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ABSTRACT

The DNA damage response (DDR) is critical for maintaining genomic integrity and
prevention of genotoxic consequences leading to carcinogenesis. The DDR signaling
cascade results either in the activation of the repair pathway, or initiation of
apoptosis if the repair is not possible. Many hereditary and sporadic forms of human
cancers have been linked to mutations in key DDR genes such as tumor protein p53,
Ataxia telangiectasia-mutated kinase (ATM) and Breast cancerl (BRCA1). In the
early stages of DDR, the histone variant H2AX is phosphorylated at serine 139 to
form YH2AX. This modification leads to the recruitment of Mediator of DNA
damage checkpoint protein 1 (MDC1) which specifically interacts with the pSxxY -
COOH motif of yYH2AX through its BRCT domain. The structural dynamics
underlying the interaction of MDC1 with the chromatin remains to be deciphered.
We have recombinantly expressed and purified histone octamers with H2AX and
aimed to phosphorylate the C-terminal tail. This will help provide insights into the

MDC1-nucleosome interaction.

Another BRCT domain protein, BRCA1 is a widely known tumor suppressor
protein involved in the homologous recombination (HR) pathway for repair of DNA
double-strand breaks (DSB). Mutations in the phosphopeptide binding domain of
BRCALI are associated with increased breast cancer risks and lead to defects in the
DDR, sensitizing cells to radiation and many DNA-targeting cancer therapies. The

finding that BRCA1 mutations impact HR and sensitize cells to the single strand
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break repair enzyme poly (ADP) ribose polymerase (PARP) has led to promising
approaches to develop BRCA1 BRCT inhibitor for combinatorial therapy with
PARP inhibitors. This approach can be used to target cancerous cells with the wild-
type BRCA1 and prevent HR repair of DNA lesions from radio and chemotherapy
treatments. Our collaborators recently developed a potential BRCA1 BRCT
inhibitor that might lead to new avenues for anticancer therapy development. The
inhibitor is a peptide which binds specifically to the BRCA1 BRCT domain on the
same surface as the phosphorylated peptides. We tested the ability of this inhibitor
to block binding of BRCA1 BRCT to a model binding peptide containing the pSer-
x-x-Phe motif. Specificity is also tested by the ability of this inhibitor to block
interactions between a related BRCT protein MDC1 and its peptide target pSer-x-x-
Tyr-COO-. We performed in vivo experiments to determine the permeability of this
inhibitor in U20S cells. The ability of the inhibitor to disrupt BRCA1 interaction
with the protein Abraxas was visualized. The peptide was expressed in U20S cells,
and its kinetics visualized by Fluorescence recovery after photobleaching (FRAP).
Overall, we prove the specificity of our inhibitor to BRCA1 BRCT and confirm its

permeability in U20S cells.
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CHAPTER 1: Introduction



1.1 DNA damage, response, and repair.
1.11 DNA damage

DNA is a robust molecule and chemical alteration of the structure can be
detrimental to its integrity. DNA damage occurs due to various exogenous sources
as well as endogenous cellular processes. Endogenous sources such as hydrolytic
reactions and reactive oxygen species (ROS) from oxidative respiration generate
thousands of lesions per cell every day (Jackson & Bartek, 2009). Hydrolysis of
DNA occurs in various forms due to the instability of the DNA glycosyl bonds.
DNA mismatches occasionally occur during replication because of nucleotide
misincorporation during synthesis (Jackson & Bartek, 2009; Valko et al., 2006).
Depurination results from the cleaving of the f-N-glycosyl bond and the
introduction of Apurinic sites (AP) in the DNA (Lindahl & Andersson, 1972).
Another form of hydrolysis is deamination of cytosine which results in a base
transition to uracil in DNA (Lindahl & Nyberg, 1974). Oxidation by ROS typically
results in the adducts that impair base pairing, block DNA replication and
transcription or lead to single-stand breaks (SSBs). The most studied mutagenic base
lesion from oxidation is the formation of 8-oxoguanine (8-0x0G) from guanine. 8-
oxoG preferentially base-pairs with adenine instead of cytosine and results in
mutations after replication (Kasai & Nishimura, 1984; Shibutani et al., 1991). DNA
base alkylation also results in cytotoxic lesions that pose a major threat to the cell.
S-adenosylmethionine (SAM) is a methyl donor compound involved in the

methylation of purine residues that form 7-methylguanine and 3-methyladenine



lesions. SAM is present in the nucleus and readily acts as a co-factor for enzymatic
DNA methylation (Barrows & Magee, 1982; Rydberg & Lindahl, 1982). The 3-
methyladenine is a DNA lesion that blocks replication while the 7-methylguanine
has no major effect on the coding specificity of the base (Lindahl, 1993).

Exogenous sources of DNA damage arise from physical and chemical agents
that induce lesions. X-rays, ultraviolet light (UV) from the sun, ionizing radiation
(IR) from decay of radioactive compounds such as uranium, threaten the genome
stability. IR generates SSBs and double stand breaks (DSBs) which is the most toxic
type of damage (Ward, 1988). DNA damaging chemicals are produced from tobacco
products, which by metabolic activation lead to DNA adducts. Other chemicals are
found in food contaminants or by-products from warfare and industrial processes

(Wogan et al., 2004).
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Figure 1.1 Different types of DNA damage. Major types of DNA lesions
experienced by genomic DNA and their sources. Endogenous sources colour coded
in brown and exogenous sources in grey. Types of lesions indicated below

represented by the DNA schematic.



1.12 DNA damage response and repair

In response to DNA damage, cells have evolved a complex DNA damage
response (DDR) machinery that detects the lesions, signals their presence, and
activates cell cycle checkpoints. This halts cell cycle progression to enable repair of
the damage, mediates the activation of transcriptional factors and in some cases
induces apoptosis. The cell cycle checkpoints pause the cells at G1/S, G2/M
transitions or at intra-S phase. Although the checkpoints are different, the proteins
involved in the DNA lesion signalling and cycle arrest are similar (Carusillo &
Mussolino, 2020; Houtgraaf et al., 2006; Zhou & Elledge, 2000). Normal cell cycle
progression is mostly controlled by one family of proteins, the cyclin dependent
kinases (CDKs). CDK1 and CDK2 control the G2-M transition while CDK?2 and
CDK4 regulate the G1-S transition (Ding et al., 2020). During DNA damage, the
PI3K kinases and checkpoint kinase 2 (CHK2) are activated to trigger
transcriptional activity of the tumor suppressor protein p53. It is the central mediator
of DNA damage checkpoint which is phosphorylated on serine-15 by ataxia-
telangiectasia mutated (ATM) or serine-20 by CHK2 to promote its DNA binding
activity (Ou & Schumacher, 2018). Transcriptional activity of p53 drives the
expression of the cyclin-dependent kinase inhibitor p21 which leads to G1 arrest. If
the damage occurs in the G2 phase, p21 blocks retinoblastoma (Rb) phosphorylation
and sequesters CDK1 in the nucleus (Carusillo & Mussolino, 2020; Ding et al.,

2020). This prevents the transition to the M-phase and provides adequate time for



DNA lesion repair. DNA damage in the S-phase typically results in the slowing

down of the replication to repair the lesion.

DNA damage
Replication stress ﬂ “ ¢ SIGNALS
SENSORS
TRANSDUCERS
BRCA1 ~ MEDIATORS
® @
\ / | EFFECTORS )
e53)
/N T
Cell arrest Apoptosis Transcription DNA repair

Figure 1.2 DNA damage response. Schematic representation of the general DNA
damage response signal-transduction pathway. Arrows denote activation.
Classification of proteins in their respective function to signal transduction.

Adapted from (Zhou & Elledge 2000)



There are two major pathways for activation of the cell cycle checkpoints,
ATM-Chk2 and ATR-Chk1 as shown in figure 1.2. The early response to a DSB is
mainly mediated by the ATM-Chk2 checkpoint signaling. In this pathway, the
damage is sensed by the Meiotic recombination 11 homolog 1(MRE11)-RAD50-
Nijmegen breakage syndrome protein 1 (NBS1) complex (MRN) which localizes to
the DSB site. The Nbs1 protein in the complex recruits ATM to the damage site and
activates ATM kinase to phosphorylate Chk2 at threonine 68. This mediates its
further autophosphorylation and activation of p53 to mediate cell cycle arrest. ATM
can also directly phosphorylate p53 to trigger downstream checkpoint activation.
Chk2 also phosphorylates Cdc25A which leads to the nuclear localization of CDK?2
to trigger G1 arrest (Carusillo & Mussolino, 2020; Houtgraaf et al., 2006; Zhou &
Elledge, 2000).

The ATM and Rad3 related (ATR) — Checkpoint 1 (Chk1) activation is
dependent on DNA resection. Recruitment of ATR is mediated by ATR interacting
protein (ATRIP) binding to the replication protein A (RPA) in the topoisomerase
binding protein 1(TOPB1) scaffold. Single-strand DNA overhangs after resection
are bound and protected by RPA. ATR mediates the phosphorylation of Chk1 at
serine 317 and serine 345. Autophosphorylation of Chk1 at serine 296 causes its
release from chromatin to promote checkpoint signaling (Bartek & Lukas, 2007,
Houtgraaf et al., 2006). There is a requirement for various distinct lesion-specific

repair mechanisms due to the variety of DNA alterations mentioned above. A brief



explanation of the process for some of the repair mechanisms known today is shown

in figure 1.3.

Nucleotide Excision Repair (NER)

NER recognizes bulky helix distorting DNA base lesions that result from UV
irradiation or chemical agents. This repair mechanism can be divided into two
pathways that differ by the lesion recognition process (Scharer, 2013). Global
genome NER recognizes bulky DNA lesions by the Xeroderma Pigmentosum group
C protein. The transcription coupled NER specifically targets lesions that block
transcription and is recognized due to RNA polymerase II stalling. Once the lesion is
recognized, the DNA is unwound, and 20-30 base pairs are excised by
endonucleases on either side to the damage to produce a single-stranded DNA
(ssDNA) (Spivak, 2015). DNA polymerases then fill the gap using the other strand

as a template and the DNA ligase seals off the ends.

Base Excision Repair (BER) / Single strand break repair (SSBR)

DNA hydrolysis and endogenous cellular processes can lead to base modification
and single strand breaks. The lesions are recognized by DNA glycosylases which
mediate the base removal by cleavage of the N-glycosylic bond. The AP site is
recognized and bound by the Poly (ADP-ribose) polymerase (PARP 1 and or PARP
2). The PARP complex recruits the human AP-endonuclease 1 (APE1) for

nucleotide excision. DNA polymerase and ligase insert the missing nucleotide(s)



and seal the gap respectively (Freudenthal, 2017; Krokan & Bjoras, 2013). SSBs are
detected by PARP-1 which recruits the APE2 endonuclease to the damage site. In
this mechanism, a more extended single-stranded portion is cleaved by APE2 before
the recruitment of DNA polymerases and ligases to seal the gap with free

nucleotides (Eustermann et al., 2015; Hossain et al., 2018).

W

‘UV radiation ‘
Bulky lesion Single-strand Double-strand
Apurinic site  Strand cross-linking breaks breaks Mismatch

Figure 1.3 DNA damage repair mechanisms. Schematic of DNA repair pathway
engaged for resolution of the DNA lesion. Table indicates type of lesion depicted in
the figure above and the repair pathway activated by the lesions. Adapted from

(Carusillo & Mussolino 2020)



Mismatch repair (MMR)

DNA mismatches typically occur during replication or other cellular processes.
Single base pair mismatches and small/large insertion or deletions are recognized by
the MutS homolog (MSH) heterodimer complexes. The mismatch recognition
causes conformational changes in the complex to mediate recruitment of an
exonuclease for a single-strand incision. The gap is then filled with missing
nucleotides by the DNA polymerase delta and DNA ligase I to complete the repair

(Erie & Weninger, 2014; Li et al., 2016).

Double-strand break repair (DSBR)

When a DSB occurs, there are two major mechanisms for repair used by the cell
depending on the cell cycle phase. Non-homologous end-joining (NHEJ) which can
operate in any phase of the cell cycle is the error prone repair pathway (Lieber,
2008). The DSBs are recognized by the Ku protein dimer that binds the DNA break
ends and promotes the recruitment of the protein kinase DNA-PKcs. This leads to
the recruitment of proteins like the X-Ray repair cross-complementing protein 4
(XRCC4), XRCC-4like factor (XLF) and the DNA ligase IV to seal the break ends
(Ahnesorg et al., 2006; Chang et al., 2017). The second DSB repair mechanism is
the homologous recombination (HR) pathway which is restricted to the S/G2 phase
of cell cycle. This is due to the requirement of a sister chromatid as a template,
which enables an error free method of repair (San Filippo et al., 2008). The DSB is

sensed by the MRN complex that localizes to both ends of the break, mediates DNA
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end resection and the generation of ssDNA that invades the sister chromatid
template. Eventually, repair is mediated by polymerases, nucleases, helicases, and
DNA ligation (Jasin & Rothstein, 2013; Myler et al., 2017).

There are two alternative DSBR pathways, Microhomology-mediated end-
joining (MMEJ) and single-strand annealing (SSA) which are shared with HR but
error prone. They both involve the loss of nucleotides and require different lengths
of homologous sequences on the same chromosome (Carusillo & Mussolino, 2020).
MMEI requires short homology stretches less than 20 nucleotides exposure after
DNA end resection followed by alignment of the complementary strands. The SSA
requires longer homology stretches of greater than 25 nucleotides which is protected
by RPA, then base pairing of homologous sequences is mediated by RADS52. The
activity of endonucleases, DNA polymerases and DNA ligases complete the repair

(Ceccaldi et al., 2016).
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Figure 1.4 Overview of double strand break repair pathways. Reprinted with
permission from “DNA Damage: From Threat to Treatment” by Carusillo, A.
& Mussolino, C., 2020 Cells 9, 1665 (A)Non-homologous end-joining (NHEJ)
pathway of repair which involves damaged ends protection by the Ku80/Ku70 dimer
that mediate recruitment of DNA-PKcs. Next, the recruitment of Lig
IV/XRCC4/XLF complex or Artemis for ligation of DNA ends and repair.
(B)Homology-directed repair (HDR) with DNA end resection followed by strand
invasion and new strand synthesis before ligation. (C) Microhomology-mediated
end joining (MMEJ) and single strand annealing (SSA) post short end resection in
HDR.



1.2 Genome organization: DNA to chromosome

The human genome over two metres long with three billion base pairs is
precisely packed into the ~ 10 um nucleus of a cell (Kinner et al., 2008). Such
compaction is achieved by the assembly of a DNA-protein complex called
chromatin which also maintains coordinated accessibility for cellular processes that
require DNA unwinding. Genomic DNA exists as a nucleotide-protein complex
which is folded into layers that form higher order structures. The nucleosome is the
basic subunit of the chromatin and is composed of four core histone proteins H2A,
H2B, H3, H4, linker histone (H1 or H5) and the genomic DNA. Two copies of each
core histone assemble to form an octamer onto which 147 bp segment of DNA is
wrapped in a left-handed superhelix ~1.7 times around the octameric core to form a
nucleosome core particle (Luger, 1997). The nucleosome core associates with the
linker histone to bind ~165 bp of DNA and together are called the chromatosome. A
complete nucleosome consists of the chromatosome and the linker DNA which

connects adjacent nucleosomes for compaction.

Core Histones

Histones are small 11-15 kDa proteins which share a similar structural motif. The
highly conserved histone-fold motif is comprised of three a-helices connected by
two loops usually denoted by al-L1- a2-L2- a3 shown in figure 1.5. The C-

terminal portions of the @2 and a3 helices mediate the histone dimerization pairing
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of H2A-H2B and H3-H4. Highlighted in figure 1.5, the octameric core is assembled
from two H3-H4 and two H2A-H2B heterodimers by a four-helix bundle structural
motif. H3-H4 dimer forms a tetramer by an H3:H3 interface formed by the a2 and
a3 helices. The (H3-H4)2 tetramer associates with the H2A-H2B dimer by the H4
and H2B helix-bundle interface. Apart from the histone fold region, histones have
N- and C-terminal extensions that contribute to the structure, DNA binding and
stabilization. The H3 aN helix extension interacts with the H4 histone fold and is
responsible for binding ~13bp of the nucleosomal DNA at the entry-exit site. The
H2B aC helix packs against the H2A-H2B fold helices and extends from the
nucleosome to the DNA edge opposite the dyad. The octamer core of histones
carries a strong positive charge and is formed in high salt solutions or when bound
by DNA (Arents et al., 1991; Arents & Moudrianakis, 1995, 1995; Luger, 1997) .
The histone octamer associates with DNA at three distinct binding sites
composed of structural elements from each dimer. The H2A-H2B heterodimers
interact with the DNA in two different parallel planes perpendicular to the DNA axis
while the H3-H4 tetramer forms a diagonal tilt connecting the two planes. The
histone core accounts for binding ~121 bp of the DNA with contacts at projected
arginine side chains, lysine chains as well as the main chain amide nitrogen. Highly
conserved arginine residues project into the minor groove of the DNA to help
position, facilitate orientation and bending of the superhelix. One of the tightest
binding DNA sequences to the histone octamer is known as the Widom 601 (W601)

sequence. This was determined from in vitro experiments by isolation of random

14



synthetic DNA sequences with high affinity for the histone octamer. This is due to
the abundant TA base steps in W601 which favours interaction with the octamer
where the minor groove faces the histones (Cutter & Hayes, 2015a; Lowary &

Widom, 1998; Richmond & Davey, 2003).

L1

a2

H2A

H3 H4 H3-H4 tetramer

Figure 1.5 Organization of Octamer. Schematic of the histone subunits for
octamer formation. Canonical histone fold motif ¢1-L1- a2-L2- a3 shown in H2A.
H2A-H2B dimer and H3-H4 tetramer assemble to form octamer. H2A-H2B

dimer and H3-H4 tetramer stable hetero-complex.
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The core and linker histones exist as variants with similar structure for
incorporation into the nucleosome but non-identical protein sequences. This
provides diversification of the nucleosome structure and function while some
variants with post-translational modifications impact chromatin environment. The
H3 histone variants H3.3 and Centromere protein A (CENPA) are important in
maintenance of genome integrity and cell fate transitions (Ferrand et al., 2020). The
H2A.X and H1 family of histones are heavily involved in DNA damage response

which has been described in section 1.3.
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Figure 1.6 Overview of histone variants contribution to genome maintenance.
Reprinted with permission from “Histone Variants: Guardians of Genome
Integrity” by Ferrand et al., 2020 Cells, 9(11), 2424. The roles are divided into

DNA damage response, cell fate transitions and chromosome integrity. Key features
highlighted in red.
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1.3 DNA Double strand break repair signaling

1.31 Histone variant H2AX

The variant H2AX constitutes 2-25% of the mammalian histone H2A varying by
organism and cell type. It differs from the other H2A variants by the presence of a
unique C-terminal tail which is evolutionarily conserved (Bonner et al., 2008). In
humans, the last four residues have an S-Q-E-Y motif. The N- and C-terminal tails
of H2AX are sites for post-translational modifications of the H2AX histone such as
acetylation, biotinylation, phosphorylation and ubiquitination. H2AX is
constitutively phosphorylated at Tyrosine 142 (Y 142) under normal growth
conditions in cells (Xiao et al., 2009). This phosphorylation is mediated by a
tyrosine kinase, Williams-Beuren syndrome transcription factor (WSTF) which is a
component of the WICH chromatin remodelling complex (Jones et al., 2000; Xiao et
al., 2009). Upon DSB, phosphorylation of H2AX occurs at the serine 139 located in
the C-terminus. This phosphorylated H2AX is called the yH2AX and marks the

initiation of DSB signaling.

1.32 Formation of Ionizing radiation induced foci

Upon DSB, yH2AX formation is mediated mainly by the ATM kinase. This
signaling is very specific to DSB as damaging agents that cause other forms of DNA
lesions do not result in yH2AX formation (Georgoulis et al., 2017). ATM kinase

recruitment to the damage site is mediated by the MRN complex. The yH2AX
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extends rapidly on both sides of the damage along the chromatin acting as a beacon
signal for DSB. High levels of yH2AX which persist for several hours, were found
to be dependent on the basal phosphorylation of Y142 at the c-terminal of H2AX
(Singh et al., 2012; Xiao et al., 2009) . The intermediate di-phosphorylated H2AX
(pSer 139, pTyr 142) is specifically recognized by microcephalin 1 (MCPH1)
(Singh et al., 2012). It is a protein referred to as the “guardian of the genome” due to
its functions in early DDR and tumor suppression (Chaplet et al., 2006). MCPH1 or
BRIT 1 has one N-terminal BRCT domain, a condensin II binding motif and two c-
terminal BRCT domains. It specifically binds to di-phosphorylated H2AX or
yH2AX by the c-terminal BRCTs. However, the EYA2 and EY A 3 phosphatases are
responsible for the de-phosphorylation of Y142 following DSB leading to increased
levels of the yH2AX. It has been shown that inhibition of the EY A phosphatases
could direct DNA damaged cells to the apoptotic pathway. The inhibition leads to
increased levels of di-phosphorylated H2AX which mediate activation of cell-stress
and pro-apoptotic factors (Cook et al., 2009).

After the yH2AX formation and Y 142 dephosphorylation, mediator of DNA
damage checkpoint 1 (MDC1) binds in proximity to the damage site. Activated
ATM kinase, phosphoserine-1981 (pATM) binds specifically to the FHA domain of
MDCI1, which mediates its further recruitment to the DSB site. In the absence of
MDCI, the further recruitment of pATM to the damage site was impaired (Lou et
al., 2006, p. 1; So et al., 2009). This constitutes a feedback loop, as more H2AX

histones are phosphorylated and MDC1 is further recruited to amplify the signal.
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The threonine phosphorylation in the TQXF repeats of MDC1 by ATM mediates the
recruitment of an E3 ubiquitin ligase RNFS. This protein is made up of an N-
terminal FHA domain for interaction with the phosphorylated threonine and a C-
terminal Really Interesting New Gene (RING) finger domain (Kolas et al., 2007;
Mailand et al., 2007, p. 8). RNFS8, together with the E2 ubiquitin activating enzyme
UBC13 promote the lysine 63 (K63) linked ubiquitination of histone H1 at DSBs.
This leads to the recruitment of another E3 ubiquitin ligase RNF 168 which
ubiquitinates the H2A/H2AX on lysine 13 (K13) or lysine 15 (K15) with the help of
the E2 enzyme UbcHS5c (Thorslund et al., 2015). RNF168 specifically binds to the
K63 ubiquitinated H1 by its N-terminal ubiquitin-binding domain to mediate the
ubiquitination at K13-15 (Horn et al., 2019; Thorslund et al., 2015).

Ubiquitination in proximity to the DNA damage is crucial for the recruitment
of the DDR factors such as BRCAT1 and the p53 binding protein (53BP1). BRCA1
interaction with the RAP80 protein is required for its localization at DSBs. The
ubiquitin binding protein RAPS8O0 interacts specifically with the K63- linked
polyubiquitin chains at sites of DNA damage (Sobhian et al., 2007; B. Wang et al.,
2007a). 53BP1 interacts specifically with the mono-ubiquitinated K15 of H2A by its

ubiquitylation-dependent recruitment (UDR) motif (Panier & Boulton, 2014).
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Figure 1.7 Overview of DSB signaling. Outline of phosphorylation and protein

binding events that initiate the recruitment of DDR proteins.
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1.33 Homologous recombination focus

HR serves to repair the most critical and dangerous types of DNA lesions
such as DSB and interstrand crosslinks that arise from stalled replication forks. The
process requires the presence of a sister chromatid template which promotes error
free lesion repair. Thus, HR is limited to only the S/G2 phase of the cell cycle where
a sister chromatid is present. When a DSB occurs, the lesion is sensed by the MRN
complex which localize at both ends of the break. The MRE11 mediates resection of
oligonucleotides away from the damage site. This antagonizes the NHEJ pathway
and mediates the activation of the protein kinase ATM (Garcia et al., 2011;
Langerak et al., 2011; Syed & Tainer, 2018). ATM belongs to the
phosphatidylinositol 3 (PI3) family of lipid kinases (PI3Ks) which includes DNA
dependent protein kinase (DNA-PK) and ATR involved in DNA damage signaling
and repair (Shiloh, 2003). NBS1 recruits ATM to the DSB and the kinase mediate
the phosphorylation of histone variant H2AX on the nucleosomes, in vicinity of the
damage. DNA-PK also phosphorylates the histone H2AX in response to DSBs while
ATR is mainly involved in response to ultra-violet (UV) damage or replication
stress. The phosphorylation promotes the recruitment of downstream proteins for
repair of the DSB and activation of the cell cycle arrest regulators (Kinner et al.,
2008).

In the early steps of HR, MREI11 endonuclease activity cuts up to 300
nucleotides away from the damage to initiate DNA resection for HR directed repair.

This functions to antagonize the ku dimers and prevent NHEJ repair activation
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(Langerak et al., 2011). MREI11 by association with the C-terminal binding protein
interacting protein (CtIP) extends the nick 3°-5” towards the DSB (H. Wang et al.,
2013). CtIP then dissociates to allow for 5°-3” nuclease activity by Exonuclease 1
(EXO1) with the support of DNA2 and the Bloom syndrome helicase (BLM)
(Garcia et al., 2011). SSDNA overhangs generated from resection are immediately
bound by the RPA complex to protect the DNA (Chen & Wold, 2014). The Breast
cancer type 2 susceptibility protein (BRCA2) in complex with partner and localizer
of BRCA2 (PALB2) and other RADS51 paralogues are critical mediators in the
displacement of RPA. They promote the loading of a DNA-dependent ATPase
(Rad51) to form nucleofilaments with the ssDNA (Ma et al., 2017; Zelensky et al.,
2014). When Rad51 is in an ATP bound state, there is an increased affinity for
DNA. Rad51-ATP promotes nucleation and filament elongation to direct the repair
to HR while suppressing SSA. Rad51 is regulated by the binding of co-factors,
interacting proteins and the nucleotide hydrolysis cycle. With Rad51 and other
interacting proteins, a nucleoprotein scaffold is formed to engage in homology
search and strand invasion (Hilario et al., 2009; Robertson et al., 2009).

Homology search is mediated by Rad51 immediate binding to dsDNA and
turnover if the sequence is incorrect. It has been proposed that this process could be
mediated by the ATPase activity of Rad51 because of its similarity with RecA
protein that performs the homology search in E. coli (Bell & Kowalczykowski,
2016). However, due to the slow Rad51 ATPase activity compared to RecA, it is

most likely that other proteins or co-factors are involved in the search (Wright et al.,
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2018). Upon identification of homologous dsDNA, a synaptic complex is formed
which proceeds to form the D-loop. This is a key intermediate with the 3’ end of the
invading strand intertwined with its complement in the donor strand. At the D-loop,
a heteroduplex DNA (hDNA) of the invading strand and donor strand is formed
which is similar to the primer-template binding suitable for DNA synthesis
(Kowalczykowski, 2015; Wright et al., 2018). The DNA Polymerase § and
proliferating cell nuclear antigen (PCNA) are required for the D-loop extension of
the invading strand using the dsSDNA donor as a template (Sneeden et al., 2013).
DNA helicases unwind the hDNA to remove the extended invading strand and
return it to ssSDNA which is bound by RPA. The newly synthesized strand is then
annealed with the other DSB end to mediate another DNA synthesis. Starting from
the annealed end and using the homology strand as a template, DNA synthesis and

ligation occurs to complete the repair (Wright et al., 2018).
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Figure 1.8 Overview of homologous recombination pathway. Schematic
representation of steps in HR and the major proteins involved in this pathway are
shown. HR begins with the MRN complex recruitment while the Ku dimer binding
is a very early DNA protection mechanism. Figure is adapted from (Schwertman et

al. 2016)
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1.4 BRCT domain proteins

The BRCT domain was first identified in the BRCAT1 C terminal where mutations
were linked to familial breast cancer (Yu, 2003). The proteins which contain this
domain function in DNA damage signaling, checkpoint control and DNA repair.
BRCT domain mediates protein-protein interactions, typically with a phosphorylated
non-BRCT partner. However, some BRCT domains can bind interacting partners
independent of phosphorylation while some bind DNA in a sequence dependent
manner (Rodriguez, 2008). The conserved structure of one BRCT fold features four
parallel S sheets which are central to a pair of a-helices (1&3) on one face and a2
on opposite face of the sheets. The domain appears typically in tandem with the a2
of one-fold packed against the a1&3 of the other fold and joined by an « linker
(Williams et al., 2001). Single BRCT domain also exists in proteins like PARP1 and
DNA ligase III proteins (Rodriguez, 2008). Tandem BRCTs are found in BRCA1

and MDC1 which will be discussed later in this section.

1.41 BRCA1

BRCALTI is a tumor suppressor protein of which mutations have been found in
both hereditary and sporadic forms of breast and ovarian cancer (Futreal et al., 1994;
Miki et al., 1994). It is a large protein with 1,863 amino acids which form three
mainly conserved domains known to date. An N-terminal zinc RING finger domain,
a coiled coil (CC) domain and a C-terminal tandem BRCT domain (Huen et al.,

2010). The function of BRCA1 RING domain is in the heterodimer formation with
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BRCA1-associated RING domain protein 1(BARD1). The BRCA1-BARDI dimer
is involved in the DDR signaling, DNA repair and transcriptional regulation (Huen
et al., 2010; Meza et al., 1999). Studies showed the ubiquitin ligase activity of
BRCAT1 is enhanced by BARDI1 in the heterodimer (Xia et al., 2003). The CC
domain is important in the complex formation of BRCA1 with PALB2 and BRCA2
(Zhang et al., 2009). The BRCA1 BRCT domain interacts with three major proteins
in the cell for different functions. Interaction with the BRCA 1-interacting protein C-
terminal helicase 1 (BACH1), CtIP and abraxas all happen in a phosphorylation
dependent manner (Clapperton et al., 2004; B. Wang et al., 2007b; Yu et al., 1998a).
The BRCALI interaction with abraxas is important for its recruitment to the DNA
damage site with the help of RAP80. CtIP interaction with BRCA1 BRCT also
assists in its recruitment to the site of DSB for HR. BACH]1 interaction with
BRCAL1 is important for activation of the DSBR pathway. A large central region of
BRCAI contains sequences which could mediate its interaction with DNA, Rad51
and other repair factors (Zhao et al., 2019) .

The BRCT domain of BRCA1 has a distinct structurally conserved interface
which allows the specific recognition of the pS-X-X-F motif in the phosphorylated
binding partners. An a-helical linker region joins the tandem BRCT repeats which
are both important for the peptide binding. The N-terminal BRCT contains the
phosphate-binding pocket while the hydrophobic binding pocket is located in the
interface between the repeats. The phosphoserine binding pocket is shallow and

contains Gly1656 whose main chain NH and the hydroxyl group of Ser1655, form
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hydrogen bonding interactions with the phosphate. Thr1700 also hydrogen bonds
with the hydroxyl group of the phosphoserine. Salt-bridging interaction of the
phosphate with Lys1702 which is supported by the mainchain carbonyls of Vall654
and Asn1678 also improves the binding. The hydrophobic binding pocket comprises
of Leul701, Phe1704, Met1775 and Leul839 and the sides are lined with Arg1699,
Asnl774 and Argl835. The main chain carbonyl group of Argl699 hydrogen bonds
with the main chain NH of the hydrophobic +3 residue. Also, the main chain
carbonyl group of the Phe (+3) interacts with the side chain of Arg1699. This
interaction is important for the orientation of the hydrophobic residue in the pocket

(Clapperton et al., 2004; Williams et al., 2004).
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Figure 1.9 BRCA1 domain organization and tandem BRCT structure.

(A) Functional domains of BRCAT1 and their protein interactions (B) Structural
overview of the BRCA1 BRCT bound to the Bachl peptide. The figure was made
using Pymol (PDB ID: 1T2V). Helices colored blue, sheets coloured brown and
BACHI1 peptide in teal. Important residues for biniding pSer and +3 Phe shown by

stick representation.
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1.42 MDC1

MDCI regulates various aspects of the DDR signaling and cell-cycle
checkpoint activation. It also regulates the foci formation of other DDR important
proteins which mediate DNA repair or apoptosis of the cells (Lou et al., 2006;
Stewart et al., 2003; L. Wu et al., 2008). MDC1 is a large 2,089 residues long
protein which consists of three distinct domains. An N-terminal FHA domain, a
central Pro/Ser/Thr- rich repeat domain (PST) and a C-terminal tandem BRCT
domain. The specific recognition of the pS-Q-E-Y-COO™ motif by the BRCT
domain of MDC1 mediates its recruitment to proximity of DSB and other DDR
proteins (Coster & Goldberg, 2010) . The overall mode of peptide binding to the
MDCI1 BRCT is similar to the BRCA1 BRCT. The phosphate binding pocket of
MDCI1 is made up of Lys1936, Thr1898 and Gly1899 which bind the phosphate in
similar fashion to the Lys1702, Ser1655 and Gly1656 of BRCA1. However, in the
hydrophobic (+3) binding pocket, Argl1933 has a stronger hydrogen bonding pattern
with the Glu2063 and forms strong salt-bridging interaction with the carboxyl
terminus. This explains the strong preference and higher affinity of MDC1 binding
to a carboxyl-terminus peptide as additional residues will abolish this interaction
(Stucki et al., 2005).

Although the structural moiety of the BRCT domain and the important
residues for peptide binding are conserved, some subtle changes exist which
influence specificity of the protein binding partners. This allows for the design of

small inhibitors that can target specific BRCT domain proteins for therapeutics.
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Figure 1.10 MDC1 domain organization and tandem BRCT structure.

(A) Functional domains of MDCI1 and their protein interactions (B) Structural
overview of the MDC1 BRCT bound to the yH2AX peptide. The figure was made
using Pymol (PDB ID: 2AZM). Helices colored green, sheets coloured brown and
yH2AX peptide in teal. Important residues for biniding pSer and +3 Tyr shown by

stick representation.
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1.5 BRCA1 in Homologous Recombination.

BRCAL1 is mostly characterized for its important roles in promoting HR in
DSB repair. This is because of its interaction with proteins involved at different
stages of HR. BRCA-negative cells are HR deficient and sensitive to DNA
damaging agents (Turner et al., 2004). BRCA1 recruits to the DSB mainly in the
S/G2 phase of cell cycle where HR is favoured. It antagonizes the p53 binding
protein 1 (53BP1) to direct the DSB repair choice towards HR. DNA resection and
generation of ssDNA to facilitate the Rad51 filaments formation for stand invasion
is promoted by BRCA1 (Liu & Lu, 2021). The heterodimer of BRCA1/BARD1 was
recently found to promote Rad51 mediated homologous pairing. BARD1 promotes
the localization of BRCA1 to chromatin through its interacting domains. It has an N-
terminal RING domain, three Ankyrin repeats (ANK) and two C-terminal BRCT
domains (Cimmino et al., 2017).

The recruitment of BRCA1 to the DSB is dependent on two major pathways,
its complex A formation with Abraxas/RAP 80 and by BARDI. A visual
representation of the pathways has been highlighted in figure 1.11. Poly-
ubiquitination of the histone H1 by RNF8 leads to the mono-ubiquitination of H2A
at K13/15. The ubiquitin interacting motif (UIM) of RAP 80 recognizes the K63
ubiquitin chains on H1, this mediates the recruitment of BRCA1 bound to phospho-
abraxas by the BRCT domain. BARD1 with its ankyrin repeats binds to the
unmethylated lysine 20 of the H4 histone (H4K20me0). This explains the

recruitment of BRCAT to the DSB in the S/G2 phase. The H4K20me0 is present in
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newly synthesized histone H4 which is incorporated into the chromatin during
replication. The BRCT domain of BARD1 recognizes the mono-ubiquitination on
K15 of H2A (H2AK15Ub) which is catalysed by RNF168 and recognizes
poly(ADP) ribosylation (PAR) generated at DSBs (Becker et al., 2020; Cimmino et

al., 2017; Nakamura et al., 2019)

BRCA1-A complex

H1 H2A H4

Figure 1.11 BRCAT1 recruitment to DSB. RNF8 polyubiquitination of histone
Hlwhich is recognized by RNF168. Mono-ubiquitination of H2A on lysine 13/15
and the H4K20me0 which is only present in S/G2 phase mediates the interaction of
BARD 1. RAP80 also recognizes the K-63 linked chains on H1 and recruits proteins
in the BRCA1 A complex to DSB site.
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BRCAT1 promotes DNA end resection which inhibits NHEJ and prevents
53BP1 assembly at the site of damage. It is not entirely clear the mode in which
BRCAT performs this function but there are currently some hypotheses. BRCA1
interacts with the end resection promoter protein, phosphorylated CtIP through its
BRCT domain which also regulates BRCA1 recruitment to the DSB (Varma et al.,
2005; Yu et al., 1998b). CtIP promotes the MRN short and long-range resection in
HR which counteracts the 53BP1-end blocking. Recently, a study showed that the
H2AK15Ub can be phosphorylated at Thr12 of ubiquitin. The H2AK15pUb
significantly reduced 5S3BP1 foci which suggests the modification might be to
exclude it from the damage site. However, the pUb is permissive to recognition by
the BRCA1/BARDI1 heterodimer complex (Walser et al., 2020). The E3 ubiquitin
ligase activity of BRCA/BARDI1 has been shown to ubiquitinate the histone H2A on
lysine 125,127 and 129 which can also promote end resection. The SMARCAD1
chromatin remodeling complex binds to the H2A K127Ub and mobilizes the 53BP1
complex for long-range resection to proceed (Densham et al., 2016; Kalb et al.,
2014).

Rad51 loading to promote filament formation and RPA exclusion from the
DSB is essential for HR progression. Like we discussed earlier, BRCA2-PALB2
promotes the Rad51 loading and mediates RPA displacement. BRCA1-PALB2
interaction mediated by the CC domains on both proteins is observed only in the
S/G2 phase. Disruption of this interaction, compromises BRCA2 and RADS51 foci at

DSB (Orthwein et al., 2015; Sy et al., 2009, p. 2). These findings show BRCA1-
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PALB2 interaction facilitates Rad51 filament formation by loading BRCA2/Rad51
to the DSB. BRCA1-BARDI1 binds to the D-loop, replication fork, dsDNA and
ssDNA and directly to Rad 51 in a heterodimer-dependent manner (Zhao et al.,
2017). They also discovered that BRCA1-BARD1 promotes and strongly enhanced

DNA strand invasion. This is due to the high affinity of the complex for the D-loop.

End resection

Filament
formation

Presynaptic filament Synaptic complex

Figure 1.12 Functions of BRCA1-BARDI1 in HR. Summary of BRCA1-BARD1
heterodimer functions in HR. Cooperative roles with MRN complex and CtIP,
antagonist of the 53BP1 protein which prevents resection. Interaction with PALB2-
BRCAZ2 in promoting Rad51 presynaptic filament assembly. Assisting Rad51

protein in strand invasion and promoting D-loop formation.

35



1.6 Thesis overview

This thesis aims to investigate the proteins involved in DDR signaling and repair.
Also, to explore the therapeutic potential of a BRCAT1 protein inhibitor in treating
genomic instability diseases.

Phosphorylation of H2ZAX Octamer (Chapter 3).

The YH2AX is a hallmark for DSB signaling and is important for the localization of
DDR proteins to the site of damage. MDC is an early player in the DDR pathway
that interacts with the yYH2AX. The details of this interaction in the context of
chromatin are yet to be explored. Here, we present the preparation of phosphorylated
H2AX containing nucleosome by two distinct methods. We test our phosphorylation
methods by binding MDCI to the YH2AX containing dimer.

BRCA1 Peptide Inhibitor Studies (Chapter 4). BRCA1 BRCT has been
considered as a potential target of synthetic lethality inhibitor drug development for
cancer therapy. The development of a viable inhibitor has been very challenging due
to the requirement of a phosphorylated binding partner. A non-phosphorylated
peptide inhibitor that was developed through an mRNA display library screen is
tested through biochemical assays to show inhibition of the BRCA1 BRCT.

Lac Array system for peptide inhibitor studies (Chapter 5). The potency of a
non-phosphorylated BRCA1 BRCT inhibitor is tested in vivo. Cellular
internalization of the non-phosphorylated inhibitor is achieved by the addition of a
hydrophobic group. Using a Lacl/LacO system, we present cellular studies on a cell

penetrable inhibitor.
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Conclusion (Chapter 6). The final chapter will summarize the results described in

this thesis, as well as the future directions to these findings.
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CHAPTER 2: Material & Methods
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2.1 H2AX Octamer phosphorylation

2.11 Octamer Overexpression and purification

pETDuet-1-(His)s-TEV-H2AX-H2B and pCDFDuet-1-(His)s-TEV-H3.1-H4 were
co-transformed in Rosetta 2(DE3) and grown in Terrific Broth (TB) medium at 37°C
for 16 hours. Culture was induced at ODesoo of 0.8 with 1 mM IPTG for 8 hours at
30°C. Cells were lysed using emulsiflex cell disruptor and lysis buffer [ 50 mM Tris
pH 7.5, 2 M NaCl, 5% glycerol, 1 mM TCEP, 1 mM PMSF, protease inhibitor]. The
octamer was purified using nickel affinity chromatography with Ni-NTA column.
The beads were washed two times with octamer buffer [SO0 mM Tris pH 7.5,2 M
NaCl, 5% glycerol, 1 mM TCEP] containing 30 mM imidazole. Protein was eluted
with octamer buffer containing increasing concentrations of imidazole [100 mM,
250 mM, 500 mM, 1 M and 2 M]. The purest fractions were combined and
concentrated using Amicon Ultra-15 centrifugal filter unit and loaded on to the size
exclusion columns. Octamer was further purified using Superdex 200 16/60
equilibrated with the size exclusion buffer [ 25 mM HEPES pH 7.5, 2 M NaCl, 5%
glycerol, 1 mM TCEP]. Octamer fractions were pooled, concentrated, and stored at

4°C.
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2.12 In-vivo phosphorylated Octamer Overexpression and purification

Casein kinase 2 [pRSF DUET-mCK2a-mCK2b] along with histones [pETDuet-1-
(His)s-TEV-H2AX-H2B, pCDFDuet-1-(His)e-TEV-H3.1-H4] were co-expressed in
TB media. Overexpression and purification were performed using the same protocol
mentioned above for octamer. Purified phosphorylated octamer and the alanine

mutant were stored at 4°C.

2.13 Radioactive Kkinase assay

Radioactive kinase assay was performed in kinase buffer [20 mM Tris pH 7.5, 150
mM KCl, 10 mM MgClz]. Nucleosome was assembled by Dr. Rashmi Panigrahi. 1:1
molar ratio of octamer/nucleosome to Casein kinase 2 (CK2), I mM cold ATP, and
1 uL of [3?P] ATP (approximately 0.0021uCi/umole) were incubated at room
temperature. 10 pL sample was taken after 2 and 4 hours and 1 molar equivalent of
CK2 was added and incubated for additional 2 hours (4+). Reaction was terminated
with 8 uLL 2X SDS sample buffer and all the samples were analyzed by SDS PAGE
followed by autoradiography. The gel was vacuum dried for 2 hours and then
exposed to a phosphoscreen cassette. The 3P radioactive signal was developed using

a typhoon scanner.
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2.14 MDC1 overexpression and purification

Human MDC1-BRCT (1890-2089) cloned in pET47b vector with a C-terminal
Tobacco Etch Virus (TEV) protease cleavage site was transformed in Rosetta 2
(DE3) E. coli cells. The E. coli culture was induced at ODsoo between 0.6 and 0.8
with 1 mM IPTG and the BRCT protein was expressed at 30°C for 6 hours. Cells
were lysed using emulsiflex cell disruptor and lysis buffer [ 50 mM Tris pH 7.5, 400
mM NaCl, 1 mM TCEP, 1 mM PMSF, protease inhibitor]. The BRCT domain was
purified using nickel affinity chromatography with Ni-NTA column. Protein was
eluted with elution buffer [SO mM Tris-HCI pH 7.5, 400 mM NaCl, 1 mM TCEP]
containing increasing concentrations of imidazole [100 mM, 250 mM, 500 mM,
IM]. His-tagged MDC1 BRCT was purified by Superdex 200 16/60 column in
storage buffer [SO mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM TCEP]. Protein was

stored at 4°C
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Figure 2.1: SDS-PAGE gel of MDC1 BRCT Ni?** affinity purification. Fractions
from nickel affinity purification were run on 14% SDS-PAGE gel at 170V for 45
min. Gel was stained with Coomassie blue and de-stained in 15% acetic acid.
Purified MDC1 BRCT is found in the elution fractions E1-E4 along with impurities.

E1-E4 were concentrated for further purification.
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Figure 2.2 Size exclusion chromatography of MDC1 BRCT purification.
Elution fractions E1-E4 were pooled, concentrated, and loaded on to the Superdex
200 16 60. The higher molecular weight contaminants and aggregate eluted out in
the void volume (~40 mL). The MDC1 BRCT peak eluted at about 90 mL elution
volume. Peak fractions were run on 14% SDS-PAGE gels at 170 V for 45 min. Gel
was stained with Coomassie blue and de-stained in 15% acetic acid. Fractions 62-68

were pooled and concentrated for Fluorescence polarization experiments.
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2.15 Preparation of MDC1/ H2AX-H2B dimer complex

Direct binding assay was performed in buffer [20 mM HEPES pH 7.5, 150 mM
NaCl]. Equimolar ratio of H2AX-H2B dimer or in vivo phosphorylated H2AX-H2B
was mixed with purified MDC1 BRCT and incubated at 4°C overnight. The sample
loaded on a Superdex 200 10/300 analytical column, and the respective peaks were
collected and analyzed by SDS-PAGE. MDC1 with respective molar ratios as

indicated were incubated with in vivo phosphorylated dimer.

2.2 BRCAL1 peptide inhibitor studies

2.21 BRCAT1 overexpression and purification

Human BRCA1-BRCT (1528-1863) cloned in pPGEX6P-1 vector as a GST fusion
protein was transformed in Escherichia coli BL21-DE3 cells. Protein expression was
induced at ODgoo between 0.6 and 0.8 with 1 mM IPTG at 18°C overnight. Cells
were lysed using emulsiflex cell disruptor and lysis buffer [ 50 mM Tris pH 7.5, 400
mM NaCl, 1 mM DTT, 1 mM PMSF, protease inhibitor]. The protein was purified
using glutathione affinity chromatography with glutathione Sepharose beads (GE
Healthcare) and eluted with elution buffer [SO0 mM Tris-HCI1 pH 7.5, 150 mM NaCl,
1 mM DTT] containing increasing concentrations of reduced glutathione [20 mM,

50 mM, 70 mM, 100 mM]. Glutathione was removed by buffer exchange with
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storage buffer (50 mM Tris-HCI1 pH 7.5, 150 mM NaCl, | mM DTT) and GST was
cleaved with 3C protease overnight at 4°C. Residual GST and 3C were removed by
incubation with glutathione beads (GE Healthcare). BRCA1 BRCT was purified by
Superdex 200 16/60 column in storage buffer [SO mM Tris-HCI pH 7.5, 150 mM

NaCl, 1 mM DTT]. Protein was stored at 4 °C. BRCA1-GST predicted to ~ 72 kDa.
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Figure 2.3 SDS-PAGE gel of BRCA1 BRCT expression check. Cell lysates from
samples taken at un-induced (UI), different temperatures at 5-hour time point and
overnight after addition of ImM IPTG. Lysate and 4X SDS loading dye were heated
at 98 °C for 20 min before loading onto 14% SDS-PAGE gel at 170 V for 45 min.
Gel was stained in Coomassie blue and de-stained in 15% acetic acid. *= BRCAI

BRCT expression.
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Figure 2.4: SDS-PAGE gel of BRCA1 GST-tag affinity purification. Fractions
from GST-tag affinity purification were run on 14% SDS-PAGE gel at 170 V for 45
min. Increasing concentration of reduced glutathione (20 mM-100 mM) were used
for elution of the protein (E1-ES). Gel was stained with Coomassie blue and de-
stained in 15% acetic acid. Purified BRCA1 BRCT-GST fusion is found in the
elution fractions E1-E5. *=BRCA1 BRCT
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Figure 2.5: SDS-PAGE gel of BRCA1 BRCT 3C protease cut. Fractions from
GST-tag affinity purification were run on 14% SDS-PAGE gel at 170 V for 45 min.
The E4 fraction is a sample from the affinity purification eluent. BRCT+3C is a
sample from the overnight incubation of BRCA1 with 3C protease, supernatant is a
sample of the proteins suspended in buffer. A sample from the GST beads was also
loaded and the flow-through which was concentrated for size exclusion. *= BRCAI1-

BRCT-GST. **= BRCA1-BRCT or 3C protease. ***= Free GST.
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Figure 2.6 Size exclusion chromatography of BRCA1 BRCT purification. Flow-

through from 3C cut was concentrated and loaded on to the Superdex 200 16 60.

The higher molecular weight contaminant and aggregated eluted out in the void
volume (~40 mL). The BRCA1 BRCT peak eluted at about 90 mL elution volume.
Peak fractions were run on 14% SDS-PAGE gels at 170 V for 45 min. Gel was

stained with Coomassie blue and de-stained in 15% acetic acid. Fractions 49-53

were pooled and concentrated for Fluorescence polarization experiments.
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2.22 Fluorescence Polarization assay (BRCA1)

The affinity of the BRCA1-BRCT protein for the pSer-x-x-Phe peptide derived from
BACHI1 (FITC-SRSTpSPTFNK-NH2) was determined by direct FP binding assay.
Labeled peptide was mixed with increasing concentrations of WT BRCAL.
Fluorescein was excited at a wavelength of 485 nm and the emission was measured
at 538 nm. The change in polarization was graphed as a function of the log of the
protein concentration and dissociation constant (Kd) was obtained from the resulting
sigmoidal curve. For all assays, a concentration of 100 nM of labelled peptide was
used in a reaction volume of 21 pL. FP measurements were carried out using an
Envision multi-label plate reader (Perkin Elmer) using 384-well Opti Plates (Perkin

Elmer).

2.23 Fluorescence polarization assay (MDC1)

FP measurements were carried out using an Envision multi-label plate reader
(Perkin Elmer) using 384-well Opti Plates (Perkin Elmer). Fluorescein-labelled
peptide was obtained from the Alberta Peptide Institute (API) and sequence is as
follows: YH2AX peptide - Fluorescein-KKATQApSQEY-COOQ . Fluorescein
peptide binding to MDC1 BRCT was verified by titrating an increasing
concentration of protein into a constant concentration of labelled peptide.
Fluorescein was excited at a wavelength of 485 nm and the emission was measured

at 538 nm. The change in polarization was graphed as a function of the log of the
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protein concentration and dissociation constant (Kd4) was obtained from the resulting
sigmoidal curve. For all assays, a concentration of 100 nM of labelled peptide was

used in a reaction volume of 21 pL.

2.24 Competitive Fluorescence Polarization Assay (BRCA1)

The competition assay was performed between CPP 4i 8.6 and fluorescein labelled
BACHI1 where the ability of CPP 4i 8.6 to compete off the labelled peptide was
measured. CPP 4i 8.6 (MCTIDFDEYRFRKT-NH>) was incubated at serial-dilution
concentrations with a mixture of BRCA1 BRCTs (4.5 pM) and 100nM Fluorescein-
BACHI1 peptide. The concentration of protein used in the competition assay was
determined based on the Ka of the labelled peptide to BRCA1 BRCT. The change in
polarization was graphed as a function of the log of the protein concentration and an
Inhibition concentration (ICso) was obtained from the resulting sigmoidal curve. The
ICso obtained from the competition assay is used to calculate the Inhibitor constant
(Ki) using the Coleska-Wang equation. For all assays, a concentration of 100 nM of
labelled peptide was used in a reaction volume of 27 pL. FP measurements were
carried out using an Envision multi-label plate reader (Perkin Elmer) using 384-well

Opti Plates (Perkin Elmer).
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2.25 Competitive Fluorescence Polarization Assay (MDC1)

The competition assay was performed between CPP 41 8.6 and fluorescein-labelled
YH2AX where the ability of the peptide to compete off the labelled peptide was
measured. CPP 4i 8.6 (MCTIDFDEYRFRKT-NH2) was incubated at serial-dilution
concentrations with a mixture of MDC1 BRCTs (5 pM) and 100nM Fluorescein-
YH2AX peptide. The concentration of protein used in the competition assay was
determined based on the Kd of the labelled peptide to MDC1 BRCT. The same

protocol as described above was adopted.

2.3 BRCAL1 cellular peptide inhibitor studies

2.31 U20S 263 cell culture and plasmid transfection

The U208 2-6-3 cells were provided by the Janicki lab (The Wistar institute,
Philadelphia). The culture media was supplemented with 10% fetal bovine serum
(FBS), 1% Pen Strep and 100 pg/ml of Hygromycin B. Cells were cultured at 37 °C
and 5% COa. pPDEST-mCherry-LacR-BRCA1 was a gift from Daniel Durocher
(Addgene plasmid #71115) and TRIPZ-EGFP-8.6 was provided by Kristoffer
Valerie (Virginia Commonwealth University). Both plasmids were transfected using
Effectene (Qiagen), following the manufacturer’s instructions. Doxycycline
(1pgmL") was added to TRIPZ-EGFP-8.6 transfected cells. The cell-penetrable

peptide 8.6 when added to the cells, was added in serum-free medium. All cells were
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deemed mycoplasma contamination negative at the time of experiments based upon
the absence of DAPI positive spots in the cytoplasm. Cells were irradiated with

gamma-cell irradiator at a dose rate of 0.599 Gy/min.

2.32 Immunofluorescence Microscopy

Cells were seeded onto sterilized glass coverslips prior to transfection, and fixed
when 50-80% confluent. Transfection was done following Qiagen Effectene
protocol and cells were irradiated with 3 Gy. Prior to fixation, coverslips were
washed with Hepes-buffered saline (HBS; 135 mM NaCl, 10 mM KCIl, 0.4 mM
MgClz, 1 mM CaClz, 10 mM Na-Hepes, pH 7.4). Fixation was performed as
described in (Brock et al., 1999). The cells were fixed with 4% (w/v)
paraformaldehyde in HBS at 4°C for 5 min followed by room temperature for 10
min. Coverslips were washed 3 X 5 min with HBS and another fixation and
permeabilization with methanol for 6 min at -20°C, followed by an HBS wash. Cells
were incubated with HBS containing 0.5% Triton X-100 for 5 min and washed
twice with HBS. The cells were incubated with 40uL aliquots of blocking solution,
3% BSA in HBS for 30 min at room temperature. Coverslips were rinsed with HBS
containing 0.1% Triton X-100 and washed 3 X 5 min with HBS before 1-hour
incubation with appropriate primary antibody. Cells were rinsed with HBS
containing 0.1% Triton X-100 and washed 3 X 5 min with HBS followed by 1 hour

incubation with secondary antibody conjugated to a fluorophore. Cells were rinsed
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with 0.1% Triton X-100 HBS and washed twice with HBS and incubated with 20ul
of 1 in 1000 DAPI in 2ml 1X HBS. Coverslips were mounted onto slides containing
Mowiol. Commercially available primary antibody rabbit anti-Abraxas (ab139191
Abcam) was used to detect Abraxas colocalization at BRCA1 lac-array. Proteins
were visualized with anti-rabbit Cy5-conjugated secondary antibody, mCherry
tagging of BRCA1 and EGFP tagging of the peptide. Cells were observed using a
microscope (Leica TCS SP8 MP), and composite figures of collected images were

assembled in ImageJ (NIH).

2.33 Live cell imaging

Cells were plated on 35-mm glass bottom culture dishes (MatTek corporation) 24
hours before experiment. Cells were transfected following the Qiagen Effectene
manufacturer’s protocol and doxycycline (1 pgmL-") was added to TRIPZ-EGFP-8.6
transfected cells. Irradiation was performed with gamma-cell irradiator at a dose rate
of 0.599 Gy/min and cells were placed on a heated stage (37 °C). Live-cell
observation was carried out using the PerkinElmer Ultra view spinning-disk
confocal microscope (Zeiss Axiovert 200M inverted). The 100X 1.4NA, oil
immersion lens was used for imaging. GFP fluorescence imaging was recorded after
excitation with a 488-nm argon laser using a 515-540 nm band pass filter. CY3
fluorescence were recorded after excitation with a 561-nm solid state laser using a

565-590 nm band pass filter.
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2.34 Fluorescence recovery after photobleaching (FRAP)

Cells were cultured on 35-mm glass bottom culture dishes (MatTek) 24 hours before
experiments. Transfection was done following the Qiagen Effectene manufacturer’s
protocol and doxycycline (1ugmL") was added to TRIPZ-EGFP-8.6 transfected
cells. 2 hours post- irradiation, cells were placed on a heated stage (37 °C) of
PerkinElmer Ultra view spinning-disk confocal microscope (Zeiss Axiovert 200M
inverted). GFP fluorescence was irreversibly photobleached at the lacO using a 488
nm argon laser set to 100% output. Fluorescence images were collected at 1 second

intervals for two minutes total duration.
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CHAPTER 3: Phosphorylation of H2AX Octamer
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3.1 Introduction

DNA damage is a threat to the integrity of genetic information and its
transmission across generations. Various environmental and chemical agents such as
ionizing radiation (IR), ultraviolet (UV) light, reactive oxygen species (ROS) as well
as metabolic processes in the cell induce DNA damage (Jackson & Bartek, 2009).
To deal with the damage, a series of critical cellular defense machineries have
evolved crucial for DNA damage repair. They help preserve the genomic integrity
and prevent genotoxic consequences that lead to tumorigenesis (Ciccia & Elledge,
2010). DNA damage response (DDR) involves a plethora of signalling events that
chemically modify the DNA to facilitate repair. Mutations in DDR genes such as
ATM, Breast cancer (BRCA1), RADS51 and tumor protein p53 are linked to many
hereditary and sporadic forms of human cancer.(Dietlein et al., 2014) Recent
advancements in targeted therapy have exploited these genes, as shown by the
success in treatment of BRCA-deficient cancers by poly (ADP-ribose) polymerase
(PARP) inhibitors and the antitumor activity by ATM inhibitors (Cremona &
Behrens, 2014; Rouleau et al., 2010). Despite these advancements, detailed
molecular insights into DDR signaling remains to be explored which can lead to
novel cancer therapies.

DNA packaging in the nucleus of a human cell is facilitated through its
interaction with proteins and their organization into chromatin. The genomic DNA
which consists of 147 base pairs is wrapped around an octamer of four core histone

proteins: H2A, H2B, H3 and H4 (Kinner et al., 2008). Each of the core histones
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contain the hydrophobic fold that mediates H2A-H2B and H3-H4
heterodimerization. The histone octamer is assembled by the interaction of two
H3/H4 dimers that form a tetramer with two H2A/H2B dimers using a structural
motif known as the helix bundle (McGinty & Tan, 2015). The exposed surface of
the histone heterodimers is positively charged which helps stabilize the octamer-
DNA interaction (McGinty & Tan, 2015). The nucleosome has a compact histone
core with flexible N and C terminal tails that provide binding sites for various
histone binding proteins. Accessibility of the tails are important for posttranslational
modifications which induce epigenetic signalling (Cutter & Hayes, 2015b).

Although the histone fold is conserved, there are non-canonical histone
variants that are expressed throughout the cell cycle and have specialized function in
regulating chromatin dynamics. The variants have the histone fold to ensure their
incorporation into the nucleosomes but differ by the presence of extra tails for post-
translational modification. In humans, H2AX, an H2A variant exists and is crucial
for response to double strand breaks (Kamakaka, 2005). The histone variant has a C-
terminal tail which is mainly phosphorylated by ATM kinase on serine 139 to form
YH2AX. DNA-PKcs also responds to DSB and can regulate the yH2AX levels
independent of ATM. DNA-PKcs and ATM belong to a family of PI3K-like protein
kinases (PIKKs) which possess the serine/threonine kinase activity (Panigrahi &
Glover, 2021). The YH2AX leads to the recruitment of chromatin modifying

proteins to the DSB site for repair of the damage.
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Mediator of DNA damage checkpoint protein 1 (MDC1) is an early player in
the DDR pathway and its knockout phenotypes present significant genomic
instability. MDC1 functions as adaptor because of its protein-protein interaction
domains such as its FHA and BRCT domains (Stewart et al., 2003, p. 1). Through
these interactions, they are able to control the formation of damage induced 53BP1,
BRCALTI foci and promote H2AX phosphorylation spread, 1-2 mega bases around
the DSB (Stewart et al., 2003, p. 1). The BRCT domain of MDC1 specifically
interacts with the phosphorylated C-terminal tail of yH2AX in the nucleosome. This
interaction is highly specific to the pSxxY-COOH sequence which has been
evidenced by crystallographic analysis and biochemical assays (Stucki et al., 2005).
The intrinsic details of this interaction in the context of the chromatin are yet to be
explored.

Our lab is interested in probing the specific interactions of the BRCT domain
with the nucleosome. To study this, the production of YH2AX nucleosomes for
binding to the BRCT domain is required. The purification of the 350 kDa ATM
protein, which is the ideal kinase for H2AX nucleosome phosphorylation would be a
major problem. Another serine/threonine protein kinase which can be readily
purified is the casein kinase II (CK2), for the octamer phosphorylation. The optimal
peptide substrate for CK2 is RRRA-DDSDDDDD, where the serine is flanked by
negative charged aspartic acid residues. Studies have shown that the most important
substitutions which are detrimental to CK2 activity are in the +1 and +3 positions

from the serine. Also, the addition of acidic residues at other locations in proximity
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to the serine can help increase the activity of CK2 (Sarno et al., 1997). Due to the
requirements of CK2 recognition motif, the histone tail of H2AX was mutated from
KATQASQEY to KAEQDSEEY. The mutations were selected specifically because,
the substitutions can help enhance CK2 activity but not affect the MDC1 BRCT
binding to the c-terminal tail. We test the efficiency of CK2 in vitro and in vivo

phosphorylation of the nucleosome core particles.
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3.2 Objective

The dynamics of DDR proteins binding to the nucleosome is very important for
understanding DNA repair mechanism. This chapter aims to validate methods of
octamer phosphorylation for producing YH2AX nucleosomes. The modified
nucleosomes will be used for MDC1 BRCT binding and structural studies.
Previously, the mutation of H2AX tail to make it a better substrate of CK2 was
performed. Also, octamer purification and the phosphorylation of H2AX-H2B dimer
in vitro by CK2 was attempted (Islam, 2018). Enzymatic phosphorylation studies
performed, showed that 1:1 molar ratio of substrate to CK2 enzyme produced
phosphorylation signal that could be monitored. Increasing the concentration of
enzyme led aggregation of the substrate. A high concentration of CK2 was used to
stimulate complete phosphorylation of the H2AX tail.

First, radioactive kinase assays were performed to test the effect of glycerol
on CK2 phosphorylation activity. The effect of widom 601 DNA in nucleosome on
the CK2 phosphorylation of H2AX was also tested compared to the octamer. A
cellular method of octamer phosphorylation was developed, and the extent of
phosphorylation was compared with the in vitro phosphorylation method. A co-
expression method of phosphorylation has been used in a study on the
phosphorylation of heterochromatin protein 1 in E. coli cells (Hiragami-Hamada et
al., 2011). The tandem BRCT domain of MDC1 was overexpressed and purified for
binding studies with the octamer. A direct binding assay by fluorescence

polarization was used to determine the binding affinity of MDC1 BRCT with the
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YH2AX peptide. Finally, E. coli phosphorylated dimer was complexed with MDC1

BRCT to assess the phosphorylation efficiency.
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3.3 Results

3.3.1 Effect of glycerol on CK2 in vitro phosphorylation of Octamer

We proposed that the presence of glycerol in the CK2 protein purification
buffer reduced its ability to phosphorylate octamer. A radioactive kinase assay to
visualize the effect of glycerol on the phosphorylation of octamer by CK2 was
performed. The octamer was incubated with CK2 (with or without glycerol), ATP
and yATP in kinase buffer. A time course phosphorylation of the octamer was
performed to see if the intensity of H2AX will increase over time. An SDS PAGE
gel of the samples was used to visualize the kinase reaction in Figure 3.1.
Coomassie stained gel of octamer shows 4 histone bands but 3P signal allows only
visualization of phosphorylated proteins. The first three gel lanes are samples from
octamer phosphorylation in the absence of glycerol. A CK2 protein band is seen at
~70 kDa which is due to the autophosphorylation of CK2 while the phosphorylation
of H2AX histone is indicated by the ~17 kDa protein band. 2P signal observed after
2 hours indicates phosphorylation of H2AX in octamer by CK2. After 4 hours, there
is no increase in *?P intensity and the addition of 1 molar equivalent of CK2 (4+),
does not increase phosphorylation intensity. Compared to this, in the presence of
glycerol H2AX phosphorylation intensity decreases as seen in the last three gel
lanes. There is also a significant reduction of CK2 autophosphorylation intensity at

~70 kDa.
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Glycerol negatively affects CK2 phosphorylation of the octamer in vitro as

evidenced by the radioactive assay.

NCP-CK2-32p NCP-CK2 (glycerol) - 32P
Time (hours) 2 4 4+ 4+ 4 2

CK2

H2AXx

Figure 3.1: Effect of glycerol on CK2 phosphorylation of Octamer.

Time course comparison of CK2 mediated phosphorylation of octamer +/- glycerol.
CK2 represents autophosphorylation signal and H2AX represents phosphorylation
signal of the histone H2AX. (Image courtesy- Dr Rashmi Panigrahi).
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3.3.2 Comparison of octamer and nucleosome in vitro phosphorylation

Now that we understand the effect of glycerol on CK2 activity, the next step to
producing YH2AX nucleosomes was to perform a kinase reaction with nucleosomes.
First, we were interested in comparing the CK2 phosphorylation extent in
nucleosomes to the octamer. Due to the negative effect of glycerol, we wanted to
test the effect of widom 601 DNA on the CK2 phosphorylation. The same
radioactive kinase assay as above was performed to visualize H2ZAX
phosphorylation in octamer and nucleosomes. The CK2 auto phosphorylation 2P
signal in both reactions indicates the activity of the enzyme (Figure 3.2). The histone
H2AX is phosphorylated by CK2 in the octamer and the intensity does not increase
over time. In contrast, there is no **P signal intensity of H2AX phosphorylation in
nucleosome. Also, we noticed 3P signal in a lower band which corresponds to the
H2B histone protein. There are three serine residues in the H2B histone which are
involved in other cellular signaling pathways (Rossetto et al., 2012). Over time,
there is phosphorylation of the serine residues by CK2 which leads to the 3?P signal
observed. The presence of widom 601 DNA negatively affects the phosphorylation

of H2ZAX by CK2.
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NCP-CK2-32P Nucleosome-CK2-32p
Time(hours) 2 4 4 4* 4 2

CK2

H2Ax

Figure 3.2: CK2 phosphorylation of octamer compared to Nucleosome.

Time course comparison of CK2 mediated phosphorylation of octamer and
nucleosome.

CK2 represents autophosphorylation signal and H2AX represents phosphorylation
signal of the histone H2AX.

* Indicates histone H2B phosphorylation.

(Image courtesy- Dr Rashmi Panigrahi).
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3.3.3 Cellular phosphorylation of octamer

To enhance the phosphorylation of the octamer by CK2, a co-expression method
was adopted to facilitate in vivo phosphorylation of the H2AX c-terminal tail. A
small-scale expression check of this method was done to confirm phosphorylation.
IPTG was used to induce the expression of CK2 and the histones. Cell lysate
fractions of uninduced and IPTG induced samples were run on an SDS PAGE gel.
Western blot probing for the phosphorylated S139 in the cell lysate fractions was
performed. The alanine 139 (A139) mutant of H2AX was also co-expressed as a
control for the E. coli phosphorylation. For the wild-type histone, S139 is
phosphorylated by CK2 as indicated by the western blot in the induced lane (Figure
3.3). The blot also shows no phosphorylation of the A139 mutant in the cell lysate
fractions. This confirms our co-expression method of H2AX phosphorylation is

functional and large-scale amount of YH2AX containing octamer can be purified.
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M NCP-WT NCP-S139A  NCP-WT NCP-S139A
UN IN UN IN UN IN UN IN

Western blot:
anti yH2Ax antibody

Coomassie Stain Western blot

Figure 3.3 SDS-PAGE gel and western blot of octamer expression check.

In the left-hand panel: SDS-PAGE of samples from expression check, Un-induced
(UI) and Induced (IN) cell lysate fractions of WT octamer and S139A octamer
mutant.

In the Right-hand panel: Western blot of cell lysate samples probing for phospho-

serine 139. (Image courtesy- Dr Rashmi Panigrahi).
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3.3.4 Efficiency of cellular octamer phosphorylation

H2AX phosphorylation in vivo was performed, and the efficiency was
compared to the in vitro method by western blot and radioactive kinase assay. The
octamer was purified and incubated with CK2 and ATP in vitro to mediate
phosphorylation. The in vivo phosphorylated octamer was also incubated in vitro
with CK2, and ATP for 4 hours followed by a western blot probing specifically for
phosphoserine 139. Using the octamer as a control, we observed further
phosphorylation of the in vivo phosphorylated octamer upon incubation with CK2
(Figure 3.4A). Although, we are unable to quantify the percentage of
phosphorylation, we decided to compare the phosphorylation levels to the octamer
with the radioactive kinase assay (Figure 3.4B). We observed further
phosphorylation of the in vivo phosphorylated octamer after 2,4 hours which
confirms our western blot findings. Although, both methods do not yield complete
phosphorylation of the H2AX histone, the in vivo phosphorylation method was used

for binding studies with MDCI.
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Western blot In vitro 32P In vivo 32p
Time: 4 hours Time (hours) _0 2 4 02 4

cK2 - K2 CK2 e S (CK2

H2AXx In vivo p-NCP

H2Ax H2AX

Anti yH2Ax antibody P32 Radioactivity analysis

Figure 3.4 Octamer in-cell compared to in vitro phosphorylation. (A) Western
blot of sample from kinase reaction after 4 hours. (B) Time course comparison of
octamer phosphorylation by radioactive assay in vitro. CK2 mediated
phosphorylation of octamer in vitro compared to further phosphorylation of purified
in vivo phosphorylated octamer.

(Image courtesy- Dr Rashmi Panigrahi).
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3.3.5 MDC1 BRCT binding to cell phosphorylated H2AX-H2B dimer.

The H2A and H2B dimer is stable in solution and the binding of MDC1 BRCT
(fragment of MDC1 containing BRCTs) was tested as a preliminary step before the
in vivo phosphorylated octamer. The yYH2AX-H2B dimer was purified and incubated
with the MDC1 BRCT. The complex was then loaded on an SEC column to confirm
the interaction and the fractions were analysed by SDS PAGE. The results from the
size exclusion chromatography are shown in figure 3.5. MDC1 BRCT purification
elution peak on the same SEC column yields protein present in the C8-C13
fractions. The presence of MDC1 in the C5-C7 fractions when incubated with the in
vivo phosphorylated H2AX-H2B dimer demonstrates the interaction. The un-
phosphorylated dimer does not interact with the MDC1 BRCT as the protein is
absent in the C5-C7 fractions. The intensity of MDC1 in the complex fractions is not
equal to the dimer and an increase in the molar ratio of MDC1 to YH2AX-H2B
dimer has no effect. The results show our in vivo phosphorylated dimer specifically
interacts with the MDC1 BRCT, but the incomplete phosphorylation of H2AX

limits the complex formation.
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Figure 3.5: MDC1 BRCT binding yYH2AX-H2B dimer. Size exclusion profile of
MDCI1 and H2AX-H2B dimer incubation. Dotted blue line indicates profile of
unphosphorylated dimer and MDCI1. Solid lines are profiles with varying molar
ratio of MDC1 BRCTs with yH2AX-H2B dimer. SDS-PAGE analysis of fractions
corresponding to each elution peak is included.

(Image courtesy- Dr Rashmi Panigrahi).
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3.4 Discussion

This chapter aimed to produce YH2AX nucleosomes for binding to the MDCl1
BRCTs which can eventually be used for structural studies. The H2AX C-terminal
tail had been mutated to include acidic residues and make it a better substrate for
CK2 phosphorylation. First, we performed radioactive kinase assays to examine the
effect of glycerol on CK2 phosphorylation of the octamer. We found that glycerol
negatively affects the ability of CK2 to phosphorylate the octamer. Glycerol has
been used over the years to stabilize proteins after purification and prevent
aggregation. In some cases, glycerol has been found to increase the enzymatic
activity of proteins and improve activity (Leandro et al., 2001; Vagenende et al.,
2009). In this case, the negative effect of glycerol can be explained with Kramer’s
theory. The increase in solvent viscosity due to the glycerol, resulted in a decrease in
the CK2 enzyme motion thereby preventing the conformational changes required for
enzyme kinase activity. In fact, a direct correlation was found between viscosity (1)
and the inhibition of the maximum rate of catalysis (Vmax) (Uribe & Sampedro,
2003). Next, the in vitro phosphorylation preference of octamer or nucleosome by
CK2 was probed. We concluded that CK2 phosphorylates the H2AX in octamer and
not the nucleosome which was confirmed by the radioactivity analysis. This finding
could be because of electrostatic repulsion with the DNA present in nucleosome that
prevent interaction of CK2 with the H2AX c-terminus tail. The ATM kinase which
phosphorylates the H2AX tail in vivo contains a “leucine zipper” domain which are

commonly found in transcription factors(Savitsky et al., 1995; Zeng et al., 1997).
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This domain has a DNA binding property as well as facilitating protein-protein
dimerization (Landschulz et al., 1988). In the ATM kinase, it could function in
promoting interaction with the H2AX histone in the nucleosome. CK2 lacks this
domain which explains the loss of interaction with the nucleosome.

We observed the phosphorylation of histone H2B by CK2 in vitro which
could be any of the serine/threonine sites present in the protein. We moved on to a
co-expression method of octamer phosphorylation in vivo which was validated by
western blot of the protein expression. Probing specifically for phosphoserine 139,
we confirmed the in vivo phosphorylation of H2AX and purified the phosphorylated
octamer. We compared the extent of this phosphorylation by radioactivity assay to
the non-phosphorylated octamer. Although, mutations were performed to the H2AX
c-terminal tail to increase the CK2 recognition, both phosphorylation methods were
incomplete. Also, we still visualized the incorporation of **P in the kinase assay
performed with in vivo phosphorylated octamer. A high concentration of CK2 (1:1
molar ratio) was used to prevent the incomplete phosphorylation, as well as the long
hours of incubation. This only led to a lack of specificity observed by the
phosphorylation of the H2B histone. The yYH2AX/H2B dimer was then purified to
test the interaction with MDC1 BRCTs by SEC. Our results showed the MDCl1
interacts with YH2AX/H2B dimer and not the H2AX/H2B dimer as expected.
However, the intensities of MDC1 and dimer were not equal and increasing the
molar ratio of MDC1 did not change the outcome. This result reiterates the

incomplete phosphorylation of the octamer by CK2 in the in vivo method.
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CHAPTER 4: BRCA1 PEPTIDE INHIBITOR STUDIES
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4.1 Introduction

DNA damage persistence leads to the accumulation of mutations and
instability of the genome. Mutations in DNA repair genes are associated with organ-
specific cancers and are responsible for tumorigenesis, progression, and resistance
(Dietlein et al., 2014). Ironically, the conventional treatments for cancer progression
involve the use of DNA damaging agents to incapacitate the DNA damage repair
mechanism and force death of the cancer cells (Samadder et al., 2016; Tubbs &
Nussenzweig, 2017). This exploits the weakness and dependency of tumor cells on a
specific pathway of DNA repair which are mostly absent in normal cells. Targeting
DDR proteins by an approach known as synthetic lethality can help improve the
specificity and efficiency of cancer therapy (O’Connor, 2015). The concept of
synthetic lethality involves the situation where a cell is viable with defect in one
gene, but the loss of function of another gene combined with this defect leads to cell
death (Lord et al., 2015). The development of novel inhibitors which disrupt the
DDR pathway in cancer cells can take adequate use of the synthetic lethality
concept. This is evidenced by the recently developed PARP inhibitors (Rouleau et
al., 2010).

BRCAI1 is a widely known tumor suppressor protein and belongs to the
BRCT family of proteins which are significantly involved in DNA damage
responses. The BRCT domain which typically exist as tandem repeats, mediate

phosphorylation-dependent protein-protein interactions (Rodriguez et al., 2003).
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Majority of cancer-related mutations in BRCA1 are located in the BRCT and RING
domains (Lee et al., 2010). The location of these mutations prevents the protein-
protein interaction (PPI) required for BRCA1 function in HR. This has led to the
successful results of cancer treatment with PARP inhibitors and opens an avenue for
the development of new therapies. Although, the sporadic form of breast and ovarian

cancers are not driven by BRCA1 mutations (Johnson et al., 2013). The
development of inhibitors which block the BRCT domain can result in a mimic of
the HR deficient BRCA1 mutant. This coupled with PARP inhibitors or other cancer
therapies can help suppress DDR in cancer cells and sensitize them, thereby

improving treatment efficiency.
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Figure 4.1 Synthetic Lethality PARP & BRCAL1 inhibitors.

Single strand breaks and double strand breaks are repaired by base excision repair
and homologous recombination respectively in normal cells. BRCAT1 deficient cells
rely on BER to repair damage for cell survival. Inhibition of PARP in BRCA1
deficient tumor cells results in genomic instability and cell death after DNA damage.
BRCAL1 inhibitor leads to HR deficiency in tumor cells, coupled with PARPi/ DNA

damaging agents result in cell death.
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The development of inhibitors for the BRCT domain has been challenging
due to the phosphorylation requirement of their binding partner. Recently, a potent
non-phosphopeptide which binds to the BRCT domain of BRCA1 with similar
affinity to its native phosphoserine-containing peptide, was developed and tested.
The peptide known as peptide 8.6 nat (MCTIDFDEYRFRKT-NH:) was able to
block BRCA1 BRCT interaction with other proteins. It was developed by mRNA
screening and a ribosomal translation system known as “PURE” (Figure 4.2).
Fluorescence polarization was used to validate the ability of peptide 8.6 nat to
compete off BACH1/FANCI peptide and abolish the interaction with the BRCAL1
BRCT. The crystal structure (Figure 4.3A) of the peptide 8.6 nat bound in the same
phospho-binding pocket as BACH1 peptide in the BRCA1 BRCT domain was also
solved to 3.05 A (White et al., 2015). Our collaborator Dr. Matt Hartman
(Department of Chemistry, Virginia Commonwealth University) has developed a
cell penetrable peptide 8.6 (CPP 41 8.6) version of the peptide 8.6 nat which can be
readily imported into cells (Abrigo et al., 2020). This creates the possibility of in-
vivo studies of the peptide on BRCA1 BRCT interactions to assess the drug

potential of this inhibitor.
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Figure 4.2 Model for peptide selection strategy of BRCA1 BRCT inhibitor.
Reprinted from “Peptide Library Approach to Uncover Phosphomimetic
Inhibitors of the BRCA1 C-Terminal Domain” by White, E.R., Sun, L., Ma, Z.,
Beckta, J.M., Danzig, B.A., Hacker, D.E., Huie, M., Williams, D.C., Edwards,
R.A., Valerie, K. and Glover, J.M., 2015. ACS chemical biology, 10(5),
Copyright 2021 by Elsevier Inc. Reprinted with permission.

The DNA library encodes 12 amino acid random region with an N-terminal

cysteine. Translation is done in vitro, the unnatural amino acids (Pa, La, Fa, Ra, Wa,
Va) shown are incorporated into the peptide library along with 14 canonical amino
acids. The single letter abbreviation denotes which amino acid is replaced by the
analog (e.g., Fareplaces F). After mRNA-peptide fusion formation, peptides with a
second cysteine are cyclized with dibromo xylene. Purified mRNA -peptide fusions
undergo reverse transcription before being selected for binding to GST-(BRCT):2
fusion immobilized on magnetic resin. Unbound peptides are washed away, bound

peptides are eluted, PCR amplified, and carried through another round of selection.
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Peptide 8.6
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CWWRRRRC
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Figure 4.3 BRCA1 BRCT and CPP 4i 8.6.

(A) Crystal structure of BRCA1 BRCT bound to peptide 8.6 (PDB ID: 40FB)
superimposed on the structure of BRCA1 BRCT bound to BACH1 peptide. (PDB
ID: 1T15). BACHI peptide in orange and peptide 8.6 nat in teal. (B) Visual
representation of CPP 4i 8.6. Hydrophobic group (41) spaced from peptide by 6-

aminohexanoic acid (ahx).
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4.2 Objective

The addition of a hydrophobic group to the peptide 8.6 nat could affect the binding
affinity to BRCA1 BRCT. We needed to test the ability of CPP 41 8.6 to prevent
BRCALI interaction with its binding peptide and compare to recent finding before in
vivo experiments are performed. This chapter aims to address the binding ability and
specificity of CPP 41 8.6 by fluorescence polarization assays.

First, the tandem BRCT domains of BRCA1 and MDC1 were overexpressed
and purified. Direct fluorescence polarization assay was used to determine the
binding affinity of the purified BRCTs domain to their native binding peptides. We
also, show that the BRCT domain of BRCA1 can bind to the yH2AX peptide and
that of MDC1 can bind the BACHI1/FANCJ (SRSTpSPTFNK-NH3?) peptide. Using
a competitive fluorescence polarization assay, we test the ability of CPP 4i 8.6 to
compete with the BACHI/FANCIJ peptide on the BRCA1 tandem BRCT domains in
vitro. We also test the ability of this peptide to block interactions between the

MDC1 BRCT and yH2AX peptide to show its specificity.

81



yH2AX ’ KKATQASQEY —COO
BACH1/FANCJ .— SRSTSPTENK —NH,

h
e MCTIDFDEYRFRKT—NH,

—

CWWRRRRC
CPP 4i 8.6

Figure 4.4 Fluorescence Polarization Peptides. Respective sequences of YH2AX,

BACHI1/FANCIJ and CPP 4i 8.6 peptides. Important residues for binding to BRCT
domain highlighted in red.
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4.3 Results

4.3.1 BRCA1 BRCT binding to BACH1 and YH2AX peptide
To test the specificity and ability of the inhibitor (CPP 4i 8.6) to bind

BRCAL, we purified BRCA1 BRCT and fluorescence polarization was used to
measure its interaction with the BACH1/FANCIJ peptide. A binding affinity of ~0.46
uM (Figure 4.5A) was obtained. We also tested the possibility of BRCA1 BRCT
binding to the YH2AX peptide which is the native binding partner of MDC1 BRCT.
We found that BRCA1 BRCT also binds to the yH2AX peptide with a binding
affinity of ~28.13 uM (Figure 4.5B). In conclusion, our purified BRCA1 BRCT
binds to the BACH1/FANCI peptide with similar affinity that was previously
reported in (Sun, 2017). The YH2AX peptide is also recognized by the BRCT but

with ~ 60-fold lower affinity.
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Figure 4.5: Fluorescence polarization studies with BRCA1 BRCT. (A) FP direct
binding assay of BRCA1 BRCT with Bachl1/Fanc] peptide. (B) FP direct binding
assay of BRCA1 BRCT with yH2AX peptide.

4.3.2 MDC1 BRCT binding to BACH1 and YH2AX peptide

We were interested to see if the MDC1 BRCT domain can bind to the
BACHI1/FANCI peptide. Fluorescence polarization was used to measure the
interaction of MDC1 BRCT with the BACH1/FANCIJ peptide and we obtained a
binding affinity of ~5.15 pM (Figure 4.6B). This binding was expected with lower
affinity as the BACH1/FANCIJ peptide does not contain the carboxyl-terminus at +3
position. We performed the binding of MDC1 BRCT to the yH2AX peptide and
obtained an affinity of ~1.1 uM (Figure 4.6A). This is similar to the previously
reported finding in (Campbell et al., 2010). The results demonstrate our purified

MDCI1 BRCT can bind both BACH1 and YH2AX peptides.
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Figure 4.6: Fluorescence polarization studies with MDC1 BRCT. FP direct
binding assay of MDC1 BRCT with BACH1/FANCJ and YH2AX peptide.
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4.3.3 CPP 4i 8.6 is specific to BRCA1 and inhibits its interaction with other
binding partners

Previously, our collaborators have developed the peptide 8.6 nat inhibitor
and shown its ability to prevent the binding of phosphorylated binding partners
(White et al., 2015). A cell-penetrable version of this peptide has now been
developed which will allow for in-vivo studies of the inhibitor (Abrigo et al., 2020).
We were interested to validate if the new version of the inhibitor will behave
similarly to the previous studies. This is because of the hydrophobic group addition
to the N-terminus which might mediate other interactions with the BRCT domain.
Using fluorescence polarization, competition assay was performed by introducing
increasing concentrations of the cell-penetrable peptide 8.6 (CPP 4i 8.6) to BRCAI
BRCT phosphopeptide complexes. A decrease in polarization was observed which
indicates the CPP 41 8.6 inhibits the interaction of BRCA1 BRCT with BACHI
peptide. The inhibition curve has an ICso~ 151.4 uM which is equivalent to Ki~

12.5 uM calculated using the Coleska-Wang equation (Figure 4.7A).

We also examined the specificity of the CPP 4i 8.6 on the BRCT domain by
performing the same competition assay against the MDC1 BRCT phosphopeptide
complex. There was no decrease in polarization observed which indicates the
peptide cannot disrupt the binding of MDC1 BRCT to the yH2AX peptide. This

suggests the CPP 41 8.6 is specific to the BRCA1 BRCT and does not bind to MDC1
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BRCT. A control experiment was also performed in the absence of the MDCl1

BRCT as shown in blue (Figure 4.7 B).

A
300 + BRCA1-BRCT
T 280
s '
=
=
5 260
[=]
o
@
g
§ 240
S Ki:12.5 + 2.4 uM
. .
220
CPP 4i 8.6 {'
100 10 TS T 100

Peptide Concentration (uM)

Fluorescence polarization (mP)

280

260

240

220

200

180

| MDC1-BRCT
& yH2AX

10°

10%

10?

Peptide concentration (uM)

Figure 4.7: CPP 4i 8.6 is a specific inhibitor for BRCA1 BRCT. (A) FP
competition assay of CPP 4i 8.6 against BACH1/FANCIJ peptide. (B) FP

competition assay of CPP 4i 8.6 against YH2AX peptide.
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4.4 Discussion

In summary, this chapter aims to characterize the ability of CPP 4i 8.6 to
disrupt BRCA1 BRCT PPI and test the specificity of this peptide. Using
fluorescence polarization, we determined the binding affinity of purified BRCA1
BRCT to BACH1/FANCI peptide to be ~ 0.46 pM. In 2015, our collaborator
developed the peptide 8.6 nat and showed that the peptide binds to BRCA1 BRCT
with a Kp of 3.7 uM by isothermal titration calorimetry (ITC) (White et al., 2015).
The CPP 4i 8.6 contains a cell penetrating peptide sequence as well as an aromatic
group upstream of the BRCT-binding peptide (Abrigo et al., 2020). Although, these
additions are important for the cellular uptake of the peptide, they could affect the
solubility and binding ability of the peptide to the BRCA1 BRCT in vitro. The
aromatic group and peptide sequence added might also enhance non-specific protein
binding due to the hydrophobic nature.

Using competitive fluorescence polarization, it was reported that a decrease
in polarization was observed with increase in peptide 8.6 nat concentration (Sun,
2017). An inhibition curve with ICso~ 98.3 uM, corresponding to Ki~ 11 pM was
generated from the assay. We decided to perform the same in vitro experiments with
the CPP 41 8.6 and compare its inhibition constants. A clear decrease in polarization
was observed and the inhibition curve generated an ICso~ 151.4 uM, corresponding
to Ki~ 12.5 uM. This suggests that the CPP 4i 8.6 binds to BRCA1 BRCT with
comparable affinity to the free peptide 8.6 nat. Testing the specificity of CPP 4i 8.6,

we introduced the peptide with increasing concentrations until solubility to the
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MDCI1 BRCT yH2AX peptide complex. There was no decrease in polarization
which indicates the peptide is unable to bind the MDC1 BRCT domain.

Finally, we solidify our claim of CPP 4i 8.6 specificity by showing the
ability of the BRCT domains to bind other phospho-peptides. The BRCA1 BRCT
binds to the YH2AX peptide with about a 20-fold lower affinity compared to MDC1
binding the peptide. BRCA1 BRCT bound to the YH2AX (pSQEY-COO") with a K4
~28.13 uM. BRCA1 has been shown to bind a tetrapeptide with a free C-terminal
carboxylate (pSPTF-COO") in a study done to determine the specificity of the BRCT
domains. MDC1 dramatically preferred the free carboxylate (pSQEY-COQO") and a
50-fold increase in affinity was observed for the amidated peptide (pSQEY-CONH?2)
(Campbell et al., 2010). We observed MDC1 BRCT binding to the BACH1/FANCJ
peptide with a Ka ~ 5.15 uM. The fact that BRCT domains of MDC1 and BRCA1
can bind contrasting phosphopeptide is understandable due to the conserved
structure of the BRCT domain. The BRCA1 BRCT peptide sequence pS-P-X-F is
relatively similar to the yYH2AX peptide sequence pS-Q-E-Y-COOH. Difference in
the hydrophobic binding pocket environment of both BRCTs results in the peptide
specificity. A conserved arginine residue, Argl933 in MDCI and Argl1699 in
BRCA1 forms a double salt bridge interaction with the C-terminal carboxylate in
YH2AX or backbone oxygen of C-terminal amide in BACH1/FANCIJ peptide. In
BRCAL, the Arg1699 guanidium group is stabilized by internal interactions with
Asp1840 and Glul836 which keeps it more buried in the pocket. The side chain

nitrogen (N¢) of Argl1699 forms hydrogen bond interaction with the peptide
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backbone. However, the BRCA1 Asp1840 has been replaced in MDC1 BRCT with
a Thr2067. The Arg1933 forms internal interaction with only the Glu2063 which
makes it slightly less buried. The arrangement of the residues in the hydrophobic
binding pocket of MDC1 allows the Arg1933 guanidium group to form stronger
interactions with peptide containing a free carboxylate group. Although, we have
shown some cross-interaction between MDC1 and BRCA1 BRCTs, CPP 41 8.6 is
highly specific to the BRCA1 BRCT.

The peptide 8.6 nat binding to BRCA1 was improved by the addition of
residues which interact with the BRCA1 BRCTs outside of the phosphoserine and
hydrophobic binding pockets (White et al., 2015). The peptide residues N- and C-
terminal to the glutamate interact with the BRCT in ways predicted to improve the
binding. The high degree of peptide 8.6 nat specificity to BRCA1 BRCT has been
depicted in figure 4.8. The peptide +1 tyrosine stacks against the N1774 in BRCA1
which is equivalent to P2009 in MDCI1. The E1698 in BRCA1 interacts with
arginine residues in +2 and +4 positions of the peptide. E1698 is equivalent to
R1932 in MDC1 which points away from the arginine residues. Lysine at +5
position of peptide interacts with D1840 and E1836 of BRCA1 BRCT. The Ile at -4
position and 4FPhe at -2 of the peptide interact with an hydrophobic groove formed
by F1662, P1659, L1657 and V1654 in BRCA1. However, these residues are not
conserved in MDC1 BRCT which prevents the critical interactions outside of the

peptide binding pockets important for recognition. Based on the structural alignment
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in figure 4.8, the additional surfaces for interaction of BRCA1 BRCT with peptide

8.6 nat are not well conserved in MDC1 BRCT.
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Figure 4.8 Peptide 8.6 nat specifically binds BRCA1 BRCT compared to MDC1
BRCT. Alignment of BRCA1 BRCT (green) -peptide 8.6 (blue) complex (PDB id:
40FB) with the MDC1 BRCT domain (pink, PDB id: 2AZM). Key residues at the
peptide-BRCT interface shown as sticks and labelled (BRCA1: green & MDCl:

black).
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CHAPTER 5: LAC ARRAY SYSTEM FOR BRCA1 PEPTIDE INHIBITOR

STUDIES
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5.1 Introduction

The development of inhibitors that target the key DDR proteins has been a
promising approach in cancer therapy improvement. The dysfunctional DDR
pathways in cancer cells allow for the development of specific targets by synthetic
lethality. PARP inhibitors have improved the treatment of BRCA-deficient cancers
and there is a growing interest in other effective inhibitors that target DDR (Rouleau
et al., 2010). BRCA1 is a widely studied protein that is heavily involved in DDR
pathways, cell cycle checkpoint, transcriptional regulation, and protein
ubiquitination (Sato et al., 2012; Raimundo et al., 2021). The recruitment of BRCA1
to the site of DNA damage is dependent on the BRCA1 A complex which comprises
Abraxas, BRCC36, Rap80, and other proteins (B. Wang et al., 2007a). Abraxas (also
known as CCDC98) contains the pSPxF BRCA1 binding motif at the C-terminus, a
coiled-coil domain for dimerization with the BRCC36 protein, and, an N-terminal
MPN domain for interactions with the receptor-associated protein (RAP80) (Kim et
al., 2007). In the BRCA1 A complex, Abraxas connects BRCA1 with Rap80 which
contains the ubiquitin interacting motif (UIM) necessary for the complex retention at
the damage site (B. Wang et al., 2007a) .

Following DNA damage, the phosphorylation of H2AX (yH2AX) happens
in immediate vicinity of DSBs and leads to the recruitment of MDC1. The
ubiquitination of the histones H1 is then mediated by MDCI1 direct interaction with
the E3 ubiquitin ligase -RING finger protein 8 (RNFS8) with help from the E2

ubiquitin-conjugating enzyme 13 (UBC 13) (Schwertman et al., 2016). Rap80
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specifically interacts with the Lys 63 ubiquitin chains at the foci (Sobhian et al.,
2007). BRCAL is also involved in DNA end resection and ATM signaling through
the BRCA1C complex. This is composed of CtBP interacting protein (CtIP) and the
meiotic recombination 11 (MRE11)-RADS50-NBS1 complex (MRN complex) (Huen
et al., 2010). BRCAI interacts directly with CtIP with its BRCT domain in a
phosphorylation-dependent manner (Varma et al., 2005). This enables the
recruitment of BRCAL to the site of DNA damage for the homologous
recombination pathway of DNA damage repair.

Studies over the years have revealed BRCA1 to be a central component in the
multiple pathways of DDR. Small molecules which target the BRCT domain of
BRCAI can prevent its interaction with the BRCA1 A and C complexes for DDR
function. A small non-phosphorylated peptide (peptide 8.6 nat) developed by mRNA
selection was shown to prevent the binding of BRCA1 in vitro to its binding partners
(White et al., 2015). Cellular internalization of this peptide is required for further
studies on its ability to inhibit BRCA1 function in vivo. The issue of cell permeability
was solved by the recent development of short cell-penetrating peptide (CPP)
technology. The linear peptide is fused to a CPP cyclized with an aromatic group (CPP
4i 8.6) to improve the uptake and endosomal escape. The uptake of the fluorescein
labelled CPP 4i 8.6 peptide was confirmed in mammalian cells by flow cytometry
(Abrigo et al., 2020). To directly probe the inhibitory ability of the peptide, we used

a previously characterized Lac-repressor/operator tethering system (Orthwein et al.,
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2015). This system was used to visualize the ability of CPP 4i 8.6 to disrupt the
BRCA 1-abraxas interaction.

In the previous chapter, we have shown by fluorescence polarization how the
CPP 4i 8.6 is able to specifically inhibit BRCA1 BRCT binding to the BACH1
peptide. Here we test the cell-permeability of the CPP 4i 8.6 and develop a system to

visualize the inhibitory effect of the peptide.
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5.2 Objective

This chapter aims to test the permeability of the newly designed CPP 4i 8.6
and its ability to inhibit BRCA1 interaction with Abraxas. Using the Lac repressor
(lacl)/ Lac operator (IacO) system which has been used to visualize specific protein-
protein interactions in DDR (Orthwein et al., 2015; Robinett et al., 1996; Soutoglou
et al., 2007) . U20S cells stably expressing an array of 256 copies of the lacO gene
were used for the experiments. In this case, mCherry-BRCA1 fused to the lacl
protein can be tethered to the lacO due to the high affinity of DNA binding by lacl.
This provides a controllable system that takes advantage of the DDR Abraxas
phosphorylation for interaction with BRCA1 away from the damage site. Thus, we
can visualize the direct effect of the peptide specifically on the disruption of the
BRCA1-Abraxas interaction. This eliminates the complexity of potential
interactions with other DNA damage proteins found at DNA double-strand break
foci. A schematic of the lac array system has been depicted in figure 5.1.

First, U20S reporter cells were transfected with the mCherry-tagged LacR-
BRCAI1 to confirm the localization to the lac array. We then probed the localization
of Abraxas to the lac array using a fluorescent antibody. Abraxas co-localization
with BRCAT at the array was visualized before and after irradiation. Next, we
visualized the cellular uptake of CPP 4i 8.6 and its effect on abraxas localization to
the lac array. Peptide 8.6 nat was overexpressed as a fusion to EGFP using a

doxycycline (DOX)-controlled promoter. We observed an interaction between the
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fusion peptide and BRCAL1 at the lacO. Fluorescence recovery after photobleaching

(FRAP) was used to confirm the interaction of BRCA1 with the EGFP-peptide 8.6.

O Fluorescent antibody

Q 7
\ / S MCTIDFDEYRFRKT—NH, —1
CWWRRRRC
?

CPP 4i 8.6

mCherry-LacR-BRCA1

LacO x 256

U20S 2-6-3 cells

Figure 5.1 Lac array system. Schematic of LacO/LacR system used to test effect
of CPP 4i 8.6 on BRCA1-Abraxas interaction.
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5.3 Results

5.3.1 BRCALI1 localization at the lac operon

We first tested the operation of the lacR/lacO reporter system. To determine
whether BRCA1 accumulates at the lac array site. U20S 2-6-3 cells were transiently
transfected with the mCherry-BRCA1-LacR and visualized 18 hours post
transfection. Labelled BRCAT localized at the array which was visualized as the
small dot containing high concentration of BRCA1-Lacl in the nucleus (Figure 5.2).
DAPI fluorescence was used to identify the cell nucleus. Due to the high affinity of
lacR binding to LacO, the transfected BRCA1 is not visualized in other parts of the

nucleus. BRCA1 binds specifically to the lac array in the nucleus.

Merge D/

Figure 5.2 BRCALI localization at array. Recruitment of BRCA1 to Lac array in

the nucleus. Arrows indicate condensed array. The scale bar represents 5 um.
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5.3.2 Abraxas and BRCAT1 colocalization at the lac operon

Next, we wanted to probe the binding of Abraxas to BRCAT tethered at the
lac array. To test the BRCA1-abraxas interaction, U20S 2-6-3 cells transfected with
mCherry-LacR-BRCA 1 were stained for Abraxas 18 hours post transfection. This
experiment was performed without irradiation of the cells. We observed the co-
localization of Abraxas and BRCA1 at the lac array, indicative of specific binding
(Figure 5.3A). This also confirms that the phosphorylation of abraxas in vivo
required for binding BRCA1 is independent of irradiation. Irradiated cells also
showed Abraxas localization to the array (Figure 5.3B). However, we observed the
formation of Abraxas foci in other parts of the nucleus, which reflects its function in
DNA damage repair. There was no localization of abraxas to the array in un-
transfected cells. This shows, the localization of Abraxas to the lacO is dependent on
its binding to the BRCA1 tethered at the array. Abraxas binds to BRCA1

independent of irradiation.
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Figure 5.3 Abraxas binds to BRCAL1 at the Lac array. (A) Recruitment of
BRCAI and Abraxas to the Lac array in the nucleus. (B) BRCA1-Abraxas Lac array
colocalization in U20S 2-6-3 cells irradiated with 3GY. Control un-transfected cells
with Abraxas foci.

Arrows indicate condensed array. The scale bar represents 5 um.
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5.3.3 CPP 4i 8.6 is cell penetrable

After establishing this system, the next step was to introduce the CPP 4i 8.6 to probe
its effect on the BRCA1-abraxas interaction. A mixture of fluorescein-labelled CPP
41 8.6 and CPP 4i 8.6 was prepared to better visualize peptide uptake by
fluorescence. Stock solution of 60 uM fluorescein-CPP 41 8.6 was mixed with
10mM CPP 4i 8.6. First the peptide mixture was diluted (1/1000) into serum-free
media of the cells. The BRCAI transfected cells were incubated with the serum-free
media containing the peptide mixture for 3 hours. The cells were left to recover for 2
hours after irradiation. In the untreated cells, we visualized the localization of
Abraxas at the Lac array containing BRCA1 (Figure 5.4). We observed the diffusion
of CPP 41 8.6 into the cells treated with the peptide mix visualized by the green
fluorescence. Increasing the concentration of peptide led to the localization of
BRCALI to the cytoplasm. However, we still observe the localization of Abraxas to
the lac array. The CPP 4i-8.6 is cell permeable but enriched in the cytoplasm
compared to the nucleus. It does not disrupt the BRCA 1-Abraxas interaction at the

array in the nucleus.
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DAPI CPP 86 Abraxas Merge W/AIC

Figure 5.4 CPP 4i-8.6 is cell-permeable. Images from BRCAI transfected U20S
cells treated with CPP 4i 8.6 peptide mix. CPP 8.6 60 nM indicates cells treated with
10 uM of unlabelled CPP 41 8.6 and 60 nM fam-CPP 4i 8.6 mix. CPP 8.6 120 nM
indicates cells treated with 20 uM of unlabelled CPP 4i 8.6 and 60 nM fam-CPP 4i

No CPP

CPP 8.6
60nM

CPP 8.6
120nM

8.6 mix. Cells were treated with 3 Gy radiation.

Arrows indicate condensed array. The scale bar represents 5 um.
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5.3.4 EGFP 8.6 peptide interacts with BRCA1

To further probe the effect of peptide 8.6 on BRCA1-Abraxas interaction in
vivo, we overexpressed the peptide as a fusion with EGFP. The peptide expression
can be induced with doxycycline following transfection into the cells. Lentiviral co-
transfection of TRIPZ-EGFP-8.6 and mCherry-lacR-BRCA1 was performed, and
doxycycline was added to the media. As a control, cells were also co-transfected
with BRCA1 and free EGFP. About 18 hours post-transfection, cells were irradiated
with 3 Gy. To visualize the effect of EGFP-8.6 on BRCAL, the cells were stained
for Abraxas after 2 hours recovery. We observed the peptide interaction with
BRCALI in cells treated with doxycycline while the untreated cells showed no
peptide expression (Figure 5.5). Abraxas was still localized at the lac array in both
cells co-transfected with the EGFP 8.6 and BRCA1. Also, we observed an
interaction between the EGFP control and the lac array which is similar to the EGFP
8.6. We proposed this interaction to be a cell-fixation artifact as this observation has
never been reported despite the widespread use of this system. EGFP 8.6 interacts
with BRCALT tethered to the lac array but does not abolish the recruitment of

Abraxas to the array.
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Figure 5.5 EGFP 8.6 interacts with BRCA1. U20S 2-6-3 cells transfected with
TRIPZ-EGFP 8.6 or EGFP C1 plasmids. TRIPZ-EGFP 8.6 cells were treated with or
without DOX for 18 hours. DNA damage was induced with 3Gy radiation.

Arrows indicate condensed array. The scale bar represents 5 um.
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5.3.5 Live cell imaging to confirm LacO interaction.

To confirm the free EGFP interaction with the lac array, live cell imaging
was performed with co-transfected cells. In this experiment, the radiation was
performed 6 hours post-co-transfection of the constructs. We observed the EGFP 8.6
interaction with BRCAL as seen in figure 5.5. However, there was no interaction of
the lac array with free EGFP which confirms our hypothesis (Figure 5.6). EGFP 8.6

binds specifically to BRCA1 in vivo and EGFP does not interact with the lacO.

EGFP Merge "I/E

Figure 5.6 EGFP 8.6 specific interaction with BRCA1. U20S 2-6-3 cells co-
transfected with TRIPZ-EGFP 8.6 or EGFP C1 plasmids and BRCA1. Cells were

EGFP

TRIPZ EGFP 8.6
+DOX

treated with DOX for 6 hours DNA damage was induced with 3Gy radiation.
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5.3.6 EGFP 8.6 binding to BRCA1

The kinetics of peptide 8.6 nat binding specifically to BRCA1 and its ability to
prevent interaction with other protein binding partners has been shown in vitro (Sun,
2017; White et al., 2015). We wanted to determine the binding kinetics of the CPP
41 8.6 to BRCAL in vivo. Six hours after co-transfection with EGFP 8.6 and
BRCALI, cells were treated with ionizing radiation. This is to promote the
phosphorylation of Abraxas and provide a competition for EGFP 8.6 binding to
BRCAL. Fluorescence recovery after photobleaching (FRAP) was used to examine
the peptide mobility and interaction. We observed the recovery of EGFP 8.6 to the
array after bleaching which indicates its reversible binding to BRCA1. We also
found that about 20% of the peptide bound population are immobile, implying an
irreversible interaction on this time scale. EGFP 8.6 binds specifically and reversibly

to BRCAL.
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Figure 5.7 FRAP analysis of EGFP 8.6 binding to BRCA1. U20S 2-6-3 cells
expressing EGFP 8.6 were treated with doxycycline. Fluorescent recovery after
photobleaching was performed to determine the kinetics of peptide binding to the
array. Relative intensities of the bleached region normalized by the total nuclear

fluorescence were plotted over time.
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5.4 Discussion

In this chapter, we have adopted the lacl/lacO system to visualize the
interaction of BRCA1 with Abraxas in vivo. We also used this system to probe the
ability of CPP 8.6 to disrupt the interaction. First, we showed the localization of
BRCALI to the lac arrays through the high affinity binding of the lacl DNA biniding
domain to its binding sequence. Next, we stained BRCAI transfected cells for
Abraxas and confirmed the interaction at the lac array. We observed the binding of
Abraxas to BRCA1 independent of IR. Following irradiation, a doubly
phosphorylated Abraxas (GFGEYpSRpSPTF) is enriched in cells. It has been
reported that single C-terminal phosphorylation of Abraxas at serine 406 (S406) is
required for BRCA1 binding (B. Wang et al., 2007a). Also, it was shown that the
S406 phosphorylation occurs independently of IR (B. Wang et al., 2007a; Q. Wu et
al., 2016). The upstream phosphorylation at S404 is IR-dependent and it is important
for BRCA1 dimerization at DNA damage sites (Q. Wu et al., 2016). Therefore,
Abraxas binding to BRCA1 is independent of DNA damage but IR improves the
binding by the dimer formation.

We have also shown that the CPP 41 8.6 is cell-permeable but poorly diffuses
into the nucleus of U20S cells. At the concentrations of peptide tested, we did not
observe a disruption of the BRCA1-Abraxas complex. However, at the highest
concentration tested, we observed localization of BRCA1 to the cytoplasm, which
could be an indication of cellular trapping by the peptide. Using the doxycycline

inducible TRIPZ EGFP 8.6 construct, we decided to overexpress the EGFP 8.6 in
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the cells. An interaction of the peptide with BRCA1 at the lac array was observed
but not the loss of Abraxas binding. We also observed the interaction of free EGFP
with the array, but this was fixation-dependent. Cell fixation involves the
denaturation and coagulation of proteins for staining and imaging. In this case, the
fixation led to the coagulation of rapidly diffusing EGFP molecules to the lac array.
We avoided this to demonstrate specific binding by using live cell imaging where
EGF did not enrich at the array. The live cell imaging confirmed the specific binding
of EGFP 8.6 to BRCAI. The binding kinetics of the peptide to BRCA1 was tested
by FRAP. We observed the recovery of the peptide to the bleached array.

A peptide bound population of ~10% were slow-exchanging and did not recover
over the course of the time-lapse. This finding could be due to the strong
competition of our peptide with Abraxas in proximity to the array. However, about
80% of the peptide population were fast-exchanging and after 8 seconds, 50% of the
population was recovered. More FRAP experiments will be performed to further
understand the binding kinetics of EGFP 8.6 to BRCAL1 in vivo. FRAP experiments

will also be performed with the CPP 4i 8.6 at higher concentrations.
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Chapter 6: CONCLUSION
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The first part of this thesis sought to develop a method for post-translational
modification of the octamer. Phosphorylation of H2AX in proximity to the site of
DNA damage is important for the signal transduction and recruitment of
downstream factors for cellular response. MDC1 early binding to the yH2AX is an
important step for the DSB signaling and the dynamics of binding is yet to be
explored in the context of chromatin. In order to get structural information on the
dynamics, octamer containing yH2AX with adequate yield and purity needed to be

produced.

A high yield method of octamer expression and purification had been developed
previously in our lab. The H2AX histone C-terminal tail had been mutated to
promote CK2 recognition while maintaining interacting residues for MDC1 BRCT
binding. Phosphorylation of the H2A-H2B dimer was performed in vitro by CK2
(Islam, 2018). As outlined in Chapter 3, we performed radioactive kinase assays to
visualize the phosphorylation of our H2AX tail in octamer by CK2. Upon successful
phosphorylation of the octamer, we tested the effect of widom 601 DNA on
phosphorylation by CK2. We also developed a cellular method of octamer
phosphorylation by co-expression with CK2. A radioactive kinase assay was used to
compare the extent of phosphorylation by the two methods. We showed that
yH2AX-H2B dimer phosphorylated in cells can bind purified MDC1 BRCT domain
in a phosphorylation-dependent manner. In conclusion of this chapter, incomplete

phosphorylation of the octamer was observed using both methods of
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phosphorylation. MDC1 binding to the phosphorylated dimer was not
stoichiometric. Future studies will entail developing new protocols to efficiently
phosphorylate the octamer. This will provide particles for structural studies to
understand the role of phosphorylation in DNA damage signaling.

The second aim of this thesis was testing a potential inhibitor for the BRCA1 BRCT.
First the purified tandem BRCTs of BRCA1 and MDC1 were tested for interaction
with their binding partners. Next, the BRCTs were tested for their ability to bind
alternative peptides. The results showed cross reactivity of the BRCTs due to the
similarity of peptide binding sequence. In Chapter 4, the CPP 4i 8.6 was tested in
vitro on its ability to inhibit BRCA1 binding to Bach1 peptide. Also, the specificity
of the peptide was probed by its ability to disrupt the MDC1 BRCT- yH2AX
peptide complex. The CPP 4i 8.6 proved to be specific and potent for inhibition of
BRCA1 BRCT. We proceeded to in vivo studies of the CPP 4i 8.6 using the
Lacl/LacO system to visualize its effect on BRCA1-Abraxas interaction. The
diffusion of CPP 41 8.6 into the cytoplasm was observed but poor import of the
peptide into the nucleus. This could be the reason for the persistent BRCA1-Abraxas
interaction that was observed in peptide treated cells. We performed FRAP
experiments with the EGFP 8.6 construct and observed its interaction with the
BRCAL1 protein localized at the lac array. The EGFP 8.6 bound reversibly to the
BRCAT and ~80% of the population exchanged rapidly in under two minutes.
However, we observed the presence of a peptide fraction bound irreversibly to the

protein. This could be because of competition with Abraxas in close proximity to the
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lac array. In the future, the nuclear uptake of the CPP 4i 8.6 will be improved by
increasing the concentration of peptide treatment or addition of a nuclear
localization sequence to the peptide. FRAP experiments will be performed with the
higher concentrations of the CPP 41 8.6 peptide to visualize its inhibitory effect on
BRCA1-Abraxas interaction. A competition experiment between the CPP 4i 8.6 and

EGFP 8.6 can also be performed.
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