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Abstract

It is of extreme importance to investigate the DNA repair pathways that will lead to a better
understanding to develop cancer treatments since the primary cause of cancer is the inability of the
cell to restore the damaged DNA. Upon DNA damage, the histone tails of the nucleosomes near
the DNA lesions undergo a group of extensive post-translational modifications that remodels the
chromatin structures in order to repair the damage. DNA double-strand break (DSB) induces the
phosphorylation of histone variant H2A.X at Serine 139 residue, that is recognized by the mediator
of DNA damage checkpoint, MDC1. This interaction is imperative for the recruitment of the other
downstream DNA damage response (DDR) proteins that enact in selecting the repair pathways.
Structural basis of interaction of the MDC1 BRCT domain with the phospho-peptide tail of H2A.X
was previously revealed. However, the impacts of this interaction on the overall chromatin
structure, and the successive nucleosome modifications are still elusive. We hypothesize that
MDCI1 BRCT domain not only binds to the phosphorylated H2A.X tail, but this interaction might
position MDC in a way that its basic patch might interact with the nucleosomal DNA, or with the
conserved acidic patch of H2A.X/H2B. To investigate these concepts in vitro, a successful
purification of the nucleosome containing YH2A.X is the prerequisite. For decades, histones have
been extracted from the cell lysate using urea denaturant with subsequent extensive dialysis to
refold the heteromeric histone complexes. This method is time and cost intensive. Here, we have
developed two rapid purification protocols using the co-expression systems for the recombinant
human histone oligomers. Furthermore, we have established a system for the in vitro
phosphorylation of H2A.X that will facilitate the structural analysis of MDC1 BRCT bound

vH2A.X nucleosome complex in the future.
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Introduction




1.1 DNA Damage to Tumorigenesis

The stability and the successful transmission of DNA are vital for the survival of the living
organisms since DNA is the storehouse of all the genetic information. According to the RNA world
hypothesis !, DNA has evolved from its ancestor RNA in order to gain stability, and as a result,
has become the unit of cellular inheritance. However, evolution has yet not provided DNA with
inveterate stability. In fact, DNA is subjected to innumerable alterations that not only perform a
pivotal role in the generation of genetic diversity but also give rise to numerous fatal diseases like

cancer.

A single human cell undergoes 10*-10° DNA damages per day 2. To maintain the cell
homeostasis, DNA must be restored with high efficacy by the cell. There is not a single form of
DNA damage, but a variety of different unique types of DNA modifications resulting from either
physiological processes or external environmental factors, such as UV lights or ionizing radiations
3. Therefore, the cells have evolved multifaceted cellular mechanisms to amend these diverse sets
of DNA damages. The telltale sign of cancerous cells is the accumulation of DNA damages over

time caused by the error-prone or dysfunctional DNA repair mechanisms *.

Upon DNA damage, cells orchestrate a cascade of events, DNA Damage Response (DDR),
in order to recognize and repair the injured DNA °. DDR delays cell cycle progression through
activating different checkpoints °, however, DDR also triggers apoptosis if DNA damage is
irreparable . DDR carries out the complete signal transduction pathway with the combination of
three classes of proteins: DNA damage sensors that sense the damaged lesions, DNA damage
transducers that amplify the damaged signal sensed by the sensors, and DNA damage effectors

that eventually repair the lesions ®. The performance of all these proteins has to be coordinated in



a spatiotemporal manner to ensure the accuracy of the repair processes °. Defects in maintaining

cell homeostasis may appear if the coordination between the DDR proteins is disrupted.
1.2 Different Types of DNA Repair Mechanisms

Innumerable enzymes are involved in tackling various kinds of DNA injuries that are

classified into different groups.

MMR
Mismatch Repair (MMR) is a high fidelity repair mechanism that corrects bases
incorporated incorrectly during DNA replication '° (Figure 1-a). Wrong bases can be incorporated

either by random mutations or by insertion/deletion of bases '

. MMR triggers post replicative
machinery that removes the wrong bases and hence provides the DNA polymerases an opportunity
to re-replicate without any error 2.
BER/SSBR

Reactive oxygen spices (ROS), alkylating or hydrolyzing agents can modify bases as well
as can cause single-strand breaks in DNA '3, These anomalous lesions are then repaired by Base
Excision Repair (BER) mechanism with high fidelity '4. DNA glycosylase enzymes recognize the
lesion and create an abasic site that is repaired by a combined effort of DNA nucleases,
polymerases and ligases '° (Figure 1-b).
NER

Due to UV light and exogenous chemicals, significant distortion can happen to the DNA
double helix, such as thymidine dimers. Distorted helices are repaired by Nucleotide Excision
Repair (NER) mechanism 6. Specific endonucleases cleave off the oligonucleotides and create a

single strand DNA that works as a template for DNA polymerase before ligation happens using

DNA ligase 7 (Figure 1-c).



DSBR

The most perilous form of DNA damage is the DNA Double Strand Break (DSB) that can
be resulting from ionizing radiation (IR) such as X-rays, or from anti-tumor drugs '*. DSB is the
most lethal form of DNA damage since the repair mechanisms involved in this pathway are not
highly fidelitous. DSBs are handled by the cell through two DDR pathways: Non-homologous end
joining (NHEJ) and homologous recombination (HR) (Figure 1-d). NHEJ can operate throughout
the cell cycle, but mostly post-mitotic cells since it does not require an intact template DNA, and
therefore, NHEJ is a highly error-prone mechanism !°. On the other hand, HR can only operate
when there is a sister template present in the cell; therefore, it can only function in S (DNA

synthesis phase) and G2 (pre-mitotic gap 2 phase) phases of the cell cycle 2°.
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Figure 1.1 Different Types of DNA Damage. Adapted from “DNA-Damage Response in
Tissue-Specific and Cancer Stem Cells,” by C. Blanpain, M. Mohrin, P. A. Sotiropoulou, and
E. Passegué, 2011, Cell Stem Cell, 8(1), 16-29. Copyright 2018 by Elsevier Inc. Reprinted
with permission.

The figure depicts different kinds of DNA injuries and their respective mechanisms. A)
Replication-related mismatch errors are repaired by mismatch repair mechanism (MMR) with high
fidelity. B) Base modification caused by oxygen radicals, alkylating and hydrolyzing agents is
repaired by base excision repair (BER) with high fidelity. C) UV light can cause helix distortions.
These distortions are repaired by nucleotide excision repair (NER) mechanisms. D) Ionizing
radiation or anti-tumor drugs can induce DNA double-strand break (DSB), which is repaired by
non-homologous end joining (NHEJ) or homologous recombination (HR) with relatively low
fidelity compared to the other types of DNA damage repair processes >'.



1.3 Genome Organization: Chromosome to Nucleosome

The intricacy of DNA repair is augmented by the organizational style of the overall DNA
in the cells. Eukaryotic DNA is ~2m long; this 2m long DNA thread is packaged into a condensed
structure known as chromatin. The basic unit of chromatin is called the nucleosome, which is a
nucleoprotein complex of 146bp DNA wrapped around four small highly basic proteins called
histones. Albrecht Kossel first discovered histones in 1884 ?>23. Since then, how DNA forms the
higher order structure, and how this arrangement regulates the overall cellular mechanisms have

been the ever-evolving questions to be answered.

Two sets of four different types of histones, H2A, H2B, H3, and H4, form an octameric
complex. At the very first stage of DNA packing, this octamer wraps itself with 146 bp of DNA
double helix to form a single nucleosome (Figure 1.2). The arrangement of nucleosome on the
DNA strand is analogous to a “beads on a string” formation that is visible at the interphase stage
of the cell cycle. The DNA between the adjacent nucleosomes is called the linker DNA.
Nucleosome with its histone tails and linker DNA interacts with the other nucleosomes in order to
form a higher level of packaging. A fifth type of histone, H1 or linker histone, also facilitates this
further compaction, and in turn, gives rise to 30 nm fiber. This 30 nm fiber then folds itself around
a chromosomal scaffold complex to form 300 nm fiber. Further folding leads to 700 nm chromatid
formation. Sister chromatid pair forms X shaped mitotic chromosome, which is visible at the

metaphase stage under a light microscope (Figure 1.2) %*.

This complex structure of chromatin regulates transcription, replication, segregation, and

repair of DNA. To carry out these functions chromatin remodeling is imperative.
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Figure 1.2 Depiction of Genome Organization in Eukaryotes. Adapted from “Emerging roles
of linker histones in regulating chromatin structure and function”, by D. V. Fyodorov, B.
Zhou, A. 1. Skoultchi, and Y. Bai, 2018, Nature Reviews Molecular Cell Biology, 19(3), p. 192.
Copyright 2018 Macmillan Publishers Limited, part of Springer Nature. Reprinted with
permission.

The first level of DNA packing (10 nm) happens when double strand DNA helix (2 nm) wraps
around four types of evolutionarily conserved histones, H2A, H2B, H3, and H4. The nucleoprotein
complex is called nucleosome. The array of nucleosome on DNA strand resembles beads on a
string conformation, where each bead is a nucleosome, and the string is called linker DNA. Next
level of packaging (30 nm) occurs when one nucleosome with its histone tails and linker DNA
comes into contact with other neighboring nucleosomes. A fifth type of histone called H1 or linker
histone locks the overall nucleosomal complex and helps in forming this fiber like interphase
chromatin organization 2%



1.4 Histone Fold, Nucleosome Structure & Histone Variants

Concerning primary sequence, each type of histone is highly conserved, specially Histone
H4 which has 95% conservation across species. Histone H1 or H5, which is known as linker
histone and is responsible for higher-order chromatin packaging, is the least conserved histone;
however, the core globular region is still conserved. This sequence conservation leads to the

functional and structural conservation of each type of histone .

A) B)

Figure 1.3 Histone Fold and Handshake Motif

A) All core histones have a distinctive structural similarity known as histone fold. Each histone
fold consists of two helix strand helix (HSH) motifs. B) Histone fold helps in forming handshake
motif between two histones in order to form a heteromeric oligomer.

All four core histones have low sequence conservation among themselves; in spite of this,
all four core histones have a striking structural conservation. This structural motif is known as
histone fold. Each histone fold has three alpha helices connected by two loops stated like al-L1-

02-L2-a3. This particular arrangement of helix loop helix is also called helix strand helix (HSH)

motif, and each histone fold has two HSH motifs that provide it with a 2-fold symmetry (Figure



1.3 A). This core histone motif mostly provides the histones with the ability to form a handshake
motif with other respective histones in order to form the crescent-shaped hetero-oligomers, and
hence leads to the creation of the overall nucleosome (Figure 1.3 B). This histone fold is the
signature mark for all the core histones °. H2A, H2B form a dimer, and H3 and H4 form a tetramer.

Two dimers one tetramer interact in order to form an octamer (Figure 1.4).

H2A H2B
~E l"
1]
+ 5 Octamer
g
H3 H4 Tetramer

Figure 1.4 Histone Fold Helps in Forming Histone Oligomers.

Histone H2A and Histone H2B form a handshake motif together to form a heteromeric dimer, and
H3 and H4 form a tetramer. Two dimers and one tetramer give rise to an octamer.

The legacy for deciphering nucleosome structure started back in 1980 when Klug et al.
provided a 22A resolution fiber structure showing that the histone octamer has a 2-fold axis of
symmetry . Following this, in 1984 Richmond et al. submitted a 7A resolution crystal structure
of the nucleosome core particle that showed how the DNA bends and interacts with the histones
8 The breakthrough happened in 1991 when Arents et al. solved a 3.1A resolution structure of
the octamer which showed that the elongated histone chains are gathered in the octamer forming

a distinctive handshake motif 2°. The first high-resolution structure of the complete nucleosome at



2.8A was solved by Lugar et al. in 1997. In this structure, the finer details of protein-protein

interactions and protein-DNA interactions were revealed 7°.

B H2B B H3.1 H4
Figure 1.5 The Four-Helix Bundle Forming the Octamer (PDB: SAVB).

A) The circled is the H3-H3 four-helix bundle. B) The circled is the H2B-H4 four-helix bundle.

According to the structure solved by Lugar et al. 1997 7°, the two H2A/H2B and the two
H3/H4 form the overall octamer using a single structural motif known as the four-helix bundle,
which is formed by the a2 and a3 helices from the adjacent histone-folds. The tetramer is formed
when two H3/H4 pairs come into contact through a 4-helix bundle formed by H3/H3 histone folds
(Figure 1.5 A). Each pair of H2A-H2B interacts with each half of the tetramer using another 4-
helix bundle created by the histone folds of H2B and H4 (Figure 1.5 B). There are 10 histone tails
that protrude outwards from the overall nucleosomal core particle, the eight N-terminal tail from
all the histones and the two c-terminal tails from the H2A. H3 tail interacts with the nucleosomal
DNA (~13 bp) at the entry-exit site, and H3 aN sits on top of the H4 (Figure 1.6 B). While the
H2A oC terminal tail extends towards the dyad, H2B aC flips back from the center of the

nucleosome opposite to the dyad (Figure 1.6 A). From the solved structure, it is evident that the
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DNA is spooled around the octamer in a non-uniform path. The H2A/H2B dimer interacts with
the nucleosomal DNA in the two planes perpendicular to the dyad axis, on the other hand, the
H3/H4 tetramer is slanting diagonally with the dyad axis (Figure 1.7). An alternating arginine side

chain helps the octamer to interact with central ~ 123bp of the nucleosomal DNA %7,

H2B [ | H3.1 H4

Figure 1.6 Placement of the Histone Tails in the Nucleosome (PDB: SAVB).

A) H2A and H2B are represented as red and green. H2A tail (light red) extends towards the dyad,
while H2B tail (light green) extends towards the opposite direction from the dyad. B) H3 and H4
are represented in blue. H3.1 tail (light blue) sits on top of H4 and interact with the ~13bp DNA
at the entry-exit site.
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Axis of symmetry

180"

Figure 1.7 Interaction between the Histone Folds and the Nucleosomal DNA (PDB: 5AVB)

A) H2A-H2B interact with the nucleosomal DNA at two different parallel planes that are
perpendicular to the axis of symmetry. B) H3-H4 interact with the nucleosomal DNA at two
different parallel planes that are diagonally slanted with the axis of symmetry.

Three types of DNA sequences, the mixed genomic DNA, the 5S RNA coding sequence,
and the human a-satellite repeat were mostly used in forming and solving the nucleosome
structures before 1997. Widom 601 nucleosome positioning sequence has become more common
recently. Through in vitro studies, Lowary and Widom found this synthetic DNA sequence that
interacted tightly with the nucleosome 2. The reason it binds tightly with the octameric core is that
it has AT/TA/TT/AA base pairs at the minor groove of the DNA where it will interact with the
octamer, while GG/GC/CG/CC base pairs will be found in the major groove does not come into
contact with the octamer. These pyrimidine repeats after every 10bp provide the DNA with enough
flexibility to gyre around the octamer without any steric hindrance. This 145bp palindromic
Widom 601 sequence wraps around DNA at 1.67 left-handed super-helical turns. The dyad axis
passes on a base pair rather than the middle of two bases. Therefore, both the nucleosomal half are
wrapped around with 72bp DNA. Hence, Widom 609 sequence provides nucleosome with a

perfect 2-fold symmetry, while the other sequences give rise to a pseudo 2-fold symmetry. The
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base pair that has the dyad axis passing through is labeled as superhelical location 0 (SHLO). The
next clockwise superhelical turns are called SHL+1, SHL+2, ..., SHL+7, while the next
counterclockwise turn is labeled as SHL-1, SHL-2, ..., SHL-7. The dyad axis passes through the

SHLO and the SHL+4 %72 (Figure 1.8).

46 /-2

-3/+5 +1 /-7

4 0/dyad

-1/+7
-5/+3

-6/+2

Figure 1.8 Widom 601 Sequence and Super Helical Locations.

The spiral turns are numbered with a positive integer (clockwise) or a negative integer
(counterclockwise). From the top certain superhelical location overlaps on each other.

The coined shape nucleosome has a diameter of ~100A and a width of ~60A 7°. The
circumference of the nucleosome is a high negatively charged surface because of the
phosphodiester backbone of the wrapped DNA. There is one more negatively charged surface at
the groove of H2A/H2B dimer known as the nucleosome acidic patch. This acidic patch is
comprised of eight acidic residues, two from H2B (E102 and E110) and six from H2A (E56, E61,
E64, D90, E91, and E92) 7°. This acidic patch is considered to be the docking site for extrinsic

non-nucleosomal protein factors.
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The functional differences of each histone are governed by their differences in both the
terminal tail regions (Figure 1.9). These tails are enriched with highly polar amino acids, and
therefore, they flank the nucleosomal core. These tail regions are important for the regulation of
chromosomal packaging and remodeling. Hence, they play a crucial role in the DNA transcription,

replication, and repair processes 2’.

e } Histone fold region } >
ol L1 a2 L2 a3
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Figure 1.9 Schematic Diagram of Histone Secondary Structure Arrangement

All four core histones have the structurally similar histone fold. The difference among them results
from the length and the compositions of the amino acides at the N-terminal and the C-terminal tail
regions.

Histone H2A, H2B, H3, and H4 are the canonical histones. Except for H4, all the other
histones have different variants known as histone subtypes (Figure 1.10). Again, the difference
between each subtype rises in the terminal tail regions. Different subtypes carry out different
functions through various type of post-translational modifications (PTMs) at different amino acids

in the tail regions. These variants of histones are crucial for the regulation of various cellular

functions such as DNA damage repair (Table 1.1) %,



Figure 1.10 Different Histone Subtypes. Adapted from “Epigenetics Components of Aging
in the Central Nervous System,” by Y. Q. Zhao, K. Jordan, V. V. Lunyak, 2013,
Neurotherapeutics, 10(4), 647-663. Copyright 2013 by The American Society for
Experimental NeuroTherapeutics, Inc. Reprinted with permission.

Except for H4, each canonical histone has different variants. Histone H1, which is the least
conserved among all the histones, has the highest number of variants. Histone H2A has four major
subtypes: H2A.X, H2A.Z, H2A-BDB, and MacroH2A. Histone H2B, which is second highly
conserved after H4, has only one known variant, TSH2B. Histone H3 has eight known variants
H3.1, H3.2, H3.3, H3.4, H3.5, H3.X, H3.Y, and CENP-A 7,

A large number of histone PTMs has been reported. Figure 1.11 shows PTMs that occur in
canonical histones *. Aside from these PTMs, there are PTMs that also happen in different
subtypes. Therefore, the number of PTMs and their functional configurations are still a mystery.
Each of these modifications has distinct purposes and is responsible for the different chromatin

configurations which characterize the different stages in DDR.
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Figure 1.11 Currently Identified Post Translational Modifications on Canonical Histones.
Adapted from “Epigenetics Components of Aging in the Central Nervous System,” by Y. Q.
Zhao, K. Jordan, V. V. Lunyak, 2013, Neurotherapeutics, 10(4), 647-663. Copyright 2013 by
The American Society for Experimental NeuroTherapeutics, Inc. Reprinted with
permission.

Post-translational modifications found on canonical histones are responsible for chromatin
remodeling. Each of these modifications serves different purposes either solo or in combination
with other modifications (Ac = Acetylation, Ph = Phosphorylation, Me = Methylation, Ub
=Ubiquitination) 7.
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Table 1.1: Different histone variants and their specifications. Adapted from “Every amino
acid matters: essential contributions of histone variants to mammalian development and
disease,” by I. Maze, K. Noh, A. A. Soshnev, C.D. Allis, 2014). Nature Reviews
Genetics 15, 259-271. Copyright 2018 by Macmillan Publishers limited, part of Springer
Nature. Reprinted with permission.

This table outlines the histone variants, their redundancies, expression dependencies, localizations,
functions, and knockout phenotypes.

Histone  Numberof Cell-cycle Location Function Knockout phenotype
gene copies expression
H2A 15 RD Throughout the genome  Core histone ND
H2AX 1 RI Throughout the genome ~ DNArepair (mediated bythe  Male infertility (that is, defects
phospherylated form YH2AX)  in sperm meiosis) in mice
and genome integrity
H2A.Z 2 RI Throughout the genome  Gene activation, gene Embryonic lethality in
silencing and chromosome H2A.Z.1-knockout mice at
segregation E4.5-E7.5
MacroH2A 2 Possibly RI  Inactive X chromosome Gene silencing Brain malformation in
zebrafish
H2ABbd 3 RI Active X chromosome Active transcription ND
and euchromatin
H2B 17 RD Throughout the genome ~ Core histone ND
TSH2B 1 Possibly RI Throughout the sperm Chromatin-to- ND
genome and in telomeres  nucleoprotamine transition
of somatic cells
H2BFWT 1 Possibly Rl Primate telomeres in ND ND, as there is no gene
sperm product in mice
H2BE 1 RI Throughout the genome ~ ND Overexpression of olfactory
of olfactory neurons receptor in mice
H3.1 10 RD Throughout the genome  Core histone ND
H3.2 3 RD Throughout the genome  Core histone ND
H3.3 2 RD andRI Throughout the genome  Gene activation, silencingand  ND; adult infertility in
chromosome segregation H3.3A-gene-trap and
H3.3B-knockout mice
H3.4 1 RI Sperm genome and ND ND
nucleolus of somatic cells
H3.5 1 Possibly Rl Euchromatin in hominid ND ND, as there is no gene
testis product in mice
H3.Xand  1ofeach Possibly Rl Euchromatin in primates ~ ND ND, as there is no gene
H3.Y product in mice
CENP-A 1 RI Centromeres Chromosome segregation Embryonic lethality at
E3.5-E8.5 in mice
H4 14 RD Throughout the genome ~ Core histone ND

CENP-A, histone H3-like centromeric protein A; £, embryonic day; HZBFWT, histone H2B type W-T; ND, not determined; RD, replication dependent:

RI, rephcat\on iﬂdependEnt.
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1.5 H2A.X to YH2A.X

H2A.X is a variant of H2A family. It is highly similar to canonical H2A in terms of
sequence except for the C-terminal region (Figure 1.12). H2A.X has some more amino acids at the
carboxyl-terminal that can be post-translationally modified to provide diverse cellular signals

specific to DSB repair. The content of H2A.X is cell and tissue-specific, ranging from 2 to 25%

of total H2A 3°.
ol o2 B1
H2A.X 20000 0000000000 - 90
1 10 20 30 40

H2A.X MSGRGKWGGKARAKAKEHRSSRAGLQFPVGRVEIRLLRKGEIYAERVGAGA
H2A MSGRGKGGKARAKAKIWRS SRAGLOQFPVGRVIIRLLRKGUYAERVGAGA

consensus>70 MSGRGK.GGKARAKAK.RSSRAGLQFPVGRV.RLLRKG.YAERVGAGA

o3 B2 o4 ['&]
H2A.X 0000000000000000000000000Q = 000000000 00000
50 60 70 80 90
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Figure 1.12 Sequence Alignment and Secondary Structure Prediction between Canonical
H2A and Variant H2A.X

The core sequences are highly similar between H2A and H2A.X. The sequences differ at C-
terminal region after residue 120, and this is the basis of functional differences between H2A and
H2A X

Upon DSB, H2A X is phosphorylated at serine 139 residue. This phosphorylated H2A.X
is called gamma-H2A.X (YH2A.X). YH2A.X is a well-established hallmark for DSBs as the other
types of DNA injuries do not produce YH2A.X 3%33:34_ On the other hand, cellular or extracellular

incidents that lead to DSB formation lead to the YH2A.X formation (Figure 1.13) %,
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Figure 1.13 Various DSB Sources that Lead to YH2A.X Formation. Adapted from “Genome
Instability and YH2AX”, by A. Georgoulis, C. E. Vorgias, G. P. Chrousos, and E. P. Rogakou,
2017, International Journal of Molecular Science, 18(9), p. 1979. Licensed under CC BY 4.0.

This figure shows multiple sources of DNA double-strand break (DSB) damage. All these
incidents can lead to the formation of yYH2A.X

In order to carry out successful repair of DSB lesions, either H2A or H2A.X or both
undergo extensive PTMs. Phosphorylation at tyrosine 142 residue of H2A.X determines whether
cell proceeds towards apoptosis pathway, while phosphorylation at serine 139 residue and

ubiquitination of various lysine residues (13, 15 or 119) determines whether a cell would try to

repair the DNA (Figure 1.14) %%,

vH2A.X is a hallmark for DSB. Formation of it is imperative for the cell to execute other

downstream activity involved in DSB repair pathways. YH2A.X mice show pleiotropic
phenotypes related to genomic instability, defects in repair processes, and compromised

recruitment of other downstream DDR proteins to the site of DNA damage .
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Figure 1.14 PTMs on H2A/H2A.X

Different PTMs or combination of PTMs on H2A/H2A.X determine different fate upon DSB.
WSTF (William syndrome transcription factor) constitutively phosphorylates Y142 of H2A.X,
while ATM (ataxia-telangiectasia mutated) phosphorylates S139 of H2A.X upon DSB, and
decides if the cell should move on to the DNA repair pathway or the apoptotic pathway depending
on the presence of pY 142. Additionally, ubiquitination of K13/K15 by RNF168-UBE2N and K119
by RNF2-BMII1-UBE2D3 determine whether the repair would carry out through HR or NHEJ
pathway.

Upon DSB, the S139 at SQ motif of H2A.X is phosphorylated by phosphatidylinositol 3
family kinases, namely ATM (Ataxia-telangiectasia mutated), ATR (ATM-Rad3 related) or DNA-
PK (DNA dependent protein kinase) 3”-3%. ATM is the main kinase that reacts promptly with DSB.
However, other kinases would also phosphorylate H2A. X if ATM activity is compromised or
reduced *°. In fact, ATR is the major kinase for yH2A.X creation at replication arrest *>*!. Aside
from these kinases, YH2A.X is created by other kinases in various other cellular events, for

example, Apoptosis 4.
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1.6 The Defenders of the Genome: Formation of IRIF

DSB induced by IR causes the formation of YH2A.X spanning megabases of chromatin.
YyH2A . X acts as a signal amplifier and helps hundreds of DDR proteins to accumulate near the site
of DNA lesion forming nuclear foci called ionizing radiation-induced foci (IRIF)*. yH2A X is
pervasive at all the stages of the cell cycle after DSB and recruits other downstream DDR mediator
and effector proteins at the site of DSB at different cell cycles. The role of accumulated DDR
proteins and their overall organization in IRIF are still not understood **. However, studies have

shown that all these proteins have crucial significance in conducting successful repair mechanisms.

Upon DSB, a number of proteins co-localizes with YH2A.X, therefore, contributes to the
formation of IRIF #*. P-ATM, which is the activated ATM, co-localizes with YH2A.X, and takes
part in phosphorylating other DDR proteins. Mrel1 (meiotic recombination 11 homolog), Rad50
(radiation sensitive 50), are proteins that maintain telomere integrity and meiosis, are also found
in the IRIF region “6. Nbsl (Nijmegen breakage syndrome protein 1) is a major cell cycle
checkpoint protein that as well is found in the same site as IRIF *’. Mrel1, Rad 50, Nbs1 form a
complex called MRN complex that tethers broken DNA ends, and is also required for direct

activation of ATM 4849,

E3 ubiquitin ligases, RNF8 (Ring finger like 8) and RNF168 (Ring finger like 168) also
co-localize with YH2A X induced foci °, !, respectively. RNF8 ubiquitinates linker histone, H1
through lysine 63 (K63) linked poly-ubiquitination that acts as a substrate for RNF168 2. Docked
RNF168 on poly-ubiquitinated H1 (poly-ub-K63-H1) mono-ubiquitinates H2A and H2A.X
through K63 linked poly-ubiquitination via E2 ubiquitin ligase UBE2N, which provides

subsequent docking sites for more RNF168 to amplify the ubiquitination signal in the DDR

pathway >>. RNF168 also poly-ubiquitinates H2A and H2A.X through lysine 27 (K27) linked

21



ubiquitination, which is a result of auto-ubiquitination and auto-selectivity nature of RNF168. This
ubiquitination phenomenon has been proven crucial for the subsequent recruitment of the
downstream effector proteins like BRCA1 (Breast Cancer Associated 1) for HR, or TP53BP1

(Tumor suppressor P53 binding protein 1) for NHEJ repair pathway >*.

Not only these proteins but lots of other proteins involved in DSB repair pathway show co-
localization with YH2A.X. However, after pATM phosphorylates the S139 residue at H2A. X, the
very first mediator protein that interacts with pS139 via a tandem BRCT domain is MDCI1
(Mediator of DNA Damage Check Point 1) in order to provide a docking site for other downstream
proteins. MDC is the first in sequence to create the supramolecular complex that spans through
megabases of DNA. Therefore, MDC1 also co-localizes with YH2A.X upon DSB *, and the
absence of MDC1 hinders the downstream ubiquitination activity as RNF8 needs to interact with

MDC1 to locate itself at the foci °.
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1.7 Treating or Terminating: Di-phosphorylation of H2A.X

Aside from S139 phosphorylation that happens as a response to DSB, H2A. X has a tyrosine
142 residue, that is constitutively phosphorylated by an unusual tyrosine kinase namely WSTF
(William Syndrome Transcription Factor) *¢. Upon DSB, when ATM phosphorylates S139, both
pS139 and pY 142 are recognized by a pair of tandem BRCT domain of MCPHI1 (Microcephalin
1) >7. MCPH1 mediates the recruitment of pro-apoptotic kinase, INK1 (JUN amino-terminal kinase

1), and directs cell towards apoptotic pathway 5.

pY 142 prevents MDC1 from binding the epitope pS139 of YH2A.X %, but as DSB happens,
Y142 gradually gets dephosphorylated by Eyal (Eye absent 1) and Eya3 (Eye absent 3) ¢°. As a

result, MDC1 can bind to pS139, and carry out the repair pathway.
1.8 Summary of the DSB Repair Initiation

Upon DSB, MRN complex binds the lesions, and activates ATM kinase. ATM kinase then
phosphorylates S139 and creates YH2A.X. pS139 and Constitutively phosphorylated pY 142 are
recognized by MCPHI with its two tandem BRCT domains. MCPH]1 falls of as Eyal or Eya3
dephosphorylates the Y142 residue, and helps the cell to proceed forward with the repair process
rather than the self-termination process. MDC1 with its tandem BRCT domain then interacts with
the YH2A.X. ATM also phosphorylates FHA domain of MDCI1, which is recognized by E3
ubiquitin ligase RNF8. RNF8 in conjunction with Ubc13/UBE2N poly-ubiquitinates linker
histone, H1 through K63 linked ubiquitination. This poly-ubiquitinated chain is recognized by
RNF168. RNF168 in conjunction with Ubc13/UBE2N monoubiquitinates K13 or K15 of H2A.X.
This ubiquitination cascade eventually leads to the recruitment of other effector proteins to repair

the injured DNA 374,
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Figure 1.15 A Predicted Schematic Diagram of Initial DSB Response.

Upon creation of YH2A.X, MDCI1 binds the pS139 and mediates the downstream ubiquitination
events through providing a docking site for UBE2N-RNF8 complex . (* can either be H2A or
H2A.X)
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1.9 MDC1 Independent Ubiquitination

MDCI1 recruitment is crucial for RNF8 mediated ubiquitination. However, another
different E3 ubiquitin ligase, Polycomb complex protein BMI1 (B cell-specific Moloney murine
leukemia virus integration site 1) in complex with RNF2 (Ring finger like 2) mono-ubiquitinates
lysine 119 (K119) of H2A or H2A.X (Figure 1.16); this mono-ubiquitination is imperative for
successful repair of DSB . BMI1 is found in IRIF, and the recruitment of BMI1 is independent

of MDC1-yH2A X interaction
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Figure 1.16 Schematic diagram of BMI1-RNF2 mediated mono-ubiquitination

BMII1-RNF2 mono-ubiquitinates K119 of H2A.X upon DSB. This ubiquitination is independent
of MDC1-yH2A X interaction.

Now we know that there are two different nucleosome ubiquitination pathways that are
involved in the DSB repair mechanism. What we do not know is whether these ubiquitinations
happen on the same nucleosome docking MDCI1 or different nucleosomes juxtaposing the MDC1

interacting nucleosomes.
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1.10 Structure of MDC1 BRCT Bound yYH2A.X Tail

Since MDCI is one of the major players in the DSB repair pathway, understanding how
MDCI interacts with the phosphopeptide tail would reveal some mystery associated with the
downstream applications. Therefore, researchers crystallized MDC1 BRCT bound yH2A.X

phosphopeptide tail to elucidate the organizational behavior of this interaction (Figure 1.17 A) .

A) B) BRCT 2 BRCT 1

Figure 1.17 Structural basis of the interaction between the MDC1 tandem BRCT domain
and YH2A.X phosphopeptide tail. Adapted from “MDC1 Directly Binds Phosphorylated
Histone H2AX to Regulate Cellular Responses to DNA Double-Strand Breaks” by M. Stucki,
J. A. Clapperton, D. Mohammed, M. B. Yaffe, S. J. Smerdon, S. P. Jackson, 2005, Cell,
123(7), Copyright 2018 by Elsevier Inc. Reprinted with permission.

A) Crystal structure of MDC1 tandem BRCT bound YH2A.X phosphopeptide tail (PDB-2AZM).

B) Schematic interaction diagram. Each BRCT repeat has three helices, and four beta strand
connected by loops, as well as one helix strand helix motif at the C-terminal. yYH2A.X peptide tail
sits between the furrow of the two BRCT repeat contact point >,

A typical tandem BRCT fold has two BRCT repeats. Each repeat has a compact o/

connected with a linker region. a2 of BRCT1 interacts with an al’/a3" loop of BRCT2. The helix-
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loop-helix folds (a1 and alL2) both interact at the BRCT interface. YH2A.X binds between the
groove at the contact point between the two BRCT repeats. It interacts with $1/al loop and the N-
terminal ends of a2 and al” (Figure 1.17 B) 3. There is a not highly basic region observed in

human MDC1 BRCT (Figure 1.18).

Figure 1.18 Basic region in human MDC1 BRCT domain.

The basic region in human BRCT domain is marked in red.

1.11 Aim to Attain: Research Questions & Hypothesis

The crystal structure of MDC1 tandem BRCT domain bound YH2A.X tail tells us the tale
of how the BRCT domain interacts with a small peptide and folds accordingly. However, in the
cell, it is not a single YH2A.X peptide tail that interacts with the MDC1 BRCT domain. In fact,
MDCI interacts with the overall nucleosome at the damage lesion and helps in forming the nuclear
foci. Therefore, the interaction of MDC1 with this small peptide does not tell us how MDCI1
positions itself in terms of the overall nucleosome, how the nucleosome remodels itself upon
binding with MDC1, how MDCI positioning affects the formation of IRIF, and the downstream

applications like ubiquitination.

27



Figure 1.18 Hypothetical question of how MDC1 BRCT is interacting with the complete
nucleosome.

Here we hypothesize that MDC1 BRCT domain not only binds to the phosphorylated
YH2A X tail, but this interaction might position MDC1 in a way that its basic patch might interact

with the nucleosomal DNA or with the conserved acidic patch of H2A.X/H2B.

To test this hypothesis in vitro, a successful purification and assembly of YH2A.X
containing nucleosome is the prerequisite. Previously, histones were extracted from the cell lysate
using urea denaturant followed by extensive dialysis to refold the heteromeric histone complexes.
This method is cost, and time intensive. Here we have established and contrasted two rapid
purification protocols using the co-expression systems for the recombinant human histone
oligomers. Moreover, we have also developed a system for the in vitro phosphorylation of H2A. X

that will facilitate the structural analysis of MDC1 BRCT bound yYH2A.X nucleosome complex.
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Materials & Methods
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2.1 Site-Directed Mutagenesis of H2A.X

For our studies, in vitro enzymatic phosphorylation of S139 is necessary to produce
sufficient amount of YH2A.X. Inside the cell, ATM kinase phosphorylates S139 of H2A.X upon
DSB. However, large-scale purification of ATM kinase is problematic because it is a large protein

of 350.7 kDa. Moreover, the activity of ATM kinase is not well defined.

We have decided to use GST tagged casein kinase II alpha subunit (GST-CK2a) to
phosphorylate S139 of H2A.X. Therefore, we mutagenized the C-terminal tail of H2A.X with a
CK2 recognition motif in order to produce modified YH2A.X (Figure 2.1). To have a control for
our kinase assay, we introduced an alanine mutation at S139 residue of CK2a recognition site

mutagenized H2A.X. From now on, we will refer S139 and A139 containing CK2 recognition site

modified H2A.X as H2A.X(CK2-S) and H2A.X (CK2-A).

CK2 requires some acidic patches flanking the S/T residue in order to bind and
phosphorylate the S/T successfully, and studies showed that it requires a negatively charged
residue at +3 position (Figure 2.1) ®7. Due to that, we decided to change A138 (-1) and Q140 (+1)
residues into D, and E respectively; however, if we introduce A138D (-1), T136 (-3) becomes a
potential unwanted substrate for CK2. Therefore, we introduced T136E (-3) in order to prevent the
unwanted phosphorylation and to provide a more negative patch for CK2 to bind the H2A X tail
(Figure 2.1). These changes were incorporated in-frame to the open reading frame (ORF) of
H2A.X through designing a reverse primer that contains all the appropriate mutations (Appendix

i-Table i-1).
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Table 2.1: The limitations with the ATM kinase and the advantages with the CK2a.

Kinase ATM Kkinase GST-CK2a
Length (AA) 3056 618
Size (kDa) 350.7 71.45
Activator MRN complex None
Well defined activity No Yes
Recognition motif S/T-Q S/T-X-X-D/E; (X->No basic residues)
WT H2A.X tail with Mutagenizing H2A.X tail with
ATM recognition motif CKII recognition motif
120 142 120 142
----TSATVGPKAPSGGKKATQASQEY —COO- —--TSATVGPKAPSGGKKA QSFEY —COO-
3 +3
139 139

Figure 2.1 Mutagenesis of H2A.X

ATM kinase phosphorylates S139 at SQ motif of H2A.X C-terminal tail. CK2a phosphorylates
S/T flanked by some acidic residues, and it requires a negatively charged residue at + 3 position
67 Therefore, T136E (-3), A138D (-1) and Q140E (+1) (in green) were introduced in H2A.X C-
terminal tail to provide the acidic patch that CK2a would require to phosphorylate S139. However,
Y 142 (+3) was not mutagenized as it is required for MDC1 BRCT domain to interact with yH2A.X.
We assumed that the negative charge on the carboxyl group at the end with Y142 might
compensate for the negatively charged +3 position requirement for CK2a.

2.2 Cloning of Histones and MDC1-BRCT

Codon-optimized Homo sapiens H2B, H3.1 both cloned into the pHCE vectors, and H4
cloned into the pET15b vector histones were requested from Dr. Hitoshi Kurumizaka’s lab,
RIKEN Genomic Sciences Center, Japan. H2A. X (wild-type), H2A.X (CK2-S), and H2A.X (CK2-

A) cloned into the pUCS57 vectors were ordered from the GenScript.
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Due to expression inconsistencies, each histone was re-cloned into the pET47b(+)
(Novagen-Cat. # 71461-3) vector with an N-terminal Human Rhinovirus (HRV) 3C Protease
cleavable hexahistidine tag. These pET47b(+)-Histone constructs were used for traditional

refolding purification of histones.

To co-express histone pairs, we have used different duet vectors, namely, pETDuet-1
(Novagen-Cat. # 71146-3), pACYCDuet-1 (Novagen-Cat. # 71147-3), and pCDFDuet-1
(Novagen-Cat # 71340-3). These vectors have two multiple cloning sites (MCSs). Each MCS has
its own inducible T7 promoter. One of the MCSs has an N-terminal hexahistidine tag, while the
other one does not. We introduced a Tobacco Etch Virus (TEV) Protease cleavage site with the

histone that was cloned into the tagged MCS (Appendix i Table i-1).

In order to clone, we needed to introduce two different restriction sites at the ends of the
histone fragments, so that particular restriction enzymes (REs) (Appendix i Table i-1) could
generate two asymmetric sticky ends flanking the fragment. These asymmetric sticky ends would
allow the fragment to be ligated in the vector with the right direction. These restriction sites were
incorporated through PCR reaction using appropriate primers. We designed multiple sets of
primers using Serial Cloner 2.6 software to confirm the presence of ORF without any frameshift
mutation. The primers were further checked and ordered using OligoAnalyzer Tool from
Integrated DNA Technologies (IDT) (Appendix i Table i-1). The ordered primer was processed
upon arrival following the instructions on the specification paper provided by IDT with the primer

package.

In order to incorporate the restriction endonuclease sites at both the ends of histone DNA
sequence, PCR reaction was performed using the appropriate set of primers (Appendix ii protocol

1). After PCR Clean up (Appendix ii Protocol 3), double restriction digest reaction was performed
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on both the vector and the insert (Appendix ii Protocol 4). The digested insert was ligated with the
digested vector. The directionality of the ligated insert was ensured by the asymmetric sticky ends
that were present at both the ends of the insert (Appendix ii Protocol 5). After transforming the
recombinant construct into the DH5a cell, the positive colonies were checked using colony PCR
method (Appendix ii Protocol 6).

During the time of PCR reaction, spontaneous mutation can happen in the desired insert
fragment. So, the recombinant vectors were sent for sequencing (Appendix ii Protocol 9).

2.3 Overexpression of protein

In order to figure out which bacterial cell line expresses our protein of interest at the optimal
temperature and within the optimal time, we transformed different bacterial cells with the different
recombinant constructs (Table 2.2) and performed small-scale overexpression check (Appendix ii

Protocol 10).

Table 2.2 List of the Recombinant Constructs with Their Respective Overexpression Cell

lines. (green — confirmed for larger scale production)

Recombinant Construct Cell lines used Temperature tested

pET47b(+)-H2A.X BL21(DE3) 37°C

pET47b(+)-H2B BL21(DE3) 37°C

pET47b(+)-H3.1 BL21(DE3) 37°C

pET47b(+)-H4 BL21(DE3) 37°C
C41(DE3), Rosetta 2, Rosetta

pETDuet-TEV-H2B-H2A s, 18°C, 30°C, 37°C
PETDuet-1-TEV-H2A X-H2B Rosetta 2(DE3) 18°C, 30°C, 37°C
BL21(DE3), BL21(DE3) pLysS, o
pCDFDuet-1-TEV-H3.1-H4 Rosetta 2. Resetta 2(Dit) 18°C, 30°C
pACYCDuet-1-TEV-H4-H3.1__| C41(DE3), C43(DE3), BL21(DE3) | 18°C, 30°C, 37°C
pETDuet -1-TEV-H2A X-H2B + o e
pCDFDuet-1-His-H3.1-H4 Rosetta 2(DE5) 470, S0
pETDuet-1-TEV-H2A X-H2B
PACYCDuet-1-TEV-H4-H3.1

BL21(DE3) 30°C
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2.4 Purification of the Octamer

We have developed three methods for the extraction of the human histone oligomer
complexes using bacterial expression system. The first one is the modified version of the
traditional refolding method for the oligomer purification which is based on the in vitro folding of
the four histones to reconstitute the heteromeric oligomers. The second and the third methods
involve co-purification of different histone oligomers where histone pairs are folded in vivo to give

rise to soluble complexes.
2.4.1 Modified Refolding of the Octamer

Here we combined and modified the nucleosome purification methods from Lugar et al.

1999 77 and Tanaka et al. 2004 7. (Detailed protocol is written in Appendix II-Protocol 13)
Overexpression of the recombinant single histones

pET47b(+)-Histone plasmids transformed BL21(DE3) were grown in 500ml Kanamycin
containing LB medium at 37°C for 16 hours. 50ml of pre-inoculum was transferred into 1L
Kanamycin containing LB medium and was grown at 37°C. At ODeoo = 0.6, the culture was
induced with ImM IPTG to overexpress the histone proteins for 5 hours. Cells were harvested and

stored at -80°C for future use.
Purification of histone

4L cells were resuspended in 40ml buffer A containing 100ul protease inhibitor cocktail
(Cat #. P8849), ImM PMSF, 0.1g lysozyme. Cells were lysed using sonicator or emulsiflex cell
disruptor. The lysate was spun down at 17,000 RPM for 20 minutes at 4°C. Discard the supernatant

containing all the soluble protein fractions. The inclusion body containing histone was resuspended
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in 40ml buffer B containing 6M urea. The resuspended suspension was spun down at 17,000 RPM
for 45 minutes at 4°C. The supernatant was collected and incubated with Sml Ni** resins for 2
hours. After 2 hours, the beads were loaded on a column and flow through was collected. The
beads were washed with 250ml buffer C containing 10mM imidazole. Followed by this, the Ni**
bound histone was eluted out using Sml of buffer D containing 300mM imidazole until the

Bradford assay gave a negative result. The fractions were run on a 16% SDS PAGE.
Formation of the H2A.X-H2B dimer

Purified H2A.X and H2B were mixed in the equimolar ratio at a concentration of 5Smg/ml
in a dialysis bag of 8,000 kDa cutoff, and an appropriate amount of protease inhibitor cocktail was
added (100p1/50ml), and the mixture was dialyzed in 1L buffer E for 12 hours at 4°C. After 12
hours, the mixture was dialyzed in buffer F at 4°C for another 12 hours with two rounds of buffer
exchange. If no precipitation was observed, then the mixture was dialyzed further with buffer G
for 2 hours, and with buffer H for another 2 hours at 4°C. Following this, the mixture was dialyzed
for either 2 hours or 16 hours in buffer I. The solution was concentrated using Amicon Ultra-15
Centrifugal Filter Unit NMWL 10 with mixing for every 15 minutes. The concentrated solution
was loaded on the Superdex 200 16 60 size exclusion column equilibrated in buffer I. The dimer
peak fractions around the 82ml region were collected and stored at -80°C after concentrating for

future use.
Formation of the (H3.1-H4): tetramer

Purified H3.1 and H4 were mixed in the equimolar ratio at a concentration of Smg/ml in a
dialysis bag of 8,000 kDa cutoff, and an appropriate amount of protease inhibitor cocktail was

added (100u1/50ml). The mixture was dialyzed in 1L buffer E for 12 hours at 4°C. After 12 hours,
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the mixture was dialyzed in buffer F at 4°C for another 12 hours with two rounds of buffer
exchange. (The lower salt dialysis for tetramer is tricky and should only be performed if H3.1 and
H4 were purified using ion exchange column after the Ni?* column purification.) The solution was
concentrated using Amicon Ultra-15 Centrifugal Filter Unit NMWL 30 with mixing for every 15
minutes. The concentrated solution was loaded on the Superdex 200 16 60 size exclusion column
equilibrated in buffer F. The tetramer peak fractions around the 72ml region were collected and

stored at -80°C after concentrating for future use.
Formation of the (H2A.X-H2B-H3.1-H4): octamer

The dimer and the tetramer were mixed in 2.5:1 molar ratio at a concentration of Smg/ml.
The mixture was dialyzed for 24 hours in buffer F at 4°C with at least 2 rounds of buffer exchange.
(At this point, the salt concentration can be gradually brought down to 250mM). The octamer was
concentrated using Amicon Ultra-15 Centrifugal Filter Unit NMWL 10 with mixing after every
10 minutes. The concentrated octamer was loaded on a Superdex 300 16 60 analytical size
exclusion column equilibrated with the buffer used in the very last dialysis step. The octamer peak
fractions around the 12ml region were collected and stored at -80°C after concentrating for future

use.
2.4.2 One-step Purification of the Dimer and the Tetramer

Here we have developed a quick purification protocol for each histone oligomers (Detailed

protocol is written in Appendix ii-Protocol 14).
Separate Overexpression of the Histone Pairs

pETDuet-1-(His)s-TEV-H2A.X-H2B plasmid transformed Rosetta 2(DE3) was grown in

500ml Ampicillin and Chloramphenicol containing TB medium at 37°C for 16 hours. 50ml of pre-
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inoculum was transferred into 1L Ampicillin, and Chloramphenicol added TB medium and was
grown at 37°C. At ODsoo = 0.8-1, the culture was induced with ImM IPTG to overexpress the

histone dimer for 7 hours at 30°C. Cells were harvested and stored at -80°C for future use.

pACYCDuet-1-(His)e-TEV-H4-H3.1 plasmid transformed BL21(DE3) was grown in
500ml chloramphenicol containing TB medium at 37°C for 16 hours. 50ml of pre-inoculum was
transferred into 1L chloramphenicol containing TB medium and was grown at 37°C. At ODegoo =
0.8-1, the culture was induced with 1mM IPTG to overexpress the histone tetramer for 7 hours at

30°C. Cells were harvested and stored at -80°C for future use.
Purification of the H2A.X-H2B dimer

4L cells were resuspended in 120ml buffer L containing protease inhibitor cocktail
(100u1/50ml), I1mM PMSF, 0.1g lysozyme. Cells were lysed using the emulsiflex cell disruptor.
The lysate was spun down at 17,000 RPM for 45 minutes at 4°C. The supernatant was collected
and incubated with 15ml Ni*" resins for 2 hours. After 2 hours, the beads were loaded on a column,
and the flow-through was collected. The beads were washed with 250ml buffer W containing
30mM imidazole. Followed by this, the Ni** bound dimer was eluted out in a successive 5ml
fractions using buffer E1 containing 100mM imidazole, E2 containing 250mM imidazole, buffer
E3 containing 500mM imidazole, buffer E4 containing 1M imidazole, and buffer E5S containing

2M imidazole. The fractions were run on a 16% SDS PAGE.

The purest fractions were combined and concentrated using Amicon Ultra-15 Centrifugal
Filter Unit NMWL 10 with mixing after every 10 minutes. The concentrated dimer was loaded on
Superdex 200 16 60 size exclusion column pre-equilibrated with buffer S. The dimer fractions

around 82ml peak were collected and stored at -80°C after concentrating for further use.
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Purification of the (H3.1-H4): tetramer

4L cells were resuspended in 120ml buffer L containing protease inhibitor cocktail
(100ul/50ml), ImM PMSF, 0.1g lysozyme. Cells were lysed using the emulsiflex cell disruptor.
The lysate was spun down at 17,000 RPM for 45 minutes at 4°C. The supernatant was collected
and incubated with 15ml Ni** resins for 2 hours. After 2 hours, the beads were loaded on a column
and flow-through was collected. The beads were washed two times with 250ml buffer W
containing 30mM imidazole. Followed by this, the Ni** bound tetramer was eluted out in a
successive Sml fractions using buffer E1 containing 100mM imidazole, buffer E2 containing
250mM imidazole, buffer E3 containing 500mM imidazole, buffer E4 containing 1M imidazole,

and buffer ES containing 2M imidazole. The fractions were run on a 16% SDS PAGE.

The purest fractions were combined and concentrated using Amicon Ultra-15 Centrifugal
Filter Unit NMWL 50 with mixing after every 10 minutes. The concentrated tetramer was loaded
on Superdex 200 16 60 size exclusion column pre-equilibrated with buffer S. The tetramer

fractions around 76ml peak were collected and stored at -80°C after concentrating for further use.
Formation of the (H2A.X-H2B-H3.1-H4): octamer

The dimer and the tetramer were mixed in 2.5:1 molar ratio at a concentration of Smg/ml.
The mixture was dialyzed for 24 hours in buffer S at 4°C with at least two rounds of buffer
exchange. (At this point, the salt concentration can be gradually brought down to 250mM). The
octamer was concentrated using Amicon Ultra-15 Centrifugal Filter Unit NMWL 10 with mixing
after every 10 minutes. The concentrated octamer was loaded on a Superdex 200 10 300 analytical

size exclusion column pre-equilibrated with the buffer used in the very last dialysis step. The
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octamer peak fractions around the 12ml region were collected and stored at -80°C after

concentrating for future use.
2.4.3 One-step Purification of the Octamer

Here we have developed a quick purification protocol for the complete octamer (Detailed

protocol is written in Appendix ii-Protocol 15).
Combined Overexpression of the Histone Pairs

[pETDuet-1-(His)s-TEV-H2A.X-H2B+pCDFDuet-1-(His)s-TEV-H3.1-H4] transformed
Rosetta 2(DE3) was grown in 500ml Ampicillin, streptomycin, and chloramphenicol containing
TB medium at 37°C for 16 hours. 50ml of pre-inoculum was transferred into 1L Ampicillin,
streptomycin, and chloramphenicol containing TB medium and was grown at 37°C. At ODgoo =
0.8-1, the culture was induced with ImM IPTG to overexpress the all four histones for 7 hours at

30°C. Cells were harvested and stored at -80°C for future use.
Purification of the (H2A.X-H2B-H3.1-H4)2 octamer

4L cells were resuspended in 120ml buffer L containing protease inhibitor (100u1/50ml),
ImM PMSF, 0.1g lysozyme. Cells were lysed using emulsiflex cell disruptor. The lysate was spun
down at 17,000 RPM for 45 minutes at 4°C. The supernatant was collected and incubated with
15ml Ni** resins for 2 hours. After 2 hours, the beads were loaded on a column and flow through
was collected. The beads were washed two times with 250ml buffer W containing 30mM
imidazole. Followed by this, the Ni*" bound octamer, tetramer and dimer were eluted out in a
successive Sml fractions using buffer E1 containing 100mM imidazole, buffer E2 containing
250mM imidazole, buffer E3 containing S00mM imidazole, buffer E4 containing 1M imidazole,
and buffer E5 containing 2M imidazole. The fractions were run on a 16% SDS PAGE.
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The purest fractions were combined and concentrated using Amicon Ultra-15 Centrifugal
Filter Unit NMWL 10 with mixing after every 10 minutes. The concentrated tetramer was loaded
on Superdex 200 16 60 size exclusion column pre-equilibrated with buffer S. The octamer fractions
around 44ml peak were collected and concentrated to reload on a Superdex 200 10 300 column
pre-equilibrated in buffer S. The octamer fractions around 12ml peak was collected and stored at

-80°C after concentrating for future use.
2.5 In Vitro Phosphorylation of the H2A.X-H2B Dimer

We set up a system in order to produce YH2A.X through in vitro kinase assay (Detailed
protocol is written in Appendix ii- protocol 16). 20 molar of the dimer was mixed with 1 molar of
the CK2 in a total reaction volume of 50pul containing 1x kinase buffer and ImM ATP (YATP is
1/300 times diluted). The reaction mix was incubated at 30°C for 30 minutes. The sample was
collected after every 10 minutes, and the reaction was quenched using 4x SDS buffer. After 30
minutes, the samples were run on a 16% SDS PAGE gel. The gel was wrapped with Saran wrap
and placed on a phosphorscreen cassette. The pre-equilibrated phosphorscreen film was placed on
top of the gel. The cassette was closed and incubated for 24 hours at room temperature. After that,
the phosphorscreen was developed using typhoon scanner from Dr. Fhalmen’s lab. X-ray film can

also be used to develop the **P radioactive signal.
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Results & Discussions
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3.0 Preamble

The purpose of our study was to test the different approaches for the formation of the
overall nucleosomes. We compared the amount of the nucleosomal complex produced by the
modified traditional refolding method, and by the two co-expression methods developed by us.
We also evaluated how much time and resources are required for each method to work
successfully. In the modified traditional refolding method of the octamer preparation, our aim was
to produce each histone separately from the inclusion bodies and then forming the different
oligomeric states through performing dialysis. In the separate co-expression method, we wanted
to produce the different oligomeric states separately in direct soluble form by allowing bacterial
cell to fold the expressed histones. We further wanted to express all four histones together in the
bacterial cell to produce a complete soluble octamer in one step without having any dialysis. The
reason for extracting soluble protein complex is that it would allow us to produce faster with less
manipulation and better yield.

In order to check these three methods, we had to extensively venture different cell lines to
see which cell lines express the histones, both in singles and in different pairs. We exploited the
different duet expression system vectors to co-express the compatible histone pairs. In turns, we
ended up having eight different constructs, four for the single histone expression and four for the
duet expression, that needed to be checked for the best overexpression cell lines. Figure 3.0 shows
a schematic diagram of three different ways of histone oligomer preparation.

Lastly, we have also developed an in vitro rapid CK2 mediated phosphorylation of the
modified H2A.X C-terminal tail in terms of the H2A.X-H2B dimer in order to form the yYH2A.X-
H2B dimer. This YH2A.X will be used to create the overall yH2A.X containing nucleosome, which
will further be used to structurally analyze the binding interaction between the MDC1 BRCT and

the YH2A.X containing nucleosome.
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3.1 Result: Overexpression of the Single Histones

pET47b(+)-H2A.X*, pET47b(+)-H2B, pET47b(+)-H3.1, and pET47b(+)-H4 constructs
were overexpressed in BL21(DE3) cell line under ImM IPTG induction for 5 hours. Histone
H2A.X*, H2B, and H3.1 were highly expressed, however, the expression of H4 was not as high

compared to the other three histones (Figure 3.1).
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Figure 3.1 Overexpression Check of the Single Histones

pET47b(+)-H2A.X*, pET47b(+)-H2B, pET47b(+)-H3.1, and pET47b(+)-H4 constructs were
overexpressed in BL21(DE3) under 1mM IPTG induction at 37°C for 5 hours. The expression
level of H2A.X*, H2B, and H3.1 was higher than the expression level of H4. (H2A*-> Both wild
type and mutant variants)

For large scale protein purification, 4L LB culture of each histone was grown. The yield
is listed in table 3.1. The expression of H3.1 was the highest while the expression of H4 was the

lowest. H2A.X* and H2B expressions were equal.
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Table 3.1 Yield of the Single Histones. (Yield was calculated by measuring the absorbance at

A280.)
H2A.X* ~38
H2B ~40
H3.1 ~42
H4 ~22

3.2 Discussion: Overexpression of the Single Histone

Since the single histones would be purified from the inclusion bodies, not too much
optimization was required for the expression of these histone constructs. Inclusion body formation
due to overexpression was desired in this context. Therefore, the cells were allowed to grow at
37°C even after the ImM IPTG induction at OD600 = 0.6. Enough protein got expressed in 5

hours after the induction.

45



pET-47b(+)

’:)é} \\ / &4’0

\s\?$

1o

Figure 3.2: Schematic diagram of the pET47b(+)—Histone construct.

Each histone was cloned into pET47b(+) vector downstream to the T7 promoter site with a 3C
cleavable hexahistidine tag. pET47b(+) carries kanamycin resistance and lac operon repressor
gene Lacl, which prevents non-induced expression by blocking the expression of T7 RNA
polymerase.

The inducible pET47b(+)-T7 promoter allowed the optimal production of the histone using
BL21(DE3) (Figure 3.2). After adding IPTG, IPTG blocked the lacl repressor protein and leaded
to the production of T7 RNA polymerase from the chromosomal A(DE3) to express the protein of

interest.

Histones are not native bacterial proteins, and that might explain the low level of expression
of H4. The amount of cell pellet observed after H4 induction was really less than the other three

histones. This provided us with the idea that H4 might be toxic to the bacterial cells.

Since the level of expression for H4 was almost half of the level of expression for H3.1,
therefore, growing double amount of H4 bacterial culture was sufficient to bypass the H4

expression issue.
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3.3 Result: Separate Overexpression of the Histone Pairs

The pETDuet-1-TEV-H2A.X*-H2B and pETDuet-1-TEV-H2B-H2A.X* expressions
were checked in the different cell lines. Among all the cell lines Rosetta 2(DE3) showed the best
expression level for both the constructs at 30°C and 37°C under 1mM IPTG induction, while the

other cell lines had no detectable expression (Figure 3.3).

The pACYCDuet-1-TEV-H4-H3.1 was expressed in C41, C43, and BL21(DE3) cells
under ImM IPTG induction at 18°C, 30°C, and 37°C. Among all the cells BL21(DE3) gave the
optimal expression both at 18°C and 30°C for 4 hours of incubation. Other cell lines did not show

a detectable level of expression (Figure 3.4).

The pCDFDuet-1-TEV-H3.1-H4 was expressed in BL21(DE3), BL21(DE3) pLysS,
Rosetta 2, and Rosetta 2(DE3). Among all the cell lines Rosetta 2(DE3) provided the optimal level

of expression of both TEV-H3.1 and H4 at 18°C for overnight incubation (Figure 3.5).
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Figure 3.3 Overexpression Check for the H2A.X-H2B Dimer

pETDuet-1-TEV-H2B-H2A . X* was overexpressed in Rosetta 2, Rosetta 2(DE3), and C43.
pETDuet-1-TEV-H2A.X*-H2B was overexpressed in Rosetta 2(DE3) under ImM IPTG induction
at 18°C, 30°C, and 37°C. (a), (c) show no detectable expression in Rosetta 2 and C43 respectively.
(b), (d) However, both the constructs show detectable expression in Rosetta 2(DE3). In (b) TEV-
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H2B (16.33 kDa) and H2A.X* (15.17 kDa) bands were unresolvable, while in (d) TEV-
H2A.X*(17.64 kDa) and H2B (13.87 kDa) bands were resolvable.
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Figure 3.4 Overexpression check for TEV-H4-H3.1 tetramer

Auto-induced

H3.1=15.37 kDa
TEV-H4 = 13.8 kDa

H3.1=15.37 kDa
TEV-H4 = 13.8 kDa

pACYCDuet-1-TEV-H4-H3.1 was overexpressed in C41, BL21(DE3), and C43 under ImM IPTG
induction at 18°C, 30°C, and 37°C. (a) showed no detectable expression in C41. (b), (C) However,
showed detectable expression in BL21(DE3), and C43 respectively.
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Figure 3.5 Overexpression check for TEV-H3.1-H4 tetramer (Image courtesy, Dr. Rashmi
Panigrahi).

pCDFDuet-1-TEV-H3.1-H4 was overexpressed in BL21(DE3), BL21(DE3) pLysS, Rosetta 2 and
Rosetta 2(DE3) under ImM IPTG. (a) BL21(DE3) provided a good detectable expression of both
TEV-H3.1 and H4 at 30°C for overnight, and only TEV-H3.1 at 30°C for 5 hours. (b) BL21(DE3)
pLysS showed no detectable expression and (d) Rosetta 2 showed the presence of both TEV-H3.1
and H4 at 30°C overnight. (e) Rosetta 2(DE3) showed an optimal expression of both TEV-H3.1
and H4 at 18°C, and 30°C overnight as well as 30°C 5 hours.

For large scale protein purification, 4L TB culture of H2A. X-H2B dimer and 4L. TB

culture of (H3.1-H4), were grown. The yield is listed in table 3.3.

3.4 Discussion: Separate Overexpression of the Histone Pairs

Histones are only soluble when they form a hetero-oligomeric complex with their other
histone counterparts. H2A-H2B forms a soluble dimer, and H3.1-H4 forms a soluble tetramer.
Therefore, we decided to express them together in order to perform soluble extraction of histone

complexes.
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Figure 3.6 Schematic diagram of the pETDuet-1-H2A.X-H2B construct.

Ampicillin resistant pETDuet-1 vector has two inducible T7 promoters that allow simultaneous
expression of both the downstream regions. A) H2B was cloned in the T7 promoter 1 region with
a TEV protease cleavable hexahistidine tag, and H2A.X was cloned in the T7 promoter 2 region
without any tag. B) H2A.X was cloned in the T7 promoter 1 region with a TEV protease cleavable
hexahistidine tag, and H2B was cloned in the T7 promoter 2 region without any tag. This construct
facilitated the simultaneous production of both the histones to produce the soluble dimer.

The H2A.X-H2B dimer had two cloned construct in the pETDuet-1 vector. In one
construct, the TEV cleavable hexahistidine tag was on H2A.X, and in the other one, it was on H2B.
The size of TEV-H2B is 16.33 kDa, which was almost the same size of untagged H2A.X (15.17
kDa). Therefore, they were not resolvable on the 16% SDS PAGE (Figure 3.3 a, b, ¢). Upon putting
the tag on H2A X, the size of TEV-H2A.X becomes 17.64 kDa, and the size of untagged H2B is
13.87 kDa. Therefore, TEV-H2A.X and H2B bands were nicely visible (Figure 3.3 d). Rosetta
2(DE3) cell line was chosen for large-scale purification for the dimer because it showed the best
expression compared to the other cell line. Although C43 is suitable for producing toxic bacterial
proteins, it lacks rare codon translating tRNAs. And, this might be the reason why C43 was not
able to produce the proteins. On the other hand, both Rosetta 2 and Rosetta 2(DE3) cell lines have

7 rare codon producing tRNAs that allow the bacterial cells to translate the rare codon containing
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eukaryotic genes. However, Rosetta 2 did not give good expression probably because unlike
Rosetta 2(DE3), it lacks A(DE3) lysogen containing T7 RNA polymerase gene in the chromosome.
Therefore, expression in Rosetta 2 completely depends on the bacterial native RNA polymerases

which are not as efficient as T7 RNA polymerase in recognizing the T7 promoter.
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Figure 3.7 Schematic diagram of the pACYCDuet-1-TEV-H4-H3.1 and the pCDFDuet-1-
TEV-H3.1-H4 constructs.

Chloramphenicol resistant pACYCDuet-1 vector, and so as Streptomycin resistant pCDFDuet-1
vector, has two inducible T7 promoters that allow simultaneous expression of both the downstream
regions. A) In pACYCDuet-1, H4 was cloned in the T7 promoter 1 region with a TEV protease
cleavable hexahistidine tag, and H3.1 was cloned in the T7 promoter 2 region without any tag. B)
In pCDFDuet-1, H3.1 was cloned in the T7 promoter 1 region with a TEV protease cleavable
hexahistidine tag, and H4 was cloned in the T7 promoter 2 region without any tag. These constructs
facilitated the simultaneous production of both the histones to produce the soluble tetramer.

The H3.1 and H4 were also cloned in two recombinant vectors, the pACYCDuet-1 where
the tag is on H4, and the pCDFDuet-1 where the tag is on H3.1. H3.1 and H4 did not have the
resolvation dilemma like H2A.X and H2B. In both the construct, they were visible. However, H3.1

was highly expressed than H4 in both the construct (Figure 3.4 and Figure 3.5).

52



For pACYCDuet-1 construct, Rosetta 2 and Rosetta 2(DE3) cell lines were not used
because of the antibiotic selection incompatibility. Both Rosetta 2 and Rosetta 2(DE3) cell lines
have intrinsic chloramphenicol resistance because of having the seven tRNA gene containing
plasmid, and the selection antibiotic for pACYCDuet-1 vector is also chloramphenicol. Therefore,
despite Rosetta 2(DE3) providing a good expression profile for pETDuet-1 constructs and

pCDFDuet-1 constructs, the pACYCDuet-1 construct was not expressed in this cell line.

pACYCDuet-1 construct showed nice expression in both BL21(DE3) and C43, but not in
C41. Although both C41 and C43 cells are suitable for toxic protein expression, C43 has few more
modifications selected for different sets of toxic protein expression than C41. As H4 seemed to be
toxic to the bacterial cells, C43 seemed to express better than C41. And, BL21(DE3) showed a
good level of expression as well. We decided to use BL21(DE3) cells for larger scale protein

purification.

pCDFDuet-1 construct showed a nice expression in BL21(DE3), Rosetta 2, and Rosetta
2(DE3). However, no expression was detected for BL21(DE3) pLysS. The pLysS produces T7
lysozyme to attenuate the basally expressed T7 RNA polymerase to provide stringent protein
expression. This T7 lysozyme is also harmful to the bacteria itself because it degrades the bacterial
cell wall. On top of that, both H3.1 and H4 were not native bacterial proteins, and H4 seemed toxic
to the bacteria. Therefore, this strain died before producing a good amount of protein. We choose

Rosetta 2(DE3) for large-scale tetramer production.
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3.5 Result: Combined Overexpression of the Histone Pairs

[pPETDuet-1-TEV-H2A.X-H2B - pACYCDuet-1-TEV-H4-H3.1] transformed BL21(DE3)
and [pETDuet-1-TEV-H2A.X-H2B - pCDFDuet-1-TEV-H3.1-H4] transformed Rosetta 2(DE3)
cells were induced with ImM IPTG at different temperatures. Both the cell line showed the minor

level of expression of all four histones.

a) pETDUET-1-TEV-H2A.X*-H2B b) pETDUET-1-TEV-H2A.X*-H2B

pACYCDuet-1-TEV-H4-H3.1 pCDFDuet-1-TEV-H3.1-H4
in BL21(DE3) in Rosetta 2(DE3)
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| TEV-H3.1=17.83 kDa
TEV-H2AX = 17.64 kDa
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Figure 3.8 Overexpression Check of the Histone Octamer

a) pETDuet-1-TEV-H2A . X-H2B and pACYCDuet-1-TEV-H4-H3.1 both were expressed together
in BL21(DE3). b) pETDuet-1-TEV-H2A.X-H2B and pACYCDuet-1-TEV-H4-H3.1 both were
expressed together in Rosetta 2(DE3) under ImM IPTG induction. In both the cases, some level
of protein expression was observed (Image courtesy- Dr. Rashmi Panigrahi).

For large scale protein purification, 8L TB culture of each octamer producing strain was

grown. The yield is listed in table 3.4.
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3.6 Discussion: Combined Overexpression of the Histone Pairs

The expression check profile for the octamer from the 16% SDS PAGE was very
confusing. Since the sizes of H2B (13.87 kDa) and TEV-H4 (13.8 kDa) were the same, we only
see three bands on the gel in Figure 3.7 a. Same with Figure 3.7 b, the sizes of TEV-H2A.X (17.64
kDa) and TEV-H3.1 (17.83 kDa) were close enough for those two bands to merge together.
However, Rosetta 2(DE3) expressed better than the BL21(DE3); the reason probably be again

Rosetta 2(DE3) having the capability to encode for rare codons.

Aside from band dilemma, the expression levels of the four histones were not very high in
the pETDuet-1 and the pACY CDuet-1 construct, however, the expression level of the four histones

were good on the pETDuet-1 and the pCDFDuet-1 construct.

In order to rule out the confusions, large-scale protein purification was performed on both

the constructs.
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3.7 Result: Modified Refolding of the Octamer
3.7.1 Ni?* affinity pull-down purification of the single histones

Single histone constructs were expressed separately in BL21(DE3) and were purified under
urea denaturing condition using Ni*" affinity pull-down purification. The eluents from the Ni**

resins contained mostly the protein of interest, and also some impurities (Figure 3.9).

a) (His);-H2A.X (17.9 kDa) b) (His);-H2B (16.6 kDa)
B FT M w E1 E2 E3 E4 E5 E6 B FT W ™M E1 E2 E3 E4 E5 E6

c) (His)¢-H3.1 (18.1kDa) d) (His)¢-H4 (14.1 kDa)
B FT W M E1 E2 E3 E4 E5 EB E7 B FT W El E2 E3 E4 ES M

Figure 3.9 Ni** Affinity Purification of the Single Histones under Urea Denaturing
Condition.

On a 16% SDS PAGE gel, B> background supernatant, which contains the soluble proteins, FT
- Flow through after 2 hours of incubation with the Ni*" resins, W=> wash of the Ni*" resins with
30mM imidazole, E¥*-> elution fractions of 300mM imidazole elution, M—> Protein marker (kDa).
a) Ni2+ affinity purification of (His)s-H2A.X. b) Ni2+ affinity purification of (His)s-H2B. c¢) Ni2+
affinity purification of (His)s-H3.1. d) Ni2+ affinity purification of (His)s-H4.
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3.7.2 Size Exclusion Chromatography of the (His)s-H2A.X-(His)e-H2B Dimer

Dialyzed 1:1 molar (His)e-H2A.X and (His)s-H2B were loaded on the Superdex 200 16/60
size exclusion column. In a 120 ml of elution volume column, the dimer (34.5 kDa) peak eluted
out around 82 ml. Fractions from the peak region were loaded on a 16% SDS gel to confirm the

presence of the dimer (Figure 3.10).

Superdex 200 16 60 SEC Profile of [{His),- H2A.X- (His),- H2B]
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Figure 3.10 Size Exclusion Profile of the Reconstituted Histone Dimer (250mM NaCl).

The concentrated dimer was loaded on a Superdex 200 16 60 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~40ml). The
dimer peak eluted out around 82ml elution volume. Fractions from the peak region loaded on a
16% SDS PAGE gel showed the presence of the dimer.
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3.7.3 Size Exclusion Chromatography of the [(His)¢-H3.1-(His)s-H4]2 Tetramer

Dialyzed 1.3:1 of (His)e-H3.1 and (His)s-H4 were loaded on the Superdex 200 16/60 size
exclusion column. In a 120 ml of elution volume column, the tetramer (64.4 kDa) peak eluted out

around 82 ml. Fractions from the peak region were loaded on a 16% SDS gel to confirm the

presence of the dimer (Figure 3.11).

Superdex 200 16 60 SEC Profile of [(His);-H3.1-(His),-H4],
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Figure 3.11 Size Exclusion profile of the Reconstituted Histone Tetramer (250mM NaCl).

The concentrated tetramer was loaded on a Superdex 200 16 60 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~40ml). The

tetramer peak eluted out around 76ml elution volume. Fractions from the peak region loaded on a
16% SDS PAGE gel showed the presence of the tetramer.

58



3.7.4 Size Exclusion Chromatography of the Octamer

Dialyzed 2.1:1 molar ratio of dimer and tetramer were loaded on the Superdex 200 10 300
size exclusion column. In a 25 ml of elution volume column, the octamer (133.4 kDa) peak eluted
out around 12 ml. Fractions from the peak region were concentrated and digested with the 3C
protease to remove hexahistidine tag. Both digested and undigested octamer were loaded on a 16%

SDS gel to confirm the presence of the octamer (Figure 3.12).

Superdex 200 10 300 SEC Profile of
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H3.1 18.1 15.9
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Figure 3.12 Size Exclusion profile of the reconstituted histone octamer (250mM NaCl).

Concentrated octamer was loaded on a Superdex 200 10 300 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~8 ml). The
octamer peak eluted out around 12 ml elution volume. Fractions from the peak region were
concentrated and digested with the 3C protease. Both digested and undigested octamer were loaded
on a 16% SDS PAGE gel to show the presence of the octamer.
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3.7.5 Yield of the Histone Oligomers

The yield of the histone oligomers from modified refolding method was calculated, and

table 3.2 listed the approximate amount.

Table 3.2 Yield of the Refolded Histone Oligomer. (Yield was calculated by measuring the

concentration at A280).
Dimer ~30 mg/ 8 liters
Tetramer ~ 10 mg / 8 liters
Octamer ~5 mg/ 16 liters

3.8 Discussion: Modified Refolding of the Octamer

Eukaryotic histones were expressed separately in BL21(DE3) cells. Due to the amino acid
compositions in the distinctive histone fold, each histone is not soluble as a singlet. Therefore,
each histone was extracted from inclusion bodies using urea denaturant with a subsequent Ni**

affinity column purification.

The Ni*" affinity purification step for the single histones did not result in a completely pure
histone. Due to the non-specific binding affinity of the Ni** resins, lots of other proteins bound on
the beads that were not removed even after 250 ml of 30mM imidazole wash. However, the 16%
SDS PAGE gel shows that the amount of histone bound onto the beads was significantly more

than the amount of impurities.
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(His)s-H2A.X and (His)e-H2B were mixed into equimolar ratio to form the dimers, and
(His)s-H3.1 and (His)s-H4 were mixed into equimolar ratio to form the tetramers. Due to the
presence of other impurities, this mixing was not perfect, and lots of precipitants were observed as
the urea was being dialyzed out. While the mixing concentration of the (His)s-H2A.X-(His)s-H2B
did not matter, (His)s-H3.1-(His)s-H4 precipitated out if the concentration in the dialysis bag was
more than 0.2 mg/ml. Therefore, not a lot of dialysis bags were set up for (His)s-H3.1-(His)s-H4
tetramer formation. Another reason for (His)s-H3.1-(His)e-H4 tetramer to precipitate out
frequently might be its high intrinsic affinity for the genomic DNA. One way to prevent the
genomic DNA contamination is to use a higher concentration of salt while eluting the protein out
from the Ni*" beads or using a cation exchange column to purify the histones. As most of the
precipitants during dialysis were mostly the insoluble bacterial proteins, the size exclusion column

eluted out highly purified histone oligomers.

The dimer component was not resolvable on a 16% SDS gel due to the fact that (His)e-
H2A.X (17.9 kDa) and (His)s-H2B (16.6 kDa) had almost the same sizes. Mass spectrometry was
performed to figure out the presence of the two proteins in the dimer. The tetramer, on the other
hand, was nicely confirmed on a 16% SDS gel. The dilemma persisted in the octamer as well. Only
two bands were visible on a 16% SDS gel because (His)s-H2A.X (17.9 kDa), (His)s-H2B (16.6
kDa), and (His)s-H3.1 (18.1 kDa) were clumped together and gave a broad smear. However, upon
cleaving off the histidine tag, H2A.X (14.5 kDa), H2B (14.4 kDa), H3.1 (15.9 kDa) and H4 (11.9
kDa) gave rise to three bands as untagged H2A.X, and untagged H2B still remained merged

together.

From 16 liters of initial culture, we were able to reconstitute ~20 mg of the dimer, and ~10

mg of the tetramer. And, overall ~5 mg of the octamer.
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3.9 Result: One-step Purification of the Dimer and the Tetramer
3.9.1 Ni** Affinity Pull-down Purification of the Histone Pairs

Rosetta 2(DE3) cell line was used to express the pETDuet-1-TEV-H2A.X-H2B or the
pETDuet-1-TEV-H2B-H2A.X and the pCDFDuet-1-TEV-H3.1-H4 constructs separately. The
pACYCDuet-1-TEV-H4-H3.1 construct was expressed in BL21. The heteromeric oligomers were
purified using Ni?" affinity pull-down purification. The eluants from the Ni** resins contained
mostly the protein of interest, and also some impurities (Figure 3.13). Each elution volume is Sml.

The purest fraction was loaded on the size exclusion column for further purification.

pPETDuet-1-TEV-H2A.X-H2B PETDuet-1-TEV-H2B-H2A.X * pACYCDuet-1-TEV-H4-H3.1
in Rosetta 2(DE3) in Rosetta 2(DE3) in BL21
T W El E2 E3 E4 E5 M MFT FT W FE1E2 E3 E4 E5 FT M W1 W2W3 E1 E2 E3 E4

Figure 3.13 Ni** Affinity Purification of the Co-expressed Histone Oligomers, H2A.X-H2B
dimer, and (H3.1-H4): tetramer.

On a 16% SDS PAGE gel, FT = Flow through after 2 hours of incubation with the Ni*" resins,
W= wash of the Ni** resins with 30mM imidazole, E1=> 100mM imidazole elution fraction, E2->
250mM imidazole elution fraction, E3—> 500mM imidazole elution fraction, E4—> 1mM imidazole
elution fraction, ES=> 2mM imidazole elution fraction, M—> Protein marker (kDa). a) Ni2+ affinity
purification of (His)s-TEV-H2A.X-H2B. b) Ni2+ affinity purification of (His)s-TEV-H2B-H2A.
c¢) Ni2+ affinity purification of (His)e-TEV-H4-H3.1 (*-> image courtesy, Dr. Rashmi Panigrahi).
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3.9.2 Size Exclusion Chromatography of the Co-expressed (His)s-TEV-H2A.X-H2B Dimer

The purest elution fraction for (His)e-TEV-H2A.X-H2B was loaded on a Superdex 200 16
60 size exclusion column. In a 120 ml of elution volume column, the dimer (31.51 kDa) peak

eluted out around 82 ml. Fractions from the peak region were loaded on 16% SDS gel to confirm

the presence of the dimer (Figure 3.14).

Superdex 200 16 60 SEC Profile of (His),-TEV-H2A.X-H2B

The dimer
2000 peak at 82ml Fractions Collected
from the dimer peak
-2_‘ 1500 D12 D10 D8 D6 Da MW (kDa)
E
Q
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©
£
o
8 500
< Void volume
. v
0 20 40 60 80 100

Elution Volume (ml)

Figure 3.14 Size Exclusion Profile of the Co-expressed (His)s-TEV-H2A.X-H2B Dimer 2M
NaCl).

The Ni** purified dimer was loaded on a Superdex 200 16 60 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~40 ml). The
dimer peak eluted out around 82 ml elution volume. Fractions from the peak region were loaded
on a 16% SDS PAGE gel to show the presence of the dimer.
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3.9.3 Size Exclusion Chromatography of the Co-expressed [(His)s-TEV-H4-H3.1]2 Tetramer

The purest elution fraction for (His)s-TEV-H4-H3.1 was loaded on a Superdex 200 16 60
size exclusion column. In a 120 ml of elution volume column, the tetramer (29.2 kDa) peak eluted
out around 76 ml. Fractions from the peak region were loaded on 16% SDS gel to confirm the
presence of the tetramer (Figure 3.15). The tetramer contained a few contaminants that needed to

be purified further.

Superdex 200 16 60 SEC Profile of ((His),-TEV-H4-H3.1),
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Figure 3.15 Size Exclusion Profile of the Co-expressed [(His)s-TEV-H4-H3.1]2 Tetramer (2M
NaCl). (Image courtesy, Dr. Rashmi Panigrahi).

The Ni?* purified tetramer was loaded on a Superdex 200 16 60 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~40 ml). The
tetramer peak eluted out around 76 ml elution volume. Fractions from the peak region were loaded
on a 16% SDS PAGE gel to show the presence of the tetramer.
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3.9.4 Size exclusion chromatography of the co-expressed [(His)s-TEV-H3.1-H4]: tetramer

The purest elution fraction for (His)s-TEV-H3.1-H4 was loaded on a Superdex 200 16 60
size exclusion column. In a 120 ml of elution volume column, the tetramer (58.34 kDa) peak eluted
out around 76 ml. Fractions from the peak region were loaded on 16% SDS gel to confirm the
presence of the tetramer (Figure 3.16). The yield for the tetramer from this pCDFDuet-1 construct
was extremely low. The reason for this inconsistency probably because H3.1 got highly expressed
than H4. There were two H3.1 bands near each other, and this was probably due to the
contamination between both (His)s-TEV-H3.1-H4 and H3.1-H4 constructs. Upon TEV digestion,

all the H3.1 bands fell under one band.

Superdex 200 16 60 SEC Profile of ((His),-TEV-H3.1-H4),
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Figure 3.16 Size Exclusion Profile of the Co-expressed [(His)¢e-TEV-H3.1-H4]> Tetramer 2M
NaCl). (Image courtesy, Dr. Rashmi Panigrahi).

The Ni?* purified tetramer was loaded on a Superdex 200 16 60 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~40 ml). The
tetramer peak eluted out around 76 ml elution volume. Fractions from the peak region were
concentrated and loaded on a 16% SDS PAGE gel to show the presence of the tetramer. Upon
TEV protease digestion, the H3.1 bands fell under one band.
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3.9.5 Size Exclusion Chromatography of the Octamer

The two oligomers from pETDuet-1 construct and pACYCDuet-1 construct were then
assembled together to form the octamer. Due to the short incubation period, the octamer did not
form properly. Therefore, a longer incubation period is necessary in order for the dimer and the

tetramer to form the octamer.

Superdex 200 10 300 SEC Profile of
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Figure 3.17 Size Exclusion profile of the Co-expressed Histone Oligomers Associated
Octamer (2M NaCl) (Image courtesy, Dr. Rashmi Panigrahi).

Concentrated octamer was loaded on a Superdex 200 10 300 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~8 ml). The
octamer peak eluted out around 12 ml elution volume. Fractions from the peak region were
concentrated and digested with TEV protease. Both digested and undigested octamer were loaded
on a 16% SDS PAGE gel to show the presence of the octamer.
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3.9.6 Yield of the Histone Oligomers

The yield of the co-expressed histone oligomers was calculated, and table 3.3 listed the

approximate amount.

Table 3.3 Yield of the Co-expressed Histone Oligomers. (Yield was calculated by measuring
the concentration at A280) (“Data courtesy, Dr. Rashmi Panigrahi)

(His)s-TEV-H2A.X-H2B ~20 mg
(His)s-TEV-H2B-H2A X ~10 mg
[(His)s-TEV-H4-H3.1]> ~15 mg"
[(His)e-TEV-H3.1-H4)]> ~5mg’

3.10 Discussion: One-step Purification of the Dimer and the Tetramer

In an attempt to purify, the co-expressed dimer, the first construct pETDuet-1-TEV-H2B-
H2A X showed the evidence of H2B being expressed more than H2A; therefore, more H2B were
bound on the Ni*" resins than the respective H2A. Upon elution, after some time, there was
evidence of precipitation. As a result, this construct was not used further, and we decided to put
the hexahistidine tag on H2A.X instead of H2B, and this new recombinant construct had a

resolvable size difference as well.

Unlike the first construct, the second construct, pETDuet-1-TEV-H2A.X-H2B showed the

presence of both H2A.X and H2B in equal amount, because the excess H2B did not participate in
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forming the dimer. Therefore, this excess H2B might have precipitated out in inclusion bodies
during the lysis step. The (His)e-TEV-H2A.X-H2B was eluted out, and the eluent was clear for 12
hours even in higher imidazole concentration. The size exclusion column nicely purified the dimer

with high mAU.

The pCDFDuet-1-TEV-H3.1-H4 had the same problems in expression. H3.1 were
expressed higher than H4. However, pCDFDuet-1 construct for producing tetramer was still used,

and extremely low yield tetramer was obtained from it.

The pACYCDuet-1-TEV-H4-H3.1 had the tag on H4 instead of H3.1. The elution fraction
showed the presence of an equal amount of H4 and H3.1. The Ni*" elution for the tetramer was
not very good. However, the size exclusion column gave a better purification profile with higher

mAU.

Both the (His)s-TEV-H2A.X-H2B and [(His)s-TEV-H4-H3.1]> were mixed in 2.1:1 ratio
to form the octamer. The dimer was mixed in a little bit excess amount so that all the tetramers
participate in forming the octamers. The reason behind it is that the octamer peak is not resolvable
from the tetramer peak on the Superdex 200 10 300 size exclusion column, but the dimer peak can
be easily distinguished. However, the problem here was that the mixture was not incubated for

enough time.

In comparison with the refolding method, this co-expressed method significantly reduces

steps to form the nucleosome core particle, the octamer.
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3.11 Result: One-step Purification of the Octamer
3.11.1 Ni** Affinity Pull-down Purification of the Octamer

Rosetta 2(DE3) cell line was used to express pETDuet-1-TEV-H2A.X-H2B and
pCDFDuet-1-H3.1-H4 constructs together at the same time. pETDuet-1-TEV-H2A.X-H2B and
PACYCDuet-1-TEV-H4-H3.1 constructs were expressed together in BL21(DE3). The octamer
was purified using Ni** affinity pull-down purification. The eluents from the Ni** resins contained
mostly the protein of interest, and also some impurities (Figure 3.18). However, pETDuet-1-TEV-
H2A.X-H2B and pACYCDuet-1-TEV-H4-H3.1 construct did not work in BL21(DE3) as the size
exclusion column showed the presence of only the dimer (data not shown). Each elution volume

is Sml. The purest fraction was loaded on the size exclusion column for further purification.

a) pETDuet-1-TEV-H2A.X-H2B & b) pPETDuet-1-TEV-H2A.X-H2B &
PACYCDuet-1-TEV-H4-H3.1 pCDFDuet-1-TEV-H3.1-H4

FT W1 W2W3 M E1 E2 E3 E4 FT W1 W2 W3 E1 E2 M

Figure 3.18 Ni2* Affinity Purification of Octamer (Image courtesy, Dr. Rashmi Panigrahi).

On a 16% SDS PAGE gel, FT = Flow through after 2 hours of incubation with the Ni*" resins,
W1-> wash of Ni** resins with OmM imidazole, W2-> wash of the Ni*>* resins with 40mM
imidazole, W3-> wash of the Ni*' resins with 80mM imidazole, E1=> 100mM imidazole elution
fraction, E2-> 250mM imidazole elution fraction, E3=2> 500mM imidazole elution fraction, E4->
ImM imidazole elution fraction, E5> 2mM imidazole elution fraction, M—> Protein marker
(kDa). a) Ni2+ affinity purification of [(His)s-TEV-H2A.X-H2B-(His)s-TEV-H4-H3.1]..
However, there was no H3.1 and H4 bands only H2A.X, and H2B bands were present. b) Ni2+
affinity purification of [(His)s-TEV-H2A.X-H2B-(His)s-TEV-H3.1-H4]. However, only three
bands were visible since (His)s-TEV-H2A.X (17.6 kDa) and (His)s-TEV-H3.1 (17.83 kDa) were
merged together on the gel.
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3.11.2 Size Exclusion Chromatography of Octamer

The purest fraction from the Ni?* elution was loaded on Superdex 200 16 60 column, and
all three oligomeric peaks were seen on the size exclusion column. In a 120 ml of elution volume
column, the octamer (121.2 kDa) peak eluted out around 72 ml, and the dimer (31.5 kDa) came
out around 82 ml. Fractions from the peak region were loaded on 16% SDS gel to confirm the

presence of the octamer (Figure 3.19).
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Figure 3.19 Size Exclusion Profile of the Octamer Purified from the One-step Purification
System (2M NaCl) (Image courtesy, Dr. Rashmi Panigrahi).

The purest fraction from the Ni** elution was loaded on Superdex 200 16 60 column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~40 ml). The
octamer, and the dimer peaks eluted out around 72 ml, and 82 ml elution volumes respectively.
Fractions from the peak region were loaded on a 16% SDS PAGE gel to show the presence of the
oligomers.
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Fractions from the octameric region were assembled and concentrated together to load on
the Superdex 200 10 300 column. In a 25 ml of elution volume column, the octamer (121.2 kDa)
peak eluted out around 12 ml. Fractions from the peak region were concentrated and digested with
TEV protease to remove hexahistidine tag. Both digested and undigested octamer were loaded on

a 16% SDS gel to confirm the presence of the octamer (Figure 3.20).
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Figure 3.20 Size Exclusion profile of the Octamer in Superdex 200 10 300 after the Superdex
200 16 60 Run (2M NaCl) (Image courtesy, Dr. Rashmi Panigrahi).

The concentrated octamer was loaded on a Superdex 200 10 300 size exclusion column. The higher
molecular weight contaminant and aggregates eluted out before the void volume (~8 ml). The
octamer peak eluted out around 12 ml elution volume. Fractions from the peak region were
concentrated and digested with TEV protease. Both digested and undigested octamer were loaded
on a 16% SDS PAGE gel to show the presence of the octamer.
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3.11.3 Yield of the Octamer

The yield of the one-step purified octamer was calculated measuring the concentration of

the solution. The approximate amount recovered is listed in Table 3.4.

Table 3.4 Yield of the One-step Purified Octamer. (Yield was calculated by measuring the
concentration at A280.) (Data courtesy, Dr. Rashmi Panigrahi)

pETDuet-1-(TEV-H2B-H2A.X) —

pCDFDuet-1-(TEV-H3.1-H4), =20

3.12 Discussion: One-step Purification of the Octamer

The pETDuet-1-TEV-H2A.X-H2B and the pACYCDuet-1-TEV-H4-H3.1 construct did
not work to form octamer in BL21(DE3). The reason could be the difference between the vector
copy numbers, pACYCDuet-1 is a really low copy number (~10) vector, while pETDuet-1 is
extremely high (~40). Due to this fact, probably dimer overruled the tetramer expression in these

two cell line.

The pETDuet-1-TEV-H2A.X-H2B and the pCDFDuet-TEV-H3.1-H4 construct were
expressed together in Rosetta 2(DE3) cell line, and it produced both the oligomers inside the cell
to give rise to enough octamer. However, since the tag was associated with both construct, we
isolated a non-homologous mixture of the octamer and the other oligomers in the size exclusion
column. Since the dimer in the pETDuet-1 construct is more produced, our next aim is to remove
the tag from the dimer construct in order to find purely homogenous octamer in the size exclusion

column.
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3.13 Result: MALDI-IMS confirmation of the H2A.X-H2B Dimer

We performed MALDI-IMS (Matrix-Assisted Laser Desorption lonization Imaging Mass
Spectrometry) analysis in order to figure out the exact size and ratio of each protein present in the
histone complexes. Even though 16% SDS gel could not resolve it, but there is an equal amount
of both (His)e-H2A.X and (His)s-H2B in the dimer formed from the refolding method (Figure

3.21).
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Figure 3.21: MALDI-IMS conformation of the (His)e-H2A.X-(His)-H2B Dimer Prepared

from the Modified Refolding System.

MALDI-IMS confirms that (His)s-H2A.X (17978.3 Da) and (His)s-H2B (16466.7 Da) are

present in the dimer complex reconstituted from the refolding method.

3.15 Discussion: MALDI-IMS Confirmation of the H2A.X-H2B Dimer

MALDI-IMS confirms that all the oligomers have the theoretical amount of respective ratio
of histones. No MALDI was performed on the octamer as the octamer is in 2M NaCl, and higher
salt concentration solution is not suitable for MALDI-IMS confirmation. MALDI-IMS could not

detect the level of YH2A.X, as phosphate groups are labile to MALDI-IMS environment.
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3.15 Result: In Vitro Phosphorylation of the H2A.X-H2B Dimer

We predicted that our mutagenized H2A.X is a potential substrate for CK2. In order to test
this hypothesis, we performed kinase assay on the dimer prepared from both the refolding and the
co-expressed method. 1:20 molar ratio of GST-CK2 to (His)s-H2A.X-(His)s-H2B or (His)s-TEV-
H2A.X-H2B dimer was mixed and incubated for 30 minutes at 30°C in presence of 1mM yATP.
The level of radio-activity increased over time indicating the formation of YH2A.X over time
(Figure 3.22). In the refolded dimer, there was a good amount of non-specific phosphorylation
level detected on the H2A.X alanine mutant side, the negative control. It is worth noted again that
both the H2A.X and the H2B in the refolded dimer are not separable. Therefore, it is not possible

to say from this phosphorscreen image whether H2B also got phosphorylated by CK2.

Kinase assay on refolded dimer, (His);-H2A.X-(His),-H2B

(His)-H2AX(A)-(His)-H2B  (His)e-H2AX(S)-(His)s-H2B (His)-H2AX(A){His)s-H2B  (His)s-H2AX(S)-(His)e-H28B
0 10 20 30 mw 0 10 20 30 30 mw 0
(
== _—— {His)-H2A.X (17.9 kDa)
———— . (His)g-H2B (16.6 kDa)

16% SDS gel Phosphorscreen image

Figure 3.22: Phosphorylation of the Refolded (His)s-H2A.X-(His)s-H2B Dimer by the CK2

CK2 mediated phosphorylation of mutagenized H2A.X in order to form yH2A.X. H2A. X(S139A)
was used as a negative control for this assay. Samples were collected every 10 minutes from the
reaction mix and were quenched using SDS dye. With time, there was an increase in the level of
32P incorporation in H2A.X(S). However, a fair level of phosphorylation was detected on the
negative H2A.X(A) control.

The dilemma of unresolvable H2A. X and H2B was solved in the co-expressed dimer,

where there was a significant size difference between the two histones due to the incorporation of
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the tag on only the H2A.X. The kinase assay on the co-expressed dimer confirmed us the source

of non-specific phosphorylation. Both the H2A.X(A) and the H2B were phosphorylated by CK2
(Figure 3.23).
Kinase assay on co-expressed dimer, (His)g-TEV-H2A.X-H2B

(Mis)s TEV-H2A X(A)-H2B (His)s-TEV-H2A X(5)-H2B (His)s-TEV-H2A X(A)-H2B

0

{His)s-TEV-H2A X(S)-H2B
30 mw 0 10 20 30

0 10 20 30 mw O 10 20 30

10 20

[His)s-TEV-H2A.X(17.6 kDa)

H2B (13.9 kDa)

16% SDS gel

Phosphorscreen image

Figure 3.23: Phosphorylation of the Co-expressed (His)e-H2A.X-H2B Dimer by the CK2

CK2 mediated phosphorylation of mutagenized H2A.X in order to form yYH2A.X. H2A. X(S139A)
was used as a negative control for this assay. Samples were collected every 10 minutes from the
reaction mix and were quenched using SDS dye. With time, there was an increase in the level of

32P incorporation in H2A.X(S). However, a low level of non-specific phosphorylation was detected
on the negative H2A.X(A) control and also on H2B.

Kinase assay controls
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Figure 3.24: Phosphorylation of the XRCC4 by the CK2

CK2 mediated phosphorylation of XRCC4 and GST-XRCC4 were used as a positive control for
this kinase assay. The negative controls were CK2 without any substrate (only CK2), and the
substrate without any CK2 (No CK2). No signal was detected in the absence of CK2. Minor level
of autophosphorylation was detected on CK2 when there was no substrate.
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There were some other controls that were tested. Previously, in our lab, we have set up an
in vitro phosphorylation system for CK2 mediated XRCC4 phosphorylation. Our control showed

that CK2 activity was optimal (Figure 3.24).

3.16 Discussion: In Vitro Phosphorylation of the H2A.X-H2B Dimer

Kinase assay on the refolded dimer was inconclusive because of the presence of strong
non-specific phosphorylation bands on the negative control, H2A.X(A). And, the source of this
non-specific phosphorylation was not detectable as H2A. X, and H2B bands were not resolvable

on a 16% SDS gel.

However, the source of this non-specific phosphorylation was confirmed from the co-
expressed dimer since the co-expressed dimer construct gave resolvable H2A. X and H2B bands.

And, it was discovered that both H2A.X(A) and H2B were getting phosphorylated by CK2.

In 2014, Basnet et al. showed that Y57 of H2A is a potential substrate for CK2 °. Given
the fact, H2A.X variant is completely similar in sequence to canonical H2A except that H2A.X
has a long C-terminal tail, Y57 is also a potential substrate for CK2 in H2A.X as well. Therefore,

this minor level of phosphorylation that was visible on the negative control might rise from pY57.

No evidence of CK2 mediated H2B phosphorylation was reported in the literature. After
passing the H2B sequence in the NetPhos 3.1 server, we did not find any potential CK2
phosphorylation site. The highest probability of H2B phosphorylation by CK2 was reported 0.455
on S56 of H2B (--DTGISSKAMG--). Since the dimer used in the kinase assay is not incorporated
in the overall nucleosome, the histones in the dimer are more flexible in the solution. Therefore,

due to their flexibility, the histones in the dimer are more accessible for the extrinsic proteins.
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The CK2 used in this assay was active since it phosphorylated the positive control, XRCC4.
There was evidence of the minor level of CK2 autophosphorylation in the assay. The purpose of
this CK2 o subunit autophosphorylation is still not understood. According to Donella-Deana et al.,
Y182 in the CK2 a subunit gets auto-phosphorylated, and this auto-phosphorylation might

decrease the catalytic activity of the CK2 enzyme °.

Y57-> Substrate for CK2

Y57-2 Substrate for CK2

Figure 3.25: Y57 of H2A is a Potential Substrate for the CK2

Y57 of H2A marked in red is a potential CK2 substrate. pY57 regulates transcriptional elongation
75

YH2A.X was sent for mass spectrometry analysis. However, the mass spectrometry failed
to detect the presence of an additional phosphate group on the YH2A. However, the
phosphorylation assay with the radioactive **P showed that the mutagenized H2A.X tail could be

successfully phosphorylated by the CK2 kinase.
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4. Conclusion and Future Direction

In this thesis, we have developed three ways to obtain the histone oligomers. We modified
the traditional refolding method for the oligomer reconstitution, where histones were purified
under denaturing condition with successive extensive dialysis to reconstitute the histone
oligomers. This time and cost ineffective laborious method yielded a lower amount of reconstituted

heteromeric histone complexes.

We developed two more purification systems for the histone oligomers based on the duet
expression system, where histones pairs were expressed in order to form soluble oligomeric
complexes. For the 2" method, we established a single co-expression purification system where
H2A.X, H2B pair, and H3.1, H4 pair are expressed separately in order to form the soluble H2A.X-
H2B dimer, and the soluble (H3.1-H4), tetramer respectively. This soluble dimer and the tetramer
were mixed together to form the octamer. This process was faster and easier than the traditional

refolding method, and the yield for retrieving the histone oligomers was really high as well.

For the 3™ method, we set up a one-step purification of the octamer. For this, we co-co-
expressed both H2A. X, H2B and H3.1, H4 pairs at the same time inside the same bacterium in
order to extract the (H2A.X-H2B-H3.1-H4); octamer directly without any mixing or dialysis steps.
This method was the most cost-effective, and the fastest method that yielded a high amount of the
histone octamer. Table 4 shows a comparison between all the different histone oligomer

purification process.

The beauty of our purification processes is that if we want to modify (introducing
enzymatic PTM markers) the dimer in the overall octamer without modifying the tetramer we

might want to use the single co-expression purification system to produce the dimer and the
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tetramer separately, and then performing the modification reaction on the oligomer of interest,
before reassemble the overall octamer. Our established methods allow us to extract the

nucleosomal oligomers in the fastest possible way without repeated hassle (Figure 4.1).

We have also established a quick in vitro phosphorylation system to produce the YH2A.X
using the CK2 enzyme. CK2 has a greatly robust activity compared to the uncharacterized ATM
kinase that phosphorylates the H2A.X in vivo upon DSB. Our radio-labeling kinase assay showed

a significant amount of phosphorylation within 30 minutes of the incubation period.

In future, we will produce large quantity of nucleosomal DNA, and will wrap the DNA

around the purified octamer to produce the complete nucleosome.

The main purpose of our study is to structurally see how the MDCI1-BRCT domain
interacts with the YH2A.X in the context of the overall mono-nucleosome. For that purpose, we
have developed purification systems for the nucleosome core particle, and have established an in
vitro phosphorylation protocol for creating the YH2A.X. In future, we will perform pull-down
assay to see whether our modified YH2A.X has the capability to interact with MDC1 BRCT domain
tightly. We have two constructs of MDC1-BRCT, one with the GST tag and one with the
hexahistidine tag. The purpose of having the hexahistidine tagged MDC1-BRCT is to rule out the
possibility of seeing an artifact in the MDC1-BRCT-mono-nucleosome interaction due to GST-

induced dimerization of MDC1-BRCT.
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G\Iucleosome Resea rcD

Nucleosome

No Do you want the 7%
complete octamer?
v v
One-step purification of One-step purification of
the dimer and the tetramer the octamer

Figure 4.1 Flowchart showing the choice of the histone oligomer purification process.

The two method developed by us will allow the researchers to purify the complete octamer, or to
purify the single dimer or the tetramer in order to introduce in vifro enzymatic PTMs and hence it
would allow them to create modified histone octameric core.
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Table 4: A Comparison among all the Purification Processes

One-step
Modified refolding purification of the |One-step purification

of the octamer dimer and the of the octamer
tetramer

2 liters of TB for the

liters of TB
Urea 3 kg 0 kg 0 kg
NaCl 2 kg 0.5 kg 0.25 kg
Tris-HCI 50g 20g 10g
Glycerol 1.2 liter 0.4 liter 0.2 liter
IMDTT 52 ml 4 ml 2 ml
0.5M EDTA 32 ml 16 ml 8 ml
100mM PMSF 100 ml 50 ml 25 ml
Time 6 days 3 days 2 days
The dimer yield ~30 mg/16 liters ~20 mg/1 liter 0 mg
The tetramer yield ~10 mg/16 liters ~15 mg/1 liter 0 mg
The octamer yield ~5 mg/16 liters ~10 mg/1 liter ~20 mg/1 liter
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Following the interaction assay, our aim is to decipher the structural details underlying the
interaction between the MDC1-BRCT and the nucleosome. For that purpose, we would like to do
a comparative structural analysis using different structure determination techniques. Although
high resolution structures of the nucleosome bound different extrinsic protein complexes have
been solved using X-ray crystallography, we do not know if the crystallization of MDC1-BRCT
bound nucleosome would be feasible. MDC1-BRCT might interact with the nucleosome in a
flexible way which might adversely affect its crystallization process. Finding an appropriate
crystallization condition might be a lengthy process. On top of that, the protein complex might get
orderly arranged in the crystal in a way that might not have any biological significance. Therefore,
besides trying to decipher the structure using X-ray crystallography, we would also like to use
cryo-electron microscopy (cryo-EM) to decipher the structure. The advantage of cryo-electron
microscopy is that it does not require the crystal to be formed and the native state of the sample
can be cryo-fixed in the vitreous ice. However, cryo-EM might not provide as high resolution as
X-ray crystallography, but it might allow us to decipher different dynamic structures that might be
induced by the MDC1-BRCT in the nucleosome remodeling. Lastly, we would also like to perform
small angle X-ray scattering (SAXS) to figure out how the complex of MDC1-BRCT-Nucleosome
behaves in the solution. SAXS will provide us with spherical averaged low resolution data. SAXS
data in combination with cryo-EM data would allow us to create the best 3D-electron density map
6 Through combining all these different structure determination techniques, we will be able to

decipher the most biologically relevant structure of the MDC1-BRCT bound nucleosome.

This MDC1-BRCT bound nucleosome would also allow us to solve the conundrum that
involves with the MDCI1 independent Ringl A-BMI1 mediated mono-ubiquitination of the

nucleosome. It will allow us to see whether the MDCI-BRCT bound YH2A.X containing
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nucleosome can also be mono-ubiquitinated, or whether the mono-ubiquitinated YH2A.X

containing nucleosome can still interact with the MDC1-BRCT domain.

Since the MDC1-nucleosome interaction is one of the early primary events in response to
DSB, understanding the structural basis of this interaction will reveal a lot of the elusive DSB
repair pathways, and hence, later on, this information might open up a new avenue for battling

with the cancers that are associated with the DSB repair defects.
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Appendix i Vectors, Primers, Restriction Enzymes, and Antibiotics

Table i-1 Specifications of the used vectors and the designed primers.

Cloning Antibiotic Pull Cleavage Primer Name Primer Segugncg
. Down . S . [green- Restriction site,
Vector Resistance Site [Direction-RE-(Protease)-Histone] ;
Tag purple — TEV cleavage site]
Forward-EcoRLI2A.X ggCTCGCGAATTCTATGTCGGGCCGCG
Reverse-HindIII-H2A.X(CK2-S) gggg CCGEAAGCTTAGTACTCCTCGGA
Reverse-HindIII-H2A. X(CK2-A) ég(éé(T}CAéAGCTTCTATTAGTACTCCTC
Forward-BamHLL2B gg(’{]ACCAGGATCCGATGCCAGAGCCA
HRV-3C : GCCCCGTAAGCTTGCCTACTTAGCGCT
pET47b(+) Protease Reverse-HindlII-H2B GGT
(s1ngl§ Kanamycin qug- Forward-BamHI-H3.1 GGCTCGCGGATCCCATGGCTCGTACTA
expression histidine AAC
system) Reverse-HindITI-H3. 1 %C:}gCAGGCCAAGCTTCTACGCTCTTTC
CTTGATGGATCCTATGAGCGGCCGCGG
Forward-BamHI-H4 CAAAG
Reverse-HindITI-H4 iCC}gGCCAAGCTTCCGTTAACCGCCAAA
CATATAGGATCCAGAGAACCTCTACTT
Tey | Forward-BamHITEV-MDCI-BRCT | 00\ AGGCACAGCCCCCAAAGTG
Protease Reverse-HindIILMDC1-BRCT ggCCCGCA AGCTTTCAGGTGGATGACA
CAGCCAGGATCCAGAGAACCTCTACTT
OETDuet 1 I Forward-BamHI-TEV-H2B CCAAGGCATGCCAGAGCCAGCG
(Co-expression | Ampicillin | (MCS 1) | "TO%35¢ | peverse-HindIlI-H2B gggCCGTAAGCTTGCCTACTTAGCGCT
system)
None GATATACATATGTCGGGCCGCGGCAA
(MCS 2) None Forward-Ndel-H2A.X GACTG
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Reverse-Xhol-H2A.X(CK2-S)

ACCAGACTCGAGCTATTAGTACTCCTC
GGAGTCC

Reverse-Xhol-H2A . X(CK2-A)

ACCAGACTCGAGCTATTAGTACTCCTC
GGCGTCC

Forward-BamHI-TEV-H2A.X

AATTTAGGATCCAGAGAACCTCTACTT
CCAAGGCATGTCGGGCCGCGGCAAG

Hexa-
(MCS 1) Protease GTCC
. ACCAGAAAGCTTCTATTAGTACTCCTC
Reverse-HindIII-H2A. X(CK2-A) GGCGTCC
None GATATACCATGGGCTCGGGCCGCGGC
(MCS1) None | Forward-Ncol-H2A.X AAGACTG
Forward Ndel HB CGCCCACATATGCCAGAGCCAGCGAA
None None GTC
(MCS 2) Reverse-Xhol-HB E(T}CT}GGGCCTCGAGACTACTTAGCGCTG
CAGCCAGGATCCAGAGAACCTCTACTT
hgfi)c(l?r_le Tey | Forward-BamHI-TEV-H4 CCAAGGCATGAGCGGCCGCGGC
PACYCDuet-1 (MCS 1) Protease Reverse-HindIT[-L4 iggGCCAAGCTTCCGTTAACCGCCAAA
(CO:’;E’;;S)SIOH Chloramphenicol Forward NdeLH3.1 GATATACATATGGCTCGTACTAAACAG
y None None : ACAGCTCGG
(MCS 2) ACCAGACTCGAGTTACTACGCTCTTTC
Reverse-Xhol-H3.1 TCC
TAATTAGGATCCAGAGAACCTCTACTT
hgfl’;‘ne Tey | Forward-BamHI-Tev-H3.1 CCAAGGCATGGCTCGTACTAAACAG
MCS 1y | Protease [ o HindIl-H3.1 CGCCAGGCCAAGCTTCTACGCTCTTTC
TCC
pCDFDuet-1 None
(Co-expression | Streptomycin (MCS1) None | Forward-Ncol-H3.1 CGCTCGGCCATGGCTCGTACTAAAC
system) GATATACATATGAGCGGCCGCGGCAA
Forward-Ndel-H4
None None AGG
(MCS 2) CGGGGACTCGAGTTATTAACCGCCAAA

Reverse-Xhol-H4

ACC
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Table i-2 List of bacterial expression cell lines with their intrinsic antibiotic resistance.

Cell line Intrinsic Antibiotic Resistance
BL21(DE3) (Invitrogen Cat. #C600003) None
BL21(DE3)pLysS (Invitrogen Cat. # C606003) Chloramphenicol
C41(DE3) (Lucigen Cat. # 60442-1) None
C43(DE3) (Lucigen Cat. # 60446-1) None
Rosetta 2 (Novagen Cat. # 71402-3) Chloramphenicol
Rosetta 2(DE3) (Novagen Cat. # 71400-3) Chloramphenicol
Appendix ii Protocols

Protocol 1: Polymerase Chain Reaction (PCR): Touch Down
1. Setup the reaction mix in a flat-headed PCR tube (Table ii-p1.1).

Table ii-p1.1: Touch Down PCR Reaction Table.
For Touch Down PCR, each reaction tube will contain the following:
PCR Machine program: Subdirectory 8: Dave, Program #: 7 TCHDWN

Reagents Volume (ul)
PCR Supermix (Invitrogen, Lot #: 1830570) 45
Forward Primer 1.5
Reverse Primer 1.5
Template DNA 2
Total = 50

2. Calculate the extension time from the size of the PCR products (Table ii-p1.2).

Table ii-p1.2: PCR product sizes and the calculated PCR extension time:

Calculated
Extension Time Actual
PCR Product Size (NTs) (Seconds) = Extension Time
((60*Product (Seconds)

Size)/1000)
EcoRI-H2A.X(CK2-S)-HindIII 455 27.3 29
EcoRI-H2A.X(CK2-A)-HindIII 455 27.3 29
BamHI-H2B-HindIII 411 24.7 29
BamHI-H3.1-HindIII 440 26.4 29
BamHI-H4-HindIII 340 20.4 29
BamHI-TEV-H2A . X(CK2-S)-HindIII 478 28.7 29
BamHI-TEV-H2A.X(CK2-A)-HindIII 478 28.7 29
Ndel-H2B-Xhol 404 24.2 29
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BamHI-TEV-H2B-HindIII 430 25.8 29
Ndel-H2A.X(CK2-S)-Xhol 441 26.5 29
Ndel-H2A . X(CK2-A)-Xhol 441 26.5 29
BamHI-TEV-H3.1-HindIII 459 27.5 29
Ndel-H4-Xhol 336 20.2 29
BamHI-TEV-H4-HindIIl 360 21.6 29
Ndel-H3.1-Xhol 420 252 29
Ncol-H2A . X(CK2-S)-HindIII 455 27.3 29
Ncol-H2A.X(CK2-A)-HindIIl 455 27.3 29
Ncol-H3.1-HindIII 435 26.1 29

BamHI-TEV-MDC 1-HindIII 647 38.8 40

3. Run the PCR machine with the following protocol.

a. Turn the machine on. It will take some time for the machine to load all the directory.

b. Press C “programs”.

c. Choose the appropriate subdirectory. For Touch Down PCR, choose “8. Subdirect:
Dave !!1”

d. Press D “enter”.

e. To choose the appropriate program to run, press A “list”.

f. Select the program you want to run by pressing the direction arrows. For Touch
Down PCR, choose “7. TCHDWN”.

g. No alteration to the program is necessary except for the extension time (Table
2.1.1.3). For Touch Down PCR, keep on pressing the downward key until you reach
line 21. Press the right direction key, to choose the time, and alter it to the desired

value.

h. Press C “pgm OK”.

i. Press B “start/stop”.
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j. Choose the appropriate subdirectory again. For Touch Down PCR, choose “8.
Subdirect: Dave !!!”.
k. Press D “start”.
Protocol 2: Colony PCR
1. Setup the reaction mix in a flat-headed PCR tube (Table ii-p2.1).
Table ii-p2.1: Colony PCR Reaction Table
For Colony PCR, a reaction mix for 10 PCR will contain the following (15ul reaction

mix/tubes):
PCR Machine Program: (Subdirectory 1: Mike, Program #: 1 RT-TAQQ)

Reagents Volume (ul)
ddH>O 61.6
R-Taq 2X Mix (B-Bridge, 1.5mM MgCl, Lot #: 130320K) 75
Forward Primer 6.7
Reverse Primer 6.7
Total = 150

2. Turn the Bunsen burner on.

3. Pick up a single colony with a 10 ul pipette tip, and rub it against the bottom of the
PCR reaction tube.

4. Store the tip in a 1.5ml Eppendorf tube.

5. Add 15ul of reaction mix to each PCR reaction tube (Up to 9 PCR reaction for a 150ul
reaction mix)

6. Place the PCR reaction tubes in the PCR machine.

7. Turn the machine on. It will take some time for the machine to load all the directory.

8. Press C “programs”.

9. Choose the appropriate subdirectory. For Colony PCR, choose “1. Subdirect.: Mike

10. Press D “enter”.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

To choose the appropriate program to run, press A “list”.

Select the program you want to run by pressing the direction arrows. For Colony PCR,
choose “1. RT-TAQQ”.

No alteration to the program is necessary except for the extension time (Table 2.1.1.3).
For Colony PCR, keep on pressing the downward key until you reach line 4. Press the
right direction key, to choose the time, and alter it to desired value.

Press C “pgm OK”.

Press B “start/stop”.

Choose the appropriate subdirectory again. For Colony PCR, choose “1. Subdirect.:
Mike 111"

Press D “start”.

After the PCR, confirm the PCR products on a 1.5% agarose gel (Protocol 7).
Positive colonies were regrown, and recombinant DNA construct was extracted using

Plasmid MiniPrep (Protocol 8).

Protocol 3: PCR Cleanup Protocol

Using Truin Science PCR Clean-up kit (Cat. # KTS1115), PCR products were cleaned up

following the protocol supplied with the kit.

Protocol 4: Double Restriction Digest Reaction

1.

Setup a reaction in an Eppendorf tube (Table 11-p4.1).

Table ii-p4.1: Double Digest Reaction Setup

Reagents Volume (ul)
DNA solution 49
10X FastDigest Buffer (Cat. # B64) 6 (Final Conc. 6X)
1 Restriction Enzyme 2.5
2" Restriction Enzyme 2.5
Total = 60
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2. Use appropriate restriction enzyme pairs (Table ii-p4.2).

Table ii-p4.2: Used Double Digest Pairs:

15¢ Restriction Enzyme

2"d Restriction Enzyme

FastDigest BamHI (Cat. # FD0054)

FastDigest HindIII (Cat. # FD0504)

FastDigest EcoRI (Cat. # FD0274)

FastDigest HindIII (Cat. # FD0504)

FastDigest Ncol (Cat. # FD0573)

FastDigest HindIII (Cat. #FD0504)

FastDigest Ndel (Cat. # FD0583)

FastDigest Xhol (Cat. # FD 0694)

3. Incubate the reaction tube at 37° C for 3 hours.

Note: For vector digest, add 1ul CIAP (Calf Intestinal Alkaline Phosphatase, Cat. #

18009019) after 2 hours, and incubate with CIAP for one more hour.

4. After digestion, Clean up the digested product using PCR CleanUp Kit from Truin

Science (protocol 3).

Protocol 5: Ligation Reaction

1. Check the concentration of both the vector and the insert using nanodrop.

2. Check the size of the digested vectors (Table 1i-p5.1).

Table ii-p5.1 Size of the digested vectors from Serial Cloner 2.6

Digested Product Restriction Enzyme Pair Orl%;l;l)&ze D1gzs\§;ti)$11e
pET47b(+) EcoRI and HindlIII 5203 5159
pET47b(+) BamHI and HindIII 5203 5153
pETDuet-1 Ndel and Xhol 5420 5360
pETDuet-1 BamHI and HindIII 5420 5379
pETDuet-1-TEV-H2B Ndel and Xhol 5793 5733
pETDuet-1-H2B BamHI and HindIII 5748 5707
pETDuet-1-H2B Ncol and HindIII 5748 5670
pACYCDuet-1 BamHI and HindIII 4008 3967
pACYCDuet-1-TEV-H4 | Ndel and Xhol 4312 4252
pCDFDuet-1 Ndel and Xhol 3781 3721
pCDFDuet-1-H4 BamHI and HindIII 4042 4001
pCDFDuet-1-H4 Ncol and HindIII 4042 3964
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3. Calculate the amount of insert required to set up a ligation reaction for 100ng vector

using the following formula.

100 = (Size of the insert in KiloBase)
Insert mass = - — * (Insert : Vector)
Size of the vector in KiloBase

[Note: For all my ligation reactions, Insert : Vector =5 : 1]
4. Setup a 20ul reaction (Table p5.2).

Table ii-p5.2 Ligation Reaction Setup

Reagents Volume (ul)
ddH,O 20-5-X-Y
Vector X
Insert Y
5X Ligase Buffer (Cat. # 46300018) 4 (Final Conc. 1X)
T4 DNA Ligase (Cat. # EL0014) 1
Total = 20

5. Incubate the reaction in 16°C for overnight.
6. Transform the ligated products into the plasmid amplification cell line, DH5a
(Subcloning Efficiency DHS5a Competent Cells, Cat. # 18265017) (Protocol 6).
Protocol 6: Recombinant DNA Transformation

1. Collect the competent cells from -80°C on ice.

2. Collect the appropriate antibiotic-containing plates from 4°C, label it properly, and keep
it inverted in the 37°C incubator.

3. Turn on the 42°C bath, and fill it with water.

4. Add 10ul ligated product, and incubate for 20-30 min.

5. Heat shock the cells at 42°C for 45 seconds.
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Keep the cells on ice for 2 minutes.

Add 300-350pul Luria Broth (LB) (without antibiotics), and incubate in a 37°C shaker for
45 minutes.

After 45 minutes, collect the plate from the 37°C incubator, and turn the Bunsen burner
on.

Add the complete 350ul of culture on the plate, and spread the culture evenly using a

sterile plastic yellow loop.

10. Keep the plate on the bench for 5 minutes to have the culture settled on the plate.

11. Put the plate back to 37°C incubate, and incubate inverted for overnight.

Protocol 7: Agarose Gel Casting and Running

1.

2.

8.

9.

Set up the agarose gel casting apparatus.
In 50ml 1x TAE buffer (40mM Tris pH-8.6, 20mM Acetate, ImM EDTA), add 7.5g

Agarose in a glass Erlenmeyer flask.

. Heat the flask in the microwave at high for one minute. The agarose should be dissolved

completely. If not, keep on heating until all the lenses of agarose completely dissolve.
Add 5pl Red Safe.

Decant the solution in the casting apparatus, and set up the 15 well comb.

Let the agarose gel cool down and solidify for 15 minutes.

Keep the solidified gel in soaking amount of 1x TAE buffer.

Load around 7-15pul of PCR product in each well.

Run the gel at a constant voltage of 150 V for 20 minutes.

10. Visualize using gel imager.
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Protocol 8: Plasmid MiniPrep Protocol

1.

5.

Inoculate the colony into a culture tube containing 7ml LB with appropriate antibiotic
added.

Let the colony grow overnight in a 37°C shaker.

Pellet down the cells.

Using Truin Science High Purity Plasmid MiniPrep Kit (Cat. # KTS1015), extract the
plasmid from the cells following the supplied protocol with the kit.

Measure the concentration using NanoDrop.

Protocol 9: Sequencing the Plasmid to Confirm the Insert

1.

2.

3.

In a sequencing tube, add 220ng plasmid to a total volume of 10ul. (22ng/ul plasmid)
Add 1pl of 3.2uM either the forward or the reverse primer, but not both the primers.
(0.3uM primer)

Submit the total volume of 11pl solution to TAGC for sequencing.

Protocol 10: Overexpression checking

Transform the recombinant construct into a bacterial expression cell line (Table i-2).

In a culture tube, inoculate single colony in 3ml LB containing appropriate antibiotic.
Grow overnight in the 37°C shaker.

In a culture tube, take Sml LB with proper antibiotics, and transfer 250ul of overnight
culture (1/20 dilution).

Grow the culture in a 37°C shaker. At certain intervals, keep on measuring the optical
density (OD) of the culture at an absorbance of 600nm until you reach 0.6-0.9.

At OD600 = 0.6-0.9,
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1. Collect 1ml pre-induction culture

2. Collect 1ml culture and leave it at 37°C shaker to test autoinduction level.

3. Add ImM IPTG (3ul of IM IPTG) in the culture tube.

4. Transfer the tube in a shaker with an appropriate temperature of interest (18°C,

30°C, 37°C).

7. Collect 1ml of post-induction samples from the culture tube at 2 hours, 4 hours, and
overnight incubation period.
8. Spin down the cells for 1 minute at 13000 RPM.

9. Discard the LB.

10. Resuspend the cells in 200u1 ddH2O.

11. Run the samples on a 16% SDS PAGE gel (Protocol 11).

Protocol 11: SDS PAGE

1. Cast a SDS polyacrylamide gel following the Table p11.

Table ii-p11: SDS Polyacrylamide Gel Casting.
Add the items from left to right order. All Volumes are in ml (10 ml is enough for 2 gels of 1

mm thickness).

Percent Gel ddH,0 af)ﬂzlf‘;“;g‘; Tris Buffer* 10% SDS
4% 6.4 1 25 0.1
6% 59 15 25 0.1
8% 54 2 25 0.1
9% 515 225 25 0.1
10% 4.9 25 25 0.1
1% 4.65 275 25 0.1
12% 4.4 3 25 0.1
14% 3.9 3.5 25 0.1
16% 3.4 4 25 0.1
18% 28 45 25 0.1
20% 23 5 25 0.1
22% 1.8 55 25 0.1
24% 13 6 25 0.1
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*Resolving gel needs 1.5M Tris-HCI, pH 8.8. Stacking gel needs 0.5M Tris-HCI, pH 6.8
10 mL Resolving Gel: polymerize with 100 uL. 10% APS + 15 uL TEMED

2. 10 mL Stacking Gel: polymerize with 100 pL. 10% APS + 15 uL. TEMED

3. In 30pl of the sample, add 10ul 4X SDS loading buffer

4. Boil the samples for at least 10 minutes.

5. Spin down the samples for 1 minute at 13000 RPM.

6. Load the samples on an SDS PAGE gel, and run for 1 hour at 200V.

7. When the run is complete, take the gel in a container, and add a soaking amount of
Coomassie Blue, and heat in the microwave at high for 1 minute.

8. Incubate the sample on a rotating shaker at room temperature for 10 minutes.

9. Discard the Coomassie solution in a reusing container.

10. Wash out the rest of the Coomassie.

11. Add a soaking amount of destaining buffer in the container, and heat in the microwave at
high for 30 seconds.

12. Fold a paper towel, and put it in the container to absorb the stain. Make sure that the towel
is not touching the gel.

13. Close the container, and incubate 30 minutes on a rotating shaker. For proper destaining,
leave the gel overnight on the shaker adding some water in the destaining solution in order
to prevent the gel from drying out.

Protocol 12: Bradford Assay
1. Add 200ul Bradford solution in 800ul ddH>O in order to make Bradford mix.
2. In 10ul protein solution add 90ul of Bradford mix. If protein is present, the solution will

turn dark blue.
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3. You can use 96 wells plate for it.
Protocol 13: Modified refolding of the Octamer

Overnight pre-inoculum

1. Inoculate transformed BL21(DE3) cells in 500ml LB with Kanamycin (50mg/ml).
2. Let the cells grow for overnight (16 hours) in a 37°C shaker at 200 RPM.

Overexpression of protein

1. Transfer 50ml of the pre-inoculum in 1L LB with Kanamycin (50mg/ml).
2. Let the cells grow in a 37°C shaker at 200 RPM until OD600 = 0.6-0.9.
3. Induce the culture by adding ImM IPTG.

4. After 5 hours, spin the cells down at 5,000 RPM for 20 minutes at 4°C.

5. Collect 4L pellet in a 50ml conical tube.

6. Store the conical tube at -80°C.

Histone purification

1. Resuspend 4L pellet in 40ml buffer A. In 120ml of Lysis Buffer, add 1ml 100mM PMSF,
300l Protease Inhibitor, 0.1g Lysozyme.

2. Sonicate at 60% Amplitude, with 10 Seconds pulse on, and 59 Seconds pulse off for 5-7
times.

3. Spin down the lysate at 17,000 RPM for 30 minutes.

4. Collect 20ul of the supernatant for a background check, and discard the rest of the
supernatant containing the soluble proteins.

5. Resuspend the pellet in 40ml buffer B. For a better result, take out the pellet nicely in a
small beaker and add 40ml Buffer B. Resuspend using magnetic stirrer for 1 hour. The

speed of the stirrer should be slow to avoid bubble formation.
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10.

11.

12.

13.

14.

15.

16.

17

Spin down the lysate at 17,000 RPM for 45 minutes.

Carefully collect the supernatant, and avoid any pellet from coming into the solution.

In a 50ml column, collect Sml Nickel beads (bead volume = 1/20 of the column), and add
the supernatant.

Incubate for 2 hours on a nutator at 4°C.

Collect the Flow Through.

Wash the column with 250ml buffer C. Collect a 20ul at the very end for checking on the
gel.

Add 5ml buffer D, and incubate for 10 minutes.

Collect the Elution Fraction in a 15ml conical tube.

Add 5ml buffer E, and incubate for 10 minutes.

Collect the Elution Fraction in a 15ml conical tube.

Repeat step 14 and 15 until Breadford assay provides negative result (Protocol 12).

. Collect 30ul of each Elution fraction and run it on an SDS PAGE gel (Protocol 11).

Refolding of the histone heteromeric oligomers

1. Measure the concentrations of each fractions using the nanodrop.
Table ii-p13.1 Concentration Calculation for the Histones
. Molecular | Extinction Concentration Correctefl Total Tota.l
Histone Weisht | Coefficient Measured at | Concentration, Volume protein
Variant (Df) | A280 (mg/ml) | [C]=A280+p | '] (“ml)’ = [C] x
: (mg/ml) V (mg)
(His)e-
H2A X 18117.72 0.411
(His)s-
OB 16603.13 0.538
(His)s-
3.1 18103.05 0.329
(His)s-H4 | 14066.30 0.530
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10.

1.

12.

13.

14.

15.

16.

Molar Ratio of (His)s-H2A.X* : (His)s-H2B = 1.09 : 1, (His)e-H2B : (His)s-H2A.X* =
0.97 : 1, (His)e-H3.1: (His)e-H4 = 1.3 : 1, and (His)e-H4: (His)s-H3.1 =0.77 : 1
Calculate the amount of H2B and H4 required for H2A.X and H3.1 respectively.

Cut out the required amount of Dialysis Tube for changing the buffer. (Fisherbrand # 21-
152-9, Flat width: 46mm. Vol/cm = 6.74ml. Wall thickness: 28um, dry cylinder
diameter: 29.3mm. 5015-46. Nominal MWCO 8,000, 15m roll)

Wash the tubes with ddH»O.

Soak the tube into buffer E.

Clip one end of the tube with a dialysis clip, make sure this end also has an elastic band
attached.

Pour the Histone mixtures into the tube, and add protease inhibitor in the mixture
(100u1/50ml)

Clip the other end of the bag.

In a beaker pour 1L of the dialysis buffer E.

Put a small magnetic stir bar in the beaker.

With a spatula or a stick, hang the Dialysis Tube into the Buffer with the help of the
elastic band attached side of the clip.

Place the beaker on a stirrer at 4°C for 12 hours.

Change into buffer F, and incubate for 6 hours.

Change into buffer F, and incubate for 6 more hours. (For both the dimer and the
tetramer, you can stop at this step and move on to step 19 unless individual oligomer prep
is necessary for other analysis where low salt concentration is needed.)

Change into buffer G, and incubate for 2 hours.
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17. Change into buffer H, and incubate for 2 hours.
18. Change into buffer I, and incubate for 12 hours.
19. Wash and equilibrate the size exclusion column Superdex 200 16 60 with the last dialysis

buffer.

Size exclusion of histone oligomers

1. Concentrate the histone dimer in an Amicon Ultra-15 Centrifugal Filter Unit NMWL 10
kDa (Cat. # UFC901024), the histone tetramer in an Amicon Ultra-15 Centrifugal Filter
Unit NMWL 50 kDa (Cat. # UFC905024) at 4000 RPM for 15 minutes.

2. After every 15 minutes, mix the solution so that the protein does not form aggregates.

3. Keep on concentrating until the volume becomes 5ml (3-5mg/ml).

4. Load the concentrated sample on the size exclusion column and collect the fractions.

5. Check the fractions on an SDS-PAGE gel (Protocol 11).

6. Combine the purest fractions and concentrate again for storing at the desired concentration.

7. Flash freeze the histone oligomers and store at -80°C.

Formation of the octamer

1. Calculate the concentration of the dimer and the tetramer.

Table ii-p13.2 Concentration Calculation for the Histone Oligomers

. Molecular | Extinction | Concentration Correctefl Total Tota.l
Oligomer . . Concentration, protein
. Weight | Coefficient, | Measured at -~ ) Volume, | =
Variant (Da) A280 (mg/ml) [C]=A280+p Vml) | [C] x
i & (mg/ml) V (mg)
(His)e-
H2A X-
(His)s- 31568.30 0.472
H2B
[(His)e-
H3 1- 58417.97 0.408
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(His)s-
H4],

Molar ratio calculation, 2.5 (H2A.X-H2B) : [(His)6-TEV-H4-H3.1]> = 78920.75 :
585417.97=1.35: 1, and [(His)6-TEV-H4-H3.1]> : 2.5 (H2A.X-H2B)=0.74 : 1

Mix 2.5 molar of the dimer with 1 molar of tetramer at a concentration of Img/ml in a
dialysis bag (Fisherbrand # 21-152-9, Flat width: 46mm. Vol/cm = 6.74ml. Wall thickness:
28um, dry cylinder diameter: 29.3mm. 5015-46. Nominal MWCO 8,000, 15m roll).
Dialyze in buffer F for 24 hours. (You can stop at this step and move on to step 32 unless
the octamer prep is necessary for other analysis where low salt concentration is needed.)
Change into buffer G, and incubate for 2 hours.

Change into buffer H, and incubate for 2 hours.

Change into buffer I, and incubate for 12 hours.

Wash and equilibrate the size exclusion column Superdex 200 10 300 with the last dialysis

buffer.

Size exclusion of histone octamer

9.

10.

11.

12.

13.

14.

Concentrate the histone octamer in an Amicon Ultra-15 Centrifugal Filter Unit NMWL
100 kDa (Cat. # UFC910024) at 4000 RPM for 10 minutes.

After every 10 minutes, mix the solution so that the protein does not form aggregates.
Keep on concentrating until the volume becomes 400ul (3-5mg/ml).

Load the concentrated sample on the size exclusion column and collect the fractions.
Check the fractions on an SDS-PAGE gel (Protocol 11).

Combine the purest fractions and concentrate again for storing at the desired

concentration.
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15. Flash freeze the histone oligomers and store at -80°C.

Protocol 14: One-step Purification of the Dimer and the Tetramer

Overnight pre-inoculum

1.

2.

Inoculate pETDuet-1-(His)s-TEV-H2A.X-H2B transformed Rosetta 2(DE3) cells in 500ml
TB with Ampicillin (50mg/ml) and chloramphenicol (34mg/ml). Or, inoculate
pACYCDuet-1-(His)e-TEV-H4-H3.1 transformed BL21(DE3) cells in 500ml TB with
chloramphenicol (34mg/ml).

Let the cells grow for overnight (16 hours) in a 37°C shaker at 200 RPM.

Overexpression of protein

1.

6.

Transfer 50ml of the pre-inoculum in 1L TB with Ampicillin (50mg/ml) and
chloramphenicol (34mg/ml), in case of pETDuet-1-(His)s-TEV-H2A.X-H2B transformed
Rosetta 2(DE3), or in 1L TB with only chloramphenicol (34mg/ml) in case of
pACYCDuet-1-(His)e-TEV-H4-H3.1 transformed BL21(DE3).

Let the cells grow in a 37°C shaker at 200 RPM until OD600 = 0.8-1.0.

Induce the culture by adding 1mM IPTG and bring down the temperature to 30°C.

After 7 hours, spin the cells down at 5,000 RPM for 20 minutes at 4°C.

Collect 4L pellet in a 50ml conical tube.

Store the conical tube at -80°C.

Separate purification of the dimer and the tetramer

7.

8.

9.

Resuspend 4L pellet in 120ml buffer L. In 120ml of Lysis Buffer, add Iml 100mM PMSF,
300l Protease Inhibitor, 0.1g Lysozyme.
Lyse the cells using emulsiflex cell disruptor.

Spin down the lysate at 17,000 RPM for 45 minutes at 4°C.
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10. Carefully collect the supernatant, and avoid any pellet from coming into the solution.

11. In a 50ml column, collect 10ml Nickel beads (bead volume = 1/10 of the column), and add
the supernatant.

12. Incubate for 2 hours on a nutator at 4°C.

13. Collect the Flow Through.

14. Wash the column with 250ml buffer W. Collect a 20l at the very end for checking on the
gel.

15. Add 5ml buffer E1, and incubate for 10 minutes.

16. Collect the Elution Fraction in a 15ml conical tube.

17. Add 5ml buffer E2, and incubate for 10 minutes.

18. Collect the Elution Fraction in a 15ml conical tube.

19. Add 5ml buffer E3, and incubate for 10 minutes.

20. Collect the Elution Fraction in a 15ml conical tube.

21. Add 5ml buffer E4, and incubate for 10 minutes.

22. Collect the Elution Fraction in a 15ml conical tube.

23. Collect 10ul of each Elution fraction and run it on an SDS PAGE gel (Protocol 11).

24. Combine the purest fractions.

Size exclusion of the dimer and the tetramer

25. Pre-equilibrate the Superdex 200 16 60 size exclusion column with buffer S.

26. Concentrate the dimer in an Amicon Ultra-15 Centrifugal Filter Unit NMWL 10 kDa or
the tetramer in an Amicon Ultra-15 centrifugal Filter Unit NMWL 50 kDa at 4,000 RPM
for 10 minutes.

27. After every 10 minutes, mix the solution so that the protein does not form aggregates.
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28. Keep on concentrating until the volume becomes 5Sml (3-5mg/ml).

29. Load the concentrated sample on the pre-equilibrated Superdex 200 16 60 size exclusion

column and collect the fractions.

30. Check the fractions on an SDS-PAGE gel (Protocol 11).

31. Combine the purest fractions and concentrate again for storing at the desired

concentration.

32. Flash freeze the histone oligomers and store at -80°C.

Formation of the octamer

33. Calculate the concentration of the dimer and the tetamer.

Table ii-p14.1 Concentration Calculation for the Histone Oligomers

. Molecular | Extinction | Concentration Correcte.d Total Tota.l
Oligomer . . Concentration, protein
. Weight | Coefficient, | Measured at _ ) Volume, | =
Variant | ) A280 (mg/mi) | [C1=A280 =Gy | T ICT X

" s (mg/ml) V (mg)

(His)s-

TEV-
H2A X- 31568.30 0.472
H2B

[(His)e-

TEV-

13 1- 58417.97 0.408
H4],

[H3.1-

14, 53602.92 0.389

34. Molar ratio calculation, 2.5 (H2A.X-H2B) : [(His)6-TEV-H3.1-H4], = 78920.75 :

585417.97=1.35: 1, and [(His)6-TEV-H3.1-H4]> : 2.5 (H2A.X-H2B)=0.74 : 1

35. Mix 2.1 molar of the dimer with 1 molar of tetramer at a concentration of I1mg/ml in a

dialysis bag (Fisherbrand # 21-152-9, Flat width: 46mm. Vol/cm = 6.74ml. Wall
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36.

37.

38.

39.

thickness: 28um, dry cylinder diameter: 29.3mm. 5015-46. Nominal MWCO 8,000, 15m
roll).

Dialyze in buffer S for 24 hours. (You can stop at this step and move on to step 38 unless
the octamer prep is necessary for other analysis where low salt concentration is needed.)
Change into buffer G, and incubate for 2 hours.

Change into buffer H, and incubate for 2 hours.

Change into buffer I, and incubate for 12 hours.

Size exclusion of histone octamer

40.

41.

42.

43.

44.

45.

46.

47.

Wash and equilibrate the size exclusion column Superdex 200 10 300 with the last
dialysis buffer.

Concentrate the histone octamer in an Amicon Ultra-15 Centrifugal Filter Unit NMWL
100 kDa (Cat. # UFC910024) at 4000 RPM for 10 minutes.

After every 10 minutes, mix the solution so that the protein does not form aggregates.
Keep on concentrating until the volume becomes 400ul (3-5mg/ml).

Load the concentrated sample on the size exclusion column and collect the fractions.
Check the fractions on an SDS-PAGE gel (Protocol 11).

Combine the purest fractions and concentrate again for storing at the desired
concentration.

Flash freeze the histone octamer and store at -80°C.
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Protocol 15: One step purification of the octamer

Overnight pre-inoculum

2.

Inoculate [pETDuet-1-(His)s-TEV-H2A.X-H2B + pCDFDuet-1-(His)s-TEV-H3.1-H4]
transformed Rosetta 2(DE3) cells in 500ml TB with Ampicillin (50mg/ml), streptomycin
(50mg/ml), and chloramphenicol (34mg/ml).

Let the cells grow for overnight (16 hours) in a 37°C shaker at 200 RPM.

Overexpression of protein

Transfer 50ml of the pre-inoculum in 1L TB with Ampicillin (50mg/ml), streptomycin
(50mg/ml), and chloramphenicol (34mg/ml).

Let the cells grow in a 37°C shaker at 200 RPM until OD600 = 0.8-1.0.

. Induce the culture by adding 1mM IPTG, and bring down the temperature to 30°C.

After 7 hours, spin the cells down at 5,000 RPM for 20 minutes at 4°C.
Collect 4L pellet in a 50ml conical tube.

Store the conical tube at -80°C.

Purification of the octamer

10.

1.

12.

13.

14.

Resuspend 4L pellet in 120ml buffer L. In 120ml of Lysis Buffer, add Iml 100mM PMSF,
300l Protease Inhibitor, 0.1g Lysozyme.

Lyse the cells using emulsiflex cell disruptor.

Spin down the lysate at 17,000 RPM for 45 minutes at 4°C.

Carefully collect the supernatant, and avoid any pellet from coming into the solution.

In a 50ml column, collect 10ml Nickel beads (bead volume = 1/10 of the column), and add
the supernatant.

Incubate for 2 hours on a nutator at 4°C.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Collect the Flow Through.

Wash the column with 250ml buffer W. Collect a 20pul at the very end for checking on the
gel.

Add 5ml buffer E1, and incubate for 10 minutes.

Collect the Elution Fraction in a 15ml conical tube.

Add 5ml buffer E2, and incubate for 10 minutes.

Collect the Elution Fraction in a 15ml conical tube.

Add 5ml buffer E3, and incubate for 10 minutes.

Collect the Elution Fraction in a 15ml conical tube.

Add 5ml buffer E4, and incubate for 10 minutes.

Collect the Elution Fraction in a 15ml conical tube.

Collect 10ul of each Elution fraction and run it on an SDS PAGE gel (Protocol 11).

Combine the purest fractions.

Size exclusion of the octamer

27.

28.

29.

30.

31.

32.

33.

34.

Pre-equilibrate the Superdex 200 16 60 size exclusion column with buffer S.
Concentrate the octamer in an Amicon Ultra-15 Centrifugal Filter Unit NMWL 100 kDa.
After every 10 minutes, mix the solution so that the protein does not form aggregates.
Keep on concentrating until the volume becomes 5ml (3-5mg/ml).

Load the concentrated sample on the pre-equilibrated Superdex 200 16 60 size exclusion
column and collect the fractions.

Check the fractions on an SDS-PAGE gel (Protocol 11).

Pre-equilibrate the Superdex 200 10 300 size exclusion column with buffer S.

Concentrate the octamer in an Amicon Ultra-15 Centrifugal Filter Unit NMWL 100 kDa.
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35. After every 10 minutes, mix the solution so that the protein does not form aggregates.

36. Keep on concentrating until the volume becomes Sml (3-5mg/ml).

37. Load the concentrated sample on the pre-equilibrated Superdex 200 10 300 size exclusion
column and collect the fractions.

38. Check the fractions on an SDS-PAGE gel (Protocol 11).

39. Combine the purest fractions and concentrate again for storing at the desired
concentration.

40. Flash freeze the histone oligomers and store at -80°C.

Protocol 16: In vitro Phosphorylation of the H2A.X-H2B Dimer

1. Pre-equilibrate the phosphorscreen film by placing it upside down on a turned on SDS gel
viewer lamp for at least 15 minutes. It can be longer than 15 minutes, time is not a factor.

2. Prepare 1/15 dilution of the YATP stock (in a PCR tube, add 14ul ddH2>O and 1ul YATP
from the main stock). Store in the radioactive box.

3. Setup 20ul diluted 1mM ATP mix.

Table ii-p16.1 ATP Mix: ImM ATP

Reagents Volume (pnl)
ddH>O 15
10X KB (kinase buffer) 2
10mM ATP (pH ~7-8) 2
YATP (1/15 dilution) 1
20

4. Set up 50ul reaction mix.
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Table ii-p16.2 Kinase Assay Reaction Setup

Reagents Volume (ul)
ddH>O 10
10X KB 5
H2A.X-H2B (Buffer I) 25 (0.4ul/pg)
CK2 2.5 (1 molar of the 20 molar dimer)
ImM ATP mix 7.5
50

5. For 10pul SDS sample preparation,

Table ii-p16.3 Quenching of Kinase Reaction

Volume (ul)
Buffers and samples
4X SDS 2.5
IX KB 2.5
Reaction mix 5
10

6. Set the reaction tube on a 30°C heating block.
7. Collect 5ul of the reaction and quench the reaction in the SDS sample prepared.
8. Keep on collecting the samples every 10 minutes until 30 minutes.

9. Run the samples on a 16% SDS PAGE.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Do not let the dye front to run of the gel unless you are fine with contaminating the whole
gel apparatus.

After the run, cut out the stacking gel, and also cut out portion of gel a little bit above from
the dye front. If you do not cut out the dye front it will give you high signal at the bottom.
Wrap the gel in a saran wrap. Make sure no bubble got in.

Tape the sides of the wrap nicely to prevent air drying of the gel.

Place the gel on a phosphorscreen cassette.

Quickly place the pre-equilibrated phosphorscreen on the gel as soon as possible without
living it outside of the SDS gel view lamp.

Close the cassette, and incubate in for 24 hours.

Next day, take the cassette to Dr. Fahlman’s lab.

Use their Typhoon scanner to visualize the phosphorscreen.

Turn on the Typhoon scanner, and open the software in the computer.

After the machine is ready, lift the scanner lid, and place the phsophorscreen film as soon
as possible without exposing it into the light.

Close the lid.

Mark the region of the gel exposed region on the software, so that the scanner can take the
image of only the gel exposed portion. Otherwise, it will take forever to image the full
screen.

After imagining, save the image.

Turn off the Typoon scanner, and take your phosphorscreen film back, and put it in the

cassette.
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Protocol 17: Size Exclusion Column (SEC)

Size Exclusion Column Manual:
Pump wash:

e Pump > Pump wash purifier - Inlet A1 - ON -> Insert
Column wash:

e Pump - Flow - Flow rate = 1.5ml/min > Insert

e Flow path = Column position = position X - Insert

e Alarm - Alarm_Pressure = High Alarm = 0.5 MPa - Insert

e Other 2 End timer 2 Acc. Vol 2 Timeout = 120ml
Loop wash:

e Flow = 2ml/min

e Injection mode = Inject

e Flow path - Column position 1 Bypass

e End timer = 20ml

e Alarm - AirSensor3 = Disable

Table ii-p17.1 Size Exclusion Column Information:

Name HiLoad 16/60 Superdex 200 prep grade
Height 60.0 cm
Diameter 1.6 cm
Column volume 120.637 ml
Technique Size Exclusion
Vit 0.0 ml

Vo 39.799999 ml
Max pressure 0.35 MPa
Default flowrate 1.0 ml/min
Typical Peak width at base 10.0 ml
pH High value, longterm 12

pH Low value, longterm 3

pH High value, shortterm 14

pH Low value, shortterm 1
Average particle diameter 34um
Code no 17-1069-01
Typical loading range 0.6-5ml
Molecular weight range kDa
Scan rate Spectra/sec
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Table ii-p17.2 SEC Method Information:

Variables Values
Column HiLoad 16/60 Superdex 200 prep grade
Wash Inlet Al OFF
Wash Inlet A2 OFF
Wash Inlet B1 OFF
Wash Inlet B2 OFF
FlowRate Equil 0.500 {ml/min}
Column PressureLimit 0.35 {MPa}
Wavelength 1 280 {nm}
Wavelength 2 254 {nm}
Wavelength 3 OFF {nm}
Averaging Time UV 5.12 {sec}
Pump A Inlet Al
Pump B Inlet Bl
Start ConcB 0 {%B}
Column Position Position8
Equilibrate with 0.00 {CV}
System Pump Normal
System PressLevel 0 {MPa}
System MinFlow 0 {ml/min}
FlowRate WashOut 1.000 {ml/min}
Empty loop with 10.0 {ml}
FlowRate Elution 0.500 {ml/min}
Length Before Frac 0.30 {CV}
TubeType EluateFrac 18mm
Eluate Frac Size 1.000 {ml}
EluateFrac StartAt FirstTube
TubeType PeakFrac 18mm
Peak Frac Size 0 {ml}
PeakFrac StartAt FirstTube
Length with Frac 1.00 {CV}
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Appendix iii Buffers

Table iii-1 All Buffer Compositions

Buffer Name

Composition

Purpose

Buffer L (Lysis buffer)

2M NaCl

50mM Tris pH-7.5
5% Glycerol

ImM TCEP

ImM PMSF

Protease inhibitor
(100u1/50ml)

Buffer W (Wash buffer)

2M NaCl

50mM Tris pH-7.5
5% Glycerol

ImM TCEP
30mM Imidazole

Buffer E (Gradient elution
buffer)

2M NaCl

50mM Tris pH-7.5
5% Glycerol

ImM TCEP
Imidazole:

@)
O

El: 100mM
E2: 250mM
E3: 500mM

o E4:1M
o E5:2M

Buffer S (Size exclusion
buffer)

2M NacCl

25mM HEPES pH-7.5

5% Glycerol
ImM TCEP
ImM PMSF

e One step purification
of the dimer and the
tetramer

¢ One step purification
of the Octamer

Buffer A

2M NaCl

50mM Tris pH-8.0
ImM TCEP

ImM PMSF

Protease inhibitor
(100p1/50ml)

Buffer B

2M NaCl

50mM Tris pH-8.0
6M Urea

5% Glycerol

ImM TCEP

ImM PMSF

Modified refolding of the

Octamer
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Buffer C

2M NaCl

50mM Tris pH-8.0
6M Urea

5% Glycerol

ImM TCEP
10mM Imidazole

Buffer D

2M NaCl

50mM Tris pH-8.0
6M Urea

5% Glycerol

ImM TCEP
300mM Imidazole

Buffer E

2M NaCl

50mM Tris pH-8.0
6M Urea

5% Glycerol

ImM TCEP

2mM EDTA

ImM PMSF

Buffer F

2M NaCl

50mM Tris pH-8.0
5% Glycerol

ImM TCEP

ImM EDTA

ImM PMSF

Buffer G

IM NaCl

50mM Tris pH-8.0
5% Glycerol

ImM TCEP

ImM EDTA

ImM PMSF

Buffer H

500mM NacCl
50mM Tris pH-8.0
5% Glycerol

ImM TCEP

ImM EDTA

ImM PMSF

Buffer I

250mM NaCl
50mM Tris pH-8.0
5% Glycerol

ImM TCEP

ImM EDTA

ImM PMSF
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10X KB (Kinase buffer)

0.5M Tris pH 7.5
1.5M NaCl

0.1 M MgCl,
22M DTT

CK2 buffer

200mM NaCl
50mM Tris pH-7.5
ImM DTT

ImM EDTA

50% glycerol

CK2 buffer (diluted)

200mM NacCl
25mM Tris pH-7

In vitro phosphorylation of
the H2A.X-H2B dimer
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Appendix iv Cloning Images
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Figure iv-1 Colony PCR Confirmation for Successful Cloning.

The PCR products were run on a 1.5% agarose gel with 150V for 20 minutes. A) TEV-H2B and pETDuet-1 were
digested with BamH1 and HindIIl. The ligated pETDuet-1-TEV-H2B construct was transformed into DH5a. The
presence of positive colonies was confirmed through colony PCR. B) H2A . X(CK2-A) and pETDuet-1-TEV-H2B
were digested with Ndel and Xhol. Ligated pETDuet-1-TEV-H2B-H2A.X(CK2-A) construct was transformed
into DH5a.. The presence of positive colonies was confirmed through colony PCR. C) TEV-H4 and pACY CDuet-
1 were digested with BamH1 and HindIII. The ligated pACYCDuet-1-TEV-H4 construct was transformed into
DHS5a. The presence of positive colonies was confirmed through colony PCR. D) H3.1 and pACYCDuet-1-H4
were digested with Ndel and Xhol. The ligated pACYCDuet-1-TEV-H4-H3.1 construct was transformed into
DHS5a. The presence of positive colonies was confirmed through colony PCR.

129
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Figure iv-2 Colony PCR confirmation of successful cloning.

The PCR products were run on a 1.5% agarose gel with 150V for 20 minutes. A) H2B and pETDuet-1 were digested with Ndel and Xhol. The ligated
pETDuet-1-H2B construct was transformed into DH5a. The presence of positive colonies was confirmed through colony PCR. B) TEV-H2A . X(CK2-
S) and pETDuet-1-H2B were digested with BamHI and HindIIl. The ligated pETDuet-1-H2B-TEV-H2A.X(CK2-S) construct was transformed into
DH5a. The presence of positive colonies was confirmed through colony PCR. C) H2A.X(CK2-S) and pETDuet-1-H2B were digested with Ncol and
HindIII. The ligated pETDuet-1-H2B-H2A.X(CK2-S) construct was transformed into DH5a.. The presence of positive colonies was confirmed through
colony PCR.
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Figure iv-3 Colony PCR confirmation of successful cloning.

The PCR products were run on a 1.5% agarose gel with 150V for 20 minutes. A) H4 and pCDFDuet-1 were digested with Ndel and Xhol. The ligated
pCDFDuet-1-H4 construct was transformed into DH5a. The presence of positive colonies was confirmed through colony PCR. B) H3.1 and pCDFDuet-
1-H4 were digested with Ncol and HindIII. The ligated pCDFDuet-1-H4-H3.1 construct was transformed into DH5a. The presence of positive colonies
was confirmed through colony PCR. C) TEV-H3.1 and pCDFDuet-1-H4 were digested with BamHI and HindIII. The ligated pCDFDuet-1-H4-TEV-
H3.1 construct was transformed into DH5a. The presence of positive colonies was confirmed through colony PCR.

131



A) pET47b(+)-H2B B) PET47b(+)-H3.1 ] PET47b(+)-H4
] @ o
© © e)
© © o)
8 8 8
o Colony # a Colony # - o Colony #
8 T 8 T o T
S 1 2 3 4 + S 1 23456 + S1 2345678 +
.~ -—
— .
- - = »
——-- - 2 |
- , -
-

Figure iv-4 Colony PCR confirmation of successful cloning.

The PCR products were run on a 1.5% agarose gel with 150V for 20 minutes. A) H2B and pET47b(+) were digested with BamHI and HindIII. The
ligated pET47b(+)-H2B construct was transformed into DH5a. The presence of positive colonies was confirmed through colony PCR. B) H3.1 and
pET47b(+) were digested with BamHI and HindIIl. The ligated pET47b(+)-H3.1 construct was transformed into DH5a. The presence of positive
colonies was confirmed through colony PCR. C) H4 and pET47b(+) were digested with BamHI and HindIII. The ligated pET47b(+)-H4 construct was
transformed into DHS5a. The presence of positive colonies was confirmed through colony PCR.
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pET47b(+)-TEV-MDC1-BRCT

Colony #

100 bp Ladder
+ TEV-MDC1-BRCT

123 45 67 89

Figure iv-5 Colony PCR confirmation of successful cloning.

The PCR products were run on a 1.5% agarose gel with 150V for 20 minutes. A) TEV-MDCI1-
BRCT and pET47b(+) were digested with BamHI and HindIIl. Ligated pET47b(+)-TEV-MDCI1-
BRCT construct was transformed into DH5a. The presence of positive colonies was confirmed
through colony PCR.
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Appendix v - Cell lines.

Table v-1: Description of the Cell lines Used in this Study.

Cell line Genotype Specifications

BL21(DE3) | E. coli str. B B strain = deficient in lon and OmpT proteases, resistant to phage T1,
(Novagen, | F~ ompT gal dem lon hsdSp(rg ms ) A(DE3
Cat. # [lacl lacUV5-T7p07 indl sam7 nin5]) T7 expression system
69450) [malB*]k.12(25)
BL21(DE3) | E. coli str. B B strain = deficient in lon and OmpT proteases, resistant to phage T1,
pLysS F ompT gal dem lon hsdSp(rz mp) MDE3
(Novagen, [lacl lacUV5-T7p07 indl sam7 nin5]) stringent T7 inducible expression system
Cat. # [malB Tk12(A%)
69451) pLysS[T7p20 oripisa](Cm®)
C41(DE3) | E. colistr. B Derived from BL21(DE3) with at least one mutation that prevents
(Lucigen, F~ompT gal dem lon hsdSp(rg ms ) A(DE3
Cat. # [lacl lacUV5-T7p07 indl sam7 nin5]) recombinant toxic protein associated cell death. This cell line is
60442-1)

efficient in expressing toxic and membrane proteins (lucigen).
C43(DE3) E. coli str. B Derived from C41(DE3) with some more mutations that prevent
(Lucigen, F~ompT gal dem lon hsdSp(rg ms ) A(DE3
Cat. # [lacl lacUV5-T7p07 indl sam7 nin5]) recombinant toxic protein associated cell death. This cell line is
60446-1)

efficient in expressing toxic and membrane proteins (lucigen).
Rosetta 2 E. colistr. B Derived from BL21, therefore, all the features of BL21(DE3) are
(Novagen, F ompT gal dcm lon? hsdSs(rg mg)
Cat. # [malB*k-12(A%) present. However, it helps in producing eukaryotic proteins that contain
71402) pRARE][ileX argU thrU tyrU glyT thrT arg

W metT leuW proL](Cm®)

rare E.coli codons because Rosetta 2 cells are supplied with 7 tRNAs
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that codes for 7 rare codons (AGA, AGG, AUA, CUA, GGA, CCC,
and CGQG). These tRNA genes are on a chloramphenicol resistant
plasmid and are expressed using bacterial native promoters.

Since no ADE3 lysogen is present therefore there is no T7 RNA
polymerase gene. So expression can only be carried out from the T7 or
T7-lac promoter or promoters recognized by E.coli RNA polymerase:

e.g. lac, tac, trc, ParaBAD, PrhaBAD and also T5 promoter.

Rosetta
2(DE3)
(Novagen,
Cat. #
71400)

E. colistr. B

F ompT gal dem lon? hsdSp(rs ms")
MDES3 [lacl lacUV5-

T7p07 indl sam?7 nin5]) [malB*x-12(\5)
pRARE[ileX argU thrU tyrU glyT thrT arg
W metT leuW proL](Cm®)

Derived from BL21, therefore, all the features of BL21(DE3) are
present. However, it helps in producing eukaryotic proteins that contain
rare E.coli codons because Rosetta 2 cells are supplied with 7 tRNAs
that codes for 7 rare codons (AGA, AGG, AUA, CUA, GGA, CCC,
and CGQG). These tRNA genes are on a chloramphenicol resistant
plasmid and are expressed using bacterial native promoters.

The presence of ADE3 lysogen means there is an IPTG inducible T7

RNA polymerase gene in the bacterial chromosome.
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DH5a
(Invitrogen,
Cat. #
18265017)

F endAl ginV44 thi- Used for large scale plasmid prep because it has endA1, recAl and
1 recAl relAl gyrA96 deoR nupG purB20
080dlacZAM15 A(lacZYA-argF)U169, relA1 mutation, and it constitutively produces deoxyribose.
hsdR17(rx mg"), X

Table v-2: Description of the Terminologies Used in the Cell line Specifications.

Terminology Description

dem dem methyl transferases methylate CCWGG

endA DNA-specific endonuclease 1. Mutation increase the yield of DNA from minipreps.

F plasmid Episome (a plasmid that can integrate itself into bacterial genome by homologous recombination) helps in
conjugation

fhuA2 Ferric hydroxamate uptake receptor, required by phage T1 to infect bacterial cells

gal Gal operon of 3 genes: gale, galT, and galK

gyrA DNA gyrase subunit A. Mutation results in resistance to naladixic acid.

hsdM E.coli DNA methylase. Mutation blocks sequence-specific adenine methylation

hsdR E.coli restriction endonuclease. Mutation permits foreign DNA to propagate.

hsdS E.coli specificity determinant for hsdM and hsdR. Mutation eliminates HsdM and HsdR activity.

lacl Lac operon repressor protein. Laclq is a mutant of lacl that overproduces the repressor protein.

lacZDM15 A specific N-terminal deletion which permits the a-complementation segment to make a functional LacZ protein

Lon Cytoplasmic serine protease

malB Maltose operon protein B

OmpT Outer membrane aspartyl protease

pLysS Plasmid carrying chloramphenicol resistance and T7 lysozyme for effective attenuation of T7 RNA polymerase for
stringent expression inhibition under non-induced condition

recA Mutation prevents homologous recombination

relA Relaxed phenotype. Mutation permits RNA synthesis in the absence of protein synthesis.

thi-1 Mutation requires vitamin B1 (thiamin) for growth in minimal media

ADE3 lysogen

Carries T7 RNA polymerase under control of the lacUVS5 promoter induced by IPTG
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