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1. Introduction

Epigenetics is the study of the change in gene expression pattern which does not involve
change in the nucleotide sequence of DNA. The term epigenetics was coined by Waddington
in 1942 and was derived from the Greek word “epigenesis” which originally described the
influence of genetic processes on development. Epigenetic studies were initially focused on
DNA methylation, however, subsequent studies elucidated the role of histones in regulating
gene expression pattern.

Histones are a class of highly conserved basic proteins and packaging the genome was the
primary function previously attributed to them. The core histones comprise of H2A, H2B, H3
and H4, form an octameric protein core around which ~147bp of DNA is wrapped to form
the nucleosome core particle (NCP) [1]. Further compaction is achieved with the aid of linker
histone H1 [2]. The canonical histone genes are synthesized during the S-phase and to meet
up with their high demand during DNA replication, their encoding genes are present in

cluster. For instance, there are three clusters of canonical histone genes present in humans at
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chromosome number 1 and 6. Interestingly, differences in the primary sequence are observed
amongst the histone H2A proteins encoded by these genes. These are termed as isoforms. In
humans, there are 16 genes coding for H2A giving rise to 12 isoforms [3].

H2A isoforms, especially two isoforms H2A.1 (encoded by HIST1H2AH, accession number:
NM_001315492.1) and H2A.2 (encoded by HIST2H2AAS3, accession number:
NM_001315493.1) have been reported to be differentially expressed in a variety of
physiological states [4][5]. The two isoforms differ in the identity of only three residues:
T16S, L51M and R99K. Earlier studies from our lab have shown the differential expression
of these two major H2A isoforms in rat hepatocellular carcinoma model system [6]. In
humans, the expression of H2A1C isoform was reported to be downregulated in chronic
lymphocytic leukaemia (CLL) and gall bladder cancer cell line [7][8]. Interestingly, later on
with a larger cohort of samples, H2A1C expression was conversely reported to be up
regulated in CLL [9]. Also, H2A1C was found to be upregulated in non-small cell lung
carcinoma [10]. The levels of H2A1C alters in diseases including human papillomaviruses
hyperplasia, AIDS and multiple sclerosis [11,12]. Collectively, these reports suggest that the
expression of the H2A.1 isoform in different states is intricately regulated in the cells.
However, whether the observed changes are a consequence of the given state or
H2A.1/H2A1C contributes to the attainment of such states has not been addressed in depth.
Considering that in humans there are 12 such H2A isoforms, the possibility that these might
have non-redundant functions needs to be investigated as it may contribute to the complexity
necessary for generating the diversity in the epigenome to achieve cell type specific gene

expression.

2. Objectives
l. To study alteration in organization of nucleosomal structure with H2A.1 and H2A.2.

. To study the functional significance of H2A.1 and H2A.2.
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3.

Work Plan

I. To study alteration in organization of nucleosomal structure with H2A.1 and H2A.2.

1.

Purification of recombinant histones and their mutants using bacterial expression and
purification system for reconstitution of histone oligomeric complexes.
Reconstitution of H2A.1/H2B and H2A.2/H2B dimers and their mutants using the purified
recombinant histones for comparing the stability of the two complexes.
Circular dichroism and fluorescence spectroscopy of reconstituted H2A/H2B dimers and
their different mutants for secondary and tertiary structure validation.
Equilibrium unfolding of dimers and their different mutants to obtain biophysical
parameters to compare stability of H2A.1/H2B dimer with H2A.2/H2B dimer.
Salt dissociation and Fluorescence Recovery after Photobleaching (FRAP) assay for
assessing the dynamics of H2A.1 and H2A.2 and their different mutants in cells.
Micrococcal nuclease digestion assay to investigate the effect of H2A.1 and H2A.2 on
chromatin organisation.
Molecular Dynamic Simulation to investigate the stability and understand the basis of the
altered stability of H2A.1 and H2A.2 containing nucleosomes.

To study the functional significance of H2A.1 and H2A 2.
RT-PCR and Real-time PCR to investigate the changes in expression level of H2A.1
(H2A1C) and H2A.2 isoforms in different cell lines and organs.
Cell cycle synchronization and release followed by flow cytometry analysis to investigate
the effect of overexpression of H2A.1 and H2A.2 isoforms on cell cycle profile.
Cell proliferation and colony formation assay to see the effect of overexpression of H2A.1
and H2A.2 isoforms and their different mutants on cell proliferation.
Wound healing assay to investigate the effect of H2A.1 and H2A.2 isoforms on the
migration of cells.
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5. Partial hepatectomy followed by histone analysis on AUT-PAGE to investigate the
expression level of H2A.1 and H2A.2 isoforms during the process of liver regeneration.
4. Results
4.1.  Global decrease in H2Aub is observed in hepatocellular carcinoma
We implanted 3mm? tumor from Sprague-Dawley rat into NOD-SCID mice. Successful
development of tumor demonstrates that NDEA leads to stable transformation of cells. Along
with the alteration in the intensity of bands on AUT-PAGE corresponding to H2A.1 and
H2A.2, we observed a marked decrease in the intensity of a band in tumor in the H2A region.
We identified that band as H2A by mass spectrometry, although it did not correspond to any
one isoform. Immunoblotting confirmed that the band corresponds to H2Aub119. We found
Usp21, which is a known deubiquitinase for H2Aub, to be upregulated in cancer. Also, this
correlated with the increase in expression of growth factor gene lipocalin 2. These
observations were also validated in CL44 (pre-neoplastic) and CL38 (neoplastic) liver cell
lines. Further, an inverse correlation was observed between H2Aub and proliferation. There
was an increase in H2Aub with concomitant decrease in H3S10p and H4ac on arresting cell
proliferation be serum starvation or HDAC inhibitor (TSA) treatment.
4.2. H2A.1/H2A1C expression level varies in cancer cell lines
H2A1C in humans is the closest counterpart of H2A.1 in rat, differing in only the S16T
substitution. The altered expression level of H2A1C has been reported to alter in certain
human cancers [7-10,13-15]. Our observations in rat hepatocellular carcinoma prompted us
to investigate the expression level of H2A1C and H2A.2 isoforms in human transformed cell
lines. We included cell lines of liver (HepG2), colon (A431) and stomach (KATOIII, AGS)
origin and their immortalised untransformed counterparts, that is, HHL5 (liver), HaCaT
(colon) and stomach (HFE145) in our study, as the expression level of H2A1C in these cell

lines has not been previously reported. An increase in the relative expression of H2A1C was
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observed in HepG2 and A431. We did not find any significant changes in both the
transformed cell lines of stomach. We also found upregulation of H2A1C in MCF7 consistent
with a previously published report [14].

4.3. H2A.1isoform is functionally non-redundant from the H2A.2 isoform

The varied expression levels of H2A.1 in different scenarios prompted us to investigate
whether H2A.1 has functionally non-redundant roles. A marked increase in proliferation was
observed in CL38 cells on H2A.1 overexpression. Similar effects were reflected in the colony
formation assay, with H2A.1 over-expressing colonies substantially larger. To see the effect
of the isoforms overexpression on cycling of cells, we studied the cell cycle profile of G1-
enriched H2A.1/H2A.2 CL38 cells post 72hours serum release. Overexpression of H2A.1 led
to discernible increase in the mitotic cell population (12%) compared to vector control (4%).
No significant difference in the closure of the wound in scratch assays on H2A.1
overexpression was perceived. Notably, we did not observe increased proliferation of CL44
cells upon H2A.1 overexpression. Taken together, these data suggest that H2A.1 lead to
proliferation in context of cancer.

4.4. Leu5l and Arg99 are important in conferring non-redundant functionality to
H2A.1 isoform

The H2A isoforms, H2A.1 and H2A.2, differ in three residues in their primary amino acid
sequence. We substituted the residues of H2A.1 to the corresponding ones of H2A.2 to
identify the residue having the most significant impact on the non-redundant functionality of
H2A.1. MTT assays suggested that mutating residue 99" of H2A.1 drastically reduced the
pro-proliferative effect observed on H2A.1 overexpression. Mutating residue 51 also
negatively affected proliferation and had a synergistic effect with residue 99",

4.5. Recombinant expression and purification of histones
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The histones were expressed with N-terminal 6xHis tag in the E. coli strain BL21 (DE3)
pLysS. The expressed histones were completely part of insoluble fraction. 6M urea was used
to solubilize the proteins which were then purified using Ni-NTA beads. All the core histones
could be very efficiently purified and were used to reconstitute H2A/H2B dimers

4.6. H2A.1/H2B dimer is less stable than H2A.2/H2B dimer

To investigate how the histone isoforms, impart their non-redundant functional effects, we
started off by comparing the in vitro stability of H2A.1/H2B and H2A.2/H2B dimer with
purified recombinant histones. Equilibrium unfolding of reconstituted full length H2A/H2B
dimers, which was previously described [16], was conducted to conduct the stability analysis
of H2A.1/H2B and H2A.2/H2B dimers. The temperature of melting (Tm) for H2A.1/H2B
dimer was determined to be 50.04°C whereas that of H2A.2/H2B dimer was found to be
higher by ~3°C at 53.31°C, suggesting the former is less stable. The CD and fluorescence
data plotted in response to increasing chemical denaturant corroborated these observations
the [urea]y. for H2A.1/H2B obtained lower than H2A.2/H2B. Further, studies with the
mutants suggest that the alteration of the 51% residue had the biggest impact on the stability of
the dimers. Mutating 51 residue of H2A.1 into Met increased the Tm from 50.04°C to
52.3°C and that of H2A.2 (H2A.1 16" + 99™) into Leu decreased the stability by 2.1°C.

4.7.  Histone H2A.1 isoform containing-nucleosomes are more stable

To understand the importance of alteration in dimer stability in context of chromatin, we
carried out FRAP assay. The percentage recovery of H2A.1 after 1hour was markedly less
(44.14%) compared to H2A.2 (64.7%) in the FRAP assay, suggesting that H2A.1 is less
dynamic than H2A.2 isoform. Further, we found the R99K substitution, which is involved in
the interaction with H4 tails in the NCP, independently brought about the most drastic
increase (20%) in the dynamics of H2A.1 followed by L51M (12%). Mutating both the 51
and 99" residue together, of H2A.1 into the corresponding residues of H2A.2 led to almost
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similar dynamics as observed for H2A.2. Molecular Dynamic Simulation corroborated the in
vitro experiments as the RMSD of H2A.1 containing nucleosomes was found to be lower
than H2A.2 containing ones. Further, Arg99 of H2A.1 could form more number of hydrogen
bonds.

4.8. Incorporation of H2A.1 isoform does not impart structural alterations to
chromatin

To see whether there is any global change in nucleosome spacing or chromatin accessibility,
the chromatin of CL44 and CL38 cell lines was subjected to MNase digestion. No structural
alterations were discernible on carrying out the assay. Similarly, the digestion profile was
virtually identical for chromatin isolated from H2A.1/H2A.2 overexpressing CL38 cell lines.
Further, on overlapping mononucleosomal DNA from the simulated structures, again, no
differences were observed. Taken together, the chromatin structure and accessibility does not
alter significantly on incorporation of H2A.1 and H2A.2 isoforms.

5. Discussion

We for the first time elucidate that even the homomorphous sequence divergent forms of
histones can alter nucleosome dynamics. We found the L51M alteration to have the most
significant impact on H2A/H2B dimer stability. The difference observed between
H2A.1/H2B and H2A.2/H2B dimer stability is subtle compared to the change brought about
by histone variants like H2A.Z [16]. Possibly, the abundance of H2A isoforms in the genome,
as opposed to variants, makes this difference significant to induce alteration in epigenetic
regulation. Further, we found that H2A.1 isoform gives rise to more stable nucleosomes
although the H2A.1/H2B dimers were less stable. This is consistent thermodynamically as a
less stable dimer would favour a more stable nucleosome. Similar to our observations, for
H2A.Z variant it was reported that H2A.Z/H2B dimer was unstable as compared to the

canonical H2A/H2B [16], however, the nucleosome was found to be more stable [17]. A
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more stable nucleosome is expected to cause hindrance to chromatin-mediated processes like
transcription, replication and repair.

We also found a decrease in transcription repressive mark H2Aubl119 in cancer. The
deubiquitinase Usp21 is profoundly upregulated in HCC. However, role of other
ubiquitinases and deubiquitinases cannot be ignored. We also observed a decrease in H4ac
and increase in H3S10p. Our data thus suggests for the first time an inverse correlation
between the global levels of cellular transformation mark H3S10p and H2Aub in vivo.

One very important aspect that collectively emerges from our study and the earlier reports is
that the functional effects exhibited by H2A isoforms might be context dependent, both in
terms of extent and the effect itself. For example, the pro-proliferative effect conferred by
H2A.1 was not observed in the pre-neoplastic CL44 cells. Notably, human H2A1C isoform,
which was initially reported to be downregulated in CLL, was shown to exhibit anti-
proliferative effects [7]. However, in a later study with higher number of samples H2A1C
levels were found to be higher in CLL patients compared to samples from healthy individuals
[9]. Further, the high expression of H2A.1 seen in brain, which are terminally differentiated,
suggests that the actual functional effect of H2A.1 may be context dependent. Consistent with
this, high expression of H2A1C has been seen in chemo-resistance in pancreatic cancer cell
lines [18], which is again a different context.

In summary, we here show that NDEA administration leads to stable transformation of liver
to HCC. At the molecular level, there is a marked decrease in the level of H2Aub in HCC
with an inverse correlationship with H3S10p and H4ac. Further, there is a concomitant
decrease in the expression of H2A.1 isoform. We demonstrated that H2A.1-containing
nucleosomes are more stable owing to M51L and K99R substitutions that have the most
prominent effect on cell proliferation, suggesting, that the nucleosome stability is intimately
linked with the physiological effects observed. Possibly, the increased nucleosome stability
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resulting from H2A.1 incorporation, contributes to the contextual alteration in global gene

expression pattern, which collectively promotes the attainment of different physiological

states. This possibility of the non-redundant function, when extended to the plethora of the
histone isoforms encoded by multiple genes (H2A, 16 genes; H2B, 22 genes; H3, 14 genes;

H4, 14 genes; and H1, 6 genes), truly increases the complexity of the epigenome by many

folds.
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I. INTRODUCTION

Chapter 1

An overview of epigenetics and review of literature
on histones, their post-translational modifications,
variants and isoforms
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1.1. Overview

Histones are highly basic proteins involved in packaging the chromatin efficiently. This is
achieved by formation of nucleosomes that are the basic repeating units of the chromatin and
consists of a protein component, comprised of an octameric core of histones and a nucleic acid
component, which is ~147bp of DNA'. Although, the histone genes are highly conserved,
sequence divergence is observed within the genes present in these clusters. These genes,
although code for the same core histone, have minor variations in their primary sequence and

. . . 2
are sometimes, referred to as histone isoforms”.

The histone isoforms have been reported to be differentially expressed in various patho-

physiological states™*”

. The distinct functional effects of replication-dependent histone H2A
isoforms have been demonstrated, however, the mechanistic basis of the non-redundancy
remains unclear. The work done in this dissertation investigated the specific functional
contribution of H2A.1 isoform, which differs from the more prevalent isoform, H2A.2 in
identity of only three amino acids. The work shows that H2A.1 exhibits drastically altered
expression pattern in different normal tissues and human cancer cell lines (H2A1C in humans)
and promotes cell proliferation in a context dependent manner. Further, the work done
elucidates that the M51L alteration at the H2A-H2B dimer interface decreases the temperature
of melting of H2A.1-H2B as compared to H2A.2-H2B dimer. This difference in dimer stability
is also reflected in chromatin dynamics as H2A.l containing nucleosomes are more stable
owing to M51L and K99R substitutions. Interestingly, the same two substitutions were found
to have the most prominent effect on cell proliferation, suggesting, that the nucleosome stability
is intimately linked with the physiological effects observed. Another interesting observation

that emerged from the studies is the marked decrease in H2Aub119 in the hepatocellular

carcinoma model system. Though the H2Aub119 occurs on both H2A.1 and H2A.2 isoforms,
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considering that this modification shows an inverse correlation with cell proliferation and
H2A.1 expression (which promotes proliferation), the role of this modification will be
interesting to investigate in future. The work done in the dissertation not only demonstrates the
non-redundant functions of H2A isoforms but also shows that even the highly similar H2A
isoforms can modulate chromatin dynamics. In addition, on attempting expression of histone
in bacterial host for carrying out in vifro experiments, it was observed that some histone
proteins do not express in bacteria. For obtaining expression of the desired histones, the effect
of multiple parameters affecting heterologous expression was investigated. To arrive at a more
generalized and unbiased conclusion, few non-histone proteins were also included in the study.
This part of the thesis demonstrates that possibly degradation by the host proteases of unstable
recombinant proteins results in the lack of recombinant protein accumulation in bacterial host.

Further, a simple protocol to purify and reconstitute histone oligomeric complexes is described.

1.2. Epigenetics

Epigenetics is the study of the change in gene expression pattern which does not involve change
in the nucleotide sequence of DNA. The term ‘epi’ means above. Therefore, the literal meaning
of ‘epigenetics’ is ‘above genetics’. The term epigenetics was coined by C.H. Waddington in
1942 and was derived from the Greek word “epigenesis” which originally described the

. . 6
influence of genetic processes on development’.

Importance of epigenetics was realized when the study of gene regulatory mechanisms
elucidated that not only the inherent nucleotide sequence governs the transcription of genes,
but the chemical modification of nucleotides comprising the DNA molecule, like methylation
of cytosine residues, are very important. The covalent addition of the methyl group at the 5-

carbon of the cytosine ring results in formation of 5-methylcytosine (5-mC). In human DNA,

35 | 224



Thesis| Saikat Bhattacharya

5-methylcytosine, which is brought about by the enzymes DNA methyltransferases (DNMT’s),
is found in approximately 1.5% of genomic DNA’. In somatic cells, 5-mC occurs in the context
of paired symmetrical methylation of a CpG site, in which a cytosine nucleotide is located next
to a guanidine nucleotide. However, in embryonic stem (ES) cells a substantial amount of 5-

mC is also observed in non-CpG contexts®. DNA methylation, that occurs on the stretch of

O
\‘. Hi i
S istone methylation

[
-—

Histone acetylation

DNA

DNA methylation

IOV

Figure 1.1. Epigenetic Regulators. Covalent modifications of DNA (e.g. cytosine methylation) or of histone
proteins (e.g. lysine acetylation, lysine and arginine methylation, serine and threonine phosphorylation, and
lysine ubiquitination) play central roles in epigenetic regulation.

Adapted from:
https://www.horizondiscovery.com/cell-lines/all-products/explore-by-your-research-area/epigenetics

CpG dinucleotides, referred to as CpG islands, on the promoter of certain genes, mediates
silencing of genes’. It is one of the most broadly studied and well-characterized epigenetic
modification dating back to studies done by Griffith and Mahler in 1969 which suggested that
DNA methylation may be important in long term memory function'’. DNA methylation was
soon studied in context of disease as well and it was unraveled that in many cancers global
hypo-methylation and the hyper-methylation of tumor suppressor genes occurs''. In fact,

cancer was the first human disease to be linked to epigenetics. Studies performed by Feinberg

Page 36| 224



Thesis| Saikat Bhattacharya

and Vogelstein in 1983, using primary human tumor tissues, uncovered that genes of colorectal
cancer cells were substantially hypomethylated compared with normal tissues'>. These
observations, along with the increasing realization that besides the genome of an individual,
environment has an important role in governing phenotype, brought the field of epigenetics

into limelight.

For many decades DNA methylation was the focus of investigators to uncover the epigenetic
regulatory mechanisms used by cells. However, it was suspected that the condensation of DNA
by histones may result in repression of processes such as DNA replication, transcription and
repair by limiting access of the underlying DNA sequence to the cellular apparatus. This idea
was proved correct by in vitro experiments demonstrating that transcription was inhibited with
nucleosomal DNA templates but not naked DNA. This, along with the identification of various
post translational modifications (PTMs) that histones undergo, ignited the investigation of
histones as influential players in contributing to epigenetic regulation of chromatin mediated
processes. Continued research has advanced our knowledge of the role of DNA methylation
and histone PTMs in governing cellular phenotypes in different contexts [Figure 1.1].
Additionally, it also has led to the identification of new epigenetic regulators like the sequence

divergent form of the canonical histones, referred to as histone variants and also microRNAs.

1.3. Chromatin

The DNA of eukaryotic cells is tightly bound to small basic proteins histones that package the
DNA in an orderly fashion in the nucleus [Figure 1.2]. The complex between eukaryotic DNA
and proteins is known as chromatin, which typically contains about twice as much protein as
DNA. Chromatin, in addition to histones and DNA, contains an approximately equal mass of

a variety of non-histone proteins like High Mobility Group (HMG) proteins. There are more
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Figure 1.2. Hierarchical organisation of DNA inside nucleus. Chromosomal DNA that is more than 6 feet in
length is packaged inside a nucleus which is only a few microns in diameter. This is brought about with the
aid of highly basic proteins called histones. With the aid of histones, the naked DNA is organized in form of
nucleosome which is the fundamental repeating unit of the chromatin. Nucleosomes further fold up to form
a 30-nanometer chromatin fibre, which forms loops averaging 300 nanometres in length. The 300 nm fibres
are compressed and folded to produce a 250 nm-wide fibre, which is tightly coiled into the chromatid of a
chromosome.

Adapted from: Pierce, Benjamin. Genetics: A Conceptual Approach, 2nd ed.

than a thousand different types of proteins, which are involved in a range of activities involving

. . 1
chromatin mediated processes'.

Partial digestion of chromatin with the enzyme micrococcal nuclease was found to yield DNA

fragments approximately 200 base pairs long in contrast to a continuous smear obtained with
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naked DNA. Further, electron microscopy revealed that chromatin fibers have a “beads-on-a-
string” appearance, with the beads spaced at intervals of approximately 200 base pairs. Both
these observations led Roger Kornberg to propose the nucleosomal model of chromatin'®. The
formation of nucleosomes yields a chromatin fiber approximately 10nm in diameter that is
composed of “chromatosomes” separated by linker DNA segments averaging about 80 base
pairs in length. The chromatin can then be further condensed by coiling into 30-nm fibers'”,
the structure of which still remains to be determined. Two models have been proposed for the
structure of the 30nm chromatin fiber- the solenoid model and the zigzag model, although, the

recent findings favors the existence of zigzag model'®"”.
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G
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S~ Pre-RC
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-Chromatin condensation M G1
-Nuclear envelope and pore dissociation -Permissive for differentiation genes
-Ejection of transcription factors and chromatin binding -pre-RC assembly
proteins

-Disruption of Lamina-associated domains
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-Early S phase: early origins fire, histone synthesis
-Late S phase: late origins fire, histone synthesis
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-Histone biogenesis inhibited
-Nucleosomes mature

Figure 1.3. Changes in chromatin during different phases of the cell cycle. Cells in G1 phase exhibit
subnuclear domains with some regions associated with nuclear pore complexes (NPCs) and nuclear lamina.
Pre-RCs (Pre- Replication Complexes) preferentially form at accessible chromatin. During S-phase histones
are transcribed and synthesized, DNA is replicated and new (light green) and recycled (dark green)
nucleosomes assemble to form nascent chromatin. PTM writers and readers also associate with nascent
chromatin. During G2 phase, nucleosomes mature and histone biogenesis is inhibited. During mitosis,
chromosomes condense and many transcription factors and chromatin binding proteins are ejected from
the chromatin. The nuclear envelope breaks down disrupting nuclear lamina associated domains.

Adapted from: Ma, Yiqgin, Kiriaki Kanakousaki, and Laura Buttitta. "How the cell cycle impacts chromatin
architecture and influences cell fate." Frontiers in aenetics 6 (2015). Illustration by Nicole Ethen.

The extent of global chromatin condensation varies during the life cycle of a cell [Figure 1.3].
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In interphase cells, most of the chromatin is relatively decondensed (called euchromatin) and
distributed throughout the nucleus'®. This is consistent with the fact that during this period of
the cell cycle, genes are transcribed and the DNA is replicated in preparation for cell division.
Most of the euchromatin in interphase nuclei appears to be in the form of 30-nm fibers,
organized into large loops containing approximately 50 to 100 kb of DNA. About 10% of
interphase chromatin is in a very highly condensed state (called heterochromatin) that is
transcriptionally inactive and contains highly repeated DNA sequences' . During the G2/M
phase of the cell cycle the chromatin condenses in the form of metaphase chromosomes to

facilitate their proper distribution to daughter cells.

1.4. Histones

The major protein component of chromatin are the histones- small proteins containing a high
proportion of basic amino acids, arginine and lysine. The basic residues impart a positive
charge to the histone molecules that facilitate their binding to the negatively charged DNA.
There are four major types of core histones—H2A, H2B, H3, and H4—and the linker histone
H1. During the formation of nucleosome [Figure 1.4], H2A and H2B together form a hetero-
dimer. One molecule each of H3 and H4 first forms a dimer. Two such dimers then form
tetramers with their tetramerisation domains'. One H3-H4 tetramer is deposited onto the naked
DNA by the highly specialized class of proteins known as histone chaperones>’. This leads to
the bending of DNA around the partial left-handed super-helical ramp formed by the H3-H4
tetramer. This process is known as nucleosomal positioning and it marks the site where the
formation of nucleosome has to take place®'. Subsequently, two molecules of H2A-H2B dimers
are deposited onto the tetramer to complete the octameric core around which approximately

147bp of DNA is wrapped in 1.65 left-handed super-helical turn to complete the nucleosome.
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The linker histone H1 binds to the nucleosome at the entry and exit sites of the DNA, thus

locking the DNA into place and allowing the formation of higher order structure.

Chromatin assembly

H2A-H2B H2A-H2B

" Tiistons
chapero

Nucleosome

H2A-H2B H2A-H2B

Chromatin disassembly

TiBS

Figure 1.4. Assembly and disassembly of nucleosome. Stepwise assembly and disassembly of nucleosomes
mediated by histone chaperones. DNA is wrapped around two H3-H4 dimers and two H2A-H2B dimers to
form the nucleosome core particle. The stepwise assembly, along with the different possible intermediates
including the tetrasome and hexasome, are represented here. Histone chaperones mediate each step of the
assembly/disassembly process. Histone H2A is depicted in yellow, H2B in red, H3 in blue, and H4 in green.
Adapted from:

Das, C., Tyler, J. K., & Churchill, M. E. A. (2016). The histone shuffle: histone chaperones in an energetic dance.
Trends in Biochemical Sciences, 35(9), 476—489. http://doi.org/10.1016/j.tibs.2010.04.001

Consistent with their role in DNA packaging, the synthesis of histones is concomitant with that
of DNA synthesis. In accordance with this, there is a marked up-regulation in synthesis of
histones when the cells enter the S-phase of cell cycle®”. Further, for quick synthesis of large
amount of histones that are needed to package the newly synthesized DNA, the histone genes

are iterated and are present in clusters in the genome™.

The histones have been generally conserved in evolution®*. H2A and H2B are not nearly as
conservative in sequence as H3 and H4, and H1 is quite a variable molecule as compared to

many other proteins®. The evolutionary changes are unevenly distributed within the sequence
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of each histone. In H2A, H2B and HI1, the “core” is highly conserved, however, lysine-
arginine-rich terminal domains show the evolutionary divergence. Histone H3 and H4
divergence show a much more uniform distribution of amino acid substitutions>. Further, wide

variations in N and C domains are seen in H2A and H2B. High conservation of these regions

in H3 and H4 suggests that they have a much more defined role in these proteins.

Histone Type Molecular Weight Number of Amino Acids Content of Basic Amino Acids
H1 17000 - 28000 200 - 265 27% Lys, 2% Arg
H2A 13900 129 - 155 11% Lys, 9% Arg
H2B 13800 121 - 148 16% Lys, 6% Arg
H3 15300 135 10% Lys, 15% Arg
H4 11300 102 11% Lys, 4% Arg
Table 1.1. Composition of histones. Approximate molecular weight, number of residues and content of
basic amino acids of the linker histone H1 and the core histones H2A, H2B, H3 and H4.

As previously discussed, all histones contain relatively large amounts of lysine and arginine
[Table 1.1]. The lysine/arginine ratio varies considerably, from about 20 in the “lysine-rich”
histones such as H1 to less than 1 in the “arginine-rich” H3 and H4>. The positive charge is
distributed quite unevenly in the histone sequences™. The N-terminal region contains a high
concentration of basic residues. Histone H1 has a very long positively charged C-terminal

domain in addition to a lysine-rich N-terminal region®.

1.5. Structure of Nucleosome and its Subcomplexes

1.5.1. Electron Microscope Structure of Nucleosome

The octameric histone core of the nucleosome can exist as an intact entity even in the absence
of DNA or cross-linking agents at high ionic strengths®®. This allowed the crystallization of
histone complex. The crystal structure of the histone octamer at 3.1-A° resolution was a
landmark in the field of chromatin structure as it revealed for the first time the tertiary structure
of all the core histones. This elucidated that the four core histones share a common structural

motif, termed the histone fold”’. Each core histone has a structural motif of an N-terminal tail,
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three a-helices connected by two loops (a1-L1-a2-L2-a3), and a C-terminal tail*®. The histone
fold consists of a long central helix flanked on either side by a loop and a short helix. The fold
has an approximate two-fold axis of symmetry. The central helices of H2A and H4 appear to
be slightly bent'. Apart from the central histone-fold region, histones H2A and H3 contain
additional helices at the N- terminus, whereas histone H2B contains an additional helix at the
C-terminus. The N-terminal tails of histones are not visible in the octamer structure, suggesting

that they are disordered in the absence of DNA.

1.5.2. Dimer and Tetramer of Histones

Each of the core histones exists as part of a dimer, in which the two monomers are closely

associated in a head-to-tail manner”’ . The basis for the formation of dimer and tetramer is burial

TR,

b

"(-bridgel
/

\ “B-bridge"

Figure 1.5. Structure of histone dimer and tetramer. The dimer (left) has a twofold axis of symmetry. The
strand from the N-terminal HSH motif of one member pairs with the C-terminal strand of its partner to form
a B-bridge, and the ends of the N-terminal helices are also close together to form another paired element.
Tetramerisation (right) occurs via interactions between the C-terminal halves of two H3. A schematic path
of the DNA illustrates how the repeated paired elements of B-bridges and N-terminal ends form a
superhelical ramp that interacts with minor grooves of the DNA.

Adapted from: Ramakrishnan, V. (1997) Histone structure and the organization of the nucleosome. Annu.
Rev. Biophys. Biomol. Struct., 26, 83—-112.

of the hydrophobic residues from the solvent which increases stability. The histone-fold portion
of each interaction span the entire length of the histone-fold regions of each monomer. The

long central helices associate in an antiparallel manner [Figure 1.5]. The strand in the HSH
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motif in the N-terminal half of a monomer pairs with the strand in the HSH motif of the C-
terminal half of its partner to form a short two-stranded B-sheet or p-bridge™. A similar sheet
is found at the other end in the symmetric position. The solvent-exposed surfaces of these
sheets consist of conserved basic residues that are likely to be involved in binding DNA*’. The
(H3-H4) dimer further associates to form a tetramer. In the case of the (H3-H4), tetramer, the
interaction is between the C- terminal HSH motif of H3 [Figure 1.5]. Unlike the case of the
(H3-H4) heterodimers, the (H2A-H2B) heterodimer does not show a marked tendency to
associate further into a tetramer”®. Although some of the residues involved in tetramerisation
are also found in H2A and H2B, presumably, not enough of the interactions that are found in

the H3-H4 tetramer interface can be formed by either H2A or H2B to form a stable tetramer™.

1.5.3. Octamer of Histones and Nucleosome

An H2A-H2B dimer associates on each side of the H3-H4 tetramer to form the histone octamer.

This association occurs primarily via an interaction between the C-terminal halves of H2B and

Figure 1.6. The nucleosome. One turn (73bp) of the DNA superhelix is depicted, and the view is down the
superhelix axis. The core histones are indicated by different colours, and helical regions in the proteins are
represented by cylinders. The center of the nucleosome (the dyad position) is indicated by 0 above the DNA
superhelix, and it terminates at site 7. Points of protein-DNA contacts are indicated by white hooks.
Adapted from: http://www.nature.com/nature/journal/v389/n6648/full/389231a0.html
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H4. The binding of H2A-H2B dimers to opposite sides of the tetramer results in a tripartite
structure for the octamer [Figure 1.6]. The association of H2A-H2B to the H3-H4 tetramer is
weaker than the association of the two halves of the tetramer, however, the interface between
each H2A-H2B dimer and the H3-H4 tetramer is larger than that between the two halves of the
tetramer” . Electron microscopy had also detected the presence of a left-handed superhelical
ramp on the surface of the octamer’’, which presumably is the path of interaction with DNA.
The nucleosome core has a dyad symmetry axis that passes between the two superhelical turns

of DNA wound around the octamer of core histones'
1.5.4. H1: The Linker Histone

The linker histone H1 binds to the nucleosome and promotes the organization of nucleosomes
into a higher-order structure®® [Figure 1.7]. The linker histones, which do not contain the
histone fold motif, are critical to the higher-order compaction of chromatin, because they bind
to internucleosomal DNA and facilitate interactions between individual nucleosomes. Nearly
all members of the linker histone family consist of a globular domain that is flanked by N- and
C-terminal tails that are relatively unstructured in the free histones in solution®”. The tails are
highly basic, and in particular, over half the residues in the C-terminal tail consist of lysines
and arginines®’. The globular domain of H1 is the nucleosome-binding domain, whereas the C-

terminal tail binds to the linker DNA between nucleosomes.

Figure 1.7. Role of linker histone. Histone H1,
also known as linker histone, has a globular
domain and a large C-terminal tail. H1 seals off
/ / the nucleosome by sitting at the entry and exit

= >
“ site of DNA on the nucleosome. The long C-
—~— 10 nm chromatin fiber| terminal tail of H1 is thought to mediate
H1 ) ) interactions between neighbouring
Higher ions nucleosomes and helps to bring them closer for

compaction of chromatin.

) 30 nm chromatin fiber | Adapted from:
» 4 http://biologyforhighschool.net/?p=431

f‘
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1.6. Histone Post-Translational Modifications

Histones are modified extensively by posttranslational modifications that alter chromatin
structure and serve to recruit protein complexes from DNA™. Histone tails provide sites for a
variety of posttranslational modifications, like acetylation, phosphorylation, methylation,
ADP-ribosylation and ubiquitination [Figure 1.8]. The modifications play a variety of
important role in epigenetic processes bringing about regulation of transcription, mitosis, DNA

repair etc.
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Figure 1.8. Histone post-translational modifications. Schematic drawing of a nucleosome with the four
canonical histones (H2A, H2B, H3 and H4) and the linker histone H1. The covalent PTMs [methylation (Me),
acetylation (Ac), ubiquitination (Ub), and phosphorylation (Ph)] are highlighted on the N- and C-terminal
tails of each histone. The modifications which occur in the core body of histones like H3K56Ac are not
depicted in the drawing.

Adapted from: https.//www.scienceopen.com/document/vid?id=e595120a-1921-4dfc-96c0-27361577f165

1.6.1. Histone Acetylation

Histone acetylation is a reversible modification that occurs on the g-amino groups of lysine
residues generally at the N-terminal tails of core histones. These reactions are typically

catalyzed by enzymes with "histone acetyltransferase" (HAT) or "histone deacetylase"
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(HDAC) activity”* [Figure 1.9]. Acetylation removes the positive charge on the histones,
thereby decreasing the interaction of the N termini of histones with the negatively charged
sugar phosphate backbone of the DNA. This leads to opening up of chromatin and favors
transcription of genes. This can be reversed by HDAC activity. Histone acetylation has been
linked to cancer and certain types of HDAC inhibitors are already being used to treat certain

forms of cancer’

Figure 1.9. Histone acetylation. Shown in this
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1.6.2. Histone Methylation

Histone methylation is a process by which methyl groups are transferred to lysine or arginine
residues of histone proteins®®. Methylation of histones can either increase or decrease
transcription of genes, depending on which amino acids in the histones are methylated, and
how many methyl groups are attached. For example, trimethylation of histone H3 at lysine 4
(H3K4me3) is an active mark for transcription’’ whereas, trimethylation of histone H3 at lysine

9 (H3K9me3) is a signal for transcriptional silencing’*[Figure 1.10].

Histone methyltransferases (HMT) catalyze the transfer of one, two, or three methyl groups to
lysine and arginine residues of histone proteins. Two major types of histone methyltransferases

exist, lysine-specific (which can be SET (Su(var)3-9, Enhancer of Zeste, Trithorax) domain
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39,40

containing or non-SET domain containing) and arginine-specific”"". In both types of histone

methyltransferases, S-Adenosyl methionine (SAM) serves as a cofactor and methyl donor

gI‘Ollp36.
Figure 1.10. Histone methylation. The
A A TP methylation of histone lysines is reversible and
®® = regulates gene expression. (a) Methylation of
K4 QLT K4 H3K4 is often associated with active genes, and
SN repression S conversely, its demethylation accompanies
\\ = =D \\ gene repression. (b) In contrast, methylation of
ACTIVE activation INACTIVE H3K9 is often associated with silenced genes,
hence removal of H3K9 methyl marks coincides
B with gene activation.
Adapted from:
demefhygse Wysocka J, Milne TA, Allis CD. Taking LSD1 to a
W _Q new high. Cell. 2005;122(5):654—658.
2 Kg activation \Kg
v repression
INACTIVE ACTIVE

1.6.3. Histone Phosphorylation

Histone phosphorylation can occur on serine, threonine and tyrosine residues [Figure 1.11]. A
number of proteins containing phospho-binding modules such as 14-3-3 and BRCT domains
that can recognize phosphorylated histones have been identified and characterized as
downstream effectors*'”>. A wide array of kinases (like Aurora B, MSK1, ATM etc.) and
phosphatases (like DUSP1, PP1 etc.) participate in modulating the levels of phosphorylation
mark on histones in different cell cycle stages and contexts*”. Characterization of the biological

functions of the histone phosphorylation marks is an area of intensive investigation.

One well studied phosphorylation mark is the phosphorylation of H2A variant H2AX. This
modification demarcates large chromatin domains around the site of DNA breakage is one the
earliest events in the DNA damage response pathway™. This modification takes place on serine

139 in mammals and serine 129 in yeasts of the variant histone H2AX, and is commonly
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referred to as YH2AX. Protein kinases ATM and ATR in mammals carry out this
phosphorylation**. This wide distribution of yH2AX around the break is thought to create a
specific signaling platform for recruitment and/or retention of DNA damage repair and

signaling factors™.

H2B
1 19 20— 31 36 40 56 7— 64
NH, 00009000900000 e 9009005000 0000 i
108-97 65-77
COOH COOOCOOOC0000 00 0000
124 109 96 78

O Tyrosine O Serine
L © Threonine  © Serine (Yeast)
Cellular stress

% O Histidine Serine (Drosophila)

\ Transcriptional and
chromatin regulatory
: pathways leading to
Phosphorylation cellular response
to stress

Figure 1.11. Histone phosphorylation. Cartoon of the human H2B histone showing all the serine, threonine,
tyrosine, and histidine residues. Residues that have been reported to be phosphorylated are shown with a
red “P.” Yeast has a serine at residue 10 (green), and Drosophila has a serine at residue 33 (yellow), both of
which are also phosphorylated. (Bottom) Schematic of the events occurring at S36.

Adapted from: Banerjee T, Chakravarti D. A peek into the complex realm of histone phosphorylation.
Molecular and cellular biology. 2011,;31(24):4858-4873.

Apart from the role of phosphorylated H2AX, phosphorylated histone residues are associated
with gene expression. For example, H3S10p and H2BS32p have been linked to the expression

. 46,47,48
of proto-oncogenes such as c-fos, c-jun and c-myc***"

. Furthermore, targeting H3S28
phosphorylation to promoters of genes such as c-fos and a-globin was shown to control their
activation®’. Phosphorylation of H3 on T11 and T6 has also been implicated in transcription

regulation in response to androgen stimulation®. Under metabolic stress, an AMP-activated

kinase phosphorylates H2BK36 to regulate transcriptional elongation [Figure 1.11].
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1.7. Histone Variants

Apart from the classical arrangement of histone genes in clusters, which give rise to the
canonical histones, there are other coding genes for histones as well, which are not present in
cluster or in multiple copies [Figure 1.12]. The histone variants are generally classified in two
ways. They are grouped as replication-dependent, if they are expressed only during the S-phase

or are categorized as replication-independent, if they are expressed throughout the cell cycle.

Figure 1.12. Histone genes in humans. The
ideogram depicts the location of the histone
genes in human chromosomes. The clusters
indicated in red box shows the location of
replication-dependent canonical histone genes.
e The two major clusters are present on
:m" chromosome 1 and 6, with the one on

chromosome 6 being the largest one. The genes
indicated with red arrows marks the gene for
replication-independent histone variants like
H3.3, H2A.Z, H2A.X etc. Unlike the genes for
canonical histones, genes for variants are not
present in multiple copies.

22q13.4
]

o

~

)

o(HININE BN NE

For example, the histone variants H2A.Z and H3.3 are replication-independent histone variants.
In addition, there are variants like H2A.X which exhibit both replication-dependent as well as
independent expression. Another way of classifying histones is on the basis of sequence
heterogeneity. In this way of categorization, histones are classified as homomorphous, if the
sequence divergence is of few amino acids. For example, the histone variant H3.3 is a
homomorphous variant differing from the canonical histone H3.1 in only 5 amino acids. If the
sequence divergence is more, then the variant is categorized as heteromorphous, for example,
the variant H2A.Z falls into this category as it has an extended C-terminal tail. Thus, two

variants may fall under the same or different categories based on the mode of classification.
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H3 | HED ] Canonical core histone
[ ¢ |
H3.3 | HFED o )¢ Transcriptional activation
? al
CENPA { ] HFD Kinetochore assembly
2 _
H2A L i LED d ) Canonical core histone
1 :J.‘,‘
_ i _
H2AX i HED d DNA repair and recombination,
major core histone in yeast
H2AZ i HED Gene expression,
chromosome segregation
macroH2A \ i HED 4 ) X chromosome inactivation,
transcriptional repression
H2ABBD i EED ) Transcriptional activation?
1 20
? =
H4 HED l ] Canonical core histone
14
g
H2B Giel) d Canonical core histone

Figure 1.13. Histone variants and their functions. The major core histones contain a conserved histone-fold
domain (HFD). In addition, they harbour sites for various post-translational modifications. Only well-
established sites for lysine methylation (red flags) and serine phosphorylation (green circles) are shown. In
the histone H3.3 variant, the residues that differ from the major histone H3 (also known as H3.1) are
highlighted in yellow. This N-terminal residue (Ser31) is a site for phosphorylation on H3.3. The centromeric
histone CENPA has a unique N terminus, which does not resemble other core histones. Two sites of
phosphorylation have been identified in this region, of which Ser7 phosphorylation has been shown to be
essential for completion of cytokinesis. The region in the globular domain that is required for targeting
CENPA to the centromere is highlighted in light blue. Histone H2A variants differ significantly from the major
core H2A in their C terminus. The C terminus of H2AX harbours a conserved serine residue (Ser139), the
phosphorylation of which is an early event in response to DNA double-strand breaks. A short region in the
C terminus of H2AZ is essential for viability in Drosophila melanogaster. MacroH2A has an extended C-
terminal macro domain, the function of which is unknown. Finally, the H2ABBD is the smallest of the H2A
variants and contains a distinct N terminus, which lacks all of the conserved modification sites that are
present in H2A. The C terminus is also truncated and lacks the docking domain that is found in other H2A
species. The histones H4 and H2B are also shown, including their known methylation and phosphorylation
sites. The proposed functions of the variants are listed. Adapted from: Sarma, K., Reinberg, D., 2005. Histone
variants meet their match. Nat Rev Mol Cell Biol 6, 139-149.

The fact that certain histone proteins are synthesized outside of S-phase, suggested to the
researchers that they might have some additional role to play in chromatin other than simply

packaging the genetic material. These histones were later discovered to carry out specific

Page 51224



Thesis| Saikat Bhattacharya

functions of the chromatin metabolism [Figure 1.13]. Not only do the histone variants perform
specialized functions but their localization and recruitment onto the chromatin is very

specifically regulated by specialized proteins called histone chaperones [Figure 1.14].

Pericentromeric

Active gene Inactive gene heterochromatin
| |
H3.3 macroH2A H3.3 H2A.Z
lea/ﬁ [ Hira Hira ATRX/Da% Swr1/INO80O
A\ A\ _"“ /\¥
[ _
ATRX/DaxxJ KS;Nr1/IN080/Chz1 KslvM/INOSO/Chm (‘ ‘> HJURP/Scm3
H3.3 H2A.Z H2A.Z cenH3
| NO—
Telomere Centromere

Figure 1.14. Genomic locations at which histone variants are enriched. Some histone variants are
preferentially deposited at certain regions of the genome, including telomeres, centromeres and
pericentromeric heterochromatin, and at both active and inactive genes; deposition at gene enhancers
(asterisks) is also observed. The histone chaperones and chromatin remodelers that are known to be
involved in this deposition are indicated. Question marks indicate unknown deposition pathways. This is an
overview of multiple species. Adapted from: Skene, P.J., Henikoff, S., 2013. Histone variants in pluripotency
and disease. Development 140, 2513-24. doi:10.1242/dev.091439

Some prominent histone variants are discussed below.

1.7.1. H3.3

H3.3 (136 amino acids) has only four amino acid differences with H3.2 (at positions 31, 87, 89
and 90) and five with H3.1 (with an additional difference at amino acid 96). These residues
have been proposed to account for particular properties of histone H3.3. The residues 87, 89
and 90 are thought to participate in the regulation of histone-histone interaction stability”'. In
support of this, H3.3 containing nucleosomes are highly sensitive to salt-dependent

disruption™

Apart from the fact that serine 31, which is specifically found in H3.3, can be phosphorylated™,

H3.3 relate to the increased proportion of PTMs associated with active chromatin such as
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acetylation and H3K4 methylation®*>*®, Consistent with this, chromatin immunoprecipitation
has revealed specific enrichment of H3.3 throughout the gene body of transcribed genes as well

as at the promoter regions57’58

. Notably, H3.3 enrichment at promoters has been observed not
only at active but also at inactive genes, possibly accounting for a poised state of these genes™ .
As might be expected H3.3 has different set of proteins which deposit it in different chromatin
territories. The H3.3 chaperone HIRA is responsible for the deposition of H3.3 at active
chromatin regions’*®" whereas the DAXX/ATRX complex deposits H3.3 at pericentric

. . . 62,63
heterochromatin and telomeric regions™ .

1.7.2. H2A.Z

H2A.Z is essential for early embryonic development and is the only histone variant that has

164

been shown to be indispensable for survival™. It’s a 128 amino acid containing protein and its

homology with canonical H2A is less than 60%, however, it is highly conserved from yeast to

65,66
human™

. H2A.Z has been implicated to participate in many diverse biological processes such
as transcription regulation®”, DNA repair®, heterochromatin formation® and chromosome
segregation’’. H2A.Z preferentially localizes at the transcription start site (TSS) where it
frequently flanks nucleosome-deficient regions’">®’. Notably, the TSS of an active gene
comprises a labile histone H3.3-H2A.Z double-variant nucleosome” which could only be
purified under conditions of very low ionic strength. These double-variant nucleosomes also
marks CTCF insulator binding factor sites’”. The presence of H2A.Z at the —1 and +1
nucleosomes adjacent to the transcription start site (TSS) has been linked to dynamic changes

775 H2A.Z protects euchromatin from the ectopic spread of silent

in gene expression
heterochromatin’®. In H2A.Z™" cells, Sir2 and Sir3 spread into flanking euchromatic regions,

producing changes in histone H4 acetylation and H3 4-methylation indicative of ectopic

heterochromatin formation.
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1.7.3. macroH2A

Histone variant macroH2A are characterized by their large size (368 amino acids), which is
three times that of canonical histone H2A"’. There are two macroH2A genes in the mouse’”’,
termed macroH2A.1 and macroH2A.2”. MacroH2A is unique among variants in that it
possesses multiple domains, including the histone domain, a 38 residue linker sequence, and a
large “macro-domain”. MacroH2A incorporate into chromatin via their histone H2A- like
region. This is attached via a linker region to the macro domain that projects out of the
nucleosome®. MacroH2A is generally associated with heterochromatin and transcriptional
repression®'. Consistent with this, macroH2A exists in large populations in the inactive X
chromosome of females but is scarcely found in active genes®. On its own, the histone domain
is sufficient for reducing transcriptional activity in vivo and increasing the stability of the

nucleosome complex®. MacroH2A has been demonstrated to interfere with transcription factor

binding and SWI/SNF nucleosome remodeling®.

1.7.4. H2ABBD

H2ABBD (H2A Barr Body Deficient)(115 amino acids) is a highly divergent H2A variant
(shares about 48% sequence identity with the canonical H2A) and found only in mammals™®.
This variant is excluded from the inactive X chromosome (hence the name). H2ABBD lacks
both the typical C-terminus of the H2A family and the very last sequence of the docking
domain®. Because of its unique structure, it has been proposed play important role in
transcriptional activation®. Consistent with this, it colocalizes with regions having high levels
of acetylated H4*. Role of H2ABBD in transcription activation is further supported by the fact
that H2ABBD destabilizes the nucleosome core particles (NCP) causing a more relaxed NCP
conformation®**’. H2ABBD not only confers lower stability to nucleosomes®™ but NCP

containing this variant organized only 118bp of DNAY. Consistent with its association with
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transcription activation, mouse H2ABBD homologue H2A.Lapl is localized at the
transcription start sites of active genes’’. Interestingly, the chromatin remodeling complexes
SWI/SNF and ACF are unable to mobilize the variant H2ABBD nucleosome’'. Other noted
roles of H2ZABBD include its role in splicing. Ectopically expressed human H2ABBD in HeLa
cells was deposited at intron-exon boundaries. This is functionally important as H2ZABBD

knockdown cells show splicing defects’.

1.8. Nucleosome Structure/Stability on Incorporation of Histone

Variants

One of the primary means by which histone variants carry out their specialized functions is by
modulating chromatin dynamics that occurs due to the change in the biochemical composition
of the nucleosome brought about by incorporation of the variant. Some of the well-studied

histone variants in this context are discussed below.

1.8.1. CENP-A

CENP-A consists of a highly variable N-terminal sequence (which varies inter-species in both
length and composition)”. This is followed by a histone-fold domain, which in the case of
human CENP-A, has 62% identity to the canonical H3"*. Mutagenic analysis in yeast has
demonstrated that both these domains perform essential roles”™. In vitro reconstitution
experiments with purified CENP-A were able to produce NCPs (Nucleosome Core Particles)
with DNase I footprints and AFM images almost identical to those of native NCPs”. However,
using deuterium exchange/mass spectrometry and hydrodynamic analysis, it has been shown
that CENP-A-H4 tetramers are more compact and rigid than H3-H4 tetramer’’. This difference
has been attributed to the synergistic action of the first loop (L1) and second a-helix (a-2) of

the histone-fold of CENP-A. Interestingly, the same region has been suggested to be
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responsible for targeting the CENP-A—H4 complexes to centromeres’ . In addition, this region
of CENP-A been postulated to bind to the narrow groove of DNA®. Notably, the N-terminal
tail of H3 interacts with the linker DNA and is involved in the maintenance of the higher order

structure of the chromatin fibre”'"’

. Hence, it is possible that this region of CENP-A plays a
critical role in defining the topological characteristics of centromeric chromatin. This is

supported by the fact that centromeric chromatin is more compact than pericentric or bulk

chromatin'®’,

1.8.2. H2A.Z

In vitro recombinant H2A..Z failed to form dimer with H2B'%

. Only under the presence of high
concentration of protein stabilizing osmolyte TMAO, H2A.Z-H2B dimer could be
reconstituted'*. Furthermore, by equilibrium unfolding experiments H2A.Z-H2B dimer was
found to be less stable than H2A-H2B dimer'®. These differences in dimer stability as
compared to canonical H2A-H2B dimer is also reflected in the nucleosome stability, although,
contradictory results have been reported. The crystallographic structure of H2A.Z-containing
NCPs suggested subtle destabilization of the interaction between the (H2A.Z-H2B) dimer and
the (H3-H4) tetramer'®. In agreement with this, it was shown that NCPs reconstituted with
recombinant- H2A.Z-H2B dimers were less stable at higher ionic strength as analyzed by the
analytical ultracentrifuge'®. Corroboratively, H2A.Z-containing NCPs appear to have an

105 o
. In contrast, a more recent characterization of the salt-

enhanced thermal- dependent mobility
dependent stability using FRET indicated that H2A.Z stabilizes the histone octamer within the
NCP'®. This is consistent thermodynamically with the in vitro stability data of H2A.Z-H2B
dimer'”, as an unstable dimer should favor a more stable octamer. It is worth noticing that the

splice variants of histone H2A.Z exist. Hence, it would be important to clearly specify the

isoform while reporting such studies to avoid ambiguity.
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1.8.3. macroH2A

The primary sequence of macroH2A is ~65% identical to canonical H2A. Sedimentation
analysis using sucrose gradients revealed that macroH2A stabilizes the NCP'"". The crystal
structure of an NCP containing the macro domain shows that variant incorporation causes only
minor NCP rearrangements'®. It mainly differs from H2A in two important regions: the L1
loops and the docking domain. The canonical 38NYAE41 L1 loop possesses a net negative
charge, while in contrast the macroH2A L1 38HPKY41 sequence has a net positive charge and
an increased hydrophobicity. Notably, substitutions of the L1 loops in canonical H2A with a
macroH2A sequence creates nucleosomes with in vitro stabilities and in vivo enrichments that
are nearly identical to NCPs containing the complete macroH2A histone domain'®®. Therefore,
the L1 loops appear to be very important for the functional abilities of macroH2A. Changes to
the docking domains, although increases in vivo enrichment, it has little effect on in vitro

stability'*®.

1.8.4. H2ABBD

Incorporation of H2ZABBD has a marked effect on nucleosome architecture which is reflected
in its ability to organize only 118bp of DNA®". Recombinant H2ABBD does not form stable
octamers although its equimolar mixture with H3-H4-H2B is able to form NCPs in the presence
of DNA®. The nucleosomes that are formed exhibit a relaxed conformation compared with the
native NCPs under a broad range of salt concentrations as determined by analytical
ultracentrifugation and by FRET**®, This is most likely the result of the flanking DNA being

8956 with the whole particle adopting a more open structure.

released from the NCP constraints
FRAP experiments showed that H2ZABBD exchanges more rapidly than canonical H2A in
chromatin®. In addition, the high dynamic flexibility of NCPs consisting of H2ABBD is

reflected in the ease with which the former can be assembled and disassembled by nucleosome
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assembly protein (NAP1)'”

. Notably, the assembly was more efficient when the NCPs
contained H3.3 than when the NCPs contained the canonical H3. It would be interesting to

investigate the in vivo association of H2ZABBD and H3.3.

1.9. Histone Variants in Cancer

Consistent with their role in governing gene expression and other chromatin mediated
processes, some of the histone variants have been found to be aberrantly expressed in cancer
[Table 1.2]. Emerging evidence points towards the role for histone variants in contributing to
tumor progression. This is further emphasized with the recent findings of cancer-associated
mutation in H3.3 variant gene. Some of the reports linking histone variants and cancer are

discussed below.

1.9.1. H3.3

A breakthrough finding which reemphasizes the role of histone variants in development of
cancer is the driver mutations in H3.3 identified in pediatric gliobastoma''’. Somatic mutations
in the H3.3-ATRX-DAXX chromatin remodeling pathway were identified in 44% of tumors
(21/48). Recurrent mutations in H3F3A, which encodes the replication-independent histone
variant H3.3, were observed in 31% of tumors, and led to amino acid substitutions at two
critical positions within the histone tail (K27M, G34R/G34V) involved in key regulatory post-
translational modifications''’. Mutations in ATRX and DAXX, encoding two subunits of a
chromatin remodeling complex required for H3.3 incorporation at pericentric heterochromatin
and telomeres, were identified in 31% of samples overall, and in 100% of tumors harboring a
G34R or G34V H3.3 mutation. Furthermore, the presence of H3F3/ATRX -DAXX/TPS53
mutations were strongly associated with alternative lengthening of telomeres and specific gene

. 110
expression profiles .
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Variant Cancer type Dysfunction Proposed Mechanism References
Colorectal cancer Overexpression N.D. 2
Undifferentiated

Overexpression N.D. 122
cancers
Metastatic breast
) Overexpression N.D. 123
carcinoma
ER alpha- and Myc-dependent
Primary breast cancer Overexpression i v ’ i 1w
upregulation
Breast cancer . . . 113
. Overexpression Increased proliferation
H2A.Z (MCF7 cell line)
(H2A.2.1) , H2A.Z recruited at promoters of ER 119
Breast cancer Overexpression
alpha target genes
Prostate cancer . . . 116
. Overexpression Myc-mediated H2AFZ upregulation
(LNCaP cell line)
Prostate cancer N.D H2A.Zub evicted from PSA 124
(LNCap xenograft) e promoter/enhancer upon activation
TR T HZA.Za.c assouateq .Wlth oncoge'ne 115
i N.D. activation, unmodified H2A.Z with
(LNCaP cell line) tumor-suppressor silencing
Translocations and . - 125,126
B-CLL and T-PLL ) Increased genome instability
deletions chr 11923
Head and neck
squamous cell Gene deletion Increased genome instability 127
carcinoma
H2A.X
Non-Hodgkin lymphoma Gene mutation Increased genome instability 128
Gastrointestinal stromal . Promote apoptosis upon the 129
Upregulation ) . L
tumor treatment with a kinase inhibitor
Breast cancer Gene deletion Increased genome instability 130
Reduced protein Suppression of cell proliferation via 131
Lung cancer .
levels/splicing defects reduced PARP-1
Breast cancer Reduce:d' protein N.D. 132
levels/splicing defects
Transcriptional
Melanoma P . Upregulation of CDK8 133
downregulation

mH2A.1 Testicular, bladder,

ovarian, cervical, Splicing defects N.D. 132
endometrial cancers
Reduced protein levels and
Colon cancer . ‘p. n eV N.D. 132
splicing defects
Lung Reduced protein levels N.D. 131
mH2A.2 .
Transcriptional
Melanoma 2 . Upregulation of CDK8 133
downregulation
Colorectal cancer Overexpression Aneuploidy 134
Invasive testicular germ
g Overexpression N.D. 135
cell tumors
- Deregulation of cell cycle and
CENP-A HCC Overexpression e . v 136
apoptotic genes
Breast cancer Overexpression N.D. 137
Lung adenocarcinoma Overexpression N.D. 138
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Carcinoma of the . 139
Overexpression N.D.
H3.3 esophagus
GBM Mutation (K27M, G34V/R) N.D. 140

Table 1.2. Histone variants in cancer. Cancer associated variants and the proposed mechanism. Adapted
from Angelica, M.D., Fong, Y., 2008. NIH Public Access. October 141, 520-529. doi:10.1016/j.surg.2006

1.9.2. H2A.Z

Overexpression and redistribution of H2A.Z have been reported in cancer''''*'*. H2A.Z is
upregulated in bladder cancer and stimulates cell proliferation''*. Further, H2A.Z redistribution
correlates with increased expression of proliferation related genes''*. In prostate cancer cells
there is an H2A.Z reorganization that poises the oncogene promoters for activation.
Furthermore, the overall levels of H2A.Z decrease at the transcription start sites (TSSs) of such

promoters upon activation which is accompanied by a gain of acetylated H2A.Z'"

. In this way,
in the presence of androgen H2A.Z operates as a facilitator of transcription that is subject to a

rapid dynamic turnover once the gene is undergoing cycles of transcription''®.

High expression of H2A.Z is ubiquitously detected in the progression of breast cancer' .
Importantly, H2A.Z expression is significantly associated with lymph node metastasis and
patient survival. This makes H2A.Z an excellent target for diagnostic and therapeutic
interventions. Expression of TFF1 has been used as a marker for breast cancer and ER- positive
tumors''’. Interestingly, H2A.Z is also associated with estrogen responsive element (ERE) of
the TFF1 promoter. Upon stimulation by estrogen, H2A.Z disassociates from the ERE regions
and deposits at the proximal regions of promoter leading to poising of gene for expression' .
Similarly, H2A.Z has been shown to incorporate within the promoter of the cathepsin D gene

that upregulates its expression upon estrogen stimulation' "

. Further, aberrant expression of
H2A.Z facilitates abnormal cellular proliferation through c-Myc, p21/p53, and estrogen target

genes expression. Collectively, these findings suggest that H2A.Z overexpression causes
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increased breast cancer proliferation. To restore H2A.Z function, two potential drug treatments
for cancer therapies has been suggested: targeting c-Myc transcription factor (using inhibitor

10058-F4) and the H2A.Z-remodelling enzyme, p400/Tip60 (using anacardic acid)'*’.

1.9.3. macroH2A

Evidences suggest that macroH2A acts as a tumor suppressor as it is frequently found to be
downregulated in a variety of cancers. First report to suggest involvement of macroH2A in
cancer progression came from human breast and lung tumor biopsies where macroH2A1.1 and
macroH2A2 expression inversely correlated with proliferation'?'. Subsequently, macroH2A
was found to be downregulated in melanoma and acts as a tumor suppressor by binding to
CDKS8 promoter and suppresses tumor progression of malignant melanoma'**. Loss of
macroH2A1.2 isoforms positively correlated with increasing malignant phenotype of
melanoma cells in culture and human tissue samples. Knockdown of macroH2A isoforms in
melanoma cells of low malignancy results in significantly increased proliferation and

migration.

However, the role of macroH2A1.2 appears to be more complex than generally being a tumor
suppressor. As discussed, in favor of a tumor suppressive function, macroH2A1.2 was found

122 .
. In contrast, in breast cancer cells

to reduce metastatic potential of melanoma cells
macroH2A 1.2 increased migration, invasion and growth in attachment-free conditions'>.

Thus, macroH2A1.2 function and gene targets may have context dependence or cell type

specificity.

1.10. Histone Isoforms

Apart from the sequence divergence observed between the canonical histones and the variants,

sequence divergence also exists amongst the canonical histones arising from cluster [Table
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1.3]. These are often termed as “histone isoforms”. There are three clusters of canonical histone
gene present in humans at chromosome number 1 (cluster 2 and 3) and 6 (cluster 1). There are
three clusters in rat at chromosome 2, 10 and 17. Similarly, mice have three clusters coding for

histones. These histone isoform genes are replication dependent.

Human Human Human Human
gene gene gene gene

HIST1IH2AA AY131982 HIST1H3A AF531274 HISTIH1E AF531302 HIST1H2BO AF531298
HIST1H2AB AY131983 HIST1H3B AF531275 HISTIHI1T AF531301 HIST2H2BE AY131979
HIST1IH2AC AY131984 HIST1H3C AF531276 HIST1IH2BA AF531284 HIST3H2BB AY131981
HIST1H2AD AY131985 HIST1H3D AF531277 HIST1H2BB AF531285 HIST1H4A AY128654
HIST1H2AE AY131986 HIST1H3E AF531278 HIST1H2BC AF531286 HIST1H4B AY128655
HIST1IH2AG AY131987 HIST1H3F AF531279 HIST1H2BD AF531287 HIST1H4C AY128656
HIST1H2AH AY131988 HIST1H3G AF531280 HIST1H2BE AF531288 HIST1H4D AY128657
HIST1H2AI AY131989 HIST1H3H AF531281 HIST1H2BF AF531289 HIST1H4E AY128658
HIST1H2A) AY131990 HIST1H3I AF531282 HIST1IH2BG AF531290 HIST1H4F AY128659
HIST1IH2AK AY131991 HIST1H3J AF531283 HIST1H2BH AF531291 HIST1H4G AY128660
HIST1IH2AL AY131992 HIST2H3C AF531307 HIST1H2BI AF531292 HIST1H4H AY128661
HISTIH2AM AY131993 HIST3H3 AF531308 HIST1H2B) AF531293 HIST1H4I AY128662
HIST2H2AA AY131971 HIST1IH1A AF531299 HIST1H2BK AF531294 HIST1H4J AY128663
HIST2H2AB AY131972 HIST1H1B AF531304 HIST1H2BL AF531295 HIST1H4K AY128664
HIST2H2AC AY131973 HIST1H1C AF531300 HIST1IH2BM AF531296 HIST1H4L AY128665
HIST3H2A AY131974 HIST1H1D AF531303 HIST1H2BN AF531297 HIST2H4 AF525682

HISTAH4 AY128653

Table 1.3. Human histone isoforms. Genes encoding human histone isoforms along with their accession
number. Data taken from: Marzluff, W. F., Gongidi, P., Woods, K. R., Jin, J., & Maltais, L. J. (2002). The Human
and Mouse Replication-Dependent Histone Genes. Genomics, 80(5), 487-498.
http://doi.org/10.1006/geno.2002.6850
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The replication-dependent histone genes encode a unique class of transcripts present only in
metazoans. These genes encode the only mRNAs in eukaryotes that lack a poly(A) tail, ending

124

instead in a stem-loop sequence that has been conserved in all metazoans “". These genes also

lack introns. The 3’ end of histone mRNA is formed by endonucleolytic cleavage that is
directed by a purine-rich sequence known as the histone downstream element (HDE)'*
[Figure 1.15]. Two trans-acting factors have been identified that bind to the cis-acting elements
at the 3’end of histone transcripts and are required for histone pre-mRNA processing: the stem-
loop binding protein (SLBP), which binds to the stem-loop'*®, and the U7 snRNP, which binds
to the HDE'?’. Each time a cell divides it must rapidly synthesize large amounts of histones to
package the newly synthesized DNA molecule during the brief S-phase. Therefore, the histone

mRNAs are highly cell-cycle regulated, with their abundance increasing 35-fold as cells enter

S-phase and decreasing again at the end of S-phase'*®.
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Figure 1.15. Histone 3’ UTR. Representation of the processing reaction occurring at the 3’ end of
replication-dependent histone precursor mRNA. The endonucleolytic cleavage occurs between the
highly conserved hairpin and the purine-rich sequence HDE. Trans-acting factors are hairpin binding
protein (HBP), the U7 snRNP and zinc finger protein 100. Possible alignment of structural elements of
the U7 snRNA and the histone pre-mRNA resulting from formation of a duplex between the U7 snRNA
5’ end and the histone downstream element (HDE). Sequences of the mouse H2a-614 pre-mRNA near
the processing site and mouse U7 snRNA are shown. The possible Watson—Crick base pairs (vertical
lines) and GU base pairs (dots) between the 5’ end of U7 snRNA and the HDE are indicated.

Adapted from: Dominski, Z., & Marzluff, W. F. (1999). Formation of the 3’ end of histone mRNA. Gene,
239(1), 1-14. http://doi.org/http://dx.doi.org/10.1016/50378-1119(99)00367-4.
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1.11. Differential Expression of H2A Isoforms

There are three clusters in rat at chromosome 2, 10 and 17. Cluster 1 (chromosome 17) has 9
H2A genes, cluster 2 (chromosome 2) has 3 genes and cluster 3 (chromosome 1) has only 1
gene [Figure 1.16]. In total there are 13 H2A genes that putatively code for 10 different
isoforms (most are with “predicted status” in NCBI database). In humans, there are 16 genes
coding for H2A giving rise to 12 isoforms®. Histone isoforms, like the variants, have been
reported to be differentially expressed in a variety of physiological states. For instance, the
proportion of two isoforms H2A.1/H2A.2 has been shown to decrease during development and
differentiation of rat brain cortical neurons'*” and during in vitro differentiation and aging'*’
H2A.1 and H2A.2 genes are present in histone cluster of chromosome 17 and 2, respectively,

in rats. During the course of liver development as well similar changes are observed”.
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Figure 1.16. Histone H2A genes in mammals. Information of the histone H2A coding genes of human, rat
and mice are depicted. Humans have 17 H2A genes which code for 12 isoforms, rat 13 genes give rise to 9
isoforms and 18 H2A genes of mouse code for 4 isoforms. Majority of H2A isoforms coded from Cluster 1 of

th st th
all the three species, like H2A.1 has threonine, leucine and arginine at 16 , 51 and 99 positions,
respectively. Likewise, majority of H2A isoforms coded from Cluster 2 of all the three species, like H2A.2 has

th st th
serine, methionine and lysine at 16 ,51 and 99 positions, respectively.
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In one study, there was a decrease in HistlH2AC levels on treatment of HCT116 cells with
Nutlin-3a, which increases the levels of the p53"°', indicating an inverse correlation of H2A1C
isoform with proliferation. Consistent with this the levels of Histl H2AC have also been shown
to decline following a cell cycle arrest'®'. The levels of HistlH2AC specifically have been
reported to change in diseases including human papillomaviruses hyperplasia, AIDS and

. - 132,133,
multiple sclerosis *~

1.12. H2A Isoforms in Cancer

In cancer the expression level of H2A isoforms have been reported to alter. Earlier studies from
our lab have shown the differential expression of two major H2A isoforms, H2A.1 and H2A.2,
in rat hepatocellular carcinoma model system’. The pattern of variants of histones was
investigated during N- nitrosodiethylamine (NDEA )-induced hepatocarcinogenesis. The study
showed for the first time in vivo overexpression of a major histone H2A isoform H2A.1 and a
decrease in H2A.2 at protein and mRNA in HCC. H2A.1 and H2A.2 are highly homologous,
replication- dependent, non-allelic variants of histone H2A differing at only three amino acid

positions.

In human cancers as well, the expression of H2A1C isoform is downregulated in chronic
lymphocytic leukemia and gall bladder cancer™**. In 4 normal individuals and 40 CLL
patients, a significant decrease in the relative abundance of histone H2A1C was observed in
primary CLL cells as compared to normal B cells'**. Similar changes in the abundance of H2A
isoforms are also associated with the proliferation and tumorigenicity of bladder cancer cells®.
The regulation of replication-dependent histone H2A expression was also reported to occur on

a gene-specific level®. Interestingly, later on with a larger cohort of samples, H2A1C
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expression was conversely reported to be up regulated in CLL (10). In breast cancer H2A1C is

upregulated and controls ER target genes in ER positive breast cancer cell lines®.

Collectively, these reports suggest that not only the proportion of isoforms alter in different
pathological states but the cell intricately maintains the balance of the H2A isoforms during
different processes. However, whether this change in the balance of the H2A isoforms is a
consequence of the pathological state or these isoforms contribute to the attainment of such

states has not been addressed in depth.
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Il. AIMS AND OBJECTIVES

Chapter 2

Experiments carried out to address the objectives
and the key outcomes of the subsequent chapters
are briefly described.
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2.1. Statement of the Problem

It is not known whether two major H2A isoforms, H2A.1 and H2A.2, that are known to exhibit
altered expression under different physiological conditions have non-redundant function.
Further, although, the distinct functional effects of H2A isoforms in humans has now been
reported, the mechanistic basis of the non-redundancy still remains elusive. In addition,
whether the histone isoforms may modulate chromatin structure and stability has not been
investigated in depth. Hence, it is important to investigate the possible functional significance
of the altered expression level of H2A.1 and H2A.2 isoforms, which is observed during

development and disease like cancer.

2.2. Hypothesis

We hypothesize that the differential incorporation of H2A.1 and H2A.2 may alter chromatin
dynamics which in turn may influence the gene expression and phenotypic behaviour of the

cell.

2.3. Objectives

L. To study alteration in organization of nucleosomal structure with H2A.1 and H2A.2.

IIL. To study the functional significance of H2A.1 and H2A.2.

2.4. Experiments Conducted

The following experiments were conducted in order to address the objectives:

L To study alteration in organization of nucleosomal structure with H2A.1

and H2A.2.
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10.

11.

11

. Expression and purification of histones using recombinant methods

Reconstitution of H2A.1-H2B and H2A.2-H2B dimer and their structural validation
Equilibrium unfolding of H2A.1-H2B and H2A.2-H2B dimer by thermal and chemical
denaturation monitored by circular dichroism spectroscopy

Equilibrium unfolding of H2A.1-H2B and H2A.2-H2B dimer by chemical denaturation
monitored by fluorescence spectroscopy

Mutational studies with H2A.1-H2B dimer by thermal denaturation monitored by
circular dichroism spectroscopy

Energy minimisation of H2A.1-H2B and H2A.2-H2B dimers with analysis of non-
covalent bonds

Salt dissociation experiment for assessing the stability of H2A.1 with H2A.2 containing
nucleosomal complexes

Fluorescence Recovery after Photobleaching (FRAP) assay for comparing the
dynamics of H2A.1 and H2A.2 in live cells

FRAP assay with H2A.1 mutants for identifying residue(s) having the most significant
impact on the dynamics of H2A isoforms

Molecular dynamic simulation studies to compare the stability of H2A.1 with H2A.2
containing nucleosomal complexes

Micrococcal nuclease digestion assay to assess the effect of H2A.1 and H2A.2 on

chromatin organisation
To study the functional significance of H2A.1 and H2A.2.

Comparative analysis of expression level of H2A.1 and H2A.2 in different organs of

rat
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2. Comparative analysis of expression level of H2A1C and H2AA3 in different human
transformed cell lines with respect to their immortalised counterparts

3. Determination of subnuclear distribution of H2A.1 and H2A.2

4. Cell based assays, namely, MTT, colony formation, cell cycle progression and
migration assays for determining the effect of overexpression of H2A.1 and H2A.2
isoforms

5. Determination of the residue important for the pro-proliferative effect of H2A.1 by
carrying out mutational analysis followed by MTT assay

6. Comparative analysis of H2Aub119 level and expression level of major ubiquitinase
and deubiquitinase in normal vs tumour tissue and pre-neoplastic vs neoplastic cell lines

7. Analysis of correlation between H2Aub119 level and proliferation of cells

8. Investigating the effect of HDAC inhibitor and H2Aub level in cells

The remaining chapters will describe the results of my work that has been carried out to fulfill
the above mentioned objectives. Each of the chapters consists of the subsections Introduction,
Methods, Results, Discussion and Conclusion. Chapter III “Heterologous Expression in
Bacteria” will describe the effects of various expression parameters on the accumulation of
recombinant histones. It was found that some of the histone proteins, especially H2A.2 and H4,
do not express robustly in recombinant host. A thorough investigation suggests that H2A.2,
H2B.1, H3.2 and H4 are probably unstable upto varying degrees leading to their disappearance
from the host in a time dependent manner. Destabilization could be prevented by incorporation
of the commonly used purification tags, like GST, of appropriate size and position leading to
accumulation. Our results provide compelling evidence that the proposed parameters which
modulate recombinant expression like codon bias usage, mRNA secondary structure and GC

content of the transcript modulate this process possibly by influencing protein folding. This
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part of the work was published in the journal Advances in Biotechnology Reports with the title

“Incorporation of a tag helps to overcome expression variability in a recombinant host”.

Chapter IV “Reconstitution of Histone Oligomers” describes the methodology used for
purification of bacterially expressed histones and the steps performed to reconstitute the histone
oligomers for carrying out in vitro experiments. We describe a protocol to obtain large
quantities of highly pure histones using bacterial expression system for GST pull-down and
reconstitution experiments. In addition, we describe methods to quickly reconstitute and purify
H2A-H2B dimers, H3-H4 tetramers and histone octamers for in vitro experiments. We
demonstrate that these sub-complexes are properly folded and are hence, true representatives
of the actual substrates in vivo. We also show that histones have a propensity to be non-
specifically cleaved by proteases. Our results suggest that TEV protease is the most suitable
protease while working with histones. The methodology described here should allow
researchers to purify histone complexes in three days enabling functional and structural
analyses of histone variants, mutants and post-translational modifications. This part of the work
was published in the journal Advances in Biosciences and Biotechnology with the title “A

Simple Method to Produce Sub-Nucleosome Complexes of High Purity In Vitro™.

Chapter V “Physiological Effect of H2A.1 Isoform Overexpression” compares the non-
redundant functional effects of H2A.1 and H2A.2 isoforms from the physiological aspect. We
found that H2A.1 exhibits drastically altered expression pattern in different normal tissues and
human cancer cell lines (H2A1C in humans). H2A.1 promotes cell proliferation of neoplastic
CL38 cells. Interestingly, similar effects are not observed in pre-neoplastic CL44 cells
suggesting that the non-redundant functionality might be context dependent. Studies with
mutant demonstrate that K99R substitution is majorly responsible for the pro-proliferative

effect observed on H2A.1 overexpression with a synergistic effect of M51L alteration. Notably,
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S16T, the only substitution between rat H2A.1 and human H2A 1C does not appear to have any

effect on the non-redundant functionality of H2A.1 in the assays that we have performed.

Chapter VI “Non Redundant Stability and Structural Contribution of H2A Isoforms”
investigates the effect of incorporation of H2A.1 isoform on chromatin dynamics to uncover
the molecular basis of the non-redundancy. We carried out equilibrium unfolding of
recombinant H2A.1-H2B dimer. We found the M5I1L alteration at the H2A-H2B dimer
interface decreases the temperature of melting of H2A.1-H2B by ~3°C as compared to H2A..2-
H2B dimer. This difference in dimer stability is also reflected in chromatin dynamics as H2A.1
containing nucleosomes are more stable owing to M51L and K99R substitutions. Molecular
Dynamic Simulation suggests that these substitutions increase the number of hydrogen bonds
and hydrophobic interactions enabling H2A.1 to form more stable nucleosomes. Interestingly,
the same two substitutions have the most prominent effect on cell proliferation, suggesting,

that the nucleosome stability is intimately linked with the physiological effects observed.

Exploration of the context in which H2A.1 imparts its non-redundant functional effect led to
the work described in Chapter VII “H2AUb119 in Hepatocellular Carcinoma”. In this study,
we report that H2Aub markedly decreases in hepatocellular carcinoma (HCC). Usp21, a H2A
deubiquitinase, is probably responsible for decrease in H2Aub. In addition, the H2Aub levels
showed an inverse correlation with H3S10 phosphorylation (H3S10p) and the proliferative
state of the cells. Down regulation of H2Aub is also associated with increased expression of
growth factor gene lipocalin 2. Interestingly, we show that treatment of cells with histone
deacetylase inhibitor trichostatin A results in increase of H2Aub and decrease in H3S10p. Our
work for the first time suggests the in vivo association of H3S10p, H4ac and H2A119ub with
cellular transformation. This part of the work was published in the journal Experimental

Biology and Medicine with the title “Histone H2A Mono-ubiquitination and Cellular
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Transformation are Inversely Related in N-nitrosodiethylamine-induced Hepatocellular

Carcinoma”.

Chapter VIII discusses the overall outcome of the thesis. The thesis ends with the salient

findings of the work described in the thesis and some future directions.
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lll. HETEROLOGOUS EXPRESSION OF
HISTONES IN BACTERIA

Chapter 3

Work carried out for optimising expression
conditions for histones in E. coli for obtaining
protein to carry out in vitro assays

This work was published in the journal “Biotechnology Reports”
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3.1. Introduction

With the identification of increasing number of sequence divergent forms of histones having
functionally important and non-redundant roles it is of interest to understand whether the
changes they bring about in the biochemical composition of the nucleosome and its sub-
complexes is reflected in terms of stability. Large quantity of histones can be purified by
isolating them from cells'’>, however, they are highly heterogeneous in terms of variants and
PTM’s"**"* This does not allow the investigation of the possible contribution of a particular
histone variant or isoform on stability and structural organization of chromatin. In such
scenario use of recombinant histones becomes the method of choice to study the effect of

histone variants or modified histones on the structure and stability of chromatin.

Despite the added advantages of well-understood genetics and economically favoured nature
of using E. coli as a host for carrying out heterologous expression, at times, there is complete
absence of recombinant protein expression in bacteria. It is intriguing that the lack of
recombinant protein expression is a, rather, commonly encountered phenomenon considering
that a DNA sequence with the required elements like host compatible promoter, should be
transcribed and expressed. It is puzzling that two proteins of similar nature are sometimes
expressed at varied levels in the recombinant host. The classic example is presented by core

histones, the expression levels of which, vary drastically on recombinant expression in E. coli

26,138

There is no definitive explanation as to why some proteins do not express in bacteria. The
different hypothesis, which have been put forth to account for these observations, suggests that
139.140,141,142

inherent property of transcript that hinders translation is the root cause for this

this regard, the codon usage bias hypothesis is the most prominent and accepted one. Codon
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usage bias refers to the differences in the frequency of occurrence of synonymous codons in
DNA and is organism specific [reviewed in 143]. It is speculated that these differences in codon
bias may play a role in determining levels of protein expressed in heterologous hosts and
sometime, may even lead to the complete absence of expression. Overcoming codon bias may
lead to an increment in the yield of recombinant protein. Although, codon optimization proves

. . . . . 144,138
to be useful in some cases, however, at times, the lack of expression persists .

To account for the different observations pertaining to recombinant protein expression, the
codon bias hypothesis has evolved with time and different rare codon parameters like
clusters'®, their number in the first six codons'*® and the ones coding for arginine'*’ are now
considered as important determinants. The arginine codons AGA and AGG particularly have
been shown to be responsible for lower levels of protein expression in E. coli'*®. Likewise,

high frequency of arginine residues is suspected to negatively affect expression of histone H1

and H5'*. However, more studies are needed to ascertain these proposed correlations.

As an alternative explanation for this, rather mysterious problem, the importance of factors like
strong mRNA secondary structure and the ‘GC’ content of the transcript have been emphasized

P9192.19 1t has even been claimed that amino

in relation to transcription and translation

terminal encoded rare codons reduce RNA secondary structure, and thereby increase
. 150 . . .. . ..

expression ~. However, the ribosome possesses intrinsic helicase activity and may allow

translation through strong secondary structures'”'

. Further, in the case of prokaryotic systems,
as the mRNA is mostly covered with ribosomes, the structures anticipated by the prediction
tools may not represent the actual mRNA structures in vivo'>>. Hence, the possible role of
mRNA secondary structure in protein expression is somewhat conflicting and needs more

validation. The different parameters discussed above, the diverse hypotheses and the

conflicting reports pertaining to lack of heterologous expression are very well reviewed in the
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article by Welch et al, 2009'>. In brief, the numerous factors that have been proposed to
explain lack of recombinant protein expression often does not lead to a predictable expression

outcome.

Many comprehensive studies have been performed to understand the effect of these factors in
an almost isolated way but very few have focused on uncovering the possible correlation
between the most emphasized parameters and the reason behind such association. Hence, for
the better understanding of the effect of different expression parameters on heterologous
expression and for obtaining histones in large quantities for our in vitro experiments, we
conducted a systematic investigation with focus on validating the effect of different proposed
elements on the expression of histones. Also, we have emphasized on finding any possible
correlation amongst the different factors which has been reported to improve yield of

recombinant proteins in certain cases.

3.2. Methods

3.2.1 Construct preparation

The coding sequences of the genes used in the experiments were amplified using Taq
Polymerase (NEB) from the cDNA synthesised from RNA (treated with DNasel) isolated from
cell lines. The amplicons were cloned into pTZRT57 vector according to manufacturer’s
(Thermo scientific) instructions. The cloned fragments were further sequenced. For subsequent
cloning into different expression vectors, the coding sequences were amplified with primers
incorporating the appropriate restriction sites (please see Annexure I1I in Appendix for primer
sequences) and were sub cloned, maintaining the correct reading frame which was verified by
sequencing. Please see please see Annexure V in Appendix for few of the representative

construct maps.
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3.2.2 Plasmid Isolation (Mini-prep)

The protocol for plasmid isolation is as described earlier'™*. 10ml of LB media, containing
suitable antibiotic, was inoculated with single colony from the transformed plate and incubated
at 37°C overnight. 1.5ml of the overnight grown culture were transferred to an Eppendorf tube
and the bacterial cells were pelleted down by centrifuging at 10000g for 5min at 4°C. The
supernatant was discarded and the pellet was resuspended uniformly without any clumps in
150ul of TELT buffer. 5Sul of lysozyme (50mg/ml) was added to the tube. The contents were
mixed and kept on ice for Imin. The tube was then placed in a boiling water bath for 1min and
immediately chilled on ice for 10min. The tube was then centrifuged at 12000g for 10min at
4°C. The pellet was discarded with the help of a micro-tip. 330ul of chilled absolute alcohol
was added to the supernatant and placed at -20°C for 30min or -70°C for 5min. The tube was
then centrifuged at 12000g for 10min at 4°C. The supernatant was discarded and the pellet was
washed with 70% ethanol. The supernatant was discarded and the pellet was air dried. The air

dried pellet was dissolved in 20pl of nuclease free water.

3.2.3 Preparation of Competent Cells (Calcium Chloride Method)

The protocol for preparation of competent cells is as described earlier'>. 100ml of LB media
was inoculated with 1ml of overnight grown culture that was obtained by inoculating a single
colony of bacteria from streaked plate incubated at 37°C overnight. The cells were grown for
approximately 2hrs (ODgpo = 0.4) in a shaker incubator. The culture was chilled on ice for
30min. The cells were harvested by centrifugation by centrifuging at 10000g for 5min at 4°C
and the supernatant was discarded. The cells were washed with chilled 100mM CacCl, and
centrifuged at 8000g for 5min at 4°C. The cells were resuspended in 20ml of chilled 100mM
CaCl, and kept on ice for 45min. The cells were again harvested by centrifugation by

centrifuging at 8000g for Smin at 4°C and the supernatant was discarded. The cells were
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resuspended in ice-cold sterile solution of 100mM CaCl, + 15% glycerol and kept on ice for
10min. 200pl aliquots were made in pre-chilled tubes and stored at -80°C after freezing in

liquid nitrogen.

3.2.4 Preparation of Ultra Competent Cells

The protocol for preparation of ultra-competent cells is as described earlier'”®. DH50 was
streaked onto LB agar plate and incubated overnight at 37°C. 100ml of SOB in 1000ml flask
was inoculated with a single colony from the plate. The flask was incubated at 18°C with
shaking at 200rpm. Once the ODggo reached 0.3- 0.4, the culture was kept on ice for 10min.
The cells were harvested by centrifugation by centrifuging at 10000g for 5min at 4°C and the
supernatant was discarded. The cell pellet was resuspended in 32ml of ice cold transforming
buffer and kept on ice for 10min. The cells were harvested by centrifugation by centrifuging
at 10000g for 5min at 4°C and the supernatant was discarded. The cell pellet was resuspended
in 8ml of ice cold transforming buffer and 600ul DMSO is added. Cells were kept on ice for
10min. 100pl aliquots were made in pre-chilled tubes and stored at -80°C after freezing in

liquid nitrogen.

3.2.5 Growth and IPTG induction of transformed bacterial expression hosts

The protocol for recombinant histone expression is as described earlier’® with slight
modifications. The plasmids (100ng) containing the gene of interest was transformed in either
competent BL21 (DE3) pLysS and Rosetta (DE3) pLysS and plated onto LB agar plates
containing the appropriate antibiotic (ampicillin or kanamycin) for selection of transformed
bacteria. In addition, chloramphenicol (25pg/ml) was incorporated into media to maintain
selection pressure for the T7 lysozyme-containing phage present in the bacterial strains used

for expression studies. The plates were incubated at 37°C for 16hrs in a temperature controlled
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incubator. A single colony was inoculated from the plates of transformed bacteria in SmL or
20mL LB media containing the appropriate antibiotic and incubated at 37°C with constant
shaking until the ODggo reached between 0.3 and 0.6. Induction of recombinant protein
expression were carried out by adding IPTG to a final concentration of 0.2mM. When lack of
expression was encountered, titration of IPTG concentration was carried out ranging 0.2mM-
2mM. The cultures were induced for 3hrs at 37°C or overnight at 18°C. To investigate the effect
of trimethylamine oxide (TMAO), it was added at a working concentration of 60mM, 1.5hrs
post IPTG induction and the cells were harvested 1.5hrs post-addition. One tube was kept as

uninduced as a negative control.

Post induction the bacteria were harvested by centrifugation at 8000g for 10mins at 4°C and
processed. The soluble and the insoluble fractions of proteins were separated resuspending the
cell pellet in 1ml of buffer containing 50mM Tris-Cl pH 8.0, 0.5% Triton X-100 and 100pg/ml
lysozyme followed by three rounds of sonication, each for 30 seconds at 10% amplitude. The
lysate was then centrifuged at 27000g for 30mins at 4°C. The supernatant and pellet, thus
obtained, contains the soluble proteins and the insoluble proteins respectively. Sample was
prepared by vortexing followed by boiling the lysate for 10mins in a boiling water bath after
adding equal amount of 2x Loading Dye. The sample was then cooled by keeping at 4°C and
then the proteins were resolved by loading the samples on 10 or 18% SDS-PAGE followed by

Coomassie staining (Brilliant Blue R250).

3.2.6 Affinity purification of GST fusion proteins

The protocol for GST based affinity purification is as described earlier'>”. 1001 of 50% slurry
of glutathione-sepharose beads (Novagen) was taken in a fresh Eppendorf tube and equilibrated
with buffer containing 20mM Tris-Cl pH 8.0, 200mM NaCl, ImM EDTA pH 8.0, 0.5%

Nonidet P-40, 2pg/ml aprotinin, 1pg/ml leupeptin, 0.7pug/ml pepstatin and 25pug/ml PMSF.
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500ul of the buffer was added to the tube and the beads were tapped gently for uniformly
resuspending them. After 2-3min incubation the tubes were centrifuge at 750g for 1 minute at
4°C to pellet the beads. The supernatant is discarded and the process is repeated at least thrice.
Meanwhile, the supernatant containing the GST-fusion protein was kept at 4°C. Post
equilibration the fraction consisting of the soluble proteins was added onto the beads in the
tube and incubated for 2 hours at 4°C on a rotating mixer to prevent the beads from settling.
After incubation, the beads were washed in the same way as they were equilibrated with the
same buffer with which they were initially equilibrated. The proteins bound to the beads were
eluted with the elution buffer containing SOmM Tris-CI pH 8.0 and 10mM reduced glutathione
(Sigma-Aldrich). The eluted proteins were analysed by preparing the sample as previously

described and resolving onto 10% SDS-PAGE.

3.2.7 c¢DNA synthesis, RT-PCR and Real-time PCR

Total RNA was extracted from previously collected bacterial cells as per the manufacturer’s
(Macherey-Nagel) instructions. Extracted RNA was further treated with DNasel (Fermentas)
for 60mins at 37°C to degrade any possible DNA contaminant. DNasel was inactivated by
incubating the samples at 72°C for 30mins. RNA was visualized by ethidium bromide staining
after electrophoresis on a 1% MOPS denaturing agarose gel. RNA (2ug) was subjected to
reverse transcription using M-MLV Reverse Transcriptase and random hexamer primers
according to the manufacturer’s (Thermo-Scientific) instructions. cDNAs were then amplified
with the corresponding gene-specific primer sets (please see please see Annexure Il in
Appendix for primer sequences), designed to amplify the total coding sequence, by PCR for 30
cycles using the condition of 30s at 94°C, 1 min at 58°C, and 1 min at 72°C. The PCR products
were analysed on a 1% agarose gels containing 0.5 pg/ml ethidium bromide. The cDNA

synthesized was further used for Real-time PCR experiments with Syber green dye (Applied
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Biosystems). The expression levels were plotted as relative fold change with respect to

GAPDH.

3.2.8 Agarose gel electrophoresis

Agarose gel electrophoresis was carried out to analyse levels of PCR and RT-PCR products in
different samples'>’. Adequate 1X TAE electrophoresis buffer (40mM Tris-acetate and 2mM
Na,EDTA) was prepared to fill the tank of electrophoresis chamber (Techno Source, India)
and to prepare the gel. For preparation of gel, agarose (1.5% w/v in TAE) was melted in a
microwave oven. Ethidium bromide was added to melted agarose solution which was cooled
down to ~55°C at a concentration of 0.5pg/ml. Melted agarose was poured into the gel casting
platform with prefixed comb. The comb was removed from the hardened gel. Ethidium
bromide was added to tank buffer (0.5ug/ml in 1X TAE) and gel casting platform was placed
into the electrophoresis chamber. DNA samples were prepared in appropriate amount of 6X
loading buffer (12% Ficoll 400, 60mM EDTA pH 8.0, 0.6% w/v SDS, 0.15% w/v bromophenol
blue and 0.15% w/v xylene cyanol). Hundred base pair DNA ladder (NEB, cat#3231) was
loaded as molecular weight marker. The gel was electrophoresed at 5V/cm of gel and the
progress of separation was monitored by migration of dyes in the loading buffer. After
separation of tracking dyes, the gel was examined on UV trans-illuminator to visualize DNA.
Band intensities were analysed by ImageJ and Graphpad prism software. Band intensities of

histone variants and Ki67 were normalized to those of 18S rRNA.

3.2.9 SDS PAGE analysis

The protocol for SDS PAGE analysis of proteins is as described earlier' . In brief, glass plate
sandwich was assembled using 0.1cm thick spacers. Resolving gel solution (Annexure IV) was

prepared and poured into the glass plate sandwich and allowed to polymerize for approximately
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30mins. During the polymerisation process a thin layer of water was overlaid on top of the
resolving gel to prevent contact with oxygen. Once the resolving gel polymerised the overlaid
water was decanted. Stacking gel solution (4nnexure IV) was prepared and poured into the
glass plate sandwich on top of the polymerised resolving gel. in similar manner. A 0.1cm thick
Teflon comb was inserted and gel was allowed to polymerize. Histone samples to be analysed
were diluted 1:1 (v/v) with 2X SDS sample buffer and incubated for S5min in boiling water.
Teflon comb was removed, sandwich was attached to the electrophoresis chamber and filled
with electrophoresis buffer (4dnnexure IV). Samples were loaded into the wells formed by
comb. The gel was run at 20mA of constant current until the BPB tracking dye entered the
separating gel and then at 30mA until the BPB dye reached the bottom of the gel. The power
supply was then disconnected and gel was subjected to Coomassie staining or western blot
analysis. For Coomassie staining gel was transferred to tray containing Coomassie Brilliant
Blue R-250 (CBBR) staining solution (0.1% w/v CBBR, 50% methanol and 10% acetic acid
in water). The gel was stained for ~3hrs on shaker. Gel was then transferred to destaining
solution (50% methanol and 10% acetic acid in water). The gel was destained on shaker with

several changes in destaining solution until protein bands appeared on clear gel.

3.2.10 Agarose formaldehyde gel electrophoresis

The protocol for denaturing agarose gel electrophoresis is as described earlier'>. Agarose was
dissolved in water and cooled to ~60°C to prepare 1% agarose formaldehyde gel. After cooling,
Sml of 10X MOPS running buffer (0.2M MOPS pH7.0, 0.5M sodium acetate and 0.01M
EDTA) and 9ml of 12.3M formaldehyde were added. The gel was poured into electrophoresis
tray with comb and allowed to set. Comb was removed and gel was placed in gel tank. Gel tank
was filled with 1X MOPS running buffer. For electrophoresis 2pug RNA was loaded per lane.

RNA volume was increase to 11ul by water and 5ul of 10X MOPS buffer, 9ul of 12.3M
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formaldehyde and 25l of formamide were added and sample was incubated for 15min at 55°C.
To this mixture 10pul formaldehyde loading buffer (1ImM EDTA pH8.0, 0.25% w/v BPB, 0.25%
w/v xylene cyanol, 50% v/v glycerol) was added and loaded onto the gel. The gel was run at
5V/cm until dye migrated one-third to two-third length of the gel. The gel was removed,
transferred to RNase free glass dish with water and soaked twice for 20min each. After
sufficient removal of formaldehyde, gel was soaked in 0.5ug/ml ethidium bromide and allowed
to stain for 40min. The gel was destained in water for lhr and examined on a UV trans-

illuminator at a wavelength of 365nm to visualize RNA.

3.2.11 Rare codon, CAI and RNA secondary structure prediction

Rare codons in the coding region of the transcript were predicted using the Caltor Prediction
tool (http://people.mbi.ucla.edu/sumchan/caltor.html). CAl (Codon Adaptation Index) for the
coding regions of the transcripts was calculated wusing CAlcal server
(http.//genomes.urv.es/CAlcal/). In the above two servers the coding sequence of the gene was
provided as input and the analysis was performed and tabulated. RNA structures of the
transcripts were predicted using Vienna RNA Secondary Structure Prediction program on the
web at http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi. The sequence from ribosomal binding

site (RBS) to the seventh codon of the transcript was provided as input.

3.2.12 GC content and instability index analysis

The GC content analysis of the transcripts was carried out using the OligoCalc tool
(http.//basic.northwestern.edu/biotools/OligoCalc.html). Either the sequence of the entire
transcript was provided as input or only the sequence of the first 6 codons was considered for

calculating the GC content. The instability index of the proteins was calculated using the
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ExPASy ProtParam tool (http.//web.expasy.org/protparam/). The amino acid sequence of the

proteins was provided as input.

3.2.13 Accession number

H2A.1 (GenBank: JX661508.1), H2A.2 (GenBank: JX661509.1), H2B.1 63.1
(XM_002725263.1), H2B.1 68.1(XM_002725268.1 updated to XM 002725268.2), H4

(NM_001123469.1), H3.3 (GenBank: BC006497.2).
3.3. Results

3.3.1 Inconsistent expression of histones in bacteria

Expression was obtained for H2A.1 (lane 4), H2B.1 63.1(lane 8), H3.2 (lane 12) and H3.3 (lane
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Figure 3.1: Expression of recombinant histones in E. coli. (a) SDS-PAGE analyses (18%, coomassie stained) of

0
whole cell lysates of BL21(DE3) pLysS harbouring the pET3a-histone constructs, induced with 0.2mM IPTG at 37 C for
2hrs. The region marked as “Histone” spans the molecular weight range of the histones being expressed. (b) SDS-PAGE
analyses (18%, coomassie stained) of whole cell lysates of BL21 (DE3) pLysS harbouring pET3a -histone constructs,

0
induced with 2mM IPTG at 18 C overnight. (c) Expression analysis of pET3a-histone constructs in Rosetta (DE3) pLysS.

U- Uninduced, VC- Vector Control, IC- Induction Control.
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14) proteins. However, during our attempt to purify rat histone proteins using recombinant
methods, we encountered lack of expression of few of the transcripts. There was lack of
accumulation of proteins H2A.2 (lane 6), H2B.1 68.1 (lane 10) and H4 (lane 16) even though
we used the E. coli BL21 (DE3) pLysS strain, which is deficient in OmpT and Lon protease
and especially suited to carry out expression of toxic proteins [Figure 3.1a]. These proteins
failed to express even at lower growth temperatures post-induction [Figure 3.1b] and at varied
IPTG concentrations. The presence of rare codons, as proposed earlier, might interfere with
translation. Expression of the pET3a H2B.1 68.1 (lane 10) construct was observed in the codon
optimised strain Rosetta (DE3) pLysS strain but not of H2A.2 (lane 6) and H4 (lane 16) [Figure

3.1¢].
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Figure 3.2: Transcription of recombinant histones in E. coli. (a) MOPS electrophoresis showing the integrity of
RNA used to carry out RT-PCR and Real Time PCR. Two distinct bands corresponding to 23S and 16S rRNA shows the
integrity of RNA is intact. For checking expression status at the transcript level (b) semi-quantitative RT-PCR was done.
‘cDNA’ denotes cDNA synthesized by RT-PCR using random hexamer primers followed by PCR amplification with
respective gene specific primers. For control (C) cDNA from bacteria having empty pET3a vector was amplified using
corresponding gene specific primers and for the experimental sets (E) cDNA from bacteria harbouring pET3a histone
constructs was amplified using respective histone primers. H2A.1 was used as a positive control. ‘P’ denotes experiment
to validate DNA free preparation of RNA, in which C is control for amplification where respective plasmids were used as
template and amplified using T7 forward and reverse primers. E is the experimental set in which DNA removal by DNasel
from RNA preparation was validated. (c) Real time PCR for respective constructs.
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To validate whether the lack of expression is only at the protein level or also at RNA level,
purified RNA from transformed bacteria was subjected to RT-PCR. RT-PCR [Figure 3.2b]
(see figure 3.2a for RNA integrity) confirmed that the transcripts for recombinant proteins were
being produced. Further, real time PCR data demonstrates that H4, was rather, transcribed in
relatively more abundance than H2A.1 [Figure 3.2¢]. The relative transcript levels of H2A.2
and H2B.1 68.1 also were comparable to H2A.1 [Figure 3.2¢]. These results were particularly
interesting considering that there was a remarkable difference in the way the different

transcripts (H2B.1 63.1 and 68.1) coding for the same protein expressed in bacteria.

3.3.2 Lack of recombinant expression does not stringently correlate with

rare codon parameters

Amino Rare Codon H2A.1 H2A.2 63.1 68.1 H3.2 H3.3 H4
Acid
Arg CGA 0 0 0 0 0 2 1
CGG 2 2 1 1 5 3 2
AGG 2 0 0 0 1 5 0
AGA 0 0 0 0 0 2 1
Gly GGA 1 1 3 1 0 1 2
GGG 0 1 1 1 3 3 1
Iso AUA 0 0 0 0 0 1 0
Leu CUA 1 0 0 0 0 0 1
Pro CCC 3 2 3 3 3 5 1
Thr ACG 1 2 2 2 4 1 0
Consecutive 0 0 2 2 2 4 2
First 6 1 0 1 1 0 1 2
Codons
Frequency 7.69% 6.15% 7.93% 6.34% 11.76% 16.91% 8.73%
CAl 0.673 0.706 0.625 0.654 0.666 0.644 0.617
Total 10 8 10 8 16 23 9
Expression v X v X \ \ X
Table 3.1: Rare codon content analysis of histone proteins. The rare codon parameters for the histone coding
sequences tabulated. “v” and “X” mark indicates that expression was discernible or non-discernible, respectively, on
SDS-PAGE when compared to the “uninduced” control.

Analysis of the rare codon parameters of the transcripts led to the observation of the presence
of several inconsistences with the codon bias hypothesis. For instance, the transcript for H3.3

having the highest percentage (16.91%) and number of rare codons in a cluster (four) [Table
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3.1], expressed efficiently, whereas, transcript for H2A.2 having the least percentage (6.15%)
and number of rare codons in a cluster (zero), did not express in BL21 (DE3) pLysS [Table
3.1]. Likewise, H3.3 transcript having 12 rare codons for arginine, comprising of all of its
degenerate rare codons, expressed robustly unlike the transcript of H2B.1 68.1 having only one
rare codon for arginine. In addition, the presence of rare codons at the 5’-end of a transcript is
also believed to influence mRNA structure and stability and thus, the relative kinetics of

. 158,159
translation "

. In this regard, no correlation with expression levels was observed for our
transcripts [“First 6 codons”, Table 3.1]. Next, codon adaptation indexes (CAI) were
calculated, which is a measure of the relative adaptiveness of the codon usage of a gene towards
the codons used for highly expressed genes. CAI values range from O to 1, with higher values
indicating a greater proportion of the most abundant codons'®. Contradictorily, H2A.2 having

the highest CAI of 0.706 amongst the histone transcripts [Table 3.1] didn’t express in either of

the strains [Figure 3.1].

3.3.3 mRNA secondary structure and GC content of transcripts does not

always correlate with protein expression levels

Next, we investigated the possible correlation of mRNA secondary structure and GC content
of the transcript on protein expression. To maintain consistency with the previously published
literature'*' the Vienna RNA web suite'® was used to predict a possible long-range secondary
structure spanning the ribosome-binding site (RBS), translation initiator AUG and the first
seven codons. Again, a general pattern did not emerge from our analysis, considering the
complexity of the overall secondary structure and the structure near the ATG translation
initiation codon [Figure 3.3] (free energy of the histone transcripts are tabulated table 3.2).
For instance, the mRNA secondary structure near the start site is very similar for H2A.1

(expresses robustly) and H4 transcript (no expression).
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Figure 3.3: mRNA secondary structure prediction of recombinant transcripts. mRNA secondary structures for
the transcripts used in the study arising from pET3a are depicted in the figure which were predicted using Vienna RNA
web-suite. The location of the initiator start codon has been marked with AUG. Residues involved in strong secondary
structure formation are depicted as darker circles.

Importantly, the mRNA secondary structure and the free-energy values were identical (-14.20
kcal/mol) in the case of the three transcripts of H2B.1 [Figure 3.3 (b-d)]. Thus, their
differential expression pattern strongly suggests that the mRNA secondary structure may not
be the primary cause behind the results obtained. Finally, the differential expression pattern
observed for the same transcript in different strains cannot be explained based on mRNA
secondary structure differences. Although, the mRNA structures used in the study were
predicted, however, given that the correlation between protein expression and mRNA structure,
which were put forward earlier, were also with predicted structure, it is reasonable to be able

to contradict the hypothesis using the anticipated structures.

Further, the % GC of the full-length mRNA transcripts as well as the first six codons was
calculated (Table 3.3). A pattern appeared to emerge from the GC content of the non-histone

transcripts with overall GC content more than 60% inversely correlating with expression and
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Transcript AG (kcal/mol) Expression
pET H2A.1 -17.80 v
pET H2A.2 -19.90 X
pET H2B.1 63.1 -14.20 v
pET H2B.1 68.1 -14.20 X
pET H2B.1 NP -14.20 v
pET H3.2 -14.40 v
pET H3.3 -15.00 v
pET H4 -17.40 X

Table 3.2: Free energy change of mRNA transcripts. Free energy change for the formation of secondary structure
of the histone transcripts arising from pET3a is tabulated. Prediction was performed using Vienna RNA web-suite. The
column “Expression” depicts presence (V) or absence (X) of expression on attempting expression in BL21 (DE3) pLysS.

vice-versa. However, the histone transcripts do not follow this pattern. For instance, H3.2 and

H3.3 transcripts having GC content of 56% and 61%, respectively, expressed consistently,

whereas H4 having a much lesser GC content of 50% did not express.

Also, H2B.1 63.1 and H2B.1 68.1 having identical GC contents express differentially. Further,

H4 having the least instability index (42.95), amongst the transcripts analysed was not

accumulating, suggesting, that it may not be responsible for the observed accumulation pattern

of recombinant proteins.

Gene %GC %GC of 6 Instability Expression
codons Index

H2A.1 65 56 49.18 v
H2A.2 68 67 53.68 X
H2B.1 63.1 62 67 47.33 v
H2B.168.1 62 67 47.33 X
H3.2 68 56 47.19 Vv
H3.3 59 61 44.24 Vv
H4 62 50 42.95 X

Table 3.3: GC content and instability index of histones. GC content of the histone transcripts used in the study
arising from pET3a are tabulated along with the instability index. “v” and “X” mark indicates that expression was
discernible or non-discernible, respectively, on SDS PAGE when compared to the “uninduced” control.
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3.3.4 Rare codons may not always be detrimental to expression

Interestingly, for few transcripts, like H3.2 and H3.3, a positive correlation between rare codon
content and expression was found. Also, the expression levels of H2A.1 (lane 4) and H3.2 (lane
12) in the codon-optimised Rosetta (DE3) pLysS strain [Figure 3.1c] were significantly lower
as compared to that in BL21 (DE3) pLysS strain [Figure 3.1a]. These two observations
suggested that altering codon bias related parameters may have a context dependent effect on

recombinant expression [see Figure 3.9e for quantified data].

63.1 ATGCCTGAGCCCGCCAAGTCCGCTCCCGCCCCGAAGAAGGGCTCCRAGAAGGCTGTGACC 60
NP ATGCCTGAGCCCGCCAAGTCCGCTCCCGCCCCGAAGAAGGGCTCCAAGAAGGCCGTGACC 60
68.1 ATGCCTGAGCCCGCCAAGTCCGCTCCCGCCCCGAAGAAGGGCTCCAAGAAGGCCGTTACC 60

AXAKKXXXRKA XX R RR AR A RA AR AR KRR X AR AR AR K AR AR KRR R KRR K ARRRKARL X% X K%

63.1 AAGGCCCAGAAGAAGGACGGCAAGAAGCGCAAGCGCAGCCGCAAGGAGAGCTACTCGGTG 120
NP AAGGCGCAGAAGARAGGACGGCRAGAAGCGCAAGCGCAGCCGCAAGGAGAGCTACTCGGTG 120
68.1 AAGGCCCAGAAGAAAGACGGCAAGAAGCGCAAGCGCAGCCGCAAGGAGAGCTATTCCGTG 120

AEEAE KXAXXXAE AXXXREXXRAXRR AR XA AR AR R AKX XA AR R XA KA XA * % A% %

pET3a H2B.1

63.1 TACGTGTACAAGGTGCTGAAGCAAGTGCACCCGGATACCGGAATCTCTTCCAAGGCCATG 180 r
NP TACGTGTACAAGGTGCTGAAGCAAGTGCACCCGGACACTGGCATCTCTTCTAAGGCCATG 180 63.1 68.1 NP
68.1 TACGTGTACAAGGTGCTGAAGCAAGTGCACCCGGATACCGGCATCTCTTCCAAGGCCATG 180

FEXKAXKERFXRXKRAX KRR REXKAKAARRKXKEXAX X% K% XAXXAAAL XXXKEXAXS

63.1 GGCATCATGAACTCGTTCGTGAACGACATCTTCGAGCGCATCGCGGGAGAGGCGTCGCGC 240
NP GGCATCATGAACTCGTTCGTGAACGACATCTTCGAGCGCATCGCGGGAGAGGCGTCGCGC 240
68.1 GGCATCATGAACTCGTTCGTGAACGACATCTTCGAACGCATCGCGGGCGAGGCGTCGCGC 240

N e T s

63.1 CTGGCGCATTACAACAAGCGCTCGACCATCACGTCCCGGGAGATCCAGACGGCCGTGCGC 300
NP CTGGCGCATTACARACAAGCGCTCGACCATCACGTCCCGGGAGATCCAGACGGCCGTGCGC 300
68.1 CTGGCGCATTACAACAAGCGCTCGACCATCACGTCCCGGGAGATCCAGACGGCCGTGCGC 300

B R R S E T T T

63.1 CTGCTGCTGCCCGGGGAGCTGGCCAAGCACGCGGTGTCCGAGGGCACCAAGGCAGTCACC 360
NP CTGCTGCTGCCCGGGGAGCTGGCCAAGCACGCGGTGTCCGAGGGCACCAAGGCGGTCACC 360
68.1 CTGCTGCTGCCCGGGGAGCTGGCCAAGCACGCGGTGTCCGAGGGCACCAAGGCGGTCACC 360

R R L

63.1 AAGTACACCAGCTCCAAG 378

NP AAGTACACCAGCTCCAAG 378

68.1 AAGTACACCAGCTCCAAG 378
dhhkhkhkhkhhhhkhkkhhk

Figure 3.4: Expression of recombinant histone H2B.1 in E. coli. Multiple alighment of three histone H2B.1 coding
sequences used in the study (left). The identical nucleotides are marked with asterix. SDS-PAGE analyses (18%,
coomassie stained) of whole cell lysates of BL21 (DE3) pLysS the pET3a- H2B.1 constructs, 63.1, 68.1, and NP, induced

0
with 0.2mM IPTG at 37 C for 2hrs (right). Arrow marks the induced protein.

To test this proposition, we focussed on the two histone transcripts of H2B.1, namely 63.1 and
68.1 The only difference in rare codons between the two H2B transcripts are for the rare codons
of glycine at position number 158 and 226 in H2B.1 63.1 transcript. As both the transcripts

code for the same protein, it was noteworthy that expression was obtained from the transcript
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having a greater number of rare codons [Figure 3.1a]. By error prone PCR, we were able to
obtain another transcript variant (H2B.1 NP) of H2B.1 68.1 in which the rare codon at position
number 226 is present. Multiple alignment of the three H2B.1 transcript is shown in Figure
3.4. However, the robust expression of H2B.1 NP transcript, scored by the presence of an
intense band at ~17kDa in the induced sample (lane 6), demonstrates that, indeed, rare codons

may be favourable to protein expression and not always detrimental [Figure 3.4].

3.3.5 Incorporation of N-terminus tag positively affect protein

accumulation

As tags have been frequently used in purification of heterologous proteins, we wanted to test
the effect of tags on recombinant protein expression. A 6xHis tag was incorporated at the N-

terminal end of protein to understand its importance in translation kinetics. Interestingly, with
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Figure 3.5: Expression with 6xHis tag. (a) SDS-PAGE analyses (18%, coomassie stained) of whole cell lysates of BL21
(DE3) pLysS harbouring the pET28a-histone constructs, induced with 0.2mM IPTG at 37°C for 2hrs. (b) 18%, coomassie
stained SDS gel shows the expression status of H4 and H4* (codon optimized) in pET3a and pET28a vector backbone in
BL21 (DE3) pLvsS induced with 0.2mM IPTG at 37°C for 2hrs.

the 6xHis tag accumulation of H2A.2 protein (lane 6) was seen even without using a codon
optimized strain [Figure 3.5a]. This further strengthens our data on lack of direct correlation
between rare codons and protein accumulation. Expression was also seen in case of pET28a
H2B.1 68.1 (lane 10) and H4 (lane 16) but the results were “inconsistent”. In Rosetta (DE3)
pLysS consistent levels of expression from pET28a H2B.1 68.1 construct was achieved,

however, for pET28a H4 construct the inconsistency persisted without change in the growth of
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E. coli. Importantly, this suggested to us the possibility of involvement of protein degradation
behind the varied accumulation pattern observed for different proteins with changing

parameters.

3.3.6 Degradation might be the underlying cause behind lack of

accumulation of most recombinant proteins in E. coli

We speculated that altering the transcript parameters like rare codons, secondary structure, GC
content or presence/absence of tag affects protein accumulation either by altering folding
and/or degradation. We found that histone H4 expresses most inconsistently in E. coli, an
observation supported by other reports*® and hence, tested the occurrence of destabilisation
with H4 by western blotting. We speculated that altering rare codons should theoretically alter
degradation, hence, we incorporated a codon optimized H4 transcript as well, in our studies
(H4)). Initially, the expression of H4" was tested both in the BL21 (DE3) pLysS and the Rosetta
(DE3) pLysS strain. Consistent with the previous reports, pET3a H4" expressed robustly in

bacteria, however, expression was not obtained with pET28a vector [Figure 3.5b].

A time-chase experiment was carried out post-induction to monitor H4 degradation with non-
codon optimized H4 in both pET28a [Figure 3.6a] and pET3a [Figure 3.6b] vector backbone.
A decrease in the intensity of band in the immunoblot analysis suggested the destabilisation of
synthesized protein with time. Notably, we did not observe any smear generally associated with
degradation on using antibodies against the histone proteins. This is in agreement with the
previous report where decrease in intensity, without any smear, was observed for histone H4'%*.
Such degradation was not observed with the H4" transcript [Figure 3.6f]. Similar observations
were made for H2A.2, H2B.1 68.1 and H3.2 proteins as well [Figure 3.6c¢, d, e], however, with

varying kinetics of degradation.
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Figure 3.6: Evidence of degradation of recombinant proteins in E. coli. (a) Western blot of total cell lysates of
BL21 (DE3) pLysS harbouring pET3a H4 construct at different time points post-induction, with anti-H4 antibody. (b)(c)(d)
and (e) Western blot of total cell lysates of BL21 (DE3) pLysS harbouring pET28a H4, H2A.2, H2B.1 and H3.2 construct
respectively at different time points post-induction, with anti-His antibody. (f) Western blotting analysis of total cell
lysates of BL21(DE3) pLysS harbouring pET3a H4* construct at different time points post-induction, with anti-H4
antibody. H4* was selected as a negative control for degradation experiment, as it does not undergo degradation. PVDF
membrane was stained with Fast green.

The bacterial metabolism and hence, the translation kinetics should depend on growth medium.
When the expression of H4 constructs in different expression systems was tested in LB and the
much more nutrient enriched 2xTY media [Figure 3.7a, b, c], the expression levels were
dissimilar, however, no stringent correlation between the nature of media and yield of protein
was seen. Incorporation of osmolytes like trimethylamine oxide (TMAOQO) that has been
previously used to stabilise proteins'®* and glycerol in growth media did not enhance protein
accumulation [Figure 3.7d]. This might possibly be due to the fact that both TMAO and

glycerol can themselves be metabolised by bacteria.
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Figure 3.7: Expression of histones in response to different media, vectors and solutes. SDS-PAGE analyses
(18%, coomassie stained) of whole cell lysates of BL21 (DE3) pLysS and Rosetta (DE3) pLysS harbouring (a) pET3a H4, (b)
pET28a H4 construct, induced with 0.2mM IPTG at 37°C for 2hrs. (c) Quantitative representation of three independent
experiments depicted in (a) and (b). (d) Effect of TMAO on expression level of pET3a H4 and pET28a H4 depicted as SDS-
PAGE analyses (18%, coomassie stained) of whole cell lysates of BL21 (DE3) pLysS harbouring histone constructs U-
uninduced. R-Rat H4 induced. X- Xenoous H4 induced. H- Human H4 induced.

3.3.7 Incorporation of GST tag prevents the recombinant protein from
destabilization

Our studies with His-tag suggested that a fusion partner may lead to the stabilization of the
downstream unit. Strains like BL21 (DE3) pLysS and Rosetta (DE3) pLysS, that are deficient
in OmpT, can be particularly useful in this regard as they spare GST fusion proteins from
degradation'®. In order to see the effect of GST on accumulation of protein, initially,
expression of H2A.1 and H2A.2 were attempted with pGEx2T vector. For both the proteins,
accumulation was obtained [Figure 3.8]. The expression of H2A.2 was consistently obtained
with N-terminal GST tag. To rule out the possible contribution of difference in vector backbone
and copy number towards expression level, GST was cloned upstream of the histones already
cloned in pET3a (please see Annexure V in Appendix for details pertaining to construct

preparation). Indeed, consistent levels of expression were seen for all the constructs, including
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H2B.1 68.1 and H4 which were most inconsistent, without tag as judged by the presence of an

intense band around ~35kD in the induced samples in coomassie stained gels [Figure 3.9a].

(a) (b) PGEX2T
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Figure 3.8: Expression of pGEx2T Histone constructs. (a) Cartoon showing H2A.1 cloned in pGEX2T vector. (b)
SDS-PAGE analysis (18% coomassie stained) of whole cell lysates of BL21 (DE3) pLysS harbouring pGEX2T H2A.1 and
H2A.2 constructs induced with 0.2mM IPTG at 37°C for 2hrs. VC- Vector Control.

3.3.8 N-terminal tag is better suited to prevent destabilization than a C-

terminal one

To test whether the location of the tag is also a determinant, the GST tag was cloned at the C-
terminus of histones. Apart from H2A.2 (lane 5), all constructs expressed robustly, although,
there was a considerable difference in expression levels of different proteins [Figure 3.9b (i)].
Importantly, this rules out the possibility that the expression achieved was due to altered
stability of the 5° end mRNA or 5’ end amino acid residues or enhanced translation initiation
resulting from tag incorporation. Interestingly, at instances the immuno-blot data showed a
smear suggestive of degradation of protein with C-terminal GST tag [Figure 3.9¢], which
might be the possible reason for differential protein levels. This was not observed with an N-
terminus tag. Further, the binding of the fusion proteins to the glutathione conjugated beads
suggested that the GST conformation is maintained when expressed as a C-terminal fusion

[Figure 3.9b (ii)].
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Figure 3.9: Expression of histones as GST fusions. (a) SDS-PAGE analysis (10%, coomassie stained) of whole cell
lysates of BL21 (DE3) pLysS harbouring pET GST (N-terminal) - histone constructs induced with 0.2mM IPTG at 37°C for
2hrs. (b)(i) SDS-PAGE analysis (10% coomassie stained) of whole cell lysates of BL21 (DE3) pLysS harbouring pET GST (N-
terminal) - histone constructs induced with 0.2mM IPTG at 37°C for 2hrs. (ii) SDS-PAGE gel (10%, coomassie stained)
showing affinity purified C-terminal GST fused Histones. (c) Western blot analysis of N-terminal and C-terminal GST fused
H4 with anti-H4 antibody. Region marked spans the degradation of C-terminal GST H4. (d) SDS-PAGE analysis (10%,
coomassie stained) of whole cell lysates of BL21 (DE3) pLysS harbouring constructs for histone fused with N-terminal
domain of GST induced with 0.2mM IPTG at 37°C for 2hrs. (e) Quantitative data showing comparative expression levels

of all histone constructs in various vectors.
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3.3.9 Size of the tag is an important determinant of expression levels

Next, we asked whether the size of the tag influences accumulation levels. To address this, the
N-terminal domain of GST comprising of 86 amino acid residues was cloned upstream of the
histones in pET3a vector and their expression was attempted. The results were similar to that
obtained with the 6xHis tag with stable expression of H2A.2 and H2B.1 and the H4 protein
being expressed inconsistently [Figure 3.9d]. This clearly suggested that the size of the tag

with respect to that of protein of interest is an important determinant.

3.3.10 Solubility of proteins doesn’t necessarily correlate with accumulation

Proteins in the insoluble aggregates would decrease accessibility to host proteases preventing
degradation. However, both GST and MBP tags are known to solubilize proteins and hence,
the improved accumulation observed should not be because of the above mentioned reason.
However, to rule out this possibility the correlation of protein solubility was investigated with
expression level. The solubility profile of histones expressed using pET28a vector in BL21

(DE3) pLysS strain at 37°C is depicted in Figure 3.10a. All the histones were mostly insoluble.
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Figure 3.10: Effect of induction temperature and purification tag on solubility of histones. (a) Coomassie
stained gel showing solubility profile of all histones in pET28a expressed in BL21 (DE3) pLysS. (b) SDS PAGE analysis for
solubility profile of H2A.1 in pET3a, pET28a, pGEX2T and with N-ter domain GST expressed in BL21 (DE3) pLysS and
Rosetta (DE3) pLysS (see Materials and Methods for induction conditions).

Further, we tested the solubility of H2A.1 with different tags. The experiments were carried
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out at 18°C, as lower temperature may lead to lower metabolic rate allowing better folding and
solubility. The codon optimised Rosetta (DE3) pLysS strain was also used as codon
optimisation have been shown to alter protein solubility'®*. We did find altered solubility for
6x His-tagged H2A.1 at 18°C in Rosetta (DE3) pLysS strain. As expected the major alteration
in solubility profile was observed with GST tag [Figure 3.10b]. However, we didn’t find any
correlation between protein solubility and expression, as irrespective of solubility we could

achieve robust accumulation.

3.4. Discussion

Heterologous expression is a very powerful tool for producing recombinant proteins.
Unfortunately, the lack of heterologous expression is a rather commonly encountered
phenomenon and systematic studies are to be done for building strategies to circumvent this
problem. Many reports provide guidelines to optimise recombinant protein expression,
however, not many studies address why many a times the proposed hypotheses fail to explain
the observed results. This might be due to lack of fundamental understanding which dictates
recombinant protein accumulation in bacteria and the proposed factors like rare codons, nRNA
secondary structure and GC content probably are contributory factors to the fundamental cause.
Our results that the rare codons need not be detrimental to protein accumulation and codon-
optimisation, at times, may be unfavourable for protein expression, are indicative that this
indeed might be true. Possibly, rather than a barrier to the translation machinery, the various
transcript parameters like rare codons or mRNA secondary structure (to which GC content also
contributes), are modulators of translation kinetics. The overall translation speed can be
modulated through tRNA recycling at the ribosome'® and attenuation of #p operon presents a

classic example'®® [Figure 3.11 (2)].
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Figure 3.11: Proposed model for factors influencing recombinant protein accumulation. The red dotted lines
indicate the region of the transcript which are either rich in rare codon, have a strong secondary structure or a high GC
content. The green dotted lines indicate the modified region of the transcript having reduced rare codons, secondary
structure or GC content. The violet dotted line indicates 6xHis tag whereas the yellow ones indicate the GST tag.

In such scenario, the question arises that why sometimes there is complete lack of expression?

One probable reason, might be the fact that transcription, translation and protein folding are

coupled in bacteria. Presence of rare codons can affect the rate of translation and would

influence the folding, thus local protein structure'®’. The local protein structure in turn may

define the response of targeting and degradation by the host protease. Therefore, altering the

“translation kinetics code” inherent in the sequence of the transcript can lead to complete lack

of expression owing to degradation at times or may result in improved accumulation. This also

emphasizes that the position of a rare codon should be more important than its absolute number.

Subsequently, coding sequences having more rare-codons, but at positions which promote
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“better” folding may lead to better accumulation [Figure 3.11 (4)]. This hypothesis is
consistent with the proposition that rare codons may provide the genetic instruction for the

regulation of rate of protein synthesis to allow proper folding of the nascent polypeptide'®®.

Though the strains used for carrying out expression were deficient in the protease OmpT and
Lon, however, other host protease involved in the normal turnover of proteins like ClpXP,
CIpAP, HslUV, etc. might be involved in the degradation of heterologous proteins'®. It is in
agreement with an earlier report in which human H4 was shown to be degraded 2hr post-

induction !”°

. Martinez et al. also showed by immuno-blotting that the human phenylalanine
hydroxylase yield was greatly reduced because of proteolytic degradation'’'. In our
experiments also western blotting was preferred over pulse labelling technique because use of
specific antibody does not lead to the background observed with pulse labelling technique.
Western blotting has been previously used and recommended to monitor degradation of

- 172,162
protein 7

. Misfolding of the protein is likely to be responsible for this degradation
observed. It is quite expected in bacteria, that eukaryotic proteins won’t be properly folded
due to the lack of specific chaperones and/or post-translational modification required for

folding. This in turn leads to misfolded proteins which are targeted by the bacterial host

proteases.

The challenge remains to establish a predictable correlation between any of the proposed
parameters and expression, which can help us to engineer means of circumventing
destabilisation. Unfortunately, it appears it is not going to be very straight forward. An earlier
study showed that for the same transcript replacing the rare codons with the major ones or
changing the GC content can independently bring about improved expression'”. Clearly, not
only are these parameters independently important, but correlations amongst secondary

structure, the GC content and the codon usage of the transcript are significant'’. As an
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Figure 3.12: Flow chart for obtaining recombinant protein expression. A general guideline for obtaining
recombinant expression of protein with minimal number of troubleshooting steps.

alternative, we found that incorporation of a tag leads to much more consistent and predictable
outcomes of protein expression and the size of the tag with respect to that of proteins is also
important. The above hypothesis also gives us the reason as to why some proteins, which do
not efficiently express without a tag, are sometimes robustly expressed as fusion with known
tags like GST and MBP. Importantly, an N-terminus tag appears to be better suited. Probably,

at the N-terminus of a fusion, the folding of GST/MBP precedes that of the downstream unit.
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However, when GST is present downstream of a protein, its folding might be influenced by

its fusion partner leading to the attainment of a misfolded form [Figure 3.11 (7B)].

3.5. Conclusions

To summarise, the destabilisation of the protein might be the fundamental cause behind the
lack of accumulation of most recombinant proteins and this may be averted by incorporating
an N-terminal tag of suitable size. The model presented in Figure 3.11 depicts the different
parameters affecting protein accumulation and the probable mechanism (see legend for details).
Finally, the steps depicted in Figure 3.12 should allow a researcher to troubleshoot expression
problems in minimum time with maximum probability of success. Although, affinity tags have
been used for a long time to facilitate expression and purification of proteins, we are able to

propose the mechanism behind the observed results.
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IV. RECONSTITUTION OF HISTONE
OLIGOMERS

Chapter 4

Optimization of purification conditions of
recombinant histones and reconstitution of histone
oligomers to carry out biophysical assays

This work was published in the journal “Advances in Biosciences
and Biotechnology”
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4.1. Introduction

Histones being the primary structural scaffold of chromatin, even minor differences in their
primary sequence, can modulate chromatin stability and accessibility. Histones exist as a part
of oligomeric complex inside the cells in the form of nucleosomes. H2A is incorporated into
this complex in a very precise order in which it first interacts with monomeric H2B to form a
dimer and then is incorporated into the octamer around which DNA is wrapped [Figure 4.1].
Hence, subtle changes in stability of each of this sub-complexes may manifest its effect at the
level of nucleosome stability ultimately leading to altered chromatin dynamics and is an

interesting aspect to investigate.

Figure 4.1. Formation of the nucleosome core particle.
Individual core histones H2A (blue), H2B (green), H3
(yellow) and H4 (magenta) first hetero-dimerize to form
the H2A-H2B and the H3-H4 complexes. The different
complexes can either under different stringencies or
with the help of histone chaperones associate together
to form the nucleosome composed of a central tetramer
of H3-H4 flanked by two heterodimers of H2A-H2B, and
wrapped by 146 base pairs of DNA.

Adapted from:
http://www.intechopen.com/source/html/43165/media
/imagel.png

Histones when expressed in bacteria form inclusion bodies and hence, their purification first
requires solubilizing them with denaturing agents like urea or guanidine chloride followed by
ion exchange chromatography and gel filtration®®. Requirement of using multiple
chromatography steps makes it technically and practically challenging for a non-specialist lab
to employ these methods to purify recombinant histones. In addition to the technical challenges

faced for purifying recombinant histones, the use of full length histone proteins for carrying
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out in vitro assays is limited largely due to their unfolded confirmation in hydrophilic
environments and also, due to protein aggregation. Nucleosome sub-complexes like histone
H2A-H2B dimer, H3-H4 tetramers and H2A-H2B-H3-H4 octamers should circumvent these
issues and in addition, would fare as better representatives of in vivo substrates in in vitro
assays. Although, the production of nucleosome complexes with purified histones has been
described earlier'” it requires considerable expertise and resources to successfully execute the
protocol. Further, a major challenge faced for the use of full length histone proteins for carrying

out in vitro assays and reconstitution is their aggregation in commonly used buffers.

In the present study, various methods to purify histone proteins were evaluated to come up with
a simple protocol to enable quick reconstitution of H2A-H2B dimers, H3-H4 tetramers and
histone octamers for in vitro experiments. The method was subsequently used to reconstitute

H2A.1-H2B and H2A.2-H2B dimer to compare their in vitro stability.

4.2. Methods

4.2.1 Growth and IPTG induction of transformed bacterial expression hosts

Same as described in chapter III (page number 79).

4.2.2 Affinity purification of GST fusion proteins

Same as described in chapter III (page number 80).

4.2.3 Ni-NTA affinity purification

The protocol for Ni-NTA affinity purification of recombinant histone is as described earlier'’®
with certain modifications. The insoluble pellet containing histone were dissolved in 50mM
Tris—HCI buffer (pH 8.0) containing 500mM NaCl, 5% glycerol, and varying concentration of

urea [Figure 4.5c] for more details). Pellet obtained from 1000ml of bacterial culture was
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resuspended in 10ml of buffer. After the pellet was dissolved the samples were centrifuged at
27,000g for 20mins at 4°C. The supernatant was transferred to a fresh tube. The insoluble pellet
obtained was again resuspended in 10ml of the same buffer for re-extraction of histones.
Samples were again centrifuged at 27,000g for 20mins at 4°C. The supernatant was pooled
with the previously collected supernatant and the insoluble pellet obtained was discarded. 2ml
of 50% slurry of nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen) were
equilibrated with buffer containing 500mM NaCl, 5% glycerol, and 6M urea. The 50% slurry
was added onto a PD10 column (GE) with a stopper. 5 times bed volume buffer was added and
allowed to flow through. This was repeated at least thrice. The stopper was attached to prevent
the liquid from flowing through and the supernatant containing the 6xHis-tagged histones were
then added onto the column. The column was kept on a rocker at 4°C for allowing efficient and
uniform binding of the proteins to the beads. After a 60min incubation, the stopper was opened
and the flow-through was collected and labelled as unbound. The beads were washed with
50mM Tris—HCI buffer (pH 8.0) containing 500mM NaCl, 5% glycerol, 6 M urea, and 10mM
imidazole in a way similar to what was described for equilibration. The 6xHis-tagged histones
were eluted by a linear gradient of imidazole from 5 to 300mM in buffer containing S00mM
NaCl, 5% glycerol and 6 M urea. The eluted fractions were analysed by preparing the sample
as described earlier and loading on 18% SDS-PAGE. The histones obtained were dialysed
against 2 litre 10mM HCI to remove urea and salts with the help of D-tube Dialyser 6-8KDa
cut-off (Millipore). The histones were processed immediately for reconstitution experiments

or were stored at -80°C post lyophilisation.

4.2.4 Reconstitution of H2A-H2B dimer and H3-H4 tetramer

To reconstitute the H2A-H2B dimer, the His6-tagged histones H2A and H2B or H3 and H4 in

10mM HCI were mixed in 1:1 stoichiometry. The concentration was determined for the
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histones by using their molar extinction coefficient. Further, the quantification was validated
by resolving the histones on an 18% SDS-PAGE followed by coomassie staining. After adding
the histones, the mixture was rapidly diluted three folds by adding 50mM Tris—HCI (pH 8.0)
containing 10mM DTT and 2mM EDTA with continuous stirring. The diluted mixture was
then dialyzed (cut-off 10kDa) against 1 litre of 50mM Tris—HCI (pH 8.0) containing 10mM
DTT, 2mM EDTA and 2M NacCl for 1 h at room temperature, and the dialysis was continued
overnight at 4°C. After an overnight dialysis, the impurities and excess histones precipitated.
The insoluble histones were removed by centrifugation at 27,000g for 20 mins at 4°C. The
dialysate was then concentrated using a 10kDa cut-off protein concentrator (Amicon Ultra-15,
Millipore). The concentrated proteins were loaded onto equilibrated Superdex-200 HilLoad
16/60 (GE) gel filtration column and the peak fractions were collected. The elution of the
protein was monitored by absorbance at 280nm. The salt concentration was reduced by

stepwise dialysis for downstream assays.

4.2.5 Reconstitution of histone octamer

The reconstituted H2A-H2B dimer and H3-H4 tetramer were mixed in 1:1 stoichiometry and
mixed properly with the help of a magnetic stir bar. The mix was then put into a dialysis tubing
(cut-off 10kDa) and dialysed overnight with changes against 2 litre of 50mM Tris—HCI (pH
8.0) containing 10mM DTT, 2mM EDTA and 2M NaCl at 4°C. The dialysate was then
centrifuged at 13000g for 20min at 4°C to remove any precipitate. The clear supernatant was
concentrated, if required, using a 10kDa cut-off protein concentrator (Amicon Ultra-15,
Millipore). The concentrated protein was analysed on an 18% SDS-PAGE to confirm the
presence of all the four core histones. The protein was then injected into equilibrated Superdex-
200 HiLoad 16/60 (GE) gel filtration column (flow rate 0.5ml/min) and the peak fraction was

collected.
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4.3. Results

4.3.1 Purification of recombinant histones using affinity purification

Histones are highly insoluble when expressed in bacteria. We tried to use the commonly used

GST tag as it often solubilizes protein and also enables use of affinity purification. We found
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Figure 4.2: Expression and purification of GST tagged histones. (a) SDS-PAGE analyses (10%, coomassie stained)

of whole cell lysates of BL21(DE3) pLysS harbouring the pGEX2T-histone constructs, induced with 0.2mM IPTG at 370C
for 2hrs. (b) SDS-PAGE analyses (10%, coomassie stained) of cell lysates of BL21(DE3) pLysS harbouring the pGEX2T-H2A
(i) at 370C, induced with 0.2mM IPTG for 2hrs (ii) at 180C, induced with 0.2mM IPTG overnight. The cells were harvested,
lysed post induction and the different fractions were separated by centrifugation prior to loading on the gel. VC- Vector
Control, WCL- Whole Cell Lysate, ISF- Induced Soluble Fraction, IF- Insoluble Fraction. (c) SDS PAGE (10%, coomassie
stained) showing GST-histone fusions bound to glutathione conjugated beads. The beads were washed with binding
buffer increasing number of times to remove non-specifically bound proteins.

the histones expressed robustly with the GST tag [Figure 4.2a], however, the expressed

proteins were largely insoluble when growth temperature post-induction of recombinant
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protein expression was maintained at 37°C. Similar results were obtained for all the core
histones [Figure 4.2b (i)]. On attempting expression at 18°C, approximately 10% of the protein
was recovered in the soluble fraction [Figure 4.2b (ii)]. Proteins were purified by affinity
purification by binding to glutathione conjugated beads and washing increasing number of

times to remove non-specifically bound proteins [Figure 4.2c¢].

4.3.2 Removal of GST tag from recombinant proteins

GST being of 26kDa size and a homodimer itself is expected to interfere with the hetero-
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Figure 4.3: Protease cleavage of GST-histone fusions. (a) SDS-PAGE analyses (10%, coomassie stained) of (i) GST
and (ii)-(vi) GST-histone fusion proteins for removal of GST tag. with all the used enzymes. 50g of the purified protein
was incubated with 50ng of enzyme for 1hr at 25°C. For buffer condition please see Annexure IV in Appendix. (b) Table
summarising the expected (E) and observed (O) protease activity of the enzymes used.
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dimerization of histones. This makes cleavage of the GST tag essential for carrying out H2A-
H2B dimerization or H3-H4 tetramerisation. We tested the efficacy of some commonly used
proteases thrombin, factorXa, TEV and enterokinase for histone purification. Incubation of
only GST protein did not lead to any cleaved products [Figure 4.3a (i)] as expected. However,
to our surprise, we found proteases like factorXa and enterokinase, non-specifically cleave the
histones as can be seen with the disappearance of the band corresponding to GST fusion and
appearance of band corresponding to the GST protein [Figure 4.3a (ii)-(vi)]. By mass
spectrometry we confirmed that the protein we purified was indeed GST-Histone fusion

[Figure 4.4]. On screening for different proteases which are continually used in

(a) (b)
Histone H2A type 1-C OS=Rattus norvegicus (Score 49.60)
H2A.1
- o 815514 815.485 1952.353 0.029 35.759
837.418 837.421 1070318 -0.003 -3.794 37-43 KGNYAER
850531 850.526 2149.802 0.005 5.775 83-89 HLQLARR
944,539 944,531 4418.682 0.008 8.663 22-30 AGLQFPVGR
T —— 2915.661 2915588  30719.427 0.073 25.073 44-72  VGAGAPVYLAAVLEY
\ LTAEILELAGNAAR
8 =2 Glutathione S-transferase class-mu 26 kDa i 0S=5Schi: i (Score 57.50)
x
5
2 963.557 963.530 213.090 0.027 28.289 SPILGYWK
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g, 1032.597 1032.587 808.265 0.010 10.076 65-73 LTQSMAIIR
‘g | |[peckanax 1048.591 1048.582 520.564 0.009 8.852 65-73 LTQSMAIIR 5:
s |z HIQUAIR Oxidation (M)
‘g #% [ AGLQFPVGR yIAWPLQGWQATFGGGDHPPK 1182.701 1182.684 228.793 0.017 14.105 182-191 RIEAIPQIDK
a / SPILGYWK \
2 fesiasl o 1516.829 1516.804 125.200 0.025 16.357 90 - 103 AEISMLEGAVLDIR
/ RIEAIPQIDK \ 2326.189 2326.140 874.676 0.049 20.945 198 - 218 YIAWPLQGWQATFGG
/ | GDHPPK
/AEISMLEGAVLDIR |  KFELGLEFRNLPYYIDGDVK
& N'Z4 2357.212 2357.206 36.508 0.005 2.257 45-64 KFELGLEFPNLPYYID
v h GDVK
m/z
Figure 4.4: Mass spectrometric analysis of GST H2A. (a) Plot of mass/charge ratio vs absorbance intensity of
peptides of GST and H2A.1 marked in different colours. (b) Tabulated list of the peptide sequences of H2A.1 and GST
identified by MALDI.

recombinant protein purification, TEV protease was the only one, found not to cleave histones
non-specifically. The expected and observed pattern of protease activity is tabulated in Figure
4.3b. Although, thrombin is expected to cleave H4 protein (as per ExPASy Peptide Cutter) but
the cleavage site is just after four amino acids. This makes the band shift difficult to be
perceived on SDS-PAGE [Figure 4.3a (vi)]. Post GST removal the monomeric histones were

found to precipitate limiting their use.
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4.3.3 6xHis tag is better suited for affinity purification of histones

Due to the above mentioned limitation encountered, we further explored other affinity based
purification strategies for histones. We opted to use N-terminal 6xHis tag for histone
purification keeping in consideration that a small tag like 6xHis is not expected to interfere in

the oligomerization of histones (N-terminal tails of histones protrude out of the nucleosomes).
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Figure 4.5: Expression and purification of 6XHis tagged histones. (a) SDS-PAGE analyses (18%, coomassie
stained) of whole cell lysates of BL21(DE3) pLysS harbouring the pET28a-histone constructs, induced with 0.2mM IPTG

0
at 37 C for 2hrs. (b) SDS-PAGE analyses (18%, coomassie stained) of cell lysates of BL21 (DE3) pLysS harbouring the

pET28a-H2A at 370C, induced with 0.2mM IPTG for 2hrs and at 180C, induced with 0.2mM IPTG overnight. The cells were
harvested, lysed post induction and the different fractions were separated by centrifugation prior to loading on the gel.
Similar results were obtained for all the core histones. WCL- Whole Cell Lysate, ISF- Induced Soluble Fraction, IF-
Insoluble Fraction. (c) Solubilisation of histones from the IF with different urea concentrations. Lanes 2, 4, 6, 8
correspond to insoluble fractions and lanes 3, 5, 7 to fractions solubilized with 2M, 4M and 6M urea. (d) SDS-PAGE
analyses (18%, coomassie stained) of different fractions obtained at different stages of Ni-NTA based purification of
6xHis tagged H2A. Similar results were obtained for all the core histones. (e) Elution profile of 6xHis tagged H2A on
elution with different concentrations of imidazole. (f) SDS-PAGE (18%, coomassie stained) showing the purified core

histones.

We used pET28a vector to express histones in BL21 (DE3) pLysS. The recombinant protein
expression was robust [Figure 4.5a]. On analyzing different fractions, the histones were found

to be completely part of insoluble fraction at both 37°C and 18°C [Figure 4.5b]. Similar results
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were obtained for all the core histones. Unlike GST, the 6xHis tag can be used for affinity
purification even in denaturing conditions, hence, different solubilisation strategies were
employed. Urea was the preferred denaturant to solubilize proteins from the insoluble fraction
as Gdn-Cl doesn’t allow solubilized 6xHis proteins to bind to Ni-NTA column. Upon further
titration with different urea concentrations (2M, 4M, 6M), 6M urea was found as the optimal
denaturant concentration to solubilize these proteins [Figure 4.5¢]. The solubilized proteins
robustly bound to Ni-NTA beads [Figure 4.5d]. Elution with buffers containing increasing
concentration of imidazole (5, 10, 50, 100, 150, 200, 250, 300mM) suggested that histones
could be very efficiently eluted with 150mM imidazole concentration with almost none of non-
specific proteins [Figure 4.5e]. Thus, all the core histones could be very efficiently and

conveniently purified with one step purification process [Figure 4.5f].

4.3.4 Histone monomers are not properly folded in solution
To remove denaturant from the purified proteins, the eluted fraction was overnight dialyzed
against 50mM phosphate buffer. However, often it led to the precipitation of majority of

histones. Histones being highly basic proteins the precipitation could be circumvented by
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Figure 4.6: Secondary structure analysis of histone monomer. Far-UV CD spectra of core histone monomers
obtained post affinity purification. Spectra of protein with ~10-20uM concentration was recorded. The lack of dip at
222nm and predominant dip at 205nm suggests that the monomers are in an unfolded state in the solution.

dialyzing histones against 10mM HCL irrespective of the concentration. For carrying out

subsequent analysis the concentrated histones could be diluted in phosphate (pH 7.4) or tris
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(pH 7.4) buffer without precipitation. Afterwards, to see whether the histone monomers attain
their native confirmation on removal of the denaturant, circular dichroism (CD) spectra was
taken. Spectra showed a dip at around 200nm for all the histone monomers suggesting that the

monomers were not folded properly and were largely in random coil [Figure 4.6a-d].

4.3.5 Histone oligomers can be conveniently reconstituted from affinity

purified histones

To reconstitute H2A-H2B dimers and H3-H4 tetramers as 1) they would be better substrates
for carrying out in vitro enzymatic assays, 2) would be properly folded owing to the burial of

hydrophobic residues and 3) would be easier to use for octamer formation.

In this regard, the protocol of rapid dilution of histones for forming oligomers was used'”’. Post
rapid dilution protocol involves binding of the mix to heparin column and subsequent
elution'””. It was found that even H3-H4 tetramers could be in vitro reconstituted directly from
10mM HCI without urea denaturation by this method which was not previously reported. Also,
dialyzing the rapid dilution mix against 2M NaCl leads to precipitation of excess histone
monomers leaving the properly folded dimers in soluble form thus eliminating the requirement
of heparin column. In ideal scenario, with usage of equimolar histones, there should be no or
minimum precipitate post dialysis. The precipitate (if formed) were removed by centrifuging
the sample at 10000g for 20mins. The dimers were purified by size-exclusion chromatography
using HiLoad 16/60 Superdex-200 gel filtration column. The dimer eluted at a volume of 82mL
[Figure 4.7a (i)]. The molecular weight of H2A and H2B being very similar (H2A- 14119.5Da,
H2B- 13906.1Da) [Figure 4.7a (ii)], the peak fractions from gel filtration were resolved onto

AUT-PAGE, which separates proteins on the basis of hydrophobicity, to confirm the formation
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of heterodimers [Figure 4.7a (iii)]. The presence of two bands confirmed that the peak obtained

from gel filtration column consists of two proteins and is thus a heterodimer.
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Figure 4.7: Reconstitution of histone dimer, tetramer and octamer. (a)(i) Elution profile of reconstituted H2A-
H2B dimer with elution volume of 82ml on a Superdex 200 HiLoad 16/60 (GE) gel filtration column. (ii) SDS PAGE analysis
of the peak fraction of dimer collected. (iii) AUT PAGE analysis of the peak fraction of dimer collected, showing distinctly
resolved H2A and H2B. (b) Elution profile of reconstituted H3-H4 tetramer with elution volume of 72ml on a Superdex
200 HiLoad 16/60 (GE) gel filtration column. (c) Elution profile of reconstituted histone octamer with elution volume of
65mlon a Superdex 200 HiLoad 16/60 (GE) gel filtration column. The smaller shoulder peak is of excess H2A-H2B dimer.

4.3.6 H2A-H2B dimers and H3-H4 tetramers are better substrates for

octamer reconstitution than histone monomers

The properly folded H2A-H2B dimers and H3-H4 tetramers were next used to give rise to
histone octamer. Equimolar ratio of H2A-H2B dimer and H3-H4 tetramer were mixed and were
dialysed against 2M NaCl. Under such high NaCl concentrations, the histone octameric core

particle was formed which could be confirmed and purified by loading onto size exclusion
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chromatography column with elution at an expected volume ~65ml*° [Figure 4.7¢]. The excess

H2A-H2B dimer eluted at 82mL.

4.3.7 Histone oligomers are properly folded
Post reconstitution and purification, secondary structure validation of the H2A-H2B dimer and
H3-H4 tetramer were carried out by far-UV CD. The spectra dip at 222 and 208nm,

characteristic of helices confirmed that the histone oligomers, which has a high proportion

(40%) of helical structure [Figure 4.8a], is properly folded [Figure 4.8b (i) for H2A-H2B
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Figure 4.8: Secondary structure analysis of histone dimer and tetramer. (a) Cartoon depicting the structure of
histone H2A-H2B dimer. (b) (i) Far UV CD spectra of reconstituted and purified H2A-H2B dimer. The dip at 208 and
222nm suggests that the dimer is folded in its native confirmation. The peak at 195nm further corroborates that the
dimer has high helical content. (ii) Fluorescence spectral scan of reconstituted and purified H2A-H2B dimer. The peak at
305nm suggests that the dimer has proper tertiary structure with buried tyrosine residue (iii) Near UV CD spectra for
tertiary structure validation of dimers. The bell shaped curve with peak near 278nm in the near-UV CD spectra is in
agreement with signature tyrosine peak between 275 and 282nm (c) (i) Far UV CD spectra of reconstituted and purified
H3-H4 tetramer. The dip at 208 and 222nm suggests that the dimer is folded in its native confirmation. (ii) Fluorescence
spectral scan of H3-H4 tetramer. The peak at 305nm suggests that the tetramer has proper tertiary structure with buried
tyrosine residue.

dimer, ¢ (i) for H3-H4 tetramer]. The greater dip at 208nm compared to 222nm highlights the

greater proportion (~60%) of randomly coiled structure of the dimer and tetramer. The tertiary
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structure of the H2A-H2B dimer and H3-H4 tetramer was validated by near UV CD and
fluorescence spectroscopy. H2A has three tyrosine residues at position 39, 50 and 57 and H2B
have five tyrosine residues at position 37, 40, 42, 83 and 121. Histones do not contain
tryptophan, hence, the fluorescence of histone proteins is majorly attributed to the tyrosine.
The bell shaped curve with peak near 278nm in the near-UV CD spectra is in agreement with
signature tyrosine peak between 275 and 282nm [Figure 4.8b (iii)]. The dimers exhibited a
fluorescence emission maximum at 305nm [Figure 4.8b (ii)] which is expected for tyrosine.

Similar pattern was observed for the H3-H4 tetramers [Figure 4.8c¢ (ii)].

4.4. Discussion

We have described a very convenient and robust method to express, purify and reconstitute
sub-nucleosomal complexes of histones for carrying out in vitro studies. Histones are often
insoluble in bacteria. One way of circumventing this issue is by co-expressing histones, for

example H2A and H2B together in tandem, in bacteria which at times makes them soluble'”®.

178
8 As an

However, this method does not ensure that all histones expressed will be soluble
alternative approach, we tried to use the commonly used GST tag as it often solubilizes protein
and also enables use of affinity purification. Affinity purification may yield ~90% pure proteins
after only one round of purification and is technically less challenging than ion-exchange
chromatography. GST tag could be used to solubilise and purify histones, however, due to the
precipitation of monomeric histones post GST tag removal the strategy was not useful
especially considering that only 10% of the protein is solubilised on GST tag incorporation.
Nonetheless, the strategy can be useful to carry out some in vitro GST pull down assays.
Another striking thing which emerged from our data is the propensity of proteases to non-

specifically cleave histone proteins. FactorXa and Enterokinase, which have propensity to non-

specifically cleave at basic residues. Hence, care is to be taken while choosing the protease to
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remove tags from fusion proteins consisting of histones. TEV protease was found to be the best
suited for this purpose. For producing recombinant histones in bulk amount, Ni-NTA affinity
purification under denaturing conditions was very convenient and robust technique. In addition,
6xHis tag being small and as N-terminus of histones are not involved in formation of the
complexes, the His-tagged proteins could be directly used in reconstitution experiments
without removal of tag. Further, we documented that the reconstituted complexes are properly
folded which makes them useful for carrying out in vitro studies pertaining to histone
variants/mutants and modifications. Notably, histone monomers are not properly folded in
solution as suggested by the CD spectra. This might be attributed to the fact that the alpha 2

helix of histones is largely hydrophobic in nature.

Histones lack tryptophan and contain very less tyrosines and phenylalanines. The scarcity of
aromatic residues means that quantification methods based on the presence of these residues
like Folin-Ciocalteu and absorbance at 280nm are error prone for histones. During in vitro
reconstitution experiments the histones have to be added at an equimolar ratio and any error in
quantification can lead to large amount of precipitation. In this regard using reconstituted H2A-
H2B dimers and H3-H4 tetramers for histone octamer reconstitution is more convenient rather
than adding all the four histone monomers stoichiometrically. In our experience using the
reconstituted dimers and tetramers for octamerisation gives more consistent results than using
the individual monomers. The histone octamer elutes at 65mL. The H3-H4 tetramer elutes at
72mL, whereas the H2A-H2B dimer elutes at 84mL. Hence, it is advised to use a little excess
of H2A-H2B dimer during octamer reconstitution as they are easier to distinguish from the

octamer peak during gel filtration as compared to H3-H4 tetramer peak.
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4.5. Conclusions

We have described a protocol in which histones can be purified and its oligomeric structures
reconstituted in very few steps in three days. Histones can be purified in bulk by affinity
purification and then via use of rapid dilution method followed by dialysis, H2A-H2B dimers
and H3-H4 tetramers can easily be reconstituted. For histone octamer formation, the
reconstituted and purified dimers and tetramers are mixed proportionately followed by dialysis.
These reconstituted and purified octamers which have their native structure are better substrates
for use in in vitro assays. We also showed that adding GST tag partially solubilises the
otherwise insoluble histones which can be used for in vitro assays. Further, histones have a
propensity to be non-specifically cleaved by proteases and TEV protease should be opted for

while working with histones.
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V. PHYSIOLOGICAL EFFECT OF H2A.1
ISOFORM OVEREXPRESSION

Chapter 5

Work carried out to investigate the possible non-
redundant functional effect of H2A.1 isoform on
cell physiology

120 | 224



Thesis| Saikat Bhattacharya

S.1. Introduction

The canonical histone genes are synthesized during the S-phase and to meet up with their high
demand during DNA replication, their encoding genes are present in cluster. For instance, there
are three clusters of canonical histone genes present in humans at chromosome number 1 and

6. Interestingly, differences in the primary sequence is observed amongst the histone H2A

Histlh2aa MSGRAKQGGKARAKAKSRSFRAGLQ FPVGRVHRLLRQGN YAERI GAGTPVYLAAVLE YLT
Hist2h2ab MSGRGKQGGKARAKAKSRSSRAGLQ FPVGRVHRLLRKGN YAERVGAGAPVYMAAVLE YLT
Hist2h2ac MSGRGKQGGKARAKAKSRSSRAGLQ FPVGRVHRLLRKGN YAERVGAGAPVYMAAVLE YLT
Hist2h2aa3 MSGRGKQGGKARAKAKSRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYMAAVLE YLT
Histlh2af MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLYKGNYSERVGASAPVYLAAVLE YLT
Hist3h2a MSGRGKQGGKARAKAKSRSSRAGLQFPVGRVHRLLRKGN YSERVGAGAPVYLAAVLE YLT
Histlh2ak MTGRGKQGGKARAKAKTRSS RAGLQ FPVGRVHRLLRKGN YSERVGAGAPVYLAAVLE YLT
Histlh2ac MSGRGKQGGKARAKAKTRSSRAGLQ FPVGRVHRLLRKGN YSERVGAGAPVYLAAVLE YLT
H2ae-like MSGRGKQGGKARAKAKTRSSRAGLQ FPVGRVHRLLRKGN YSERVGAGAPVYLAAVLE YLT
Histlh2aivx2 MSGRGKQGGKARAKAKTRSSRAGLQ FPVGRVHRLLRKGN YSERVGAGAPVYLAAVLE YLT
Histlh2aivxl MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYSERVGAGAPVYLAAVLE YLT
Histlh2an MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYSERVGAGAPVYLAAVLE YLT
Histlh2ah MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGN YAERVGAGAPVYLAAVLE YLT
* :** .***********: *k hkk kk kkk kkk kk kk :***: **: **. :***: *kk kk kkk
Histlh2aa AEILELAGNAARDNKKTRII PRHLQLAT RNDEE INK LLGRVTIAQGGVLPNI QAVLL PKK
Hist2h2ab AEILELAGNAARDNKKTRII PRHLQLAVRNDEE ILNKLLGGVTIAQGGVLPNI QAVLL PKK
Hist2h2ac AEILELAGNAARDNKKTRII PRHLQLAT RND EE LNKLLGKVTIAQGGVLPNIQAVLLPKK
Hist2h2aa3 AEILELAGNAARDNKKTRII PRHLQLATRND EE LNKLLGKVTIAQGGVLPNIQAVLLPKK
Histlh2af AEILELAGNAARDNKKTRII PRHLQLAT RNDEE LNK LLGRVTIAQGGVLPNI QAVLL PKK
Hist3h2a AEILELAGNAARDNKKTRII PRHLQLAT RNDEE LNK LLGRVTIAQGGVLPNI QAVLL PKK
Histlh2ak AEILELAGNAARDNKKTRII PRHLQLAT RNDEE INK LLGRVTIAQGGVLPNI QAVLL PKK
Histlh2ac AEILELAGNAARDNKKTRII PRHLQLAT RNDEE INK LLGRVTIAQGGVLPNI QAVLL PKK
H2ae-like AEILELAGNAARDNKKTRII PRHLQLAT RNDEE INKLLGRVTIAQGGVLPNIQAVLLPKK
Histlh2aivx2 AEILELAGNAARDNKKTRII PRHLQLAT RNDEE INK LLGRVTIAQGGVLPNI QAVLL PKK
Histlh2aivxl AEILELAGNAARDNKKTRII PRHLQLATRND EE LNKLLGRVTIAQGGVLPNIQAVLL PKK
Histlh2an AEILELAGNAARDNKKTRII PRHLQLATRND EE LNKLLGRVTIAQGGVLPNIQAVLLPKK
Histlh2ah AEILELAGNAARDNKKTRII PRHLQLAT RNDEE INK LLGRVTIAQGGVLPNI QAVLL PKK
*k kkk kkk kk kkk kkk kk kkk kkk kk k% H kkk hkkkkk hkkk Kk hkkkkkkkkkkk kkk kk kkk
Histlh2aa TESHHKSQTK
Hist2h2ab TDSHKPGKNK
Hist2h2ac TESHKAKSK -
Hist2h2aa3 TESHHKAKGK
Histlh2af TESHHKSKGK
Hist3h2a TESHHKAKGK
Histlh2ak TESHHKAKGK
Histlh2ac TESHHKAKGK
H2ae-like TESHHKAKGK
Histlh2aivx2 TESHHKAKGK
Histlh2aivxl TESHHKAKGK
Histlh2an TESHHKAKGK
Histlh2ah TESHHKAKGK
* H *% :
Figure 5.1: Protein sequence alignment of rat H2A isoforms.
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proteins encoded by these genes. These are often termed as histone isoforms®. In humans, there
are 16 genes coding for H2A giving rise to 12 isoforms™. Likewise, there are 13 genes which

code for 9 isoforms in rats (most are having the “predicted” status) [Figure 5.1].

H2A isoforms have been reported to be differentially expressed in a variety of physiological
states. For instance, the proportion of two isoforms H2A.1 (encoded by HIST1H2AH,
accession number: NM 001315492.1) and H2A.2 (encoded by HIST2H2AA3, accession
number: NM_001315493.1) has been shown to decrease in the course of development and
differentiation of rat brain cortical neurons'* and during in vitro differentiation and aging of
fibroblasts'*. During the course of liver development as well, similar changes were observed”.
Earlier studies from our lab have shown the differential expression of these two major H2A
isoforms in rat hepatocellular carcinoma model system”’. In humans, there is no isoform of H2A
having the identical sequence as rat H2A.1. The most similar isoform in terms of amino acid
sequence is H2A1C (encoded by HIST1H2AC), which differs from H2A.1 at the identity of
the 16" residue where it has serine instead of threonine [Figure 5.2]. H2A.2 is completely
conserved amongst vertebrates. Notably, the expression level of H2A1C in humans have been
reported to alter in pathological states. Expression of H2A1C isoform was reported to be
downregulated in chronic lymphocytic leukaemia (CLL) and gall bladder cancer cell line®'**.
Interestingly, later on with a larger cohort of samples, H2A1C expression was conversely

reported to be up regulated in CLL'”

. Also, H2A1C was found to be upregulated in non-small
cell lung carcinoma'®. The levels of H2A1C, specifically, have been reported to change in
other diseases including human papillomaviruses hyperplasia, AIDS and multiple
sclerosis'*>'®!. Collectively, these reports suggest that the expression of the H2A.1 isoform in

different states is intricately regulated in the cells. However, whether the observed changes are

a consequence of the given state or H2A.1/H2A1C contributes to the attainment of such states
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has not been addressed in depth. One such report that aims to address this issue, showed that
specific knockdown of H2A1C leads to marked increase in cell proliferation. This effect is not
observed on knocking down the other abundant isoforms like H2A 1B/E*. However, how the
histone isoforms impart their non-redundant effects remains unclear. This becomes even more
important to address as the levels of H2A1C are upregulated in many cancers, as discussed
above, which is inconsistent with its anti-proliferative function exhibited in the study conducted

by Singh et. al’.

(a)

16th 51st 99th
HZA.I P VY AAVLEYLTAEI IIPRHLOLAI VTIAQGGVL
H2A.2 ) M K
(b) 16th 51st 99th

H2A.1 SGRGKQGGKARAKAK RSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVY AAVLEYLTAEILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLG VTIAQGGVLPNIQAVLLPKKTESHHKAKGK

H2A1C S L R

Figure 5.2: Protein sequence alignment of H2A isoforms. (a) Alignment of rat H2A.1 and H2A.2. (b) Alignment of
rat H2A.1 and human H2A1C.

In the present study, we show that the expression level of H2A.1/H2A1C isoform markedly
alters in different tissues as well, in addition to being generally upregulated in many cancer cell
lines. We further investigate the effect of overexpression of H2A.1 on cell proliferation and

migration.

5.2. Methods

5.2.1 Animal handling and experiments

All the experiments were performed on Sprague-Dawley rats (spp. Rattus norvegicus).
Experiments were performed after approval of Institute Animal Ethics, ACTREC. Procedures

for maintenance and conducting experiments were as per Committee for the Purpose of Control
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and Supervision on Experiments on Animals (CPCSEA), India, standards. Animals were
euthanized in carbon dioxide chamber at the end of each experiment. The sacrificed animals
were collected in plastic bags and stored in animal house at -20°C. These bags were collected
by municipal garbage vans. Protocol to induce sequential stages liver carcinogenesis is as

previously described’.

For liver tissue transplantation, small piece of ~3mm” size liver and tumour tissue collected
from the donor mice were washed in RPMI medium. Small skin incision was made at the flank
region of NOD-SCID mice and liver/tumour tissue was implanted aseptically under the
subcutis. For histology analysis liver tissues were excised, washed with ice-cold saline and
either fixed in formalin for hematoxylin and eosin (H&E) staining or snap-frozen in liquid
nitrogen. Liver histology was evaluated on the basis of vacuolar degeneration, fibrosis,
steatosis and inflammation. Further, IHC for PCNA and CycinDl was done using

VECTASTAIN® ABC kit.

Partial hepatectomy was carried out as earlier described'® with age normalized (22-24 weeks
of age) animals. All surgeries were performed under aseptic conditions under general
anaesthesia by ketamine. In brief, ketamine was injected at a dose of 10mg/ml per kg of body
weight intramuscularly. Each animal’s abdomen was shaved and disinfected. A horizontal
incision was made, approximately 2-3cm long, just below the xiphoid cartilage. Left lateral
and median lobes of liver (50-70% liver) were resected and muscle and skin layers were closed.
Animals were provided with an external source of heat during recovery and were maintained
post operatively under optimal conditions. Animals were sacrificed at different time points (8,
12, 24, 36hrs) after partial hepatectomy and their liver was excised. The tissue were stored at -

80°C. For subsequent analysis histones were isolated from the tissues as described in later. The
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histones were resolved on AUT-PAGE and silver staining was performed to visualise the

resolved histones.

5.2.2 Transmission electron microscopy

Protocol for specimen preparation for transmission electron microscopy is a previously
described'® with slight modifications. The piece of tissue (normal and tumor) to be analysed
was excised. The tissue was cut into thin slices and allowed to harden in the fixative 3%
glutaraldehyde for about 10min before further cutting. The tissue was further fixed for 1-2hrs
at room temperature. The tissue was post-fixed for 1 hour in 1% osmium tetroxide in distilled
water. Further, following incubations were carried out post rinsing 3 times (5Smin per rinse) in
distilled water: 50% ethanol - 10min, 70% ethanol - 10min, 80% ethanol — 10min, 95% ethanol
with 2 changes within 10min, 100% ethanol from a newly opened bottle - 3 changes within
15min, propylene oxide - 10min, 1:1 propylene oxide/resin - minimum of lhr, 1:2 propylene
oxide/resin - 1 hour or overnight on a rotator, 100% Epon or Spurr resin - 2 changes over 2-
6hrs. Grids were contrasted by use of alcoholic uranyl acetate for 1min and lead citrate for
30sec. The grids were then observed under a Carl Zeiss LIBRA120 EFTEM and images were

captured.

5.2.3 Total RNA preparation

All solutions were prepared in 0.1% diethylpyrocarbonate (DEPC) treated water for isolation
of RNA. Glassware was baked at 300°C for 4hr and compatible plasticware was rinsed with

chloroform. Nitrile gloves were used to prevent RNase contamination.

RNA was isolated from liver tissue by guanidine method for total RNA preparation'>. Frozen
liver tissue (0.1g) was powdered in pre-chilled mortar and pestle. The powder was suspended

in 1ml denaturing solution (4M guanidine thiocyanate, 25mM sodium citrate, 0.5% sarkosyl
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and 0.1M B-ME) in microcentrifuge tube. To this suspension, 0.1ml of 2M sodium acetate pH
4, 1ml of water saturated phenol and 0.2ml of chloroform/isoamyl alcohol (49:1) were added.
The suspension was thoroughly mixed and incubated at 0-4°C for 15min. The suspension was
then centrifuged for 20min at 10000g (15000rpm in Rota 4R), 4°C. The upper aqueous phase

was transferred to fresh microcentrifuge tube.

RNA was precipitated by adding equal volume of 100% isopropanol and incubating for 30min
at -20°C. The precipitate was centrifuged for 10min at 10000g (15000rpm in Rota 4R) and 4°C.
RNA pellet was dissolved in 0.3ml denaturing solution. RNA was precipitated with 0.3ml of
100% isopropanol for 30min at -20°C and centrifuged for 10min at 10000g (15000rpm in
Rota4R) and 4°C. RNA pellet was resuspended in 75% ethanol, vortexed, incubated for 10-
15min at room temperature and again centrifuged for Smin at 10000g (15000rpm in Rota4R)
and 4°C. RNA pellet was dried for 5min and dissolved in DEPC treated water. RNA was stored
at -70°C until required. RNA was quantitated by diluting 5ul in 1ml alkaline water (1mM
Na,HPO,4) and reading at A260. Quality of RNA was confirmed by A260/A280 (1.9-2.0),

A260/A230 (2.0-2.2) and agarose formaldehyde gel electrophoresis.

5.2.4 Cell line maintenance

CL44, a rat liver non-tumorigenic cell line and CL38, a rat liver tumorigenic cell-line, in vivo
transformed by NDEA carcinogenesis, was a kind gift from Dr. H. M. Rabes (University of
Munich, Germany). Sterile techniques were maintained when working with cell-line.
Antibiotics were added to culture medium. Reusable glassware, plasticware and solutions were
sterilized by suitable means prior to use. Cell culture work was carried out in laminar flow
hood. CL44 and CL38 cells were maintained in Eagle’s minimum essential medium
supplemented with 10% v/v fetal bovine serum (Invitrogen, cat#10270106) and antibiotic

solution (HiMedia, cat#A002) in a humidified 37°C, 5% CO, incubator. Culture grown to
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confluent density was subjected to trypsinization. Medium was removed from culture with a
sterile pipette. Adhered cells were washed with PBS, pH 7.2-7.4 and 1ml trypsin/EDTA (0.25%
w/v trypsin, 0.2% EDTA in PBS) solution was added. Plates were incubated at 37°C until cells
detached from surface. Detached cells were suspended in Iml complete media. Viable cells

were counted as described below and plated into fresh culture dishes (~2 X 10* cells/ml).

Number of viable cells were determined by adding 0.5ml of trypan blue (0.4% w/v in PBS),
0.4ml PBS to 0.Iml cell suspension in microcentrifuge tube. Cells were loaded on

haemocytometer and viable (unstained) cells were counted. Cells were counted using formula:

Cells/ml = average number of cells per WBC chamber x dilution factor (10) x 10*

5.2.5 Synchronisation of cells in G0-G1 phase of the cell cycle

Exponentially growing CL38 cells were trypsinized and counted as described earlier and plated
(2X10° cells per 100mm X 15mm culture dish) in complete MEM. At 30-40% confluent
density, complete MEM was replaced by serum free MEM and cells were incubated for 24, 48,
72 and 96hrs. After completion of incubation, CL38 cells were trypsinized, suspended in 1ml
MEM and centrifuged for 10min at 200g (2000rpm in Rota4R). Cell pellet was either used for

extraction of histones or processed for flow cytometry analysis.

5.2.6 Flow-cytometry analysis

Cells were prepared for flow-cytometry analysis as described earlier'™. Cells were centrifuged
for 10min at ~200g (2000rpm in Rota4R) and resuspended in 0.1ml of PBS. Cells were
transferred to 0.9ml of 70% ethanol v/v in PBS and stored at -20°C for > 2hr until required.
Ethanol-suspended cells were centrifuged for Smin at 200g (2000rpm in Rota4R). Cell pellet

was resuspended in 1ml PBS and recentrifuged at 200g (2000rpm in Rota4R). The cell pellet
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was resuspended in 1ml PI (1pg/ml)/Triton X100 (0/1%) staining solution with RNase and

incubated for 15min at 37°C.

Flow cytometer FACS Calibur (Becton Dickinson) was adjusted for excitation with blue light
and detection of PI emission at red wavelength. Cell fluorescence was measured in flow
cytometer using pulse width-pulse area signal to gate out the cell-doublets and analysed using

DNA content frequency histogram deconvolution software (ModFit LT v2.0 for Mac OS 8.6).

5.2.7 MTT assay

Cell viability was quantified by its ability to reduce tetrazolium salt 3-(4,5-dimethylthiazole-
2Y')-2,5-diphenyl tetrasodium bromide (MTT) to coloured formazan products as described

carlier'®

. MTT reagent (Smg/ml in PBS) was added to the cells at 1/10th volume of the medium
to stain only viable cells and incubated at 37°C for 4hrs. MTT solubilisation buffer (0.01M
HCI, 10% SDS) of two-fold volume was added to cells, followed by incubation in the dark at
37°C for 24hrs. The absorbance was measured at 570nm with Spectrostar Nano-Biotek, Lab

Tech plate reader. Cell viability was expressed as the percentage of absorbance obtained in

control cultures.

5.2.8 Colony formation assay

Clonogenic assay was performed as described earlier'®. The cells (n=1000) were plated in
triplicate in 60mm tissue culture plates and they were allowed to grow in a monolayer for 14
days. Cells were incubated in complete culture medium, with media changes after every 2-3
days. After 14 days, the cells were fixed with 4% paraformaldehyde for 1hr. The colonies were
stained with 0.5% crystal violet (0.5% in 70% ethanol) for 1hr at room temperature, rinsed and

air-dried. Surviving colonies with more than 50 cells were counted and images were captured
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using a high-resolution Nikon D70 camera (Nikon, Tokyo, Japan). For quantification of the

size of the colonies ImageJ was used.

5.2.9 Histone Isolation

a) From tissue: First, nuclei were isolated from liver tissues by sucrose density gradient
centrifugation'®’” and then, histones were extracted from isolated nuclei by low concentration
acid extraction method. Liver tissues (~3g) excised from euthanized rats were rinsed in excess
of ice-cold ‘nuclear buffer A’ (15mM Tris-CI pH7.5, 60mM KCI, 15mM NaCl, 2mM EDTA,
0.5mM EGTA, 0.34M sucrose, 0.15mM B-ME, 0.15mM spermine and 0.5mM spermidine).
Liver tissues were minced in 30ml fresh nuclear buffer A and homogenized in motor driven
glass-Teflon homogenizer. Homogenate was filtered through 8 layers of cheesecloth to remove
large solid impurities. The filtrate was centrifuged for 15min at 1500g (5000rpm in Rota 6R-
V/Fm, Plasto Crafts) and 4°C. The crude nuclear pellet obtained was resuspended in fresh 30ml
of nuclear buffer A. The suspension was layered on 10ml of ‘nuclear buffer B’ (15mM Tris-Cl
pH7.5, 60mM KCI, 15mM NaCl, 0.ImM EDTA, 0.ImM EGTA, 1.8M sucrose, 0.15mM f3-
ME, 0.15mM spermine and 0.5mM spermidine) and centrifuged for 90min at 100000g
(26000rpm in AH629 swinging bucket rotor) and 4°C. The nuclear pellet was resuspended in

3ml nuclear buffer A. The nuclei were either used for histone extraction as earlier described'®®.

Nuclei were resuspended in 0.2M H,SOj at a concentration of ~2mg DNA/ml and incubated
overnight at 4°C. For determining concentration, the nuclei were ruptured in 2M Urea- 5M
NaCl and the absorbance was measured at 260nm. The suspension was centrifuged for 10min
at ~12000g (15000rpm in Rota4R V/Fm, Plasto Crafts) and 4°C. The supernatant comprising
of acid soluble nuclear proteins was transferred to fresh clean microcentrifuge tube. Nuclear
proteins (predominantly histones) in the supernatant were precipitated by adding 4 volumes of

acetone and stored overnight at -20°C. The mixture was centrifuged for 10min at ~12000g and
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4°C as mentioned before to pellet the proteins. The pellet was washed once in chilled acidified
acetone (0.05M HCI in 100% acetone) and once in chilled 100% acetone. Protein pellet was
dried in vacuum centrifuge for 15min. The pellet was resuspended in 0.1% B-ME in water at a
concentration of ~5ug/ul and stored at -20°C. Histones resolved on 18% SDS-polyacrylamide
gel were transferred to PVDF membrane, probed with site-specific modified histones
antibodies and signals were detected by using ECL plus detection kit (Millipore; Catalogue no.

WBKLS0500).

b) From cell line: First nuclei were isolated from cells. Cell pellet was resuspended in
0.1ml PBS in a microcentrifuge tube. To this suspension 0.9ml lysis solution (250mM sucrose,
50mM Tris-Cl pH7.5, 25mM KCI, 5SmM MgCl,, 0.2mM PMSF, 50mM NaHSO;, 45SmM
sodium butyrate, 10mM B-ME and 0.2% v/v Triton X-100) was added. Tube was inverted
several times and centrifuged for 15min at 800g (4000rpm in Rota4R) and 4°C. The nuclear
pellet obtained was subjected to histone extraction by low concentration acid extraction method

by adding 0.3ml of 0.2M H,SOj as described previously.

5.2.10 Analysis of Histones

Extracted histones were estimated and subjected to SDS-PAGE for western blot analysis or

processed further for AUT-PAGE.

a) Protein estimation: Histone concentrations in various samples were determined by
Bradford method of protein estimation'®. Protein standards were prepared containing a range
of 0 to 100pg of Bovine Serum Albumin in Sml of 1X Bradford reagent. Histone samples were
also prepared similarly. Samples were vortexed and incubated at room temperature for Smin.
Absorbance was measured at 595nm and the blank was adjusted. Histone samples were

estimated for protein concentration by plotting standard curve.
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b) SDS-PAGE of extracted histones: Same as described in chapter I1I (page number 82).
After the run was complete, the power supply was then disconnected and gel was subjected to
Coomassie staining for protein visualization or subjected to western blot analysis.

C) Coomassie staining: After the electrophoresis gel was transferred to tray containing
Coomassie Brilliant Blue R-250 (CBBR) staining solution (0.1% w/v CBBR, 50% methanol
and 10% acetic acid in water). The gel was stained for ~3hrs on shaker. Gel was then transferred
to destaining solution (50% methanol and 10% acetic acid in water). The gel was destained on
shaker with several changes in destaining solution until protein bands appeared on clear gel.
The gel was documented as .tiff image and gel bands were quantified by densitometry using
ImageJ software (v1.42q, NIH). Individual band intensity levels were normalized to total

histone intensity on the gel and analysed using GraphPad Prism software.

5.2.11 Western Blot Analysis

Levels of particular proteins or their post-translational modifications were assessed by western
blot analysis using the appropriate antibody. See Annexure I in Appendix for the details of the

antibodies used in the study.

a) Electroblotting from SDS-PAGE: Histones (5-10ng) were electroblotted from SDS-
PAGE gels to PVDF membranes for western blot analysis. The transfer tank of electroblotting
apparatus (Trans-Blot Cell, Bio-Rad) was filled with 1x transfer buffer (see Annexure IV for
composition). PVDF membrane was activated in 100% methanol for 5sec. The activated
membrane and SDS-PAGE gel were equilibrated in 1x transfer buffer. The gel membrane
transfer sandwich was prepared and inserted into the transfer tank with gel on cathode side and
membrane on anode side. Transfer was conducted at a constant current of 300mA for 200min.
Proteins transferred onto the membrane were detected by staining with Ponceau S (0.5% w/v

Ponceau S in 1% v/v acetic acid) and destaining with several changes of water.
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b) Immunoblot detection: Proteins transferred onto PVDF membrane were probed with
antibodies. In general, membrane with transferred proteins was incubated in ‘blocking buffer’
i.e. 5% BSA in Tween20/Tris-buffered saline (TTBS, 100mM Tris-Cl pH7.5, 0.9% w/v NaCl
and 0.1% v/v Tween20) for lhr at room temperature on orbital shaker. Blocking buffer was
then replaced by recommended dilutions of primary antibodies in TTBS and incubated for 1hr
at room temperature in orbital shaker. The membrane was vigorously washed four times with
TTBS for 15min each at room temperature. Further the membrane was incubated in
recommended concentrations of HRPO labelled secondary antibodies in TTBS for 1hr at room
temperature on orbital shaker. The membrane was again washed vigorously four times with
TTBS at room temperature and developed using Immobilon Western (Millipore, cat#P90719).
The membrane was exposed to X-ray film in dark room and developed using Optimax X-ray
film processor (Protec). Band intensities were analysed using ImageJ and GraphPad prism

software.

5.2.12 AUT-PAGE Analysis

AUT-PAGE analysis of histones was done as described earlier'”. For preparation of AUT-
PAGE (15cm long) gel, glass-plate sandwich was assembled using 0.15cm thick spacers.
Separating gel solution was prepared and poured into glass plate sandwich and was allowed to
polymerize in light. Stacking gel solution was then prepared, poured and polymerized into the
glass plate sandwich. See Annexure IV in Appendix for details of chemicals required. The
sandwich was attached to electrophoresis chamber and filled with electrophoresis buffer (1M
acetic acid and 0.1M glycine). The gel was pre-electrophoresed for 2hrs at constant voltage of
200V. The buffer was then replaced and histone samples (see Annexure IV in Appendix for
sample preparation) were loaded in the wells. AUT gel was washed twice in ten gel volumes

of buffer A (0.05M acetic acid, 0.5% w/v SDS), 30min each and once with modified buffer of
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O’Farrell (0.0625M Tris-Cl pH 6.8, 2.3% w/v SDS, 1% B-ME). The gel was treated with three
washes of 50% methanol of lhr each for rapid fixation of proteins. For silver staining the
protocol described earlier was used'”'. The gel was immersed in ten gel volumes of freshly
prepared ammoniacal silver nitrate solution for 30min. The gel was washed thrice with water
each time for 2min. The gel was then developed by using developing solution (0.01% w/v citric
acid monohydrate and 0.1% w/v formaldehyde). The development was stopped when protein

spots appeared on clear gel using stopping solution (40% methanol and 10% acetic acid).

5.3. Results

5.3.1 Nitrosodiethylamine leads to stable transformation of liver cells with

upregulation of H2A.1 expression

Nitrosodiethylamine (NDEA) administration for four months led to development of HCC as
confirmed by H&E staining, with cancer cells exhibiting evident atypia and large nuclei
[Figure 5.3a (i)]. Nuclear contours are irregular and large nucleoli are notable. In addition,
electron microscopy revealed several indentations giving rise to a more irregular shaped
nucleus [Figure 5.3a (ii)]. This was further corroborated by high Cyclin D1 [Figure 5.3a (iii)]
and PCNA [Figure 5.3a (iv)] expression in tumour sections by immuno-histochemistry
analysis and also their marked upregulation at the transcript level [Figure 5.3b]. We wanted to
see whether the increased expression of H2A.1 in hepatocellular carcinoma (HCC), which we
have previously demonstrated’, persists even without the influence of the chemical carcinogen
nitrosodiethylamine (NDEA). To address this, 3mm® tissue was excised from the tumour
developed in the liver of Sprague-Dawley rat after NDEA administration and subcutaneously

implanted into a NOD-SCID mice. Two weeks’ post-implantation tumours of ~3cm size
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developed in only in the mice with tumour tissue [Figure 5.3¢ (ii)]. These results demonstrate

the stable transformation of liver cells by administration of NDEA.

(a) .
(i) H&E ) (||). 'Ect(on

o

Micrograph (iii) Cyclin D1 (iv) PCNA

Normal

Tumor

(ii) NDEA Treated Transplanted Tumor

Figure 5.3: NDEA mediated liver cell transformation. (a) (i) Comparative H&E, (ii) Electronmicrographs, (iii) IHC of
Cyclin D1 and (iv) IHC of PCNA of normal and four month NDEA treated liver tissues suggesting development of HCC. (b)
(i) Semi-quantitative RT-PCR of Cyclin D1 and PCNA of the normal and tumor (4 month NDEA treated) tissues. 18S was
used as loading control (c) Pictures depicting development of tumor after two weeks of subcutaneously implanting liver
tissue of (i) normal and (ii) NDEA-treated rat in NOD- SCID mice. Tumor is observed only in the mice in which liver tumor
tissue developed in NDEA-treated rat was used for transplantation. NDEA- N-nitrosodiethylamine, H and E- hematoxylin
and eosin, HCC- hepatocellular carcinoma, IHC- Immunohistochemistry.

Histones isolated from normal and dysplastic liver as well as tumour and transplantable HCC
were resolved on AUT-PAGE [Figure 5.4a]. In dysplastic liver, significant changes in H2A
isoform profile was not observed. However, H2A.1 was significantly upregulated in tumour
and transplantable HCC compared to normal liver [Figure 5.4b]. This suggests that H2A.1

upregulation is a stable alteration that occurs during the process of transformation of liver cells.
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Figure 5.4: H2A.1 and H2A.2 expression level in transplantable HCC. (a) AUT-PAGE analysis of histones isolated
from xenograft tumour (marked Transplantable HCC) along with histones from different stages of NDEA-induced liver
cancer in rat. (b) Densitometric analysis using GelAnalyser software of the bands corresponding to H2A.1 and H2A.2 in
the depicted AUT-PAGE. The bands of H2A.1 and H2A.2 were normalised with band of H2B. The error bars depicted in
the figure are of SEM (standard error of mean). ns (P >0.05), * (P <0.05), ** (P £0.01), *** (P <0.001), **** (P <0.0001).
N-Normal, D-Dysplastic, T-HCCarcinoma, X- Transplantable HCC. The significance was calculated with respect to Normal.

5.3.2 H2A.1/H2A1C expression level varies in human cancer cell lines and
amongst different rat normal tissues

H2A1C in humans is the closest counterpart of H2A.1 in rat, differing in only the S16T
substitution. The altered expression level of H2A1C has been reported to alter in certain human
2,4,134,179,180 L . : .
cancers . Our observations in rat hepatocellular carcinoma prompted us to investigate
the expression level of H2A1C and H2A.2 isoforms in human transformed cell lines of liver

(HepG2). We also included cell lines of colon (A431) and stomach (KATOIII, AGS) origin
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and their immortalised untransformed counterparts, that is, HHLS5 (liver), HaCaT (skin) and
HFE145 (stomach) in our study [Figure 5.5a]. H2A1C was found to be significantly
overexpressed in MCF7 [Figure 5.5a (iii)], consistent with previously published report* and in
HepG2 and A431 [Figure 5.5a (i)]. We did not find significant changes in the expression of

the two H2A isoforms in transformed cell lines of stomach [Figure 5.5a (ii), (iv)].
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Figure 5.5: H2A.1/H2A1C expression in different cell lines and tissues. (a)(i)(ii)(iii)(iv) Quantitative real time PCR
data showing the relative expression levels of H2A1C and H2AA3 with respect to GAPDH in different human cell lines
(see text for more details). (b) Quantitative data showing the relative levels of H2A.1 and H2A.2 in various normal rat
tissues, monitored at transcript level by semi-quantitative RT-PCR. The error bars depicted in the figure are of SEM
(standard error of mean). ns (P > 0.05), * (P £ 0.05), ** (P < 0.01), *** (P <0.001), **** (P <0.0001).

In addition to the altered expression in cancer cell lines, a marked variation in transcript levels
of H2A.1 was observed in various organs. A very high level of H2A.1 expression was observed

in rectum [Figure 5.5b], whereas, in stomach and tongue, the expression levels were
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Figure 5.6: Relative levels of H2A.1/H2A.2 in CL38 and CL44. (a)(i) H2A region of the AUT-PAGE gel showing the
relative levels of H2A.1 and H2A.2 (arrows marked) in CL44 and CL38. (ii) Quantitative data of the AUT-PAGE showing
the relative levels of H2A.1/H2A.2. (b) Agarose gel showing the expression status of both the isoforms in CL44 and CL38
cell lines, done by semi-quantitative RT-PCR. The error bars depicted in the figure are of SEM (standard error of mean).
ns (P >0.05), * (P £0.05), ** (P <0.01), *** (P <0.001), **** (P <0.0001).

particularly low [Figure 5.5b]. Altered expression of H2A.2 isoform was also noted, however,
the differences were not as pronounced as those observed for H2A.1. These results, along with
the earlier published reports, suggests that the H2A.1 expression level in cells is intricately
regulated in various patho-physiological conditions. The above described results, along with
the earlier published reports, suggests that the H2A.1 expression level in cells is intricately

regulated in various patho-physiological conditions.

H2A.1 H2A.2

Figure 5.7: Localization of H2A.1 and H2A.2. Histone H2A.1 and H2A.2 were tagged with yellow fluorescent protein
(YFP) using peYFPn1 vector and transfected in CL38 cells. The image was captured using Olympus LSM510 Scanning
Confocal Microscope. The tagged histones are appearing green due to pseudo-colour.
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5.3.3 H2A.1 isoform is functionally non-redundant from the H2A.2 isoform

The varied expression levels of H2A.1 in different tissues, differentiation status, age and
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Figure 5.8: Effect of H2A.1 overexpression on cell proliferation. (a)(i) AUT PAGE analysis showing the H2A region
demonstrating the enrichment of H2A isoforms in chromatin upon their ectopic overexpression using pcDNA 3.1 (+)
vector. (ii) Quantitative analysis of isoforms enrichment in chromatin on overexpression. The bands of H2A.1 and H2A.2
were normalised with band of H2B (b) Cell cycle analysis of H2A isoform overexpressing stable cell lines post serum
starvation and release. The data was plotted post performing flow cytometry analysis. (c) Cell proliferation curves of
H2A.1 and H2A.2 overexpressing cells in comparison to vector control (VC) in CL38 cell line monitored for 4 days through
MTT assay. The significance was calculated with respect to VC. (d)(i) Picture depicting the differences in the size of
colonies obtained after plating 1000 cells and allowing growth for 14 days. The colonies were fixed and stained with
crystal violet stain. (i) Quantitative analysis of the colony size of 50 colonies of each set measured using Imagel. (iii) RT
PCR for cell proliferation markers Ki67 and PCNA on H2A.1 and H2A.2 overexpression cells in comparison to vector
control (VC) in CL38 cell line. The error bars depicted in the figure are of SEM (standard error of mean). ns (P > 0.05), *
(P <0.05), ** (P <0.01), *** (P <0.001), **** (P <0.0001).
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diseases prompted us to investigate whether H2A.1 are functionally non-redundant. Our results
show that H2A.2 is expressed abundantly in different rat tissues [Figure 5.5b]. Hence, the
effects of H2A.1 were compared in reference to H2A.2 isoform. Two cell lines were chosen
that are derived from the liver of NDEA-administered Sprague-Dawley rats for the studies;
CL44 (pre-neoplastic), with equimolar ratio of H2A.1 and H2A.2, and CL38 (neoplastic), in

which H2A.1 is overexpressed [Figure 5.6].

YFP tagged H2A.1/H2A.2 suggested
that these isoforms are widely
incorporated in the chromatin [Figure
57]. It was confirmed that
overexpression of H2A.1/H2A.2 leads
to ~16% increase in its abundance in

chromatin  [Figure 5.8a]. This

1 2 3

essentially, can be considered to mimic

Figure 5.9: Effect on migration on H2A.1 overexpression.
Wound healing assay for analysis of changes in migration the patho_physjologica] condition in
potential of the cell upon overexpression of H2A isoforms in CL38
cell line.

cells, where overexpression of H2A.1

leads to its enrichment in chromatin. The cell cycle profile of H2A.1/H2A.2 CL38 cells was
checked 72hours post serum release after they were Gl-enriched by serum starvation.
Ectopically H2A.1 overexpressing cells had a discernible increase in the mitotic cell population
(12%) proliferation was observed post 3 days in CL38 cells on H2A.1 overexpression [Figure
5.8c]. Similar effects were reflected in the colony formation assay, with H2A.1 over-expressing
colonies substantially larger suggesting more rapid proliferation [Figure 5.8d (i), (ii)].
Associated up-regulation in proliferation markers, Ki67 and PCNA, was also detected [Figure

5.8d (iii)]. No significant difference in the closure of wound in scratch assays was perceived
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[Figure 5.9] on overexpressing histone isoforms. Notably, we did not observe increased

proliferation of CL44 cells upon H2A.1 overexpression [Figure 5.10a].
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Figure 5.10: H2A.1 and H2A.2 expression level and cell proliferation. (a) Cell proliferation curves of H2A.1 and
H2A.2 overexpressing cells in comparison to vector control (VC) in CL44 cell line monitored for 4 days through MTT
assay. (b) (i) AUT-PAGE depicting the H2A region of the histones isolated from different stages of liver transformation
and time points of liver regeneration. Quantification of band corresponding to H2A.1 and H2A.2 from three independent
experiment is depicted in b (ii) and b (iii), respectively. N- Normal, D- Dysplastic, T- Tumor, X- Transplantable HCC. The
error bars depicted in the figure are of SEM (standard error of mean). ns (P > 0.05), * (P £ 0.05), ** (P £0.01), *** (P <
0.001). **** (P <0.0001). The significance was calculated with resnect to Normal.

During the process of liver regeneration, rapid cell proliferation occurs. To investigate the
correlation between H2A.1 and cell proliferation, regeneration of liver was induced by
performing partial hepatectomy and the tissue samples were collected at the indicated time
points [Figure 5.10b (i)]. However, unlike in HCC, where there is marked upregulation of

H2A.1, the level of neither H2A.1 or H2A.2 was found to alter during the regeneration process
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[Figure 5.10b (ii)]. Taken together, these data suggest that H2A.1 upregulation does not always

lead to or positively correlate with proliferation.

5.3.4 LeuS1 and Arg99 are important in conferring non-redundant

functionality to H2A.1 isoform

The H2A isoforms, H2A.1 and H2A.2, differ in three residues in their primary amino acid
sequence [Figure 5.11a]. The residues of H2A.1 were substituted to the corresponding ones of
H2A.2 to identify the residue having the most significant impact on the non-redundant
functionality of H2A.l. Mutating residue 99" of H2A.l drastically reduced the pro-
proliferative effect observed on H2A.1 overexpression [Figure 5.11¢]. Mutating residue 51%
also negatively affected proliferation and had a synergistic effect when substituted alongside
residue 99" [Figure 5.11d]. The assays were performed with clones exhibiting similar levels

of over-expressed proteins to rule out variations resulting from differences in expression level
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Figure 5.11: Effect of H2A.1 mutants on cell proliferation. (a) Alignment of rat histone H2A.1 and H2A.2 isoforms.
(b) Western blot analysis depicting the expression level of ectopically expressed H2A.1 and its mutants in the selected
stable clones of CL38 for performing proliferation assays. H2A.1 and its mutants were cloned in pcDNA FLAG HA vector,
hence, anti-FLAG antibody was used to detect and quantify the expression level. Cell proliferation data of 6 independent
experiments of H2A.1 (c) single and (d) double mutants depicted as histogram. MTT assay was performed for 4 days in
CL38 cells for comparing the effect of H2A mutants on cell proliferation. VC- Vector control. The error bars depicted in
the figure are of SEM (standard error of mean). ns (P >0.05), * (P £0.05), ** (P £0.01), *** (P <0.001), **** (P <0.0001).
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[Figure 5.11b]. Notably, the 16" residue, in which the rat H2A.1 and human H2A1C differ,
did not have any significant effect on the non-redundant effects of H2A.1 in the assays [Figure

5.11¢].

5.4. Discussion

The aberrant expression of histone isoforms in various patho-physiological states has prompted
the question for decades whether the H2A isoforms have non-redundant functions in the cell.
We provide here definitive evidence of the differential effect of the H2A isoforms on cellular

proliferation implicating their non-redundancy in a context dependent manner.

The expression level analysis in different organs also shows that particularly the expression of
H2A.1 (or H2A1C) varies in different tissues. Similarly, in humans particularly the expression
level of H2A1C alters markedly in different contexts. This suggests that probably H2A.2 plays
a “house-keeping” function in the cells whereas H2A.1 or H2A1C helps to bring about
specialised non-redundant outcomes. Notably, the 16™ residue, in which the rat H2A.1 and
human H2A 1C differ, did not have any significant effect on the non-redundant effects of H2A.1

in the assays.

Previous studies from our lab has shown that H2A.1 is highly overexpressed in undifferentiated
hepatocytes and embryonic stem cells’. These observations along with the reports that the
proportion of H2A.1 and H2A.2 decreases in the course of development and differentiation of
rat brain cortical neurons'*” and in vitro differentiation of fibroblasts'** suggests that along with
the proliferation, the differentiation state of the cells may govern the ratio of the two isoforms.
This is consistent with the observation that H2A.1 expression gradually increases as the liver

sequentially starts to dedifferentiate during the sequential stages of hepatocellular carcinoma’.
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One very important revelation that occurs from our study and the earlier reports is that the
functional effects exhibited by H2A isoforms might be context dependent, both in terms of
extent and the effect itself. For example, the pro-proliferative effect conferred by H2A.1 was
not observed in the pre-neoplastic CL44 cells. Notably, human H2A1C isoform, which was
initially reported to be downregulated in CLL, was shown to exhibit anti-proliferative effects’.
However, in a later study with higher number of samples H2A1C levels were found to be higher
in CLL patients compared to samples from healthy individuals'”®. Further, the high expression
of H2A.1 seen in brain cells, which are terminally differentiated and do not regenerate, suggests
that the actual functional effect of H2A.1 may also be context dependent and need not be
always proliferation associated. Consistent with this, the higher expression of H2A1C has been

. . . . . 192 . . . .
seen in chemo-resistance in pancreatic cancer cell lines ~*, which is again a different context.

Based on the discussion above, some of the questions which arises are: what determines the
context in which the non-redundant functionality of H2A isoforms are exhibited? And in those
contexts, which are the genes which are regulated by the particular isoform? It is reasonable to
hypothesize that other factors which contribute to the epigenetic landscape of cells and/or the
differential PTM’s that the histone isoform itself may undergo, determines the context in which
the differential functional effects of H2A isoforms are exhibited. Interestingly, Arg 99 of H2A
has been shown to undergo methylation'”. One study, that has tried to identify the genes in the
particular context, shows that H2A1C isoform control ER target genes in ER positive breast
cancer cell lines*. Interestingly, the deletion of the H2A N-terminal domain (A4-20) led to
upregulation of only 248 genes and also conferred sensitivity to radiation induced DNA

damage'”*

. Clearly, much remains to be understood of the correlation between H2A mediated
nucleosome stability and how this regulates chromatin mediated processes like gene expression

and DNA repair.
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5.5. Conclusion

In summary, H2A.1 expression varies markedly in different patho-physiological states.
Incorporation of H2A.1 into the chromatin leads to promotion of cellular proliferation in
neoplastic liver cell line. The M51L and K99R substitutions have the most prominent effect on
cell proliferation. The possibility of the non-redundant function, when extended to the plethora
of the histone isoforms encoded by multiple genes (H2A, 16 genes; H2B, 22 genes; H3, 14
genes; H4, 14 genes; and H1, 6 genes), truly increases the complexity of the epigenome by
many folds. Undoubtedly, such complexity is the necessity for multicellular organisms as the
diversity in the epigenome plays central role in cell type specific gene expression. This in turn

leads to specialised functions in thousands of cell types with the same genome.
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V. NON REDUNDANT STABILITY AND
STRUCTURAL CONTRIBUTION OF
H2A ISOFORMS

Chapter 6

Work carried out for investigating the non-

redundant stability and structural contribution of
H2A.1 isoform
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6.1. Introduction

We found the H2A.1 expression varies markedly in different states and it does have context
dependent non-redundant functionality compared to H2A.2 owing to MS5SIL and K99R
substitutions. Previous studies as well have demonstrated the non-redundant functionality of
H2A1C isoform™*. However, how the histone isoforms, impart their non-redundant functional
effects remains unclear which we next wanted to focus upon. Histone variants, which are the
better studied sequence divergent forms of histone, impart their non-redundant functionality by
modulating chromatin dynamics. One primary way by which this is achieved is by changing
the biochemical composition of the nucleosome core particle which results in its altered
structure and/or stability (for details please refer to section 1.8). Histone variants, which are
relatively more studied, have been reported to alter the structure of chromatin. For example,
H2ABBD containing nucleosomes are less stable™ and organises only 118bp of DNA instead
of 147bp*’. Histone H2A.Z and H3.3 hetero-nucleosomes could only be purified under

195 . . .
. The nucleosome is an oligomeric

conditions of low ionic strength due to their lesser stability
complex and the stability of each of the sub complexes may modulate the nucleosome stability.
Previously, it was reported that H2A.Z-H2B dimer is less stable compared to canonical H2A-

H2B'”. These reports clearly suggest that histone variants alter chromatin structure and

stability. Whether the histone isoforms also modulate chromatin stability has not been reported.

H2A.1 when compared to H2A.2 has the following three substitutions S16T, M51L and K99R.
The 16th residue of H2A is involved in interaction with the minor groove of DNA in the NCP,
residue 51st lies in the dimer interface with H2B and residue 99th of H2A interacts with the
H4 tail in the octamer core [Figure 6.1]. It is worth noticing that residue 16" is part of the HAR
domain of H2A and has been shown to be a determinant of nucleosome stability and gene

194

repression . The 51st residue of H2A, which lies in the dimer interface with H2B has leucine
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(H2A.1) to methionine (H2A.2) alteration. Leucine and methionine are very similar amino
acids. However, previously these have been reported to give rise to altered stability in

196,197

proteins . In one study up to 10 adjacent residues within the core of T4 lysozyme were

replaced by methionine. Such variants folded cooperatively with progressively reduced

19 Likewise, lysine (H2A.2) to arginine (H2A.1) substitution that occurs at the 99"

stability
position, brings about alteration in stability of proteins'® although both the amino acids are
very similar. Lysine to arginine substitution led to new salt bridges and hydrogen bond
interactions that help improve the rigidity of the mutant protein. Therefore, the three differences

in amino acid residues between H2A.1 and H2A.2 can potentially alter the stability of the

nucleosome and its sub complexes.
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Figure 6.1: Location of differential residues in nucleosome. Nucleosome depicting the location of the three
differential amino acids between H2A.1 and H2A.2. Below is a representation of the important regions of interaction of
H2A.

In this part of the work the possible non-redundant structural/stability contribution of histone
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H2A isoforms H2A.1 and H2A.2 have been investigated by using in vitro, in cellulo and in

silico approaches.

6.2. Methods

6.2.1 Reconstitution of H2A-H2B dimer and H3-H4 tetramer

See under Methods section of chapter IV (page number 108).

6.2.2 Equilibrium unfolding

Equilibrium unfolding as a function of urea and temperature was monitored by CD
spectroscopy. Also, equilibrium unfolding as a function of urea and Gdn-Chl (guanidine
chloride) was monitored by change in fluorescence. For CD spectroscopy, the protein (25
ng/ml) was incubated in presence of various concentrations of the denaturant at 25°C for 24 h.
In the thermal unfolding experiments, the spectra were recorded 3min after the desired
temperature was attained. Spectra were recorded in the temperature range of 20-100°C. The
intrinsic tryptophan fluorescence spectra of the H2A-H2B dimers were recorded on a
spectrofluorimeter, equipped with water bath. The protein was excited at 280nm using a cell
of 1.0 cm path-length and both excitation and emission slit widths were set at 3nm. CD spectra
were recorded on a computer interfaced JASCO spectropolarimeter using a cylindrical quartz
cell of 1 mm (190 — 250nm) and 10mm (250 — 300) at a H2A-H2B concentration of 1pg/ml.
For each spectrum, 20 successive scans were collected and the averaged spectra were used for

further analysis.

6.2.3 Data fitting

The unfolding data was fit into two-state model of unfolding as described previously'””. The
denaturation curves were plotted, with the fluorescence intensities at 305nm of native and

denatured H2A-H2B dimer, against denaturant concentration, and further analysis of the data
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was performed as described by Pace et al**. Similar analysis was performed with the

denaturation curves plotted with the drop in CD signal at 222nm with increasing temperature
or urea concentration. From the denaturation curves, a two state F <> U unfolding mechanism
was assumed, and consequently, for any of the points, only the folded and unfolded
conformations were present at significant concentrations. Thus, if fr and fy represent the

fraction of protein present in the folded and unfolded conformations, respectively then
fetfu=1 (1

fu was calculated using the following equation

Ju=(Fr—Fo)/ (Fr— Fu) (2)

where F is the fluorescence intensity of completely folded or native protein, F) is the observed

fluorescence intensity at any point of denaturant concentration or temperature, Fy is

fluorescence intensity of the completely denatured or unfolded protein.

For a two state F <> U unfolding mechanism, the equilibrium constant K and 4Gy, the free

energy of unfolding was calculated using Equation 4 and 5 respectively.
K=fu/(1-fv) (3)
AGy=RT InK 4)

where R is the gas constant and T is the absolute temperature. It is assumed that the free energy

of unfolding, 4Gy, has a linear dependence on the concentration of the denaturant [D].

AGy=A4G"™ + m[D] (5)
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AG™° and m are therefore the intercept and the slope respectively, of the plot of 4Gy versus
[D]. 4G™° corresponds to the free energy difference between the folded and unfolded states
in the absence of any denaturant and m is a measure of the cooperativity of the unfolding
reaction. The concentration of denaturant at which the protein is half unfolded (when AGy =

0) is given by D/, and from Equation 5, A G =_mD 12

The data from the thermal unfolding curves were obtained under the same conditions as those

for denaturant unfolding curves. Values of fj, K and 4Gy were calculated using Equations 2,
3 and 4. The midpoint of thermal (7},) denaturation was obtained as the temperature at which
AGy = 0 from the plot of AGy versus T. The slope of such a plot at Tm yielded A4S, the

change in entropy. The enthalpy change for unfolding at 7},,, AH,, was calculated using the

equation:

AH, = T.AS., (6)

AC,, the change in heat capacity that accompanies protein unfolding was obtained from the
slope of the plot of AH,, versus Ty, where T, was varied as a function of Gdn-Chl

concentration. 4Gy at 25°C was calculated using equation:
AG(T)=AHy (1-T/ Ty) - AC, [(T - T) + TIn (T/ T)]  (7)

6.2.4 FRAP (Fluorescence Recovery After Photobleaching) assay

FRAP assay was performed as described earlier™" with slight modifications. H2A.1 and H2A.2
coding sequences were cloned into peYFPnl and stable clones were made in CL38 cells. The

cells were seeded in 30mm optical plates and incubated to allow the cells to reach confluency.
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This helps to minimise movement of cells during acquisition. FRAP was performed on a laser
confocal microscope LSM510 Meta (Zeiss) equipped with CO, and temperature maintenance
accessory. The microscope was equipped with a heated environmental chamber set to 37°C
and CO; perfusion set to 5%. For photobleaching experiments, square bleach regions with a
size of 5 X 5 um were positioned on selected cell nuclei within the field of view. Photobleaching
was performed using 100 iterations with the 488-nm and the 514-nm laser line set to 100%
transmission. To determine long-term recovery kinetics, 3D image stacks of 8-um height and
a z distance between image planes of 1 pm were recorded with an initial speed of 1 frame/30sec
for the first 15min, followed by intervals of Smin for the next 45min to minimise
photobleaching. Quantitative evaluations were performed with Image)
(http.//rsb.info.nih.gov/ij/). Lateral and rotational movements of the cell nucleus were corrected
by image registration using the StackReg plug-in of ImageJ. Mean intensities over time were
extracted from the total nuclear area (T). The background ROI outside of the cell was defined
manually from the initial field of view. The mean gray values over time were measured,
background subtracted, and normalized to the respective means of the last prebleach values.
The resulting postbleach B values were then divided by the respective T value to correct for
the superimposed gain or loss of total fluorescence during postbleach acquisition, potentially
caused by newly synthesized GFP-histones, bleaching-by-acquisition, and flux of residual

fluorescence from above and below the recorded optical plane.

6.2.5 Cell fractionation

The harvested cells were washed twice with chilled PBS, lysed in MKK lysis buffer (10mM
Tris-Cl, pH 7.4, 0.27M Sucrose, ImM EDTA, ImM EGTA, 1% Triton X-100) containing
protease and phosphatase inhibitors (ImM sodium orthovanadate, 10mM sodium fluoride,

10mM B-glycerophosphate, 10pg/ml leupeptin, 10pg/ml aprotinin, ImM PMSF) for 30min at
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4°C. Following hypotonic lysis, cells were centrifuged at 12,500rpm for 20min at 4°C to

separate chromatin fraction and total soluble protein fraction.

6.2.6 Salt dissociation experiment

CL38 cells were transfected with H2A.1 pcDNA FLAG or H2A.2 pcDNA FLAG. The nuclei
of the cells were isolated as described in chapter V (page number 130). Pelleted nuclei were
resuspended in buffer containing 15mM HEPES [pH 7.9], 60mM KCI, 15mM NaCl, 0.34mM
sucrose and 10% glycerol and incubated with different NaCl concentrations (600-1000mM) at
4°C for 30min. Supernatants were collected and the proteins were precipitated with 20% TCA.
The histone in the pellet remaining after salt treatment was extracted with 0.2M H,SO, as
described in chapter V (page number 129). The proteins were resolved on 18% SDS-PAGE

and probed with suitable antibodies.

6.2.7 Dimer simulation

Sequence analysis of rat nucleosome identified human nucleosome PDB ID: 2CVS5 as a closet
matched based on histone variants. Histone H2B was 100% identical. In histone H2A.1 dimer
only one change incorporated at 40th position from Ser40Ala, while for histone H2A.2 dimer
additional mutations were introduced at Thr16Ser, LeuS1Met and Arg99Lys positions. Both
the dimers were subjected to energy minimization using smart minimizer algorithm of
Discovery studio 2.5. It performs first steepest descent with RMS gradient tolerance of 3,
followed by conjugate gradient minimization. The convergence criterion for minimization is

set to gradient tolerance of RMS 0.1.

6.2.8 Nucleosome system building

Sequence analysis of rat nucleosome identified human nucleosome PDB ID: 2CVS5 as a closet

matched based on histone variants. Histones H4 and H2B were 100% identical. In histone
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H2A.1 only one change was at 40th position from Ser40Ala. In order to convert H3.1 of human
to H3.3 of rat, four point mutations Ser87Ala, Val89lle, Met90Gly and Cys96Ser were
introduced. Thus, rat nucleosome consists of Histone (H2A.1, H2B, H4, H3.3) was build
labelled as ‘system 1’. From system 1, system 2 was build where H2A.1 was converted to
H2A.2 by introducing mutations at Thr16Ser, Leu5S1Met and Arg99Lys positions on both the
copies of the histone variants. The rest of the histone variants (H2B, H4 and H3.3) were

unchanged. In both the systems the DNA were identical as with PDB ID: 2CVS5.

6.2.9 Molecular dynamics simulation

Molecular dynamics (MD) simulations experiments were performed based on principles
described earlier™”. Simulation were performed in triplicates for both the systems in a truncated
octahedron box by adding sufficient ions to balance the nucleosome charge. Nucleosomal
complex were represented using amber ff03 force filed and the TIP3P model to describe the
water molecules. System was energy minimized in two steps, initially using steepest-descent
method putting restrain on nucleosomal complex and allowing water to relax. In next
minimization step entire system was allowed to relax. Then system was equilibrated first by

NVT followed by NPT ensemble.

All the Molecular simulations were carried out using the Gromacs-4.6.5 software, with periodic
boundary conditions. The particle mesh Ewald method was used to treat the long-range
electrostatics, together with a cut-off of 1.2 nm for the short-range repulsive and attractive
dispersion interactions, which were modelled via a Lennard-Jones potential. The Settle
algorithm was used to constrain bond lengths and angles of water molecules, and P-Lincs for
all other bond lengths. The time step of 2fs was used for entire system. The temperature was
kept constant at 300K by using the Nose-Hoover thermostat method. The simulation was

carried out for 250ns. To control the pressure at 1 atmosphere, Parrinello-Rahman method was
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used. Gromacs tools were used for RMSD and H-bond calculation®”. Principal component
analysis (PCA) was done using prody software. VMD software was used for contacts analysis

calculations using TCL script and for image generation.

The simulation work was carried out in collaboration with CDAC, Pune and BTIS, ACTREC.

6.2.10 MNase digestion assay

The assay was performed as described earlier'®’. Nuclei containing 2mM CaCl, were incubated
for 2,4, 6, 8 and 10min with SU MNase/mg of DNA at 37°C in MNase digestion buffer (15mM
Tris-Cl pH 7.4, 15mM NaCl, 2mM CaCl,, 60mM KCI, 15mM B-ME, 0.5mM spermidine,
0.15mM spermine, 0.2mM PMSF, protease and phosphatase inhibitors). The digestion was
stopped by adding 2X lysis buffer (0.6M NaCl, 20mM EDTA, 20mM Tris-Cl pH 7.5, 1% SDS).
MNase digested samples were treated with RNaseA (100ug/ml) for 30min at 37°C followed
by proteinase K (80pg/ml) treatment for 2hrs at 50°C. The samples were extracted sequentially
with phenol, phenol: chloroform and chloroform followed by ethanol precipitation at -20°C.
The precipitated DNA was recovered by centrifugation at 10000g for 20min. The DNA pellet
was washed, air dried, dissolved in 50ul of TE buffer and concentration was determined by
A260/A280 absorbance. MNase-digested samples were resolved on 1.8% 1XTAE agarose gel
electrophoresis with 0.5pug/ml ethidium bromide. The image was scanned with ImagelJ software

version 1.43u; Java 1.6.0 10 (32-bit).

6.3. Results

6.3.1 Equilibrium unfolding of H2A-H2B dimer

The stability analysis of H2A-H2B dimer were carried out by reconstitution of H2A.1-H2B
and H2A.2-H2B dimers and subjecting them to equilibrium unfolding. Reconstitution was

performed as described in chapter IV (page number 108). Subsequently, equilibrium unfolding
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was performed which was monitored by observing both secondary and tertiary structure
changes. The data for H2A.1-H2B is depicted in figures. Similar unfolding behaviour was

obtained for H2A.2-H2B dimer.

Secondary Structure Changes: Unfolding was observed in response to thermal and chemical

denaturant by circular dichroism.

Thermal Unfolding: Unfolding was carried out starting from 20°C upto 80°C with a 2°C
increment and an equilibration time of 3min. The CD spectra of only three temperatures are
plotted for clarity. Analysis of the thermal unfolding curves suggest that there is a gradual dip
at 222nm with the unfolding of dimer suggesting that it can serve as a good spectroscopic probe
for monitoring secondary structure unfolding [Figure 6.2a]. Further, the unfolding was
completely reversible with no protein aggregation as suggested by the completely overlapping
unfolding and refolding curves [Figure 6.2b]. The data obtained could be fit into two-state

unfolding model for dimeric proteins with residual in the range of only +2 using IgorPro

[Figure 6.2c¢].
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Figure 6.2: Thermal unfolding monitored by secondary structure changes. (a) Thermal denaturation of H2A.1-
H2B dimer monitored by CD spectroscopy. (b) Fraction unfolded against the denaturant is plotted for both denaturation
as well as renaturation experiment. Completely overlapping curves suggests that the denaturation was highly reversible.
(c) The data obtained from thermal denaturation was fit into two-state model of unfolding.
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Chemical Unfolding: Urea induced denaturation was also monitored with CD with an

increment of 0.2M urea concentration starting from OM and similar to thermal denaturation the
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Figure 6.3: Chemical unfolding monitored by secondary structure changes. (a) Urea denaturation of H2A.1-
H2B dimer monitored by CD spectroscopy. (b) Fraction unfolded against the denaturant is plotted for both denaturation
as well as renaturation experiment. Completely overlapping curves suggests that the denaturation was highly reversible.
(c) The data obtained from urea denaturation was fit into two-state model of unfolding.

dip at 222nm of CD spectra was used to plot the unfolding [Figure 6.3a]. Initially titration upto
8M urea was carried out, however, as the unfolding is complete in 3M urea, subsequent
titrations were carried out with upto 5M concentration of urea. The denaturation was
completely reversible [Figure 6.3b]. Similar to the thermal unfolding data the chemical
denaturation data could be fit into two-state unfolding model with a residual between the range

of £5 [Figure 6.3c].

Tertiary Structure Changes: To follow tertiary structure unfolding, urea induced denaturation

monitored by fluorescence spectroscopy was performed.

Chemical Unfolding: On carrying out urea induced denaturation there was a drop in the
fluorescence intensity with the unfolding as expected because of quenching of the fluorescence

of tyrosines previously buried in the dimer interface [Figure 6.4a]. The drop in the intensity of
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Figure 6.4: Equilibrium unfolding monitored by tertiary structure changes. (a) Urea denaturation of H2A.1-
H2B dimer monitored by fluorescence spectroscopy to observe tertiary structure unfolding. Spectral scan at different
urea concentration is plotted. (b) Fluorescence intensity at 305nm at different urea concentration is plotted for both
denaturation as well as renaturation experiment. Highly overlapping curves suggests that the denaturation was
reversible. (c) Fluorescence intensity for H2A.1-H2B dimer at 305nm at different guanidine chloride concentration is
plotted. (d) Fraction unfolded against the denaturant is plotted for two different concentrations of H2A.1-H2B dimer.
(e) The data obtained from urea denaturation was fit into two-state model of unfolding.

emission maxima at 305nm could be used for monitoring and plotting denaturation as there
was no apparent red-shift [Figure 6.4a]. The folding was reversible [Figure 6.4b], however,
the pre- and post-transition baseline in urea denaturation curve had a positive slope as also
observed in previous reports'>. However, to ensure that transitions were not missed during the
unfolding process, denaturation was carried out with Gdn-Cl as well. Similar pre- and post-

transition baselines corroborated the urea denaturation data [Figure 6.4¢]. The unfolding also
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showed concentration dependence as is expected for a dimeric protein [Figure 6.4d] and could
be fit into two-state model of unfolding [Figure 6.4e] substantiating the data obtained for

secondary structure unfolding.

6.3.2 H2A.1-H2B dimer is less stable than H2A.2-H2B dimer

We initiated the investigation of the possibility discussed above by comparing the in vitro
stability of H2A.1-H2B and H2A.2-H2B dimer with purified recombinant histones.
Equilibrium unfolding of reconstituted full length H2A-H2B dimers, which was previously
described ', was conducted to compare the stability of H2A.1-H2B and H2A.2-H2B dimers.
Once the equilibrium unfolding curves for both H2A.1-H2B and H2A.2-H2B dimers were
obtained, a comparative analysis of stability was carried out [Figure 6.5a]. Co-plotting the
Fapp (apparent fraction unfolded) of H2A.1-H2B and H2A.2-H2B dimers against the
increasing temperature/denaturant concentration shows a hysteresis that is indicative of
difference in response to the denaturant [Figure 6.5a (i), (ii), (iii)]. The temperature of melting
(Tm) for H2A.1-H2B dimer was determined to be 50.04°C whereas that of H2A.2-H2B dimer
was found to be higher by ~3°C at 53.31°C [Figure 6.5a (iv)], suggesting the former is less
stable. The CD and fluorescence data plotted in response to increasing chemical denaturant
were in pretty good agreement with the [urea];, for H2A.1-H2B obtained as 1.59 and 1.52M
respectively. The [urea];» for H2A.2 was found to be 1.74 and 1.73M with CD and
fluorescence spectroscopy, respectively. m represents the slope of the plot of AG vs T. The m
value obtained for H2A.1-H2B dimer was 4kcal mol'M™ and that of H2A.2-H2B dimer was
2.53kcal mol'M™ [Figure 6.5a (iv)] suggesting the higher sensitivity of H2A.1-H2B dimer to
denaturant concentration. Our thermal and chemical unfolding data monitored by both
fluorescence and circular dichroism spectroscopy data suggests that H2A.1-H2B dimer is less

stable than H2A.2-H2B dimer.
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Figure 6.5: Comparative stability of H2A.1-H2B and H2A.2-H2B dimer. (a)(i)(ii) Apparent fraction unfolded
(Fapp) obtained from analysis of equilibrium unfolding curves of H2A.1-H2B and H2A.2-H2B monitored through circular
dichroism during thermal and urea denaturation. (iii) Apparent fraction unfolded (Fapp) obtained from analysis of
equilibrium unfolding curves of H2A.1-H2B and H2A.2-H2B monitored by fluorescence spectroscopy during urea
denaturation. (iv) Comparative tabulation of various biophysical parameters obtained by fitting the unfolding curves of
H2A.1-H2B and H2A.2-H2B in two state model of unfolding. (b) Temperature of melting (Tm) of various H2A.1 single and
double mutants obtained by analysis of thermal denaturation curve monitored through CD spectroscopy. The error bars
depicted in the figure are of SEM (standard error of mean). ns (P > 0.05), * (P £0.05), ** (P £0.01), *** (P <£0.001), *¥***
(P £0.0001). The significance has been calculated with respect to H2A.1.

6.3.3 The L51M substitution in H2A at the dimer interface with H2B is

primarily responsible for the differential stability

Stability of H2A.1-H2B dimer was determined to be lower than H2A.2-H2B dimer.
Subsequently, the contribution of the three residues, in which the two H2A isoforms differ,
was investigated on dimer stability by carrying out thermal denaturation with the reconstituted
mutant dimers. Tm of the mutant H2A.1-H2B dimers suggest that the L51M alteration had the
biggest impact on the stability of the dimers. Mutating 51st residue of H2A.1 into methionine
increased the Tm from 50.04°C to 52.30°C and that of H2A.2 (H2A.1 16th + 99th) into leucine

decreased the stability by 2.1°C [Figure 6.5b].
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Figure 6.6: Ligplot depiction of interactions of 51st residue of H2A. Ligplots depicting the interactions of the
51st residue in the dimer interface of H2A and H2B with (a) leucine and (b) methionine. Methionine 51 is not only able
to form more number of hydrophobic interactions but also owing to the orientation of its die chain, it is able to form
more number of hydrogen bonds in the dimer interface as compared to leucine.

Leucine and methionine are very similar amino acids. Hence, it was intriguing that why such a
substitution would lead to altered stability of H2A-H2B dimer. In order to understand the
possible changes on incorporation of methionine which led to increased stability, we carried
out in silico energy minimisation of H2A.1-H2B and H2A.2-H2B dimer and looked for the
differences in interactions. Consistent with its more hydrophobic nature we observed that the
presence of methionine at the dimer interface of H2A and H2B led to increased number of
hydrophobic interactions [Figure 6.6]. Also, presence of methionine results in the formation
of higher number of hydrogen bonds due to the favourable orientation of methionine side chain.
Altering the 16th and 99th residues of H2A.l into those of H2A.2 in isolation didn’t
significantly influence the dimer stability. Although, the R99K substitution, did not contribute
significantly towards dimer stability, however, it seemed to have a destabilising effect when
mutated along with leucine 51. The R99K alteration increased the stability of H2A-H2B dimer

by an additional ~0.8°C.
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6.3.4 Histone H2A.1 isoform containing nucleosomes are more stable owing

to formation of higher number of hydrogen bonds

To understand the importance of alteration in dimer stability in context of chromatin, we
investigated the effect of these isoforms on nucleosome stability. The chromatin was incubated
in buffers with increasing ionic strength (please see Methods section for more details).
Detectable levels of H2A.2 isoform (FLAG tagged) were obtained in the nucleosolic fraction

at a lower ionic strength (600mM NaCl) compared to H2A.1 (700mM NaCl) [Figure 6.7a (i)].
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Figure 6.7: Dynamics of H2A.1 and H2A.2 with chromatin. (a) Western blot showing the levels of FLAG H2A.1
and H2A.2 in (i) nucleosolic and (ii) chromatin fractions upon incubation of nuclei with increasing ionic strength buffer.
(b)(i) FRAP assay performed with CL38 cell line transfected with YFP-tagged H2A.1 and H2A.2. The region indicated with
box was bleached with laser. (ii) Graph depicting the percentage recovery of YFP H2A.1 and YFP H2A.2 monitored for a
period of 1 hours. (c) Cellular fractionation followed by immunoblotting with the marked antibodies to determine sub
cellular distribution of histones.
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Analysis of chromatin fraction also indicated that H2A.1 isoform is more resistant to elution

from chromatin with increasing ionic strength compared to H2A.2 isoform [Figure 6.7a (ii)].
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To address whether the more stable association of H2A.1 with chromatin is also reflected in its
dynamics, we monitored the recovery of fluorescently tagged H2A.1/H2A.2 in a bleached
region of nucleus in a live cell [Figure 6.7b (i)]. We documented that the distribution of both
the isoforms is similar in soluble and chromatin bound fraction with undetectable levels in
soluble fraction [Figure 6.7c]. The difference in the dynamics of the two proteins started
becoming apparent after 1000sec. The percentage recovery of H2A. 1 after 1hour was markedly
less (44.14%) compared to H2A.2 (64.7%) [Figure 6.7b (i)(ii)] in the FRAP assay, suggesting

that H2A.1 is less dynamic than H2A.2 isoform.
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Figure 6.8: Molecular Dynamic Simulation of H2A.1/H2A.2 containing nucleosomes. (a) RMSD of H2A.1
(black) and H2A.2 (red) nucleosomes over a span of 250ns. (b) Hydrogen bond analysis of H2A.1 (green) and H2A.2 (blue)
containing nucleosome over the span of molecular dynamic simulation (MDS). RMSD of (c) protein and (d) during the

course of MDS.

To understand the basis of the increased stability of H2A.1 containing nucleosomes, we carried
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out molecular dynamic simulation (MDS). The convergence of the MD simulation in terms of
structure was calculated by root mean square deviation (RMSD) with respect to initial
structure. The RMSD analysis was in agreement with in vitro data with lower RMSD of H2A. 1
containing system suggesting that it forms more stable nucleosomes as compared to H2A.2
[Figure 6.8a]. Corroboratively, hydrogen bonding analysis shows that during the course of
simulation H2A.1 nucleosome has higher number of hydrogen bonds [Figure 6.8b]. The

RMSD of the octamer and DNA independently showed similar trend [Figure 6.8¢ and d].

6.3.5 LeuS1 and Arg99 residues leads to increased stability of H2A.1
containing nucleosomes as compared to H2A.2 containing ones

We carried out site directed mutagenesis of H2A.1 followed by FRAP to identify the important

alteration(s) out of the three residues in which H2A.1 and H2A.2 differ, that is majorly
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Figure 6.9: FRAP with H2A.1 mutants. Table (left) and histogram (right) showing the percentage recovery of YFP
tagged H2A.1, H2A.2 and mutants of H2A.1 after 1hour. The error bars depicted in the figure are of SEM (standard error
of mean). ns (P >0.05), * (P <0.05), ** (P <0.01), *** (P <0.001), **** (P <0.0001).

responsible for the difference in dynamics. The R99K substitution, which is involved in the
interaction with H4 tails in the NCP, independently brought about the most drastic increase
(from 44.14 to 53.19 percent recovery) in the dynamics of H2A.1 followed by L51M (from

44.14 to 49.76 percent recovery) [Figure 6.9]. Mutating both the 51st and 99th residue
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together, of H2A.1 into the corresponding residues of H2A.2 led to almost similar dynamics as
observed for H2A.2. Mutating the 16th residue did not have significant impact on H2A.1

dynamics.

We wanted to understand how substitutions with very similar amino acids brought about
changes in nucleosome stability. Analysis of the number of hydrogen bonds formed by the
residues at the three positions with nearby residues throughout the simulation time of 250ns
were performed for both H2A.1 and H2A.2 containing nucleosomes. The data suggested that

the 51st and the 99th residue majorly participate in the formation of hydrogen bonds with very

(a)
B H2A1 H2A.2 A1)
2.5' ok ns *
] 1 1 | p— |
©
c 2.0 .
o [ &
D v
I 1.5+
L
[S) G
o 1.0+ =
c
c
S 0.5- ==
E —
0.0l ; .
& o R
No o S
@@ Ligand bond His 53 Non-ligand residues involved in hydrophobic
@@ Non-ligand bond € contact(s)
@- ~-@ Hydrogen bond and its length @  Corresponding atoms involved in hydrophobic contact(s)
Figure 6.10: Hydrogen bonding analysis of H2A.1/H2A.2 containing nucleosomes. (a) Graph depicting number
of hydrogen bonds formed by three differential residues (16th,51st and 99th) amongst H2A.1 and H2A.2 during MDS (b)
(i) Ligplot depicting the hydrogen and hydrophobic interaction of 99th residue of H2A.1 with the neighbouring residues.
(ii) Ligplot depicting the hydrogen and hydrophobic interaction of 99th residue of H2A.2 with the neighbouring residues.
The error bars depicted in the figure are of SEM (standard error of mean). ns (P > 0.05), * (P < 0.05), ** (P < 0.01), ***
(P <0.001), **** (P <0.0001).

less contribution from the 16th residue [Figure 6.10a]. Importantly, arginine at 99th position
in H2A.1 system forms more number of hydrogen bonds than lysine [Figure 6.10a]. The
ligplots depicts the hydrogen and hydrophobic interactions between the 99th and nearby

residues [Figure 6.10b].
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6.3.6 Principal component analysis suggests that H2A.1 containing

nucleosome structures are better correlated

Principal component analysis (PCA) was carried out to discriminate relevant conformational
changes in a protein from the background of atomic fluctuations. Figure 6.11a (i) shows cross
correlation plot for protein octamer for H2A.1 and H2A.2. In H2A.1 nucleosome, nearby

interacting chains shows positive correlation while distant region are showing negative
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Figure 6.11: Principle component analysis (PCA) of H2A.1/H2A.2 containing nucleosomes. (a) Cross
correlation plots showing the atomic fluctuations at (i) protein and (ii) DNA for H2A.1 and H2A.2 containing nucleosome.
The blue colour indicates negative cross correlation while red colour indicate positive cross correlation. (b) Graph
depicting the comparative PCA sauare fluctuations of DNA of H2A.1 and H2A.2 containing nucleosome.
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correlation. Generally, positive correlation is seen in nearby residue with synchronous motion,
whereas negative correlation is observed between distantly interacting residues with
asynchronous motion. H3 and H4 together forms a dimer, therefore H3 shows a positive
correlation for H4 while negative for rest of histone chains. Similarly, H2A shows positive
correlation for H2B. The pattern of correlation observed with H2A.1 or H2A.2 containing
nucleosome is same for nearby chains, however the correlation between H2A.2 and H2B
(system 2) is slightly less positive compared to H2A.1 and H2B containing nucleosome (system
1). Also, in system 2 there is less negative correlation between distant chains. Thus, comparing
cross correlation data with PCA square fluctuation [Figure 6.11b] it can be seen that negative
correlated motion between distant chains are providing a rigidity and stability to the H2A.1
nucleosome. Similarly, the cross-correlation of DNA [Figure 6.11a (ii)] follows the same

trend.

6.3.7 Incorporation of H2A.1 isoform does not impart structural alterations

to chromatin

The difference in the cross correlation plot for DNA of H2A.1 and H2A.2 containing system
[Figure 6.11b] prompted us to investigate whether there might be structural alteration in the
DNA on incorporation of H2A isoforms. However, overlaying structures of different time
points of simulation suggested that there is no prominent structural alteration [Figure 6.12a].
To address whether there is any global change in nucleosome spacing or chromatin
accessibility, the chromatin isolated from H2A.1/H2A.2 overexpressing CL38 cell line was
subjected to MNase digestion for different time points [Figure 6.12b]. MNase cuts at the
linker DNA and results in appearance of fragments of approximately 200bp corresponding to
mononucleosomes (nucleosome core plus the linker). With increasing incubation, the intensity

of the trail below the chromatin increased with appearance of mononucleosomes at 6min time
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point [Figure 6.12b]. Further digestion (8 and 10min time points) clearly shows the
characteristic ladder pattern expected from MNase digestion assay [Figure 6.12b]. The
digestion pattern was almost identical suggesting that the chromatin structure and accessibility
does not alter significantly on incorporation of H2A.1 and H2A.2 isoforms. However, more
sensitive experiments are needed to be performed to rule out the possibility of very minute

changes that might occur in the chromatin on incorporation of the histone isoforms.
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Figure 6.12: Effect of H2A.1/H2A.2 incorporation on chromatin architecture. (a) Overlay of DNA of H2A.1 and
H2A.2 containing nucleosomes at different time points of MDS. (b) Agarose gel electrophoresis (1.8%) of Micrococcal
nuclease digested chromatin isolated from H2A.1 and H2A.2 overexpressing CL38 cells. VC represents vector control.
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6.4. Discussion

The non-redundancy of histone isoforms has made the understanding of the epigenetic
regulations employed by cells more complex, nevertheless, interesting. Previous studies have
attempted to elucidate the role of H2A1C isoform in context of cancer4, however, no report
exists which provides insights into the basic non-redundant role of H2A isoforms which may
contribute to the attainment or persistence of a particular physiological or pathological state.
We for the first time elucidate that even the homomorphous sequence divergent forms of
histones can alter nucleosome dynamics without major alterations in the chromatin

organisation.

We found the L51M alteration to have the most significant impact on H2A-H2B dimer stability.
The difference observed between H2A.1-H2B and H2A.2-H2B dimer stability is subtle

102

compared to the change brought about by histone variants like H2A.Z ™. This is consistent

with previous reports where L to M replacements altered the protein stability only by 0.4 to 1.9

kcal/mol'”®

. Possibly, the ubiquitous abundance of H2A isoforms in the genome, as opposed
to variants, makes this difference significant to induce alteration in epigenetic regulation.
Probably, the cell uses the histone variants to bring about major changes in gene regulation and

has evolved histone isoforms for subtle modulations of chromatin mediated processes at

nucleosomal level.

Stability alteration of proteins on leucine to methionine substitution or vice-versa has been

suggested to be context dependent'®’

. Although, the van der Waals volume occupied by leucine
is the same as that for methionine, two opposing forces are at play when leucine to methionine

substitution occurs. The substitution of methionine with leucine within the interior of a protein

is expected to increase stability both because of a more favourable solvent transfer term as well
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as the reduced entropic cost of holding a leucine side chain in a defined position. At the same
time, this expected beneficial effect may be offset by steric factors due to differences in the
shape of leucine and methionine'®’. Our simulation studies suggest that presence of methionine
in the dimer interface not only leads to increased hydrophobic interactions but also results in
the formation of higher number of hydrogen bonds due to the favourable orientation of

methionine side chain.

Interestingly, besides the involvement of the 51st residue in determining H2A-H2B dimer
stability, a trend of synergistic effect was seen when residue 99th is mutated along with the
51st. This was intriguing as residue number 99th is not present in the dimer interface. Arginine
(in H2A.1) and lysine (in H2A.2) are positively charged residues and play important roles in
stabilising proteins by forming ionic interactions and hydrogen bonds in the protein as well as

with water'”®

. Notably, the guanidine group in arginine allows interactions in three possible
directions through its three asymmetrical nitrogen atoms in contrast to only one direction of
interaction allowed for lysine. Owing to this difference in geometry of the two amino acids,
arginine might have a more stabilising effect on proteins over lysine which is corroborated by
previous reports'”’. The presence of arginine in H2A.1 probably stabilises the H2A monomer
more as compared to lysine in H2A.2 which thermodynamically makes the H2A.1-H2B dimer

less stable. Further, the ability of arginine to form higher number of H-bonds compared to

lysine was also reflected in our FRAP assay and MDS studies.

As discussed earlier, the altered stability of H2A-H2B dimer may have its implication in the
nucleosome stability. Previously reported MDS studies focussed on histone octamer-DNA
interactions revealed that the H2A-H2B dimer is the least stable part of the nucleosome and
could make a significant contribution to the histone-DNA interaction dynamics***. We found

that H2A.1 isoform gives rise to more stable nucleosomes although the H2A.1-H2B dimers
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were less stable. This is consistent thermodynamically as a less stable dimer would favour a
more stable nucleosome. Similar to our observations, for H2A.Z variant it was reported that
H2A.Z-H2B dimer was unstable as compared to the canonical H2A-H2B102, however, the

205
nucleosome was found to be more stable

. A more stable nucleosome is expected to cause
hindrance to chromatin mediated processes like transcription, replication and repair.
Previously, the HAR domain of H2A, which comprises of the residue 16 to 20 of the N-terminal
tail, has been implicated in transcriptional repression owing to its ability to govern nucleosome
dynamics by interacting with the minor groove of DNA'**. The HAR domain, although, was
initially identified in yeast, it was later shown to be important in humans as well*. In addition,

S16A substitution at the HAR domain was found to disrupt its repressive ability*. Our data

shows that S16T substitution does not significantly alter nucleosome dynamics.

6.5. Conclusion

In conclusion, H2A.1-containing nucleosomes are more stable owing to M51L and K99R
substitutions that have the most prominent effect on cell proliferation, suggesting, that the
nucleosome stability is intimately linked with the physiological effects observed. Possibly, the
increased nucleosome stability resulting from H2A.1 incorporation, contributes to the
contextual alteration in global gene expression pattern, which collectively promotes the

attainment of different physiological states.
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Vil. H2AUB119 IN HEPATOCELLULAR
CARCINOMA

Chapter 7

Preliminary work done to identify the factors on
which the context dependent role of H2A.1
depends

This work was published in the journal “Experimental Biology
and Medicine”
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7.1. Introduction

Histones, which organize chromatin, often undergo a variety of post-translational
modifications (PTMs)**. These modifications function either by disrupting chromatin contacts
or by affecting the recruitment of various proteins to the chromatin and thereby, regulating
transcription®. The context dependent effect of H2A.1 observed by us prompted us to

investigate the possible role of histone modifications in this regard.

Histone H2A mono-ubiquitination is one such functionally important modification. Histone

H2A is monoubiquitylated on lysine 119 in its C-terminal tail*”’. Histone H2A is the first

208

protein identified to be modified by ubiquitin in cells”™" and is one of the most abundant

ubiquitinated proteins in the nucleus™”-*"

. Interestingly, H2A ubiquitin ligases were found in
transcription repressor complexes, such as the PRCI1, BCoR, E2F6.com-1, and 2A-
HUB*'"*'*?1> 'H2Aub by PRC1 (Polycomb Repressive Complex 1) type complexes creates a
binding site for Jarid2—Aebp2—containing PRC2 and promotes H3K27 trimethylation

214

on H2Aub containing nucleosomes”". H2Aub is thus an integral component of a positive

feedback loop establishing H3K27me3 mark and maintaining repressive state of the

chromatin®"

. Further, it was identified that RING 1B mediated H2Aub is required for polycomb
targeted gene silencing®'®. In addition, the fact that H2A deubiquitinases (DUBs) like Usp16,
Usp21, Usp22 and 2A-DUB are usually required for genes activation provides a second line
of evidence for the gene silencing function of H2Aub*'*'**!"”, Notably, monoubiquitinated
histone H2A and H2B were found to be dramatically down-regulated in prostate and breast

220221 Despite its abundance, apart from the study in which mono-

tumors, respectively
ubiquitinated histone H2A was markedly down-regulated in prostate cancer’™, this

functionally important mark has not been investigated in other cancers. In addition, the drop in

H2Aub is a pre-requisite for increase in H3S10 phosphorylation (H3S10p) during S to G2/M
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transition in vitro®>. Interestingly, H3S10p itself is a mark that is indispensable for cellular

223

transformation™. Whether, an antagonistic effect of these modifications on each other may

exist in vivo, has not been reported.

We began this part of the work by investigating the association of H2A isoform expression
with the level of H2Aub119 in hepatocellular carcinoma model system in rat. We also

investigated the association of H2Aub119 with the histone marks H3S10p and H4ac.

7.2. Methods

7.2.1 Animal experimentation

Same as described in the chapter V (page number 124).

7.2.2 Histone isolation

Same as described in the chapter V (page number 129).

7.2.3 AUT-PAGE analysis

Same as described in the chapter V (page number 132).

7.2.4 Western blot analysis
Same as described in the chapter V (page number 131). For western, histones were resolved on
SDS—-PAGE, transferred, and probed with respective antibodies from Millipore or Abcam or

CST (see Annexure I) according to the manufacturer’s instructions.

7.2.5 MALDI-TOF/TOF mass spectrometry

Core histones spots on were subjected to in-gel digestion for identification by MALDI-MS
fingerprint mapping as described earlier”>***. Core histones separated on SDS-AUT two-

dimensional gel were visualized by SDS-silver staining method. Spots that appeared on the gel
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were numbered and subjected to MALDI-TOF/TOF mass spectrometry in a two-step process.
First the proteins were digested using trypsin protease. Then, the tryptic peptides were
subjected to MALDI-MS and the MALDI-MS spectrum was compared to database for

identification of histone protein. See Annexure IV in Appendix for details of chemicals required.

a) In gel digestion: Core histones spots on gel were subjected to in-gel digestion for
identification by MALDI-MS fingerprint mapping as described. Core histone spot of interest
was excised and cut into small pieces (~1mm?) using a scalpel and placed into microcentrifuge
tube. Freshly prepared reducing solution was added ten volumes of the gel pieces and vortexed
until brownish stain disappeared. Gel pieces were rinsed few times with water to stop the
reaction. Next, the gel pieces were washed with 25mM ammonium bicarbonate for 15min. Gel
pieces were then dehydrated with 25mM ammonium bicarbonate in 50% v/v acetonitrile.

Washing/rehydration step was repeated and gel pieces were dried in vacuum centrifuge.

Gel pieces were then covered with 10mM DTT solution and reduced for 1hr at 56°C. Gel pieces
were cooled to room temperature and DTT solution was replaced with 55mM iodoacetamide
solution. Gel pieces were incubated at room temperature for 45min in dark with occasional
vortexing. Gel pieces were washed, dehydrated and dried as mentioned in the previous
paragraph. Gel pieces were rehydrated in 1 volume of 20pg/ml Trypsin in 25mM ammonium
bicarbonate by vortexing for Smin. The gel pieces were covered in minimum volume of 25mM

ammonium bicarbonate and incubated overnight at 37°C.

Peptides were recovered as follows. Two volumes of water were added to the gel pieces,
vortexed for 5 min. and sonicated for Smin. The peptide solution was removed and transferred
to a fresh microcentrifuge tube. Two additional extractions were performed with 5% v/v TFA

in 50% v/v acetonitrile. Recovered peptides were dried completely in vacuum centrifuge and
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reconstituted in 10ul of 5% v/v TFA in 50% v/v acetonitrile. Recovered peptides were stored

at -20°C until required for sample preparation for MALDI-MS analysis.

b) Sample preparation and analysis: One microliter of recovered peptides and 1ul of
peptide matrix solution (20mg/ml HCCA in 0.1% v/v TFA in 50% v/v acetonitrile) were
pipetted onto the sample target (plate), mixed and allowed to dry. External calibration was
prepared by mixing peptide standard mixture and peptide matrix solution similarly. Sample
target (plate) was inserted into the MALDI-TOF/TOF mass spectrometer (Bruker Daltonics,

Ultraflex II) and analysed as recommended by manufacturer.

In brief, mass spectra were acquired on reflector ion positive mode. Database searching for
protein masses was carried out using MASCOT search engine (version 2.2.03) by comparing
peptide masses with those in NCBInr protein database (database version:
NCBInr_ 20080812 fasta) in rattus spp. The searches were carried out with trypsin digestion,
one missed cleavage, fixed carbamidomethylation of cysteine residues and optional oxidation

of methionine with 100ppm mass tolerance for monoisotopic peptide masses.

7.2.6 Cell line maintenance

Experiments were performed with the neoplastic CL38 and and pre-neoplastic CL44 cells of
rat liver origin. The methodology for their maintenance is same as described in chapter V (page

number 126).

7.2.7 HDACI treatment

Histone deacetylase inhibitor (HDAC:1), Trichostatin A was dissolved in absolute ethanol to
prepare stock solution of ImM. The cells were treated with a working concentration of 200nM
of TSA for 48hrs. 1000 cells were seeded in 96 well plates. Rest of steps were performed as

per MTT assay described in chapter V (page number 128).
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7.2.8 c¢DNA synthesis, RT-PCR and Real-time PCR

Described in chapter I1I (page number 81). See Annexure 1l in Appendix for primer sequences.

7.2.9 MTT assay

Same as described in the chapter V (page number 128).

7.3. Results
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Figure 7.1: H2Aub levels in normal and tumour tissues. (a) Single dimensional AUT-PAGE profile of purified
histones from normal tissue. Region marked spans the mobility of respective histones. (b) (i) Comparative AUT profile
of normal and tumour tissues revealed differential levels of Spot X in enlarged H2A region. Mass spectrometry analysis
of spot X excised from AUT-PAGE identified it to be b (ii) H2A.1 and (ii) H2A.2. The peptides specific for H2A.1 or H2A.2
are underlined. AUT-PAGE- Acetic Acid-Urea-Triton Polyacrylamide Gel Electrophoresis.
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7.3.1 H2A ubiquitination markedly decreases in hepatocellular carcinoma

Histones were isolated from normal and tumor tissues and were resolved on AUT-PAGE
[Figure 7.1a]. A prominent decrease in Spot X was observed in tumour sample [Figure 7.1b
(i)]. Increase in H2A.1 and decrease in H2A.2 were also observed in tumour which we have
previously reported [Figure 7.1b (i)]’. MS analysis of Spot X suggested that the band
corresponds to H2A [Figure 7.1b (ii)(iii)]. Both H2A.1 and H2A.2 were picked up. Upshift of
the band of H2A suggested the occurrence of possible mono-ubiquitination. This was
confirmed by subjecting the region of the AUT-PAGE to western blotting with anti-H2Aub
[Figure 7.2 (a)(b)]. We included liver cell lines derived from the same model system for our
studies, CL44 (pre-neoplastic), and CL38 (neoplastic). Similar changes in H2Aub levels were
observed on comparison of histones isolated from both the cell lines [Figure 7.2 (c)(d)]. Our
results suggest that overall there is decrease in the level of H2Aub in NDEA-induced liver

cancer model.
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Figure 7.2: H2Aub levels in normal and transformed states. Western blotting with anti-H2Aub119 antibody of
isolated histones revealed (a) decreased H2Aub119 levels in tumour compared to normal, and also (c) reduced levels of
H2Aub119 in CL38 cells (neoplastic) compared to CL44 (pre-neoplastic) cells. H4 was used as a loading control. (b) & (d)
Graphs showing quantification of H2Aub119 levels obtained from densitometry analysis of three independent blots
similar to the ones depicted in (a) and (c). Each histogram represents mean densitometry + SEM (**p, 0.01).
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7.3.2 Decrease in H2Aub is probably due to Usp21 and associates with

upregulation of lipocalin 2

We looked for the levels of Usp2l as it was demonstrated to bring about H2A119

2 Both in tumour tissue and neoplastic cell line

deubiquitination during liver regeneration
CL38 a marked increase in the expression level of Usp21 was observed by quantitative [Figure
7.3a (i)] and semi-quantitative PCR [Figure 7.3a (ii)]. We did not find any change in the
expression level of the major H2A ubiquitinase RING1 [Figure 7.3a (iii)], suggesting that the

deubiquitination observed might be primarily owing to upregulation of the deubiquitinase.

H2Aub has been previously shown to localize to the promoter of genes like lipocalin 2 and
repress their expression””®. Hence, we checked the expression level of lipocalin 2 gene LCN2.
A marked increase in the expression of LCN2 was observed in the CL38 cells and tumour
tissue compared to their normal counterparts by quantitative [Figure 7.3b (i)] and semi-

quantitative PCR [Figure 7.3b (ii)(iii)].

7.3.3 Increased cell proliferation may contribute to loss of H2Aub in tumor

Ubiquitination of H2A is dynamic, as suggested by the observations that global levels of
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Figure 7.3: Expression of Usp21 and LCN2 in normal vs transformed samples. (a) Levels of Usp21, a H2A
deubiquitinase enzyme in rat liver cell lines (CL44 and CL38) and tissues (Normal and Tumour). (i) Real time PCR and (ii)
RT-PCR. (iii) RT-PCR of H2A ubiquitinase, RING1 levels in tissues. 185 rRNA was used as a loading control. (b) Level of
lipocalin 2 (LCN2) in rat liver cell lines and tissues (i) Real time PCR and (ii) RT-PCR.
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H2Aub vary during the cell cycle™”. Drop in the level of H2Aub has been shown to be a

prerequisite for increase in the mitotic mark H3S10p during S to G2/M transition of cells***,
Along with H3S10p increase, H3-H4 hypoacetylation is also seen during mitosis**’. Indeed,
when we looked into levels of H3S10p and H4ac in both tissues and cell lines [Figure 7.4a
(i)(ii)], we observed a marked increase of the H3S10p as opposed to decrease in H2Aub and
H4ac. We further investigated the possible relation between the levels of H2Aub and cell
proliferation. In CL38, increased percentage of cells in S and G2/M population was observed
as compared to CL44 [Figure 7.4a (iii)(iv)]. Consistent with this, H2Aub was low in CL38

cells and in tumour [Figure 7.4a (i)(ii)]. Next, we enriched CL38 cells in G1-phase of the cell

cycle by serum starvation [Figure 7.4b (ii)]. An increase is H2Aub was found in G1-enriched
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Figure 7.4: Effect of cell cycle on H2Aub. (a) Western blotting with anti-H3510p and anti-H4ac antibody of isolated
histones from (i) normal and tumour tissues and (ii) CL44 (pre-neoplastic) and CL38 cells (neoplastic). H3 was used as a
loading control. (iii) Cell cycle profile of (iii) CL44 and (iv) CL38 cells. (b) (i) Western blotting with anti-H2Aub antibody of
isolated histones from control and G1 enriched CL38 cells. (ii) Cell cycle profile of serum starved CL38 cells showing G1
enrichment.

cells [Figure 7.4b (i)] strengthening the inverse relationship between H2Aub and cell

proliferation.
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As we observed decrease in H4ac in tumour, we wanted to investigate the effect of increase in
H4ac on H3S10p and H2Aub. As histone deacetylase inhibitors (HDACi) are known to
decrease cell proliferation®®, we treated CL44 and CL38 cells with HDACi Trichostatin A.
Histones were isolated 48hrs post drug-treatment and the levels of histone modifications were

observed by immuno-blotting [Figure 7.5a, b]. The activity of the drug was confirmed
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Figure 7.5: Effect of HDACi treatment on H2Aub. Histone PTM profile with indicated antibodies on 48hr treatment
of (a) CL38 cells and (b) CL44 cells with HDACi TSA. (ii) Graphs showing quantification of histone PTM levels obtained
from densitometry analysis of three independent blots similar to the ones depicted in (i). HDACi- Histone deacetylase
inhibitor, TSA- Trichostatin A. The error bars depicted in the figure are of SEM (standard error of mean). ns (P > 0.05), *
(P <0.05), ** (P <0.01), *** (P <0.001), **** (P <0.0001).

by increase in the histone H4ac levels [Figure 7.5a, b]. An increase in H2Aub was observed

with a decrease in the level of H3S10p in both CL38 and CL44 cells [Figure 7.5a, b]. A
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decreasing trend was observed for H3S28p (another mitotic mark) as well in both the cell lines

[Figure 7.5a, b].

7.4. Discussion

Reduction in H2Aub has been reported in human pancreatic cancer*> but otherwise this mark
is poorly studied in cancers. In this study, we found marked decrease in H2Aub and increase
in expression of gene lipocalin 2 in NDEA-HCC model. Interestingly, lipocalin 2 has been
proposed to increase migration and metastasis of breast cancer cells”’. We found the
deubiquitinase Usp21 to be profoundly upregulated in HCC and no alteration in the level of
ubiquitinase RING1. However, role of other ubiquitinases and deubiquitinases cannot be
ignored. Along with H2Aub decrease, we have also observed a decrease in H4ac and increase
in H3S10p. Our data thus suggests for the first time an inverse correlation between the global

levels of cellular transformation mark H3S10p and H2Aub in vivo.

Upon treatment with HDACi, we found an increase in the level of H2Aub, H4ac and drop in
H3S10p. Similar pattern was observed in both CL38 and CL44 cells, however, more
pronounced effect was observed in CL38 cells. This might probably be due to the higher HDAC
activity in transformed cell line. Previous studies have shown a decrease in H2Aub upon

d®%?3! These differences in observation can be attributed

treatment with HDACI, valproic aci
to the use of different types of HDAC: in the study. TSA is a class I and II specific inhibitor,
without any specificity towards either of the enzymes. On the other hand, VPA used in previous

232 Further,

report has been shown to have selectivity towards HDAC2 amongst other HDACs
whether this increase in H2Aub seen upon TSA treatment is solely because of change in cell

cycle profile of cells and H3S10p or whether there is involvement of cross-talk between the

histone acetylation mark and H2Aub would be an interesting prospect to investigate.
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7.5. Conclusion

In summary, we here show that NDEA administration leads to stable transformation of liver to
HCC. This is associated with changes in shape and size of the nucleus along with increase in
cell proliferation markers. At the molecular level, there is a marked decrease in the level of
H2Aub in HCC. The loss of H2Aub also appears to be partly due to increase cellular
proliferation and treatment of cells with HDACi increases H2Aub in cells. Usp21 like in case
of liver regeneration probably mediates this loss. This leads to upregulation of lipocalin 2, a
growth factor whose role has been implicated in cancer progression. Future work should focus
on understanding the functional implication of histone marks and whether the loss of H2Aub

1s a common hallmark of cancers.
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VIill. CONSOLIDATED DISCUSSION AND
CONCLUSION

Chapter &
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8.1. Discussion

Wealth of information has emerged over the past two decades demonstrating the functionally
important role of histones apart from their fundamental role in packaging the genome.
Remarkably, new discoveries are continued to be made unravelling the functions of these
highly conserved proteins which were previously thought to be “passive”. Not only do histone
PTMs and variants regulate gene expression patterns for proper development of an organism
but also in cancer, which is often imagined as “development gone wrong”, a variety of histone
PTM and variant mediated mechanisms are perturbed leading to silencing of tumor suppressor
genes and activation of oncogenes. The work described in this thesis not only re-emphasizes
the functionally important role of histones but also, demonstrates that substitutions with even
very similar amino acids, like that seen in histone isoforms, can have marked consequences on

the chromatin dynamics that may contribute to attainment of specific patho-physiological sates.

Liver is the metabolic hub of the body and is involved in detoxification of substances.
Prolonged insult, with a carcinogen for example, may lead to altered gene expression pattern
in hepatocytes. Hence, through xenograft transplantation experiments it was important to
demonstrate that the observed change in the expression profile of H2A.1 was indeed a stable
change that is acquired during the process of transformation of liver cells and is not merely a

response to insult by NDEA.

On resolving histones on AUT-PAGE we observed that along with the increase in intensity of
H2A.1 band there was a marked decrease in the intensity of band corresponding to H2Aub119
(H2Aub) in tumor tissue. This raised the possibility that H2A.1 specifically undergoes mono-
ubiquitination in normal liver cells. Probably, deubiquitination of H2A.1 in tumor tissue leads

to the perception of increased abundance of the unmodified H2A.1. However, mass
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spectrometry analysis suggests that both H2A.1 and H2A.2 undergo mono-ubiquitination and
it is not an H2A.1 specific phenomenon. In addition, we also do find an increased transcript
level of H2A.1 further suggesting that it is indeed upregulated in HCC. Interestingly, mono-
ubiquitinated histone H2A was markedly down-regulated in human prostate cancer’’. Also,
this mark has been reported to significantly reduce during the process of liver regeneration™”.
Reduction of H2Aub at the promoter of LCN2 leads to derepression of this gene®>. Consistent
with these reports, we also found a marked up regulation of LCN2 in tumour tissue and
transformed cell line with the decrease in H2Aub. Interestingly, lipocalin 2 has been proposed
to increase migration and metastasis of breast cancer cells’”. It would be interesting to

investigate the status of H2Aub119 in breast cancer.

Ectopic overexpression of H2A.1 leads to increase in cell proliferation but the association
appears to be context dependent. Remarkably, studies done with human samples and cell lines
also point towards the context dependent role of histone isoforms. For example, the human
H2A1C isoform, which was initially reported to be downregulated in CLL?. However, in a later
study with higher number of samples H2A1C levels were found to be higher in CLL patients
compared to samples from healthy individuals'”®. Further, H2A1C was found to promote
proliferation in MCF7 cells*, however, it showed anti-proliferative effect in gall bladder cancer

cell line?.

The first question is that why the pro-proliferative effect of H2A.1 was only observed in CL38
cells but not in CL44 cell line? Notably, in CL44 cells H2Aub levels are relatively higher
compared to CL38. H2Aub plays a very important role in governing proliferation of cells. As
discussed above H2Aub governs the expression of growth factor genes like lipocalin 2. Further,
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we and others have shown that its levels inversely correlate with the proliferation of cells™*.

Although, the decrease in H2Aub does not occur from a specific isoform but probably its
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dominance over H2A.1 in governing cell proliferation makes its drop a prerequisite for the pro-
proliferative effect of H2A.1 to be imparted. Another, instance which suggests that
upregulation of H2A.1 might be context dependent is during liver regeneration. Liver
regeneration involves rapid cell proliferation and is associated with a marked decrease in the
level of H2Aub*, however, increase in H2A.1 expression is not observed. Probably, drop in
H2Aub is sufficient to promote cell proliferation. However, during cancer progression
incorporation of H2A.l alongside drop in H2Aub promotes persistent increase in cell

12** makes it a suitable

proliferation required for tumor growth. The long half-life of H2A.
candidate to perform such a role. More studies are needed to ascertain these speculations.
Notably, decrease in H2Aub level in human pancreatic cancer have been reported®*’. In
addition, higher expression of H2A1C has been seen in chemo-resistance in pancreatic cancer
cell lines'. It would be very interesting to investigate whether H2AIC is in general
upregulated in pancreatic cancer. Further, Lipocalin 2 and H2A1C expression is upregulated

in breast cancer. Whether an associated decrease in H2Aub also occurs remains to be

investigated.

Overexpression of H2A.1 promoted proliferation of CL38 cells and this pro-proliferative effect
was markedly reduced on carrying out the R99K and MS5I1L substitutions. Based on these
remarkable results we started to investigate the effect of these substitutions on the biochemical
and biophysical properties of the nucleosome and its subcomplexes. As the substitutions are
expected to have subtle effects on the stability/structure of histone complexes we opted to
perform in vitro experiments with recombinant histones. On attempting recombinant
expression, we found that H2A.2 and H4 did not express in the E. coli host. Post carrying out
a systematic investigation of the parameters governing heterologous expression we conclude

that destabilisation is the root cause behind lack of recombinant protein expression in bacteria.
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Further, we propose that the different expression parameters like rare codon content, mRNA
secondary structure and GC content of the transcripts etc. modulate translation kinetics and
thus, folding of proteins which ultimately governs expression. Of course, a far greater number
of proteins need to be characterised in different experimental settings to validate the hypothesis,
but for now, we are able to put forth a unifying hypothesis that not only explains our results

but also, the intermittent success (and failures) of the prevalent hypotheses.

Our in vitro, in silico and in cellulo results show that H2A.1 forms a less stable dimer with
H2B as compared to H2A.2 and this contributes to the increased stability of H2A.1 containing
nucleosomes. The alterations in the stability of complexes are significant yet the differences
are small as would be expected to result from substitutions with very similar amino acids. This
is consistent with previous reports where L to M replacements altered the protein stability only
by 0.4 to 1.9 kcal/mol'”°. However, H2A.1 is a major H2A isoform and consistent with this we
found that this protein is present globally across the chromatin. This suggests that on its
increased abundance in certain patho-physiological states, even subtle differences brought
about by it may have significant consequences on gene regulation which may ultimately affect
cell physiology. Indeed, our cell based assays corroborate the same. Most remarkably, M51L
and K99R alterations significantly impacted nucleosome stability suggesting that nucleosome

dynamics is intimately linked with the non-redundant functionality of H2A.1.

8.2. Conclusion

NDEA administration leads to stable transformation of liver to HCC. This is associated with
changes in shape and size of the nucleus of cancer cells [Figure 8] along with increase in cell
proliferation markers cyclin D1 and PCNA. At the molecular level, there is a marked increase

in the expression of histone H2A isoform H2A.1. This allows it to outcompete other isoforms
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like H2A.2 in pairing with histone H2B. H2A.1-H2B dimer is less stable than H2A.2-H2B

dimer. However, on incorporation into the nucleosome this thermodynamically favours the

formation of a more stable nucleosome with H2A.1. Further, there is an associated decrease in
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the level of H2Aub during the progress of HCC and increase in marks like H3S10p that has
been shown to be indispensable for neoplastic transformation. The decrease in H2Aub is
mediated by deubiquitinases like Usp21. These global changes in chromatin possibly leads to
local changes at the promoter of genes like lipocalin 2 favouring its expression. Lipocalin 2,

being a growth factor, in turn promotes the proliferation of cells.

In summary, H2A.1-containing nucleosomes are more stable owing to M51L and K99R
substitutions that have the most prominent effect on cell proliferation, suggesting, that the
nucleosome stability is intimately linked with the physiological effects observed. Possibly, the
increased nucleosome stability resulting from H2A.1 incorporation, contributes to the
contextual alteration in global gene expression pattern, which collectively promotes the
attainment of different physiological states. This possibility of the non-redundant function,
when extended to the plethora of the histone isoforms encoded by multiple genes (H2A, 16
genes; H2B, 22 genes; H3, 14 genes; H4, 14 genes; and H1, 6 genes), truly increases the
complexity of the epigenome by many folds. Undoubtedly, such complexity is the necessity
for multicellular organisms as the diversity in the epigenome plays central role in cell type
specific gene expression. This in turn leads to specialized functions in thousands of cell types

with the same genome.
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SALIENT FINDINGS AND FUTURE
DIRECTIONS
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Salient Findings

Histone isoforms, like the variants, have been reported to be differentially expressed in a

variety of patho-physiological states. Whether the histone isoforms actively contribute to the

attainment of such states is not clear. Furthermore, the molecular basis of the non-redundancy

remains elusive. The work done in the thesis provides insights into these aspects of histone

biology and also provides solutions to some of the challenges faced during in vitro expression

and purification of histone and its complexes.

We found histones like H2A.2 and H4 do not express robustly in bacteria. The prevalent
hypothesis to explain lack of recombinant protein expression like codon bias hypothesis
and speculations regarding mRNA secondary structure and GC content of the
transcripts do not provide a general explanation nor solution to the problem.
Degradation mediated by host proteases probably is the root cause behind lack of
recombinant protein expression. Further, our results provide compelling evidence that
the codon bias usage, mRNA secondary structure and GC content of the transcript
modulate the kinetics of translation, that in turn, influences protein folding and hence,
degradation. Expression could be obtained by incorporation of the commonly used
purification tags, like GST or MBP, of appropriate size and position leading to
accumulation.

A protocol was developed to quickly obtain large quantities of highly pure histones
using bacterial expression system for GST pull-down and reconstitution experiments.
An optimised method is presented to quickly reconstitute and purify properly folded

H2A-H2B dimers, H3-H4 tetramers and histone octamers for in vitro experiments.
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The stability of H2A.1-H2B dimer is less than that of H2A.2-H2B. The M51L alteration
at the H2A-H2B dimer interface results in lesser number of hydrophobic interactions
leading to decreased stability of H2A.1-H2B dimer. The K99R substitution, although
did not contribute significantly towards dimer stability, it seemed to have a destabilising
effect along with M51L on H2A.1-H2B dimer. H2A.1 containing nucleosomes are
more stable than H2A.2 nucleosomes. The increased stability of H2A.1 nucleosomes
results from M51L and K99R substitutions that results in increased number of hydrogen
bonds and hydrophobic interactions. The altered nucleosome dynamics on H2A.1
incorporation may lead to modulation of transcription or other chromatin mediated
processes.

H2A.1 exhibits drastically altered expression pattern in different normal tissues and
human cancer cell lines (H2A1C in humans). H2A.1 and H2A.2 are present globally
across the chromatin and overexpression of the particular isoform leads to its
enrichment in chromatin. H2A.1 promotes cell proliferation in a context dependent
manner but does not affect cell migration. Substitution R99K has the most drastic effect
on the non-redundant functionality of H2A.1 followed by L51M substitution. The two
substitution has synergistic effect when mutated together. The same substitutions have
the most prominent effect on the stability of nucleosome complex and sub-complex
suggesting that the nucleosome stability is intimately linked with the physiological
effects observed.

H2Aub markedly decreases in hepatocellular carcinoma (HCC). Usp2l, a H2A
deubiquitinase, is probably responsible for H2Aub. H2Aub levels shows an inverse
correlation with H3S10 phosphorylation (H3S10p) and the proliferative state of the

cells. Treatment of cells with histone deacetylase inhibitor trichostatin A results in
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increase of H2Aub and decrease in H3S10p. Downregulation of H2Aub is also
associated with increased expression of lipocalin 2. Lipocalin 2, being a growth factor,

promotes proliferation of cells.

Future Directions

The work described in this thesis elucidates the non-redundant functionality of H2A.1 isoform
and its basis. However, much remains to be understood regarding this emerging regulator of
epigenetic landscape. Based on our own results we speculate that the non-redundant
functionality of H2A.1 is context dependent and studies from other groups also suggest the
same. This raises the question what determines the context? It is reasonable to speculate that
other factors that govern the epigenetic landscape of cells might contribute or pronounce the
non-redundant functional effect of H2A.1. The lack of these factors, which may include
specific binding partners and occurrence of post-translational modifications (or lack of it) etc.,
in CL44 cell line might explain the observed result. Indeed, our results suggest that H2Aub119
might be one factor however this correlation needs to be examined further to arrive at any

conclusions.

We speculate that the increased nucleosome stability resulting from H2A.1 incorporation
results in contextual alteration in gene expression pattern. It would be interesting to understand
what subset of genes are regulated by H2A.1 in different contexts. Further, the markedly
variable tissue specific expression pattern of H2A.1 makes one wonder what are the possible

genes the regulation of which are possibly affected by H2A.1 incorporation.

The expression level analysis in different organs also shows that particularly the expression of
H2A.1 (or H2A1C) varies in different tissues. Similarly, in humans particularly the expression

level of H2A1C alters markedly in different contexts. Notably, sequence analysis shows the
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presence of CRAS (Coding Region Activator Sequence) element in H2A.2 that is absent in
H2A.1. CRAS element has been previously demonstrated to enhance the expression of H2A.2
by four fold. Possibly, the presence of CRAS element in H2A.2 leads to its more stable
expression pattern as compared to the varied expression level seen for H2A.1. However, what
cis or trans acting factors regulate the expression of H2A.1 would be a very important aspect

to elucidate.

Further, the varied expression level of H2A.1 in different organs raises questions like what
happens to H2A1C expression, for example, in brain cancer as in brain its expression level is
already very high. This becomes even more important to understand as H2A1C expression
pattern varies in different cancers. The expression analysis in different organs was carried out
in rat. The scenario in human tissues and many human cancers remains unknown and should

be investigated.
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Annexure I — Chemicals and Antibodies

List of Chemicals

Serial Number Chemical Name Company
1 Acrylamide Sigma
2 Agarose USB
3 Ammonium persulfate USB
4 Acetic Acid Qualigens
5 Aprotinin Sigma
6 Amido Black Sigma
7 Ammoniacal Silver nitrate Qualigens, SD fine
8 Ammonium hydroxide Qualigens
9 Bovine Serum Albumin fraction V Roche-Sigma
10 Bradford reagent Biorad
11 BME Sigma
12 Coomassie brilliant blue R-250 USB
13 Calcium chloride SD fine
14 Crystal Violet Sigma
15 Disodium Hydrogen Phosphate Qualigens
16 Dihydrogen Sodium phosphate SD fine
17 Dimethyl Sulphoxide Qualigens
18 EDTA Sigma
19 EtBr Sigma
20 ECL detection reagent Millipore
21 Formaldehyde Qualigenes
22 Femto Pierce
23 Glycerol Merck
24 Glycine Sigma
25 Guanidine Chloride Sigma
26 Hydrochloric Acid Qualigens
27 IPTG Sigma
28 Ketmin-50 Themis Medicare
29 Leupeptin Sigma
30 Magnesium Chloride Qualigens
31 Methanol Merck
32 MNase USB
33 MTT Sigma
34 N-N Methylene Bis-Acrylamide Sigma, Amresco
35 Nonidet P-40 Sigma
36 Potassium Acetate SD fine
37 PMSF Sigma
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38 Potassium Chloride Glaxo

39 Pepstatin A Sigma

40 Protamine Sulfate Sigma

41 Potassium Acetate SD fine

42 PVDF membrane Millipore

43 Paraformaldehyde Sigma

44 Riboflavin 5 phosphate Sigma

45 RNASE A Amresco

46 Sodium Chloride Qualigens

47 Sodium Orthovandate Sigma

48 Sodium Citrate Merck

49 Sodium Deoxycholate BDH

50 Sodium Bicarbonate SD fine

51 Sodium Hydroxide SD fine

52 Sulphuric Acid Qualigens

53 Spermine USB

54 Spermidine usB

55 SDS Sigma

56 Sucrose Sigma

57 Tween-20 Sigma

58 Triton X-100 Sigma

59 Tris Sigma

60 Trypsin Sigma

61 TEMED Sigma

62 TMAO Sigma

63 TSA Sigma

64 Urea Sigma

65 VECTASTAIN Vector Lab

List of Antibodies

1 His Abcam Ab18184
2 H4 Millipore 07-108
3 Cyclin D1 Santacruz SC-450
4 PCNA Santacruz SC-96
5 FLAG Sigma F1804
6 GFP Roche 11814460001
7 GAPDH Ambion AM4300
8 H2Aub119 Millipore D27C4
9 H3S10P Abcam Ab5176
10 H4ac Abcam Ab61257
11 H3 Upstate 05-499
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12 H3S28P Abcam Ab5169
13 Anti-rabbit HRP Cell Signalling 7074
14 Anti-mouse HRP Sigma A-4416
Annexure II — Cell Lines/Strains

Serial Number Cell Line/Strain Origin Medium
1 BL21 (DE3) pLysS Bacteria LB/2xTY
2 Rosetta (DE3) pLysS Bacteria LB/2xTY
3 CL38 Rat Liver MEM
4 CL44 Rat Liver MEM
5 HHLS Human Liver DMEM
6 HEPG2 Human Liver RPMI
7 HACAT Human Colon DMEM
8 A431 Human Colon DMEM
9 HFE145 Human Stomach RPMI
10 KATOI Human Stomach RPMI
11 AGS Human Stomach F12/K

Annexure IIl — Primers

List of Cloning Primers
Gene Vector Primer Sequence
H2A.1 pET3A/pET28a F GTCCATATGTCTGGACGCGGCAAACAA
R GTCGGATCCTTATTTGCCCTTGGCCTTGTG
H2A.2 pET3A/pET28a F GTCCATATGTCCGGCCGTGGCAAGCAA
R GTCGGATCCTCACTTGCCCTTCGCCTTATGG
H2B.163.1 | pET3A/pET28a F GTTGTTCCATATGCCTGAGCCCGCCAAGTCC
R GTCGGATCCTCACTTGGAGCTGGTGTACTTGG
H2B.168.1 | pET3A/pET28a F GTTGTTCCATATGCCTGAGCCCGCCAAGTCC
R GTCGGATCCTCACTTGGAGCTGGTGTACTTGG
H2B.1 NP | pET3A/pET28a F GTTGTTCCATATGCCTGAGCCCGCCAAGTCC
R GTCGGATCCTCACTTGGAGCTGGTGTACTTGG
H3.2 pET3A/pET28a F GTTGTTCCATATGGCCCGTACTAAGCAGAC
R GTCGGATCCTTAGGCCCGCTCCCCGCGGAT
H3.3 pET3A/pET28a F GTTGTTCCATATGGCCCGAACCAAGC
R GTCGGATCCTTAAGCTCTCTCTCCCCGTATC
H4 Rat pET3A/pET28a F GTCGTCCCATATGTCTGGCAGAGGAAAGGGTG
R GTCGGATCCCTAGCCTCCGAAGCCGTACA
H2A.1 pGEX2T F GTCGGATCCATGTCTGGACGCGGCAAACAA
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R GTCGAATTCCTATTATTTGCCCTTGGCCTTGTG
H2A.2 pGEX2T F GTCGGATCCATGTCCGGCCGTGGCAAGCAA
R GTCGAATTCTTATCACTTGCCCTTCGCCTTATG
GST N-ter pET3A F GTCTCTAGAAATAATTTTGTTTAACTTTAAGAAGG
AGATATAGATATGTCCCCTATACTAGGTTA
R GTCCATATGTTCGATATCCGATTTTGGAGG
GST Empty F GTCCATATGTCCCCTATACTAGGTTATTGG
R GTCGGATCCACCGGTCTCGAGCCCGGGTACCATG
GTTCGATATCCGATTTTGGAGGATGGTCGCC
GST C-ter pET3A F GTCGAATTCCTCGAGATGTCCCCTATACTA
R GTCGGATCCTTATTTTGGAGGATGGTCGC
N-ter pET3A/pET28a F GTCCATATGTCCCCTATACTAGGTTATTGG
Domain GST
R GACGGATCCTCATGGACAACCACCCAACAT
H2A.1 peYFPn1 F GTCGAATTCATGTCTGGACGCGGCAAACAA
R GTCGGATCCTTTGCCCTTGGCCTTGTGGT
H2A.2 peYFPn1 F GTCGAATTCATGTCCGGCCGTGGCAAG
R GTCGGATCCCTTGCCCTTCGCCTTATGGTG
H2A.1 pcDNA F GTTGGATCGCCATGTCTGGACGCGGC
R GCGGAATTCTTATTTGCCCTTGGCCTTGTGG
H2A.2 pcDNA F GTTGGATCCGCCATGTCCGGCCGTGGC
R GCGGAATTCTCACTTGCCCTTCGCCTTATGGTG
H2A.1 SDM 16th F CAAGGCCAAGTCCCGCTCCTCCCGG
R GGAGGAGCGGGACTTGGCCTTGGCG
H2A.1 SDM 51st F TCCGGTGTACATGGCGGCTGTGCTG
R CAGCACAGCCGCCATGTACACCGGA
H2A.1 SDM 99th F CAAGCTGCTGGGCAAGGTGACCATCGCCC
R CGATGGTCACCTTGCCCAGCAGCTTGTTG
H2A.2 SDM 51st F GCCGGTATACCTGGCGGCGGTGCTGGAGTAC
R GTACTCCAGCACCGCCGCCAGGTATACCGGC

List of PCR Primers Used

Gene Application Primer Sequence
Usp21 RT/Real Time-PCR F ACTTCTCTCCGGCGTCTT
R TGTGTGGTGAGCCATCTT
LCN2 RT/Real Time-PCR F GGACCGAACGGTTCCAGG
R CCCTGACGAGGATGGAAG
RING1 RT PCR F CCAAGCGGTCCCTACGGCC
R CCTCGATACTGGAGCTCA
GAPDH RT/Real Time-PCR F GGATTTGGTCGTATTGGGCG
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R ATCGCCCCACTTGATTTTGG
E. coli RT/Real Time-PCR F CTCCGATGTTCGTTAAAG
GAPDH
R CGTTGATAACTTTAGCCA
PCNA RT-PCR F TCACAAAAGCCACTCCACTG
R CATCTCAGAAGCGATCGTCA
Cyclin D1 RT-PCR F CGTGGCCACCTGGATGCTAGAG
R TGCAGCAACTCCTCGGGGCGGAT
H2A.1 Rat RT/Real Time-PCR F CTGTGCTGGAGTACCTGACG
R TGTGGTGGCTCTCAGTCTTC
H2A.2 Rat RT/Real Time-PCR F GAAGACGGAGAGCCACCATA
R GGAAGAGTAGGGCACACGAC
H2A1C Human RT/Real Time- F GGTGATTTTTGTCTGATTG
PCR
R CTGCGTAGTTGCCTTTA
H2AA3 Human RT/Real Time- F CGGTGACTACTATCGCTGT
PCR
R AGCCATGTAGACGGGC
H2A.1 RT/Real Time-PCR F GTCCATATGTCTGGACGCGGCAAACAA
R GTCGGATCCTTATTTGCCCTTGGCCTTGT
G
H2A.2 RT/Real Time-PCR F GTCCATATGTCCGGCCGTGGCAAGCAA
R GTCGGATCCTCACTTGCCCTTCGCCTTAT
GG
H2B.1 RT/Real Time-PCR F GTTGTTCCATATGCCTGAGCCCGCCAAGT
CC
R GTCGGATCCTCACTTGGAGCTGGTGTAC
TTGG
H4 RT/Real Time-PCR F GTCGTCCCATATGTCTGGCAGAGGAAAG
GGTG
R GTCGGATCCCTAGCCTCCGAAGCCGTAC
A
T7 RT F TAATACGACTCACTATAGGG
R GCTAGTTATTGCTCAGCGGT
Ki67 RT PCR F AGACGTGACTGGTTCCCAAC
R ACTGCTTCCCGAGAACTGAA
18S RT PCR F CGCGGTTCTATTTTGTTGGT
R AGTCGGCATCGTTTATGGTC

Annexure IV - Media and Buffer Composition
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a. Phosphate Buffered Saline

1. Dissolve the following in 800ml distilled H,O:
= 8gof NaCl
= 0.2g of KCl
* 1.44g of Na,HPO4
" 024g of KI‘I2PO4
2. Adjust pH to 7.4 with HCL
3. Adjust volume to 1L with additional distilled H,O.
4. Sterilize by autoclaving.

The final concentration of the components are as follows:

137mM NaCl
2.7mM KCl
10mM NazHPO4
2mM KH2PO4

ac oe

b. 2x BBS

1. Add the following:
= 266.56mg BES
= 409.5mg NaCl
u 6651’1’1g NazHPO4
2. Adjust the pH to 6.95
3. Adjust volume to 25ml with distilled H,O.
4. Sterile filter inside laminar hood

c. Electrophoresis Buffer
1. Add the following:
= 6.05g Tris
= 28.5g Glycine
= 1gSDS
2. Adjust volume to 1000ml with distilled H,O.
d. Phosphate Buffer

500ml of 1M potassium phosphate buffer pH 7.4 = 401ml of 1M K,HPO4 + 99ml of 1M
KH,POg4

e 1M K,HPO4 = 87.09gm in 500ml
e 1M KH,PO4=13.6gm in 100ml

e. TEV Buffer

Reagent Working For 10ml
Tris pH 8.0 1M 50mM 500ul
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EDTA 0.5M 0.5mM 10ul
DTT 1M 1mM 10ul
H,O 9.48ml
f. FactorXa Buffer
Reagent Stock Working For 10ml
Tris pH 8.0 1M 20mM 200pl
NacCl 5M 100mM 200ul
CaCl, 1M 2mM 20l
H;0 9.58ml
g. Chemicals for In-gel Digestion
Reagent Stock Working For 1ml
NH4HCO; 1M (79g/mol) 25mM 79mg
DTT 1M (154g/mol) 10mM 154mg
lodoacetamide 1M (185g/mol) 55mM 185mg
Trypsin 20ng/ul
K3[Fe (CN)s] 1M (329g/mol) 30mM 329mg
Sodium 1M(158g/mol) 100mM 158mg
thiosulphate

h. Transfer Buffer

Reagent Working
Glycine 0.19M 14gm
Tris 25mM 3.03gm
SDS 10% 0.01% 1ml
Methanol 100% 20% 200ml
H,O Upto 1L

i. Chemicals for SDS-PAGE

Acrylamide Main Stock:

292g acrylamide and 8g bis-acrylamide are mixed and dissolved in 500ml of H,O. Heating at

37°C may be required to dissolve acrylamide. Volume is made up to 1000ml.

Resolving Gel (18%):

Reagent Stock Working For 10ml
Acrylamide — Bis- 30% 18% 6ml
acrylamide (29:1)

Tris pH 8.8 1.5M 375mM 2.5ml
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SDS 10% 0.1% 100pl
APS 10% 0.05% 50ul
TEMED 0.05% Sul
H,O 1.345ml
Resolving Gel (10%):

Reagent Stock Working For 10ml
Acrylamide — Bis- 30% 10% 4.076ml
acrylamide (29:1)

Tris pH 8.8 1.5M 375mM 2.5ml
SDS 10% 0.1% 100pl
APS 10% 0.05% 50ul
TEMED 0.05% Sul
H,0 3.269ml
Stacking Gel (4%):
Reagent Stock Working For 10ml
Acrylamide - 30% 4% 1.3ml
Bisacrylamide (29:1)
Tris pH 6.8 1M 125mM 1.25ml
SDS 10% 0.1% 100pl
APS 10% 0.05% 50ul
TEMED 0.1% 10ul
H,O 7.29ml
j- 2x Sample Buffer for Histones
Reagent Stock Working For 10ml
Tris pH 6.8 1M 125mM 1.25ml
Glycerol 100% 20% 2ml
SDS 10% 4% 4ml
B-Mercaptoethanol 14.3M 300mM 200ul
Bromophenol blue 0.5% 0.05% 5mg
H;0 2.55ml
k. Chemicals for AUT-PAGE
Resolving Gel:
Reagent Stock Working For 30ml
Acrylamide 60% 25mM 7.5ml
Bis-acrylamide 2.5% 10mM 1.2ml
Acetic acid 1.8ml
Ammonium 98.4ul
hydroxide
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Urea 8M 14.4gm
H,0 Upto 27.31ml
Vacuum to degas
Triton-X 25% 675ul
Riboflavin 2ml
TEMED 150ul
Stacking gel:
Reagent Stock Working For 10ml
Acrylamide 60% 25mM 670ul
Bis-acrylamide 2.5% 10mM 640ul
Acetic acid 570ul
Ammonium 35ul
hydroxide
Urea 8M 4.8gm
H,0 Upto 9.3ml
Vacuum to degas
Riboflavin 650ul
TEMED 50ul

Sample Preparation for AUT-PAGE:

2ml of Urea-DTT solution (0.864gm urea, 14mg of DTT) was prepared. AUT-sample buffer
was prepared by taking 1.8ml of Urea-DTT solution and adding 100ul ammonia and 100l of
phenolphthalein. 50ul of the sample buffer was added on 20ug of vacuum dried histones. It
was mixed and incubated for 30mins at 37°C. Then 2.5pl acetic acid and 2.5ul concentrated
dye (25ul acetic acid and a pinch of methylene blue in 500ul of Urea-DTT solution) was added.

1. TELT Buffer

Reagent Stock Working For 40ml
Tris-Cl pH 7.5 1M 50mM 2ml
EDTA pH 8.0 0.5M 62.5mM 5ml
Triton X-100 100% 0.4% 160ul
LiCl 2.5M 4.239g
H,0 Upto 40ml
m. SOB Media
Reagent Stock Working For 100ml
Bactotryptone 2% 2gm
Yeast Extract 0.5% 0.5g
NacCl 5M 10mM 200pl

220 | 224



Thesis| Saikat Bhattacharya

KCI 3M 2.5mM 83.33ul
MgCl, 1M 10mM Iml
MgS0, 10mM 0.246g

H,O Upto 100ml

n. Transforming Buffer

1. Add the following:
= 1.0884g MnCl,.4H,0O
= 0.22053g CaCl,.2H,0
= 1.8637g KCI
= 0.30237g PIPES
2. Adjust pH to 6.7 with KOH
3. Adjust volume to 100ml with distilled H,O.
4. Sterile filter

The final concentration of the components are as follows:

- 55mM MHC124H20
= 15mM CaCl,.2H,0
= 250mM KCl

= 10mM PIPES

o. DMEM

1. Add the following:

= DMEM

» 81.4mg Non Essential Amino Acid

= 0.293gm L-Glutamine (working 2mM)

= 3.7gm Sodium Bicarbonate (working 44mM)
2. Adjust volume to 1000ml with distilled H>O.
3. Sterile filter inside laminar hood

p. MEM

1. Add the following:
=  9.6gm MEM powder (Sigma, #M6043)
= 81.4mg Non Essential Amino Acid
= 0.293gm L-Glutamine (working 2mM)
= 2.2gm Sodium Bicarbonate
= 3.574gm HEPES

2. Adjust volume to 1000ml with distilled H,O.

3. Sterile filter inside laminar hood

q- RPMI
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1. Add the following:
= RPMI
= 81.4mg Non Essential Amino Acid
*  0.293gm L-Glutamine (working 2mM)
= 2gm Sodium Bicarbonate
2. Adjust volume to 1000ml with distilled H,O.
3. Sterile filter inside laminar hood

r. Trypsin Composition

4. Add the following:

= 2.5gm Trypsin (0.25%)

= 0.2gm EDTA

= 0.5gm Glucose
5. Adjust volume to 1000ml with distilled H,O.
6. Sterile filter inside laminar hood

Annexure V - Construct Preparation Maps
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NdeI (234)4

Ndel (272 4

ECORI (629) @

T7 pro, £
Mot BamHI (660)

EcoRI (/65 &
PJET H2A.1 Ndel + EcoRI Ndel + EcoRI

3373 bp
L ad Ndel (234)®

PEYFP-N1
4733 bp

EcoRI (626)# Xbal* (1411)

BamHI (557)

@ mAl coding gene was cloned in pJET
after incorporating 5’ NdeI and 3’ EcoRI
site without the stop codon by PCR.

Primer GST F (238 .. 27

PEYFPN1 with H2A.1
4730 bp

@ H2A.1 was then subcloned in
xbar* (10 PEYFPNL vector at Ndel and
EcoRI sites.

vfomoter

throfbb Primer GST R (903 .. 917
4 BamHI (930) EcoRl + BamHI
EcoRI (240)
EcoRl + BamHl poel s

B OThe amplicon was then
Xhol (532) cloned in peYFPnl H2A.1 at
EcoRI and BamHI sites so as
to give rise to ORF coding
for H2A.1 GST.

BamHI (1205) &

3 GST coding genes was amplified from
pGEx2T with primers incorporating
5’ EcoRI followed by Xhol site and 3’
BamHI site following a stop codon.

XbaI* (2046)

(4638) EcoRI

BamHI (510)@ 1
orpiadss ® Coding genes for other core
Xbal (ss8) Ndel + BamHI histones were amplified with their

Ndel + BamHI respective primers incorporating
5°Ndel site and 3°Xhol site
without the stop codon and the
amplicons were first cloned in
pJET. The inserts were then
released by digestion with Ndel
Ecorl (1179 and XhoI and were ligated to the

vector pET-H2A.1C-terminal GST
PET € o bp _— also digested with the same
~= Mgy el (1573)

Xbal (1611) ellZymeS.

(5661) EcoRI

BamHI (510)

©) The H2A.1 GST cassette was further
cloned in empty pET3a vector at Ndel
and BamHI sites.
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Article history:

Epigenetics have witnessed a renewed interest over the past decade and assays with recombinant
histones has become an important tool for uncovering various aspects of histone biology. However, at
times absence of recombinant histone accumulation in bacteria is encountered which is also commonly
observed for many eukaryotic proteins in general. In this study, we have investigated the effect of
multiple parameters on heterologous expression of proteins. We show that there is marked variability in
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Rare codons variability and degradation by the host proteases. We found that the variability could be overcome by
Histones incorporation of the commonly used purification tags, like GST or MBP, of appropriate size and position.
Truncated GST . . . . . i

Misfolding Our results provide compelling evidence that transcript parameters like rare codon and GC content,
Translation mRNA secondary structure etc. together modulate translation kinetics and govern recombinant protein

accumulation.
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1. Introduction

Histones are highly basic proteins with the primary function of
packaging the DNA of an organism in a very organised fashion
inside the nucleus. Histones undergo various post-translational
modifications (PTMs) and have sequence divergent forms known
as histone variants. The functional importance of PTMs and
variants has led to massive interest in uncovering the outcome of

Abbreviations: HAX-1, human protein HCLS-1 associated protein X-1; NAP1,
nucleosome assemble protein 1; DUSP1, dual specificity phosphatase 1; PP1, protein
phosphatase 1; IPTG, Isopropyl [3-p-1-thiogalactopyranoside; RT-PCR, reverse
transcriptase polymerase chain reaction; CAl, codon adaptation indexes; RBS,
ribosome-binding site; TMAO, trimethylamine oxide; GST, glutathione-S-transfer-
ase; MALDI, matrix-assisted laser desorption/ionization; MBP, maltose binding
protein; GAPDH, glyceraldehyde phosphate dehydrogenase.
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the biochemical changes in the composition of nucleosomes and
how these changes are brought about. For conducting in vitro
experiments recombinant expression has become a very powerful
tool for obtaining abundant amounts of highly purified histones
with specific PTMs or amino acid composition.

E. coli has been popularly used as heterologous host for robust
recombinant production of histones like for most other proteins.
However, at times, drastic differences in expression levels of
histones is observed in bacteria with complete absence of
recombinant histone expression in the worst scenarios [16,28].
This has been attributed to the presence of rare codons in the
coding sequence of histones. As per the codon usage bias
hypothesis, rare codons may play a role in determining levels of
protein expressed in a heterologous host [3]. Apart from the
absolute number of such codons, parameters like rare codon
clusters [12], their number in the 5’-end of a transcript [7,29] and
first six codons [6] and the ones coding for arginine [4,22] are
considered important determinants. Likewise, high frequency of
arginine residues is suspected to negatively affect expression of
histone H1 and H5 [8]. Although, codon optimization proves to be
useful in some cases, however, at times, the lack of expression
persists [1,28] suggesting that other factors might be involved
[reviewed by Ref. [31]].

2215-017X/© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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We also encountered lack of accumulation of few of the histone
isoforms on attempting heterologous expression in E. coli but did
not find a stringent correlation with rare codon content.
Interestingly, the transcripts for these histone proteins were being
formed in the host. Our results provide compelling evidence that
the codon bias usage, mRNA secondary structure and GC content of
the histone transcript together modulate the post-transcriptional
steps and govern recombinant protein accumulation. Notably, we
found that the variability in accumulation could be overcome by
incorporation of the purification tags, like GST or MBP, of
appropriate size and position. Further, we extended these
correlations to six non-histone proteins and show that this
probably, can be used as a general strategy to obtain heterologous
expression.

2. Materials and methods
2.1. Construct preparation

The coding sequences of the genes were amplified from the
cDNA synthesized from RNA (treated with DNasel) isolated from
cell lines. The amplicons were cloned into pTZRT57 vector (Thermo
scientific). The cloned fragments were sequenced. For subsequent
cloning into different expression vectors, the coding sequences
were amplified with primers incorporating the appropriate
restriction sites and were subcloned, maintaining the correct
reading frame. More details pertaining to cloning are available on
request. Please see Supplementary Fig. S8 and S9 for a few of the
construct maps.

2.2. Growth and IPTG induction of transformed bacterial expression
hosts

A single colony was inoculated from the plates of transformed
bacteria in 5mL or 20 mL LB media and incubated at 37 °C until
the ODggo reached between 0.3 and 0.6. Induction of recombi-
nant protein expression were carried out with 0.2 mM IPTG.
When lack of expression was encountered, titration of IPTG
concentration was carried out ranging 0.2 mM-2mM. The
cultures were induced for 3 h at 37°C or overnight at 18°C. To
investigate the effect of trimethylamine oxide (TMAO), it was
added at a working concentration of 60 mM, 1.5h post IPTG
induction and the cells were harvested 1.5 h post-addition. The
soluble and the insoluble fractions of proteins were separated by
resuspending the cells in buffer containing 50 mM Tris-Cl pH 8.0,
0.5% Triton X-100 and 100 pwg/ml lysozyme followed by three
rounds of sonication, each for 30s at 30% amplitude. The lysate
was then centrifuged at 27000g for 30min at 4°C. The
supernatant and pellet, thus obtained contains the soluble
proteins and the insoluble proteins respectively. The proteins
were resolved by 18% SDS-PAGE followed by Coomassie staining
(Brilliant Blue R250).

2.3. RT-PCR and real-time PCR

Total RNA was extracted and treated with DNasel from
previously collected bacterial cells as per the manufacturer’s
(Macherey-Nagel) instructions. RNA (2 wg) was subjected to
reverse transcription using M-MLV Reverse Transcriptase and
random hexamer primers according to the manufacturer’s
instructions. cDNAs were then amplified with the corresponding
gene-specific primer sets, designed to amplify the total coding
sequence. The PCR products were analyzed on a 1% agarose gels.
The cDNA synthesized was further used for Real-time PCR
experiments with Syber green dye. The expression levels were
plotted as relative fold change with respect to GAPDH

(glyceraldehyde 3-phoshphate dehydrogenase). Similar results
were obtained when fold change was plotted with respect to
Ampicillin expression which is expressed from the vector
backbone (data not shown).

2.4. Rare codon, CAI and RNA secondary structure prediction

Rare codons were predicted using the Caltor Prediction tool
(http://people.mbi.ucla.edu/sumchan/caltor.html). CAI (Codon Ad-
aptation Index) for the coding regions was calculated using CAlcal
server (http://genomes.urv.es/CAlcal/) and RNA structures were
analyzed by Vienna RNA Websuite program on the web at http://
rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi.

2.5. Accession numbers

H2A.1 (GenBank: JX661508.1), H2A.2 (GenBank: JX661509.1),
H2B.1 63.1 (XM_002725263.1), H2B.1 68.1(XM_002725268.1
updated to XM_002725268.2), H4 (NM_001123469.1), H3.3
(GenBank: BC006497.2), HAX-1 (GenBank: AK290626.1), DUSP1
(NM_004417.3),PP1at (NM_002708.3), HLA (GenBank: CAA59215.1),
B2M (NM_004048.2). H2B.1 XM_002725263.1 and H2B.1
XM_002725268.1 are referred to as H2B.1 63.1 and H2B.1 68.1 re-
spectively in this article.

3. Results

3.1. Lack of recombinant histone expression is a commonly
encountered phenomenon

During purification of rat histone proteins using recombinant
methods, we encountered lack of expression of few of the
transcripts. There was lack of accumulation of proteins H2A.2
(lane 6), H2B.1 68.1 (lane 10) and H4 (lane 16) even though we used
the E. coli BL21 (DE3) pLysS strain [Fig. 1a]. No accumulation was
observed even at lower growth temperatures post-induction and
at varied IPTG concentrations (data not shown). RT-PCR [Fig. 1b (i)]
and real-time PCR data demonstrates that not only were the
transcripts produced, but also, the relative transcript levels of
H2A.2, H2B.1 68.1and H4 were comparable to H2A.1 [Fig. 1b (ii)].
The expression of histones was next attempted in Rosetta (DE3)
pLysS, a codon-optimized strain, as the presence of rare codons is
speculated to interfere with translation. However, the lack of
accumulation of H2A.2 (lane 6) and H4 (lane 16) [Fig. 1a lower
image]| persisted.

3.2. Recombinant expression does not stringently correlate with rare
codon parameters

Analysis of the rare codon parameters of the histone transcripts
was carried out to look for possible correlation between
accumulation level of proteins and the proposed parameters.
Several inconsistences with the codon bias hypothesis were noted.
For example, the H3.3 transcript, in addition to 12 rare codons for
arginine, contains the highest percentage (16.91%) and number of
rare codons in a cluster (four) [Table 1]. Robust accumulation of
H3.3 in E. coli and lack of accumulation of H2A.2 with the least
percentage (6.15%) and rare codons in a cluster (zero), is
contradictory to codon bias hypothesis [Table 1]. Further, no
correlation between the presence of rare codons at the 5’-end of a
transcript with expression levels was observed [“First 6 codons”,
Table 1]. These contradictions were also reflected in codon
adaptation indexes (CAI), which is a proposed important parame-
ter [25] [Table 1]. For instance, H2A.2 having the highest CAI of
0.706 amongst the histone transcripts didn’t express in either of
the strains [Fig. 1a,c].


http://people.mbi.ucla.edu/sumchan/caltor.html
http://genomes.urv.es/CAIcal/
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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Fig 1. Expression status of recombinant proteins in E. coli. (a) SDS-PAGE analyses (18%, coomassie stained) of whole cell lysates of BL21 (DE3) pLysS (upper image) and Rosetta
(DE3) pLysS (lower image) harbouring the pET3a histone constructs, induced with 0.2 mM IPTG at 37 °C for 2 h. pET3a empty vector was used as vector control in BL21 (DE3)
pLysS (marked as VC). pGEX2 T empty vector expressing GST was used as an induction control in Rosetta (DE3) pLysS (marked as VC) . The region marked as Histone spans the
molecular weight range of the histones being expressed. (b) For checking expression status at the transcript level (i) semi-quantitative RT-PCR was done. ‘cDNA’ denotes cDNA
synthesized by RT-PCR using random hexamer primers followed by PCR amplification with respective gene specific primers. For control (C) cDNA from bacteria having empty
pET3a vector was amplified using corresponding gene specific primers and for the experimental sets (E) cDNA from bacteria harbouring pET3a histone constructs was
amplified using respective histone primers. H2A.1 was used as a positive control. ‘P’ denotes experiment to validate DNA free preparation of RNA, in which C is control for
amplification where respective plasmids were used as a template. E is the experimental set in which DNA removal by DNasel from RNA preparation was validated. (ii) Real
time PCR to denote the relative fold change upon induction for respective constructs.

3.3. mRNA secondary structure and GC content of transcripts does not
always correlate with protein expression levels

As an alternative explanation for lack of recombinant protein
accumulation the importance of factors like strong mRNA
secondary structure and the ‘GC’ content of the transcript have
been emphasized in relation to transcription and translation
[8,14,15]. Therefore, we investigated the possible correlation of
mRNA secondary structure and GC content of the histone
transcript on protein expression. Vienna RNA web suite [10] was
used to maintain consistency with the previously published
literature [32] for predicting a possible long-range secondary
structure spanning the ribosome-binding site (RBS), translation
initiator AUG and the first seven codons. Again, a general pattern
did not emerge from our analysis, considering the complexity of
the overall secondary structure, the structure near the ATG
translation initiation codon, free energy of the structure (see
Supplementary Fig. S1) and the% GC of the full-length mRNA
transcripts as well as the first six codons (see Supplementary

Fig. S1). Most strikingly, the mRNA secondary structure, the free-
energy values (—14.20 kcal/mol) and GC content were identical in
the case of the three transcripts of H2B.1 (see Supplementary
Fig. S1). Thus, their differential expression pattern strongly
suggests that the mRNA secondary structure and/or GC content
may not be the primary cause behind the results obtained.
Although, the secondary structures are predicted, nonetheless, the
differential expression pattern observed for the same transcript in
different strains cannot be explained based on mRNA secondary
structure differences.

3.4. Incorporation of N-terminus tag affects recombinant protein
accumulation

Tags are frequently used in purification of proteins. We wanted
to test the effect of tags on recombinant protein expression.
Interestingly, with 6xHis tag accumulation of H2A.2 protein (lane
6) was seen even without using a codon optimized strain [Fig. 2a].
This further highlights the lack of direct correlation between rare

Table 1
In silico rare codon analysis of histone transcripts.
Amino Acid Rare Codon H2A1 H2A.2 H2B.1 63.1 H2B.1 68.1 H3.2 H3.3 H4
Arg CGA 0 0 0 0 0 2 1
CGG 2 2 1 1 5 3 2
AGG 2 0 0 0 1 5 0
AGA 0 0 0 0 0 2 1
Gly GGA 1 1 3 1 0 1 2
GGG 0 1 1 1 3 3 1
Iso AUA 0 0 0 0 0 1 0
Leu CUA 1 0 0 0 0 0 1
Pro ccc 3 2 3 3 3 5 1
Thr ACG 1 2 2 2 4 1 0
Consecutive 0 0 2 2 2 4 2
First 6 Codons 1 0 1 1 0 1 2
Frequency 7.69% 6.15% 7.93% 6.34% 11.76% 16.91% 8.73%
CAI 0.673 0.706 0.625 0.654 0.666 0.644 0.617
Total 10 8 10 8 16 23 9
Expression V4 X V4 X V4 Vv X
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Fig. 2. Effect of incorporation of N-terminal 6X His tag: (a) SDS-PAGE analysis of total cell lysates of BL21 (DE3) pLysS harbouring 6X his tag histone constructs, induced with
0.2mM IPTG at 37 °C for 2 h (b) 18% coomassie stained gel showing the expression status of histone H4 with and without 6x His tag, induction done at 37 °C for 2 h with 0.2 mM
IPTG. H4* denotes codon optimized H4. (c¢) Western blotting analysis of total cell lysates of BL21 (DE3) pLysS harbouring various histone constructs at different time points
post-induction with 0.2 mM IPTG, with anti-His antibody for (i)(iii)-(v) and H4 antibody for (ii)(vi). H4* was selected as a negative control for the experiment, as it does not
undergo degradation. The intensity quantification of the bands in the western blots is also depicted below the blots.

codons and protein accumulation. Expression was also seen in case
of pET28a H2B.168.1 (lane 10) and H4 (lane 16) but the results were
“inconsistent”. Importantly, this clearly suggested translational
variability or the possibility of involvement of protein degradation
or both behind the varied accumulation pattern observed for
different proteins with changing parameters.

We wanted to investigate this aspect further. We included a
codon optimized H4 transcript, in our studies (H4") that expresses
robustly in bacteria. Notably, expression was not obtained in
pET28a vector [Fig. 2b]. A time-course experiment was carried out
post-induction to monitor H4 accumulation with non-codon
optimized H4 in pET28a [Fig. 2c¢ (i)] and pET3a [Fig. 2c (ii)] vector
backbone. A decrease in the intensity of band in the immunoblot
analysis was observed. Similar decrease was observed in previous

report [30] although the Kkinetics observed was different.
Comparable observations were made for H2A.2, H2B.1 68.1 and
H3.2 proteins as well [Fig. 2c (iii)-(v)], again, with differing
kinetics. Changing growth medium or incorporation of protein
stabilising osmolytes like trimethylamine oxide (TMAO) and
glycerol did not significantly improve recombinant protein
accumulation (data not shown).

3.5. Incorporation of GST tag overcomes variability in recombinant
protein accumulation

Strains like BL21 (DE3) pLysS and Rosetta (DE3) pLysS, that are
deficient in OmpT spare GST fusion proteins from degradation [9].
Hence, GST was cloned upstream of the histones already cloned in
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and expressed in different strains.

pPET3a (construct details available on request). This rules out
contribution of difference in vector backbone and copy number
towards expression level. After incorporation of GST, indeed,
consistent levels of accumulation were seen for all the constructs,
including H2B.1 68.1 and H4, as judged by the presence of an
intense band around ~35KkD in the induced samples in coomassie
stained gels [Fig. 3a].

To test whether the location of the tag is also a determinant, the
GST tag was cloned at the C-terminus of histones. Apart from H2A.2
(lane 5), all constructs expressed robustly, although, there was a
considerable difference in expression levels of different proteins
[Fig. 3a lower image]. Importantly, this rules out the possibility
that the expression achieved was due to altered stability of the 5’
end mRNA or 5’ end amino acid residues or enhanced translation
initiation resulting from tag incorporation. Quantification depicted
in Fig. 3c indicates that with N-ter GST tag most consistent level of
recombinant protein accumulation is achieved.

Next, we asked whether the size of the tag influences
accumulation levels. To address this, the N-terminal domain of
GST comprising of 86 amino acid residues was cloned upstream of
the histones in pET3a vector and their expression was attempted.
The results were similar to that obtained with the 6xHis tag with
stable expression of H2A.2 and H2B.1 and the H4 protein being
expressed inconsistently [Fig. 3b]. This clearly suggested that the
size of the tag with respect to that of protein of interest is an
important determinant.

3.6. Incorporation of a suitable tag can possibly be used as a general
procedure to obtain recombinant protein expression

We included a few non-histone proteins, HAX-1, DUSP1,
DUSP1 Mutant, HLA, 2M and NAP1 for which correlation
between protein accumulation and the different proposed
parameters was not observed (see Supplementary Fig. S2). The
proteins HAX-1, DUSP1, DUSP1 Mutant and NAP1 were tagged with
6xHis, GST and MBP and their expression was checked in BL21
(DE3) pLysS. Quantitative depiction of the three independent

experiments is depicted in Fig. 4 and representative gel pictures
can be seen in Supplementary Fig. S3. Indeed, the expression of
HAX1 and DUSP1 with GST tag was achieved, however, the level
was very low. For DUSP1 mutant no expression was observed in
BL21 (DE3) pLysS.

Earlier, the result with N-terminal truncated GST tag upstream
of histones suggested that the ratio of the size of the tag to that of
the protein might be important. Thus, the expression of the non-
histone proteins was attempted with a bigger tag, MBP. Compari-
son of lane 7 and lane 9 of Supplementary Fig. S3 a(i) clearly
suggests that yield was significantly enhanced when MBP tag was
used instead of GST. Notably, from the quantification plots it is
apparent that once a tag of appropriate size has been incorporated
then the expression in Rosetta (DE3) pLysS is higher than BL21
(DE3) pLysS [Fig. 4], probably, owing to the more robust translation
resulting from increased tRNA supplies for the rare codons.

3.7. Solubility of proteins doesn’t necessarily correlate with
accumulation

Solubility of proteins is proposed to be inversely correlated with
accumulation due to increased accessibility to host proteases
[13,20,23,27]. The solubility profile of histones expressed using
pET28a vector in BL21 (DE3) pLysS strain at 37 °C is depicted in
Fig. 5a. All the histones were mostly insoluble. Further, we tested
the solubility of H2A.1 with different tags. The experiments were
carried out at 18°C, as lower temperature may lead to lower
metabolic rate allowing better folding and solubility. The codon
optimized Rosetta (DE3) pLysS strain was also used as codon
optimisation have been shown to alter protein solubility [21]. We
did find altered solubility for 6x His-tagged H2A.1 at 18°C in
Rosetta (DE3) pLysS strain. Major alteration in solubility profile was
observed with GST and MBP tag [Fig. 5b]. Therefore, we checked
the solubility of the non-histone proteins with GST and MBP tag at
37°Cand 18°Cin both the strains [Fig. 5c]. However, we didn’t find
any correlation between protein solubility and expression, as
irrespective of solubility, we could achieve robust accumulation.
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Fig.4. Testing the hypothesis on Non-Histone proteins. Quantitative data of the constructs cloned in various vectors and expressed either in BL21 (DE3) pLysS or Rosetta (DE3)
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solubility profile of Non-Histone proteins DUSP1, DUSP1 mutant and NAP1 when expressed as GST and MBP fusions (cloned in pMAL) in both the bacterial strains at 37 °C and

18°C.
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4. Discussion

Heterologous expression is a very powerful tool for producing
recombinant proteins. Many reports provide guidelines to opti-
mise recombinant protein expression, however, not many studies
address why many a times the proposed hypotheses fail to explain
the lack of recombinant protein expression. Factors like rare
codons need not be detrimental to protein accumulation and
codon-optimisation, at times, may be unfavourable for protein
expression. Possibly, rather than a barrier to the translation
machinery, the various transcript parameters like rare codons or
mRNA secondary structure (to which GC content also contributes),
are modulators of translation kinetics. The overall translation
speed can be modulated through tRNA recycling at the ribosome
|5] and attenuation of trp operon presents a classic example of this
[19].

In such scenario, the question arises that why sometimes there
is complete lack of expression? Our immunoblot data provides
interesting insights that helps us to understand the underlying
reason. The intensity of bands did not show a unidirectional
pattern suggesting translational variability or degradation or both
during the course of induction of recombinant protein expression.
In fact, translational variability may itself lead to degradation as
translation and protein folding are coupled in bacteria. Presence of
rare codons can affect the rate of translation and would influence
the folding, thus local protein structure [24]. The local protein
structure probably in turn may define the response of targeting
and degradation by the host protease. Therefore, altering the
“translation kinetics code” inherent in the sequence of the
transcript may lead to complete lack of accumulation or may
result in improved accumulation. This also emphasizes that the
position of a rare codon should be more important than its absolute
number. Subsequently, coding sequences having more rare-
codons, even though would have slower translation kinetics,
may lead to better accumulation if present at positions which
promote “better” folding. This hypothesis is consistent with the
proposition that rare codons may provide the genetic instruction
for the regulation of rate of protein synthesis to allow proper
folding of the nascent polypeptide [17].

The challenge remains to establish a predictable correlation
between any of the proposed parameters and expression, which
can help us to engineer means of circumventing expression
variability. Unfortunately, it appears it is not going to be very
straight forward. An earlier study showed that for the same
transcript replacing the rare codons with the major ones or
changing the GC content can independently bring about improved
expression [26]. Clearly, not only are these parameters indepen-
dently important, but correlations amongst secondary structure,
the GC content and the codon usage of the transcript are significant
[11]. As an alternative, we found that incorporation of a tag leads to
much more consistent and predictable outcomes of protein
expression and the size of the tag with respect to that of proteins
is also important. The above hypothesis also gives us the reason as
to why some proteins, which do not efficiently express without a
tag, are sometimes robustly expressed as fusion with known tags
like GST and MBP. Importantly, an N-terminus tag appears to be
better suited. Probably, at the N-terminus of a fusion, the folding of
GST/MBP precedes that of the downstream unit. However, when
GST is present downstream of a protein, its folding might be
influenced by its fusion partner leading to the attainment of a
misfolded form.

5. Conclusions

To summarise, translational variability arising due to the
combined effect of rare codon and GC content, mRNA secondary

structure etc. leads to inefficient accumulation of heterologous
proteins, possibly by inducing degradation of the protein. The
expression variability may be averted by incorporating an N-
terminal tag of suitable size. Finally, the steps depicted in
Supplementary Fig. S4 should allow a researcher to troubleshoot
expression problems in minimum time with maximum probability
of success.

Competing interests
No competing interests.
Author’s contributions

SB prepared constructs, performed expression analysis, purified
proteins, and contributed to manuscript preparation. DR prepared
constructs, performed expression analysis, carried out cell line
maintenance and transfections. RR prepared constructs and
performed expression analysis. AS prepared constructs. KB and
SG contributed to experimental designing and manuscript
preparation. All authors read and approved the final manuscript.

Acknowledgments

The authors are grateful to Dr. Karolin Luger, Colorado State
University for providing codon optimized construct of H4. We are
also thankful to Dr. Francoise Carlotti, LUMC-Netherlands for
providing DUSP-1 wild type and mutant constructs in mammalian
expression vector from which they were subcloned. SB and DR are
supported by CSIR India fellowship, AS by UGC India fellowship and
RR by ACTREC fellowship.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.btre.2016.06.002.

References

[1] M.E. Alexeyev, H.H. Winkler, Gene synthesis, bacterial expression and
purification of the Rickettsia prowazekii ATP/ADP translocase, Biochim.
Biophys. Acta Biomembr. 1419 (1999) 299-306, doi:http://dx.doi.org/10.1016/
S0005-2736(99)00078-4.

[3] S.K. Behura, D.W. Severson, Codon usage bias: causative factors, quantification
methods and genome-wide patterns: with emphasis on insect genomes, Biol.
Rev. 88 (2013) 49-61, doi:http://dx.doi.org/10.1111/j.1469-185X.2012.00242 .

[4] T.L. Calderone, R.D. Stevens, T.G. Oas, High-level misincorporation of lysine for
arginine at AGA codons in a fusion protein expressed in Escherichia coli, ]. Mol.
Biol. 262 (1996) 407-412, doi:http://dx.doi.org/10.1006/jmbi.1996.0524.

[5] G. Cannarozzi, G. Cannarrozzi, N.N. Schraudolph, M. Faty, P. von Rohr, M.T.

Friberg, A.C. Roth, P. Gonnet, G. Gonnet, Y. Barral, A role for codon order in

translation dynamics, Cell 141 (2010) 355-367, doi:http://dx.doi.org/10.1016/j.

cell.2010.02.036.

G.F. Chen, M. Inouye, Suppression of the negative effect of minor arginine

codons on gene expression; preferential usage of minor codons within the first

25 codons of the Escherichia coli genes, Nucleic Acids Res. 18 (1990) 1465-1473,

doi:http://dx.doi.org/10.1093/nar/18.6.1465.

M.H. de Smit, J. van Duin, Secondary structure of the ribosome binding site

determines translational efficiency: a quantitative analysis, Proc. Natl. Acad.

Sci. U. S. A. 87 (1990) 7668-7672, doi:http://dx.doi.org/10.1073/

pnas.87.19.7668.

[8] S.E. Gerchman, V. Graziano, V. Ramakrishnan, Expression of chicken linker
histones in E. coli: sources of problems and methods for overcoming some of
the difficulties, Protein Expr. Purif. 5 (1994) 242-251, doi:http://dx.doi.org/
10.1006/prep.1994.1037.

[9] S. Gottesman, Proteases and their targets in Escherichia coli, Annu. Rev. Genet.
30 (1996) 465-506, doi:http://dx.doi.org/10.1146/annurev.genet.30.1.465.

[10] AR. Gruber, R. Lorenz, S.H. Bernhart, R. Neubock, I.L. Hofacker, The Vienna RNA

websuite, Nucleic Acids Res. 36 (2008) W70-W74, doi:http://dx.doi.org/
10.1093/nar/gkn188.

[11] W. Gu, T. Zhou, C.0. Wilke, A universal trend of reduced mRNA stability near

the translation-initiation site in prokaryotes and eukaryotes, PLoS Comput.
Biol. 6 (2010) e1000664, doi:http://dx.doi.org/10.1371/journal.pcbi.1000664.

(6

17


http://dx.doi.org/10.1016/j.btre.2016.06.002
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0005
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0005
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0005
http://dx.doi.org/10.1016/S0005-2736(99)00078-4
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0010
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0010
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0010
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0015
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0015
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0015
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0020
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0020
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0020
http://dx.doi.org/10.1016/j.cell.2010.02.036
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0025
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0025
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0025
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0025
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0030
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0030
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0030
http://dx.doi.org/10.1073/pnas.87.19.7668
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0035
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0035
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0035
http://dx.doi.org/10.1006/prep.1994.1037
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0040
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0040
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0045
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0045
http://dx.doi.org/10.1093/nar/gkn188
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0050
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0050
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0050

S. Bhattacharya et al./Biotechnology Reports 11 (2016) 62-69 69

[12] J.FE. Kane, Effects of rare codon clusters on high-level expression of
heterologous proteins in Escherichia coli, Curr. Opin. Biotechnol. 6 (1995)
494-500, doi:http://dx.doi.org/10.1016/0958-1669(95)80082-4.

[13] J.F. Kane, D.L. Hartley, Formation of recombinant protein inclusion bodies in
Escherichia coli, Trends Biotechnol. 6 (1988) 95-101.

[14] T. Keller, D. Mis, K. Jia, C. Wilke, Reduced mRNA secondary-structure stability
near the start codon indicates functional genes in prokaryotes, Genome Biol.
Evol. 4 (2012) 80-88, doi:http://dx.doi.org/10.1093/gbe/evr129.

[15] M. Kubo, T. Imanaka, mRNA secondary structure in an open reading frame
reduces translation efficiency in Bacillus subtilis, ]. Bacteriol. 171 (1989) 4080-
4082.

[16] K. Luger, TJ. Rechsteiner, T.J. Richmond, Expression and purification of
recombinant histones and nucleosome reconstitution, in: P. Becker (Ed.),
Methods in Molecular Biology (Clifton, N.J.), Methods in Molecular Biology™,
Humana Press, 1999, pp. 1-16, doi:http://dx.doi.org/10.1385/1-59259-681-9:1.

[17] M. Marin, Folding at the rhythm of the rare codon beat, Biotechnol. J. 3 (2008)
1047-1057, doi:http://dx.doi.org/10.1002/biot.200800089.

[19] D.E. Morse, R.D. Mosteller, C. Yanofsky, Dynamics of synthesis translation, and
degradation of trp operon messenger RNA in E. coli, Cold Spring Harb. Symp.
Quant. Biol. 34 (1969) 725-740, doi:http://dx.doi.org/10.1101/
SQB.1969.034.01.082.

[20] M. Murby, M. Uhlén, S. Stahl, Upstream strategies to minimize proteolytic
degradation upon recombinant production in Escherichia coli, Protein Expr.
Purif. 7 (1996) 129-136.

[21] G.L. Rosano, E. a Ceccarelli, Rare codon content affects the solubility of
recombinant proteins in a codon bias-adjusted Escherichia coli strain, Microb.
Cell Fact. 8 (2009) 41, doi:http://dx.doi.org/10.1186/1475-2859-8-41.

[22] A.H. Rosenberg a, E. Goldman, J.J. Dunn, EW. Studier, G. Zubay, Effects of
consecutive AGG codons on translation in Escherichia coli, demonstrated with a
versatile codon test system, J. Bacteriol. 175 (1993) 716-722.

[23] Rudolph, R.,1996. Successful protein folding on an industrial scale. Princ. Pract.
protein Fold.

[24] R.Saunders, C.M. Deane, Synonymous codon usage influences the local protein
structure observed, Nucleic Acids Res. 38 (2010) 6719-6728, doi:http://dx.doi.
org/10.1093/nar/gkq495.

[25] P.M. Sharp, W.-H. Li, The codon adaptation index-a measure of directional
synonymous codon usage bias, and its potential applications, Nucleic Acids
Res. 15 (1987) 1281-1295, doi:http://dx.doi.org/10.1093/nar/15.3.1281.

[26] G. Sinclair, EY.M. Choy, Synonymous codon usage bias and the expression of
human glucocerebrosidase in the methylotrophic yeast, Pichia pastoris, Protein
Expr. Purif. 26 (2002) 96-105, doi:http://dx.doi.org/10.1016/S1046-5928(02)
00526-0.

[27] P. Suthakaran, J. Balasubramanian, M. Ravichandran, V. Murugan, L.N. Ramya,
K.K. Pulicherla, Studies on lipidification of streptokinase: a novel strategy to
enhance the stability and activity, Am. J. Ther. 21 (2014) 343-351.

[28] Y. Tanaka, M. Tawaramoto-Sasanuma, S. Kawaguchi, T. Ohta, K. Yoda, H.
Kurumizaka, S. Yokoyama, Expression and purification of recombinant human
histones, Methods 33 (2004) 3-11, doi:http://dx.doi.org/10.1016/j.
ymeth.2003.10.024.

[29] T. Tuller, A. Carmi, K. Vestsigian, S. Navon, Y. Dorfan, ]. Zaborske, T. Pan, O.
Dahan, I. Furman, Y. Pilpel, An evolutionarily conserved mechanism for
controlling the efficiency of protein translation, Cell 141 (2010) 344-354, doi:
http://dx.doi.org/10.1016/j.cell.2010.03.031.

[30] L. Vergani, F. Canneva, P. Ghisellini, C. Nicolini, Expression, purification, and
structural characterization of human histone H4, Protein Expr. Purif. 24 (2002)
420-428, doi:http://dx.doi.org/10.1006/prep.2001.1601.

[31] M. Welch, A. Villalobos, C. Gustafsson, J. Minshull, You're one in a googol:
optimizing genes for protein expression, J. R. Soc. Interface 6 (2009) S467-
S476, doi:http://dx.doi.org/10.1098/rsif.2008.0520.focus.

[32] W. Zhang, W. Xiao, H. Wei, ]. Zhang, Z. Tian, mRNA secondary structure at start
AUG codon is a key limiting factor for human protein expression in Escherichia
coli, Biochem. Biophys. Res. Commun. 349 (2006) 69-78, doi:http://dx.doi.org/
10.1016/j.bbrc.2006.07.209.


http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0055
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0055
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0055
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0060
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0060
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0065
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0065
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0065
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0070
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0070
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0070
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0075
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0075
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0075
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0075
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0080
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0080
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0085
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0085
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0085
http://dx.doi.org/10.1101/SQB.1969.034.01.082
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0090
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0090
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0090
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0095
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0095
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0095
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0100
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0100
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0100
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0110
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0110
http://dx.doi.org/10.1093/nar/gkq495
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0115
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0115
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0115
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0120
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0120
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0120
http://dx.doi.org/10.1016/S1046-5928(02)00526-0
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0125
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0125
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0125
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0130
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0130
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0130
http://dx.doi.org/10.1016/j.ymeth.2003.10.024
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0135
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0135
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0135
http://dx.doi.org/10.1016/j.cell.2010.03.031
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0140
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0140
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0140
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0145
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0145
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0145
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0150
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0150
http://refhub.elsevier.com/S2215-017X(16)30028-5/sbref0150
http://dx.doi.org/10.1016/j.bbrc.2006.07.209

Advances in Bioscience and Biotechnology, 2016, 7, 133-141 ’o’o Scientific
Published Online March 2016 in SciRes. http://www.scirp.org/journal/abb ’0:00 Eﬁf)ﬁgﬁng
http://dx.doi.org/10.4236/abb.2016.73012 ¢

A Simple Method to Produce
Sub-Nucleosome Complexes
of High Purity In Vitro

Saikat Bhattacharya, Sanjay Gupta*

Epigenetics and Chromatin Biology Group, Gupta Lab, Cancer Research Institute, Advanced Centre

for Treatment, Research and Education in Cancer (ACTREC), Tata Memorial Centre, Kharghar, Navi Mumbai,
India

Email: sbhattacharya@actrec.gov.in, ‘sgupta@actrec.gov.in

Received 25 January 2016; accepted 5 March 2016; published 8 March 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

With the identification of increasing number of chromatin modifiers, histone variants, histone
post-translational modifications and their cross-talk, it is essential to validate these findings and
interactions in vitro for which pure histone complexes are required. Although, the production of
such complexes has been described earlier but still it remains a challenge for a non-specialist lab.
Here we describe a protocol to quickly obtain large quantities of highly pure histones using bac-
terial expression system for GST pull-down and reconstitution experiments. In addition, we de-
scribe methods to quickly reconstitute and purify H2A/H2B dimers, H3/H4 tetramers and histone
octamers for in vitro experiments. We demonstrate that these sub-complexes are properly folded
and are hence, true representatives of the actual substrates in vivo. We also show that histones
have a propensity to be non-specifically cleaved by proteases. Our results suggest that TEV pro-
tease is the most suitable protease while working with histones. The methodology described here
should allow researchers to purify histone complexes in three days enabling functional and struc-
tural analyses of histone variants, mutants and post-translational modifications.

Keywords
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1. Introduction

The eukaryotic genome is packaged inside the nucleus of only few microns in diameter [1] with the aid of highly
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basic proteins known as histones. The core histones comprise of H2A, H2B, H3 and H4. H1 is the linker histone.
H2A and H2B form heterodimers and two copies each of H3 and H4 form a tetramer. Two H2A/H2B dimer and
one H3/H4 tetramer form the octamer core around which ~147 bp of DNA is wrapped to give rise to nucleo-
some, which is the fundamental repeating unit of the chromatin [2]. Apart from the well-established fact now
that the canonical histones undergo a variety of functionally important post translational modifications (PTM’s),
sequence divergent forms of the histones also exist which are known as histone variants [3]. In addition, novel
histone modifiers and binding partners like histone chaperones are being identified with redundant or supposed-
ly non-redundant functions.

With the identification of increasing number of chromatin modifiers, histone variants, histone post-transl-
ational modifications and their cross-talk, it is essential to validate these findings and interactions in vitro for
which pure histone complexes are required. Large quantity of histones can be purified by isolation from cells [4],
however, they are highly heterogeneous in terms of variants and PTM’s [5] [6]. This does not allow the investi-
gation of, for example, the possible contribution of a specific variant on structural organization of chromatin or
the effect of a particular modification in recruiting chromatin modifiers or affecting nearby modifications. In
such scenario use of recombinant histones becomes the method of choice to study the effect of histone variants
or modified histones on the structure and stability of chromatin. Further, recombinant histones can be used to
reconstitute nucleosome sub-complexes, H2A/H2B dimer, H3/H4 tetramers and H2A-H2B-H3-H4 octamers,
which would fare as better representatives of in vivo substrates in in vitro assays.

Histones when expressed in bacteria form inclusion bodies and hence, their purification first requires solubi-
lizing them with denaturing agents like urea or guanidinium chloride followed by ion exchange chromatography
and gel filtration [7] [8]. Requirement of using multiple chromatography steps makes it technically and practi-
cally challenging for a non-specialist lab to employ these methods to purify recombinant histones. In addition,
although, the production of nucleosome complexes with purified histones has been described earlier [9] it re-
quires considerable expertise and resources to successfully execute the protocol. Further, a major challenge
faced for the use of full length histone proteins for carrying out in vitro assays and reconstitution is their aggre-
gation in commonly used buffers.

In the present study, we have evaluated various methods to purify histone proteins. We found that GST solu-
bilizes histones enabling affinity purification and use in GST pull down assays. In addition, we came up with a
simple 6xHis tag based purification system by modifying and combining existing protocols that enables quick
reconstitution of H2A/H2B dimers, H3/H4 tetramers and histone octamers for in vitro experiments. Further, we
biophysically characterize these complexes and demonstrate that these are properly folded.

2. Materials and Methods
2.1. Protein Expression and Fraction Preparation

Histone constructs in the desired vector were transformed in BL21 (DE3) pLysS. After overnight incubation, a
single colony was inoculated from the plates of transformed BL21 (DE3) pLysS in 5 mL or 20 mL LB media
and incubated at 37°C until the OD600 reached between 0.3 and 0.6. Induction was carried out with 0.2 mM
IPTG. The cultures were induced for 3 hrs at 37°C or overnight at 18°C. Post induction the bacteria were har-
vested and processed. The soluble and insoluble fractions of proteins were separated by re-suspending the cells
in buffer containing 50 mM Tris-Cl pH 8.0, 0.5% Triton X-100 and 100 pg/ml lysozyme followed by three
rounds of sonication, each for 30 seconds at 30% amplitude. The lysate was then centrifuged at 27000 g for 30
mins at 4°C. The supernatant and pellet thus obtained contains the soluble proteins and the insoluble proteins
respectively. The proteins were resolved by 18% SDS-PAGE followed by Coomassie staining (Brilliant Blue
R250).

2.2. GST Affinity Purification

The fraction consisting of the soluble proteins was incubated with the equilibrated Glutathione conjugated beads
for 2 hours at 4°C. After incubation, the beads were washed with buffer containing 20 mM Tris-Cl pH 8.0, 200
mM NaCl, 1 mM EDTA pH 8.0, 0.5% Nonidet P-40, 2 pg/ml aprotinin, 1 pg/ml leupeptin, 0.7 pg/ml pepstatin
and 25 pg/ml PMSF. The protein was eluted with the elution buffer containing 50 mM Tris-Cl pH 8.0 and 10

mM reduced glutathione.
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2.3. Ni-NTA Affinity Purification

The insoluble pellets were dissolved in 50 mM Tris—HCI buffer (pH 8.0) containing 500 mM NaCl, 5% glycerol,
and varying concentration of urea (see figure for more details), and were centrifuged at 27,000 g for 20 min at
4°C. The insoluble pellets were discarded. The supernatants containing the 6xHis-tagged histones were mixed
with 50% slurry of nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen), and the samples were rotated
at 4°C. After a 60 min rotation, the beads were washed with 50 mM Tris—HCI buffer (pH 8.0) containing 500
mM NaCl, 5% glycerol, 6 M urea, and 10 mM imidazole. The Ni-NTA agarose beads bound to the 6xHis-
tagged proteins were washed further with the same buffer. The 6xHis-tagged histones were eluted by a linear
gradient of imidazole from 5 to 300 mM. The eluted fractions were analysed by loading on 18% SDS-PAGE.

2.4. Reconstitution of HZA/H2B Dimer and H3/H4 Tetramer

To reconstitute the H2A/H2B dimer, the His6-tagged histones H2A and H2B or H3 and H4 in 10 mM HCI were
mixed in a 1:1 stoichiometry. Then, the mixture was rapidly diluted three folds by adding 50 mM Tris—HCI
buffer (pH 8.0) containing 10 mM DTT and 2 mM EDTA with continuous stirring. The diluted mixture is then
dialyzed against 1 liter of 50 mM Tris—HCI buffer (pH 8.0) containing 10 mM DTT, 2 mM EDTA and 2 M
NaCl for 1 h at room temperature, and the dialysis was continued overnight at 4°C. After an overnight dialysis,
the impurities and excess histones were precipitated. The dialysate was then concentrated and loaded onto equil-
ibrated gel filtration column and the peak fraction was collected. The salt concentration can be reduced by step-
wise dialysis.

2.5. Reconstitution of Histone Octamer

The reconstituted H2A/H2B dimer and H3/H4 tetramer were mixed in 1:1 stoichiometry and dialysed overnight
against 2 liter of 50 mM Tris—HCI buffer (pH 8.0) containing 10 mM DTT, 2 mM EDTA and 2 M NaCl at 4°C.
The dialysate was then loaded onto equilibrated gel filtration column and the peak fraction was collected.

2.6. Mass Spectrometric Analysis

Protein spots of interest were manually excised and cut into fine pieces. These were destained, chemically re-
duced, alkylated and subjected to in gel digestion using 20 ng/ul Trypsin (Sigma) at 37°C for 16 - 18 hrs. Pep-
tides thus obtained were extracted from gel pieces, vacuum dried and reconstituted in 10 ul of 0.1% TFA. Sam-
ples were then mixed with matrix solution (a-Cyano-4-hydroxycinnamic acid), dried and mass spectra were ac-
quired on a Bruker Daltonics Ultraflex Il in reflector positive ion mode. Database searching for protein masses
was carried out using Mascot search engine (version 2.2.03) by comparing peptide masses with those in NCBInr
protein database.

3. Results
3.1. Purification of Recombinant Histones Using Affinity Purification

Histones are highly insoluble when expressed in bacteria. One way of circumventing this issue is by co-exp-
ressing histones, for example H2A and H2B together in tandem, in bacteria which at times makes them soluble
[10]. However, this method does not ensure that all histones expressed will be soluble [10]. As an alternative
approach, we tried to use the commonly used GST tag as it often solubilizes protein and also enables use of af-
finity purification. Affinity purification may yield ~90% pure proteins after only one round of purification and is
technically less challenging than ion-exchange chromatography.

We found the histones expressed robustly with the GST tag (Figure 1(a)), however, the expressed proteins
were largely insoluble when growth temperature post-induction of recombinant protein expression was main-
tained at 37°C. The data of only H2A is shown but similar results were obtained for all the core histones (Figure
1(b)(i)). On attempting expression at 18°C, approximately 10% of the protein, as judged by densitometric analy-
sis, was recovered in the soluble fraction (Figure 1(b)(ii)). Proteins were purified by affinity purification. The
GST-Histone fusion proteins can be used for carrying out GST-pull down assays for investigating direct physi-
cal interactions of putative binding partners of histones.
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Figure 1. Expression and purification of GST tagged Histones; (a) Coomassie stained SDS gel loaded with whole cell ly-
sates of BL21 (DE3) pLysS expressing GST Histones. (b)(i) Solubility analysis of GST-Histones expressed at 37°C. WCL-
Whole cell lysate, ISF-Induced soluble fraction, IF-Insoluble fraction (ii) Solubility analysis of GST-Histones expressed at
18°C overnight. (c) SDS PAGE showing purified GST Histones. (d)(i) Proteolysis of GST tag with all the used enzymes.
(ii)-(vi) Enzymatic action of proteases on GST tagged H2A, H2B, H3 and H4 histones. (e) Table summarised to show the
protease activity of all the enzymes used on all the purified GST-Histones.

3.2. Removal of GST Tag from Recombinant Proteins

GST being of 26 kDa size and a homodimer itself is expected to interfere with the hetero-dimerisation of his-
tones. This makes cleavage of the GST tag essential for carrying out H2A/H2B dimerisation or H3/H4 tetrame-
risation. We tested the efficacy of some commonly used proteases for histone purification. Incubation of only
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GST protein did not lead to any cleaved products (Figure 1(d)(i)) as expected. However, to our surprise, we
found proteases like FactorXa and Enterokinase, non-specifically cleave the histones as can be seen with the
disappearance of the band corresponding to GST fusion and appearance of band corresponding to the GST pro-
tein (Figures 1(d)(ii)-(vi)). By mass spectrometry we confirmed that the protein we purified were indeed GST-
Histone fusion. On screening for different proteases, TEV protease was found not to cleave histones non-spe-
cifically. The expected and observed pattern of protease activity is tabulated in Figure 1(e). Although, thrombin
is expected to cleave H4 protein but the cleavage site is just after four amino acids. This makes the band shift
difficult to be perceived on SDS-PAGE (Figure 1(d)(vi)). Post GST removal the monomeric histones were
found to precipitate that is commonly observed with full length histones. This limits their use in downstream
reconstitution experiments. However, for purification of smaller peptides of histones, which might be soluble,
our results suggest that TEV protease should be used.

3.3. 6xHis Tag Is Better Suited for Affinity Purification of Histones

We opted to use N-terminal 6xHis tag for histone purification keeping in consideration that a small tag like
6xHis is not expected to interfere in the oligomerization of histones (N-terminal tails of histones protrude out of
the nucleosomes). Unlike the case with GST tag, this would enable reconstitution without the need of removal of
affinity tag.

We used pET28a vector to express histones in BL21 (DE3) pLysS. The recombinant protein expression was
robust (Figure 2(a)). On analyzing different fractions, the histones were found to be completely part of inso-
luble fraction at both strategies were employed. Urea was the preferred denaturant to solubilize proteins from the
insoluble fraction as GAMHCI doesn’t allow solubilized 6xHis proteins to bind to Ni-NTA column. Upon further
titration with different urea concentrations, 6 M urea was found as the optimal denaturant concentration to solu-
bilize these proteins (Figure 2(c)). The solubilized proteins robustly bound to Ni-NTA beads (Figure 2(d)).
Elution with buffers containing increasing concentration of imidazole suggested that histones could be very effi-
ciently eluted with 150 mM imidazole concentration with almost no non-specific proteins (Figure 2(e)). Thus,
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Figure 2. Expression and purification of 6X His tag histones; (a) 18% SDS PAGE showing the expression of 6xHis-Histones.
(b) Solubility analysis of His tag Histones at 37°C and 18°C. (c) Solubilisation of histones with different urea concentrations.
Lanes 2, 4, 6, 8 correspond to insoluble fractions and lanes 3, 5, 7 to fractions solubilized with 2 M, 4 M and 6 M urea. (d)
Complete profile of purification strategy for 6x His tagged histones. (e) Elution profile of tagged histones at different con-
centrations of imidazole. (f) SDS PAGE showing all the purified histones.
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all the core histones could be very efficiently and conveniently purified with this one step purification process.

3.4. Histone Monomers Are Not Properly Folded in Solution

To remove denaturant from the purified proteins, the eluted fraction was overnight dialyzed against 50 mM
phosphate buffer. However, often it led to the precipitation of majority of histones in a concentration dependent
manner. Histones being highly basic proteins dialyzing them against an acidic solution may enhance solubility.
Hence, histones were dialyzed against 10 mM HCI to remove urea. By this method the precipitation could be
circumvented irrespective of the concentration of histones. For carrying out subsequent analysis the concen-
trated histones could be diluted in phosphate or tris buffer without precipitation. Afterwards, we wanted to see
whether the histone monomers attain their native confirmation on removal of the denaturant. Circular dichroism
spectra showed a dip at around 200 nm for all the histone monomers suggesting that the monomers were not
folded properly and were largely in random coil (Figure 3(a)). This might be attributed to the fact that the alpha
2 helix of histones is largely hydrophobic in nature.

3.5. Histone Oligomers Can Be Conveniently Reconstituted from Affinity Purified Histones

Next, we wanted to reconstitute H2A/H2B dimers and H3/H4 tetramers as 1) they would be better substrates for
carrying out in vitro assays, 2) would be properly folded owing to the burial of hydrophobic residues and 3)
would be easier to use for octamerisation (discussed later).

In this regard, we used the protocol of rapid dilution of histones for forming oligomers which was previously
described [5]. We found that even H3/H4 tetramers could be in vitro reconstituted directly from 10 mM HCI
(Figure 3(c)) without urea denaturation by this method which was not previously reported. Post rapid dilution
the protocol involves binding of the mix to heparin column and subsequent elution [5]. We found dialyzing the
rapid dilution mix against 2 M NaCl leads to precipitation of excess histone monomers leaving the properly
folded dimers in soluble form thus eliminating the requirement of Heparin column. In ideal scenario, with usage
of equimolar histones, there should be no or minimum precipitate post dialysis. The precipitate (if formed) could
be removed by centrifuging the sample at 10,000 g for 20 mins. The dimerization could be confirmed by loading
the soluble fraction onto a gel filtration column. The dimers thus obtained were purified by size-exclusion
chromatography using HiLoad 16/60 Superdex-200 gel filtration column (GE). The dimer eluted at a volume of
82 - 84 mL (Figure 3(b)(i)) consistent with previous reports [2]. The molecular weight of H2A and H2B being
very similar (H2A-14119.5Da, H2B-13906.1Da) (Figure 3(b)(ii)), the peak fractions from gel filtration were
resolved onto AUT-PAGE, which separates proteins on the basis of hydrophobicity, to confirm the formation of
heterodimers (Figure 3(b)(iii)).

3.6. H2A/H2B Dimers and H3 /H4 Tetramers Are Better Substrates for Octamer
Reconstitution than Histone Monomers

Once we were able to obtain properly folded H2A/H2B dimers and H3/H4 tetramers, we next wanted to test
whether these complexes can be used to reconstitute histone octamers. Equimolar ratio of H2A/H2B dimer and
H3/H4 tetramer were mixed and were dialysed against 2 M NaCl. As the H2A/H2B and H3/H4 complexes are
independently stable under high NaCl concentrations, no precipitation was observed. This is unlike the use of
histone monomers where errors in quantification can lead to large amount of protein precipitation (discussed
later). Post dialysis the histone octameric core particle was formed which could be confirmed and purified by
loading onto size exclusion chromatography column with elution at an expected volume ~65 ml (Figure 3(d)).
The excess H2A/H2B dimer eluted at 84 mL.

3.7. Histone Oligomers Are Properly Folded

Post reconstitution and purification, secondary structure validation of the H2A/H2B dimer and H3/H4 tetramer
were carried out by far-UV CD. The spectra dip at 222 and 208 nm, characteristic of helices confirmed that the
histone oligomers, which has a high proportion (40%) of helical structure (Figure 4(a)), is properly folded
(Figure 4(b)(i)) for H2A/H2B dimer, (c)(i) for H3/H4 tetramer]. The greater dip at 208 nm compared to 222 nm
highlights the greater proportion (~60%) of randomly coiled structure of the dimer and tetramer. The tertiary
structure of the H2A/H2B dimer and H3/H4 tetramer was validated by near UV CD and fluorescence spectros-
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copy. H2A has three tyrosine residues at position 39, 50 and 57 and H2B have five tyrosine residues at position
37, 40, 42, 83 and 121. Histones do not contain tryptophan, hence, the fluorescence of histone proteins is major-
ly attributed to the tyrosine. The bell shaped curve with peak near 278 nm in the near-UV CD spectra is in
agreement with signature tyrosine peak between 275 and 282 nm (Figure 4(b)(iii)). The dimers exhibited a flu-
orescence emission maximum at 305 nm (Figure 4(b)(ii)) which is expected for tyrosine. Similar pattern was
observed for the H3-H4 tetramers (Figure 4(c)(ii)).

4. Discussion

We have described a very convenient and robust method to express, purify and reconstitute sub-nucleosomal
complexes of histones for carrying out in vitro studies. The proteins were purified by one step affinity chroma-
tography. GST tag could be used to solubilise and purify histones, however, due to the precipitation of mono-
meric histones post GST tag removal the strategy was not useful especially considering that only 10% of the
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CD spectra for tertiary structure determination of dimers. (c)(i) Far UV CD spectra of reconstituted H3/H4 tetramer. (ii) Flu-
orescence spectral scan of tetramer.

protein is solubilised on GST tag incorporation. Nonetheless, the strategy can be useful to carry out in vitro GST
pull down assays. Another striking thing which emerged from our data is the degradation of histones by prote-
ases FactorXa and Enterokinase, which have propensity to non-specifically cleave at basic residues. Hence, care
is to be taken while choosing the protease to remove tags from fusion proteins consisting of histones. TEV pro-
tease was found to be the best suited for this purpose. For obtaining recombinant histones in bulk amount,
Ni-NTA affinity purification under denaturing conditions was very convenient and robust technique. In addition,
6xHis tag being small and as N-terminus of histones are not involved in formation of the complexes, the
His-tagged proteins could be directly used in reconstitution experiments without removal of tag. Further, we
documented that the reconstituted complexes are properly folded which makes them useful for carrying out in
vitro studies pertaining to histone variants/mutants and modifications. During the formation of octamer equimo-
lar ratio of the core histones assemble. Accurate quantification of histone monomers is crucial to prevent pre-
cipitation of proteins and successful reconstitution. However, histones lack tryptophan and have very less tyro-
sine and phenylalanine. This makes their accurate quantification difficult using colorimetric approach. In this
regard use of reconstituted H2A/H2B dimers and H3/H4 tetramers for histone octamer reconstitution is more
convenient rather than adding all the four histone monomers stoichiometrically. In our experience using the re-
constituted dimers and tetramers stoichiometrically for octamerisation gives more consistent results than using
the individual monomers. The histone octamer elutes at 65 mL. The H3/H4 tetramer elutes at 72 mL, whereas
the H2A/H2B dimer elutes at 84 mL. Hence, it is advised to use a little excess of H2A/H2B dimer during oc-
tamer reconstitution as they are easier to distinguish from the octamer peak during gel filtration as compared to
H3/H4 tetramer peak.

5. Conclusion

We have described a protocol in which histones can be purified and its oligomeric structures reconstituted in
very few steps in three days. Histones can be purified in bulk by affinity purification and then via use of rapid
dilution method followed by dialysis, H2A/H2B dimers and H3/H4 tetramers can easily be reconstituted. For the
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octamerisation, the reconstituted and purified dimers and tetramers are mixed proportionately followed by dialy-
sis. These reconstituted and purified octamers which have their native structure are better substrates for use in in
vitro assays. We also showed that adding GST tag partially solubilises the otherwise insoluble histones which
can be used for in vitro assays. Further, histones have a propensity to be non-specifically cleaved by proteases
and TEV protease should be opted for while working with histones.
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Abstract

Aberrant changes in histone post-translational modifications are encountered frequently in diseases like cancer. Although histone
H3 post-translational modifications have been extensively studied in context of diseases, the functionally important histone H2A
PTM H2A119ub (H2Aub) has not gained much attention. In this study, we report that H2Aub markedly decreases in hepatocellular
carcinoma. Usp21, a H2A deubiquitinase, is probably responsible for decrease in H2Aub. In addition, the H2Aub levels showed an
inverse correlation with H3S10 phosphorylation (H3S10p) and the proliferative state of the cells. Downregulation of H2Aub is also
associated with increased expression of growth factor gene lipocalin 2. Interestingly, we show that treatment of cells with histone
deacetylase inhibitor trichostatin A results in increase of H2Aub and decrease in H3S10p. Our work for the first time suggests the
in vivo association of H3S10p, H4ac, and H2A119ub with cellular transformation.

Keywords: Histone post-translational modifications, deubiquitination, lipocalin 2, histone deacetylase inhibitor, cancer,

epigenetics
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Introduction

Histones, which organize chromatin, often undergo a variety
of post-translational modifications (PTMs).! These modifica-
tions function either by disrupting chromatin contacts or by
affecting the recruitment of various proteins to the chromatin
and thereby, regulating transcription." Histone H2A mono-
ubiquitination at lysine 119 (H2Aub) is one such modification
identified for polycomb-targeted gene silencing; H2Aub by
PRC1 type complexes creates a binding site for Jarid2-
Aebp2-containing PRC2 and promotes H3K27 trimethyla-
tion on H2Aub containing nucleosomes.” H2Aub is thus an
integral component of a positive feedback loop establishing
H3K27me3 mark and maintaining repressive state of the
chromatin.**

Histone H2A was the first protein identified to be ubiqui-
tinated and is one of the most abundant ubiquitinated pro-
tein in the nucleus.* Despite its abundance, apart from the
study in which mono-ubiquitinated histone H2A was mark-
edly down-regulated in prostate cancer,” this functionally
important mark has not been investigated in other cancers.
In addition, the drop in H2Aub is a pre-requisite for
increase in H3S10p during S to G2/M transition in vitro.®

ISSN: 1535-3702
Copyright © 2016 by the Society for Experimental Biology and Medicine

Interestingly, H3S10p itself is a mark that is indispensable
for cellular transformation.” Whether an antagonistic effect
of these modifications on each other may exist in vivo has
not been reported.

Using a hepatocellular carcinoma (HCC) model of rat, we
show that the level of H2Aub and H4ac markedly decreases
in tumor and is inversely correlated with gain in H3510p.
The enzyme Usp21 probably brings about this loss in ubi-
quitination. Upon treatment with HDAC inhibitor, the scen-
ario is reversed with increase in H2Aub, H4ac, and loss of
H3S10p, again pointing towards a possible correlation
amongst these marks. Our results indicate that the drop in
H2Aub might be functionally important in cancer progres-
sion and emphasizes the need of studying this modification
and the cross talk with other modifications in more number
of cancers.

Materials and methods
Animal experimentation

All the experiments were performed on male Sprague-
Dawley rats (spp. Rattus norvegicus) after approval from

Experimental Biology and Medicine 2016; 0: 1-6

Downloaded from ebm.sagepub.com at CHINESE UNIV HONG KONG LIB on May 9, 2016


http://ebm.sagepub.com/

2 Experimental Biology and Medicine

the Institutional Animal Ethics Committee, ACTREC.
Protocol used to induce HCC is as previously described.®
For liver tissue transplantation, small piece of ~3mm?
size liver and tumor tissue collected from the donor
mice were washed in RPMI medium. Small skin incision
was made at the flank region of NOD-SCID mice, and
liver/tumor tissue was implanted aseptically under the
subcutis. For histology analysis, liver tissues were excised,
washed with ice-cold saline and either fixed in formalin for
hematoxylin and eosin (H&E) staining or snap-frozen in
liquid N,. Further, IHC for proliferating cell nuclear antigen
(PCNA) (Santacruz SC-96) and CycinD1 (SC-450) was done
using VECTASTAIN® ABC kit (Vector Lab, P6200).

Transmission electron microscopy

Liver tissues were fixed with 3% glutaraldehyde and post-
fixed with 1% osmium tetraoxide. Grids were contrasted by
use of alcoholic uranyl acetate for 1 min and lead citrate for
30s. The grids were then observed under a Carl Zeiss
LIBRA120 EFTEM.

Histone extraction, acetic acid urea triton
(AUT)-PAGE and Western blotting

Histones were extracted and purified as earlier.” AUT
PAGE was done as described previously.® Gels were

(@

documented as image files and proteins spots were quanti-
tated by Image] software (v1.42q, National Institutes of
Health). For western, histones were resolved on SDS-
PAGE, transferred, and probed with respective antibodies
from Millipore or Abcam or CST (H2Aub, D27C4; H3510p,
M-06-570; H3S28p, ab-5169; Pan-acetyl, ab-61257; H3, M-05-
499; H4, 07-108) according to the manufacturer’s instruc-
tions (Millipore/ Abcam).

Mass spectrometry

Histone spots of interest were subjected to matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-
MS) (Bruker Daltonics, Bremen, Germany; Ultraflex II) as
mentioned else were.®

Cell lines and HDAC inhibitors

Rat liver cell lines CL44 (preneoplastic) and CL38 (neoplas-
tic) were used in the study. The cell lines were cultured
in DMEM (invitrogen) media with 10% FBS and were main-
tained at 37°C with 5% CO, and 100 mg/ml streptomycin.
Histone deacetylase inhibitor (HDACi), Trichostatin A
(TSA: Sigma, T8552) was dissolved in absolute ethanol to
prepare stock solution and cells were treated with different
concentrations of TSA.

Figure 1

NDEA-mediated liver cell transformation. (a) () Comparative H&E, (ii) Electron micrographs, (jii) IHC of Cyclin D1 and (iv) PCNA of normal and four-month

NDEA-treated liver tissues suggesting development of HCC. (b) (i) Semi-quantitative RT-PCR of Cyclin D1 and PCNA of the same tissues. (c) Implanting liver of (i) normal
and (i) NDEA-treated to NOD-SCID mice confirms cellular transformation in four months NDEA-treated rats.
NDEA: N-nitrosodiethylamine; H and E: hematoxylin and eosin; HCC: hepatocellular carcinoma; IHC: immuno-histochemistry. (A color version of this figure is available

in the online journal.)
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RT-PCR and real-time PCR

Total RNA (5 pg) prepared using TRIzol (invitrogen, 5596-
026) was subjected to cDNA synthesis using random
primers (Fermentas, K1632) as per the manufacturer’s
instructions. cDNA was subjected to PCR (NEB, M0271L) or
real-time (SYBER green, Agilent Tech. 600882) analysis for the
analysis of respective genes - PCNA (F: TCACAAAAG
CCACTCCACTG, R: CATCTCAGAAGCGATCGTCA),
CyclinD1 (F:CGTGGCCACCTGGATGCTAGAG, R:TGCA
GCAACTCCTCGGGGCGGAT), Usp21 (F: ACTTCTCTCC
GGCGTCTT, R'TGTGTGGTGAGCCATCTT), RING1 (F:
CCAAGCGGTCCCTACGGCC, R:CCTCGATACTGGAGC
TCA), LCN2 (F:GGACCGAACGGTTCCAGG, R:CCCTGA
CGAGGATGGAAG), 18SrRNA (F:CGCGGTTCTATTTTGT
TGGT, R:AGTCGGCATCGTTTATGGTC).

Cell proliferation assay

Proliferation was quantified by the ability of viable cells
to reduce tetrazolium salt 3-(4,5-dimethylthiazol-2-y)-2,
5-diphenyl tetrasodium bromide (MTT) to a colored forma-
zan product. Cell proliferation was then expressed as the
percentage of absorbance (of formazan crystals) obtained in
control cultures.

(a) AUT-PAGE (b)

H2A deubiquitination and cell proliferation are inversely correlated 3

Results

Nitrosodiethylamine is a potent inducer
of HCC in Sprague-Dawley rats

Nitrosodiethylamine (NDEA) administration for four
months led to the development of HCC as confirmed by
H&E staining, with cancer cells exhibiting evident atypia
and large nuclei (Figure 1(a, i)). In addition, electron micros-
copy revealed several indentations giving rise to a more
irregular shaped nucleus (Figure 1(a, ii)). This was further
corroborated by high Cyclin D1 (Figure 1(a, iii)) and PCNA
(Figure 1(a, iv)) expression in tumor sections by immuno-
histochemistry analysis and also their marked upregulation
at the transcript level (Figure 1(b)). Also, 3 mm? liver tissue
was excised from normal and NDEA administered animals
(with tumor) and implanted into NOD-SCID-mice. Two
weeks post-implantation tumors developed only in the
mice with tumor tissue (Figure 1(c)). These results demon-
strate the stable transformation of liver cells by administra-
tion of NDEA.

H2A ubiquitination markedly decreases in HCC

Histones were isolated from tissues and were resolved on
AUT-PAGE (Figure 2(a)). A prominent decrease in Spot X

N 30104 HLOQLAIRNDEELNKLLGR
® Normal Tumor -
sPotx .E' 20x10*= |
S el AGLOFPVGR
L |H2aa = e ™S J "

_— 10 IQAVLLPK

- e H2A.2 >10° 1 f TRIIPRHLOLAIRNDEELNK

0 l L
1 2 1000 2000 000
mz
© @) (iii)
S (H1
: 3 |H3
(i)

3 -] =
S | H2B 3 § —

5 s

i f

g 5 g 50
: s

- H4 0 ® o

— | & éf .\@é & c}"P o\"‘?

Figure 2 H2Aub levels in normal and tumor tissues. (a) Single dimensional AUT-PAGE profile of purified histones from normal tissues. Region marked spans the
mobility of respective histones. (b) () Comparative AUT profile of normal and tumor tissues revealed differential levels of Spot X in enlarged H2A region. (ii) Mass
spectrometry confirmed the identity of spot X to be as H2A. (c) Western blotting with antiH2Aub antibody revealed (i) decrease levels in HCC compared to normal, and
also (jii) reduce levels of H2Aub in CL38 (Neoplastic) compared to CL44 (preneoplastic) cell lines. H4 was used as a loading control. (i) & (iv) Densitometry analysis
indicated decrease H2Aub in tumor and in CL38, respectively. Each histogram represents mean densitometry + SEM (*p = 0.05, **p =0.01).

AUT-PAGE: acetic acid urea triton polyacrylamide gel electrophoresis.
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was observed in tumor sample (Figure 2(b, i)). Increase in
H2A.1 and decrease in H2A.2 were also observed in tumor
which we have previously reported (Figure 2(b, i)).* MS-MS
analysis of Spot X suggested that the band corresponds to
H2A (Figure 2(b, ii)). Upshift of the band of H2A suggested
the occurrence of mono-ubiquitination. This was further
validated by subjecting the region of the AUT-PAGE to
Western blotting with anti-H2Aub (Figure 2(c, i,ii)). We
included liver cell lines derived from the same model
system for our studies, CL44 (pre-neoplastic), and CL38
(neoplastic). Similar changes in H2Aub levels were
observed on comparison of histones isolated from both
the cell lines (Figure 2(b, iii,iv)). Our results suggest that
overall there is decrease in the level of H2Aub in NDEA-
induced liver cancer model.

Decrease in H2Aub is probably due to Usp21 and
associates with upregulation of lipocalin 2

We looked for the levels of Usp21 as it was demonstrated
to bring about H2A119 deubiquitination during liver regen-
eration.'” Both in tumor tissue and neoplastic cell line
CL38, a marked increase in the expression level of Usp21
was observed by quantitative (Figure 3(a, i)) and semi-
quantitative PCR (Figure 3(a, ii)). We did not find any

change in the expression level of the major H2A ubiquiti-
nase RINGI1 (Figure 3(a, iii)), suggesting that the deubiqui-
tination observed might be primarily owing to upregulation
of the deubiquitinase.

H2Aub has been previously shown to localize to the pro-
moter of genes like lipocalin 2 and repress their expres-
sion.”® Hence, we checked the expression level of lipocalin
2 gene LCN2. A marked increase in the expression of LCN2
was observed in the CL38 cells and tumor tissue compared
to their normal counterparts (by quantitative (Figure 3(b, 1))

Increased cell proliferation may contribute
to loss of H2Aub in tumor

Ubiquitination of H2A is dynamic, as suggested by the
observations that global levels of H2Aub vary during the
cell cycle.® Drop in the level of H2Aub has been shown to
be a prerequisite for increase in the mitotic mark H3S10p
during S to G2/M transition of cells.® Along with H3S10p
increase, H3/H4 hypoacetylation is also seen during mito-
sis.'! Indeed, when we looked into levels of H3S10p and
H4ac in both tissues and cell lines (Figure 3(c, i,ii)), we
observed a marked increase of H3510p as opposed to
decrease in H2Aub and H4ac. We further investigated the
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Figure 3 Decreased H2Aub associates with upregulation of lipocalin 2 expression. (a) Levels of Usp21, a H2A deubiquitinase enzyme in both cell lines (CL44 and
CL38) and tissues (normal and HCC). (i) Real-time PCR and (i) semi-RT-PCR. (iii) Semi-RT-PCR of H2A ubiquitinase, RING1 levels in tissues. 18 S rRNA was used as a
loading control. (b) Level of lipocalin 2 (LCN2) in cell lines and tissues (i) Real-time PCR, (ii) semi-RT-PCR in both cell lines, and (jii) semi-RT-PCR in normal and HCC. (c)
Relative protein levels of H3S10p and H4ac in (i) normal and HCC, (ii) CL38 and CL44 cell lines, and (iii) H2Aub in control and G1 enriched cells. (d) HDACI, TSA treatment
of CL38 cell line (i) time-dependent decrease in cell proliferation as observed by MTT assay, (i) histone PTM profile with indicated antibodies, and (jii) densitometry

analysis of the western data.
HDACI: histone deacetylase inhibitor; TSA: trichostatin A.
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possible relation between the levels of H2Aub and cell pro-
liferation. In CL38, increased percentage of cells in S
and G2/M population was observed as compared to
CL44 (Figure Sl(a, i,ii)). Consistent with this, H2Aub was
low in CL38 cells and in tumor (Figure 2(c, i,ii)). Next,
we enriched CL38 cells in Gl-phase of the cell cycle by
serum starvation (Figure S1(b)). An increase is H2Aub
was found in Gl-enriched cells (Figure 3(c, iii)) strengthen-
ing the inverse relationship between H2Aub and cell
proliferation.

As we have seen decrease in H4ac in tumor, we wanted
to investigate the effect of increase in H4ac on H3S10p and
H2Aub. As histone deacetylase inhibitors (HDACi) are
known to decrease cell proliferation,12 we treated CL44
and CL38 cells with HDACi Trichostatin A. We observed
decrease in proliferation of both CL44 (data not shown) and
CL38 cells (Figure 3(d, i)) by MTT assay. Histones were iso-
lated 48h post drug-treatment and the levels of his-
tone modifications were observed by immuno-blotting
(Figure 3(d, ii)). The activity of the drug was confirmed
An increase in H2Aub was observed with a decrease in
the level of H3510p and H3S28p (another mitotic mark).

Normal Liver

Normal Cells
with Oval Nuclei

Nucleus

H2A deubiquitination and cell proliferation are inversely correlated 5

Discussion

Reduction in H2Aub has been reported in human pancre-
atic cancer” but otherwise this mark is poorly studied in can-
cers. In this study, we found marked decrease in H2Aub
and increase in expression of gene lipocalin 2 in NDEA-
HCC model. Interestingly, lipocalin 2 has been proposed
to increase migration and metastasis of breast cancer
cells.”® We found the deubiquitinase Usp21 to be pro-
foundly upregulated in HCC and no alteration in the level
of ubiquitinase RING1. However, role of other ubiquiti-
nases and deubiquitinases cannot be ignored. Along with
H2Aub decrease, we have also observed a decrease in H4ac
and increase in H3S510p. Our data thus suggest for the first
time an inverse correlation between the global levels of cel-
lular transformation mark H3S10p and H2Aub in vivo.
Upon treatment with HDACI, we found an increase in
the level of H2Aub, H4ac, and drop in H3S10p. Previous
studies have shown a decrease in H2Aub upon treatment
with HDAC], valproic acid."'® These differences in obser-
vation can be attributed to the use of different types of
HDAC : in the study. TSA is a class I and II specific inhibitor,
without any specificity towards either of the enzymes.

Hepatocellular
Carcinoma
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with Nuclear
Invaginations

S -
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Figure 4 Proposed model for decrease in H2Aub and its association with other histone marks in HCC. NDEA treatment for four months led to stable cellular
transformation with gross morphological changes in the nuclear shape compared to normal liver and increase in expression of cell proliferation markers (PCNA). At the
molecular level, global decrease in H2Aub and increase in H3S10p levels was seen with simultaneous increase in lipocalin 2 (LCN2) expression, thus favoring cellular
transformation of normal liver to HCC. (A color version of this figure is available in the online journal.)

Downloaded from ebm.sagepub.com at CHINESE UNIV HONG KONG LIB on May 9, 2016


http://ebm.sagepub.com/

6 Experimental Biology and Medicine

On the other hand, VPA used in previous report has been
shown to have selectivity towards HDAC2 amongst other
HDACS.'® Further, whether this increase in H2Aub seen
upon TSA treatment is solely because of change in cell
cycle profile of cells and H3S10p or whether there is
involvement of cross-talk between the histone acetylation
mark and H2Aub would be an interesting prospect to
investigate.

In summary, we here show that NDEA administration
leads to stable transformation of liver to HCC. This is asso-
ciated with changes in shape and size of the nucleus along
with increase in cell proliferation markers. At the molecular
level, there is a marked decrease in the level of H2Aub in
HCC. The loss of H2Aub also appears to be partly due to
increase cellular proliferation and treatment with HDACi
increases H2Aub in cells. Usp21 like in case of liver regen-
eration probably mediates this loss. This leads to upregula-
tion of lipocalin 2, a growth factor whose role has been
implicated in cancer progression (Figure 4). Future work
should focus on understanding the functional implication
of histone marks and whether the loss of H2Aub is a
common hallmark of cancers.
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