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ABSTRACT OF THE THESIS
Expression, Purification and Assembly of Nucleosomes in Vivo
by
Ka Po Chan (Michelle)
Master of Science in Chemistry
University of California, San Diego, 2011
Professor Hector Viadiu, Chair
An important stage of gene regulation in eukaryotic cells is the
packing

and

unpacking

of

chromatin.

Chromatin

is

formed

by

nucleosomes, which contain DNA that wraps around basic proteins called
histones. The basic repeating structure of chromatin is the nucleosome
containing two H2A/H2B hetero-dimers and an H3/H4 hetero-tetramer.
The goal of my thesis is to have heterogonous expression, purification and
assembly of human histones in vivo and the nucleosome core particles
were analyzed using single particle electron microscopy technique.

xvi

Chapter One
Introduction

1

2
The purpose of this thesis is to express and purify intact nucleosome
core particles and further understand the packing and unpacking of
chromatin from the “beads-on-a-string” conformation into a higher order
structure, also known as a 30 nm chromatin fiber (Figure 1.1.).
1.1

What are chromatin and chromosomes?
Generally, compacted cellular genetic material is condensed in a

narrow space in the form of chromatin and it has ability to achieve
various tasks, such as replication and transcription. The packed state of
the negative charged nucleic acid binds to the positive charged proteins
and the protein structure is determined by its interactions with DNA or
RNA. The compaction of chromatin is variable during the cell cycle. In the
process of mitosis or meiosis, the genetic material package into a tighter
fashion and chromosomes are formed (Lewin, 1997). Researchers are
wondering about how it is possible to wind 2 meters of DNA into a
hundred micrometers cell, and then into a ten micrometers nucleus. By
studying the formation of the higher order structure of chromatin, we can
understand the packing and unpacking of DNA, which will lead to further
understanding of gene regulation. In all of the eukaryotic cell nuclei,
chromatin is formed by compacted arrays of nucleosomes.
1.2

What are nucleosome core particles?

3
Nucleosomes are formed by evenly spaced histone complexes that
are bounded to approximately 200 bp of DNA. In 1980, Klug et al.
demonstrated a 22 Å resolution of the three dimensional reconstructed
electron micrographs of histone octamer (H3)2(H4)2(H2A)2(H2B)2 with two
rounds of DNA bounded. They proposed the structure adopts a two- fold
symmetry (Klug et al., 1980) (Figure 1.2.). The two- fold symmetry element
from the low- resolution EM structure suggested by Klug et al. was
consistent with the 3.1 Å resolution crystal structure suggested by Arents et
al. in 1991, which settled an intense controversy of the correct histone
structure

(Ramakrishnan,

1997).

Protein

histones

were

discovered

approximately a century ago. A lot of researchers have made an effort to
understand the crystal structure of histone octamers; however, highresolution structures were not available until the past two decades (Table
1.2.).
At high salt concentrations, the core octamer histones will exist in
their intact form without the presence of DNA or any cross-linking agents,
which makes the crystal formation of core histones possible. The known
preliminary purpose of histones is merely packaging the genome;
however, it has been proven that chromatin is not always in such a
compacted state in cells. (Ramarkishnan, 1997). Chromatin structure has
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a predominant function in DNA transcription, replication, recombination,
and repair (Robinson et al., 2006).
Nucleosome core particle (NCP) is an octamer of canonical
histones H2A, H2B, H3, and H4, where H2A-H2B form heterodimers and (H3H4)2 forms heterotetramer, wrapped around by two superhelical turns of
double stranded DNA of approximately 145 to147 bp (Figure 1.3.), where
the remaining DNA serves as the linker DNA to link the nucleosomes with
one another (Figure 1.1.) (Luger et al, 1997). The arginine- rich
heterotetramer (H3-H4)2 is located in the center surrounded by the lysinerich heterodimer H2A-H2B one on each side to form the overall octamer
structure (Figure 1.4.) (Wood et al., 2005). The (H3-H4)2 tetramer is known
to have the first contact with the surrounding DNA, which contributes to
the

nucleosome

positioning,

then

the

H2A-H2B

dimers

assemble

afterwards (Camerini-Otero et al., 1976). The presences of H2A-H2B dimers
have shown an effect on specific transcription active sequences (Baer et
al., 1983). The assemblies of the individual basic histones, consisting of a
globular domain and a highly basic NH2 – terminus (also known as a
histone tail), are tightly associated with DNA to form nucleosomes
(Jenuwein, 2001). “Beads-on-a-string” is the primary order of chromatin
structure, which can be organized into a secondary chromatin fiber along
with the linker histone H1. In general, chromatins have two types of

5
histones: canonical and variant histones (Chapter Four). The distinctions
between

canonical

and

variant

histones

are

the

formation

of

nucleosomes and their characteristics in chromatin (Henikoff et al., 2005).
1.3

Canonical Histones
The most stable interactions in histones are the interactions between

the heterodimeric H2A-H2B and H3-H4 (Table 1.1.). The H3-H4 heterodimers
will then form strong (H3-H4)2 heterotetramers. Based on the nuclesome
crystal structure, the H3-H4 heterotetramer interacts with both turns of the
superhelical DNA to shape the nucleosomes, while each H2A-H2B
heterodimer interacts with only one superhelical turn. Regardless of the
sequence dissimilarity among the four histones (Figure 1.4.), they all adapt
to a common structural motif, known as the histone fold, which is the
dimerization associations among the histone pairs. Both the crystal
structure and NMR studies confirm the extensive contacts of the dimers.
The individual core histones are highly conserved, histones H3 and H4 are
considered one of the most conserved proteins, in both its length and
sequences. On the other hand, Histones H2A and H2B are more variable,
particularly in their termini region, but the core portions are considered
highly conserved. Numerous studies have been done to verify the similarity
in the domains of N- and C- terminal in H2A, as known as the gene
doubling event (Ramakrishnan, 1995).
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Histone H2A has a group of seven acidic amino acids residues, also
known as the acidic patch, that interact with the residues 16 to 25 in the
N-terminal tail of histone H4 of the neighboring nucleosome. This is an
important factor for crystal formation. It also suggests the possibility that
the interactions between the acidic patch and the histone H4’s Nterminal tail have an important role in 30nm chromatin fiber conformation.
Predominantly, the N-terminal tail of residues 14 to 19 in histone H4 is
crucial for actively transcribed regions of chromatin packing, especially
the acetylation of lysine 16 (Tremethick, 2007).
1.4

Linker Histones
The linker histones, H1 (Table 1.1.), are attached to the core histone

octamers and are located above the structure to hold the bounded DNA
in place to form the 30nm chromatin fiber. The linker histone plays a
crucial role in the formation of the higher order structure. It is known to be
a general gene repressor and it limits the mobility of the nucleosomes,
which is essential for transcriptional activation (Ramakrishnan, 1997).
1.5

Objectives of Thesis
To express, purify, and assemble intact nucleosome core particles

and their variants for EM structural studies.

7

Figure 1.1. Schematic Representation of the chromatin formation. The 2 nm
DNA double helix is wrapping around the histones to form the 11 nm
“beads on the string” form of chromatin conformation.

8

Figure 1.2. Electron micrographs of negatively stained nucleosome
samples (Klug et al., 1980). The arrow corresponds to the flat donut shape
of nucleosome with external diameter of 300 Å.
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● DNA
● H2A
● H2B
● H3
● H4

Figure 1.3. Nucleosome Structure. The octamer of histones H2A (in green),
H2B (in blue), H3 (in yellow) and H4 (in pink) are wrapped
ped around by 146
bp of DNA (in orange). PDB: 2NQB.
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Monomers
H2A

Monomers
H2B

H3

H4

Octamer
H2A-H2B Tetramer

Heterodimers

(H3-H4)2 Tetramer

Heterodimers

Figure 1.4. Schematic Representation of the assembly of the core histones
into the octamer. The histones H2A and H2B monomers are forming
heterodimers, while the histones H3 and H4 monomers are forming
heterotetramer.
The
H2A-H2B
heterodimer
and
the
(H3-H4)2
heterotetramer are joining together to form a histone octamer. PDB:
2NQB.
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Figure 1.5. Sequence Alignments of Canonical Histones. The amino acid
sequences of the canonical histones H2A, H2B, and H4 are compared
against histone H3, which yields a similarity 9%, 13%, and 21%, respectively.
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Table 1.1. Types and Properties of Canonical and Linker Histones. The
molecular weight in Daltons, number of amino acid residues, content of
basic amino acid for Lysine and Arginine in percentage, the pI values,
and the molar extinction coefficients of histones H1, H2A, H2B, H3, and H4.
Histones

pI

Molecular

Number

Content of

Weight

of amino

basic amino

in 276nm

(Da)

acid

acids (%)

(Luger et

residues

Lys

Arg

al, 1999)

ε (cm/M),

H1

20,863

194

28.9

3.1

10.8

3840

H2A

13,964

129

10.9

9.3

10.9

4050

H2B

13,920

126

15.9

6.3

10.3

6070

H3

15,257

135

9.6

13.3

11.3

4040

H4

11,367

103

10.7

13.6

11.4

5400
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Table 1.2. Structures of Published Nucleosome Core Particles. Nucleosome
core particles that were solved by X-ray Diffraction.
No.

PDB ID

Description

Histones

Techniques

Published Authors

1

1AOI

H2A, H2B,
H3, H4

X-ray
Diffraction

(Luger et al., 1997)

2

1EQZ

H2A, H2B,
H3, H4

X-ray
Diffraction

(Harp et al., 2000)

3

1F66

H2A.Z,
H2B, H3,
H4

X-ray
Diffraction

(Suto et al., 2000)

4

2PYO

Complex between
Nucleosome Core
Particles (H3,H4,H2A,
H2B) and 146 bp long
DNA fragment
X-ray structure of the
Nucleosome Core
Particle at 2.5A
Resolution
2.6 A Crystal Structure
of a Nucleosome Core
Particle Containing
the Variant Histone
H2A.Z
Drosophila
nucleosome core

H2A, H2B,
H3, H4

X-ray
Diffraction

(Clapier et al., 2007)
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Introduction
The most common way of studying nucleosome core particles
(NCPs) is to isolate them from natural sources, typically from chicken
erythrocyte chromatin. But Luger et al. introduced a new method to form
nucleosome core particles from recombinant histones. The advantage of
expressing recombinant histones in bacteria is that highly pure forms of
histones can be obtained as a result of the overexpression levels without
any posttranslational modifications. Histones H2A, H2B, H3, and H4 are
over expressed and purified separately using bacteria, then NCPs are
formed in vitro by forming histone octamers using gel filtration (Figure 2.1.)
(Luger et al., 1999). Generally, the assembly of the nucleosomes offers
flexible outcomes: truncation of histones, site- directed mutants, and rare
isotypes can all be expressed in different combinations. However, the
main difference between Luger’s method and my method of obtaining
NCP is the overexpression of histones and purification of intact
nucleosomes formed in vivo. This method is favorable because by
purifying intact nucleosomes, we can understand the structure of NCP
molecular assembly which occurred naturally inside the bacterial cell
without any posttranslational modification.
Experimental System
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Constructions
T-7 based expression plasmids for the individual histone proteins
used are pET, pCOLA, and pACYC, which are encoded resistance for
ampicilin, kanamycin, and chloramphenicol, respectively. Two constructs
were made: one with His-tag and another with both His- and MBP- tag.
The constructs are:
His-tagged canonical octamer (pET- His- H2A, pCOLA- H2B, pACYC- H3- H4) and
MBP-tagged canonical octamer (pACYC- His- H3 – MBP, pET – H2B- H2A, pCOLA- H4).

The plasmids were transformed into Escherichia coli BL21 (DE3) cells. This
part of the experiment was performed by Dr. Ming-Da Yan.
Expression
To express the NCP in bacteria, an overnight culture of 5 mL of LuriaBertani (LB) and 100 mg/L of ampicillin, 30 mg/L of kanamycin, and 40
mg/L of chloramphenicol was added into 1 L of LB medium and further
cultured at 37 °C until the OD600 reached 0.6. Cells were induced with 0.5
mM isopropyl-β-D-thiogalactopyranoside (IPTG) and incubated for 4 hours
at 25 °C.
Purification
His-tag NCP

19
Cells

expressing

His-tagged

canonical

were

harvested

by

centrifugation at 3,500 r.p.m. for 25 minutes at 4 °C and the bacterial
pellets were resuspended in a buffer containing 300 mM NaCl and 50 mM
Tris-base (pH 8.0). Cells were lysed by French press with the addition of 0.2
M of phenyl-methanesulfonylfluoride (PMSF); the lysate was clarified by
ultracentrifugation at 30,000 r.p.m. for 30 minutes at 4 °C and the cell
supernatant was batch bounded by affinity chromatography with 1 mL of
Ni-NTA (QIAGEN) resin at 4 °C for an hour. The nickel- bound NCP protein
was transferred to a gravity column and washed with 100 mL of lysis
buffer, followed by wash with a 50 mL of 0.5 M of imidazole (pH 8.0) and
lysis buffer. The protein was then eluted with a 3 mL mixture of 0.5 M of
imidazole (pH 8.0) and lysis buffer.
MBP- tag NCP
The purification method for MBP-tagged canonical octamer is
similar, however, instead of the Ni-NTA resin, 1 mL of amylose (BioLabs)
resin was applied to the cell supernatant for batch binding. The amylosebound NCP protein was transferred to a gravity column and washed with
100 mL of lysis buffer. Following washing, the protein was eluted by adding
1 M of maltose to the buffer.
Size- Exclusion Chromatography
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The Superose 6 gel- filtration (GE Health Care SuperoseTM 6 prep
grade) was used for further purification of NCPs. The column was
equilibrated with 300 mM NaCl, 50 mM Tris- base lysis buffer at pH 8.0 to
maximize the binding of the NCP protein to the column; the protein was
eluted with the same lysis buffer in room temperature at a flow rate of 0.5
mL/min while absorbance was recorded at 280 nm. Analyze peak
fractions by 15% SDS-PAGE followed with coomassie staining and western
blotting.
Nuclease Digestion
The

MBP-tagged

canonical

octamer

was

digested

with

micrococcal nuclease to remove the DNA that was wrapped around the
octamer. The second peak from gel filtration was used for this experiment.
NCPs were digested with 300 units of micrococcal nuclease (BioLabs) for 5
minutes at 37 ˚C. The reaction was stopped with 25 mM EDTA, followed
with 10 minutes of heat blocking at 68 ˚C. The chopped DNA was
centrifuged out and the soluble histones were collected for further
analysis by EM.
Electron Microscopy
3- µL aliquots of the NCP sample was applied to glow-discharged
carbon-coated grids for 1 minute, washed with deionized water three
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times, stained for 1 minute with 2% (w/v) aqueous uranyl acetate, and
then air dried. Images were recorded at 0° tilt under low dose conditions
with

two

different

electron

microscopes:

a

FEI

Sphera

electron

microscope operated at 200 kV and recorded on films at x50,000 nominal
magnification and a Philips CM120 transmission electron microscope
operated

at

120

kV

and

recorded

digitally

at

x110,000

CCD

magnification.
Image Analysis
The Nikon Super Coolscan 9000ED was used to scan the electron
micrographs generated from the FEI Sphera electron microscope using a
step size of 6.25 micrometers. The software utilized for the scanning
process was Nikon Scan 4.0.
Single Particle Electron Microscopy Averaging
The software BOXER was used to pick the single particles with a box
dimension of 120 x 120 pixels. The software SPIDER (Frank et al., 1996) was
used to process the single particles for the 2D-averaging of the
nucleosome core particles. Multiple-processing user interface, a userinterface that allows multi-tasking on different threads of the computer’s
processor and reducing user’s intervention, was adopted and it’s called
the Project2D (90 lines of code). This program would take user’s prompts
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from the command lines and allow automatic book-keeping and file
transferring, as well as multi-tasking in 2D image processing. With this userinterface, it will minimize the waiting time and give results for analyzing in a
more efficient time manner.

Figure 2.1. Comparison chart on the purification methods on recombinant
histones. (Luger et al, 1999)
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Results for Canonical Histones
There are two canonical constructs that we focused on, which are
the His-tagged canonical octamer (His-H2A, H2B, H3, H4) and the MBPtagged canonical octamer (H2A, H2B, His-H3-MBP, H4). The main
differences between the two constructs are that His-tagged canonical
octamer has a His-tag on the histone H2A and MBP-tagged canonical
octamer has both a His- and a MBP- tags on the histone H3.
His-tagged Canonical Octamer (His-H2A, H2B, H3, H4)
Purification
Refer to Chapter Two for detailed His- tag purification method.
SDS-Page
After expressing and purifying the His-tagged canonical octamer, a
SDS-page gel was ran to confirm the presence of each of the histones
(Figure 3.1.). Apparent bands are shown on lanes 6 though 9, which
corresponds to the elution with different concentration of imidazole: 100
mM, 200 mM, 300 mM, and 400 mM, respectively. The four bands are the
histone H3, His-tagged histone H2A, histone H2B, and histone H4 with
corresponding molecular weights of 15 kDa, 14.8 kDa, 14 kDa, and 11 kDa,
respectively.
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Western Blot
The western blot shows distinct bands for the pellet, flow-through,
and elution fractions at the molecular weight of 15 kDa (Figure 3.2.). The
western blot results confirmed with the SDS-page results on the presence
of the His-tagged histone H2A protein.
Size- exclusion Chromatography
The Superose 6 column was used throughout the entire experiment.
The chromatogram obtained for the His-tagged canonical octamer
shows three distinct peaks (Figure 3.3.). The expected molecular weight
for the His-tagged canonical octamer with 146 bp of DNA is 206 kDa. The
first peak has a molecular weight of approximately 450 kDa, the second
peak has a molecular weight of approximately 88 kDa, and the third peak
has a molecular weight of 8 kDa.
Raw electron micrographs
After running the size- exclusion chromatography, the first peak was
analyzed using the electron microscopy (Figure 3.4.). The micrographs
show distinct donut- like particles. The outer circle is the DNA and the inner
circle is the octamer.
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Boxed particles
The program BOXER was used to select the individual particles for
2D-averaging (Figure 3.5.).
2D averaging
The program SPIDER was used to process the 2D-averaging of the
boxed particles with (Figure 3.6.). Eight cycles of multi- reference and
alignment were performed and they were classified into 50 classes. There
were a total of 7,149 boxed particles chosen for the 2D-averaging.
Nucleosome purifications at various salt concentrations
An experiment was performed on the His-tagged canonical
octamer to observe the appearances of the nucleosomes under the
electron

microscopy

when

they

were

purified

at

various

salt

concentrations: 300 mM, 500 mM, and 1 M NaCl. The DNA surrounding the
octamers

is

noticeably

disappearing

upon

the

increase

of

concentrations (Figure 3.8.).
MBP-tagged Canonical Octamer (H2A, H2B, His-H3-MBP, H4)
Purification
Refer to Chapter Two for detailed MBP- tag purification method.

salt
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Western Blot
There are four histone specific antibody western blots performed for
the MBP-tagged canonical octamer. The Anti-H2A western blot shows
distinct bands for the H2A control, pellet, flow-through, and elution at the
molecular weight of 14 kDa (Figure 3.9a.). The Anti-H2B western blot shows
distinct bands for the pellet, flow-through, wash, elution, and gel filtration
sample at retention time 59 minutes at the molecular weight of 14 kDa
(Figure 3.9b.). The Anti-H3 western blot shows distinct bands for the His-H3control at 16 kDa, and for pellet and elution at retention time 59 minutes
at the molecular weight of 56 kDa (Figure 3.9c.). The Anti-H4 western blot
shows distinct bands for the His-H3-control at 16kDa, and for pellet, flowthrough, and elution at the molecular weight of 11 kDa (Figure 3.9d.). The
bands on the western blots correspond to the correct molecular weight
for each of the histones, which confirmed the presence of each histone.
Size- exclusion Chromatography
The Superose 6 column was used throughout the entire experiment.
The chromatogram obtained for the MBP-tagged canonical octamer
shows three distinct peaks (Figure 3.10.). The expected molecular weight
for the MBP-tagged canonical octamer with 146 bp of DNA is 287 kDa.
The first peak has a molecular weight of approximately 570 kDa, the
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second peak has a molecular weight of approximately 33 kDa, and the
third peak has a molecular weight of 12 kDa.
Raw electron micrographs
After running the size- exclusion chromatography, the first peak was
analyzed using the electron microscopy (Figure 3.11.). The micrographs
show distinct donut- like particles. The outer circle is the DNA and the inner
circle is the octamer.
Boxed particles
The program BOXER was used to select the individual particles using
a box dimension of 120 x 120 pixels for 2D-averaging (Figure 3.12.).
2D averaging
The program SPIDER was used to process the 2D-averaging of the
boxed particles (Figure 3.13.). Eight cycles of multi- reference and
alignment were performed and they were classified into 50 classes. There
were a total of 801boxed particles chosen for the 2D-averaging.
Nuclease Digestion
A nuclease digestion experiment was performed with the MBPtagged canonical nucleosomes to dissociate the DNA surrounding the
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histone octamer. The digestion was performed with the micrococcal
nuclease. Refer to Chapter 2 for detailed procedures.
Discussion
The SDS-page and western blots have confirmed the presence of
the purified nucleosomes with each of the corresponding molecular
weights (Figure 3.1., Figure 3.2., Figure 3.9a., Figure 3.9b., Figure 3.9c., and
Figure 3.9d.).
After purifying both of the nucleosomes constructs, His-tagged
canonical octamer and MBP-tagged canonical octamer, through the
resin affinity column, the samples were further purified using the Superose
6 column. The chromatograms show a distinct profile, but the first peak
was the target of interest based on the electron micrographs analysis
(Figure 3.3. and Figure 3.10.). The resin for the chromatogram separates
the globular proteins, proteins that appear like a sphere shape, based on
size. Even though the molecular weight of the first peak was significantly
larger than the expected size of one nucleosome, there are two potential
explanations for this outcome. It could be that the nucleosomes were
eluting at a higher molecular weight due to their stoke radii since they are
not globular proteins (Frigon et al., 1983) or that multiple nucleosomes
were eluting at once.
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There were two experiments that were performed to confirm the
presence of nucleosomes under the single particle electron microscope:
purifying nucleosomes with various salt concentrations and nucleosomes
nuclease digestion. For the purification of nucleosomes at different salt
concentrations, the results obtained were in agreement with Park et al.,
where they suggest that the DNA dissociates from the surface of the
octamers in the presence of 1 M NaCl (Figure 3.8.) (Park et al., 2004). With
300 mM NaCl, the nuclesomes are appearing in the distinct donut- shape
with an external ring (DNA) and an internal ring (octamer). When
purification is performed at 500 mM NaCl and at 1 M NaCl, the external
ring is disappearing and the nucleosomes are dissociating into individual
histones, respectively.
The nuclease digestion experiment was performed with the
micrococcal nuclease on the MBP-tagged canonical octamer sample
and upon the completion of the nuclease digestion, the external DNA ring
had dissociated from the histone octamer (Figure 3.15.)
Based on all the data provided, I have successfully expressed and
purified canonical nucleosomes in vivo. The results are relatively similar
among the different combinations of variant and canonical histones;
however, there was significant distinction during the purification process in
the amount of protein obtained between the His- and MBP- tags
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constructs. The advantage of purifying histones with a MBP- tag is that the
size of MBP helps achieve effective purification, but the downfall is that
the MBP affects the size of the nucleosomes as observed under the
electron microscopy (Figure 3.6. and 3.14.).
After processing the 2D-averaging of the His-tagged canonical
octamer and MBP-tagged canonical octamer particles using the SPIDER
program, there are obvious size distributions of nucleosomes (Figure 3.7.
and Figure 3.14.).
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Figure 3.1. SDS-PAGE analysis of His-tagged canonical octamer
purification. Protein was eluted from the affinity column with a solution of
500mM imidazole and runs with four apparent M.W.s for H3, His-H2A, H2B,
and H4, at 15 kDa, 14.8 kDa, 14 kDa, and 11 kDa, respectively on 15% SDSPAGE.
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Figure 3.2. Western blot for His-tagged canonical octamer purification.
Apparent M.W.s are shown for the pellet, wash, and elution at 15 kDa,
which corresponds to the molecular weight of His-H2A.
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Figure 3.3. Size- exclusion chromatogram of His-tagged canonical
octamer purification. Protein was eluted from the Superose 6 column with
300 mM NaCl, 50 mM Tris- base lysis buffer at pH 8.0. The flow rate was 0.5
mL/min while absorbance was recorded at 280 nm.
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Figure 3.4. Electron micrograph for His-tagged canonical octamer
purification. The FEI Sphera electron microscope was operated at 200 kV
and recorded on films at x50,000 nominal magnification.

38

Figure 3.5. Boxed particles for His-tagged canonical octamer purification.
The particles were picked with the program BOXER using a box dimension
of 120 x 120 pixels.
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Figure 3.6. Single particle 2D averages of His-tagged canonical octamer.
SPIDER was used for the 2D-averaging.
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Figure 3.7. Histogram of the Size Distribution of His-tagged canonical
octamer. The diameter of the His-tagged canonical octamer is ranging
from 175-374 Å.
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Figure 3.8. Comparison of electron micrographs of His-tagged canonical
octamer purified with different salt concentration buffers. His-tagged
canonical octamer was purified with 300 mM, 500 mM, and 1 M NaCl lysis
buffer separately. The micrographs show apparent disappearance of the
DNA as a result of the increase salt concentrations. The images are taken
by the Philips CM120 transmission electron microscope operated at 120 kV
and recorded digitally at x110,000 CCD magnification.
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Figure 3.9a. Western blot for MBP-tagged canonical octamer purification
with Anti-H2A histone antibody. Apparent M.W.s are shown for the H2A
control, pellet, flow-through, and elution at 14 kDa, which corresponds to
the molecular weight of the histone H2A.
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Figure 3.9b. Western blot for MBP-tagged canonical octamer purification
with Anti-H2B histone antibody. Apparent M.W.s are shown for the pellet,
flow-through, wash, elution, and gel filtration sample at retention time 59
minutes at 14 kDa, which corresponds to the molecular weight of the
histone H2B.
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Figure 3.9c. Western blot for MBP-tagged canonical octamer purification
with Anti-H3 histone antibody. Apparent M.W. are shown for the His-H3control at 16 kDa, and for pellet and elution at 56 kDa, which corresponds
to the molecular weight of the His-H3-MBP.
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Figure 3.9d. Western blo
blot for MBP-tagged canonical octamer
ctamer purification
with Anti-H4
H4 histone antibody
antibody. Apparent M.W.s for pellet, flow-through,
flow
and elution at 11 kDa
kDa,, which corresponds to the molecular weight of the
histone H4.
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Figure 3.10. Size- exclusion chromatogram of MBP-tagged canonical
octamer purified from Superose 6 column. Protein was eluted from 1 M
Maltose elution buffer and 1 mL was loaded into a Superose 6 column
pre-equilibrated with a 300 mM NaCl, 50 mM Tris-Base (pH 8.0). The flow
rate was 0.5 mL/min while absorbance was recorded at 280 nm.
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Figure 3.11. Electron micrograph for MBP-tagged canonical octamer
purification. The FEI Sphera electron microscope was operated at 200 kV
and recorded on films at x50,000 nominal magnification.
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Figure 3.12. Boxed particles for MBP-tagged canonical
anonical octamer
purification. The particles were picked with the program BOXER using a
box dimension of 120 x 120 pixels.
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Figure 3.13. Single particle 2D averages of MBP-tagged canonical
octamer. SPIDER was used for the 2D-averaging.
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Figure 3.14. Histogram of the Size Distribution of MBP-tagged canonical
octamer. The diameter of the MBP-tagged canonical octamer is ranging
from 250-374 Å.
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Before Micrococcal Digestion

After Micrococcal Digestion

Figure 3.15. Micrographs of MBP-tagged canonical octamer after
micrococcal digestion. The micrographs illustrate a noticeable
disappearance of the surrounded DNA comparing the before and after
micrococcal digestion.
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Table 3.1. List of Canonical Histones.
Name
Description
His-tagged canonical octamer
BL21/ His-H2A, H2B, H3, H4
MBP-tagged canonical octamer
BL21/ H2A, H2B, His-H3-MBP, H4
Table 3.2. Molecular weights of His-tagged canonical octamer and MBPtagged canonical octamer. The sizes of DNA are assume to be 96 kDa,
corresponding to 146 bp.
Constructs
His-tagged
canonical
octamer
MBP-tagged
canonical
octamer

Expected octamer MW
110 kDa

Expected nucleosome MW
206 kDa

191 kDa

287 kDa
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Variant Histones
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Introduction
There are two histone variants, H2A.Z and H3.3 (Table 4.2), utilized in
this project. The amino acid sequences of histone H2A.Z and H2A are 58%
identical (Figure 4.1a.); although the sequences of these two histones are
not extremely similar to one another, the histone contacts with H2A.Z-H2B
dimers are technically equivalent as the ones in H2A-H2B dimers.
However, the sequence differences in variant H2A.Z affect the dynamics
between the H2A.Z-H2B dimer and the (H3- H4)2 tetramer with respect to
the dynamics of canonical histone H2A. Histone H2A.Z is significant for the
activation of transcription for chromatin and it is highly conserved among
species (Suto et al, 2000). The amino acid sequences of histone H3.3 and
H3 are 97% identical with only four amino acids changes (Figure 4.1b.).
Histone H3.3 is found in the transcriptional active regions. The histone H3.3
is crucial to maintain the enhancer and transcribed region in the
chromatin structure. Both the histone H2A.Z and histone H3.3 are
considered

fairly

unstable

during

the

formation

of

nucleosomes.

Nucleosome core particles containing both the histones H2A.Z and H3.3
are considered highly unstable and they are even worse than the
nucleosome core particles containing the histones H2A and H3.3
combination; however, the combination with both histones H2A.Z and H3
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is determined to be as stable as the canonical combination of histones
H2A and H3 (Jin et al, 2007).
The histone H2A.Z is one of the most widely studied variant histones.
There is an extended acidic patch that interacts with histone H4. It has an
ion- binding pocket on the nucleosome surface that is interfering the
binding of the linker histone H1 and its octamer stability is dependent to
the variant H3. It is also known that histone H2A.Z stability depends on
histone H3 variant and if it is interacting with histone H3.3, its stability is
going to decrease. Histone H2A.Z tends to dissociate from the
transcriptional active chromatin region at low ionic strength (Campos et
al., 2009).
Results for Variant Histones
There are two variant constructs that we focused on, which are Histagged variant octamer (His-H2A.Z, H2B, H3, H4) and MBP-tagged variant
octamer (H2A, H2B, His-H3.3-MBP, H4). The main differences between
these constructs and the canonical constructs that we have worked on
are that in place of the histone H2A and histone H3, His-tagged variant
octamer has a His-tag on the histone H2A.Z and MBP-tagged variant
octamer has both a His- and a MBP- tags on the histone H3.3.
His-tagged variant octamer (His-H2A.Z, H2B, H3, H4)
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Purification
Refer to Chapter Two for detailed His- tag purification method.
Western Blot
The western blot shows distinct bands for the pellet, flow-through,
and elution fractions at the molecular weight of 14.8 kDa (Figure 4.2.). The
western blot results confirm the presence of the His-tagged histone H2A.Z
protein.
Size- exclusion Chromatography
The Suprose 6 column was used throughout the entire experiment.
The chromatogram obtained for His-tagged variant octamer shows two
distinct peaks (Figure 4.3.). The expected molecular weight for His-tagged
variant octamer with 146 bp of DNA is 206 kDa. The first peak has a
molecular weight of approximately 250 kDa and the second peak has a
molecular weight of approximately 47 kDa.
Raw electron micrographs
After running the size- exclusion chromatography, the first peak was
analyzed using the electron microscopy (Figure 4.4.). The micrographs
show distinct donut-like particles. The outer circle is the DNA and the inner
circle is the octamer.
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Boxed particles
The program BOXER was used to select the individual particles using
a box dimension of 120 x 120 pixels for 2D-averaging (Figure 4.5.).
2D-averaging
The program SPIDER was used to process the 2D-averaging of the
boxed particles (Figure 4.6.). Eight cycles of multi- reference and
alignment were performed and they were classified into 50 classes. There
were a total of 6,503 boxed particles chosen for the 2D-averaging.
MBP-tagged variant octamer (H2A, H2B, His-H3.3-MBP, H4)
Purification
Refer to Chapter Two for detailed MBP- tag purification method.
Western Blot
The western blot shows distinct bands for the pellet, flow-through,
and elution fractions at the molecular weight of 56 kDa (Figure 4.8.). The
western blot results confirm the presence of the His- and MBP- tagged
histone H3.3 protein.
Size- exclusion Chromatography
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The Suprose 6 column was used throughout the entire experiment.
The chromatogram obtained for MBP-tagged variant octamer shows
three distinct peaks (Figure 4.9.). The expected molecular weight for MBPtagged variant octamer with 146 bp of DNA is 287 kDa. The first peak has
a molecular weight of approximately 250 kDa and the second peak has a
molecular weight of approximately 27 kDa.
Raw electron micrographs
After running the size- exclusion chromatography, the peaks were
analyzed using the electron microscopy (Figure 4.10.). The micrographs
show distinct donut- like particles. The outer circle is the DNA and the inner
circle is the octamer.
Boxed particles
The program BOXER was used to select the individual particles using
a box dimension of 120 x 120 pixels for 2D-averaging (Figure 4.11.).
2D-averaging
The program SPIDER was used to process the 2D-averaging of the
boxed particles (Figure 4.12.). Eight cycles of multi- reference and
alignment were performed and they were classified into 50 classes. There
were a total of 12,060 boxed particles chosen for the 2D-averaging.
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Discussion
The western blots have confirmed the presence of the purified
nucleosomes with each of the corresponding molecular weights (Figure
4.1.and Figure 4.8.).
After purifying both of the nucleosomes constructs, His-tagged
variant octamer and MBP-tagged variant octamer, through the resin
affinity column, the samples were further purified using the Superose 6
column. The chromatograms show a distinct profile, but the first peak was
the target of interest based on the electron micrographs analysis (Figure
4.6. and Figure 4.12.). The resin for the chromatogram separates the
globular proteins, proteins that appear like a sphere shape, based on size.
Even though the molecular weight of the first peak was significantly larger
than the expected size of one nucleosome, there are two potential
explanations for this outcome. It could be that the nucleosomes were
eluting at a higher molecular weight due to their stoke radii since they are
not globular proteins (Frigon et al., 1983) or that multiple nucleosomes
were eluting at once.
The results for His-tagged variant octamer and MBP-tagged variant
octamer are in agreement with the results for His-tagged canonical
octamer and MBP-tagged canonical octamer. Based on all the data
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provided, I have successfully expressed and purified variant nucleosomes
in vivo. The results are relatively similar among the different combinations
of variant and canonical histones; however, there was significant
distinction during the purification process in the amount of protein
obtained between the His- and MBP- tags constructs. The advantage of
purifying histones with a MBP- tag is that the size of MBP helps achieve
effective purification, but the downfall is that the MBP affects the size of
the nucleosomes as observed under the electron microscopy (Figure 4.6.
and 4.12.).
After processing the 2D-averaging of the His-tagged variant
octamer and MBP-tagged variant octamer particles using the SPIDER
program, there are obvious size distributions of nucleosomes (Figure 4.7.
and Figure 4.13.).
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H2A(100)
H2A.Z(58)

--SG--RGKQGGKARAKAKSRSSRAGLQFPVGRVHRLLR-KGNYAERVGAGAPVYMAAVL 55
MMAGGKAGKDSGKAKTKAVSRSQRAGLQFPVGRIHRHLKSRTTSHGRVGATAAVYSAAIL 60
:*
**:.***::** ***.**********:** *: : .
**** *.** **:*

H2A
H2A.Z

EYLTAEILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGKVTIAQGGVLPNIQAVL 115
EYLTAEVLELAGNASKDLKVKRITPRHLQLAIRGDEELDSLI-KATIAGGGVIPHIHKSL 119
******:*******::* * .** *********.****:.*: *.*** ***:*:*: *

H2A
H2A.Z

LPKKTESHHKAKGK 129
IGKK--GQQKTV-- 129
: ** .::*:

Figure 4.1a. Sequence Alignments of Histone Variant H2A.Z and Canonical
H2A. The amino acid sequences are 58% identical.

H3(100)
H3.3(97)

ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTEL 60
ARTKQTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPHRYRPGTVALREIRRYQKSTEL 60
******************************:*****************************

H3
H3.3

LIRKLPFQRLVREIAQDFKTDLRFQSSAVMALQEASEAYLVGLFEDTNLCAIHAKRVTIM 120
LIRKLPFQRLVREIAQDFKTDLRFQSAAIGALQEASEAYLVGLFEDTNLCAIHAKRVTIM 120
**************************:*: ******************************

H3
H3.3

PKDIQLARRIRGERA 135
PKDIQLARRIRGERA 135
***************

Figure 4.1b. Sequence Alignments of Variant Histone H3.3 and Canonical
H3.3. The amino acid sequences are 97% identical.
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Figure 4.2. Western blot for His-tagged variant octamer purification.
Apparent M.W.s are shown for the pellet, flow-through, and elution at 14.8
kDa, which corresponds to the molecular weight of the His-H2A.Z.
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Figure 4.3. Size- exclusion chromatogram of His-tagged variant octamer
purification. Protein was eluted from the Superose 6 column with 300 mM
NaCl, 50 mM Tris- base lysis buffer at pH 8.0. The flow rate was 0.5 mL/min
while absorbance was recorded at 280 nm.
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Figure 4.4. Electron micrograph for His-tagged variant octamer
purification. The FEI Sphera electron microscope was operated at 200 kV
and recorded on films at x50,000 nominal magnification.
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Figure 4.5. Boxed particles for His-tagged variant octamer. The particles
were picked with the program BOXER using a box dimension of 120 x 120
pixels.
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Figure 4.6. Single particle 2D averages of His-tagged variant octamer.
SPIDER was used for the 2D-averaging.
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Figure 4.7. Histogram of the Size Distribution of His-tagged variant octamer.
The diameter of the His-tagged variant octamer is ranging from 150-349 Å.
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Figure 4.8. Western blot for MBP-tagged variant octamer purification.
Apparent M.W. are shown for the MBP control, pellet, flow-through, and
elution at 56 kDa, which corresponds to the molecular weight for His-H3.3MBP.
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Figure 4.9. Size- exclusion chromatogram of MBP-tagged variant octamer
purification. Protein was eluted from the Superose 6 column with 300 mM
NaCl, 50 mM Tris- base lysis buffer at pH 8.0. The flow rate was 0.5 mL/min
while absorbance was recorded at 280 nm.
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Figure 4.10. Electron micrograph for MBP-tagged variant
ariant octamer
purification. The FEI Sphera electron microscope was operated at 200 kV
and recorded on films at x50,000 nominal magnification
magnification.
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Figure 4.11. Boxed particles for MBP-tagged variant octamer purification.
The particles were picked with the program BOXER using a box dimension
of 120 x 120 pixels.
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Figure 4.12. Single particle 2D averages of MBP-tagged variant octamer.
SPIDER was used for the 2D-averaging.
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Figure 4.13. Histogram of the Size Distribution of MBP-tagged variant
octamer. The diameter of the MBP-tagged variant octamer is ranging
from 225-399 Å.
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Table 4.1. List of Variant Histones.
Name
His-tagged Variant Octamer
MBP-tagged Variant Octamer

Description
BL21/ His-H2A.Z, H2B, H3, H4
BL21/ H2A, H2B, His-H3.3-MBP, H4

Table 4.2. Types and Properties of Variant Histones. The molecular weight
in Daltons, number of amino acid residues, content of basic amino acid
for Lysine and Arginine in percentage, and the pI values of histones H2A.Z
and H3.3.
Histones

Molecular

Number of

Content of basic

Weight (Da)

amino acid

amino acids (% of

residues

total)
Lys

Arg

pI

H2A.Z

13,684

129

10.9

7.0

10.6

H3.3

15,197

135

9.6

13.3

11.3

Table 4.3. Molecular weights of His-tagged Variant Octamer and MBPtagged Variant Octamer. The sizes of DNA are assume to be 96 kDa,
corresponding to 146 bp.
Constructs
His-tagged
Variant Octamer
MBP-tagged
Variant Octamer

Expected octamer MW
110 kDa

Expected nucleosome MW
206 kDa

191 kDa

287 kDa
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