerprinting (Figure 3.5) [84].
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Figure 3.5: (A) Limited proteolysis profile of SDS-PAGE gel (B) Disordered prediction
by using PrDos showing disordered region in protein (C) Expasy peptide cutter with
trypsin (D) Modelled structure of FANCI ARM repeat protein showing the stable region
in yellow and dynamic region in green (E) Full length tryptic peptide mass fingerprint and
(F) stable region profile of tryptic peptide mass fingerprint of MALDI-TOF-TOF
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To rule out the possibility of miscleavage of the tryptic digested product, we have
used in-silico trypsin digestion prediction Expasy peptide cutter [316] and observed a

trypsin site, that with the peptide mass fingerprinting results (Figure 3.5 C).

Cumulative results from limited proteolysis, mass fingerprinting concludes that ARM
repeat has a stable region at its N-terminus of about 100 amino acids (Figure 35ABCE
F). From modeled structure, we have speculated stable region at N-terminus and dynamic

region at C-terminus of FANCI (Figure 3.5 D) [84].

3.1.3.6 Observation of HTH- type structural motif in FANCI ARM repeat

It has been reported that C-terminal of ARM repeat has tumor suppressor activity
whereas FANCI C-terminal region binds to DNA [22, 83]. To understand the structural
property, molecular modelling of FANCI ARM repeat has been carried out with acceptable
stereochemistry (Figure 3.7). The DALI [317] structural alignment exhibited that ARM
repeats of FANCI is structurally conserved and shows significant similarity with

elongation factors and DNA-binding transcription factors (Figure 3.6).

Since the primary sequences of amino acids dictate protein folds and functions,
therefore we have performed sequence alignment with known helix-turn-helix (HTH)
structural motif “master sets” [29] and found similarity with dynamic part of twenty amino

acids of FANCI ARM repeat (Figure 3.8) [84].
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DALI Structural Alignment

No: Chain z rmsd lali nres %id PDB Description
1: 3s4w-A 27.2 ©.7 208 1206 83 PDB MOLECULE: FANCONI ANEMIA GROUP I PROTEIN HOMOLOG;
2: 3s51-A24.2 0.8 194 1134 83 PDB MOLECULE: FANCONI ANEMIA GROUP I PROTEIN HOMOLOG;
3: lylu-C 9.2 3.1 131 544 8 PDB MOLECULE: SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION
4: 1ylu-B 9.2 3.1 131 544 8 PDB MOLECULE: SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION
S5: 1ylu-A 9.1 3.2 132 544 8 PDB MOLECULE: SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION
6: 3s4w-B 8.9 4.3 171 1146 9 PDB MOLECULE: FANCONI ANEMIA GROUP I PROTEIN HOMOLOG;
Z: 5¢qs-A 8.2 4.7 123 325 8 PDB MOLECULE: ELONGATOR COMPLEX PROTEIN 1;
8: 5cgs-B 8.2 7.3 128 323 7 PDB MOLECULE: ELONGATOR COMPLEX PROTEIN 1;
9: 4pju-A 8.1 5.2 156 896 7 PDB MOLECULE: COHESIN SUBUNIT SA-2;
10: 3cwg-A 8.1 3.3 129 se1 7 PDB MOLECULE: SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION
Adl: 2igg-A 8.0 2.6 111 154 9 PDB MOLECULE: CONSERVED OLIGOMERIC GOLGI COMPLEX SUBUNIT 2;
12: 5¢qs-D 8.0 7.2 127 324 7 PDB MOLECULE: ELONGATOR COMPLEX PROTEIN 1;
13: 1bgl-A 8.0 3.2 128 559 7 PDB MOLECULE: PROTEIN (TRANSCRIPTION FACTOR STAT3B);
14: 3cwg-B 7.9 3.4 130 507 9 PDB MOLECULE: SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION
15: 1yvl-B 7.9 3.4 128 653 6 PDB MOLECULE: SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION

Figure 3.6: (A) DALI structural alignment shows similarity with transcription factors and
elongation factors proteins

The well conserved “PHS” signature (where P is the charged residue mostly glutamate, H
is any hydrophobic amino acid and S is small residue) in HTH motif [27] has also been
identified in the amino acid sequences (Figure 3.8). These results suggest that the long
suspecting DNA-binding HTH-type structural motif is present in ARM repeat of FANCI

[84].
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Figure 3.7: (A) Modelled structure of FANCI ARM repeat protein and (B) validation by

Ramachandran plot and (C) Ramachandran plot statistics

3.1.3.7 Molecular dynamics simulation FANCI ARM repeat

To delineate the flexibility and dynamics of the ARM repeat domain and HTH motif,
molecular dynamics simulation (MDS) studies for 80 nanoseconds using GROMACS [14,
264-266] were carried out in the protein as well as the folding pattern of HTH-type motif.

MDS data were analyzed by plotting RMSD, RMSF, Rg, and SASA (Figure 3.9) [84].
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Figure 3.8: (A) Modelled structure of FANCI ARM repeat protein, (B) Multiple sequence
alignment of FANCI ARM repeat of different mammalian species showing the conserved
PHS signature and (C) MUSCLE alignment of eighteen different known HTH motif

present in “Master Sets”

RMSD profile of ARM repeat shows dynamic behavior with different

conformations which stabilizes after 60 ns. Rg fluctuation is another determinant of overall

compactness and structural flexibility which suggests the predominant structural

rearrangements during simulation. RMSF for C-alpha of ARM repeat domain residues

indicates amplitude of fluctuation that unravels the dynamic residual regions [84].
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Figure 3.9: Molecular dynamics simulation profile of FANCI ARM repeat (A) RMSD
profile & (B) Radius of gyration (Rg) profile of 80 nanoseconds showing structural
transitions up to 60 ns, (C) RMSF profile showing large fluctuation of C-terminus and (D)
Solvent accessible surface area (SASA) profile of h-FANCI ARM repeat protein showing
high SASA value at C-terminus

RMSF predicts that C-terminus region of FANCI specifically HTH-type region comprising
124 — 143 amino acids is highly flexible (Figure 3.9 C). It is also evident with the
projection of eigenvector 1 versus residual RMSF ARM repeat High values of SASA at C-
terminus indicates that the HTH-type structural motif showing the high accessible surface

area might act as interactions motif in ARM repeat (Figure 3.9 D).

Cross-correlation analysis and RMSF sausage plot suggest that HTH structural

motif has anti-correlated motion with high fluctuation (Figure 3.9 A and B).
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Figure 3.10: (A) Cross-correlation diagonal matrix of h-FANCI ARM repeat, (B) RMSF
sausage profile of FANCI ARM repeat, (C) Scree plot of N-terminus (1-100) and C-
terminus (100-223) and (D) PCA profile of Eigenvector 1 and 2 of N-terminus (1-100) and
C-terminus (100-223)

Principal component analysis (PCA) was performed for the ARM repeats of N-terminus
(1-100) and C-terminus (100-223) amino acids to understand the dynamics in essential
subspaces. Scree plot revealed that C-terminus having higher eigenvalue than N-terminus

that suggest large conformational motion of C-terminus domain (Figure 3.10 C) [84].

The trace of covariance matrix values calculated for N-terminus and C-terminus
were 64.71 and 131.62 nm?2 respectively. Therefore, C-terminus comprising HTH-type
motif is more dynamic than the N-terminus. Projection of eigenvector 2 on 1 indicates a
large periodic tertiary structural transition in C-terminus than the N-terminus of ARM
repeat protein (Figure 3.10 D). PCA results suggest that protein has large concerted motion

due to the presence of HTH-type structural motif. Furthermore to demonstrate cross-
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correlation and domain mobility, Gaussian network modelling and normal mode analysis
were performed. It has been observed that HTH-type motif at C-terminus part has anti-
correlated motion, more dynamicity than N-terminus, and are in opposite direction [84].
Essential Dynamics (ED) results are in agreement with MDS and suggest that structurally
dynamic HTH structural motif might be stabilized by binding to DNA during ICL DNA

repair [84].

3.1.3.7 Conclusions

FANCI ARM repeat predominantly composed of a-helices and has a Tm of about 36°C. It
has HTH-like motif at the C- terminus which has higher dynamic nature than the other
region of the protein [84]. Assessment of HTH region suggests that it has motif character.
The presence of the good helix former amino acids [318] in putative HTH region also
suggests that this dynamic region forms the o- helices. Furthermore, conserved PHS
signature suggests HTH motif like character. Docking results (Chapter 4 Figure 4.2 page
no. 145) indicate that FANCI ARM binds to the major groove of the DNA with conserved
residues such as GlIn, Ser, Glu and Thr [319, 320] that further corroborates the observation

of HTH motif in FANCI ARM protein.
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3.2 Structural and Biophysical Properties of FANCD?2
3.2.1 Introduction

The FA proteins together with BRCA1 and BRCAZ2 function cooperatively in the
FA/BRCA pathway to repair intercrosslink DNA damage [2]. Activated FA core complex
assembles in the nucleus and monoubiquitinates the FANCD2 and FANCI proteins. This
monoubiquitinated FANCD2 and FANCI proteins are recruited at DNA damage sites to
interact with crucial DNA repair proteins including BRCAL, FANCD1/BRCA2 and RAD5
[3]. In addition, FANCD2 monoubiquitination is necessary for the recruitment of the
Fanconi associated nuclease (FAN1) and SLX4/FANCP endonucleases to the DNA
damage sites [177]. A Recent report suggested that FANCD?2 has a coupling of ubiquitin
conjugation to endoplasmic reticulum domain (CUE), an ubiquitin binding domain
required for efficient DNA ICL repair [4]. FANCD2 CUE domain encompasses the region
from (1-254) amino acids at N-terminus and regulates the FA pathway by correcting the
mitomycin ¢ hypersensitivity and localizing the FANCD2 and FANCI proteins at DNA
damage site [4]. CUE domain is also responsible for the efficient interactions between
FANCD2 and FANCI protein to regulate protein homeostasis at the time of DNA repair
[4].

Ubiquitin-binding domains play a pivotal role in protein targeting, cell -cycle control, DNA
replication, transcription and DNA repair processes [207, 321]. Due to diverse functions,
different ubiquitin binding regions are characterized in proteins such as ubiquitin-
associated domains (UBA domains), ubiquitin-interacting motifs (UIMs) and coupling of
ubiquitin conjugation to endoplasmic reticulum domain (CUE domains). CUE domains
have a role in ubiquitin binding as well as in facilitating intra-molecular
monoubiquitination [322]. However, not much has been explored at the structure and

function level especially in context to DNA ICL repair or FA pathway.
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In the present study, we have focused on important missense mutation Leu231Arg found
in CUE domain of FANCD2. The Leu231Arg mutant has been reported to be responsible
for the deregulation of DNA ICL repair [90]. The structural and functional aspects of
FANCD2 CUE domain wild-type and mutant have been explored using different in-vitro,
in-silico and biophysical approach. It has been found that FANCD2 CUE domain wild-
type is more stable than the Leu231Arg mutant. Furthermore, FANCD2 CUE domain has
the chaperone-like activity which is impaired in the mutant. To our knowledge, this is the
first multidisciplinary report which describes the comparison of DNA ICL repair mutant

present in FANCD2 CUE domain using structural, dynamics and functional approach.

3.2.2 Materials and Methods

3.2.2.1 Gene cloning, site -directed -mutagenesis, protein expression, and

purification

FANCD2 CUE domain comprising 1-254 amino acids was PCR amplified from full-length
cDNA of FANCD?2 ( a generous gift from Markus Grompe, Oregon Health and Sciences
University, USA) as a template using forward and reverse primers 5’-
GTCGGATCCGAGAACCTGTACTTTCAGGGTCTAGTCACGGTTCTTACCAG-3°

& 5’-GTCCTCGAGCTATTAGGGGGTCAGATGAGAACCAG-3’, respectively. PCR
product of amplified CUE domain was sub-cloned in the pGEX4T-1 vector (Novagen).
Mutants Ser222Ala and Leu231Arg were generated by site- directed -mutagenesis using
forward and reverse primer 5’-ATCCTAGGGGATGCCCAGCACGCTGAT-3’ & 5°-
ATCAGCGTGCTGGGCATCCCCTAGGAT-3’ and 5-
GTGGGGAAAGAACGCAGTGACCTACTG-3’ & 5’-

CAGTAGGTCACTGCGTTCTTTCCCCAC-3’, respectively. CUE domain and mutants
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cloned in pGEXA4T-1 were expressed and purified as described in material method Section
2.1 and 2.2. Proteins were purified in buffer containing 300mM NaCl, 50 mM Tris, 0.10%
Triton-X, 5mM beta-mercaptoethanol, pH 8.50. GST-fusion protein bound on affinity
column (GST beads, Qiagen) was further treated with TEV-protease to get the protein in
native condition. This native protein was further passed through AKTA FPLC gel filtration
column Superdex 75 in buffer containing 300 mM NaCl, 50 mM Tris, 5 mM -

Mercaptoethanol, pH 8.50 to get highly purified protein.

3.2.2.2 Dynamic light scattering (DLS) and mass spectrometry

FPLC purified FANCD2 CUE domain and Ser222Ala, Leu231Arg mutants
proteins in buffer (300mM NaCl, S0mM Tris, SmM B-Mercaptoethanol, pH 8.50) at a
concentration of 1 mg/ml were filtered using 0.22 um pore size filter (Millipore, USA) and
degassed at 4°C prior to DLS (Wyatt DynaPro nanostar) and mass spectrometry (MALDI-
TOF-TOF) (Bruker Daltonics, Ultraflex 11, Germany) experiments. These experiments

were performed as described in Chapter 2.

3.2.2.3 Circular - Dichroism and Fluorescence Spectroscopy

Secondary structure characterization was performed using CD polarimeter (Jasco
J-815, Japan) in the far -UV range (A= 200nm -260nm). An average of three spectra was
recorded for final representation in mean residual ellipticity. The secondary structure was
quantitated by K2D3 server (http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/). Thermal
denaturation spectra were recorded from 10°C to 80°C with 2°C temperature interval and

data fitting was done as described in Chapter 2 [309].
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Micro-environment of tryptophan (intrinsic fluorophore) at the hydrophobic core
of the protein was monitored by fluorescence spectrophotometer (Horiba-Fluorolog,
Japan) at the excitation wavelength of A=295nm. The emission spectra were recorded from
A =310-450nm. For thermal unfolding experiments, spectra were recorded in temperature

dependent manner using 10 UM protein as described earlier [49, 309].

3.2.2.4 Model building, molecular dynamics simulation, DSSP, normal mode analysis

and principle component analysis

FANCD2 CUE domain (1-254) amino acids was retrieved from UniProtKB [300] (Uniprot
ID; Q9BXW9), wild-type and mutant sequences were submitted to Robetta server

(http://robetta.bakerlab.org/) for 3D model building. Stereo chemical refinement of

Ramachandran outliers in the models was performed by ModLoop server [302]. Further,
models were validated by Swiss model workspace encompassing the package of Anolea,
DFire, QMEAN, Gromos, DSSP, Promotif and ProCheck

(http://swissmodel.expasy.org/workspace/). Validated models were used for molecular

dynamics simulation by GROMACS 4.5.5 [84, 309]. Molecular modelling and simulation

were performed as described in chapter 2.

3.2.3 Results and Discussion

3.2.3.1 Gene cloning, site-directed mutagenesis, protein expression and purification

Selected potential clones when digested with the BamH1 and Xhol restriction enzymes,

showed the insert release of appropriate size (Figure 3.2.1).
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Figure 3.2.1: (A) Restriction enzyme digestion of FANCD2 CUE Domain cloned in
pPGEXA4T-1 vector showing insert release of right size (B) DNA Sequencing chromatogram
of FANCD2 CUE Domain cloned in pGEX4T-1 exhibiting TEV site and FANCD2 CUE
Domain (different colors show the nucleotides; Adenine=Green, Guanine=Black,
Cytosine=Blue and Thymine=Red) (C) FANCD2 CUE domain purified protein, Lane: M=
Protein Marker, 1= FANCD2 CUE wild type, 2= FANCD2 CUE Ser222Ala and 3=
FANCD2 CUE Leu231Arg (D) Peptide mass fingerprinting profile for the identification
of FANCD2 CUE domain using mass spectrometry (grey color shows the matching of
captured peptides)

DNA sequencing results confirmed the presence of ligated gene of interest in the vector
with a correct reading frame of the codon sequence. FANCD2 CUE domain wild-type,
Ser222Ala, and Leu231Arg mutants were FPLC purified and subjected to SDS-PAGE
analysis for purity assessment (Figure 3.2.1). Further, the identity of proteins was

confirmed by peptide mass fingerprinting (Figure 3.2.1).

128 |Page




3.2.3.2 Oligomeric behavior of FANCI CUE domain and Ser222Ala, Leu231Arg

mutants

To understand the oligomeric behavior, effective radii and polydispersity of the proteins,
Dynamic Light Scattering (DLS) were performed. It has been observed that FANCD2 CUE
domain wild-type protein exists in predominantly two different hydrodynamic radii such
as 2-3 nm and 30-90 nm with the intensity of >60% and ~40% respectively. However,
Ser222Ala and Leu231Arg mutant proteins have completely different hydrodynamic radii

pattern compared to wild type.

The hydrodynamic radii, for Ser222Ala mutant is: 3-5 nm and (~20% intensity), 110-190
nm (~60% intensity) and 800 nm (~10% intensity); and for Leu231Arg mutant is: 5-6 nm
(~80% intensity), 55-80 nm (~10% intensity) (Figure 3.2.2). The FANCD2 CUE domain
wild-type shows lower hydrodynamic radii with higher intensity than the Ser222Ala and
Leu231Arg mutants, suggesting the compact structure of wild-type protein. However,
Ser222Ala and Leu231Arg mutations affect the overall packing of the protein. Further,
mass spectrometry was performed to understand the monomeric intensity at a respective

molecular weight of the FANCD2 CUE domain wild-type and mutant proteins.
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Figure 3.2.2; Dynamic light scattering results for (A) FANCD2 CUE domain wild-type
(B) Ser222Ala and (C) Leu231Arg, each dot was showing the single scan of DLS
measurements and >7 scans were plotted in distribution graph (D) Mass spectrometry
(intensity vs molecular weight) comparative profile of wild type and mutants

The mass spectrometry results showed that the FANCD2 CUE domain wild -type protein
has higher intensity at 29.12+0.26 kDa of monomeric size compared to Ser222Ala,
Leu231Arg at 29.20+0.01 kDa and 29.35+0.10 kDa respectively. These results suggest

that mutations affect the overall compactness and monomeric nature of the protein (Figure

3.2.2).
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3.2.3.3 Structure Characterization of FANCD2 CUE domain and Leu231Arg mutant

Circular-Dichroism (CD) spectroscopy was performed to estimate the secondary structure
and protein stability. The Circular-Dichroism (CD) results revealed that the molar
ellipticity of FANCD2 CUE domain wild-type and Leu231Arg mutant are different at
A=208 nm and A=222 nm wavelength respectively, that suggests a change in the a-helical
property of mutant protein (Figure 3.2.3). Furthermore, the a-helical content for FANCD?2
CUE domain wild-type and Leu231Arg mutant were found 70.97% and 62.30%,

respectively, which indicates a reduction in a-helical content of Leu231Arg mutant protein.
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Figure 3.2.3; Structure and stability profile: (A) Far-UV, CD spectra of wild-type CUE
and Leu231Arg mutant (B) Secondary structure stability profile of wild type CUE and
Leu231Arg mutant

Thermodynamic stability of FANCD2 CUE domain wild-type and mutant protein were
calculated using temperature dependent unfolding by circular dichroism spectroscopy.
Melting temperature (Tm) of FANCD2 CUE domain wild-type was 54.69+1.60 °C as

compared to Leu231Arg at 48.19+1.50 °C indicating that Leu231Arg mutant protein is less
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stable than the wild-type (Figure 3.2.3). However, due to poly-dispersive nature of

Ser222Ala mutant, a- helical content and Tm could not be calculated.

Fluorescence spectroscopy of FANCD2 CUE domain wild-type and Leu231Arg mutant
were performed to explore the tertiary structure conformations. A decrease in fluorescence
intensity in the Leu231Arg mutant was observed compared to the FANCD2 CUE domain

wild-type (Figure 3.2.4).
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Figure 3.2.4; Structure and stability profile: (A) Fluorescence spectroscopy profile for
tertiary structure assessment and folding of FANCD2 CUE domain wild-type and
Leu231Arg mutant (B) Tertiary structure stability profile for FANCD2 CUE domain wild-
type and Leu231Arg mutant

This loss in fluorescence intensity suggests that the intrinsic fluorophore tryptophan was
exposed to solvent due to the perturbed tertiary structure. Furthermore, temperature
dependent tertiary structure unfolding of FANCD2 CUE domain wild-type and Leu231Arg
mutant protein were performed. The tertiary structure Tm for FANCD2 CUE domain wild-

type and Leu231Arg mutant were 48.97+1.60 °C and 33.31+1.70 °C, respectively. The

132 |Page




missing pre-transition was observed in Leu231Arg sigmoidal curve suggesting that
Leu231Arg mutant protein was partially unfolded (Figure 3.2.4). These results are
corroborating the DLS experiments in which an increase in hydrodynamic radii of
Leu231Arg mutant was observed. Therefore, these findings demonstrate that mutant

proteins have impairment in secondary and tertiary structure integrity as well as stability.

3.2.3.4 In-silico studies of FANCD2 CUE domain and Leu231Arg mutant

To analyze the effect of mutation at the molecular level, homology modelling and
molecular simulation based approach were employed. To understand the structure and
dynamics, molecular dynamics simulation (MDS) of 50 nanoseconds (ns) was performed
for FANCD2 CUE domain and Leu231Arg mutant. The root means square deviation
(RMSD) of trajectories revealed lesser deviation (0.20 to 0.40 nm) for FANCD2 CUE
domain wild-type compared to Leu231Arg (0.20 to 0.80 nm) mutant (Figure 3.2.5). In the
root mean square fluctuation (RMSF) analysis, unlike FANCD2 CUE domain wild-type,
the Leu231Arg revealed that an increase in flexibility from 0 to 50 and from 100 to 150
amino acid residues. However, a loss in flexibility was observed in Leu231Arg from 150

to 200 amino acid region in contrast to FANCD2 CUE domain wild-type (Figure 3.2.5).

133 |Page




1.0 =—r r : r v — 1.0 . v
—HE—Cue_WT
osh 0.8 —@—Cue_L231R
E E
£ 06f £ os
2 Z
04}
E e 04
02}
—m—Cue_WT 0.2
00} —@—Cue_L231R
2 i L i I 2 0'0 A A 2 2 ' 2
0 10000 20000 30000 40000 50000 0 50 100 150 200 250
Time (picoseconds) Amino acids residues(no.)

Figure 3.2.5- Molecular dynamics simulation profile of FANCD2 CUE domain wild-
type and Leu231Arg mutant: (A) Comparative RMSD data shows FANCD2 CUE
domain wild-type is able to attain stable conformation unlike mutant (B) Comparative
RMSF data suggests higher residual fluctuation in mutant

Secondary structure dynamics of FANCD2 CUE domain wild-type and Leu231Arg mutant
were characterized in a time-dependent manner using Dictionary of Secondary Structure
of Protein (DSSP). It has been observed that large helix to B-bend and turn transition is
predominant beyond 2 ns in Leu231Arg between 220 to 240 amino acids region which
includes the point mutation site. However, FANCD2 CUE domain wild-type shows a-

helices consistently from 0 ns to 50 ns, unlike Leu231Arg mutant (Figure 3.2.6).
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Figure 3.2.6; DSSP profile: (A) FANCD2 CUE domain wild-type; secondary structure
transition was stable as a-helices are consistent throughout the simulation at the mutation
site (B) Leu231Arg; mixed population of coil and beta bend was observed, marked with
arrow

FANCD2 CUE domain wild-type shows a-helices consistently from 0 ns to 50 ns between
220 to 240 amino acid residues (aa), which further corroborate with the CD results.
Furthermore, the correlated dynamics of Leu231Arg suggest an increase in anti-correlated
motion in the amino acids region from 50 to 150 aa and 220 to 240 aa, in contrast to wild-
type CUE (Figure 3.2.7). In Leu231Arg mutant there is an increase in positive correlation

and negative correlation from 50 to 175 amino acid region. Furthermore, increase in
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positive correlation and negative correlation in Leu231Arg mutant from 200 to 250 amino

acids region were observed (this region also include the mutation region Leu231Arg)

(Figure 3.2.7). These transformations reflect the differences in the internal dynamics of

mutant Leu231Arg in comparison to FANCD2 CUE domain wild-type protein.
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Figure 3.2.7; Cross-correlation profile of (A) FANCD2 CUE domain wild-type and (B)
Leu231Arg mutant; (C) Molecular model FANCD2 CUE domain wild-type and (D)

Leu231Arg mutant
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Furthermore, cross-correlation and principal component analysis (PCA) were performed
to understand periodic transitions in tertiary structure and dynamics in essential subspaces.
Scree plot [323] revealed that FANCD2 CUE domain wild-type had lower eigenvalue (~50
nm?) than Leu231Arg (~225 nm?) (Figure 3.2.8). The trace of covariance matrix values
calculated for the FANCD2 CUE domain wild-type and Leu231Arg mutant are 8.82 and
19.57 nm? respectively. In PCA, the projection of eigenvector 2 on 1 indicates a large
periodic tertiary structural transition in Leu231Arg mutant protein compared to FANCD?2

CUE domain wild-type (Figure 3.2.8).
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Figure 3.2.8; Molecular dynamics simulation profile of FANCD2 CUE domain wild-
type and Leu231Arg mutant: (A) Scree plot showing comparably higher eigenvalues in
Leu231Arg mutant compare to FANCD2 CUE domain wild-type and (B) PCA graph
suggest large tertiary structure transitions predominant in mutant in contrast to FANCD2
CUE domain wild-type

This suggests that mutant protein has large concerted motion. Hence, to our conclusion
FANCD2 CUE domain wild-type has maintained its structural integrity, unlike Leu231Arg

mutant.
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3.2.3.4 Conclusion

FANCD?2 protein plays a key role in DNA ICL repair. However, detailed structure and
associated function of the protein is largely unknown. Among FA patients, one missense
mutation Leu231Arg is present in newly identified CUE domain, whereas Leu231 is in
evolutionary conserved region. The Leu231Arg mutation is located in the a-helices of the
FANCD2 CUE domain. This mutation affects the polydispersity, monomeric behavior, a-
helical propensity, tertiary structure conformation and thermodynamic stability. Molecular
modeling, simulation, and PCA data shows the perturbed behavior of the mutant protein.
Two simulations, each of 50 ns, showing relative deviations of structural transitions in a
time-dependent manner. The cumulative results obtained from molecular dynamics,
normal mode analysis and principal component analysis studies suggest that Leu232Arg
mutant was not able to attain stable structure conformation, compared to the FANCD?2

CUE domain wild type.
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4.1 Functional Characterization of FANCI
4.1.1 Introduction

Fanconi anemia pathway protein FANCI facilitates the repair of replication stalling DNA
lesions [1, 5, 6]. FANCI protein is phosphorylated and monoubiquitinated during the ICL
DNA damage response. After the posttranslational modification FANCI protein dissociates
from its heterodimeric 1-D complex state (FANCI-FANCD?2) [3]. An overview of FANCI
has been described in Chapter 1. In brief, ARM repeats are functionally diverse and
evolutionarily conserved domain that plays a key role in protein-protein and protein-DNA
interactions [3, 9, 294, 324, 325]. FANCI C-terminus region also has the binding ability to
different forms of DNA such as double-stranded DNA, Holliday junction DNA, and Y-
shaped DNA [83]. Here, we are reporting the functional aspects of FANCI ARM repeat by
utilizing the techniques such as electrophoretic mobility shift assay, DSSP analysis, and
protein-DNA docking. To our knowledge, the results presented here provide the first
information on DNA binding studies of the FANCI ARM repeat. These findings may offer
intriguing possibilities to unravel the ARM repeat function that would help to understand

the molecular mechanism of DNA ICL repair.

4.1.2 Materials and Methods

4.1.2.1 DNA binding by electrophoretic mobility shift assay

DNA binding activity of FANCI ARM repeat protein was determined using electrophoretic
mobility shift assay (EMSA) [326]. 82 long random sequence oligonucleotide was used as

dsDNA substrate made by annealing it with its complementary strand (Table 4.1) [84].

Table 4.1 Radioactive labeled [*?P] oligonucleotide sequence used in EMSA study
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L 82F 5’GAATTCGGTGCGCATAATGTATATTATGTTAAATCATGT | EMSA
CCCTGCCCCAATATAAACCAAGCGTATGCAGTAAGCTTCG
ATC3
2. 82R 5’GATCGAAGCTTACTGCATACGCTTGGITTATATTGGGGC | EMSA
AGGGACATGATTTAACATAATATACATTATGCGCACCGAA
TTC3’

The dsDNA was labeled with [*?P] YATP using polynucleotide kinase and purified by G-
25 column (GE Healthcare, Sweden). The 0.20 picomole of labeled probe (dSDNA) was
incubated with increasing concentrations of FANCI ARM repeat protein in 10 pl of
reaction mixture containing 35 mM Tris-HCL, pH 7.50, 2.50mM MgCl2, 25mM KCI, 1mM
ATP and 1mM DTT for 20 min at 37°C. Products of radio-labelled DNA and proteins were
analyzed on 6% native polyacrylamide gel, and signals were recorded by autoradiography.
DNA band intensity both in free form and bound to the protein was quantified using
GelQuant software (http://biochemlabsolutions.com/GelQuantNET.html). The amount of
DNA bound to the protein was divided by total DNA taken to obtain the fraction of bound
DNA. The percent bound fractions of DNA were plotted against protein concentration
using GraphPad Prism 5 (http://www.graphpad.com/scientific-software/prism/). The Kd
for curve fitting of the individual plot was determined by the software designed on the
principle of the least squares method using formula Y= Bmax *[X]/Kd+[X], where [X] is

the protein concentration and Y is the bound fraction.

4.1.2.2 DSSP analysis

MD trajectory of 80 nanoseconds of the molecular dynamics simulation was subjected to
DSSP analysis [307] in GROMACS 4.5.5 package [266] using do_dssp reads. DSSP

computes the secondary structure in different time frame.
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4.1.2.3 Docking studies

Molecular docking studies were performed using HADDOCK server [17, 245,
246]. The structure of the DNA dodecamer (PDB ID: 1BNA) was downloaded from the

protein data bank (http://www.rcsb.org./pdb). Docking was performed as described in

Chapter 2.

4.1.3 Results and Discussion

Considering the importance of FANCI in DNA inter-crosslink (DNA ICL) repair
mechanism, the functional domain of FANCI, Armadillo (ARM) repeat protein was
purified. The multidisciplinary in-vitro and in-silico approaches were carried out to
understand the DNA binding ability of the FANCI ARM repeat. The FANCI protein is a
leucine-rich protein (LRPs) which mediates protein-protein and protein-DNA interactions.
LRPs are generally composed of ARM, HEAT, leucine- rich repeat and leucine zipper [20,
115]. FANCI harbours ARM repeat, EDGE motif and nuclear localization signal at C-
terminus [3]. However, the molecular mechanism associated to DNA binding of FANCI
C-terminus specifically ARM repeat is still not well understood. Longerich et. al. reported
that C-terminus of FANCI have similar DNA binding activity as the full length of FANCI
and binds preferentially to double stranded DNA [83]. Structural alignment of FANCI
ARM repeat suggests the profound similarity with elongation factors and transcription
factors [84]. In general, elongation factors and transcription factors are known to involve
in direct DNA binding and regulating crucial processes like replication and transcription
[327-329]. These factors contain DNA binding elements such as helix-turn-helix (HTH) or
helix-loop-helix motif [319, 320, 330, 331]. Sequence alignment from 20 master sets of

different known HTH motifs [29], have revealed that FANCI ARM repeat has sequence
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similarity with these motifs. Furthermore, it has conserved PHS (P= any charged amino
acid mostly glutamate, H= hydrophobic amino acid and S= small amino acid residue)
signature known to present in HTH motif [27]. Molecular and essential dynamics
demonstrate that HTH-type motif present in ARM repeat at C-terminus has high
dynamicity and anti-correlated motion. In addition, in-silico docking analysis has revealed
that HTH-type motif binds to the major groove of DNA [84].

In this study, we are reporting that ARM repeat has structurally dynamic region majorly
composed of a-helices and binding to major groove of DNA suggest that FANCI ARM
repeat harbors HTH structural motif. Molecular modelling, dynamics, and docking studies
are in concordance with in-vitro results derived from limited proteolysis, sequence and
structural alignment [317]. Importantly, the helix propensity [318] of the amino acids
sequences of HTH motif also revealed the presence of helix former amino acids such as
Ala, Glu, GIn, and Ser [84]. It is well known that the HTH structural motif generally binds
to the major groove of DNA and conserved amino acids such as Glu, GIn and Ser are at

the binding interface between HTH motif and DNA [27, 28, 330, 332].

4.1.3.1 FANCI ARM repeat binds to double strand DNA

DNA binding activity of FANCI ARM repeat was monitored with radiolabeled double-
stranded DNA substrates using electrophoretic mobility shift assay (EMSA). The observed
dissociation constant (Kd) value for FANCI ARM repeat was 3.96+1.71 uM (Figure 4.1).
The Kd value in the range of UM concentration suggests the greater affinity of FANCI

ARM repeat to double strand DNA.
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Figure 4.1: (A) DNA binding analysis of FANCI ARM repeat with DNA using
autoradiography (C=Control; untreated probe; 1, 2, 3, & 4 with increasing concentration
of protein 4.60uM, 9.29uM, 17.14uM and 34.29uM respectively) (B) Graph plot of bound
fraction of protein to DNA

4.1.3.2 Characterization and docking analysis of HTH-structural motif of FANCI
ARM repeat

Molecular dynamics studies of FANCI ARM repeat indicate that HTH structural motif is
highly flexible (as described in Chapter 3). The secondary structure of ARM repeat was
characterized using a dictionary of the secondary structure of the protein (DSSP). It has
been observed that large helix turn to loop transition is predominant in the HTH motif
which also corroborates well with the results obtained from structural alignment over the

extracted structures from the trajectory of different time points [84].
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Figure 4.2 (A) DSSP profile of FANCI ARM repeat protein, (B) Superimposed structures at
different time points (10 ns to 40 ns) of trajectories showing large structural rearrangement in
HTH-type motif (C) Docking profile of FANCI ARM repeat with DNA dodecamer shows
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major groove DNA binding mode of putative HTH-type motif interactions and (D)
Intermolecular interface (E) Docking results from HADDOCK

DSSP analysis of the 80 ns simulation, suggest that only HTH structural region showing
unfolding at 15 ns, and unable to form a stable structure in the due course of simulation
(Figure 4.2 A and B).
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Figure 4.3; Secondary structure intermolecular interaction analysis profile of docked pose
between FANCI ARM Repeat & DNA dodecamer (conserved residues marked with red
dots) [84]

Thus, it suggests that HTH-type region has a motif character. It is well established that
HTH motif binds specifically to the major groove of DNA [330]. To explore the binding
of FANCI ARM repeat with DNA, we have performed docking analysis and found that
HTH-type region binds to the major groove of DNA (Figure 4.2 C). It has also been

observed that conserved amino acids such as 128 GIn, 129 Glu, 132 Ser and 140 Thr are
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at the interactions interface between DNA and HTH-type motif of ARM repeat (Figure

4.2 D and Figure 4.3) [84].

4.1.4 Conclusion

To our conclusion, the FANCI ARM repeat has DNA binding ability and HTH structural
motif with inherent structural flexibility. The structural flexible region has revealed the
presence of helix former amino acids such as Ala, Glu, GIn and Ser [318], therefore the
dynamic region forms a-helices. Furthermore, DSSP results also indicate that the structural
flexible region has motif character. Major groove DNA binding of FANCI ARM Repeat
with conserved interface instigate the presence of HTH motif as well as DNA binding
ability. The multidisciplinary results reported here suggest that structural flexibility
provides dynamic conformations to FANCI ARM repeat that binds to the major groove of

DNA [84].

148 |Page




4.2 Functional Characterization of FANCD2 CUE Domain

4.2.1 Introduction

The Fanconi anemia proteins comprise the FA core complex, ID complex and group third
BRCA proteins [2]. The activated FA- core complex assembles in the nucleus and
monoubiquitinates the FANCD2 and FANCI proteins [3]. Monoubiquitinated FANCD2
and FANCI proteins are recruited at DNA damage sites to interact with crucial DNA repair
proteins including BRCA1, FANCD1/BRCAZ2, and RADS51 [109, 173, 333]. A detailed
overview of FANCD2 CUE domain has been described in Chapter 1 and 3. In brief,
FANCD2 harbors CUE domain an ubiquitin binding domain known as Coupling of
ubiquitin conjugation to endoplasmic reticulum domain (CUE domain) [334, 335]. CUE
domain has a role in ubiquitin binding and also facilitate the intra-molecular mono-

ubiquitination [336]. However a little is known at the structure and function level.

Recently, Leu231Arg mutation associated with deregulation DNA ICL repair was
identified in the FANCD2 CUE domain region [90]. To evaluate the domain level
association; the interaction studies were carried out using different in-vitro, in-silico and
biophysical approach. It has been observed that FANCD2 CUE domain wild-type binds to
the mono-ubiquitin efficiently compared to DNA ICL repair mutant Leu231Arg. In
addition, we found that FANCD2 CUE domain has the chaperone-like activity and that is
impaired in mutant protein. Furthermore, protein-protein docking was carried out to
understand the residue located at interactions interface of FANCD2 CUE domain wild-type
and Leu231Arg mutant with monoubiquitin. Here, the comparison of DNA ICL repair
mutant with the FANCD2 CUE domain wild-type at the structure, dynamics, and function

level have been evaluated.
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4.2.2 Materials and methods

4.2.2.1 Surface Plasmon Resonance

SPR experiment was performed using BiacoreT200 (GE Healthcare). Mono-ubiquitin was
immobilized (Boston Biochem, USA) on carboxymethyl (CM5) sensor chip using amine
coupling protocol (http://proteins.gelifesciences.com/products-for-proteins/spr-
systems/biacore-t200/). Immobilization level of 2500 Resonance Units was selected on the
sensor chip (flow cell 2). HBSEP+ (0.10 M HEPES, 1.50 M NaCl, 0.03 M EDTA and
0.50% v/v Surfactant P20) buffer was used as running buffer and glycine-HCI pH 2.5 was
used for regeneration (30-second pulse in 30ul/min flow rate) with stabilization period of
60 seconds. FPLC purified protein was used as analytes using the concentrations from 10,
20, 40, 60, 80, 100, 200, 400, 600 and 800 nM, with a 30 pl/min flow rate, contact time of
120 seconds and a dissociation time of 60 seconds. Data analysis was performed using
Biacore T200 evaluation software

(https://www.gelifesciences.co.jp/catalog/pdf/29050011aa.pdf).

4.2.2.2 Docking studies

Molecular ~ docking  study was  performed  using HADDOCK
(http://haddock.science.uu.nl/servicessHADDOCK?2.2/). HADDOCK is an online tool to
determine binding modes of protein-protein interactions [245]. Three-dimensional
structural coordinates of monoubiquitin PDB file (PDB ID 5DK8) was retrieved from
Protein data bank. Both the ligand and the receptor were formatted as per PDB format and

different chain ID was assigned using PyMol (www.pymol.org) and PDB editor. Prior to

docking, all hetero atoms were removed from protein and ligand. Best docked poses were

selected for PDB-SUM (http://Iwww.ebi.ac.uk/thornton-srv/databases/cqi
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bin/pdbsum/GetPage.pl?pdbcode=index.html) and Ligplot analysis
(www.ebi.ac.uk/thornton-srv/software/LigPlus/download.html). Docked poses interface

was visualized using the PyMol molecular graphics software.

4.2.2.3 Chaperone-like assay

Chaperone-like activity was performed using lysozyme as protein substrate. Lysozyme of
0.30 mg/ml in phosphate buffer (pH 7.40) was pre-incubated for 5 min at 37°C alone and
in presence of 0.30 mg/ml of FANCD2 CUE domain and Leu231Arg mutants in 96 well
plate. The reaction started by addition of DTT up to the final concentration of 20 mM.
Aggregation of lysozyme was monitored at the optical density of A= 340 nm wavelength

in different time points.

4.2.3 Results and Discussion

4.2.3.1 Binding affinity and kinetics of FANCD2 CUE domain and Leu231Arg mutant
Binding affinity and kinetics of FANCD2 CUE domain wild-type and Leu231Arg with
monoubiquitin were performed by Surface Plasmon Resonance (SPR) (BiaCore T200, GE
Healthcare). The decrease in binding of Leu231Arg mutant with monoubiquitin compared
to FANCD2 CUE domain wild-type was observed. However, Resonance Units versus
concentration plot (binding affinity) suggests that FANCD2 CUE domain wild-type protein
has a stronger binding affinity with monoubiquitin than the Leu231Arg mutant (Figure

4.3).
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Figure 4.4; SPR sensorgram of FANCD2 CUE domain wild-type and Leu231Arg
mutant with mono-ubiquitin: (A) Binding profile of mono-ubiquitin with FANCD2 CUE
domain wild-type (B) Binding profile of mono-ubiquitin with Leu231Arg
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Figure 4.5; (A) Comparative binding profile of FANCD2 CUE domain wild-type and
Leu231Arg mutant with monoubiquitin, shows FANCD2 CUE domain wild-type has the
higher affinity compare to the Leu231Arg mutant

Further, to reveal the specificity of binding using SPR sensorgram, it has been found that
FANCD2 CUE domain wild-type protein has specific binding curve unlike mutant (Figure

4.3 A and B). In addition, we detected some anomalous behavior of Leu231Arg mutant
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during binding; which was devoid of specificity. The observed binding affinity with
monoubiquitin for FANCD2 CUE domain wild-type (KD: 3.41 +1.8 x 107t nM) was
significantly higher as compared to mutant Leu231Arg (KD; 0.92+1.5 uM). Association
rate constant of wild-type CUE domain was found to be higher (Ka: 2.90+0.10 x 10°
M~1s72) than Leu231Arg mutant (Ka: 3.52+0.4 x 10° M1 s72). Beside this, wild-type CUE
domain showed lesser dissociation rate (kd: 9.78+8.51072 x 107 s71) as compared to
Leu231Arg (kd: 1.74+0.1 x 1073 s71) mutant (Figure 4.4 A). Furthermore, in-silico
docking results are also support the SPR results. Therefore, it can be concluded that wild-
type CUE domain has higher binding affinity and specificity for the mono-ubiquitin, than
the mutants. Binding affinity between mutant protein with monoubiquitin suggests that
mutant might form unstable complex due to high dissociation rates and less binding

affinity.

4.2.3.2 Structural orientation of FANCD2 CUE domain and Leu231Arg mutant

Reduction in the number of salt bridges, hydrogen bond and interface area in Leu231Arg
mutants was observed compared to FANCD2 CUE domain wild-type protein at the binding
interface (Figure 4.5 A and B). Furthermore, Leu231Arg mutants show the impairment in
the interactions with monoubiquitin, and change in the folding pattern in in-vitro

experiments.
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Figure 4.6; Ligplot analysis of docked complex: (A) Weak intermolecular interaction
between FANCD2 CUE domain wild-type and monoubiquitin (B) Leu231Arg mutant and
monoubiquitin,

Monoubiquitin

Monoubiquitin

FANCD2
Cue wild type

FANCD2
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Figure 4.7; Docked complex structures of FANCD2 CUE domain and monoubiquitin:
(A) FANCD2 CUE wild-type and monoubiquitin (B) Leu231Arg and monoubiquitin; Red
dot circle shows the point mutation position in a-helices (C) HADDOCK docking results
of Cue wild-type and monoubiquitin (D) HADDOCK docking results of Cue Leu231Arg

mutant and monoubiquitin
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Figure 4.8; PDBSUM analysis of docked complex: (A) FANCD2 CUE wild-type with
mono-ubiquitin (B) Leu231Arg with mono-ubiquitin

In-silico docking suggests that conserved hydrophobic patch of monoubiquitin intact at the

binding interface of FANCD2 CUE wild- type and perturbed in Leu231Arg mutant.
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Table 4.1 Interface statistics of FANCD2 CUE domain and Leu231Arg mutant with

monoubiquitin

Interface statistics of monoubiquitin with Cue domain and mutants

Monoubiquitin Salt bridges Hydrogen bond Interface area

(In number) (In number) (A?)
Cue (wild type) 4 10 783,775 (Chain A, Chain B)
Cue (Leu231Arg) 2 9 736,737 (Chain A, Chain B)

Moreover, we have observed that FANCD2 Trp 182 non-covalently interacts with the
monoubiquitin Phe 45, Ala 46 & Tyr 59. However, in Leu231Arg mutant Trp 182 forms
non-covalent interactions with lle 44, Phe 45 & Thr 66. Furthermore, there was a decrease
in number of hydrogen bonds, salt bridges and interface area (Table 4.1) and (Figure 4.6
A and B). Hence it can be concluded that FANCD2 CUE domain wild-type complex with

monoubiquitin is stable compared to Leu231Arg mutant.

4.2.3.3 Chaperone-like assay of FANCD2 CUE domain and Leu231Arg mutant

FANCD?2 protein has histone chaperone activity [333] which plays a central role during
ICL repair by modifying in the chromatin structure. This allows the access for the DNA
repair proteins required for the downstream steps of the DNA intercrosslink repair in
Fanconi Anemia pathway [333].

In-vitro chaperone-like assay [337] was performed for FANCD2 CUE domain wild-type
and Leu231Arg mutants to evaluate their ability to resist the aggregation of substrate model
protein (Lysozyme). Reduction in disulfide bonds induces denaturation, unfolding, and
aggregation of lysozyme accompanied by an increase in the optical density at A= 340 nm.
The addition of small quantity of FANCD2 CUE domain wild-type retarded the onset of
lysozyme aggregation, however long incubation resulted in significant increase of light

scattering.
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Figure 4.9; Comparative profile for chaperone-like assay: (A) FANCD2 wild-type CUE
domain and (B) Leu231Arg mutant

We have observed that FANCD2 CUE domain wild-type protein is more effective in
retardation or prevention of lysozyme aggregation than Leu231Arg mutant. These results
suggest that at least in part, the FANCD2 CUE domain has the chaperone activity.
However, further studies needed to validate the chaperonin activity of FANCD2 CUE

domain.
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4.2.3.4 Conclusion

The comparative studies of FANCD2 CUE domain and Leu231Arg mutant suggest that
wild-type protein has higher affinity and specificity towards mono-ubiquitin than the
Leu231Arg mutant. Furthermore, in-silico docking analysis also supports the results
obtained from surface plasmon resonance. Chaperone-like assay of FANCD2 CUE domain
wild-type and Leu231Arg mutant suggest that FANCD2 CUE domain wild-type protein

has higher chaperonin activity compared to Leu231Arg mutant.
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Chapter 5




Protein-Protein

Interactions Between

FANCI and FANCD?2




5.1 Introduction

FANCI and FANCD?2 (I-D) complex comprises the second group of proteins in the FA
pathway and has an important role in DNA ICL damage repair [3]. Amino acids sequence
alignment between FANCI and FANCD?2 showed 13% identity and 20% similarity across
the entire protein. However, less sequence similarity were observed in the FANCD2 and
FANCI paralogs in other species including A. thaliana and D. melanogaster [3]. The
striking amino acids conservation was found throughout species surrounded Lys523 in
FANCI and Lys 561 in FANCD2, which is known to be monoubiquitinated [3, 41].
Knockdown of siRNAs to FANCI and FANCD2 revealed a reduced recombination from
78% to 47% compared to controls [3]. These reports suggest that FANCI is an important
component in the HR-repair pathway [3, 85]. FANCI and FANCD?2 in association with
RAD®51 repair the damaged DNA in the stalled replication fork and protect the nascent
DNA. Furthermore, I-D complex facilitates the recruitment of FAN1 nucleases to incise
the DNA lesion [3, 85, 109]. FANCD2 binds to monoubiquitinated FANCI with the help
of CUE domain and mask mono-ubiquitin to rescue poly-ubiquitination that escapes the
protein to degrade [179]. However, little is known at domain level interactions between
FANCI and FANCD2. Therefore, we have performed comprehensive in-vivo (bacterial
two-hybrid assay) followed by a beta-galactosidase assay as well as in-silico (protein-
protein docking) binding analysis to understand PPls at the domain level. To our
conclusion, CUE domain of FANCD?2 interacts with ARM repeat of FANCI. Interestingly,
the higher binding affinity between FANCI ARM repeat and FANCD2 CUE domain were

observed when FANCD2 has ARM repeats with it.
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5.2 Materials and Methods

5.2.1 Materials

Detailed materials and methods have been described in Chapter 2 and Chapter 6.

5.2.2 Bacterial strains, plasmids, and materials

Already described in Chapter 2. In brief, the E. coli BTH101 was used for co-expression
of the respective interacting partners such as FANCI ARM Repeat and FANCD2 CUE
domain to study in-vivo protein-protein interactions. The pET28a(+), pGEX4T-1, pUT18
and pKNT25 expression vector were maintained in E. coli DH5a/NOVABLUE strains
(Table 5.1). Selectable antibiotic markers ampicillin (100 mg/ml), kanamycin (50 mg/ml)
and chloramphenicol (34 mg/ml) were used as required. Recombinant E. coli harboring

expression vectors and derivatives were grown in the presence of respective antibiotics.

\ Table 5.1 . Bacterial strains and plasmids used in this study

Bacterial strains Description

E. coli BL21 (DE3) B strain, fhuA2 (lon) ompT gal (ADE3)(dcm) AhsdS i21 Anin5

E. coli Novablue end Al hsd R17(rK12™ mK12+) supE44 thi-1 recAl gyrA96 relAl
lacF' [proA* B* lacli ZAM15::Tnl0] TetR

E. coli DH5a fhuA2 A(argF-lacZ)U169 phoA ginVa44 @80 A(lacZ)M15 gyrA96 recAl relAl endAl

E. coli Rosetta 2(DE3) F ompT hsdSy(ty my") gal dem (DE3) pRARE2 (Cam®)

E. coli BTH101 F', cya-99, araD139, galE15, galK16, rpsL1 (StrR), hsdR2, mcrAl
mcrB1, relAl

Plasmids

pKNT25 Origin of replication from pSU40. N-terminal fusion with
T25 adenylate cyclase fragment, 3.4 kb, Kanamycin resistance

pUTI18 colE/ origin of replication from pUC19. N-terminal fusion with
T18 adenylate cyclase fragment, 3 kb, Ampicillin resistance

pET28a+ pBR322 origin, fl origin, lac/ coding sequence, T7 promoter, T7
transcription start, His-TAG, T7 terminator

pGEX4T-1 pBR322 origin, GST (N-term), tac promoter, size 4969 bp,

Ampicillin resistance
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5.2.3 Gene cloning and site-directed-mutagenesis

Construction of recombinant plasmids for the expression and purification of proteins were
made as described in Chapter 2. FANCI (985-1207), and FANCD2 (1-254) amino acids
region were PCR amplified using respective full-length human cDNA template and
specific primers (Table 5.2). PCR amplicons and vectors were digested by restriction
enzyme (RE) such as BamHI, EcoRI, Kpnl & Xhol as required and sticky ends were ligated
using ligation reaction. Further, recombinant clones were confirmed by double RE
digestion and DNA sequencing. Details of bacterial strains, plasmids, and primers used for

the study are listed in Table 5.1 and Table 5.2.

Table 5.2. List of the primers used in this study

S.No.

1
2

Name of Primer Primer Sequence (Forward & Reverse) Vector
FI_ARM BTH F 5’GCGGATCCGGCAGCTCTAGTCACGGTTCTTACCAG 3 pUT18
FI_ ARM BTH R 5’CGGGGTACCGCGGCCGCGGGGGTCAGATGAGAACCAG 3’ pUTI18
FD2 CUE BTH F 5’GCGGATCCGGCAGCTATGGTTTCCAAAAGAAGACTG 3° pUT18
FD2 CUE BTH R S"CCGGAATTCGCGGCCGCAAGTCGGAGGCTTGAAAG 3’ pUT18
BRCA2 BTH_F 5’GCGGATCCGGCAGCTACCGCACCTGGTCAAGAATTTCTG 3° pKINT25
BRCA2 BTH R 5’CCGGAATTCGCGGCCGCAACGCCATACGTATA 3° pKNT25
FD2 CUE F 5’GTCGGATCCGAGAACCTGTACTTTCAGGGTATGGTTTCCAAAAGAAGACTG 37 pGEXA4T-1
FD2 CUE R S"GTCCTCGAGCTATTAAAGTCGGAGGCTTGAAAGGAC 3 pGEX4T-1
BRCA2 F 5’"GTCGGATCCGAGAACCTGTACTTTCAGGGTACCGCACCTGGTCAAGAATTTCTG 3 pET28a+
BRCA2 R 5S’"GTCGAATTCCTATTAAACGCCATACGTATACAGCTG 3’ pET28a+

5.2.4 In vivo protein-protein interaction studies

In vivo interactions between different proteins were monitored using bacterial two-hybrid
system (BACTH) as described [285, 286, 338]. Recombinant plasmids FANCI (985-1207)
and FANCD?2 (1-254) amino acids considering full length from human cDNA template
were cloned in bacterial two-hybrid plasmids pUT18 and pKNT25 and a series of

recombinant plasmids were generated as listed in Table 5.2. Detailed methodology is
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described in Chapter 2. In brief, the cells were grown overnight in triplicates, and 5 puL of
it was spotted on LB agar plate containing 5° bromo 4 chloro-3-indolyl-p-D-
galactopyranoside (X-Gal) (40 ug / mL), IPTG (0.50 mM) in the presence of antibiotics as
required. Spotted LB-X-Gal-IPTG plates were further incubated at 30°C overnight and the
appearance of blue-white colour colonies was analysed and B-galactosidase activity was
measured from liquid cultures using 0.40 % O-nitrophenyl-f-D-galactoside (ONPG) as a
substrate. For the first set of bacterial two-hybrid experiment Synergy H1 Hybrid
Multimode Microplate Reader (Biotek, USA) was used, and for the second set BMG-

Labtech Microplate reader (Germany) was used.

5.2.5 In vivo protein-protein interactions

The B-galactosidase activity was calculated and plotted in Miller units with P value using

Graphpad Prism  (www.graphpad.com/scientific-software/prism/).  p-Galactosidase

activity (units/mg protein) was calculated as mean+SD (n>2). The significance differences
were analyzed using Student’s t-test, P values obtained at 95% confidence intervals are

shown as (*) for <0.05, (**) for <0.01 and (***) for <0.001.

5.2.6 In-silico protein-protein interactions

Amino acids sequences of FANCI (985-1207) (Uniprot ID: Q9NVI1) and FANCD?2 (1-

254) (Uniprot ID Q9BXW09) were retrieved from UniProtKB (http://www.uniprot.org/)

using respective accession number. Molecular modelling of FANCI (985-1207) &

FANCD?2 (1-254) were modelled as described earlier [49, 84, 309]. Ramachandran plot
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was analyzed to check the stereochemistry of amino acids in allowed and generously
allowed regions. Stereo-chemical details of the FANCI ARM repeat in Ramachandran plot
are as follows: 95.10% core region, 3.40% allowed region, 1.50% generously allowed,
0.00% disallowed region, and for FANCD2 CUE domain is Ramachandran Plot: 91.10%
core region, 8.90% allowed region, 0.00% generously allowed region, 0.00% disallowed

region. HADDOCK was performed as described in Chapter 2.

5.3 Results and Discussion

FANCI and FANCD?2 protein-protein interactions were observed using STRING analysis
(https://string-db.org/) (Figure 5.1). An interesting feature is that the FANCI and FANCD?2
are paralogs having the ARM repeat, even though the length and sequences of the protein

and ARM repeat is not identical [3].
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Figure 5.1; STRING analysis of FANCI, FANCD2 and BRCAZ2 proteins

5.3.1 In-vivo protein-protein interactions studies between FANCI ARM repeat with
FANCD2 and BRCA2

Bacterial two-hybrid assays were performed to evaluate the interactions between FANCI
and FANCD?2. In the first set of experiment, It has been observed that FANCI ARM repeat
shows interactions of 100.10+24.90 Miller Units with FANCD2 CUE domain in the B-
Galactosidase assay (p=0.005) (Figure 5.2). However, in the case of FANCI ARM and
BRCA2 C-terminal region (BRCA2 CTR), the Miller Units was significantly higher

(206.09+9.11, p <0.0001).
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Figure 5.2; (A) In-vivo protein-protein interaction studies of FANCI ARM Repeat,
FANCD2 CUE Domain and BRCA2 C- Terminal Region (CTR), 1= FANCI ARM Repeat
and FANCD?2 (1-472), 2= FANCI ARM Repeat and FANCD2 CUE Domain, 3= FANCI
ARM Repeat and BRCA2 CTR. 4= Cells co-expressing pUT18 and pKNT25 tag empty
vectors were used as negative control, and 5= FtsA-T18 and FtsZ-T25 protein was used as
positive control, (B) B-Galactosidase activity in Miller units are shown here as mean£SD
(n>2)

Interestingly, we have observed that the interaction between FANCI ARM and FANCD2
(1-472) is higher than FANCI ARM and FANCD2 CUE domain. The data revealed that
FANCI ARM interacts to the BRCA2 C-Terminal Region. FANCI ARM also interacts
with the FANCD2 CUE and binds with higher binding affinity when a part of ARM repeat
of FANCD2 was included. The experiments were performed independently twice for

biological and technical duplicates.

5.3.2 In-silico protein-protein interactions of FANCI ARM repeat with FANCD2 and
BRCA2

To further support the in-vivo results, in-silico protein-protein interactions were performed

to analyze the binding interfaces (Figure 5.3). FANCI protein, particularly through ARM
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repeat, play an important role in protein-protein interactions in FA-BRCA pathway [3, 22,
165, 166, 168]. It has been observed that FANCI ARM repeat interacts with BRCA2 C-
terminal region. Interestingly, from the FANCI ARM repeat and BRCA2 CTR docked
complex structure, Trp 117 and Thr 120 of FANCI ARM forms z-cation and hydrogen
bonding interactions, with the Lys 64 of BRCA2 CTR respectively. Usually, protein-
protein interaction hotspots are known to enrich with tryptophan, tyrosine, and arginine
[339]. Furthermore, the presence of 13 hydrogen bonds with 6 salt bridges in FANCI ARM
and BRCA CTR docked complex interface structure suggest that these regions might help
in the interactions between FANCI and BRCA2 proteins. We also performed the docking
studies between FANCI ARM and FANCD2 CUE domain and found that Trp 182 of the
FANCD2 CUE domain forms the cation-n interaction and non-bonded interactions with
Lys 215 and Leu 216 of FANCI ARM Repeat. In addition, interface statistics calculated
from FANCI ARM and FANCD2 CUE docked complex structure indicate the presence of

8 hydrogen bonds and 5 salt bridges at the interaction interface.
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Figure 5.3; Weak intermolecular interactions between (A) FANCI ARM with BRCA2

CTR and (B) FANCI ARM with FANCD2 CUE domain
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5.3.3 Conclusion

The interactions between full-length FANCI and FANCD2, and FANCD2 with BRCA2
protein have been reported by different groups [2, 4, 12, 42, 173], but how the protein-
protein interactions associated with different domains in FA-BRCA pathway proteins have
not been characterized. Here, it has been reported that FANCI ARM repeat interacts with
FANCD2 CUE domain and BRCA2 C-terminal region. Furthermore, the interaction
between FANCI ARM repeat and FANCD2 CUE domain increases by the addition of
ARM repeat region of FANCD2. These interactions studies indicate that different
functional domain present in FANCI, FANCD2, and BRCA2 proteins are playing an

important role in PPIs.
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Chapter 6




Protein-Protein Interaction

Studies between FANCD?2

and BRCAZ2




6.1 Introduction

Detailed introduction and functional properties of FANCD2 and BRCA2 have already been
described in Chapter 1, 3 and 4. The FANCD2 protein is known to interact with BRCA2
protein (Figure 5.1). DNA repair pathway in BRCA2 deficient cells leads to error prone
single-strand annealing [12, 13, 82]. Furthermore, DNA repair processes such as
nucleolytic incision, translesion DNA synthesis, and homologous recombination have been
co-ordinated by FA/BRCA pathway [55, 59, 88, 101]. In FA pathway, the fancd2 gene
homologues is present in other eukaryotic species including Drosophila melanogaster,

Caenorhabditis elegans, Arabidopsis thaliana, Fugu and zebrafish [2].

The C-terminus region of BRCA2 harbors BLAT (BRCA2-motif in Leishmania,
Arabidopsis, and Trypanosoma) domain, which is highly conserved in divergent species
[12, 13]. The BLAT domain of BRCAZ2 region encompassing the (2350-2545) amino acids
interacts to FANCD2 domain comprising (1-1102) amino acids. However, FANCD2
lacking N-terminus residues from (1-325) amino acids failed to interact with BRCA2 [12].
In addition, BRCA2 proteins with C-terminal truncations were observed in cell lines
derived from Fanconi Anemia patients [2]. Thus, confirming the importance of FANCD2
N-terminus and BRCA2 C-terminus for the protein-protein interactions (PPIS) in

FA/BRCA pathway.

FA proteins particularly FANCI and FANCD2 form interdependent complexes required
for chromatin association and DNA ICL repair [26, 55, 59, 101, 340]. FANCD2 harbors
evolutionarily conserved ubiquitin binding domain, known as the coupling of ubiquitin
conjugation to endoplasmic reticulum domain (CUE domain) [179]. This ubiquitin binding
domain of FANCD2 is known for regulation of the FA pathway and reported to have a

major role in DNA ICL repair processes [179]. Two biologically relevant mutations have
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been identified in FANCD2 CUE domain, first cell-cycle checkpoint mutant Ser222Ala
[341, 342] and second DNA ICL repair mutant Leu231Arg [90]. Considering the
importance of mutations, and functional diversity of different domains present in FANCD?2
and BRCAZ2, the protein-protein interactions between FANCD2 CUE domain (FD2 CUE)
and BRCA2 C-terminal region (BRCA2 CTR) has been analysed. We also evaluated the
interactions between FANCD2 CUE domain Ser222Ala and Leu231Arg mutants with

BRCAZ2 C-terminal region using multi-disciplinary in-vivo, in-vitro and in-silico approach.

6.2 Materials and Methods

Materials and chemicals are described in chapter 2.

6.2.1 Bacterial strains, plasmids, recombinant constructs and materials

All recombinant techniques, expression, and purification of proteins have been performed

as described in Chapter 2, 5 and in Table 5.1.

6.2.2 Cloning of different expression constructs and site-directed-mutagenesis

Construction of recombinant plasmids for the expression and purification of proteins were
made as described in Chapter 2 and 5. FANCD2 (1-254) and BRCA2 (2350-2545) amino
acids region were PCR amplified using respective full-length human cDNA template and
specific primers listed in Table 6.1. PCR amplicons and vectors were digested by
restriction enzyme (RE) such as BamHI, EcoRI & Xhol, and ligated. Recombinant clones

were confirmed by double RE digestion and DNA sequencing.
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Table 6.1. List of the primers used in this study

S.No. Name of Primer Primer Sequence (Forward & Reverse) Vector

1 FD2_CUE_BTH_F §’GCGGATCCGGCAGCTATGGTTTCCAAAAGAAGACTG 3 pUT18

2 FD2_CUE_BTH_R 5’CCGGAATTCGCGGCCGCAAGTCGGAGGCTTGAAAG 3 pUTIS

3 BRCA2_BTH_F 5'GCGGATCCGGCAGCTACCGCACCTGGTCAAGAATTTCTG 3 pKNT25

4 BRCA2_BTH_R 5’CCGGAATTCGCGGCCGCAACGCCATACGTATA 3 pKNT25

5 FD2_CUE_F 5 GTCGGATCCGAGAACCTGTACTTTCAGGGTATGGTTTCCAAAAGAAGACTG 3’ pGEX4T-1
6 FD2_CUE_R 5'GTCCTCGAGCTATTAAAGTCGGAGGCTTGAAAGGAC ¥ PGEXAT-1

7 FD2_CUE_SA_F 5’ ATCCTAGGGGATGCCCAGCACGCTGAT 37 pGEXAT-1, pUT18
8  FD2_CUE_SA R 5’ ATCAGCGTGCTGGGCATCCCCTAGGAT 3° PGEX4T-1 pUT18
9  FD2_CUE_LR_F 5" GTGGGGAAAGAACGCAGTGACCTACTG 3 PGEX4T-1, pUT18
10 FD2_CUE_LR_R 5’ CAGTAGGTCACTGCGTTCTTTCCCCAC 3’ pGEX4T-1, pUT18
11 BRCAZF $GTCGGATCCGAGAACCTGTACTTTCAGGGTACCGCACCTGGTCAAGAATTICTG 3 pET28a+
12 BRCA2R 5’GTCGAATTCCTATTAAACGCCATACGTATACAGCTG 3 pET28a+

6.2.3 In vivo protein-protein interactions

Recombinant plasmids FANCD?2 (1-254) and BRCA2 (2350-2545) amino acids using full-
length human cDNA template were cloned in bacterial two-hybrid plasmids pUT18 and
pKNT25 and a series of recombinant plasmids were generated as given in Table 6.1. The
detailed methodology has been described in Chapter 5 of section 5.2.4. In vivo
interactions of different proteins were monitored using bacterial two-hybrid system (BTH)

[285, 286].

6.2.4 In vitro protein-protein interactions studies

FANCD?2 (1-254), FANCD2 Ser222Ala, FANCD?2 Leu231Arg and BRCA2 (2350-2545)
cloned in pET28a+, pGEX4T-1 vectors [49, 84, 309, 338], and further co-transformed for
recombinant proteins expression using chemically competent E. coli Rosetta 2(DE3) cells.
The overnight grown culture containing different constructs were diluted to 1:100 in fresh
LB broth and further incubated at 37°C using shaking incubator at 200 rpm till OD ( A=
600 nm) reaches 0.60-0.80. The culture was induced by the addition of 0.40 mM IPTG

(Isopropyl B-D thiogalactoside) for 16 hours at 21°C. Cells were sonicated in the buffer
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containing 300 mM NaCl, 50 mM Tris, 0.10% triton-X, 5mM beta-mercaptoethanol, pH
8.00, protease inhibitor cocktail (Sigma). The sonicated cells were centrifuged at 15,000
rpm for 40 min at 4°C. Clear cell supernatant was allowed to pass from Snapcap column
(Thermo-Fisher) containing GST resin. GST bound protein was eluted in the buffer
containing 20 mM glutathione, 100 mM NacCl, 25 nM Tris, pH 8.50. Eluted samples from
Snapcap column (Thermo-Fisher) were mixed with laemelli buffer and heated at 95°C for
5 minutes before loading onto 12% SDS-PAGE gel. The gel was stained using Coomassie

brilliant blue and further destained for the visualization of protein bands.

6.2.5 In-silico protein-protein interactions

Amino acids sequences of BRCA2 (2350-2545) (Accession number: P51587) and
FANCD2 (1-254) (Accession number: Q9BXW9) were retrieved from UniProtKB

(http://www.uniprot.org/). Molecular modelling of BRCA2 (2350-2545) was performed

using FALCON (http://protein.ict.ac.cn/FALCONY/), however, FANCD2 (1-254) were
modelled using Robetta server [49, 84, 309]. The molecular models were validated as
described in Chapter 3, 4 and 5. Ramachandran plot ensuring that all the amino acids are
present in allowed and generously allowed regions. Ramachandran Plot for FANCD2 CUE
domain: 91.10% core region, 8.90% allowed region, 0.00% generously allowed region,
0.00% disallowed region and for BRCA2 CTR has: 81.70% core region, 16.00% allowed
region, 2.30% generously allowed, 0.00% disallowed region. Protein-protein docking

using HADDOCK [245, 246] were performed as described in Chapter 2, 3 and 4.
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6.3 Results and Discussion

Protein-protein interactions play very important role in DNA damage repair mechanism.

In the context of DNA ICL repair, it is known that FANCD2 and BRCA2 interact

particularly in FA/BRCA pathway to repair DNA ICL damage [2].

6.3.1 In-vivo protein-protein interactions studies of BRCA2 C-terminal region with

FANCD2 CUE domain and Ser222Ala, Leu231Arg mutants

FANCD?2 is known to interact with BRCAZ2, to bridge the FA/BRCA pathway. Bacterial
two-hybrid (BTH) assays were performed to understand domain level interactions. Higher
value of Miller Units 1349.27+289.65 between FANCD2 CUE domain and BRCA2 CTR
(p<0.0001) was observed which suggests that FANCD2 CUE domain binds strongly with

BRCA2 CTR (Figure 6.1 A and B).
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Figure 6.1; (A & B) In-vivo protein-protein interactions studies of FANCD2 CUE Domain
with BRCA2 C- Terminal region, 1= FANCD2 CUE domain and BRCA2 CTR, 2= Negative
control (pUT18 and pKNT25 tag empty vectors), and 3= FtsA-T18 and FtsZ-T25 protein
was used as positive control (B) p-Galactosidase activity (units/mg protein) is shown here as
mean+SD (n>2)
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Figure 6.2; (A & B) In-vivo protein-protein interaction studies of FANCD2 CUE Domain
wild-type, Ser222Ala, Leu231Arg mutants with BRCA2 C- Terminal region, 1= FANCD2
CUE Leu231Arg and BRCA2 CTR, 2= FANCD2 CUE Ser222Alaand BRCA2 CTR, 3=
Negative control (pUT18 and pKNT25 tag empty vectors), and 4= FANCD2 CUE wild-
type and BRCA2 CTR (as positive control). Cells co-expressing pUT18 and pKNT25 tag
empty vectors were used as negative control, and FANCD2 CUE-pUT18 and BRCA2-
CTR-pKNT25 protein was used as positive control, (B) b-Galactosidase activity calculated
in Miller Units are shown here as mean+SD (n>2) and the significance differences were
analysed using Student’s t-test, and P values obtained at 95 % confidence intervals are
shown as (*) for <0.05, (**) for <0.01 and (***) for <0.001.

Furthermore, a decrease in Miller units of FANCD2 Ser222Ala (10609.54+1156.80 Miller
Units, p=0.016), Leu231Arg mutants (15785.20+3028.03 Miller Units, p=0.033) with
BRCA2 CTR compares to FANCD2 CUE domain wild-type (21788.06£5473.40 Miller
Units, p= 0.046) were observed (Figure 6.2 A and B). Furthermore, binding interaction
has been impaired in Ser222Ala mutant compared to Leu231Arg mutant. These data
revealed that point mutations mitigate the protein-protein interaction between FANCD?2
CUE domain and BRCA2 CTR. Both the experiments were performed independently twice

for biological and technical duplicates.
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6.3.2 In-vitro protein-protein interaction between BRCA2 C-terminal region and

FANCD2 CUE domain

BRCA2 C- terminal region (BRCA2 CTR) also binds with FANCG/XRCC [13].
Furthermore, BRCA2 and FANCD2 co-immuno-precipitates in the cellular extracts of
Chinese hamster wild-type as well as in human cells [12]. Considering the importance of
BRCA2 CTR and FANCD2 CUE, GST-pull down assays were performed to support the

In-vivo protein-protein interactions.

(A) (B)
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( —
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FANCD2 Protein 66 kDa o
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— e i s i,

Figure 6.3; (A) Schematic presentation of FANCD2 CUE domain and BRCA2 CTR (B)
In-vitro protein-protein interaction studies of FANCD2 CUE Domain, the supernatant of
co-expressed pellet of FANCD2 CUE and BRCA2 CTR were incubated with GST beads
and analyzed on SDS-PAGE by using Snapcap column. M= Protein Marker, 1= GST-
resin+ GST protein+ BRCA2 CTR, 2= GST-resin+ BRCA2 CTR, 3= GST-resin+ GST-
Fusion FD2 CUE wild-type+BRCA2 CTR, 4= GST-resin+ GST-Fusion FD2 CUE
Ser222Ala+BRCA2 CTR, 5= GST-resin+ GST-Fusion FD2 CUE Leu231Arg+BRCA2
CTR

It has been observed that FANCD2 CUE domain wild-type interacts with BRCA2 C-
terminal region with high affinity (Figure 6.3). However, FANCD2 Ser222Ala and

Leu231Arg mutants were not able to form strong interactions with BRCA2 CTR.
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6.3.3 In-silico protein-protein interaction between BRCA2 C-terminal region and

FANCD2 CUE domain

To further support the in-vivo and in-vitro results, in-silico protein-protein interactions
were performed. Binding interfaces were analyzed and reduced interacting surface area
were observed in FANCD2 mutant than the FANCD2 CUE domain wild-type with mutants
(Ser222Ala and Leu231Arg) (Figure 6.4 and Table 6.2). Interestingly, from the docked
complex of that in the wild-type, FANCD2 CUE domain and BRCA2 CTR. Tryptophan at
182 position of the FANCD2 CUE domain is present at the interaction interface, and
suggest its important role in PPIs. In general, protein-protein interaction hotspots are
known to enrich with tryptophan, raising the possibility that Tryptophan 182 might be

playing an important role in PPIs between FANCD2 CUE and BRCA2 CTR.
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Figure 6.4. In-silico protein-protein interactions studies of FANCD2 CUE Domain,
FANCD2 CUE Mutants and BRCA2 C- Terminal region, A= FANCD2 CUE wild-type
and BRCA2 CTR B= BRCA2 CTR and FAND2 CUE Ser222Ala and C= BRCA2 CTR
and FANCD2 CUE Leu231Arg

Table 6.2 Interface statistics of BRCA2 CTR with FANCD2 CUE domain and mutants

Interface statistics of BRCA2 (2350-2545) with FD2 Cue domain and mutants

BRCA2 CTR Salt bridges Hydrogen bond Interface area

(In number) (In number) (A?)
FD2 Cue (wild type) 4 20 1041,1046 (Chain A, Chain B)
FD2 Cue (Ser222Ala) 4 7 879,909 (Chain A, Chain B)
FD2 Cue (Leu231Arg) 2 12 766,795 (Chain A, Chain B)
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Furthermore, FANCD2 Ser222Ala mutant showed a significant drop in the number of
hydrogen bonds (7 hydrogen bonds) at the protein-protein interface as compared to
Leu231Arg (12 hydrogen bonds) mutant. However, both the mutants have less number of
hydrogen bonds than the FANCD2 CUE domain wild-type (Table 6.2). These data suggest
that FANCD2 CUE domain wild-type binds effectively to BRCA2 CTR compared to the
mutants. Similar findings were also observed from in-vivo and in-vitro experiments. To
our conclusion, FANCD2 CUE domain interacts with BRCA2 C-terminal region whereas

the mutants Ser222Ala and Leu231Arg mitigates these interactions.

6.4 Conclusion

FANCI, FANCD2 and BRCAZ play a very important role in DNA ICL repair mechanism
[2, 4, 12, 42, 173]. But how the PPIs associated with different functional domains of FA
and BRCA proteins have not been explored. We have found that FANCI ARM repeat
interacts with FANCD2 CUE domain and BRCA2 C-terminal region. Moreover, FANCD?2
CUE domain interacts robustly with BRCA2 C-terminal region. Different mutations
present in FANCD2 CUE domain abrogates the binding affinity with BRCA2 CTR. These
results suggest that the domains present in FANCD2 and BRCA2 play an important role
in PPIs, and mutations cause the impairment. However, it would be worth to perform
studies to validate further these findings in a mammalian cell system. Furthermore, studies
on specific post-translational ~modifications such as phosphorylation and
monoubiquitylation needed to understand the molecular mechanism of DNA ICL repair.
To our conclusion, protein-protein interactions between FANCD2 and BRCA2 might be
regulated by these functional domains, which in turn may facilitate DNA ICL damage

repair.
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The Fanconi anemia pathway comprise the FA/BRCA proteins particularly hereditary
breast cancer susceptibility gene products such as BRCA1 and FANCD1/BRCAZ2 [2, 12,
159]. These proteins function cooperatively in the FA/BRCA pathway to repair ICL
damaged DNA and prevent the cellular transformation and tumorigenicity [3]. FA/BRCA
pathway activation occurs via site-specific phosphorylation at SQ/TQ motif and mono-
ubiquitination on a conserved lysine residue of the FANCI and FANCD?2 proteins [3, 41].
These specific modifications target to form nuclear foci where it co-localize with
FANCD1/BRCA2, RAD51, PCNA, FAN1 and FAAPs at DNA damage site [2, 3, 5, 343].
The regulation of the mono-ubiquitination of FANCI and FANCD?2 as well as its function
in DNA ICL repair has not been fully understood. Furthermore, it would be interesting to
explore detailed and in-depth knowledge at the structural and functional level for the

different conserved domains present in FA/BRCA pathway proteins.

7.1 Fanconi anemia complementation group | (FANCI)

The Fanconi anemia complementation group | (FANCI) protein identified as ATM/ATR
substrate facilitates the DNA intercrosslink damage repair [3]. FANCI protein comprises
1328 amino acids [3, 5, 83, 109, 115, 169]. FANCI gene comprises different functional
domains including Armadillo repeat (ARM repeat) at C-terminus [3]. The FANCI protein
forms complex with FANCD?2 also known as the FANCI-FANCD?2 (ID) complex. FANCI-
FANCD?2 (ID) complex are recruited to DNA damage sites to form nuclear foci with other
DNA damage repair protein such as RAD51, BRCA2, BRCA1 and FANL1 [3, 59, 85].
FANCI mutant cells are not able to monoubiquitinate FANCD2, and prevent its chromatin
localization to repair foci [3]. It was reported that FANCI also has a role in cell -cycle

checkpoint. FANCI protein is a leucine-rich protein (LRP) which mediates protein-protein
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and protein-DNA interactions [3, 83]. The LRPs are generally composed of ARM, HEAT,
leucine-rich repeat and leucine zipper [20, 21, 295, 344].

ARM repeats usually involved in protein-protein and protein-DNA interactions to maintain
genomic integrity and regulate different cellular functions [22, 23, 83, 115, 167, 325]. In
general, ARM repeats are consist of the tandem copies of degenerate protein sequences
[295]. It was first discovered in segment polarity gene of Drosophila and afterward in other
proteins like junctional plaque plakoglobin, tumour suppressor adenomatous polyposis coli
(APC), nucleocytoplasmic transport factor importin, DNA intercrosslink repair FANCI
and FANCD?2 proteins [3, 296]. In general, ARM repeat proteins harbours a compact and
dynamic region which acts as a molecular recognition component and an interacting
module for different binding partners [19, 20]. Considering, the importance of FANCI in
DNA ICL repair mechanism, the functional armadillo (ARM) repeat domain of FANCI
protein was subjected to interdisciplinary in-vitro and in-silico approaches to understand
the structure and dynamics. FANCI C-terminus harbours ARM repeat, EDGE motif and
nuclear localization signal [3]. It was reported that C-terminus of FANCI has a similar
DNA-binding affinity as the full length of FANCI [83]. Furthermore, it binds
preferentially to double stranded DNA [83]. It has been observed that ARM repeat has
structurally dynamic region majorly composed of a-helices. And binding with the major
groove of DNA suggest that FANCI ARM repeat harbours HTH structural motif.
Molecular modelling, dynamics, and docking studies are in concordance with in vitro
results derived from limited proteolysis, sequences and structural alignments. Looking at
the helix propensity of the amino acids sequences in HTH structural motif and presence of
good helix-forming amino acids such as Ala, Glu, GIn and Ser also suggest that the
dynamic region of FANCI (100-150) amino acids forms a-helices [318]. It is well known

that the HTH structural motif generally binds to the major groove of DNA and conserved
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amino acids such as Glu, GIn and Ser are at the binding interface [28, 29, 331, 332]. The
in-silico docked complex structure of FANCI ARM-DNA interface indicates that the
conserved amino acids GIn128, Glu129 and Ser132 are present at the binding region. The
molecular dynamics simulation of 80 ns confirms the dynamic behaviour of HTH structural
motif. Furthermore, limited proteolysis, mass spectrometry, and principal component
analysis results are also supporting that ARM repeat has the compact domain devoid of the
HTH motif. In conclusion, FANCI HTH motif might help ARM repeat in DNA binding.
However, it would be worth to make different mutants of the conserved amino acids
present in HTH region and co-crystallize with the dSDNA. The comparative study of the
complexes of wild-type and mutants with dsSDNA by X -ray crystallography will reveal the

atomic level insights of the interactions interface.

7.2 Fanconi anemia complementation group D2 (FANCD2)

Fanconi anemia complementation group D2 (FANCD?2) protein is critical for the DNA
inter-strand crosslink repair and genome stability [69, 77, 345]. Monoubiquitinated
FANCD?2 recruited at the DNA damage site and protects the DNA replication forks from
nucleolytic degradation [58, 77, 103, 340, 345]. The FANCD?2 proteins together with
BRCA1 and BRCAZ2 function cooperatively to repair intercrosslink DNA damage. Thus
FA pathway is also known as FA/BRCA pathway [2]. In the FA-BRCA pathway, the
activated ATM/ATR kinases phosphorylate the FA core complex that assembles in the
nucleus and monoubiquitinates the FANCD2 and FANCI proteins [3]. Monoubiquitinated
FANCD2 and FANCI proteins are recruited at DNA damage sites to interact with crucial
DNA repair proteins including BRCA1, FANCD1/BRCA2, RAD51, SLX4 and FAN1
endonuclease [3, 173]. FANCD2 mono-ubiquitination at the conserved lysine (Lys 561) is

necessary for the recruitment of the FAN1 and SLX4/FANCP endonucleases to the DNA
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damage sites. It was found that FANCD2 protein contains an ubiquitin binding domain
known as the coupling of ubiquitin conjugation to endoplasmic reticulum (CUE) domain
[4]. This ubiquitin binding domain is important for efficient DNA ICL repair and FANCI
protein interactions [4]. CUE domain comprises the region from 1-254 amino acids at N-
terminus of FANCD?2 that regulates the FA pathway by correcting the mitomycin ¢
hypersensitivity and localizing the FANCD2 and FANCI proteins at DNA damage site [4].
This domain is also responsible for the efficient interactions between FANCD2 and FANCI
protein which shields the monoubiquitinated FANCI from poly-ubiquitination, as a result
regulating protein homeostasis at the time of DNA repair [4].

Ubiquitin-binding domains acts as a regulatory signal in the cell cycle, DNA replication,
transcription and DNA repair processes [207, 321]. Due to diverse functions in cellular
signaling, different ubiquitin binding regions are characterized in proteins and CUE
domains is one of them [322]. Shih et. al. reported that CUE domains have a role in
ubiquitin binding and intramolecular mono-ubiquitination [336]. Furthermore, two point
mutations have been reported in the CUE domain region. First, FANCD2 Ser222Ala
mutation responsible for the deregulation of S-phase cell-cycle checkpoint [341, 342] and

second is Leu231Arg mutation [90], causing defective DNA ICL repair.

In the present study, we have focused on the important missense mutations and described
the structural and functional aspect of FANCD2 CUE domain and mutants using in- vivo,
in-vitro and in-silico biophysical approach. It has been found that CUE domain wild type
is stable and binds to the mono-ubiquitin efficiently compared to DNA ICL repair mutant
Leu231Arg. In addition, the CUE domain has the chaperone-like activity that gets impaired
in mutants. Interaction interface of wild-type CUE domain and mutants with mono-
ubiquitin has been calculated. We have analyzed the amino acids residues relevant to

interaction hotspots in CUE domain and mutants with mono-ubiquitin in docked
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complexes. To our knowledge, it is the first report to describe the comparison of DNA ICL
repair mutant with the wild-type CUE domain at the structure, dynamics, and function
level. Further comparative interaction studies of the wild-type/mutants CUE domain with
mono-ubiquitin, di-ubiquitin and tetra-ubiquitin is required to get the molecular insights of

ubiquitin signaling.

7.3 Breast cancer susceptibility gene 2 (BRCA2)

BRCAZ2 has been involved in DNA double-strand break repair through homologous
recombination [159, 346]. The DNA repair pathway in BRCAZ2 deficient cells leads to error
prone single-strand annealing which regulates the DNA repair processes such as nucleolytic
incision, translesion DNA synthesis, homologous recombination [12, 13, 76, 159, 196,
346]. These processes are coordinated by FA and BRCA proteins. The C-terminus region
of BRCA2 harbors BLAT (BRCA2-motif in Leishmania, Arabidopsis, and Trypanosoma)
domain, which is highly conserved in divergent species [12, 13]. The BLAT domain
harbors BRCAZ region encompassing (2350-2545) amino acids that interact with FANCD2
(1-1102) amino acids [347]. However, FANCD?2 lacking N-terminus residues (1-325)
failed to interact with BRCA2 [12]. Importantly expression of BRCA2 proteins with C-
terminal truncations were observed in cell lines derived from Fanconi Anemia patients [2].
This confirms the importance of FANCD2 N-terminus and BRCA2 C-terminus in the
protein-protein interactions (PPIs). The FANCI and FANCD2 also known to interact with
BRCAZ2 [2]. Considering the importance of mutations, and functional diversity of different
domains present in FANCI, FANCD2, and BRCA2, we systematically evaluated the
protein-protein interactions between FANCI ARM repeat, FANCD2 CUE domain (FD2
CUE) and BRCA2 C-terminal region (BRCA2 CTR). We have also analyzed the
interactions of mutated FANCD2 CUE domain (Ser222Ala and Leu231Arg) with BRCA2

C-terminal region using in-vivo, in-vitro and in-silico advancement.
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The results presented in this thesis suggest that the different regions present in FANCI,
FANCD?2, and BRCAZ2 play an important role in PPIs, and mutations cause the impairment.
In conclusion, protein-protein interaction network between different domains of FANCI,
FANCD?2, and BRCAZ2, play an important role in functions associated to PPIs, which in

turn may regulate DNA ICL damage repair mechanism.

7.4 Future Prospects

The structural and functional analysis of FANCI and FANCD2 domains were studied, to
get molecular insights of ICL DNA damage repair. Two important missense mutations and
their disease correlation are connected to FANCI and FANCD2 protein stability as well as
its FANCI-FANCD2 complex integrity. The interaction studies were carried out to explore
the biological relevance of the functional domains present in FANCI, FANCD2, and
BRCAZ2. However, the next approach would be the expression of human FANCI and
FANCD?2 full-length protein in higher expression system such as yeast, mammalian or
insect cells to get a well-folded protein with all desired post-translation modifications. The
main drawback in the bacterial system is oligomerization which reduces the propensity of
FANCI ARM repeat for crystallization. Therefore, a rational approach of cloning into
eukaryotic expression system could result in a well folded homogenous protein which most
likely can produce the better quality crystal for good diffraction pattern. Further, co-
crystallization of FANCI-FANCD2 and or/with other FA/BRCA pathway members such
as BRCA1, BRCA2, FAN1, RAD 51 and PALB2 will unravel the atomic association of
complexes. The major challenges were the purification of functional and homogenous
FANCI, FANCD?2 full-length protein at high concentration. The issue can be significantly
resolved by its co-expression with other members in insect or mammalian expression
system. In addition, the role of FANCD2 needs to be explored more in

ubiquitination/proteasome signaling.
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Fanconi anemia complementation groups — I (FANCI) protein facilitates DNA ICL (Inter-Cross-link) repair and plays a
crucial role in genomic integrity. FANCI is a 1328 amino acids protein which contains armadillo (ARM) repeats and
EDGE motif at the C-terminus. ARM repeats are functionally diverse and evolutionarily conserved domain that plays a
pivotal role in protein—protein and protein-DNA interactions. Considering the importance of ARM repeats, we have
explored comprehensive in silico and in vitro approach to examine folding pattern. Size exclusion chromatography,
dynamic light scattering (DLS) and glutaraldehyde crosslinking studies suggest that FANCI ARM repeat exist as
monomer as well as in oligomeric forms. Circular dichroism (CD) and fluorescence spectroscopy results demonstrate that
protein has predominantly a- helices and well-folded tertiary structure. DNA binding was analysed using electrophoretic
mobility shift assay by autoradiography. Temperature-dependent CD, Fluorescence spectroscopy and DLS studies
concluded that protein unfolds and start forming oligomer from 30°C. The existence of stable portion within FANCI
ARM repeat was examined using limited proteolysis and mass spectrometry. The normal mode analysis, molecular
dynamics and principal component analysis demonstrated that helix-turn-helix (HTH) motif present in ARM repeat is
highly dynamic and has anti-correlated motion. Furthermore, FANCI ARM repeat has HTH structural motif which binds

to double-stranded DNA.

Keywords: human-FANCI; ARM repeats; helix-turn-helix structural motif

1. Introduction

Fanconi Anaemia (FA) is one of the rare genetic
disorders which provide an extra-ordinary opportunity to
investigate the biological processes and molecular mech-
anisms of DNA inter-crosslink (DNA ICL) repair (Cohen
et al., 1982). Recent studies about FA have revealed that
DNA ICL pathway comprises 18 complementation
groups with discrete genes (A,B,C,DI/BRCA2,D2,E F,G,
LJ/BRIP1,L,M,N/PALB2,0/RAD51C,P/SLX4,Q/XPF,S/
BRCA1 and T/UBE2T) (Castella et al., 2015). FA
patients exhibited a diverse spectrum of clinical pheno-
types and showed high sensitivity to inter-crosslinking
agents such as mitomycin C and di-epoxybutane (Alter,
Greene, Velazquez, & Rosenberg, 2003). Radial chromo-
somes are the diagnostic hallmark of FA cells. Basic
mechanism underlying the formation of the radial
chromosome is the inter-crosslinking of the DNA strands
(McCabe, Olson, & Moses, 2009). Fanconi anaemia
pathway proteins comprise a set of specific proteins that
are expressed and recruited to DNA damage sites to
facilitate the inter-crosslink DNA repair (Butturini et al.,
1994). In eukaryotes, the repair mechanism of

intra-strand and inter-strand crosslinks (ICL’s) are not yet
fully explored. Fanconi anaemia complementation group
I (FANCI) is one of the FA protein known to be
recruited at DNA damage sites facilitating the DNA ICL
repair (Dorsman et al., 2007). FANCI gene comprised
different domains including Armadillo repeat (ARM
repeat). ARM repeat of FANCI protein is involved in
protein—protein and protein-DNA interactions that are
indispensable for maintaining genomic integrity and cel-
lular functions (Smogorzewska et al., 2007).

ARM repeats are composed of tandem copies of
degenerate protein sequences that form conserved three-
dimensional structures (Andrade, Petosa, O’Donoghue,
Muller, & Bork, 2001). ARM repeat was first discov-
ered in segment polarity gene of drosophila and after-
wards in other proteins like junctional plaque protein
plakoglobin, tumour suppressor adenomatous polyposis
coli (APC) protein, nucleocytoplasmic transport factor
protein importin, FANCI and FANCD2 (Coates, 2003;
Smogorzewska et al., 2007). ARM repeat containing pro-
teins are composed of compact and dynamic region
which acts as molecular recognition component and an
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interacting module for different binding partners
(Tsytlonok et al., 2013).

Protein—DNA interactions are essential to maintaining
genomic integrity and cell survival (Wang, 2007). Con-
sidering the functional diversity of ARM repeats, we
have characterized the FANCI ARM repeat to explore
the DNA binding, folding pattern, dynamics as well as
presence of helix-turn-helix (HTH) motif using in vitro
and in silico approaches. Thus, the presence of HTH
structural motif in FANCI ARM repeat that has inherent
structural flexibility helps in establishing the interactions
with DNA.

2. Results and discussion

Noting the importance of FANCI in DNA ICL repair
mechanism, the functional armadillo (ARM) repeat
domain of FANCI protein was purified to understand the
folding patterns. FANCI protein is a leucine-rich protein
(LRP) which mediates protein—protein and protein-DNA
interactions (Yuan, El Hokayem, Zhou, & Zhang, 2009).
The LRPs are generally composed of ARM, HEAT, leu-
cine-rich repeat and leucine zipper (Tsytlonok et al.,
2013). FANCI C-terminus harbours ARM repeat, EDGE
motif and nuclear localization signal (Smogorzewska
et al., 2007). However, detailed functional characteriza-
tion of FANCI C-terminus specifically ARM repeat is
still unexplored. Longerich et al. reported that C-termi-
nus of FANCI have similar DNA-binding activity as full
length of FANCI and binds preferentially to double-
stranded DNA (Longerich, San Filippo, Liu, & Sung,
2009). It has been observed that ARM repeat has struc-
turally dynamic region majorly composed of a-helices,
and major groove DNA binding suggest that FANCI
ARM repeat harbours HTH structural motif. Molecular
modelling, dynamics and docking studies are in concor-
dance with in vitro results derived from limited proteoly-
sis, sequence alignment and DALI findings. Looking at
the helix propensity (Pace & Scholtz, 1998) of the amino
acids sequences in HTH structural motif, presence of
good helix former amino acids such as Ala, Glu, Gln
and Ser also suggest that the dynamic region forms
a-helices. It is well known that the HTH structural motif
generally binds to major groove of DNA and conserved
amino acids such as Glu, Gln and Ser form the binding
interface between HTH motif and DNA (Luscombe &
Thornton, 2002; Ohlendorf, Anderson, Fisher, Takeda, &
Matthews, 1982). Docking study indicates that the con-
served amino acids GIn128, Glul29 and Serl132 present
in HTH motif are at the binding interface of DNA,
which suggest that HTH motif help ARM repeat in
DNA binding. The 80 ns molecular dynamincs simula-
tion also confirms that the HTH structural motif is
dynamic. Furthermore, limited proteolysis, mass spec-
trometry and principal component analysis results are

also supporting that ARM repeat has the compact
domain devoid of the HTH motif. Overall cumulative
results suggest that HTH motif might help ARM repeat
in DNA binding.

2.1. Presence of HTH-type structural motif in FANCI
ARM repeat

It has been reported that FANCI, C-terminal of ARM
repeat has tumour suppressor property and might be hav-
ing DNA-binding motif (Crist et al., 2010; Longerich
et al.,, 2009). The DALI structural alignment exhibited
that ARM repeats present in C-terminal of FANCI is
structurally conserved and showing significant similarity
with DNA-binding transcription factors (Supplementary
Figure 1(A)). Since the primary sequences of amino
acids dictate protein folds and functions, we have also
performed sequence alignment with known HTH struc-
tural motif “master sets” (Brennan & Matthews, 1989)
and found significant similarity with dynamic part of 20
amino acids of FANCI ARM repeat. The well conserved
“PHS” signature (where P is the charged residue mostly
glutamate, H is any hydrophobic and S is small residue)
of HTH motif (Aravind, Anantharaman, Balaji, Babu, &
Iyer, 2005) was also found in the amino acid sequences
(Figure 1(A)—(C)). These results suggest that DNA-
binding element present in ARM repeat is HTH-type
structural motif.

2.2. Oligomeric behaviour and secondary structural
characterization of FANCI ARM repeat

Purified FANCI ARM repeat protein was subjected to
size exclusion chromatography (SEC), it has been found
that protein elutes at different column volumes of 62.7
+.25, 5691 +.16 and 44.9 +£.56 ml has monomeric,
dimeric and oligomeric nature, respectively (Supplemen-
tary Figure 2(A)). Further to confirm oligomeric property
of ARM repeat, time-dependent glutaraldehyde cross-
linking and DLS studies (Supplementary Figure 2(C)
and (D)) were performed. The results are suggesting that
protein exist in monomeric and multi-meric forms.
Moreover, molecular weight estimation of protein was
calculated by SEC (Supplementary Figure 2(B)) and
mass  spectrometry  (Supplementary Figure 1(B))
(Table 1). The results concluded that ARM repeat protein
is forming oligomers at physiological temperature that
might be due to presence of some structurally distorted
region.

Secondary structure of FANCI ARM repeat was anal-
ysed using far-UV, circular dichroism (CD) spectroscopy
from monomeric fraction of protein. CD spectra of ARM
repeat show millidegree ellipticity at A =218 and 222 nm
indicating predominant a-helical content (Figure 2(A)),
which is in full agreement with the crystal structure
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Figure 1. (A) Modelled structure of FANCI ARM repeat protein, (B) Multiple sequence alignment of FANCI ARM repeat, (C)

MUSCLE alignment of ARM repeat dynamic region with different known HTH motif present in “Master Sets”.

Table 1. Molecular weight estimation of purified protein.

Theoretical Mol. Wt. (kDa)* Vel Vs

Ex;l)jerimentally derived Mol. Wt. (kDa)
/ Size exclusion chromatography

Mass spectrometry

28.98 1.40 .01

26.6 1 29.08 +.05

Note: V,/V,: Elution volume/Void volume ratio in gel filtration chromatography (superdex 75 16/60).

“Determined from Protparam, Expasy.

*Determined from standards chromate, aprotinin, lysozyme, carbonic anhydrase, ovalbumin, albumin, ferritin, dextran.

(PDB ID; 3S4 W) and in silico model (Supplementary
Figure 3(B)). To further investigate folding pattern and
thermodynamic stability, temperature-dependent unfold-
ing of the protein was performed in the range from 10 to
50°C with 2°C of interval, and fraction unfolded was
calculated at A =222 nm. Further melting temperature
(T,,) was calculated by fitting into a two-state unfolding
pathway (Choudhary et al., 2015). These results suggest
that protein is having 7}, of about 36°C and follow the
unfolding pattern of a two-state transition (Figure 2(B))
(Table 2).

2.3. Three-dimensional folding of FANCI ARM repeat

To investigate the overall folding and compactness of
ARM repeat, fluorescence spectroscopy was performed
with two intrinsic fluorophores 25 and 118 W (trypto-
phans) residues. We have recorded the scan of both
folded as well as unfolded FANCI ARM repeat protein
and observed the emission maxima of folded protein at
A =333 nm, whereas for unfolded protein which was in
8 M urea, the emission maxima was at A= 345 nm.
Furthermore, at 4 M urea, FANCI ARM repeat protein
shows loss in fluorescence intensity (Supplementary



4 M. Q. Siddiqui et al.

(A)
E 104 =
t 5
g 4 f
n |
= 084 | o
T 1 & .i'
g 0.6 4 .-
T 1 o
N 0.4 \ [
£ . i
G ] [
+ - -
&’n 0.2 '{
3 ] ‘.
p— 0.0 N
2 v v v v v v
200 210 220 230 240 250
Wavelength (nm)
(C) = FIARM 10°C
60 « + FIARM 20°C
1 « FIARM 30°C
50 4 © FIARM 40°C
4 +  FIARM 50°C

Fluorescence Intensity (mAu)
8

Fraction Unfolded

Ci

300 32 340 360 380 400 420 440 450
Wavelength (nm)

Figure 2.

Ci

1.0 4
0.8 4
0.6 4
0.4 4
0.2 4
0.0 4
; —a— FIARM 25°C
12 4 [—e— FIARM 30°C
4— FIARM 35°C
) « —v— FIARM 40°C
2 10 4 f ‘-._ +— FIARM 45°C
= 4 |+ FIARM 50°C
c 84 |
2 4 Y
£ 64 A Y
w . * “.\.
0 44 AR
o v 4
b ¢
(V] 24 - A
= }7 e % %
] 1 ® T N
04 -1 ﬂ"ﬂie:it---‘%

0 5 10 15 20 25 30 35
Diameter (hm)

(A) Far-UV, CD spectra of FANCI-ARM repeat, indicating the a-helical nature of protein, (B) Thermal denaturation pro-

file by CD showing protein unfolds at 50°C, (C) Thermal denaturation profile using Fluorescence spectroscopy showing steep
decrease in intensity beyond 30°C, (D) Temperature-dependent DLS profile showing oligomer formation beyond 30°C.

Table 2. Thermal stability of protein.

Circular dichroism

Fluorescence spectroscopy

Dynamic light scattering

36.12 £ .5°C (T,)

>30°C*

>30°C®

Note: T;,, = Melting temperature.
Decrease in intensity and red shift was observed.
®Oligomeric species were observed.

Figure 1(D)) confirming the presence of intermediate
such as molten globule or oligomeric species which has
sustained resemblance with FPLC and DLS data. Inter-
estingly, temperature-dependent unfolding pattern from
10 to 50°C, loss of fluorescence intensity was observed
at 30°C. The characteristic red shift of emission maxima
suggests that the unfolded molten globule protein

fractions are predominant beyond 30°C (Figure 2(C)).
Further to wvalidate this observation, temperature-
dependent DLS studies (Figure 2(D)) were performed
and found that beyond 30°C protein was losing its
structural integrity and forming oligomers. Fluorescence
spectroscopy, CD and DLS suggest that protein com-
pletely unfolds at 50°C (Table 2).



2.4. FANCI ARM repeat has double-stranded
DNA-binding properties

DNA-binding activity of FANCI ARM repeat was moni-
tored using radio-labelled double-stranded DNA sub-
strates by electrophoretic mobility shift assay (EMSA).
The observed dissociation constant (Ky) values for
FANCI ARM repeat were 3.969 + 1.712 uM (Figure 3(A)
and (B)). The Ky values in the range of pM concentra-
tion suggest the greater affinity of FANCI ARM repeat
to double strand DNA which is important for the FANCI
protein to perform the DNA ICL repair.

2.5. Domain stability of FANCI ARM repeat

Compact globular domain of protein resists the protease
digestion and it helps to determine the stability and
dynamic conformation (Fontana et al., 1997). To confirm
the stable region of ARM repeat, peptide mass finger-
printing using MALDI TOF-TOF was performed for
ARM repeat as well as the region which withstand with
proteolysis against trypsin protease. It has been found
that ~95 amino acids at N-terminus of ARM repeat are
forming compact region which shows prominent resistiv-
ity towards trypsin digestion. The modelled structure is
also showing the stable region at N-terminus and
dynamic region at C-terminus (Supplementary Figure 3
(A), (B), (D)—(F). Furthermore, in silico prediction for
ARM repeat disorderness using PrDOS suggests that
N-terminus is composed of amino acids forming ordered
region (Supplementary Figure 1(E)), which is in agree-
ment with peptide mass fingerprinting data. To rule out
the possibility of miscleavage, in silico trypsin digestion
prediction tool ExPASy peptide cutter was used, and a
very good match with peptide mass fingerprinting results

ARM repeat of human-FANCI 5

was observed. Cumulative results from limited proteoly-
sis, mass fingerprinting concludes that ARM repeat has a
stable domain at N-terminus of around 100 amino acids.

2.6. Molecular dynamics simulation and folding
pattern of FANCI ARM repeat

To delineate the flexibility and dynamics of the ARM
repeat domain, Molecular dynamics simulation (MDS)
studies of 80 ns using GROMACS were carried out to
understand the dynamic region present in the protein as
well as folding pattern of HTH-type motif. MDS data
were analysed by plotting Root mean square deviation
(RMSD), root mean square fluctuations (RMSF), Rg
and solvent accessible surface area (SASA)
(Figure 4(A)—~(D)). RMSD profile of ARM repeat shows
dynamic behaviour with different conformations and sta-
bilized after 60 ns. Rg fluctuation is another determinant
of structural flexibility which suggests the presence of
structurally disordered regions within the ARM repeat
domain. RMSF for C-alpha of ARM repeat domain
residues indicates amplitude of fluctuation which unrav-
els the dynamic residual regions. RMSF profile revealed
that C-terminus region specifically HTH-type region
(124-143) amino acids is highly flexible. It was also evi-
dent with the projection of eigenvector 1 vs. residual
RMSF ARM repeat (Supplementary Figure 1(F)). High
values of SASA at C-terminus indicated that the HTH
type structural motif showing high accessible surface
area might act as interaction motif in ARM repeat
(Figure 4(D)).

Cross-correlation analysis and RMSF sausage plot
suggest that HTH structural motif has an anti-correlated
motion and high fluctuation (Figure 5(A) and (B)).

@ —7 ®
c 1 2 3 a
104 s
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o
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Figure 3.

FANCI ARM (pM)

(A) DNA-binding analysis of FANCI ARM repeat with DNA by autoradiography (C = Control probe, 1, 2, 3, and 4 with

increasing concentration of protein 4.6, 9.29, 17.14 and 34.29 uM, respectively). (B) Graph plot of bound fractions of protein to

DNA.
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Figure 4. Molecular dynamics simulation profile of FANCI ARM repeat (A) RMSD profile and (B) Radius of gyration (Rg) profile
of 80 ns showing structural transitions up to 60 ns, (C) RMSF profile showing large fluctuation of C-terminus, (D) Solvent accessible

surface area (SASA) profile of h-FANCI ARM repeat protein.

Principal component analysis (PCA) was further per-
formed for the ARM repeats of N-terminus (1-100) and
C-terminus (100-223) amino acids to understand the
dynamics in essential subspaces. Scree plot revealed that
C-terminus is having the high eigenvalue than N-termi-
nus suggesting large conformational motion of C-termi-
nus domain (Figure 5(C)). The trace of covariance
matrix values calculated for N-terminus and C-terminus
were to be 64.71 and 131.62 nm?, respectively. Hence,
C-terminus comprising HTH-type motif is more dynamic
than the N-terminus. Projection of eigenvector 2 on 1
indicates a large periodic tertiary structural transition in
C-terminus than the N-terminus of ARM repeat protein
(Figure 5(D)). PCA results suggest that protein has large
concerted motion due to the presence of HTH type struc-
tural motif. Furthermore, to look at cross-correlation and
domain mobility, Gaussian network modelling (GNM)

and normal mode analysis (NMA) were performed
and observed that HTH-type motif at C-terminus part
has anti-correlated motion, more dynamicity than N-
terminus, and both are in opposite direction (Supplemen-
tary Figure 3(C), (F)). Essential Dynamics results are in
agreement with MDS and suggest that structurally
dynamic HTH structural motif might be stabilized by
binding to DNA during ICL DNA repair.

2.7. Structural characterization of HTH-motif

Molecular dynamics indicates that HTH structural motif
is highly flexible. Secondary structure of ARM repeat
was characterized using dictionary of secondary structure
of protein (DSSP). It has been observed that large helix
turn to loop transition is pre-dominant in the HTH motif.
The results obtained from DSSP also corroborates well
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with the results obtained from structural alignment over
the structures extracted from trajectory at different time
points. DSSP analysis of the 80 ns simulation data found
that only HTH structural region showing unfolding at
15 ns, and unable to form stable structure in due course
of simulation (Figure 6(A) and (B)). Thus, it suggests
that HTH-type region has a motif character (Religa
et al., 2007). It is well established that HTH motifs bind
specifically to major groove of DNA (Ohlendorf et al.,
1982). To explore the binding of FANCI ARM repeat
with DNA, we have performed docking analysis and
found that HTH-type region binds to major groove of
DNA (Figure 6(C)). It has also been observed that con-
served amino acids such as GIn, Ser, Glu and Thr (Lus-
combe & Thornton, 2002; Ohlendorf et al., 1982) form
interactions interface between DNA and HTH-type motif
of ARM repeat (Figure 6(D)).

3. Materials and methods

All the used chemicals were of molecular biology grade
and purchased from Sigma—Aldrich, unless otherwise
specified. Protein and buffer solutions were filtered well
and degassed before use.

3.1. Gene cloning, protein expression and purification

FANCI ARM repeat region (985-1207) amino acids was
PCR amplified (Thermocycler, Bio-rad) using cDNA of
full length FANCI (kind gift from Dr Stephen J. Elledge,
Harvard Medical School, USA) as a template. The
forward and reverse primers are 5'-GTCGGATCCGA-
GAACCTGTACTTTCAGGGTCTAGTCACGGTTCTT-
ACCAG-3' and 5'-GTCCTCGAGCTATTAGGGGGTCA-
GATGAGAACCAG-3’, respectively. The forward primer
was designed with the TEV protease site having



8 M. Q. Siddiqui et al.

(A)

Secondary structure

(B)

Residue

40000
Time (ps)
[[]Coil i B-Bridge [l Bend [] Turn [l] A-Helix [l 5-Helix [l] 3-Helix

30000

(€)

Figure 6.

50000

60000 70000 8000

(D) H1 H2 H3 H4

LVIVLTS LSKLLEPSS POFVCMLSWISKICKENSREDALFCKS IMNLLFS LHVSYKS PV I
1 s 10 15 20 25 30 35 40 45 S0 55 60
HS

TSI g SO NN NN
LLRDLSQODIHGHIGDIDODVEVEKTNHFAIVNLRTAAPIVCLIVISQAEKVLEEVOWLIT
61 65 70 75 80 85 90 95 100 105 110 115 120

H6 H7 H8 H9

Y ,
KLKGQVSQETLS EFASSQATLPNQFV EKA I IMOIGTLLTFFHELVQTALPSGSCVDTLLK
121 125 130 135 140 145 150 155 160 165 170 175 180

H10
T IS IS — I IS—
»
DLCKMYTTLTALVRYYLOVCQSSGG I PKNMEKLVKLSGSHLTP
181 185 190 195 200 205 210 215 220

Key:

Sec. strue

Motifs.
Residue contacts.

AP0~ Helces labelied H1. H2. . 3nd srands by their sheets A B
Helx Swand

beta turn ¥ gamma tum

*® to Bgand

(A) DSSP profile of FANCI ARM repeat protein, (B) Superimposed structures in different time points (10—40 ns) of

trajectories showing large structural rearrangement in HTH type motif, (C) Docking profile of FANCI ARM repeat with DNA
do-decamer shows major groove binding mode of putative HTH type motif, (D) Intermolecular interactions analysis profile of docked
pose indicates the conserve residues present at binding interface marked (in red dots).

ENLYFQG amino acids for native protein purification.
PCR product of amplified ARM repeat was sub-cloned
into the pET28a vector (Novagen). ARM repeat cloned
in pET28a was expressed and purified using the E. coli
Rosetta (2DE3) cells (Novagen) by inducing at O.Dggo
between .6—.8, with .4 mM IPTG at 22°C overnight.
Protein was purified in the buffer containing
300 mM NaCl, 50 mM Tris, .1% Triton-X, 5 mM
beta-mercaptoethanol. 6x His-Tag fusion protein was
purified by affinity chromatography (Ni-NTA beads,
Qiagen) and further passed through AKTA FPLC gel
filtration column (Superdex-75) in the 300 mM NaCl,
50 mM Tris, 5 mM B-Mercaptoethanol buffer to get
highly purified protein.

Standard protein markers of known molecular weight
were used to calculate void volume and the total
volume of the AKTA-FPLC column. The experiments
were repeated twice and averaged for elution volume
calculation.

3.2. Chemical cross-linking assay

Purified protein was incubated with .1% glutaraldehyde
and the reaction was terminated in a time-dependent
manner (0, 2.5, 5, 10, 15, 30, and 60 min, respectively)
by adding 5 pl of 1 M Tris pH-8.5. The untreated protein
sample was taken as control. Cross-linked product was
mixed with equal amount of Laemmli buffer and anal-
ysed on 12% SDS-PAGE gel.

3.3. Limited proteolysis and mass spectrometry

Purified protein (1 mg/ml) was treated with trypsin in
time-dependent manner with their final concentration of
10 pg/ul and untreated protein was taken as control.
Reaction mixture was incubated at 37°C (trypsin) for dif-
ferent time period 1, 5, 10, 15, 30, 60 and 180 min.
Reactions were terminated by adding 2 pl of 200 mM
PMSF (Sigma—Aldrich). Samples were heated with
laemmli buffer at 85°C for 5 min and analysed on



SDS-PAGE gel by coomassie staining. Band correspond-
ing to 14 kDa was considered as stable fragment and
was subjected to trypsin digestion followed by mass
spectrometry (MALDI TOF-TOF Ultraflex-Il from
Bruker Daltonics, Germany) in which peptides were cap-
tured with high sensitivity at attomole range for peptide
mass fingerprinting. Domain of interest was identified by
Mascot analysis with Bio Tool software (Bruker
Daltonics).

3.4. Dynamic light scattering

FANCI ARM repeat at a concentration of (1 mg/ml) was
filtered (.22 pm) and degassed at 4°C prior to all DLS
measurements. Malvern zeta-sizer was used to study the
oligomeric characteristics of protein at different tempera-
tures. Wyatt DynaPro NanoStar was also used for DLS
experiment.

3.5. Circular dichroism and fluorescence spectroscopy

CD polarimeter (Jasco J-815, Japan) in the far-UV range
(A =190-260 nm) was used to characterize the secondary
structure pattern of protein. Averages of seven spectra
were taken for final representation in mean residual ellip-
ticity. Further, averaged spectrum was used for secondary
structure quantification using K2D3 server (Louis-Jeune,
Andrade-Navarro, & Perez-Iratxeta, 2012). For thermal
denaturation experiment spectra were recorded from 10
to 50°C with 2°C temperature interval.

Micro-environment of tryptophans (intrinsic fluo-
rophore) at the hydrophobic core of the protein was
monitored by fluorescence spectrophotometer (Horiba,
Japan) at the excitation wavelength of A =295 nm. The
emission spectra were recorded from A =310 to 450 nm.
For thermal and chemical unfolding experiments, 10 pM
protein was used to record the spectra.

3.6. DNA binding by EMSA

DNA-binding activity of FANCI ARM repeat protein
was determined using EMSA as described earlier
(Rajpurohit & Misra, 2013). Eighty-two nucleotide long
random sequence oligonucleotide was used as dsDNA
substrate, and was made by annealing with its comple-
mentary strand (Table 3). The dsDNA were labelled with

Table 3. Radioactive labelled probe DNA sequences.

ARM repeat of human-FANCI 9

[**P] YATP using polynucleotide kinase and purified by
G-25 column. The .2 pmol of labelled probe (dsDNA)
was incubated with increasing concentrations of FANCI
ARM repeat protein in 10 pl of the reaction containing
buffer 35mM Tris-HCl, pH 7.5, 2.5mM MgCl,,
25 mM KCI, 1 mM ATP and 1 mM DTT for 20 min at
37°C. Products were analysed on a 6% native polyacry-
lamide gel, and signals were recorded by autoradiogra-
phy. DNA band intensity either in free form or bound to
protein was quantified using GelQuant software (http://
biochemlabsolutions.com/GelQuantNET.html). Per cent
bound fraction of DNA was plotted against protein con-
centration using GraphPad Prism 5 (http://www.graph
pad.com/scientific-software/prism/) and Kd for curve
fitting of individual plot was determined.

3.7. Molecular modelling, principal component
analysis and NMA

FANCI sequences from 985 to 1207 amino acids were
retrieved from UniProtKB (Uniprot ID: Q9NVII1) and
submitted to Robetta server for 3D model building
(Kim, Chivian, & Baker, 2004). Steriochemical refine-
ment of Ramachandran outliers present in the model
was performed by ModLoop server (Fiser & Sali,
2003). Further, refined model was validated by SAVES
server (http://services.mbi.ucla.edu/SAVES/) and Protein
Structure analysis (ProSA) (Wiederstein & Sippl, 2007)
(Supplementary Figure 2(E)). Validated model was
used for MDS studies by GROMACS 4.5.5 with
implementation of OPLS-AA/L force field (Hess,
Kutzner, van der Spoel, & Lindahl, 2008; Kaminski,
Friesner, Tirado-Rives, & Jorgensen, 2001). The sys-
tems were solvated using TIP3P water modelin a
cubic box with periodic boundary conditions. Further-
more, counter-ions were added to neutralize the sys-
tem. The systems were first energy minimized using
steepest descent algorithm with a tolerance of
1000 kJ/mol/nm. Electrostatic interactions were calcu-
lated using particle-mesh Ewald summation (Abraham
& Gready, 2011) with 1 nm cut-offs. Columbic interac-
tions and van der Waal’s interactions were calculated
with a distance cut-off of 1.4 nm. System was equili-
brated by applying positional restraints on the structure
using NVT followed by NPT ensemble for 100 ps
each. Temperature of 300 K was coupled by Berendsen

1. 82F

5'GAATTCGGTGCGCATAATGTATATTATGTTAAATCATGTCC-

EMSA

CTGCCCCAATATAAACCAAGCGTATGCAGTAAGCTTCGATC3'

2. 82R

5’ EMSA

GATCGAAGCTTACTGCATACGCTTGGTTTATATTGGGGCAGG-
GACATGATTTAACATAATATACATTATGCGCACCGAATTC3'
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thermostat with pressure of one bar using SHAKE
algorithm (Ryckaert, Ciccotti, & Berendsen, 1977). The
equilibrated systems were subjected to 80ns of
production run with time-step integration of 2fs. The
trajectories were saved at every 2ps and analysed
using Gromacs 4.5.5. RMSD, RMSF, radius of gyra-
tion (Rg), hydrogen bonds, SASA and DSSP (Kabsch
& Sander, 1983) were analysed. Cross-correlation for
PCA (Amadei, Linssen, & Berendsen, 1993) was per-
formed. Eigenvector and Eigenvalues were calculated
after diagonalizing the covariance matrix. Trace of
co-variance matrix was calculated by adding up all the
eigenvalues. The eigenvalue calculated was plotted for
each eigenvector to understand the dynamics. NMA,
anisotropic network modelling and Gaussian network
modelling were performed using R 3.2 package and
ProDy (Protein Dynamics 1.7), respectively (Bahar,
Erman, Jernigan, Atilgan, & Covell, 1999; Grant,
Rodrigues, ElSawy, McCammon, & Caves, 2006)

3.8. Docking studies

Molecular docking studies were performed using HAD-
DOCK server (de Vries, van Dijk, & Bonvin, 2010). The
structure of the DNA do-decamer (PDB ID: 1BNA) was
downloaded from the protein data bank (http://www.rcsb.
org./pdb). Both the ligand and the receptor were made in
the PDB format. Prior to docking, all hetero atoms were
removed from ligand and receptor. Docked pose of best
HADDOCK score was selected. Intermolecular interac-
tions were analysed by LigPlot (Laskowski & Swindells,
2011), PDB SUM generation (http://www.ebi.ac.uk/thorn
ton-srv/databases/pdbsum/Generate.html) and visualized
using the PyMOL molecular graphics software. (http://py
mol.sourceforge.net/).

Supplementary material

The supplementary material for this paper is available
online at http://dx.doi.10.1080/07391102.2016.1235514.
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Fanconi anemia (FA), a cancer predisposition syndrome exhibits hallmark feature of radial chromosome
formation, and hypersensitivity to DNA crosslinking agents. A set of FA pathway proteins mainly FANCI,
FANCD2 and BRCA2 are expressed to repair the covalent crosslink between the dsDNA. However, FA,
BRCA pathways play an important role in DNA ICL repair as well as in homologous recombination repair,
but the presumptive role of FA-BRCA proteins has not clearly explored particularly in context to func-
tion associated protein-protein interactions (PPIs). Here, in-vivo, in-vitro and in-silico studies have been

llf;?; :Z?r:fgrotein interactions performed for functionally relevant domains of FANCI, FANCD2 and BRCA2. To our conclusion, FANCI
Cue domain ARM repeat interacts with FANCD2 CUE domain and BRCA2 C-terminal region. Interestingly, FANCD2
ARM repeat CUE domain also interacts strongly with BRCA2 C-terminal region. Interactions between BRCA2 CTR and

functionally relevant mutations Ser222Ala (cell cycle checkpoint mutant) and Leu231Arg (DNA ICL repair
mutant) present in FANCD2 CUE domain have been analysed. To our finding, these mutations abrogate
the binding between FANCD2 CUE domain and BRCA2 CTR. Furthermore, (1) different domain of FANCI,
FANCD2 and BRCAZ2 are playing important role in PPIs, (2) mutations cause the impairment in the PPIs
which in turn may disrupt the DNA ICL repair mechanism.

FANCI-FANCD2

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fanconi anemia (FA) is a cancer predisposition disorder, charac-
terized by developmental defects and bone marrow failure [1]. The
radial chromosomes and high sensitivity towards DNA crosslink-
ing agents are the hallmark features of FA cells [2]. The DNA
inter-crosslink (DNA ICL) repair mechanism helps to elucidate
the molecular pathogenesis of FA. The Fanconi anemia proteins
repair the DNA inter-crosslink and interact with different pro-
teins involved in DNA double-strand break repair pathway such
as BRCA1, BRCA2 (FANCD1), FANCN (PALB2) and FANC] (BRIP1)
[3-5]. BRCA2 has been involved in DNA double-strand break repair
through homologous recombination [3,6]. The DNA repair pathway
in BRCA2 deficient cells leads to error prone single-strand annealing

* Corresponding author at: Principal Investigator & Scientific Officer ‘F’, Tata
Memorial Centre, Advanced Centre for Treatment, Research and Education in Cancer,
Kharghar, Navi-Mumbai, Maharastra State 410 210, India.

E-mail address: avarma@actrec.gov.in (A.K. Varma).

http://dx.doi.org/10.1016/j.ijbiomac.2017.05.166
0141-8130/© 2017 Elsevier B.V. All rights reserved.

[6]. Furthermore, DNA repair processes such as nucleolytic inci-
sion, translesion DNA synthesis, and homologous recombination
have been co-ordinated by FA/BRCA pathway [3,6]. It was reported
that FANCI, FANCD2 and BRCA2 functions downstream of the FA
core complex, and also perform independent functions in DNA ICL
repair mechanism [7,8].

The C-terminus region of BRCA2 harbors BLAT (BRCA2-motif in
Leishmania, Arabidopsis, and Trypanosoma) domain, which is highly
conserved in divergent species [9]. The BLAT domain includes
BRCA2 region encompassing from 2350 to 2545 amino acids inter-
acts with FANCD2 (1-1102 amino acids). However, FANCD2 lacking
N-terminus residues (1-325) failed to interact with BRCA2 [10].
In addition, BRCA2 proteins with C-terminal truncations were
observed in cell lines derived from FA patients [3]. Thus, it con-
firm the importance of FANCD2 N-terminus and BRCA2 C-terminus
in the protein-protein interactions (PPI). FA proteins particularly
FANCI and FANCD2 form interdependent complexes required for
chromatin association and DNAICL repair. FANCI and FANCD2 com-
prise evolutionarily conserved domains such as armadillo repeat

Please cite this article in press as: M.Q. Siddiqui, et al., Int. ]. Biol. Macromol. (2017), http://dx.doi.org/10.1016/j.ijbiomac.2017.05.166
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Table 1
Bacterial strains and plasmids used in this study.

Bacterial strains Description

E. coli BL21 (DE3)

E. coli Novablue

E. coli DH5a

E. coli Rosetta 2(DE3)
E. coli BTH101

Plasmids
PKNT25
pUT18
pET28a+
PGEX4T-1

B strain, fhuA2 (lon) ompT gal (ADE3)(dcm) AhsdS i21 Anin5

end A1 hsd R17(rK12~ mK12+) supE44 thi-1 recA1l gyrA96 relAl lacF [proA* B* lacl9 ZAM15::Tn10] Tet®
fhuA2 A(argF-lacZ)U169 phoA ginV44 @80 A(lacZ)M15 gyrA96 recAl relAl endAl

F~ ompT hsdSg(rg— mp—) gal dcm (DE3) pRARE2 (CamR)

F, cya-99, araD139, galE15, galK16, rpsL1 (StrR), hsdR2, mcrA1 mcrB1, relAl

Origin of replication from pSU40. N-terminal fusion with T25 adenylate cyclase fragment, 3.4 kb, Kanamycin resistance
colE1 origin of replication from pUC19. N-terminal fusion with T18 adenylate cyclase fragment, 3 kb, Ampicillin resistance
pBR322 origin, f1 origin, lacl coding sequence, T7 promoter, T7 transcription start, His-TAG, T7 terminator

PpBR322 origin, GST (N-term), tac promoter, size 4969 bp, Ampicillin resistance

(ARM repeat) in FANCI [11], and coupling of ubiquitin conjugation
to endoplasmic reticulum domain (CUE domain) in FANCD2 [12].
The FANCD2 CUE domain plays an important role in interaction
with monoubiquitinated FANCI, and thereby maintains the protein
stability [12].

The FANCI and FANCD2 also known to interact with BRCA2
[3-5,10,12] (Supplementary Fig. 1). Two functionally relevant
mutations have been identified in FANCD2 CUE domain, first cell
cycle checkpoint mutant (Ser222Ala) [13,14] and second DNA ICL
repair mutant (Leu231Arg) [15]. Considering the importance of
mutations, and functional diversity of different domains present in
FANCI, FANCD2 and BRCA2, we decided to systematically evaluate
protein-protein interactions between FANCI ARM repeat, FANCD2
CUE domian (FD2 CUE) and BRCA2C terminal region (BRCA2 CTR).
We also analysed the interactions of mutated FANCD2 CUE domain
(Ser222Ala and Leu231Arg) with BRCA2 C-terminal region, using
multi model in-vivo, in-vitro and in-silico approach.

2. Materials and methods

All molecular biology grade chemicals and enzymes were pro-
cured from Sigma Chemicals Company, USA, Roche Biochemicals,
Mannheim, Germany, New England Biolabs, USA and Fermentas
(Thermo Scientific), or unless otherwise stated. Analytical grade
bacterial culture and chemicals: LB medium (Himedia, India, Cat.
No.M575),90 mm (diameter) x 15 mm petri plates (Himedia, India,
Cat. No. PWO008) Molecular biology grade antibiotics: Ampicillin
(Himedia, India, Cat. No. CMS645), Kanamycin (Himedia, India, Cat.
No. TC136), Chloramphenicol (Himedia, India, Cat. No. TC204) and
[3-p-Isopropyl thiogalactopyranoside (IPTG) (MP biomedicals, USA,
Cat. No. 102101) and Bacterial plasmid DNA isolation kits: Mini-
prep kit (Qiagen, Germany, Cat. No.27106), Plasmid DNA Maxi prep
kit (Qiagen, Germany, Cat. No. 12163), Polymerase Chain Reaction
extraction kit (Qiagen, Germany, Cat. No. 28106) and Agarose Gel
DNA extraction kit (Qiagen, Germany, Cat. No. 28706).

2.1. Bacterial strains, plasmids and materials

cDNA of FANCI, FANCD2 and BRCA2 were generous gift from
Prof. Stephen Elledge and Prof. Markus Grompe, USA respectively.
The E. coli strains DH5a and NOVABLUE were used for molecu-
lar cloning. Bacterial strain E. coli BL21 (DE3) pLysS and Rosetta
2(DE3) were used for expression the proteins. E. coli BTH101
was used for co-expression of the respective interacting part-
ners for in vivo protein—protein interaction studies. The pET28a(+),
pGEX4T-1, pUT18 and pKNT25 expression vector were preserved
in E. coli DH5a/NOVABLUE strains (Table 1). Selectable antibiotic
markers Ampicillin (100 mg/ml), kanamycin (50 mg/ml) and chlo-
ramphenicol (34 mg/ml) were used as required. Recombinant E. coli
harbouring expression vectors and their derivatives were grown
in the presence of respective antibiotics. All recombinant tech-
niques, expression and purification of proteins were performed as
described earlier [16-18].

2.2. Construction of expression plasmids, cloning and site
—directed -mutagenesis

Construction of recombinant plasmids for the expression and
purification of proteins were made as described earlier [16-18].
FANCI (985-1207), FANCD2 (1-254) and BRCA2 (2350-2545) amino
acids region were PCR amplified using respective human cDNA
template and specific primers (Table 2). PCR amplicons and vec-
tors were digested by restriction enzyme (RE) such as BamHI,
EcoRI, Kpn1 & Xhol, as required and sticky ends were ligated,
using ligation reaction. Further, recombinant clones were con-
firmed by double RE digestion and DNA sequencing. Details of
bacterial strains, plasmids and primers used in this study are
given in Tables 1 and 2. To study the protein-protein interactions,
in vivo and in vitro, FANCI (985-1207), FANCD2 (1-254) and BRCA2
(2350-2545) amino acids region were PCR amplified using gene
specific primers with required restriction sites and incorporated in

Table 2
List of the primers used in this study.
S.No. Name of Primer Primer Sequence (Forward & Reverse) Vector
1 FILARM_BTH_F 5'GCGGATCCGGCAGCTCTAGTCACGGTTCTTACCAG 3’ pUT18
2 FI.ARM_BTH_R 5'CGGGGTACCGCGGCCGCGGGGGTCAGATGAGAACCAG 3’ pUT18
3 FD2_CUE_BTH_F 5'GCGGATCCGGCAGCTATGGTTTCCAAAAGAAGACTG 3’ pUT18
4 FD2_CUE_BTH-R 5'CCGGAATTCGCGGCCGCAAGTCGGAGGCTTGAAAG 3’ pUT18
5 BRCA2_BTH.F 5'GCGGATCCGGCAGCTACCGCACCTGGTCAAGAATTTCTG 3’ pKNT25
6 BRCA2_BTH.R 5'CCGGAATTCGCGGCCGCAACGCCATACGTATA 3’ pKNT25
7 FD2_CUE_F 5'GTCGGATCCGAGAACCTGTACTTTCAGGGTATGGTTTCCAAAAGAAGACTG 3’ pGEXA4T-1
8 FD2_CUER 5'GTCCTCGAGCTATTAAAGTCGGAGGCTTGAAAGGAC 3/ pGEX4T-1
9 FD2_CUE_SA_F 5" ATCCTAGGGGATGCCCAGCACGCTGAT 3’ pGEXA4T-1, pUT18
10 FD2_CUE_SAR 5" ATCAGCGTGCTGGGCATCCCCTAGGAT 3 pGEXA4T-1 pUT18
11 FD2_CUE_LR_F 5" GTGGGGAAAGAACGCAGTGACCTACTG 3’ pGEX4T-1, pUT18
12 FD2_CUE_LR_R 5" CAGTAGGTCACTGCGTTCTTTCCCCAC 3’ pGEX4T-1, pUT18
13 BRCA2_F 5 GTCGGATCCGAGAACCTGTACTTTCAGGGTACCGCACCTGGTCAAGAATTTCTG 3’ pET28a+
14 BRCA2R 5'GTCGAATTCCTATTAAACGCCATACGTATACAGCTG 3’ pET28a+

Please cite this article in press as: M.Q. Siddiqui, et al., Int. ]. Biol. Macromol. (2017), http://dx.doi.org/10.1016/j.ijbiomac.2017.05.166
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BTH pUT18 and pKNT25 vectors and pET28a+, pGEX4T-1 vectors
(Tables 1 and 2).

2.3. invivo protein—protein interaction studies

In vivo interactions of different proteins were monitored using
bacterial two-hybrid system (BACTH) as described earlier [19-21].
In brief, cloned recombinant plasmids FANCI (985-1207), FANCD2
(1-254) and BRCA2 (2350-2545) amino acids from human cDNA
template were cloned in bacterial two-hybrid plasmids pUT18 and
pKNT25 and a series of recombinant plasmids were generated as
given in Table 2. These constructs were co-transformed in E. coli
BTH101 host in different combinations and interactions between
co-expressing recombinant proteins were detected by spotting
recombinant cells on LB agar plates supplemented with appro-
priate antibiotics. These cells were grown overnight in triplicates,
and 5 pL of it was spotted on LB agar plate containing 5 bromo 4
chloro-3-indolyl-3-p-galactopyranoside (X-Gal) (40 pg/ml), IPTG
(0.5mM) in the presence of antibiotics as required. Spotted LB-X-
Gal-IPTG plates were further incubated at 30°C overnight and the
appearance of blue-white colour colonies were analysed. In paral-
lel, an aliquot of the same culture was grown in LB broth overnight
in 0.5 mM IPTG with appropriate antibiotics, and 3-galactosidase
activity was measured from liquid cultures. In brief, the cultures
were further diluted 1:4 into LB broth medium and optical den-
sity at A =600 nm was normalized. 100 p.L of cultures were mixed
with 400 pL Z- buffer (60 mM Na,HPO4, 40 mM NaH,PO4, 10 mM
KCl, 10mM MgSO4, 50 mM [-mercaptoethanol pH 7.0). Further,
0.01% SDS and 20 pL chloroform were added to permeabilize the
cells. Cell debris were removed and enzymatic activities were mea-
sured in triplicates with 50 wL of clear supernatant using 0.4%
O-nitrophenyl-8-p-galactoside (ONPG) as a substrate. For the first
set of bacterial two-hybrid experiment Synergy H1 Hybrid Multi-
mode Microplate Reader (Biotek, USA) was used, and for the second
set of experiment BMG-Labtech Microplate reader (Germany) was
used.

2.4. Invivo protein-protein interaction statistical analysis

The B-galactosidase activity was calculated and plotted with P
value in Miller units using Graphpad Prism (www.graphpad.com/
scientific-software/prism/). [3-Galactosidase activity (units/mg
protein) was calculated as mean+SD (n>2). The significance
differences were analysed using Student’s t-test, and P values,
obtained at 95% confidence intervals, and are shown as (*) for <0.05,
(**) for <0.01 and (***) for <0.001.

2.5. in vitro protein-protein interactions studies

FANCD2 (1-254), FANCD2 Ser222Ala, FANCD2 Leu231Arg and
BRCA2 (2350-2545) cloned in pGEX4T-1 and pET28a+, vectors,
as previously described [18,22,23]. Desired constructs were co-
transformed for recombinant proteins expression with BRCA2
(2350-2545) in chemically competent E. coli Rosetta 2(DE3) cells.
The overnight grown culture of E. coli Rosetta 2(DE3) harbour-
ing different constructs were diluted 1:100 in fresh LB broth and
incubated at 37°C, using shaking incubator at 200rpm till OD
(A =600nm) reaches 0.6-0.8. The culture was induced by the addi-
tion of 0.4mM IPTG (Isopropyl B-D thio-galactoside) for 16 h at
21°C. Cells were lysed in buffer containing 300 mM NaCl, 50 mM
Tris, 0.1% triton-X, 5mM beta-mercaptoethanol, pH 8.0, protease
inhibitor cocktail (Sigma) and sonicated. Sonicated cell lysate was
centrifuged at 15,000 rpm for 40 min at 4 °C. Clear cell supernatant
was allowed to pass from GST resin, on Snapcap column (Thermo-
Fisher). Bound protein was eluted in the buffer containing 20 mM
glutathione, 100 mM Nacl, 25 nM Tris, pH 8.5. Eluted samples from

Snapcap column (Thermo-Fisher) were mixed with laemelli load-
ing buffer, and heated at 95°C for 5min before loading onto 12%
SDS-PAGE gel, the gel was stained using coomassie brilliant blue.
Protein identification using mass spectrometry was carried out as
described earlier [18,22,23].

2.6. Insilico protein—protein interactions studies

Amino acids sequences of FANCI (985-1207), BRCA2 (2350-
2545) and FANCD2 (1-254) were retrieved from UniprotKB (http://
www.uniprot.org/). Molecular modelling of BRCA2 (2350-2545)
was performed using FALCON (http://protein.ict.ac.cn/FALCON/),
however, FANCI (985-1207) & FANCD2 (1-254) were modelled as
described earlier [18,22,23]. The molecular models were validated
by SWISS model workspace encompassing the package of Anolea,
DFire, QMEAN, Gromos, DSSP, Promotif and ProCheck (http://
swissmodel.expasy.org/workspace/). Ramachandran plot ensuring
that all the amino acids were present in allowed and generously
allowed regions. Stereo-chemical details of the FANCI ARM repeat
(Ramachandran plot: 95.1% core region, 3.4% allowed region, 1.5%
generously allowed, 0.0% disallowed region), FANCD2 CUE domain
(Ramachandran plot: 91.1% core region, 8.9% allowed region, 0.0%
generously allowed region, 0.0% disallowed region) and BRCA2
CTR (Ramachandran plot: 81.7% core region, 16.0% allowed region,
2.3% generously allowed, 0.0% disallowed region). HADDOCK were
used for molecular docking [24,25] that is based on experimental
data driven Monte Carlo approach [24,25]. The best-scored dock
complex from HADDOCK was selected and visualizes by PYMOL
or UCSF chimera. LigPlot analysis and PDBSum (http://www.ebi.
ac.uk/thornton-srv/databases/pdbsum/Generate.html) tools were
used for calculating the interface areas in the docked clusters.

3. Results and discussion

Studies of protein-protein interactions are the underlying
mechanism through which cells maintain its structural integrity
and functions. And when a cell encounters any stress, many pro-
teins which are differentially expressed are recognized as sensors,
mediators, and effectors [3,26,27]. In the context of DNA ICL repair,
it is known that FANCI, FANCD2, and BRCA2 known to interact as
observed in STRING analysis (Supplementary Fig. 1).

3.1. In-vivo protein-protein interaction studies of BRCA2
C-terminal region with FANCI ARM repeat, FANCD2 CUE domain
and mutants

Bacterial two-hybrid assays were performed to evaluate the
interactions between FANCI ARM Repeat (985-1207 aa), FANCD2
Cue domain (1-254 aa) and BRCA2C terminal region (2350-2545
aa). In the first set of experiment, It has been observed that FANCI
ARM repeat (FI ARM) shows interactions of 100.10 4 24.90 Miller
Units with FANCD2 CUE domain (FD2 CUE) in 3-Galactosidase assay
(p=0.005). (Fig. 1A and B). However, in the case of FI ARM and
BRCA2 C-terminal region (BRCA2 CTR), the Miller Units was sig-
nificantly higher (206.09 +£9.11, p<0.0001). We also observed an
increment in Miller Units 1349.27 + 289.65 between FD2 CUE and
BRCA2 CTR (p <0.0001) which suggests that FD2 CUE has a strong
interaction with BRCA2 CTR (Fig. 1A and B). Furthermore, we have
evaluated the PPIs of functionally relevant mutations Ser222Ala
and Leu231Arg present in FD2 CUE domain with BRCA2 CTR. In
the second set of experiment, a decrease in the interactions of
mutants Ser222Ala, Leu231Arg with BRCA2 CTR compare to wild
type (21788.06 +5473.40 Miller Units, p=0.0460) were observed
(Fig. 2A and B). However, binding interaction has been impaired
in Ser222Ala mutant (10609.54 4+ 1156.80 Miller Units, p=0.0169)
compared to Leu231Arg mutant (15785.2 +3028.03 Miller Units,
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Fig. 1. In-vivo protein-protein interaction studies of (A and B) FANCI ARM Repeat, FANCD2 CUE Domain and BRCA2 C- Terminal region (CTR), 1 = FANCI ARM Repeat+ FANCD2
CUE Domain, 2 = FANCI ARM Repeat+ BRCA2 CTR, 3 = FANCD2 CUE Domain+ BRCA2 CTR. 4 = Cells co-expressing pUT18 and pKNT25 tag empty vectors were used as negative
control, and 5 = FtsA-T18 and FtsZ-T25 protein was used as positive control, 3-Galactosidase activity (units/mg protein) is shown here as mean 4 SD (n > 2) and the significance
differences was analysed using Student’s t-test, and P values obtained at 95% confidence intervals are shown as (*) for <0.05, (**) for <0.01 and (***) for <0.001.

. LR
Hl SA
A I Negative Control
( ) (B) . I Positive Control/BRCA2
—
30000 =
1 |
5 £ 20000+
[
2 *
] ] —
< 10000+
4
0+
\?' X &«"\ §
® &
<
$
O &
¥ N
(‘é
00
2
&

Fig. 2. In-vivo protein-protein interaction (A and B)studies of FANCD2 CUE Domain wild type, FANCD2 CUE Ser222Ala, and FANCD2 CUE Leu231Arg with BRCA2 C- Terminal
region, 1=FANCD2 CUE Leu231Arg+BRCA2 CTR, 2 =FANCD2 CUE Ser222Ala+ BRCA2 CTR, 3 = Negative control (pUT18 and pKNT25 tag empty vectors), and 4=FANCD2 CUE
wild type+ BRCA2 CTR (in and as positive control). Cells co-expressing pUT18 and pKNT25 tag empty vectors were used as negative control, and FANCD2 CUE Domain wild
type pUT18 and BRCA2-CTR-pKNT25 protein was used as positive control, b-Galactosidase activity (units/mg protein) is shown here as mean + SD (n > 2) and the significance
differences was analysed using Student’s t-test, and P values, obtained at 95% confidence intervals are shown as (*) for <0.05, (**) for <0.01 and (***) for <0.001.

p=0.0335) (Fig. 2B). The data revealed that point mutations abro-
gate the protein—protein interaction between FD2 CUE domain and
BRCA2 CTR. The first and second sets of experiments were per-
formed independently twice for biological and technical duplicates.

3.2. In-vitro protein—protein interaction studies of BRCA2
C-terminal region with FANCD2 CUE domain and mutants

In DNA ICL repair, different proteins of FA-BRCA pathway are
involved, however, FANCD2 and BRCA2 proteins have important
and multiple functions [3]. BRCA2C terminal site also binds with
FANCG/XRCC. Furthermore, BRCA2 and FANCD2, was known to
co-immunoprecipitated in the cellular extracts of Chinese ham-

ster wild type as well as in human cells [10]. Considering the
importance of BRCA2 CTR and FANCD2 CUE, GST-pull down assays
were performed to support the in-vivo protein-protein interactions
between FANCD2 CUE domain and mutants with BRCA2C-terminal
region. It has been observed that FANCD2 CUE domain wild type
interacts with BRCA2C-terminal region with high affinity as promi-
nent bands were observed (Fig. 3B). However, mutants Ser222Ala
and Leu231Arg were not able to form strong interactions com-
pared to wild type (Fig. 3B). Noting the similar molecular weight
of FANCD2 CUE (fusion protein ~54 kDa), native protein (~28 kDa),
Glutathione-S- Transferase protein (GST) was ~26 kDa and BRCA2
CTR (~25 kDa), peptide mass fingerprinting using mass spectrome-
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Fig. 3. (A) Schematic presentation of FANCD2 CUE domain and BRCA2 CTR (B) In-vitro protein-protein interaction studies of FANCD2 CUE Domain, FANCD2 CUE Mutants
and BRCA2 C- Terminal region, M = Protein Marker, 1= GST-resin+ GST protein+ BRCA2 CTR, 2 = GST-resin+ BRCA2 CTR, 3 = GST-resin+ GST-Fusion FD2 CUE wild type + BRCA2
CTR, 4=GST-resin+ GST-Fusion FD2 CUE Ser222Ala+BRCA2 CTR, 5= GST-resin+ GST-Fusion FD2 CUE Leu231Arg+ BRCA2 CTR.
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Fig. 4. In-silico protein-protein interaction studies of FANCI ARM Repeat, FANCD2 CUE Domain, FANCD2 CUE Mutants and BRCA2 C- Terminal region, (A)=FANCI ARM+
BRCA2 CTR, (B)=FANCD2 CUE wild type+ BRCA2 CTR, (C)=FAND2 CUE Ser222Ala+BRCA2 CTR and (D) =FANCD2 CUE Leu231Arg + BRCA2 CTR.

try was performed to confirm the protein idenitity (Supplementary
Fig. 2).

3.3. In-silico protein—protein interaction between BRCA2
C-terminal region with FANCI ARM repeat, FANCD2 CUE domain
and mutants

To further support the in-vivo and in-vitro results, in-silico
protein—protein interactions were performed. Binding interfaces
were analysed and reduction in the interacting surface area of
BRCA2 with mutants (Ser222Ala and Leu231Arg) than the wild-
type FANCD2 CUE domain were observed (Fig. 4B-D). Interestingly,
from the docked complex between wild type FANCD2 CUE domain
and BRCA2 CTR, it has been observed that Trp182 of FANCD2 CUE
domain is present specifically at the interaction interface, however
it is absent in both Ser222Ala and Leu231Arg mutants. In gen-
eral, protein-protein interaction hotspots were known to enrich
with tryptophan [28], raising the possibility that Trp182 might be

playing an important role in PPIs. Furthermore, Ser222Ala mutant
showed a significant drop in the number of hydrogen bonds (7
hydrogen bonds) at the protein—protein interface as compared
to Leu231Arg (12 hydrogen bonds) mutant. However, compara-
tively, both the mutants showed significantly lower number of
hydrogen bonds as compared to wild-type FANCD2 CUE domain
(Table 3A). These data suggest that wild-type FANCD2 CUE domain
binds more effectively to BRCA2 CTR compared to Ser222Ala and
Leu231Arg the mutants. Similar findings were also observed from
in-vivo and in-vitro experiments. Since FANCI protein, particu-
larly through ARM repeat is also known to play an important role
in protein-protein interactions in FA-BRCA pathway. Therefore,
FANCI ARM repeat interaction was also analysed with BRCA2C-
terminal region. It has been observed that FANCI ARM repeat
interacts with BRCA2C-terminal region (Fig. 4A). These cumulative
results suggest that FANCI ARM repeat and FANCD2 CUE domain
interact with BRCA2 C-terminal region while mutants (Ser222Ala
and Leu231Arg) abrogates these interactions significantly which
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Table 3
Calculations of protein interfaces.

(A) Interface statistics of BRCA2 (2350-2545) with FD2 Cue domain and mutants

BRCA2 (2350-2545) Salt bridges (In number)

Hydrogen bond (In number) Interface area (A2)

FD2 Cue (wild type) 4
FD2 Cue (Ser222Ala) 4
FD2 Cue (Leu231Arg) 2

(B) Interface statistics of BRCA2 (2350-2545) with FANCI ARM Repeat

20 1041x1046
7 879x909
12 766x795

BRCA2 (2350-2545) Salt bridges (In number)

Hydrogen bond (In number) Interface area (A?)

FANCI ARM 6

13 778x891

in-turn may result in cell cycle checkpoint and DNA ICL repair fail-
ure.

4. Conclusion

The interactions between full-length FANCI and FANCD2, and
FANCD2 with BRCA2 protein have been reported observed ear-
lier by different groups [3-5,10,12], but how the protein-protein
interactions associated to different domains of FA-BRCA pathway
proteins have not been characterized. We have found that FANCI
ARM repeat interacts with FANCD2 CUE domain and BRCA2 C-
terminal region. Moreover, FANCD2 CUE domain interacts potently
with BRCA2 C-terminal region. The interactions between BRCA2
and functionally relevant mutation presentin FANCD2 CUE domain,
Ser222Ala (cell cycle checkpoint mutant) and Leu231Arg (DNA ICL
repair mutant), abrogates the binding ability. However, Ser222Ala
mutant showed a significant drop in interactions compared to
Leu231Arg mutant. These results suggest that, the domain and
regions present in FANCI, FANCD2 and BRCA2 play an important
role in PPIs, and mutations cause the impairment in the PPIs. How-
ever, further study needed to validate it in mammalian cell system,
with specific post translational modifications such as phosphory-
lation and monoubiquitylation. To our conclusion, protein—protein
interactions network between different domains of FANCI, FANCD2
and BRCA2, play an important role in functions associated to PPIs,
which in turn may regulate DNA ICL damage repair mechanism.
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BRCA1 associated ring domain protein 1(BARD1) is a tumor suppressor protein having a wide role in
cellular processes like cell-cycle checkpoint, DNA damage repair and maintenance of genomic integrity.
Germ-line mutation GlIn 564 His discovered in linker region of BARD1 leads to loss of binding to Cleavage
stimulating factor (CstF50), which in turn instigates the premature mRNA transcript formation and
apoptosis. We have studied the dynamics of ARD domain present in the BARD1 wild-type and mutant
protein in association with CstF50 using biophysical, biochemical and molecular dynamics simulations.
It has been observed that the ARD domain is relatively more flexible than the BRCT domain of BARD1.
Further relative orientations of both the ARD and BRCT domains varies due to the highly flexible nature
of the connecting linker region present between the domains. It has been observed that mutant ARD
domain is more dynamic in nature compared to wild-type protein. Molecular docking studies between
© BARD1 GIn 564 His mutant and CstF50 shows the loss of interactions. Furthermore, domain motion of
. ARD present in BARD1 was stabilized when complexed with CstF50.

BRCAL1 associated ring domain 1 (BARD1) is a binding partner of breast cancer associated protein (BRCA1)"2.
- BARDI comprises different domains including N-terminus ring domain, an ankyrin repeat domain (ARD) and
. two-tandem BRCT domains®. BARD1-BRCA1, RING-RING domain complex is an E3 ubiquitin ligase com-
. plex which is important for many cellular processes like DNA damage repair, cell cycle checkpoint and genomic
© integrity"*®. Mutations associated to breast and ovarian tumors present in the ring domain of BRCA1 impairs
. the protein-protein interactions and complex formation with BARD1%%°. ARD and BRCT domains are con-
. nected via 14 residue linker region and provide binding site for CstF50'"!2. The BARD1 ARD-BRCT domain is
essentially required for homology-directed DNA (HDR) repair, as cells transfected with truncated BARD1 are
unable to carry out HDR". BRCA1-BARD1 complex with Cleavage stimulating factor (CstF50) has pivotal role
. in transcription-coupled DNA-damage repair (TCR)'" 2. CstF50 has 7 Tryptophan-Aspartate (WD-40) repeats
. that interacts to RNA polymerase II (RNAP II) through its N-terminal region'* !> whereas BARD] interacts
. through its 7" WD-40 repeat'® 7. BARD1/BRCA1-CstF50 complex, after UV exposure leads to RNAP II CTD
* degradation'’"" and inhibition of 3end- mRNA processing'® ”-?°. Missense mutations in the BARD1 have been
reported in sporadic cases of ovarian, uterine, and breast carcinoma as well as in patients with familial breast or
ovarian cancer?'?, Germ line mutation Gln 564 His reported in BARD1 disrupts the interactions with CstF50
and p53. BARD1 Gln 564 His mutation affects BARD1 mediated p53-dependent apoptosis and 3’- mRNA pro-
cessing!%21:26,
Multidisciplinary approaches were explored to study the effect of Gln 564 His mutation on the stability of
BARD1 ARD-BRCT domain and interactions with CstF50. Furthermore, protein-protein docking and molecular
* dynamics simulation approach were employed to unravel the effect of mutation on domain dynamics of BARD1
. ARD-BRCT, Gln 564 His mutant and BARD1 ARD-BRCT-CstF50 complex.

Results and Discussion
. Oligomeric behavior of BARD1 ARD-BRCT. To delineate the effect of mutation on the oligomeric
. behavior of BARD1 ARD-BRCT, the purified BARD1 ARD-BRCT wild-type and mutant proteins (Figure 1A,B
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Figure 1. (A and B) Comparative Far -UV and Near -UV, CD spectroscopy profile of BARD1 ARD-BRCT
wild-type and Gln 564 His mutant respectively, (C) Comparative thermal denaturation profile of wild-type and
Gln 564 His mutant protein, (D and E) Comparative chemical denaturation profile of profile of wild-type and
Gln 564 His mutant protein respectively and (F) Refolding profile of CstF50.

Supplementary) were subjected to size exclusion chromatography and dynamic light scattering (DLS). The hydro-
dynamic radii of BARD1 ARD-BRCT wild-type and mutant protein from DLS experiment were 3.3 & 0.45nm
and 3.38 + 0.15 nm respectively which suggest that BARD1 Gln 564 His mutation does not affect the overall
packing within the hydrophobic core of the protein (Figure 1E Supplementary). Both BARD1 ARD-BRCT wild-
type and mutant proteins were eluted in the monomeric elution volume, suggesting their monomeric nature
(Figure 2 Supplementary). Glutaraldehyde cross-linking assay for wild-type and mutant proteins do not show
higher molecular weight conjugates on the 12% SDS-PAGE gel which further support the monomeric nature of
proteins (Figure 3A and B Supplementary).

ARD and BRCT domains of BARD1 are compact and folds independently. CD Spectroscopy (CD)
was performed to explore the effect of mutation on the secondary structure of BARD1 ARD-BRCT. The CD
spectra for wild-type and mutant protein shows that secondary structure of the protein is majorly stabilized by
a-helices because of prominent ellipticity minima at A =208 nm and 222 nm (Fig. 1A). However, the CD spectra
do not show change in the secondary structure of mutant protein which indicates that mutation has no effect
on the secondary structure of the wild-type BARD1 ARD-BRCT protein. However, the absence of characteristic
random coils and 3-sheets are due to the dominant contribution of CD signal from the a-helix portion of the
structure. Additionally, this masking of random coil and (3-sheets can also be due to the disulfide chromophores
present in ARD-BRCT region which strongly contributes to the CD signal in the range of A =215-235nm?” 2.
CD spectroscopy was further performed at near-UV range to investigate the effect of mutation on the tertiary
structure of the protein. Near-UV spectra of wild-type and mutant proteins show peaks at X\ ,,, =295nm and
285nm respectively, which indicates the hydrophobic microenvironments of intrinsic fluorophores substantiat-
ing the compact 3D structure of the proteins®(Fig. 1B). Furthermore, limited proteolysis profile of wild-type and
mutant protein indicates that ARD and BRCT domain of BARDI are two compact and independently folding
domains (Figure 3C and D Supplementary).

Thermal stability of BARD1 ARD-BRCT. Thermal denaturation was performed to delineate the effect of
mutation on the thermal stability of the BARD1 ARD-BRCT wild-type. Thermal induced denaturation was mon-
itored from 25°C-65°C using CD spectroscopy. The loss in secondary structure was observed at 65 °C for both
the wild-type and mutant proteins (Figure 4A and B Supplementary). The unfolded fraction was calculated by
using change in millidegree ellipticity at A\ =222 nm, which suggest that wild-type and mutant protein unfold via
a two state pathway in a co-operative manner. The T, calculated for wild-type and mutant were 45.6 £ 0.60 °C and
45.2+0.42°C respectively, which further suggest that mutation does not drastically affect the thermal stability
of the BARD1 ARD-BRCT wild-type (Fig. 1C). Chemical denaturation induced by GuHcl was monitored using
fluorescence spectroscopy. Fluorescence emission maximum at \,,,, = 340 nm for wild-type and at \,,,, =341 nm
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Figure 2. (A) Representative molecular model of BARD1 ARD-BRCT wild-type, (B) Comparative structural
alignment profile of BARD1 ARD-BARDI1BRCT wild-type (Navy Blue) and Gln 564 His Mutant (Yellow) and
(C) Molecular Model structure of CstF50.

for mutant indicate that proteins are in folded conformation. However, at 1.8 M GuHcl concentration signifi-
cant blue-shifts in the emission maxima was observed for wild-type at \,,,, = 335nm and mutant at A =336 nm
respectively. Wild-type and mutant completely unfold at 6 M GuHcl as indicated by the emission maximum at
Amax = 348 nm. These observations suggest that wild-type and mutant unfold via an intermediate molten globule
formation (Fig. 1D and E), and (Figure 4C and D Supplementary).

Furthermore, to investigate the molecular interactions between CstF50 and BARD1, we have expressed
His-tagged CstF50 in bacterial system that expressed mostly in inclusion bodies (Figure 1C and D
Supplementary). Hence 6XHis tagged fused CstF50 protein was extracted using 8 M urea, and then further
refolded in the buffer D (50 mM Tris, pH 6.2, 500 mM NaCl, 0.1% triton, 10% glycerol pH 7.2, 2mM EDTA,
700 mM arginine, 100 mM KCI, 50 mM MgCl,, 100mM CaCl, and 5mM DTT) containing Arginine. Refolding
pattern of CstF50 protein was further confirmed by fluorescence spectroscopy. The fluorescence spectroscopy
profile for denatured CstF50 in 8 M urea shows an emission maximum at X\, = 347 nm, however, folded protein
shows a blue-shifted emission maximum at X\, = 337 nm, which indicates complete burial of tryptophans in the
hydrophobic core of the protein (Fig. 1F). Furthermore, good quality CD spectra could not be achieved because
arginine hydrochloride present in buffer D interfered with the measurement®®*!. An attempt to dialyze out argi-
nine hydrochloride resulted in precipitation of CstF50 protein.

CstF50 stabilizes the ARD domain of BARD1: In-silico approach. To understand the function asso-
ciated to protein-protein interactions for BARD1-CstF50 complex, BARD1 ARD-BRCT region and CstF50 were
modeled using Robetta server®> *. This Model of BARD1 ARD-BRCT and CstF50 were further validated by
MolProbity server (Table 1 and 2 Supplementary). The 3-D structure of BARD1 ARD-BRCT which comprises
4, N-terminal ankyrin repeats containing a-helices, a linker, two BRCT repeats containing 3-c helices and three
(- strands (Fig. 2A). BARD1 ARD-BRCT Gln 564 His mutation was generated using SPDB viewer®. The BARD1
ARD-BRCT and Gln 564 His mutant structures were superimposed for direct comparison between wild-type and
Mutant models (Fig. 2B). Modeled structure of CstF50 shows N-terminal helical region and C-terminal 7 WD-40
repeat comprised of beta sheets that fold into a propeller like structure (Fig. 2C).

Normal Mode Analysis (NMA) was performed on the BARD1 ARD-BRCT wild-type and Gln 564 His mutant
structures to investigate the effect of mutation on protein dynamics. First few modes known as a low frequency
modes describe the large domain motion within the protein®. Hence, to understand the structural dynamics
between ARD and BRCT domain, we have selected the 1% lowest frequency mode for BARD1 ARD-BRCT
wild-type and Gln 564 His mutant protein structures (Fig. 3A-D). A large inter-domain motion was observed
between the ARD and BRCT domain of BARDI1. The inter-domain motion is often observed in multidomain
proteins having hinge bending®. The residues at ARD and BRCT domain show high positive correlated motion at
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Figure 3. (A and B) Comparative Normal Mode Analysis and representation of mode 1 profile of BARD1
ARD-BRCT wild-type, (C and D) Gln 564 His mutant protein. (E and F) Comparative deformation analysis
profile of BARD1 ARD-BRCT wild-type and Gln 564 His mutant protein.

the terminal regions. Interestingly, the linker region residues show high anti-correlated motion for the ARD and
BRCT domain residues in wild-type and mutant protein structures. The region of hinge bending and local flexi-
bility were investigated using deformation analysis (Fig. 3E and F). The linker region was found to possess highest
flexibility in both wild-type and mutant (thickness and color intensity) which shows that the linker between
inter-domain region is responsible for large dynamics between ARD domain and BRCT domains.

BARD1- ARD domain motion and CstF50 complex. To understand the function associated to
protein-protein interactions of BARD1-CstF50 complex, and inter-domain motion between ARD and BRCT
domains, the model structure of BARD1 ARD-BRCT, BARD1 Gln 564 His mutant, CstF50 and BARD1
ARD-BRCT-CstF50 complex were simulated for 100 ns under periodic boundary conditions. The RMSD (Root
Mean Square Deviation) profile for BARD1 shows that mutant protein structure exhibits higher RMSD than the
wild-type (Fig. 4A). During the first 5 ns of simulation, RMSD values of wild-type and mutant have increased up
to a value of 5 A. However, after 10 ns, RMSD of wild-type decreases to 3.5 A and mutant increases up to 6.5 A.
At 16 ns, RMSD value for wild-type show sharp increase and reaches up to 8 A. Hence, the mutant structure
RMSD shows only a gradual rise to reach the level of wild-type RMSD (Fig. 4A). Beyond 16 ns, the decrease in the
RMSD up to 4 A for wild-type and mutant structure is indicative of structural stabilization. However, the RMSD
of mutant protein structure remained high as compared to wild-type. After 35ns of simulation, wild-type and
mutant structures are stabilized for next 50 ns. Differences in RMSD were again observed at 98 ns and 96 ns of
simulation for mutant and wild-type structures respectively. To investigate change in the RMSD, 0 ns input struc-
tures were superimposed onto the structure of 16 ns and 98 ns time frame for wild-type and mutant respectively.
The two superimposed structures (Fig. 5A and B) show large ARD domain movement with respect to BRCT
domain for wild-type and mutant protein structures. Superimposed structure of wild-type with input structure
shows that ARD domain rotates about 70° relative to BRCT domain contributing to the RMSD value of 8.55 A.
However, the mutant shows that rotation of ARD domain by 84.4° leading to a RMSD of 9.27 A with respect to the
structure of 0 ns (Fig. 5A and B). The RMSD attained during the entire simulation by ARD domain of wild-type
mutant shows that ARD domain is dynamic in nature comparative to the BRCT domain, which is stable during
entire simulation (Fig. 4C). The RMSD change for ARD domain in mutant protein shows gradual increase but
wild-type ARD domain is stable. Furthermore, 10 superimposed structures extracted for wild-type and mutant
protein at different time points of trajectory show highly dynamic behavior of ARD domain, whereas the BRCT
domain is stable in nature. The ARD domain in mutant shows conformational changes compared to wild-type,
signifying that ARD domain in mutant protein is more dynamic than in wild-type (Fig. 4F and G). However,
RMSD profile for CstF50 structure indicates that CstF50 is compact protein and does not show any changes in
the model structure (Fig. 4B).
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Furthermore, changes in the radius of gyration (R,,,) in a time dependent manner during the course of simu-
lation determines the protein structure compactness®. During the early phase of simulation wild-fype and mutant
did not show any sharp changes in the R,,, but steep rise in the R, was observed at 16 ns in wild-type and at 98 ns
in mutant structure of BARD1. In mutant structure, R, change is significantly higher than that of wild-type,
substantiating the inference that mutation has made the mutant protein dynamic than the wild-type structure
(Fig. 4E).Change in R, is largely due to change in the position of ARD domain relative to the BRCT domain of
BARDI. However, R,,, profile for CstF50 structure indicates that CstF50 has overall compact structure and does
not show any changes in the conformation (Fig. 4D).

Comparative residual RMSF (Root Mean Square Fluctuation) values attained by wild-type and mutant suggest
that the N-terminal ARD domain of BARDI is highly flexible. The linker region (550-568)amino acids in BARD1
ARD-BRCT shows highest RMSF values in wild-type and Gln 564 His mutant structures (Fig. 5C). Hence, to
explore the residual flexibility of BARD1 ARD-BRCT, RMSF structures showing maximum fluctuation from
the trajectory were extracted (Fig. 5D and E). The RMSF structures for wild-type and mutant indicate that ARD
domain is highly flexible, and high value of RMSF is observed for the residues in N-terminal, linker and loop
regions of second BRCT repeat (Fig. 5C,E and F). However, in the CstF50 structure, RMSF indicated two flexible
regions, first at the connecting loops between N-terminal and WD-40 domain, and second at the loop region
between WD1 and WD2 repeat which also corroborates with the residual RMSF plotted for the CstF50 (Fig. 5D
and G).

Furthermore, domain movement of the protein structures have been studied in relation to possible
involvement with protein function®. To probe the collective motion during the simulation, the princi-
pal component analysis (PCA) was performed over the BARD1-ARD-BRCT, Gln 564 His mutant, CstF50
and BARDI1-ARD-BRCT-CstF50 complex trajectories. The Eigenvalues and eigenvectors were calcu-
lated after the diagonalization of the covariance matrix. The area of trace of covariance matrix calculated for
BARD1-ARD-BRCT, Gln 564 His mutant and CstF50 were 487.990 nm?, 714.963 nm? and 540.810 nm? respec-
tively, which indicates that mutant shows more dynamic tertiary structural conformations than the wild-type
protein. Hence, the trajectories for domain motion of BARD1 ARD-BRCT wild-type, Gln 564 His mutant and
CstF50 were projected on the first three eigenvectors. Projection on eigenvector 2 and 1 for wild-type and mutant
protein indicates that mutant protein is more dynamic in nature than the wild-type. Trajectory Projection on
eigenvectors combination 3 and 1, 2 and 1 and 3 and 2 for wild-type (Fig. 6A,B and C) and mutant (Figure 6D,E
and F) indicates that both the structures can attain three major tertiary structure conformations whereas mutant
structure shows higher periodic jump. Further, projection of eigenvectors 3 and 1, 2 and 1 for CstF50 shows that
two major groups of tertiary structural conformation can be attained by the CstF50. The large transitions and
periodic fluctuation between these conformers throughout the trajectory have been observed (Fig. 6G,H and I).

Comparative residual displacement along the Eigenvectors. To investigate the residual fluctua-
tion, first two eigenvector extracted from trajectories of BARD1 ARD-BRCT wild-type, Gln 564 His mutant and
CstF50 were projected on the residues. The plot of projection on eigenvector 1 and 2 of residues for wild-type
(Figure 5A,B Supplementary) and mutant (Figure 5C,D Supplementary) demonstrates concerted residual fluc-
tuation, which shows high flexibility in ARD domain, linker region and loop regions of BARD1 BRCT domain.
Furthermore, eigenvector 1 and 2 were also projected on residue for CstF50 (Figure 5E,F Supplementary). The
projection of eigenvector 1 and 2 show different profile of residual fluctuation and do not shows any similar-
ity. The projection of eigenvector 1 on residue shows flexible loop regions connecting N-ter, WD-40 domain.
On the other hand projection of eigenvector 2 on residues shows stable WD-40 domain but fluctuations in the
N-terminal domain that may be due to the connecting loop regions and untethered N-terminal (Figure 5E,F
Supplementary).

Positive correlation motion of BARD1 ARD domain. Cross correlation for PCA of BARD1 wild-type,
Gln 564 His mutant protein, CstF50 and complex was plotted to investigate the correlated motion within the
proteins. Cross-correlation of PCA indicates high positive correlation within the ARD domain. The residues
within the ARD domain show strong negative correlation with the linker region which is in consistent with
the NMA results (Fig. 7A,B). Comparatively, BARD1 wild-type shows higher positive correlation motion within
the ARD domain and linker region residues as compared to the mutant protein. Furthermore, mutation has
also affected the positive correlation within the BRCT repeat as wild-type shows higher positive correlation
within the N-terminal BRCT and C-terminal repeat residues. CstF50 cross-correlation for PCA indicates that
the N-terminal residues show little positive correlation within themselves as compared to the WD-40 repeat
domain, which shows very high positive correlated motion within their domain (Fig. 7C). However, BARD1
ARD-BRCT-CstF50 complex cross-correlation for PCA indicates increased positive correlated motion within
the N-terminal residues and WD-40 repeat for CstF50 in complex as compared to native condition. Furthermore,
higher positive correlation is also observed in the ARD domain as well as BRCT domain in complex compared to
the BARD1 ARD-BRCT alone (Fig. 7D).

Protein-Protein Interactions between BARD1 ARD-BRCT and CstF50. The minimum free energy
model structures of BARD1 ARD-BRCT, Gln 564 His mutant and CstF50 were selected for protein-protein dock-
ing studies (Figure 6A,B and C Supplementary). It is well established that 7" WD 40 (395-431) repeat domain of
CstF50 is required to establish BARD1 complex?. The Gln at 564 to His mutation reduces the binding affinity of
CstF50 to BARD1Y. Therefore, we considered BARD1 Gln 564 as an important residue for interaction study with
CstF50. In-silico docking was performed to understand the residual interactions between BARD1 ARD-BRCT,
Gln 564 His mutant with CstF50. In the intermolecular interface of BARD1-CstF50 complex, glutamine 564
of BARD1 ARD-BRCT forms hydrogen bond with Asn 409 and Tyr 425 of CstF50, and also participates in
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Figure 6. (A,B and C) Comparative Eigenvector projection profile of BARD1 ARD-BRCT wild-type (D,E and
F) Gln 564 His mutant protein respectively (G,H and I) CstF50 respectively.

non-hydrogen bonding interactions with Tyr 425, Asn 409, Pro 410, and Thr 408 of CstF50. The other BARD1
residues Thr 562 and Gly 563 also form hydrogen bonds with Thr 430, Tyr 425 and Ser 428 of CstF50 respectively
(Figure 7A and B Supplementary). However, in the BARD1 Gln 564 His mutant-CstF50 complex, BARD1 His 564
lost hydrogen bonding interactions but forms non-covalent interactions with Gly 394 and Leu 395 of the CstF50
(Figure 7C and D Supplementary). The BARD1 Thr 562 was found to be involved in the non-covalent interactions
with CstF50 Glu 100. Loss of weak intermolecular interactions in case of mutant rationalizes the loss of binding
affinity between mutant BARDI and CstF50 (Figure 7D Supplementary).

Binding Interface of BARD1 ARD-BRCT and CstF50 complex. To determine the stability of BARD1
ARD-BRCT-CstF50 complex molecule we have simulated the structure for 100 ns to analyze the comparative
RMSD, RMSE R,,, and hydrogen bonding (Fig. 8). Comparative RMSD and R, indicate that binding of CstF50
to the BARD1 ARD-BRCT restricts the ARD domain fluctuation relative to the BRCT domain (Fig. 8A and C).
Hydrogen bonding analysis between the linker region and 7 WD-40 domain was performed to analyze the domain
stability of complex (Fig. 8B). It was found that BARD1 ARD-BRCT wild-type linker and 7" WD-40 repeat form
stable hydrogen bonds throughout the simulation, thus enabling formation of a stable complex (Fig. 8D). Further,
binding energy and other energy component calculated for BARD1-CstF50 complex for entire simulation indicated
that interaction between BARD1 and CstF50 is stable (Table 4 Supplementary). Interestingly, interactions between
CstF50 and the BARDI linker rigidifies the linker flexibility and thereby controls the architectural placement of the
BARD1 C-terminal domain relative to the N-terminal ARD domain (Fig. 8E). This phenomenon thereby reduce
the relative inter domain flexibility of the ankyrin repeats and BRCT domains. The short length of the linker and
germ-line cancer-predisposing mutations suggest that the relative positioning of ARD and BRCT domains within
BARDL1 is critical in the binding to proteins and functionality of BARD1 (Fig. 8E and F).
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Conclusion

Multidisciplinary approaches were applied to characterize the domain motion and binding affinity between
BARD1 ARD-BRCT, Gln 564 His mutant and CstF50 proteins. It has been observed that the BARD1 ARD-BRCT
Gln 564 His mutant is not affecting the monomeric property, secondary structure, hydrodynamic radii and ther-
mal stability of the wild-type protein. The limited proteolysis of wild-type and mutant confirms that ARD and
BRCT domain are stable and independent folded domains of BARD1 connected by a short stretch of a linker
region. These results from limited proteolysis are consistent with earlier NMR studies which conclude that in
the absence of any interacting protein, the ARD and tandem BRCT region behave as an independent domain in
solution®*!. The thermal unfolding study indicates that BARD1 ARD-BRCT wild-type and mutant unfold via a
two state pathway. However, chemical unfolding of wild-type and mutant suggest that both proteins unfold via a
molten globule intermediate.

The results from NMA and MD simulation substantiates well with the earlier reported short angle X-ray
scattering (SAXS) findings. In solution ARD and BRCT domains sample a wide range of relative orientations
with respect to one another*. The Small Angle X-ray Scattering (SAXS) for BARD1 ARD-BRCT domain shows
two additional features in the p(r) function: a shoulder at r ~40 A and ta1l1ng off of the at r > 90 A%, SAXS
for ARD-BARD1BRCT suggests that Dmax of the domain is around 90 A*2. The RMSD values calculated for
wild-type and mutant are very close (87 A) to the experimental values (r > 90 A)*2. The distance calculated for
wild-type N-terminal ARD domain and C-terminal BRCT domain shows a maximum change of 40 A, which
shows dynamic behavior of the protein due to the flexible linker region. The NMA and deformation analysis
indicate that the linker connecting ARD and BRCT domains makes the wild-type and mutant protein flexible.
MD simulation studies show that ARD domain is highly dynamic than the BRCT domain due to flexible linker
which acts as the connecting bridge between the ARD and BRCT domain of BARDI. Flexibility in linker seg-
ments of the BARD1 ARD-BRCT backbone allow corresponding domain motions to occur with minor structural
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perturbations. The RMSD, R, and RMSF profiles show that BARD1 Gln 564 His mutant protein structure is
more flexible than the wild-type. The relative orientation of ARD domain is significantly affected due to the Gln
564 His mutation. In BARD1 ARD-BRCT domain, flexible linker has different orientation that allows free twist
and rotation of the ARD domain through space which can facilitates the recruitment of CstF50. The mutation
Gln 564 His is present in the disordered flexible linker region of BARD1 ARD-BARD1BRCT domain. Lack of
specific secondary structure provides the accessibility of different orientations to the linker region. The increase
in the relative flexibility may be due to twist in the linker region by histidine. The linker region acts as a binding
region for two large proteins CstF50 and p53. The difference in hydrogen bond donor group in glutamine and
histidine may be the other reason in the loss of BARD1-CstF50 interactions. The results from wild-type, mutant
and CstF50 docking study indicates that glutamine 564 to histidine mutation shows loss in hydrogen bonding
interactions between wild-type and CstF50. To our conclusion, BARD1 Gln at 564 position plays a pivotal role in
the BARD1 ARD-BRCT-CstF50 complex formation. The study further shows CstF50 binding provides rigidity to
the ARD domain of BARDI. Therefore, flexibility in the linker region is immensely required to adopt such unique
orientation to accommodate CstF50 protein.

Material and Methods

All the chemicals used in this study were purchased form Sigma-Aldrich, unless otherwise specified. The buffers
were prepared in double distilled, 0.44 uM filtered Milli-Q water (Millipore, USA). Filtered 0.44 uM (Millipore,
USA) protein and buffer solutions were degassed prior to use.

Protein expression and purification. BARD1 ARD-BRCT (425-777) cloned into a modified pET-6H
vector (generous gift by Dr. Richard Baer, Institute for Cancer Genetics, Columbia University, USA). BARD1
ARD-BRCT wild-type domain was further PCR amplified and cloned into pGEX-KT vector (Amersham) in
such a way that TEV protease site was incorporated between the GST and BARD1 ARD-BRCT. Site directed
mutagenesis was performed to engineer the Gln 564 His mutation in BARD1 ARD-BRCT, and further sequenced
for confirmation. BARD1 ARD-BRCT wild-type and Gln 564 His mutant were expressed in Escherichia coli BL21
(DE3). The GST-BARD1 ARD-BRCT wild-type and Gln 564 His mutant fusion protein were purified using affin-
ity chromatography (GST-sepharose 4B column) in 50 mM Borate buffer, pH 9.0, 300 mM NaCl(Buffer A). The
affinity purified proteins were treated with TEV to remove the fusion tag. Molecular exclusion chromatography
was further performed to achieve high purity and homogenous monomeric population of BARD1 ARD-BRCT
wild-type and Gln 564 His mutant proteins. Superdex-75 column was used for the purification of the BARD1
ARD-BRCT wild-type protein. The Mutant protein was purified using the superdex-200 analytical column.
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Human-CstF50 cDNA was bought from DNASU ¢DNA repository (Arizona state university) was PCR ampli-
fied and cloned in to pET-28a vector (Invitrogen). CstF50 cloned in pET28a vector was expressed in Escherichia
coli BL21 (DE3) cells grown at 37 °C until absorbance at A =600 nm reached a value in between 0.6-0.8, followed
by induction with 0.1 mM IPTG at 18 °C for 18 hrs. Most of the CstF50 was found as insoluble aggregates at
18°C when induced with 0.1 mM (IPTG). The insoluble aggregate of CstF50 was washed with buffer composition
50 mM, 500 mM NaCl, 5% glycerol, 1% sarkosyl, 1% SDS, pH 8 (Buffer B) by resuspending the pellet and again
centrifuging at 18000 r.p.m. After washing, pellet was resuspended in 50 mM, 500 mM NaCl, 8 M urea, 5% glyc-
erol (Buffer C), pH 8 for 5hours to solubilize completely. Then 8M-urea-solubilized-CstF50 was refolded using
buffer 50 mM Tris, 500 mM NaCl, 0.1% triton, 10% glycerol pH 7.2, 2mM EDTA, 700 mM arginine, 100 mM
KCI, 50 mM MgCl,, 100mM CaCl,, and 5mM DTT, pH 6.2 (Buffer D). In the refolding process we have added
10% glycerol and 0.5 M arginine hydrochloride to improve the refolding process*>*.. To overcome the aggregate
formation, high concentration of arginine was used to suppress aggregation of folding intermediates.

Circular - Dichroism spectroscopy. Circular dichroism spectra for BARD1 ARD-BRCT wild-type and
Gln 564 His mutant were collected using 0.1 cm path length sealed quartz cuvette on a JASCO J-715 spectropola-
rimeter (Jasco, Easton, MD), equipped with a JASCO PTC 348 WI temperature controller. BARD1 ARD-BRCT
and Gln 564 His mutant at a concentration of 15pM were scanned in the far- UV (A =180-260 nm) and near-
UV range (A =350-260nm). Seven spectra were collected with 20 nm scan speed at a resolution of 1 nm and,
response time of 1 s was averaged for each experiment. Blank spectra using buffer E (50 mM Borate buffer, pH 9.0,
150 mM NaCl) have been taken under the similar conditions and subtracted from the raw data. The spectra was
recorded at the 25 °C. The results have been expressed terms of molar ellipticity [6] (deg cm?dmol?).

Limited proteolysis. BARD1 ARD-BRCT wild-type and mutant at a concentration of 2 mg/ml were incu-
bated with the 10 bg/ul trypsin in different time intervals of 0, 5, 10, 30, 60 and 120 mins at 37 °C. After incubation,
reaction was terminated by adding 1 mM PMSF (sigma Aldrich). Samples collected at different time intervals
were analyzed over SDS-PAGE gel. BARD1 ARD-BRCT wild-type and Gln 564 His mutant protein untreated with
trypsin were taken as control.

Glutaraldehyde crosslinking. BARD1 ARD-BRCT wild-type and Gln 564 His mutant at a concentration of
0.5 mg/ml in buffer A (50 mM Borate buffer, pH 9.0, 300 mM NaCl) was incubated with freshly prepared solution
of glutaraldehyde (final concentration 0.1%) for 0, 1, 2, 3, 5, 10, 15 and 30 minutes at 37 °C. Crosslinking reaction
was terminated by adding 5 pl of 1 M Tris-HCI, pH 8.0, and the samples were analyzed on 12% SDS-PAGE gel.

Dynamic light scattering. Molecular size measurement and oligomeric behavior of BARD1 ARD-BRCT
wild-type was performed using Malvern Zetasizer (Malvern). BARD1 ARD-BRCT wild-type, Gln 564 His mutant
protein, and buffer were filtered (0.22 um), degassed thoroughly prior to every measurement. BARD1 ARD-BRCT
wild-type protein and mutant protein at a concentration of 1 mg/ml were scanned at an interval of 5 minutes for
15 minutes. The scanning were performed at the 25 °C. The DLS experiments were repeated in three independent
sets.

Thermal and chemical denaturation. Thermal denaturation was monitored by circular dichroism spec-
troscopy. BARD1 ARD-BRCT wild-type and Gln 564 His mutant were allowed to unfold over the temperature
ranges from 20 °C to 70 °C. Further fraction unfolded was calculated at each temperature by using millidegree
ellipticity at X\,,, and data was fitted in to a two state unfolding pathway. BARD1 ARD-BRCT wild-type and
mutant Gln 564 His were allowed to unfold by incubating 2 uM protein in different concentrations of GuHcl
at 10°C for 18 hrs. Chemical denaturation of BARD1 ARD-BRCT wild-type and Gln 564 His mutant were per-
formed at 10 °C and the fluorescence from frequently used fluorophores was monitored using fluorescence spec-
trophotometer (Horiba, USA) at excitation wavelength of A=295nm. BARD1 ARD-BRCT wild-type and Gln
564 His mutant at a concentration of 2 uM was mixed with the GuHcl. The concentration of GuHcl varied from
0M to 6 M, while the protein concentration was fixed at 2 M. Fluorescence emission spectra were recorded over
the range of wavelength X\ =310-400 nm in order of increasing GuHcl concentration, and blank subtraction was
done to increase signal to noise ratio.

Molecular dynamics simulation. The validated Model structures of BARD1 ARD-BRCT wild-type,
mutant Gln 564 His, CstF50 and BARD1-CstF50 complex were subjected to MD simulations using GROMACS
4.5.5%4 software. Protein were solvated with explicit solvent Single Point Charge water, in a cubic box which left
2 A space nearby the solute. The counter ions in the form of Na* and Cl~ ions were added to make the system elec-
trically neutral. Further energy minimization by the steepest descents method was used, and system was coupled
to an external bath using Berendsen’s method. The reference temperature for all simulation was fixed at 300 K.
LINC method was used to constrain all bonds*®*. OPLS-AA force field in GROMACS was used and grid type
neighbor searching was done, and long range electrostatics was controlled using PME**!. During simulations,
the respective energy minimized structures were subjected to a position restrained MD Simulation for 100 ns
with a time step of 2 fs. The trajectories were saved at every 2 ps to form respective trajectories. GROMACS built
in tools were used to calculate RMSD (Root Mean Square Deviation), RMSF (Root Mean Square Fluctuations)
and R,,, (radius of gyration).

Normal mode, Deformation and fluctuation analysis. Normal mode, deformation and fluctuation
analysis were performed to study the domain motion in BARD1 ARD-BRCT wild-type and mutant protein using
R 3.2 bio3D package®~. First five modes were calculated by building the hessian matrix, and further extracted to
explain the relative fluctuation in ARD domain of wild-type and mutant protein.
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Principal component analysis (PCA). PCA reduces the dimensionality of the MD trajectory data and
provides a concise way to visualize, analyze and compare large-scale concerted motions observed over the course
of the simulation. PCA was performed using GROMACS in-built tool g_covar, g_anaeig and covariance matrix
was built after removing net translational or rotational motion of the system by fitting the coordinate data to a
reference structure. Further, diagonalization of the symmetric 3N x 3 N covariance matrix was performed via
eigenvector decomposition method and an orthogonal set of eigenvectors which are also called as functional
“modes” were calculated with eigenvalues.

Molecular docking. BARD1 ARD-BRCT wild-type, Gln 564 His and CstF50 docking was performed using
HADDOCK server 2.0 which uses data-driven method of docking, with support from an extensive variety of
experimental data obtained from diverse biophysical and biochemical experimental method*.

Binding energy calculation. In common term binding free of complex in solvent can be calculated by AG
Binding = Gcomplex— (Giprotein T GLigana)- Free energy and other energy parameters of the complex were calculated by
using molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method in GROMACS 4.5.5 package.
g mmpbsa tool was used to integrate high-throughput molecular dynamics simulation with the estimation of free
energy of interaction®.
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ABRAXAS is an integral member of BRCA1-complex, which helps in its recruitment to the DNA damage site. It inter-
acts with BRCA1 via its C-terminal phospho-peptide binding motif while the N-terminal associates with RAP80, and
thereby recruits the BRCA1-complex at the site of DNA damage. Nonetheless, how ABRAXAS helps in the structural
integrity of BRCA1-complex, and its DNA repair mechanism remains elusive. To elucidate the role of ABRAXAS in
the DNA repair process, we characterized the ABRAXAS wild type and Arg361GIln mutant using in silico and in vitro
approach. It has been observed that ABRAXAS Arg361Gln mutant is responsible for defective nuclear localization of
BRCA1-complex, and hence important for DNA repair function. We found conformational changes in ABRAXAS
mutant, which impaired binding to RAP80 and further disturb BRCA1-complex localization. The results presented in this
paper will help to understand the cause of BRCA1 mislocalization, and various DNA repair defects that occur due to
substitution. Comparative study of ABRAXAS wild type and mutant will provide helpful perspective for inhibitor
designing that can potentially recompense the deleterious effect(s) of Arg361GIln mutation, and have therapeutic

application.

Keywords: structural stability; protein—protein interactions; ABRAXAS; BRCA1; DNA repair

1. Introduction

DNA damage repair is an indispensable phenomenon req-
uisite for maintaining genomic integrity and survival of
living organisms in the biological system (Rouse &
Jackson, 2002; Zhou & Elledge, 2000). Cells repair its
damaged DNA by integrating several processes, including
DNA replication, gene regulation, cell cycle, and apopto-
sis in a complex network of intercommunicating mole-
cules, called DNA damage response (DDR) (Bartek,
Bartkova, & Lukas, 2007; Bartek & Lukas, 2007). DDR
primarily involves three groups of molecules such as sen-
sor, mediator, and effector (Bartkova et al., 2007; Celeste
et al., 2003; Sartori et al., 2007; Shiotani & Zou, 2009a,
2009b). Genotoxic stress causes the double-strand break
(DSB) which leads to activation of ATM/ATR kinases.
This event executes phosphorylation of histone variant
such as H2AX, and MDCI1, and promotes their phosphor-
ylation-dependent interaction (Burma, Chen, Murphy,
Kurimasa & Chen, 2001; Lou, Minter-Dykhouse, Wu, &
Chen 2003; Paull et al., 2000; Rogakou, Pilch, Orr,
Ivanova, & Bonner, 1998). y-H2AX and MDC1 assembly
creates a docking site for E3 ubiquitin ligase complex
UBCI13/RNF8, which further poly-ubiquitinates y-H2AX
(Huen et al., 2007; Kolas et al., 2007; Mailand et al.,
2007). The K-63-linked polyubiquitin chain formed on

v-H2AX is recognized by two tandem Ubiquitin Interact-
ing Motif (UIMs) of adaptor molecule, RAP80 (Huen
et al., 2007; Kim, Chen, & Yu, 2007; Kolas et al., 2007;
Sato et al., 2009; Vikrant, Kumar et al., 2013). RAP80
has a middle ABRAXAS Interacting Region (AIR)
domain through which it interacts with ABRAXAS.
ABRAXAS acts as a bridging molecule in the BRCAI1-
complex which comprises RAP80, ABRAXAS, BRCAI,
MERIT40, BRCC36 and BRCC45 (Badgujar, Sawant,
Yadav, Hosur, & Varma, 2013; Celeste et al., 2003;
Mailand et al., 2007; Sobhian et al., 2007; Vikrant,
Sawant, & Varma, 2014; Wang et al., 2000, 2007).
BRCA1l-complex foci formation is essential for exe-
cution of homologous recombination repair process after
DNA damage. siRNA-mediated knockdown of ABRA-
XAS reduces the BRCAl-complex foci formation after
IR-induced DNA damage (Wang & Elledge, 2007).
RAP80 double mutant lacking UIM and AIR completely
abolishes foci formation, inferring a potential role of
ABRAXAS in BRCAIl-complex formation (Wang &
Elledge, 2007). ABRAXAS and RAP80 knockdown
cells showed defective homologous recombination repair
and become hypersensitive to IR and UV (Kim, Huang,
& Chen, 2007; Wang et al., 2007). Role of ABRAXAS
is also suspected in G2/M check point activation since
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depletion of RAP80 and ABRAXAS displayed defective
cell- cycle check points (Kim, Chen et al., 2007; Wang
et al.,, 2007). ABRAXAS harbors consensus sequence of
pS-X-X-F (pS- phosphoserine, X-any amino acid) bind-
ing motif at its C-terminal, which interact with BRCA1-
BRCT and bring about foci formation (Badgujar et al.,
2013; Vikrant, Kumar et al., 2013). ABRAXAS acts
upstream of BRCAI1 and its knockdown significantly
reduce accumulation of BRCAIl-complex at the DNA
damage site. There are reports that loss of ABRAXAS
or BRCA1 could lead to similar phenotype, thereby pro-
jecting ABRAXAS as an excellent candidate gene for
familial breast cancer study (Liu, Wu & Yu, 2007,
Osorio et al., 2009; Sobhian et al., 2007; Wang et al.,
2007).

Different mutations that disrupt interactions with
phospho-binding partners of BRCA1-BRCT have been
reported in the BIC (Breast Cancer Information Core)
database (Coquelle, Green, & Glover, 2011; Nikkild
et al, 2009; Pylkas, FErkko, Nikkila, Solyom, &
Wingvist, 2008; Williams & Glover, 2003). Familial
mutation at the C-terminus of ABRAXAS in Finnish
population (Arg361Gln) is suspected to disassemble the
BRCAl-complex (Solyom et al, 2012). c.1082G>A
alteration was observed among 3 of 125 (2.4%) breast
cancer families; however, it was absent in 868 healthy
female volunteers (Solyom et al., 2012). This variant
impairs nuclear localization of BRCAl-complex and its
DNA damage repair function, thereby can predispose an
individual to repair defects (Solyom et al., 2012). Immu-
noprecipitation of epitope tagged ABRAXAS and its
mutant Arg361GIn with BRCA1 and other core complex
in the cytoplasm displays its failure to form foci in the
nucleus after DNA damage, while nuclear localization of
wild type is retained (Solyom et al., 2012). Failure to
achieve nuclear retention adversely affects the G2/M
checkpoint and homology-directed DNA repair, which
reduces nuclear retention of ABRAXAS-interacting part-
ners to DSB site (Solyom et al., 2012). Moreover,
expression of the Arg361GlIn variant causes hypersensi-
tivity to ionizing radiation and reduces BRCA1 localiza-
tion at the sites of DNA damage (Solyom et al., 2012).

ABRAXAS, as a newly emerging susceptibility gene
to cancer predisposition, opens the vast perspective of
studying the role and impact of genetic alteration in dis-
ease progression. In order to understand the deleterious
effects of mutation and possible consequences, we have
performed Dbio-physicochemical characterization and
interaction analysis of wild type and mutant. To our
knowledge, it is the first multi-model approach which
elucidates the structural and functional implications of
ABRAXAS and its mutant Arg361Gln. ABRAXAS
mutant exhibited relatively less structure distortion and
stability; however, sufficient to impair its binding with
RAP80. The results presented here will help to

understand the role of Arg361Gln variant of ABRAXAS
in BRCAl-complex recruitment and DNA damage repair
function. It might further assist in classifying the severity
of ABRAXAS Arg361GIn variant in breast cancer
development.

2. Results and discussion
2.1. In silico analysis

ABRAXAS is the key member of BRCA1-complex, and
share least structural homology with reported structures
in the database, which limits full-length in silico
homology modeling. Consequently, ABRAXAS (351-
370) peptide was modeled using the structure of a short
region of Amidohydrolase-2 as a template (PDB: 3S4T)
which showed highest similarity with ABRAXAS
mutation containing region (Kim, Chivian & Baker,
2004; Leaver-Fay et al., 2011). Modeled structure was
validated through “SAVES” server, which showed
acceptable Ramachandran plot and structural parameters
(Ramachandran, Ramakrishnan, & Sasisekharan, 1963;
Ramachandran & Sasisekharan, 1968) (Figure 1(A),
Figure 1 supplementary). ABRAXAS wild type peptide
has shown more of a-helices while the three-dimensional
structure (tertiary structure) of mutant peptide appeared
different with reduced helicity (Figure 1(A)). Since we
have observed localized changes in the structural profile
of mutant relative to wild type, it was intriguing to look
into such amendments using in silico approach.

2.2. Unaltered oligomeric behavior of ABRAXAS
mutant

Oligomerization is a common phenomenon observed
among disordered and exposed hydrophobic patches con-
taining proteins (Zerovnik, 2011). Substitution mutation
generally causes distortion in secondary and tertiary struc-
tures, which may lead to the disorderness (Kolchanov,
Soloviov, & Zharkikh, 1983; Zhukov, Jaroszewski, &

(A)

N-terminus

Figure 1. In silico structural analysis of ABRAXAS wild type
and mutant.

Notes: (A) Superimposed structures of ABRAXAS wild type
(pink) and mutant (cyan) peptides. (B) Multiple sequence
alignment of ABRAXAS showed highly conserved nature of
Arg361 (highlighted in red color) residue among different
species.
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Bierzynski, 2000). The exposed hydrophobic patches of
protein are highly prone to form nonspecific interaction
with each other and may result high-order oligomer.
ABRAXAS Arg361GIn mutation results in substitution of
a basic amino acid residue with nonpolar charged residue
that might affect the monomeric nature of protein.
However, results obtained from in silico study illustrate
localized structural changes in mutant, which may affect
the protein folding and oligomerization. To explore this
prospect, we purified the ABRAXAS wild type and
mutant using two-step purification involving affinity and
gel filtration chromatography (Figure 2(A) and (B)). Most
often, a mutant protein tends to show different solubility,
binding, and elution profiles during purification than the
wild type provided that the structural conformation of the
protein is drastically altered. Interestingly, we did not
observe any significant differences in solubility, binding,
and elution profiles between wild type and mutant. In gel
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Figure 2. Purification and hydrodynamic diameter measure-
ment of ABRAXAS wild type and mutant.

Notes: (A) SDS-PAGE showing purified protein of ABRAXAS
(6-373) wild-type (lane 1), mutant (lane 2), and RAP80 (lane
3). (B) Overlay of gel filtration spectra of wild type and mutant
(Superdex 200). Elution profile of both the protein was similar
and showed the presence of single peak corresponding to
monomer. (C) Overlay of DLS profile of wild type and mutant
displayed different hydrodynamic radii, inset is showing the
magnified region of the peak corresponding to monomeric
population.
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filtration chromatography, both the proteins eluted as a
monomer at the same elution volume indicating their
similar molecular weight (Figure 2(B)) (Table 1). The
experimentally determined molecular weight using gel
filtration chromatography (wild type: 40KDa, Arg361Gln,
40 KDa) and theoretically derived molecular weight
(wild type; 42.9827KDa, Arg361Gln; 42.9547) (Table 1)
showed good concurrence, suggesting monomeric nature
of both wild type and mutant. Coomassie stained
SDS-PAGE of ABRAXAS wild type and mutant showed
a single band corresponding to 43 KDa (Figure 2(A)).
Therefore, it can be concluded that the Arg361GIn muta-
tion does not affect the monomeric nature of protein.

To determine the oligomeric heterogeneity between
wild type and mutant, and the effect of mutation on
molecular dimensions, dynamic light scattering (DLS)
was used, which provides precise measurement of the
molecular dimension of biomolecules in the solution. We
observed that the mutant and wild-type protein samples
were composed of two different clusters, the first corre-
sponded to the monomeric populations, whereas second
for high-order oligomer or aggregates (Figure 2(C)). The
observed hydrodynamic diameter of wild type was found
to be 9.0 +.3 nm, while the mutant showed increment up
to 10.0 +.5 nm. The relative increase in effective diame-
ter of mutant compared to wild type indicates molecular
expansion due to substitution mutation. However, the
increment in hydrodynamic diameter did not affect the
monomeric nature of mutant, as confirmed through size
exclusion chromatography (Figure 2(B)). These findings
support that Arg361GIn mutation probably incorporates a
short- or long-range structural alteration in protein with-
out changing its oligomeric characteristics. The altera-
tions could be either at the secondary or tertiary
structural level, and might have a local or global effect.

2.3. Structural organization

Limited-proteolysis based approach was used to deter-
mine the structural alterations in ABRAXAS wild type
and mutant (Fontana, de Laureto, Spolaore, & Frare,
2012). In general, a compact globular domain of protein
considerably resists the protease digestion, while a disor-
dered or unstructured region, which might have arisen
due to mutation, undergoes rapid digestion. If a mutation
causes severe damage in the a-helices or B-sheets, it
might incorporate disorderedness during protein folding.
These unstructured regions undergo rapid digestion due
to more accessibility of protease sites (Fontana et al.,
2012). To understand domain integrity and determine the
stability of ABRAXAS wild type and mutant against the
protease digestion, limited digestion with trypsin and chy-
motrypsin proteases was performed. Wild-type and
mutant proteins were treated with equal concentration of
proteases for limited time, and the results were analyzed
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Table 1. Molecular weight estimation of ABRAXAS wild type and mutant.

Experimental derived Mol. Wt. (kDa)

Theoretical Mol. Wt. (kDa)? Ve/Vo® Gel filtration chromatography
Wild type 42.98 1.6344 40+3.2
Mutant 42.95 1.6344 40£3.2

Note: Ve/Vo: Elution volume/Void volume ratio in gel filtration chromatography (superdex 200 16/60).

*Determined from Protparam, Expasy.
®Compared with standard myoglobin, ovalbumin, albumin, IgG, Ferritin.

on SDS-PAGE (Figure 3(A-D)). ABRAXAS wild-type
resistance toward protease digestion was analogous to
mutant, which indicates the existence of similar structural
domain(s). Furthermore, equivalent susceptibility of
mutant protein toward protease digestion suggests that
substitution of Arg361GIln does not destabilize the
domain integrity of ABRAXAS. This certainly indicates
that mutant and wild type are having similar structural
pattern with equivalent number of a-helices and B-sheets.
It also negates the possibility of major structural changes
in the mutant protein, which otherwise could have
exposed more protease sites. However, it does not elimi-
nate the possibility of a long- or short-range structural
alteration in mutant. Since the observed structural domain
(s) organization in limited proteolysis was similar, it
appears that wild type and mutant might be having
equivalent or modestly changed secondary and tertiary
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structures. To explore this likelihood, we compared the
secondary structure of ABRAXAS wild type and mutant
using far-UV Circular Dichroism (CD) (Figure 4(A)). It
was observed that ABRAXAS wild type and mutant have
well-defined a/f structure, with B-sheets characteristic
being more prominent. Data analysis using Dichroweb
server showed that wild type and mutant are having
a-helices (wild type 15%, mutant 15.5%) and B-sheets
(wild type 24%, mutant 23%) (Lobley, Whitmore &
Wallace, 2002). Secondary structure comparison of wild
type and mutant deciphered similar a-helical and B-sheets
characteristics illustrating minor effect of ABRAXAS
Arg361GIln mutation on overall protein secondary struc-
ture. These observations suggest that Arg361GIln muta-
tion might be inducing short-range secondary structural
changes in mutant, which might in turn collectively
responsible for tertiary structure modification.
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Figure 3. Resistance profile of ABRAXAS wild type and mutant towards protease digestion.

Notes: Limited proteolysis of ABRAXAS (6-373) wild type (A, C) and mutant (B, D) using trypsin (A, B) and Chymotrypsin (C, D)
as proteases. Wild type and mutant showed relatively equal resistance toward proteolysis as indicated by similar rate of disappearance
in band intensity w.r.t time. Ctl- control as untreated with trypsin and chymotrypsin, respectively.
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Secondary and tertiary structure evaluation of ABRAXAS wild type and mutant.

Notes: Comparison of secondary structural components of ABRAXAS (6-373) wild type and mutant. (A) Overlay of Far-UV CD
spectrum of wild type and mutant. Wild type as well as mutant showed a well defined a/f characteristics and similar structural com-
ponents. (B) Overlay of fluorescence emission spectrum of wild type and mutant. Wild type showed an emission maxima of 332 nm

while mutant undergoes a red shift up to 334 nm.

Intrinsic fluorophores such as tryptophan and tyrosine
are most frequently used to monitor the microenviron-
mental changes induced in the protein tertiary structure
(Muniz et al., 2011). These aromatic residues are usually
buried inside the protein hydrophobic core and are extre-
mely sensitive to modification in their microenvironment.
Since we observed similar secondary structural compo-
nents in wild type and mutant, it would be interesting to
look into the tertiary structure, which might have altered
due to mutation. To study the three-dimensional structure
of ABRAXAS wild-type and mutant, Trp and Tyr micro-
environments were monitored using fluorescence spec-
troscopy. Protein’s emission spectra were recorded at
280 nm to observe the cumulative effect of Trp and Tyr
residues’ position on the tertiary structure. An emission
maxima at A 332nm for wild type and 334nm for
Arg361Gln suggested slight changes in Trp and Tyr
microenvironments (Figure 4(B)). A red shift in emission
maxima of mutant indicates relatively more exposure of
Trp and Tyr toward protein hydrophilic surface (i.e.
toward protein exterior). However, the shift was very
small and might not be sufficient for large structural
amendment. Thus, it can be speculated that tertiary struc-
tural components become moderately altered without
causing any drastic conformational changes.

2.4. Thermal and chemical stability

ABRAXAS Arg361GIn mutation probably does not
amend the secondary structural features of protein drasti-
cally, as revealed through CD. A mild alteration in ter-
tiary structure was observed, which may or may not
affect the stability profile of protein. However, topology
of the native state can be the most imperative factor
determining the folding profile, and similar structure
proteins may unfold through a different pathway

(Zarrine-Afsar, Larson & Davidson, 2005). To evaluate
this, thermal stability of ABRAXAS wild type and
mutant was compared at secondary (CD) and tertiary
structure (fluorescence) level. The spectrum obtained
from CD corresponding to 4,5, nm showed the maximum
change in ellipticity and high signal-to-noise ratio.
Change in molar ellipticity value was plotted against dif-
ferent temperatures (Figure 5(A)). Melting temperature
(T,), a temperature at which half of the protein assumed
to be unfolded, and free energy (AG°y,0) of unfolding
process were calculated using linear extrapolation
method of curve fitting at temperature 273 K (Pace,
1986; Pace & Shaw, 2000). A higher T, value usually
indicates a more stable protein, and the path of unfolding
curve describes about the folding pathway. Thermal sta-
bility of ABRAXAS wild-type (T, 35.0 °C, AG®°yo0 2.1
+.50 kcal/mol) was found appreciably equivalent to
mutant (7, 34.8 °C, AG°gro 1.53£.60 kcal/mol), and
both endured similar folding pathway (Figure 2A, sup-
plementary). For stability assessment of tertiary structure,
emission maximum of wild type and mutant was moni-
tored at different temperatures corresponding to A,go and
fraction unfolded was calculated. A plot of fraction
unfolded against the temperature or unfolding agent con-
centration gives the information about folding pathway
and stability. Fluorescence spectroscopy revealed compa-
rable unfolding pattern but change in stability. The
derived Tm value at 298 K temperature was 23.0+
3.1 °C for mutant (AG°g,0 1.25 .50 kcal/mol) and 27.0
+2.50°C for wild-type (AG°yro 1.08+ .38 kcal/mol)
(Figure 5(A); Figure 2A, supplementary). As reported
earlier, the presence of a biphasic unfolding curve with
two transitions indicates the formation of an intermediate
species during unfolding process (Walters, Milam, &
Clark, 2009). The resultant unfolding pattern can be con-
sidered as three-state transition (Walters et al., 2009).
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Figure 5. Thermal and chemical stability of ABRAXAS wild type and mutant.

Notes: (A) Thermal stability profile of wild type and mutant showing overlay of protein fraction unfolded at different temperatures.
Wild type showed relatively higher thermal stability. (B) Chemical stability profile of wild type and mutant showing overlay of pro-
tein fraction unfolded at different urea concentrations. Wild type showed relatively high propensity of intermediate species existence
as compared to mutant indicating different unfolding pathways. (C) DSC of wild type and mutant proteins showing a well defined

transition around 32 and 27 °C, respectively.

Fluorescence-based thermal denaturation revealed that
both wild type and mutant most likely unfold through an
intermediate species, and undergo three-state transitions
(Figure 5(A)). To determine the chemical stability of
wild type and mutant, protein samples (2 uM) were
incubated at different concentrations of urea (0-8 M)
until equilibrium achieved, and emission maxima
were recorded at a excitation wavelength of A,gy. Ther-
modynamic parameters for ABRAXAS wild type
AG°mro  2.54+.36 kcal/mol and mutant AG°moo
2.01 +.41 kcal/mol were calculated by plotting fraction
unfolded against urea concentration at temperature 298 K
(Figure 2B, supplementary). Chemical stability of mutant
was found different, nevertheless, both unfold through
acquiring an intermediate species which was more pre-
dominate in case of wild-type (Figure 5(B)). Fluores-
cence-based unfolding study using thermal and chemical
denaturation methods suggests a higher stability of wild
type as compared to mutant. To substantiate these find-
ings and evaluate the reversibility of unfolding of wild
type and mutant, Differential Scanning Calorimetry
(DSC) was performed. A peak maximum was considered
as temperature of melting and area under the curve was
used to determine enthalpy. Folding pathway was traced

according to the pattern of curve progression. DSC data
showed overlapping of two transitions, which could be
corresponding to an intermediate formed during unfold-
ing process, and displayed the three-state reversible
folding pathways of wild type and mutant. The observed
Tm value for wild type was significantly higher than
the mutant (wild type 7T, 32.0+2.5°C, AH 440+
12 Kcal/mol; mutant 7, 27.0+£3.0°C, AH 660+
15 kcal/mol) (Figure 5(C)). Furthermore, the observed
intermediate species was reluctant to exist in case of
mutant while predominantly shown by wild type. These
results suggest that overall stability of ABRAXAS was
different due to existence of Arg361GIn mutation, and
undergo dissimilar folding pathway. Altogether, these
findings suggest the relative existence of wild type in a
more stable form. However, the type of intermediate
species formed during unfolding transition, and its
characterization is beyond the scope of study.

2.5. Binding interaction

ABRAXAS is a member of BRCA1-complex and involves
in direct interaction with RAP80 and BRCA1l (Kim,
Huang et al., 2007). ABRAXAS binds directly to RAP80
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and BRCA1 BRCT, thus facilitate the recruitment of
BRCAl-complex at the DNA damage site. In our study,
we found that the secondary structural components of wild
type and mutant remained same irrespective of the muta-
tion. However, the three-dimensional folding pattern and
unfolding pathway indicated less stability for the mutant
protein. Since structural components and folding pathway
monitored at the global level showed differences, there is a
possibility that the binding interactions between ABRA-
XAS wild type or mutant with RAP80 would likely be
affected. To test this assumption, His pull-down assay of
native RAP80 (1-405) with His-tagged ABRAXAS wild
type and mutant was performed. Interestingly, the binding
of ABRAXAS wild type and RAP80 was found signifi-
cantly higher compared to the mutant (Figure 6). This dif-
ference in binding profile suggested that structural
alteration in mutant hinders the association between
RAP80 and ABRAXAS.

ABRAXAS is the key member of BRCA1-complex
and acts as a bridging molecule among various members.
ABRAXAS expression was significantly correlated with
lower chance of tumorigenesis in patients with advanced
no small-cell lung cancer receiving firstline platinum—
gemcitabine chemotherapy (Joerger et al., 2011). Knock-
out studies of ABRAXAS result in defective recruitment
of BRCAl-complex, and hence the DNA repair defect
(Kim, Huang et al., 2007; Wang et al., 2007). Thus, it is
a multifaceted molecule that plays an important role in
BRCA1-mediated homologous recombination repair and
cancer progression.

R361Q  Input (5%)

c wT
WB: RAP8O» . - -

55»

43»

34»

Figure 6. Binding analysis of ABRAXAS wild type and
mutant with RAP80.

Notes: Histidine pull down assay followed by western blotting
(Aygun, Svejstrup & Liu, 2008; Wang & Kirschner, 2013).
Upper panel-ABRAXAS wild type or mutant was used as a
bait and RAP80 as prey. RAP80 was probed with anti-RAP80
antibody. Heat denatured RAP80 was taken as control. Lower
panel-Ponceau stained PVDF membrane showing the ABRA-
XAS His-tagged fusion protein as bait(s). Loading sequence is
the same as in case of the upper panel. Wild type showed
higher binding proportion compared to mutant.
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In the present study, we have carried out a comprehen-
sive examination of structural and functional properties of
ABRAXAS, and their alterations due to mutation. The
modeled structure of ABRAXAS wild type and mutant
showed modest structural alteration. However, the
observed structural changes in mutant do not alter its
monomeric nature. The mutation containing region is a
part of coiled-coil domain, which mainly involves in inter-
action with other BRCAl-complex members. Multiple
sequence alignment of ABRAXAS considering various
species in phylogenic order showed highly conserved nat-
ure of Arg361 residue (Figure 1(B)) which signifies its
importance in disease susceptibility. Wild type and mutant
showed similar secondary structural composition, whereas
the relative orientation of Trp and Tyr was slightly dis-
turbed. This indicates that Arg361GIn mutation brings
several localized changes in structural pattern of ABRA-
XAS, which altogether furnish a different conformational
stability in a cumulative manner. Albeit, these conforma-
tion changes are very minor and could not be detected at
the secondary structure level, but their relative positions
were traced during global unfolding. The relative redun-
dancy of intermediate species in case of wild type suggests
the existence of different unfolding pathways which are
partially followed by mutant as well as unfolding of wild
type that was found to be more cooperative. Altogether,
the modest localized changes in the mutant structure bring
down its thermal and chemical stability which further per-
turbs the interaction with RAP80. The cumulative global
changes in mutant structure were sufficient to disturb criti-
cal interaction necessary for BRCAl-complex integrity
and localization. Therefore, in the presence of Arg361GIn
mutation, ABRAXAS could not extend its bridging inter-
action(s) through RAP80, which perhaps prevent the
recruitment of BRCA1-complex to the DNA damage site
(Kim, Chen et al., 2007; Sobhian et al., 2007; Wang et al.,
2007). Consequently, the nuclear retention of BRCA1 is
adversely affected which further agitates G2/M checkpoint
and homology-directed DNA repair (Figure 7(A) and (B))
(Solyom et al., 2012). To best of our knowledge, it is the
first comprehensive report elucidating the structural and
functional mechanism of mutational consequences and
disease susceptibility. These findings would substantially
list ABRAXAS as a new susceptibility gene to cancer pre-
disposition. It also opens the vast perspective of consider-
ing the Arg361GIn mutation role in disease progression,
such as cancer. It will further explore the opportunity of
inhibitor design for therapeutic application that can recom-
pense the effect of such deleterious mutation.

3. Materials and methods

High-quality molecular biology or analytical grade chem-
icals (>99.9%) were purchased from Sigma Aldrich
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Figure 7. Proposed mechanism of consequence due to ABRAXAS Arg361GIn mutation.

Notes: (A) The figure illustrates the plausible mechanism of defective homologous recombination repair and other consequences due
to Arg361GIn mutation. In case of wild-type, after the DNA damage, H2AX becomes phosphorylated by ATM/ATR kinase at nucleo-
some site which further recruits MDC1, RNF8, and UBC13. This assembly followed by formation of polyubiquitin chain(s) on his-
tone(s) (H2AX) which is further recognized by tandem UIM motifs of RAP80. Since RAP80 is directly associated with ABRAXAS
which in turn interacts with other BRCA1-complex members, thereby recruits the entire complex to the DNA damage site. (B) How-
ever, in case of Arg361GIn mutation, interaction between ABRAXAS and RAPSO0 is altered, which leads to defective recruitment of
BRCA1-complex. Consequently, nuclear accumulation of BRCAl-complex significantly reduces which further leads to defective
G2/M cell-cycle checkpoint, and an error prone homologous recombination repair.

(USA), unless specified. Restriction enzymes were pur-
chased from Fermentas (USA).

3.1. Gene cloning, protein expression, and
purification

PCR-amplified (Thermo cycler, Bio-Rad) gene product
of ABRAXAS (6-373) (kind gift from J. Chen) was
purified and digested with Ncol/Xhol. Ncol/Xhol
digested vector pET-28a (Novagen) was ligated with
PCR product at 1:3 molecular ratio and transformed into
E. coli DH5a. Positive clones were screened for insert
release followed by confirmation with DNA sequencing.
Site-directed mutagenesis was performed on wild-type
template using mutagenic primers (Integrated DNA Tech-
nology) having ¢.1082G> A substitution. Amplicons
were digested with Dpnl (Fermentas, USA) and trans-
formed into E. coli DH5a bacterial strain. ¢.1082G> A
substitution was confirmed using DNA sequencing. For
recombinant protein expression, vector construct was
transformed into E. coli Rosetta 2 (DE3) bacterial strain
(Novagen). Single colony was inoculated and culture
was grown till O.Dggg reached .6—.8, thereafter it was
induced with IPTG and grown overnight at 25°C.
Culture was harvested and pellet was re-suspended in

10 mM HEPES buffer containing 300 mM NaCl, 10 mM
BME, .1 mM EDTA, pH 7.5 (HNBE buffer). Cells were
disrupted by sonication (Branson Sonifier) and soluble
fraction was incubated on pre-equilibrated resin (Ni-NTA
in case of ABRAXAS, Novagen). Resin was washed
thrice with HNBE buffer to remove non-specifically
bound impurities. On bead cleavage was performed
using TEV protease to remove affinity tag from native
protein. Protein of interest was eluted gradientally with
100, 250, and 500 mM of imidazole in HNBE buffer pH
7.5. Protein was further purified on FPLC (AKTA) using
size exclusion chromatography (Superdex 200, GE) to
remove aggregates, etc. and analyzed on SDS-PAGE for
purity.

3.2. Molecular modeling and docking

ABRAXAS (351-370) peptide was modeled using
homology modeling by considering the template structure
from the protein data bank (PDB ID: 3S4T). Authentic
models were selected based on overall geometry and ste-
reo-chemistry. The model was validated through protein
structure validation server “SAVES” (Metaserver for
analyzing and validating protein structures, http://nihserv
er.mbi.ucla.edu/SAVES/) (Ramachandran et al., 1963;
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Ramachandran & Sasisekharan, 1968). Modeled structure
was simulated using Schrodinger Desmond software.
Wild type model was overlaid with the mutant to make a
qualitative assumption about the structural changes.

3.3. Protein estimation

Purified protein was quantified with Bradford’s protein
estimation protocol as per manufacturer instructions
(Expedon). Different dilutions of BSA were prepared as
a standard reference, and absorbance was recorded using
a spectrophotometer (Shimadzu) at O.Dsgs. Concentra-
tion of protein was determined by interpolation of a stan-
dard curve. Experiment was performed in triplicates
(Bradford, 1976; Noble & Bailey, 2009).

3.4. Limited proteolysis

Wild type (1 mg/ml) and mutant (1 mg/ml) proteins were
digested with trypsin (37 °C) and chymotrypsin (25 °C),
such that the final concentration of proteases was 20 and
10 pg/ul in solution, respectively. Reaction was termi-
nated at the different time point (0, 5, 10, 30, 60, 180,
240 min) by addition of 1 mM PMSF. Reaction product
was mixed with equal volume of Laemmli buffer and
heated prior to loading on SDS-PAGE. The experiment
was repeated thrice by taking untreated wild type and
mutant as controls (Havli§, Thomas, Sebela, & Shev-
chenko, 2003; Jimenez, Huang, Qiu, & Burlingame,
1998, chapter 16).

3.5. Fluorescence spectroscopy

Trp and Tyr residues’ position in wild type and mutant
was monitored using a Fluorescence spectrophotometer
(Horiba, USA). Fluorescence emission scans were
recorded from 310 to 400 nm wavelength range at a
excitation wavelength of 280nm, and the temperature
15°C. For thermal denaturation, 2puM protein was
unfolded in a temperature range of 10-75°C and emis-
sion spectra were acquired. Averaged blank corrected
data were considered, and were analyzed by fitting in a
three-state transition model to calculate thermal parame-
ters (Pace, 1986).

For chemical denaturation, 10M wurea (Sigma—
Aldrich) stock was prepared in 2.5 mM HEPES buffer
containing 50 mM NaCl pH 7.5, and protein dilutions
were prepared as described previously (Walters et al.,
2009). Emission scans were collected and were further
blank corrected. Thermodynamic parameters were
obtained by curve fitting as per three-state transition
model. The experiment was repeated three times,
independently.
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3.6. CD spectroscopy

CD polarimeter (Jasco J-810, Japan) was used to acquired
Far-UV CD spectrum of purified proteins (10 uM) in a
wavelength range 200-240 nm at 10°C (buffer 2.5 mM
HEPES pH 7.5, 50 mM NaCl). The average blank cor-
rected data of three independent scans were considered,
and Dichroweb server (http://dichroweb.cryst.bbk.ac.uk)
(Lobley et al., 2002; Sreerama, Venyaminov, & Woody,
2000; Stephens, McKenna, McKenna, Nguyen & Devlin,
1981; Whitmore & Wallace, 2004, 2008) was used for
estimation of secondary structure composition. For
thermal denaturation, wild-type and mutant (10 uM)
proteins were unfolded in a temperature range from 10 to
75°C at 222nm wavelength. Unfolding profile was
obtained and curve fitting was performed. The experiment
was replicated thrice.

3.7. Thermal and chemical denaturation data analysis
and curve fitting

Thermal parameters were calculated by considering
native (N) to intermediate (I) and intermediate to
unfolded (U) transitions during unfolding process. Data
analysis, curve fitting, and thermodynamic parameters
determination were performed as described earlier
(Pace & Shaw, 2000; Vikrant, Nakhwa et al., 2013).

3.8. Differential scanning calorimetry

Unfolding transition and enthalpy of reaction were deter-
mined using DSC (Setaram uDSC3 evo, USA). Samples
were filtered and degassed prior to scanning. A total of
2mg protein, wild type and mutant, was allowed to
unfold from 10 to 75 °C temperature range with a tem-
perature increment rate of 1°C/minute. Data fitting was
done using “CALISTO” software and enthalpy value
was obtained. To determine the thermodynamic revers-
ibility, samples were heated just above the transition
maximum, cooled instantaneously, and reheated. The
experiment was repeated thrice, independently.

3.9.  Pull down assay

ABRAXAS (6-373) wild type and mutant were re-sus-
pended in HNBEEG buffer (HNBE buffer containing 5%
ethylene glycol and 5% glycerol) and lysed by sonica-
tion as mentioned above in section 1. Soluble His-tagged
fusion protein ABRAXAS (6-373) wild type and mutant
were allowed to bind on Ni-NTA resin (Novagen) and
thereafter washed to remove impurities. Equal concentra-
tion of bound fusion protein (.5 mg/ml) was used as bait
and incubated with purified RAP80 (1-405) (prey pro-
tein, 50 UM concentration) for 5 h at 4°C. Resin was
washed with same buffer and loaded on SDS-PAGE.
Protein complex was transferred over PVDF membrane


http://dichroweb.cryst.bbk.ac.uk

Downloaded by [Umed University Library] at 02:41 07 October 2014

10 Vikrant et al.

(Millipore) and probed with anti-RAP80 antibody
(Abcam). Experiment was repeated thrice by taking heat
denatured RAP80 (1-405) as control.

3.10. Dynamic light scattering

Molecular size measurement was done using a Malvern
particle size analyzer (Zetasizer pV). Samples were
filtered (.44 pym) and degassed prior to scanning. Two
milligram per milliliter of protein was scanned at a
5-min interval for 15 min, and effective diameter of peak
of interest was considered. The experiment was repeated
in three independent sets.

Supplementary material

The supplementary material for this paper is available
online at http://dx.doi.10.1080/07391102.2014.945484.
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BARDI1-BRCA1 complex plays an important role in DNA damage repair, apoptosis, chromatin remodeling, and other
important processes required for cell survival. BRCAl and BARDI heterodimer possess E3 ligase activity and is
involved in genome maintenance, by functioning in surveillance for DNA damage, thereby regulating multiple pathways
including tumor suppression. BRCT domains are evolutionary conserved domains present in different proteins such as
BRCAI1, BARDI1, XRCC, and MDCI1 regulating damage response and cell-cycle control through protein—protein interac-
tions. Nonetheless, the role of BARDIBRCT in the recruitment of DNA repair mechanism and structural integrity with
BRCA1 complex is still implicit. To explicate the role of BARDIBRCT in the DNA repair mechanism, in silico,
in vitro, and biophysical approach were applied to characterize BARD1 BRCT wild-type and Arg658Cys and Ile738Val
mutants. However, no drastic secondary and tertiary structural changes in the mutant proteins were observed. Thermal
and chemical denaturation studies revealed that mutants Arg658Cys and Ile738Val have a decrease in T}, and AG than
the wild type. In silico studies of BARD1 BRCT (568-777) and mutant protein indicate loss in structural compactness
on the Ile738Val mutant. Comparative studies of wild-type and mutants will thus be helpful in understanding the basic
role of BARDIBRCT in DNA damage repair.

Keywords: BARDI BRCT; protein—protein interactions; secondary and tertiary structure; thermal and chemical

denaturation

1. Introduction

Breast cancer is one of the prominent causes for cancer
deaths in the developing countries. It has been found that
mutations in the BRCAIl and BRCA2 genes can predis-
pose someone at the risk of developing breast and ovarian
cancer (Collins et al., 1995; Miki et al., 1994; Wooster
et al., 1994). The inherited germ line mutations in the
genes like RAD50, ATM, CHEK?2, NBS1, 53BP1, PALB2,
BRIP] BRCA 1/2, and BARDI regulate genomic integri-
tyand cancer predisposing factors (Ahmed & Rahman,
2006; Heikkinen et al., 2006; Karppinen et al., 2006;
Meijers-Heijboer et al., 2002; Rapakko, Heikkinen,
Karppinen, Erkko, & Wingvist, 2007; Renwick et al.,
2006). BARDI is a structurally correlated but sequen-
tially distinct protein from BRCA1. BARD1 and BRCAL1
both harbor N-terminal RING domain and two C-terminal
tandem BRCT repeat motifs (Wu et al., 1996). BARDI1
contains four ankyrin repeats in the region (425-550),
which is absent in BRCAl. BRCAl and BARDI
heterodimerize by RING-RING domain interaction and
colocalize to distinct nuclear assemblies at different stages

of cell-cycle progression (Jin et al., 1997; Scully et al.,
1997). Furthermore, in vivo BRCA1-BARDI heterodimer
forms active E3 ubiquitin ligase complex, and plays a sig-
nificant role in tumor suppression (Brzovic, Meza,
King, & Klevit, 2001; Brzovic, Rajagopal, Hoyt, King, &
Klevit, 2001; Wu-Baer, Lagrazon, Yuan, & Baer, 2003).
Mis-sense mutations within the BRCA1 RING domain
lead to loss in heterodimerization which further reduces
E3 ubiquitin ligase activity (Brzovic, Meza, et al., 2001).
BARDI1 BRCT (568-777) domain is conserved in many
other multiple DNA damage response (DDR) proteins
(Bork et al., 1997; Callebaut & Mornon, 1997).

Different DDR proteins have diverse repeats of
BRCTs (Mohammad & Yaffe, 2009). It has been reported
that BARD1 BRCT is required for the early recruitment
of BRCAI1 at the DNA damage site (Li & Yu, 2013).
Noting the role of BARDI in genomic integrity, we
decided to explore functional consequences of genetic
alterations discovered in the BARD1 BRCT region. Two
cancer predisposing mutations, Arg658Cys in Caucasian,
African, Finnish populations, and Ile738Val in Polish and
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Belgian families have been detected (Alshatwi, Hasan,
Syed, Shafi, & Grace, 2012; Antoniou et al., 2010;
De Brakeleer et al, 2010; Karppinen, Heikkinen,
Rapakko, & Wingvist, 2004; Thai et al., 1998), but the
molecular mechanism of how these mutations of BARDI
gene lead to breast cancer has not been explored. Further,
in sporadic and BRCAIl-associated breast cancers,
expression of BARDI is observed to be too low suggest-
ing a significant role of BARDI in breast carcinogenesis
(Ghimenti et al., 2002; Yoshikawa et al., 2000).

In this study, we have used in vitro experiments and
in silico approaches to understand the folding pattern of
BARDI1 BRCT (568-777) and its two cancer-disposing
mutants, Arg658Cys and Ile738Val. Molecular dynamics
simulations (MDS) were carried out to explore alter-
ations in the structure at the atomic level. To our conclu-
sion, both the mutants show loss in thermodynamic
stability; however, BARDI1 Ile738Val protein structure
shows higher structural flexibility.

2. Material and methods
2.1. Molecular dynamics simulation

The crystal structure of BARDI BRCT (568-777)
wild-type protein was taken from PDB (pdb id: 2NTE),
(Birrane, Varma, Soni, & Ladias, 2007). BARD1 BRCT
(568-777) amino acid sequence was retrieved from the
Uniprot database (Accession ID: q99728). Point mutants,
Arg658Cys and Ile738Val, were introduced using SPDB
viewer (Kaplan & Littlejohn, 2001). MDS was per-
formed using GROMACS 4.5.5 package (Hess, Kutzner,
van der Spoel, & Lindahl, 2008) installed on a 80-node
cluster of Xeon quad-core processors. The molecular sys-
tems were solvated with TIP3P water molecules in a
cubic box with periodic boundary conditions of 1.0 nm
from the edge of the box. Counter ions were added to
neutralize the systems. The systems were subjected to
energy minimization for 5000 iterations by steepest des-
cent algorithm implementing under OPLS-AA force field
(Kaminski, Friesner, Tirado-Rives, & Jorgensen, 2001)
with a tolerance of 1000 kJ/mol/nm. Electrostatic, colum-
bic, and van der Waals interactions were calculated with
a distance cut-off of 1.4 nm. Systems were equilibrated
using NVT (Moles Volume Temperature) followed by
NPT (Moles Pressure Temperature) ensemble for 50,000
steps each. SHAKE algorithm (Ryckaert, Ciccotti, &
Berendsen, 1977) was used to constrain bond lengths.
Finally, systems were subjected to MD simulation for
50 ns of production run with time-step integration of
2 fs. The trajectories were saved at every 2 ps and ana-
lyzed using GROMACS. The comparative analysis of
BARD1 BRCT (568-777) wild-type and mutant
structures, Arg658Cys, Ile738 Val, were performed to
calculate the RMSD, RMSF, radius of gyration, solvent

accessible surface area (SASA), Dictionary of secondary
structure pattern (DSSP) (Kabsch & Sander, 1983), and
hydrogen-bond interactions.

2.2.  Principal component analysis

Principal component (PC) was calculated using eigenvec-
tors and eigenvalues for the covariance matrix. Projection
of first two principal components was carried out by
essential dynamics method described within the
GROMACS package (Amadei, Linssen, & Berendsen,
1993). After removing the rotational and translational
movements, variance/covariance matrix was built and fur-
ther eigenvectors and eigenvalues were calculated. The
eigenvalues are representative of amplitude of eigenvec-
tors in multidimensional space. The concerted motion of
the protein can be detected by the displacement of atoms
along each eigenvector.

2.3. Protein expression and purification

BARD1 BRCT (568-777) wild-type protein was cloned in
pET-28a vector (cDNA of full-length BARD1 was kind
gift from Prof. Richard Bayer, Institute of Cancer Genet-
ics, Columbia University). Mismatch primer method of
site-directed mutagenesis was used to generate the
Arg658Cys and Ile738Val mutants (forward primer Arg
658Cys 5'-GAAATTCCTGAAGGTCCATGCAGAAGC-
AGGCTCAACAG-3', reverse primer 5-CTGTTGAGCC-
TGCTTCTGCATGGACCTTCAGGAATTTC-3', forward
primer Ile738Val 5'-CTGCACACAGTATATCGTCTAT-
GAAGATTTGTGT-3' reverse primer 5-ACACAAATC-
TTCATAGACGATATACTGTGTGCAG-3'). The BARDI1
BRCT (568-777) wild-type, Arg658Cys, and Ile738V
mutant proteins were expressed and purified in 6His
fusion proteins using Rosetta 2(DE3) bacterial cells.
Fusion proteins were first purified on Ni-NTA affinity
chromatography, then further treated with TEV to remove
the fusion tag. Protein was purified using AKTA FPLC
size exclusion chromatography on superdex 75 column
(GE Healthcare).

2.4. Dynamic light scattering experiment

Purified BARDI BRCT (568-777), Arg658Cys, and
Ile738Val mutant proteins were analyzed on Malvern
particle size analyzer (Zetasizer pV) dynamic light scat-
tering instrument to characterize the oligomeric nature of
these proteins. The protein samples were filtered
(0.22-pm filter) and degassed prior to scanning. 1.0 mg/
ml of wild-type and mutant proteins were scanned at 5-
min intervals for 15 min, and effective diameters were
obtained from peak positions. The experiments were
repeated three times and the average was considered to
be the true value.
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2.5. Circular dichroism spectroscopy

Circular dichroism spectroscopy was performed using
different concentrations of purified proteins on the
JASCO-815 spectropolarimeter. For far—-UV CD spectra,
the protein concentration was 10 uM and the wavelength
range was taken from 4 =200-240 nm, and for near-UV
spectra, the wavelength range was from A = 350-250 nm
with the protein concentration of 40 uM (buffer: 2.5 mM
HEPES pH 7.5, 50 mM NaCl). Blank-corrected seven
independent data scans were averaged, and the average
value is presented for further comparative structural
analysis. Furthermore, proteins at a concentration of
10 uM were unfolded in a temperature range from 10 to
65°C, and folding pattern was monitored by measuring
ellipticity at A =222 nm. Near-UV range, thermal denat-
uration studies were performed for 40 uM of proteins at
different temperatures 20, 30, 45, and 60°C. The observed
values of fractions unfolded were used for curve fitting.

2.6. Limited proteolysis

BARD1 BRCT wild-type and mutant proteins (2 mg/ml)
were treated with trypsin (37°C) and chymotrypsin
(25°C), 10 pg/ul each in the digestion cocktail. At the
time points of 0, 5, 10, 30, 60, 120, and 180 min, the
reaction was stopped by adding protease inhibitor PMSF
(1 mM). The experiment was repeated thrice considering
untreated wild-type and mutant samples as controls.

2.7. Fluorescence spectroscopy
2.7.1. Chemical denaturation

Micro-environment of tryptophan residue in the proteins
were investigated using fluorescence spectrophotometer
(Horiba, USA).While the excitation was at A =295 nm,
the individual fluorescence emission spectra were
recorded from A=310-400 nm. In chemical denatura-
tion, BARD1 BRCT proteins (2 uM) were treated with
increasing concentrations of GuHCI (0-6 M) keeping the
final volume constant, and emission spectra were
recorded between A =310 and 400 nm. Averaged blank-
corrected data were analyzed by fitting to a three-state
transition model (Pace, 1986; Pace & Shaw, 2000;
Vikrant et al., 2013).

2.7.2.  Data analysis and curve fitting

Thermodynamic parameters were determined during the
GuHcl unfolding process by detecting the folded (V) to
intermediate (/) and intermediate to unfolded (U) transi-
tions of the curve. Further, thermodynamic constraints
analysis and curve fitting were performed (Pace & Shaw,
2000; Vikrant, Nakhwa, Badgujar, Kumar, & Rathore,
2014).
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2.8. Chemical cross-linking assay

BARDI1 BRCT (568-777) wild-type and mutant proteins
were incubated with 0.1% glutaraldehyde, and the reac-
tion was terminated by addition of 5 pul of 1 M Tris
pH-8.0. Reaction was stopped in a time-dependent man-
ner (0, 2.5, 5, 10, 15, 30, and 60 min, respectively) and
analyzed on 12% SDS-PAGE. Untreated protein sample
was taken as control.

3. Results and discussion

Deleterious non-synonymous single nucleotide polymor-
phisms (nsSNPs) are involved in inducing disease-
associated phenomena, because of structural alterations
and consequent loss of molecular functions. The modern
bioinformatics-based advanced methods have now
enabled us to determine the structural effects due to
deleterious nsSNPs in the target candidate genes. In the
current study, multidisciplinary, in vitro, biophysical, and
in silico approaches were employed to understand the
pathogenicity of BARDI1 BRCT, Arg658Cys, and
Ile738Val mutants (Figure 1(F)).

3.1. Folding pattern of BARDI BRCT (568-777)
wild-type and mutants

BARDI1 BRCT, Arg658Cys, and Ile738Val mutations
have been discovered from the affected families of breast
and ovarian cancer. Considering the importance of muta-
tions in predisposing the cancer risk, we decided to
characterized abrogative effect of mutations on the struc-
ture and function of the protein. It has been well docu-
mented that different classes of proteins with exposed
hydrophobic residues become highly prone to non-speci-
fic interactions (Kolchanov, Soloviov, & Zharkikh, 1983;
Zhukov, Jaroszewski, & Bierzynski, 2000), which in turn
lead to the formation of high molecular weight aggre-
gates. The residual Arg658Cys mutation is the substitu-
tion of a basic amino acid to a small non-polar residue,
cysteine. However, Ile738Val substitution is a change
from a large to small hydrophobic residue. Ile to Val
mutation leads to removal of —CH,—group from Ile, and
potentially create a void volume of 25 A® in the mutant
protein (Harpaz, Gerstein, & Chothia, 1994). Such muta-
tions may lead to the loss of hydrophobic interactions
and van der Waals interactions among the substituted and
neighboring residues. To explore this prospect, we have
used gel filtration chromatography (AKTA FPLC, super-
dex 75 column) to probe the oligomeric status of the
mutants Arg658Cys and Ile738Val. The non-synonymous
amino acid substitution in protein tends to show differen-
tial solubility and elution profiles in gel filtration
chromatography. There was no substantial alteration in
solubility and elution profiles of Arg658Cys and
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Figure 1. Expression and purification profile of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val proteins.

Notes: (A) Purified protein after gel filtration chromatography on SDS-PAGE. FPLC purified protein were heated with Laemmli
buffer and loaded on SDS-PAGE BARDI1 BRCT (568-777) wild-type (lane 1) , Arg658Cys (lane 2), and Ile738Val (lane 3).
(B) Comparative gel filtration spectra of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val (Superdex-75, GE). Elution
profile of BARD1 BRCT (568-777) wild-type Arg658Cys, and Ile738Val were similar and showed the presence of single peak corre-
spond to monomer. (C) BARD1 BRCT (568-777), Arg658Cys, and Ile738Val have well-defined a/p characteristics and mutants does
not show any drastic alteration in the secondary structure. (D) Overlay of near-UV spectra of BARD1 BRCT (568-777) wild-type,
Arg658Cys, and Ile738Val mutant proteins indicating well compact overall structure. (E) Dynamic light scattering profile of BARDI
BRCT (568-777) wild-type, Arg658Cys, and Ile738Val showed monomeric population of all the proteins. (F) Crystal structure of
BARDI1 BRCT (PDB ID: 2NTE) with the sites for cancer-predisposing mutations. Mutant residues are indicated in red.

Ile738Val mutant. In size exclusion chromatography,
wild-type as well as mutants elute at the same position in
superdex 75 column (GE) (Figure 1(A) and (B)). Hence,
it is concluded that Arg658Cys and Ile 738Val mutations
are not affecting the monomeric nature of BARD1 BRCT
(568-777) wild-type protein in solution. This monomeric
behavior of BARDI BRCT (568-777) wild-type,

Arg658Cys, and Ile 738Val mutant proteins were further
supported by chemical cross-linking experiments
(Supplementary Figure 1A). No higher molecular aggre-
gate formations were observed using cross-linking assay
of BARD1 BRCT (568-777) wild-type, Arg658Cys, and
Ile738Val proteins. Furthermore, dynamic light scattering
of BARDI1 BRCT (568-777) wild- type, Arg658Cys, and
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Ile738Val mutant samples also indicated their monomeric
nature. Albeit, BARD1 BRCT (568-777) wild- type and
Arg658Cys did not show any change in hydrodynamic
size, a slight increment was observed in Ile738Val mutant
protein (Figure 1(E)). The hydrodynamic diameter of
BARDI1 BRCT (568-777) wild- type and Arg658Cys pro-
teins were found to be 6.44 + 0.45 nm, whereas Ile738Val
mutant protein showed a diameter of 7.40 + .23 nm. The
relative increase in effective hydrodynamic size indicates
molecular expansion in Ile738Val mutant. Relative
increase in the hydrodynamic radii in Ile738Val mutant
may be due to the void volume generated in the
hydrophobic core of the protein. This may further
increase the conformational entropy of neighboring resi-
dues making mutant protein structurally more flexible
and leading to the increase in effective hydrodynamic
diameter of the protein.

3.2. Structural organization

Far-UV CD spectra show predominant o-helix and
B-strand characteristic, and no significant differences
were observed in the mean residual ellipticities of wild-
type and mutant proteins (Figure 1(C)). Near-UV CD
spectra were obtained to dissect the effect of mutations
on overall packing of the protein. Comparative near-UV
spectra of BARDI BRCT (568-777) wild-type,
Arg658Cys, and Ile738Val mutant proteins do not reveal

A —————— 1 (B)
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Pathogenicity of BARDI mutants 5

change in ellipticity, hence mutations are not abrogating
the tertiary structure of BARD1 BRCT (568-777) wild-
type protein (Figure 1(D)). Treating with trypsin
(10 pg/mol) and chymotrypsin (10 pg/mol) for three
hours, the pattern on 12% SDS-PAGE for the wild-type
and both the mutant proteins was very similar (Figure 2).
This observation suggests that the mutants also have
compact tertiary structure similar to that of the wild-type
protein. However, wild-type and mutants were different
when treated with the chemical denaturant GuHCI.
To determine the unfolding pattern of BARDI BRCT
(568-777) wild-type, Arg658Cys, and Ile738Val mutant
proteins, all proteins with 2 pM concentration were incu-
bated with increasing concentrations of GuHCI (0-6 M)
for 24 h until equilibrium was achieved. Emission max-
ima were recorded between A =310 and 390 nm. In the
absence of GuHCI, while wild-type protein shows emis-
sion maximum at A =333 nm, the emission maxima for
BARDI1 BRCT (568-777), Arg658Cys, and Ile738Val
mutant proteins were at 1 =336 and 337 nm, respec-
tively. This red shifting in the emission maximum for the
mutants is due to the local change in the environment,
resulting in exposure of buried tryptophan to polar
solvent interface. BARD1 BRCT wild-fype and mutant
proteins denatured completely in 6 M GuHCI with an
emission maximum of A =345 nm, which indicates that
tryptophans are exposed to polar interface (Figure 3(A)).
Thus, collective observations from CD spectroscopy,
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Figure 2. Resistivity profile of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val toward protease digestion.
Notes: (A) Limited proteolysis of BARD1 BRCT (568-777) wild-type, (B) Arg658Cys, and (C) Ile738Val using trypsin and
(D) BARD1 BRCT (568-777) wild-type, (E) Arg658Cys, and (F) Ile738Val using chymotrypsin as proteases.
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Figure 3. Chemical denaturation profile of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val.

Notes: (A) Overlay of normalized fluorescent intensity pattern of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val
mutants. Normalized fluorescence intensity of BARD1 BRCT (568-777) wild-type native, Arg658Cys, and Ile738Val (0 M GuHcl)
unfolded (6 M GuHcl), respectively. (B) Non-linear least-squares fit of a three-state equilibrium unfolding model of BARD1 BRCT
(568-777) wild-type, Arg658Cys, and Ile738Val on the GuHcl-induced denaturation plot measured at 10°C.
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Figure 4. Structure and stability analysis of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val mutant proteins.

Notes: (A) Overlay of fraction unfolded in far-UV CD spectra of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val.
Thermal stability assessment of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val in near-UV range. (B) Overlay of
mean residual ellipticity obtained after thermal denaturation of BARD1 BRCT (568-777) wild-type, (D) Arg658Cys, and (C) Ile738-
Val in CD spectroscopy.
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Figure 5. Structural analysis of BARD1 BRCT (568-777) wild-type and mutant proteins using molecular dynamics simulation.

Notes: Comparative overlay of (A) RMSD, (B) RMSF, (C) N-H bond, (D) R,, (E) SASA, and (F) volume overlay of BARD1 BRCT
(568-777) wild-type (black), Arg658Cys (green), and Ile738Val (orange) with respect to time (ns).

limited proteolysis, and fluorescence spectroscopy sug-
gested that Arg658Cys and Ile738Val substitutions might
be affecting secondary and tertiary structures only
locally, and the effect of mutation is collectively
responsible for tertiary structural alterations.

3.3. Thermodynamic stability of BARDI BRCT
(568-777) wild-type and mutants

To evaluate unfolding phenomenon and thermodynamic
stability, thermal denaturation studies of proteins were
performed using CD spectroscopy. The change in ellip-
ticity due to gradual increase in the temperature from 10
to 65°C was recorded. Ellipticity at 4 =222 nm was used
to calculate fractions unfolded (Figure 4(A)). The data
obtained from CD at 1 =222 nm could fit satisfactorily
into a two-state denaturation model for wild-type and all
mutants (Pace, 1986; Pace & Shaw, 2000). The transition
mid-point (7,,) calculated for BARD1 BRCT (568-777)
wild-type, Arg658Cys, and Ile738Val mutant proteins
were 40.6, 41.7, and 47.8°C, respectively. The changes
in free energies corresponding to the denaturation were:
AG°H,O 9.6 £0.32, 7.3 £0.12, and 7.6 £+ .42 kcal/mol,
respectively. For tertiary structure stability assessment,
near-UV CD spectra of BARD1 BRCT(568-777) wild-
type, Arg658Cys, and Ile738Val mutant proteins were
monitored at four different temperatures: 10, 30, 45, and
60°C corresponding to A =280 and A=295. At the

temperature ranges from 10 to 30°C, BARD1 BRCT
(568-777) wild-type, Arg658Cys, and Ile738Val, peaks at
A=295nm and 1=280nm were observed, which is
characteristic of well folded 3-D structures. Furthermore,
at 45°C, BARD1 BRCT (568-777) wild-type and 11e738-
Val mutant proteins show 40% loss in the mean residual
ellipticity, but a complete loss in ellipticity was observed
in Arg658Cys mutant. It is therefore concluded that
BARD1 BRCT (568-777) wild-type and Ile738Val
mutant proteins have higher thermal stability than
Arg658Cys (Figure 4(B)—(D)). Fluorescence spec-
troscopy was used to monitor unfolding at 283 K
induced by GuHCl. For chemical denaturation of
BARDI1 BRCT (568-777) wild-type, Arg658Cys, and
Ile738Val mutant proteins, thermodynamic parameters
were calculated by plotting average fluorescence
emission wavelength against GuHcl concentration
(Figure 3(B)). AG° H,0O for BARD1 BRCT, Arg658Cys,
and Ile738Val were 7.19 +£.36, 6.29+ 41, and 6.8
+ .21 kcal/mol, respectively. This value of the BARDI
BRCT wild-type protein is in agreement with the earlier
reported results (Thanassoulas et al., 2010). AG for
folded to intermediate and then from intermediate to
unfolded state for wild-type proteins was calculated to be
2.68 and 4.5 kcal/mol, for Ile738Val mutant to be 1.8
and 4.8658 kcal/mol, for Arg658Cys mutant to be 2.2
and 4.09 kcal/mol, respectively. Thus, the folded mutants
are thermodynamically less stable than the wild type.
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3.4. MDS of BARDI BRCT, ARG658CYS, and ILE
738VAL mutations

Molecular dynamics calculations were performed to
visualize the structural alterations in BARD1 BRCT
(568-777) wild-type, Arg658Cys, and Ile738Val mutant
proteins. Co, RMSD values from the input structure were
plotted against time (50 ns) (Figure 5(A)). It has been
observed that wild-fype and mutant structures showed
similar deviations till 1500 ps, and at 1750 ps, the struc-
tures behaved differently. However, after 1.75 ns, 1le738-
Val mutant structure RMSD increases to about 3 A,
whereas wild-type and Ile738Val structures remained
with a RMSD value of ~1.75 to 2 A and ~1.75 to 3 A,
respectively. In BARD1 BRCT (568-777) wild-type and
Arg658Cys and Ile738Val mutant protein structures, the
magnitude of Coa RMSD fluctuations, after relaxation
period produces stable trajectories throughout the simula-
tion (Figure 5(A)). The RMSF values of BARD1 BRCT
(568-777) wild-type, Arg658Cys, and Ile738Val mutant

protein structures were obtained, and higher degree of
residual flexibility were observed for Ile738Val mutant
protein (Figure 5(B)). The BARD1 BRCT (568-777)
wild-type structure showed radius of gyration (R,) value
of ~1.924 nm at O ns, ~1.946 nm at 2 ns, ~1.92 nm at
5ns, ~1.94 nm at 10 ns, ~1.97 nm at 15 ns, ~1.93 nm at
20 ns, ~1.96 nm at 25 ns, and 1.95 nm at 30 ns. 1le738-
Val mutant structure showed R, value of ~1.92 nm at
Ons, ~1.954 nm at 2 ns, ~1.97 nm at 5 ns, ~1.94 nm at
10 ns, ~1.95 nm at 15 ns, ~1.92 nm at 20 ns, ~1.91 nm
at 25 ns, and 1.94 nm at 30 ns. Arg658Cys mutant struc-
ture showed R, value of ~1.925 nm at 0 ns, ~1.94 nm at
2ns, ~1.95nm at 5ns, ~1.94 nm at 10 ns, ~1.95 nm at
15ns, ~1.93 nm at 20 ns, and ~1.93 nm at 25 ns, and
1.94 nm at 30 ns. Radius of gyration of Arg658Cys
mutant protein structure does not show much fluctuation,
but Ile738Val mutant protein structure shows great varia-
tion throughout 50 ns simulation. Random change in
radius of gyration at 20 ns of Ile738Val mutant protein
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Figure 7. DSSP analysis of BARD1 BRCT (568-777) wild-type, Arg658Cys, and Ile738Val proteins with respect to time.
Notes: (A) BARD1 BRCT (568-777) wild-type, (B) 1le738Val, and (C) Arg658Cys.

structure indicates that structure has lost rigidity
(Figure 5(D)). BARD1 BRCT (568-777) wild-type and
Arg658Cys mutant protein structures do not show any
drastic change in the SASA values, in sharp contrast to
Ile738Val mutant protein, which shows increase in the
solvent accessible surface area during the initial phase of
the simulation (Figure 5(E)). We have also observed sig-
nificant differences in the hydrogen bonding pattern dur-
ing the simulation. BARD1 BRCT (568-777) wild-type
protein has shown better retention in hydrogen bonds
over the period of stimulation compared to Ile738Val
and Arg658Cys mutant protein structures (Figure 5(C)).
Hydrogen bond sampling at every 10 ns further indicated
that wild-type protein shows higher retention of hydrogen
bond than the mutant proteins (Supplementary Figure 3).
Loss of hydrogen bond formation leads to more flexible

conformation, and might result in loss of function of the
mutant protein.

To understand the overall dynamics and evaluate the
degree of flexibility, we have performed PCA and plotted
eigenvector 1 v/s eigenvector 2 (Figure 6(B)—(D)). The
area spanned/dispersion by this plot is indicative of the
nature of motion. It has been observed that BARDI
BRCT (568-777) wild-type protein has the compact
structure. Mutant Ile738Val is more flexible than BARD1
BRCT (568-777) wild-type and Arg658Cys proteins
(Figure 6(A)). The DSSP plug-in of GROMACS moni-
tored the secondary structures at different times during
simulation (Kabsch & Sander, 1983). BARD1 BRCT
Ile738Val mutant started losing the a-helix occurring
between 50th and 60th residues and lost completely at
about 25 ns (Figure 7(A) and (B)). However, no drastic
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change in the secondary structure of wild-fype and
Arg658Cys mutant were observed (Figure 7(C)). It can
be concluded that loss in o helical content in Ile738Val
mutant protein may lead to structural flexibility.
This was further supported by the change in volume
recorded in DLS and fluorescence spectroscopic studies
(Figure 5(F)).

3.5. Weak intramolecular interactions

Minimum energy structures of BARD1 BRCT (568-777)
wild-type, Arg658Cys, and Ile738Val mutant proteins
were used to study the weak intramolecular interactions.
In the wild-type structure, Arg 658 forms hydrogen bond
with the Glu 652, 649, and 655, and non-covalent
interactions with Ser 660, Gly 656, Leu 662, and Arg
661. In Cys 658 mutant structure, there is a reduction in
the number of hydrogen bonds. Furthermore, Cys 658
forms non-covalent interactions with Gly 656, Glu 652,
Pro 654, Ile 653, and Ser 660 (Supplementary Fig-
ure 2 (A) and (B)). Mutant Ile738Val is involved in the
hydrogen bonding with the Tyr 678 and non-hydrogen
bonding interaction with Tyr 736, Phe 736, and Ala 758.
Furthermore, Val 738 forms hydrogen bonds with Tyr
678 and a new hydrogen bond is established with
Trp680 and non-hydrogen bonding interactions with Phe
683, Leu 679, Phe 677, Ala 758, and Tyr 736. Mutant
structure Arg658Cys comprehensively loses the hydro-
gen bonds as compared to wild-type structure, further
destabilizing the structure and surface charge of the pro-
tein molecule (Supplementary Figure 2 (C) and (D)).

4. Conclusions

To explore the structural effect of Arg658Cys and
Ile738Val mutations on BARD1 BRCT, we have carried
out biophysical experiments and MD simulations. In the
crystal structure of BARD1 BRCT, Arg658 is a surface
exposed residue, whereas Ile 738 is buried inside the
structure. Expression and purification profile of BARDI
BRCT wild-type and mutant proteins do not show any
drastic change in solubility and monomeric behavior.
Secondary structures characterized by CD spectroscopy
suggest that mutation is not inducing immense global
changes, as the change in the ellipticity values is almost
identical for all proteins. Far-UV spectra of proteins
show insignificant change in the secondary structure, but
slight local changes in the structure are also irrefutable.
Near-UV CD spectroscopy, fluorescence spectroscopy,
and limited proteolysis experiments suggested that the
mutations are not affecting the overall compactness. The
T, value has reduced by 7 and 6.2°C for the mutants.
Interestingly, the same concentration of GuHCI appears
to be required to denature the wild-fype and mutant
proteins. Results from molecular dynamics simulation

indicated that Ile738Val structure has gain flexibility
compared to wild-type and Arg658Cys mutant proteins.
The gain of flexibility has been detected in RMSD,
RMSEF, and R, plot for Ile738Val mutant, which is fur-
ther supported by red shift in native fluorescence maxi-
mum, decrease in the number of hydrogen bonds,
increase in volume, SASA, and PCA. Loss of T, and
AG of BARD1 BRCT and Arg658Cys and Ile738Val
mutants with respect to wild-type suggests that substitu-
tions are physiologically detrimental. It has been
observed collectively that wild-type and mutant proteins
exhibited analogous secondary structural constituents,
whereas fluorescence spectroscopy suggested that the
comparative positioning of Trp and Tyr were signifi-
cantly hindered. MDS of BARD1 BRCT (568-777) wild-
type, Arg658Cys, and Ile738Val mutant protein structures
has been comprehensively analyzed to understand the
structural alterations. Our results from the biophysical,
in vitro, and in silico approaches predict that Arg658Cys
and Ile738Val mutants are destabilizing the BARDI
BRCT domain which may lead to the loss of thermody-
namic stability and functional activity.

Supplementary material

The supplementary material for this paper is available online
at http://dx.doi.org/10.1080/07391102.2015.1082149.
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