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ABSTRACT

Genetic information, DNA, encodes for cellular products that play important roles in
function and development. However, properly functioning cells are not unrestrained factories.
They are finely tuned through differential expression of various genes. Appropriate gene
regulation is essential for healthy organisms, with many common diseases, such as cancer,
resulting from malfunctions of gene expression.
The organizational structure targeted for gene regulation is the nucleosome, consisting of
DNA wrapped around proteins called histones. These basic units of DNA packaging are
organized further into higher order chromatin where associated changes affect transcription and
gene expression. Gene expression is regulated by a number of mechanisms, but our laboratory’s
focus is chromatin epigenetics. Simply, epigenetics is the study of heritable changes that turn
genes “on” or “off”, without altering the DNA sequence. By interrogating the biochemical and
structural relationships between binding proteins, DNA and the organizational structure of the
nucleosome the laboratory’s ultimate goal is to facilitate downstream clinical therapies.
X-ray crystallography is the principal technique used to determine the molecular structure
of proteins, however a relatively new technique, the HI-FI assay (High-Throughput Interactions
by Fluorescent Intensity) can provide a quantitative characterization of the structural interactions
occurring on the nucleosomal architecture.
My project was to create four histone mutant analogs to be used in the HI-FI binding
assay. By introducing cysteine mutations at particular locations in a histone protein, fluorescent
probes can be covalently attached in a site-specific manner. Upon fluorescent dye attachment,
binding factors of interest can be assayed for variation in fluorescent intensity. Alteration in
fluorescent intensity then provides insight into the location and binding of the protein based on
the specific location of the fluorescent probe. The creation of these four histone mutants provides
the laboratory with an optimized and robust technique to study how chromatin enzymes interact
with their nucleosome substrate.
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Chapter 1
Introduction
1.1 Gene Expression
Genetic information is the blueprint for cellular products created in an organism. Yet,
cells of multicellular organisms are functionally diverse despite being genetically identical. This
disconnect between the hierarchical genetic information and downstream products exists because
of gene expression and regulation. Gene expression is a highly coordinated process by which
specific components of an organism’s genetic code are utilized, creating differential cellular
products. The ability of cells to regulate expression is essential for adaption and development,
with many diseases, such as cancer, resulting from improper gene expression (Reis-Filho &
Pusztai 2011) (Esteller et al 2001).
Gene regulation is an expansive field of study in biochemistry and molecular biology
because of the complexity of these systems. Organisms have finely adapted regulation pathways
allowing them to respond to environmental cues and avoid wasteful expression (Jaenisch & Bird
2003). The central dogma of molecular biology outlines the flow of biological information. DNA
is transcribed into structurally similar RNA in the nucleus and RNA in conjunction with
ribosomes is translated into proteins. Regulation exists at each of these steps, but the focus of our
laboratory is on chromatin epigenetics. The term epigenetics encompasses the functional and
heritable changes in gene activity that do not alter the DNA sequence. Higher order epigenetic
regulation, via the macrostructure of DNA, histone modifiers and other chromatin enzymes all
contribute to the wide array of epigenetic capacity (Yannarelli et al. 2013) (Blank et al. 1996).
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1.2 Chromatin
In eukaryotes, the term chromatin is used to refer to the combination of DNA and protein
contained within the nucleus of a cell. The organizational structure of chromatin condenses the
DNA for efficient packaging inside the nucleus, while also preventing damage and allowing for
precise regulation (Li et al. 2007).
The fundamental repeating unit of chromatin is the nucleosome, consisting of DNA
wrapped around proteins known as histones. The structure of the nucleosome is analogous to that
of a thread and spool. A single nucleosome consists of approximately 147 base pairs of DNA
wound in a left-handed superhelix around a histone octamer (Kepper et al. 2008). Four histone
variants, H2A, H2B, H3, H4, are present in duplicate in each octamer (Figure 1-1). H2A and
H2B congregate as two dimers while H3 and H4 group together as tetramer (Luger et al. 1997).

Figure 1-1: Nucleosome core particle
Nucleosome structure published by Luger et al. 1997, color key created by Dan Cognetti
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Hydrogen bonding between oxygen of DNA’s phosphate groups and basic side chains of
the histones facilitates nucleosomal formation (Luger et al. 1997). Additionally, dipoles
associated with the alpha helix peptide bonds of histones create a net positive charge along the
perimeter of the octamer. This positive charge stabilizes the formation of the nucleosome
because DNA’s negatively charged phosphate backbone is attracted to the positively charged
surfaces (Arents & Moudrianakis 1993).
The nucleosomes and chromatin are of great importance in epigenetic study because
modifications to their structure change gene accessibility. Some examples of post-translational
histone modifications are methylation and acetylation, both of which change accessibility,
directing differentiation, proliferation and mitosis (Kouzarides 2007). If chromatin is tightly
packed, sterically it becomes difficult for transcription factors to initiate gene expression (Luger
et al. 1997). Correspondingly, if chromatin is packed less tightly, transcription factors can more
easily bind and enhance gene expression (Turner 2012). One early study by Han and Grunstein
showed some of the first evidence of this. Histone H4 was experimentally depleted, disturbing
the nucleosomal packing, which in turn increased gene transcription (Han et al. 1988).

1.3 X-ray Crystallography
The three-dimensional atomic and molecular structures of biological macromolecules are
of fundamental importance to scientists. The field of structural biology focuses on elucidating
structure because by doing so information about mechanism and function can be uncovered
(Blundell et al. 2006). Over 40 drugs discovered using structural-based approaches have made it
to clinical trials, with notable successes like Tamiflu, targeting influenza neuraminidase and
Viracept, a HIV protease inhibitor, now in commercial use (Hardy & Malikayil 2003). There are
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several techniques used to study biological structure at atomic level resolution, however X-ray
crystallography is best suited to provide high resolution structures of large protein complexes
(Krishnan & Rupp 2012). X-ray crystallography is a process by which an X-ray beam is shot at
molecules regularly arrayed in a crystal. This creates a diffraction pattern, which can then be
interpreted mathematically to construct a picture known as an electron density map (Smyth &
Martin 2000). Once the crystal structure is defined through further computation and refinement,
its mechanism of action is hypothesized and tested.
X-ray crystallography is a widely used technique, but there are associated limitations.
The most notable challenge is producing crystals that diffract at high resolution. This ratelimiting step for protein crystallization is not always well understood and with the sheer amount
of variables (buffer, pH, protein concentration, temperature) biochemical techniques that provide
complementary data can be invaluable (Luger et al. 1997).

1.4 HI-FI Assay
One such biochemical technique is the High-Throughput Interactions by Fluorescent
Intensity (HI-FI) Assay. The HI-FI system enables quantitative measurement of macromolecular
interactions with modest equipment requirements. The assay also provides high sensitivity
measurements through a dynamic range of concentrations and conditions. The HI-FI system
allows for the study of biological interactions using a solution based fluorescent strategy, which
is tailored to our laboratory’s focus on chromatin epigenetics and more specifically nucleosomal
binding (Winkler et al 2012).
The HI-FI system is an in vitro technique used to study protein-protein and DNA-protein
interactions. In the work described herein the HI-FI assay was used to study nucleosomal binding
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of specific chromatin enzymes. The procedure is completed by covalently attaching a fluorescent
probe to the nucleosome in site-specific locations and then mixing the nucleosome with binding
proteins of interest. If the binding protein and fluorescent probe interact on the nucleosome,
variation in fluorescent intensity should occur. This variation then reveals information about the
protein binding based on the probe position.
In undertaking the implementation of the HI-FI system in the lab, histones first had to be
mutated to incorporate accessible and site-specific cysteine residues for fluorescent probe
attachment. The thiol group of the cysteine residue is used to covalently attach a fluorescent
probe to the protein. Once labeled, histones are incorporated into nucleosomes. The location of
each mutant created in this project is identified in Figure 1-2 and the specific mutation details
can be referenced in Table 1-1.

2
1

3
4

Figure 1-2: Location of HI-FI mutants that I created on the nucleosome
Figure created with assistance from Song Tan
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Table 1-1: Histone mutant information
xH2A Mutants

xH2B Mutants

1
2
3
Mutant Location*
Mutant Name
xH2Ax10
xH2Ax11
xH2Bx7
Glu 61 Cys
Asp 72 Cys
Lys 20 Cys
Residue Identity
*Reference Figure 1-2 for labels identifying mutant locations on the nucleosome

4
xH2Bx8
Ser 120 Cys

Basic information about the four histone mutants is provided in the table. The table identifies the location
of each histone, the name of each mutant and the corresponding wild type and mutant residue identity.
xH2A= Xenopus histone H2A, xH2B= Xenopus histone H2B.

HI-FI nucleosomes and nucleosomal binding factors of interest are assayed over a range
of concentrations. Quenching and dequenching of the fluorophore indicates steric interaction at
the probe location, providing valuable structural and binding information about proteinnucleosomal interaction. A basic flow chart in Figure 1-3 illustrates a procedural overview.

Site-specific fluorescent
labeling of histone

Assemble nucleosome with
labeled histone

Prepare assay plate

Mix labeled nucleosome with
binding protein of interest

Allow binding reaction to
occur

Use fluorimager to visualize
results

Figure 1-3: Flowchart of HI-FI procedure
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1.5 RCC1/Ran
Two of the notable chromatin enzymes studied in the lab are RCC1, regulator of
chromosome condensation 1, and Ran, RAs-related nuclear protein. RCC1 was the first
chromatin enzyme ever to be co-crystallized with the nucleosome core particle, however the
structural and biochemical relationships of other RCC1 and nucleosome associated factors, like
Ran, remain unclear (Makde et al. 2010) (Figure 1-4).

Figure 1-4: Published structure of RCC1 with nucleosome core particle
Makde et al. 2010

Ran is a GTP binding protein recruited and activated by RCC1, its nucleotide exchange
factor. The presence of RCC1 in the nucleus and exclusion of Ran GTPase-activating protein
sets up a RanGTP (active form) gradient that has multiple functional roles, including transport of
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RNA and proteins across the nucleus and regulation of cell cycle progression (Clark & Zhang
2008). Figure 1-5 shows the signal transduction pathway of Ran activation by RCC1, responsible
for spindle assembly during cell division (Fu et al. 2010) (Fu et al. 2007).

Figure 1-5: The impact of Ran on spindle assembly
Fu et al. 2010

Currently, crystallization trials for Ran with RCC1 and nucleosome are underway in
addition to biochemical experiments like nucleotide exchange assays and HI-FI assays from this
project that can assess the mechanism of RCC1-Ran-nucleosome interaction.
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1.6 Experimental Outline
The goal of this work was to help implement the HI-FI assay system in the laboratory and
investigate hRCC1 and hRan nucleosomal binding. My creation of four new histone mutants
expanded the library of nucleosome probes, providing our laboratory with a robust, quick and
effective technique to survey nucleosomal binding. Initial experimentation was completed on
hRan and hRCC1, serving to validate the experimental technique, while also supplying the lab
with important structural and quantitative binding data (KD).

Create histone mutants

Purify and label and
reconstitute mutants

Conduct HI-FI assays

Figure 1-6: Procedural roadmap
This flowchart outlines the steps completed to implement the HI-FI assay in the laboratory. First histone
mutants are created by site-directed mutagenesis. They are then purified, labeled with fluorescent probes
and incorporated into nucleosomes. Finally, binding factors of interest are assayed with labeled
nucleosome to assess binding dynamics.
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Chapter 2
Materials and Methods
2.1 Bacterial System for DNA and Protein Expression
Non-toxic strains of competent E.coli cells were used in all laboratory experiments. TG1
strains were used for site-directed mutagenesis and other DNA/plasmid preparation procedures,
while BL21(DE3)pLysS cells were used for overexpression of xhistones, hRCC1 and hRan.
**x denotes xenopus laevis lineage, h denotes human lineage
All bacteria were cultured on TYE plates or in 2xTY liquid media. TYE plate media was
made by mixing 5 grams of yeast-extract, 10 grams of bacto-tryptone, 8 grams of sodium
chloride and 15 grams of agar with 1 liter of deionized water. Solutions of plate media were then
autoclaved at 121oC for 30 minutes. After the solution cooled to touch, appropriate antibiotics
were added before the mixture was poured into sterile petri dishes. 2xTY liquid media was made
by mixing 10 grams of yeast extract, 16 grams of bacto-tryptone and 5 grams of sodium chloride
with 1 liter of deionized water. Batches of 2xTY media were autoclaved in flasks (100 ml of
media in 500 mL flasks, 500 ml of media in 2L flasks) with foam plugs covered with aluminum
foil at 121 oC for 30 minutes. After cooling, appropriate antibiotics were added to each flask,
before inoculation.
Antibiotic resistance genes within a plasmid, coupled with antibiotic growth mediums
provide selective pressure for maintenance of a plasmid. Ampicillin was added to bacterial media
in every cellular experiment, at a final concentration of 50-100 ug/ml, because the desired
plasmids all had incorporated ampicillin resistance. While chloramphenicol (final concentration

11

of 25 ug/ml) was used only when growing BL21(DE3)pLysS cells to maintain an additional
plasmid containing T7 lysozyme. ”DE3” denotes an E. coli strain that was engineered to have a
modified lac operon expressing the gene coding for T7 RNA polymerase.

2.2 DNA Methods
2.2.1 Site-directed mutagenesis
Site-directed mutagenesis is a process that combines polymerase chain reaction (PCR)
and Dpn1 restriction enzyme digestion, allowing for creation and selection of DNA with specific
mutations that result in changes in single amino acids. The protocol used was a derivative of the
QuikChangeTM Site-Directed Mutagenesis method produced by Strategene.
Polymerase chain reaction is a fundamental molecular biology technique that can
selectively amplify sequences present in a mixture of DNA molecules. Normal PCR uses
thermocycling to denature and replicate DNA sequences with Taq polymerase and primers
complementary to a specific target sequence. However, for site-directed mutagenesis, PCR
primers also referred to as oligonucleotides, are complementary to each other, but not exactly to
the template. The oligonucleotides have mismatches with the template at desired mutation sites,
but are flanked by sequences complementary to the template, so that they can still hybridize and
be extended, incorporating the mutation into the gene of interest (see Appendix B). With many
rounds of linear amplification a mixture of mutant and wild type plasmids results. To eliminate
this mixture Dpn1 can be used to selectively cleave wild-type plasmids, leaving behind intact
mutant plasmids. Dpn1 is a restriction endonuclease that recognizes methylation at the A residue
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of GATC sequences and since methylation only occurs on plasmids that were created in vivo (in
E.coli) only wild-type plasmids are digested.
PCR mixtures were made to the following specifications in thin-walled PCR tubes:
MilliQ water

17.6 ul

10x ThermoPol or 10x PfuUltra HF buffer

2.5 ul

2.5 mM dNTP

0.5 ul

10 ng/uL parent plasmid

0.5 ul

10 uM forward primer

0.7 ul

10 uM reverse primer

0.7 ul

2 units/ul Pfu Turbo or 2.5 units/ul PfuUltra DNA polymerase
total

0.5 ul
25.0 ul

The PCR reaction was run using a thermocycler with the following cycling pattern:

Initial denaturation

Denaturation

Annealing

Extension

2 minutes @ 95oC

16 x (30 seconds @ 95oC

30 seconds @ 50oC

1 minute @ 75oC)

Figure 2-1: PCR mutagenesis thermal cycle program

After PCR, 2 ul of the reaction mixture were aliquoted into an eppendorf tube and labeled
–Dpn1, while the rest of the PCR mixture was digested with 0.5 ul of 10 units/ul Dpn1. PCR
products underwent digestion for an hour to two hours in a 37oC water bath.
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2.2.2 Plasmid Transformation into Competent Cells
Competent cells have the ability to take up exogenous genetic material from their
surroundings, in a process known as transformation. Following the digestion protocol from
Section 2.2.1, 2 ul of the –Dpn1 and 2 ul of +Dpn1 PCR mix were added to 100 ul of competent
TG1 cell suspensions. After addition of plasmid each tube of cells was incubated on ice for 15
minutes, before being heat shocked in a water bath at 42oC for 30 seconds to encourage plasmid
uptake. 0.5 ml of 2x TY media was then added to each cell suspension before tubes were placed
into shaking incubators at 37oC and 200 rpm for 15 minutes. This incubation provided time for
antibiotic resistance genes to be expressed. After the incubation period 0.3 ml of each suspension
was added to TYE plates with ampicillin (100 ug/ml) and the appropriate label (-Dpn1, +Dpn1)
for incubation overnight at 37oC.

2.2.3 PCR Screening of Cell Colonies
After transformation, isolated colonies from the +Dpn1 were screened via PCR to ensure
the presence of the desired (mutant) plasmid. A noticeable cell count bias (difference in number
of bacterial colonies, favoring –Dpn1 (mutant + wild type) colonies over +Dpn1 (mutant only)
colonies) was the first rudimentary indicator of a cell population containing mutant plasmids on
the +Dpn1 plate. Nevertheless, 4-16 colonies from the +Dpn1 plate were analyzed by PCR and
restreaked onto new TYE + ampicillin plates. Before restreaking plates, individual colonies that
were picked were swirled in 100 ul MilliQ water aliquots for use in the PCR screen. A master
mix of PCR components was made according to the following specifications (per 8 colonies
being screened):
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MilliQ water 116.1 ul
10x ThermoPol buffer 18.0 ul
2.5 mM dNTP 18.0 ul
10 uM forward primer 9.0 ul
10 uM reverse primer 9.0 ul
2 units/ul Pfu DNA polymerase 0.9 ul

19.0 ul of master mix and 1 ul of each cell suspension from the 100 ul MilliQ aliquots
were combined in thin-walled PCR tubes and run through the following thermal cycling
program:
Initial denaturation

2 minutes @ 95oC

Denaturation

Annealing

Extension

25 x (30 seconds @ 95oC

30 seconds @ 50oC

1 minute @ 75oC)

Figure 2-2: PCR screening thermal cycle program

In the design of the experiment, mutants were created to have accessible cysteine residues
for use in HI-FI assays, but the mutated DNA sequences were also smartly designed to
incorporate restriction enzyme sites as markers. Thus, after amplifying the gene of interest with
general PCR primers the products of the PCR screen were digested with the appropriate enzyme
to allow for a visual distinction between mutant and parent. 1 ul of 4 units/ul restriction enzyme
was added to each PCR screened tube for digestion at 37 oC for 2 hours. Results were visualized
using gel electrophoresis/UV luminescence.
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2.2.4 100 ml Alkaline Lysis Plasmid Preparation
Based on the results of the PCR screening, colonies grown on the restreak plate identified
as mutants were used to inoculate two sterile 100 ml 2xTY flasks with ampicillin. The cells were
allowed to grow overnight for 16-18 hours at 37 oC in a shaking incubator at 200 rpm. The next
day the cell cultures were spun down for 5 minutes at 3,005 rcf. The supernatant was aspirated
off and the resulting pellet was resuspended using 5 ml of cell LYSIS buffer (25mM Tris-Cl pH
8.0, 50 mM glucose, 10mM EDTA, Na). After complete resuspension 10 ml of NaOH/SDS
solution (0.2 M NaOH, 1% SDS) was added and mixed vigorously via shaking before being
incubated on ice for 5 minutes. After 5 minutes, 10 ml of pre-cooled 5M potassium acetate/2.5 M
acetic acid was also added and mixed via forceful shaking to precipitate chromosomal DNA,
RNA and protein. Once more the samples were incubated on ice for 5 minutes before being spun
down at 3,005 rcf for 3 minutes. The supernatant, containing the plasmid DNA, was then
decanted into a separate tube or filtered through a sinctured glass funnel to avoid contaminating
the sample with the precipitated cellular remnants at the surface of the liquid. 12.5 ml of
isopropanol was then added to each sample, incubated for 10 minutes at room temperature and
spun down at 20,199 rcf for 5 minutes. The resulting white pellets were mixed with 70% ethanol
and spun down at room temperature in a microcentrifuge at 17,000 rcf for 1 minute. The
supernatant was carefully aspirated and the pellet was resuspended in 150 ul TE (10, 50) (10 mM
Tris-Cl pH 8.0, 50 mM EDTA) before having 1.5 ul of 10 mg/ml RNase A added. After RNase
A addition, tubes were incubated in a 37 oC water bath for 15 minutes.
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2.2.5 Phenol/Chloroform Extraction
RNase and other remaining cellular proteins can be removed from samples using
liquid/liquid extractions. The procedure for extraction included two 150 ul phenol/chloroform
(1:1) extractions and one 500 ul chloroform extraction. Phenol and chloroform were mixed in
equal volume and vortexed before being added to samples. Once added the samples were
vortexed for 15 seconds and centrifuged in a microcentrifuge at 17,000 rcf for 1 minute at room
temperature. After centrifugation, two liquid phases resulted, upper aqueous and lower organic.
The desired DNA dissolves in the upper aqueous phase while the unwanted proteins reside in the
lower organic phase. By simply pipetting the top phase into a new tube, while making sure to
avoid the interface/lower phase, DNA can be efficiently collected.

2.2.6 Sephacryl S400 Spun Column
A disposable apparatus for S400 chromatography is employed in the lab. The S400 resin
is poured into a Gilson blue P-1000 micropipette tip, with a small (2-3mm3) ball of siliconized
glass wool stuffed into the bottom. The P-1000 tip sits inside the top half of a 1.5 ml Eppendorf,
which in turn sits inside of a 5 ml polypropylene collection tube. The S400 resin should have a
1:1 component ratio with TE (10, 0.1) (10 mM Tris-Cl pH 8.0, 0.1 mM EDTA), however the
resin should be fully equilibrated before pouring the “column”. After pouring the column, the
entire assembly was spun down at 751 rcf for 5 minutes. The eluted TE (10, 0.1) was poured off
and the DNA samples that were previously extracted (aqueous phase) were gently pipetted onto
each column. The apparatuses were again centrifuged at 751 rcf for 5 minutes, eluting the
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plasmid DNA into the polypropylene tube. Samples were transferred into eppendorf tubes for
storage at -20oC.

2.2.7 Plasmid Characterization by Restriction Enzyme Digestion
Plasmid characterization by restriction enzyme digestion or restriction mapping is an
analytical tool used to ensure that a sample contains the desired mutation from site directed
mutagenesis before incurring the cost of sequencing. Once again the design of the mutation
becomes important because the incorporation of a novel restriction enzyme site is used as a
positive marker. The restriction digest components can vary slightly, but generally the following
amounts of material were used in each restriction digest:
MilliQ water 6.0 ul
10x NEBbuffer* 1.0 ul
1 mg/ml BSA 1.0 ul
100 mM DTT 0.5 ul
Plasmid DNA (200 ng/ul) 1.0 ul
20 units/ul restriction enzyme 0.5 ul
total 10.0 ul
*There are four different 10xNEBuffers that can be used depending on the restriction enzyme. In
all cases enzymes had full activity in the buffer selected.

Digestion is completed in a water bath at 37oC for one to two hours. The digests are
stopped by adding 6 X gel loading buffer (6 X GLB) (2.5 mg/ml bromophenol blue, 2.5 mg/ml
xylene cyanol, 0.3 g/ml glycerol, 60 mM EDTA) to a final concentration of 1 x GLB. The results
are then visualized by gel electrophoresis/UV luminescence.
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2.2.8 Sequencing
With positive results from restriction mapping, samples were sent to the Huck Institutes
Genomics Core Facility in Chandlee Laboratory, University Park, PA. Samples were either
diluted or ethanol precipitated to reach a concentration of 200 ng/ul DNA. Each sequencing
submission request required 5 ul of material and T7 primers, the latter of which the Nucleic Acid
facility provided. After the sequencing was complete, results could be downloaded in the form of
text files and chromatograms. Analysis was completed using FinchTV (FinchLabTM) and the Tan
Lab database, created on the FileMaker Pro platform.

2.3 Supplemental DNA Methods
2.3.1 Ethanol Precipitation
Ethanol precipitation is an effective procedure to increase concentration of a plasmid
solution for sequencing. The Huck Institutes Genomics Core Facility requires samples of 200
ng/ul DNA, so it is often necessary to concentrate samples by DNA precipitation and
resuspension in a smaller buffer volume. To complete the precipitation 0.1 volumes of 3 M
sodium acetate (pH 5.2) were added to the solution, followed by a 2.5 volumes addition of 100%
ethanol. Samples are then vortexed for 10 seconds and centrifuged at 17,000 rcf for 10 minutes.
The supernatant was discarded via aspiration and the pellets were resuspended in the desired
volume of TE (10, 0.1) (10mM Tris-Cl, pH 8.0, 0.1 mM EDTA).
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2.3.2 DNA Gel Electrophoresis
Gel electrophoresis is an analytical technique that allows for separation and analysis of
DNA based on size. By applying a voltage across a gel matrix, DNA with its negatively charged
phosphate backbone migrates toward the positively charged cathode. In the sponge-like gel,
smaller molecules travel more easily through the gel pores than large molecules. Thus, the length
of a DNA fragment is inversely proportional to its rate of travel during electrophoresis, creating a
size based gradient for analysis.
Depending on the length of DNA to be analyzed by electrophoresis different types of gels
and gel concentrations can be used, optimizing fragment isolation/visualization. The two types of
electrophoretic gels used in the lab are agarose and polyacrylamide, each with its own
advantages. Agarose gels are easy to pour and set up, but can take extended time to run and are
not ideal for differentiating small fragments, while polyacrylamide gels offer a quick and clear
alternative, though making the gels presents more challenges. Table 2-1 below shows the optimal
concentration for each gel type at target DNA fragment lengths.

Table 2-1: Appropriate gel type and concentration for visualization of various DNA
fragment lengths
DNA Fragment Base Pair Length

Gel Type and Concentration

20-200 bp

Polyacrylamide: 15 %

30-1000 bp

Polyacrylamide: 10%

600-1500 bp

Agarose: 1.0%

1500-3000 bp

Agarose: 0.7%
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To make an agarose gel, the appropriate amount of agarose powder was dissolved in 30
ml of 0.5 X TBE buffer (45 mM Tris base, 45 mM boric acid, 1.5 mM boric acid, 1.5 mM
EDTA) in an Erlenmeyer flask by heating in a microwave for approximately a minute. Once the
powder was fully dissolved the solution was allowed to cool to touch (5-10 minutes), at which
time 1.5 ul of 10 ug/ml ethidium bromide was added. Ethidium bromide intercalates with nucleic
acid and fluoresces under ultraviolet light, so it is used as a nucleic acid stain under UV
luminescence in this system. After gentle swirling to mix the ethidium bromide, the solution was
poured into an agarose gel block with 10 or 15 well sample combs, where is cools and solidifies
for 30 minutes before it is ready to be used.
In our laboratory, polyacrylamide gels were poured in batches using a commercially
available pouring block. Polyacrylamide gel mix (25 ml of 30% 40:1 acrylamide, 3.75 ml of 10
X TBE and 42.5 ml of water) was deaerated for 30 seconds before 300 ul of 25% ammomium
persulfate (AMPS) and 75 ul of tetramethylethyldiamine (TEMED) were added to catalyze
polymerization of the gel. Before polymerization could occur, the mixture was injected into the
assembled gel-pouring block, which has layers of alternating glass plates and plastic spacers.
After the solution was injected into the pouring block to a level just below the top of the plates,
plastic combs, of 10 or 15 wells were added. After about 30 minutes, the gels polymerized and
could be used or stored at 4oC. All DNA samples were mixed with 6 X GLB to a final
concentration of 1 X GLB before loading. Gels were run at 20 Watts for 10 minutes using a gel
electrophoresis apparatus filled with 0.5 X TBE buffer. Once the dye in the samples migrated to
the bottom of the gel, the programmed run was stopped and the gel was removed from the glass
plates. 20 ml of 0.5 ug/ml ethidium bromide was added to the gel in a gel-staining box for 5
minutes. The gels were photographed using the laboratory’s UV transilluminator.
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2.4 Protein Methods
The study of native proteins has many accompanying challenges, but systems of protein
expression and recombinant technology allow scientists to study functionality, structure and
conformational properties of a diverse number of proteins. In this project, it is worth noting that
histones are of Xenopus laevis lineage, denoted by an "x” in front of the name. However, this is
not a subject of worry because there is a great deal of homology between human and X. laevis
histones, because histones are highly conserved across nature.

2.4.1 Protein Expression
All expression experiments were carried out using BL21(DE3)pLysS E. coli cells with a
pET, T7 plasmid expression system created by Song Tan, based on a design by Bill Studier
(Studier 2005) (Selleck & Tan 2008). Small-scale expression experiments were used to make
certain that the protein of interest could be viably overexpressed and to find the optimal time for
protein expression and cell harvest, while large-scale expression was a means to obtain larger
quantities of protein for later experiments.

2.4.1.1 Small-Scale Protein Expression
0.2 ug of plasmid with the gene of interest was transformed into 100 ul of
BL21(DE3)pLysS cells. Cells were plated onto TYE plates (with ampicillin at 50 ug/ml and
chloroamphenicol at 25 ug/ml) and incubated at 37oC overnight. The next day two sterile 100 ml
flasks of 2 x TY media (with ampicillin at 50 ug/ml and chloroamphenicol at 25 ug/ml) were
inoculated with three colonies each. Cell cultures were grown up in a 37 oC shaking incubator at
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200 rpm. Growth was monitored by measuring optical density at a wavelength of 600 nm
(OD600). At an OD600 between 0.4 and 0.8 the cultures were supplemented with 100 ul of freshly
prepared 0.2 M Isopropyl B-D-1-thiogalactopyranoside (IPTG) to induce activation of the lac
operon, which allows for overexpression of the desired protein. 250 ul samples of cell culture
were taken at hourly intervals from just prior to induction (0 hour) through at least 3 hours after
induction, to assess protein expression by SDS-PAGE gel electrophoresis. Time point samples
were immediately prepared to run after collection, by spinning down for 1 minute at 17,000 rcf,
aspirating the supernatant and resuspending the pellet in a small volume of protein gel loading
buffer (PGLB) (125mM Bis-Tris pH 6.8, 20% glycerol, 4% SDS, 15% (v/v) 2-mercaptoethanol,
0.04% (w/v) bromophenol blue). All samples were boiled for 2 minutes at 95oC prior to gel
loading.

2.4.1.2 Large-Scale Protein Expression
Large-scale protein expression follows the same basic parameters as small-scale
expression, however instead of using 2 flasks with 100 ml of media each, 12 2 L flasks were
used with 500 ml of media in each. To start a large-scale expression, another transformation of
competent BL21(DE3)pLysS cells with the plasmid of interest was completed. Following
overnight incubation a small (100 ml of media) flask, referred to as a “starter” flask, was
inoculated with three colonies and appropriate antibiotics. This flask was grown at 21oC in a
shaking incubator at 200 rpm overnight. The next morning, once the OD600 rose to between 0.1
and 1.0, 3 ml of culture was added to each of the 12 large culture flasks with appropriate
antibiotics. The large flasks were grown up at 37oC in a 200 rpm shaking incubator, until they
reached an OD600 between 0.6 and 1.0. At this point, the flasks were induced with 0.5 ml of 0.2
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M IPTG. Time points were again taken prior to induction and at every hour until harvesting the
cells at 3 hours. Cells were harvested in 500 ml bottles at 7,000 rpm for 5 minutes at room
temperature. Cell pellets resulting from 6 liters of culture were resuspended in 150 ml of T100
(20mM Tris-Cl pH 8.0, 100 mM NaCl, 0.5 mM Na-EDTA, 1 mM benzamidine, 10 mM 2mercaptoethanol). Cells were flash frozen using liquid nitrogen and stored at -20oC

2.4.2 Protein Purification
Effective purification of expressed proteins requires several steps, including inclusion
body extraction, low-pressure chromatography and high-performance liquid chromatography
(HPLC).

2.4.2.1 Inclusion Body Preparation of Histones
Frozen cell suspensions were thawed in a 30 oC water bath. Cell suspensions were
aliquoted evenly into 50 ml beakers and sonicated using a Branson sonicator (4 cycles of 10
seconds x 50% cycle at 70% power). Care was taken throughout the sonication steps to avoid
foaming, indicating proteolysis. After sonication the material was centrifuged at 18,000 rpm for
30 minutes at room temperature. Supernatants were removed and the pellets were resuspended in
180 ml of Triton buffer (20 mM Tris-Cl pH 8.0, 0.5 mM Na-EDTA, 100 mM NaCl, 10 mM 2mercaptoethanol, 1mM benzamidine, 1% Triton X-100). Once the pellet was resuspended the
material was centrifuged at 15,000 rpm for 10 minutes at room temperature. The Triton
extraction was repeated three more times, which effectively dissolved and removed membranes
and associated proteins, leaving the insoluble histones. After the last extraction, the pellet was
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resuspended in 50 ml of Wash buffer (20 mM Tris-Cl pH 8.0, 0.5 mM Na-EDTA 100 mM NaCl,
10 mM 2-mercaptoethanol, 1mM benzamidine) and centrifuged with the same conditions as
above to remove residual Triton X-100 and unwanted proteins. Pellets were stored at -20 oC for
later use.

2.4.2.2 Low-Pressure Sephacryl S300 Chromatography
The day before loading sample onto the column, 2 L of AU200 (8 M urea (deionized with
MB3 resin), 20 mM sodium acetate pH 5.2, 0.5 mM EDTA, 10 mM 2-mercaptoethanol, 200 mM
NaCl) was filtered, degassed and pumped through the column at 3 ml/min to equilibrate the
Sephacryl S300 Column.
The inclusion body preparation pellets were thawed for 30 minutes before a total of 1 ml
dimethyl sulfoxide (DMSO) was added to the pellets. Upon DMSO addition, the samples were
incubated at room temperature for another 30 minutes and combined with 30 ml of TG0 (20mM
Tris-Cl pH 8.0, 10mM DTT, 7 M Guanidine-HCl) for dounce homogenization. Three strokes
with the homogenizer were sufficient to create a uniform solution. Finally, the solution was spun
down at 15,000 rpm for 20 minutes at room temperature and decanted, so that the supernatant
could be loaded onto the S300 column. The samples were eluted through the column at a flow
rate of 3 ml/min and the conductivity and UV were monitored throughout. 15 ml fractions were
collected during the experiment and by cross-referencing UV absorbance with an SDS PAGE gel
of fractions, samples containing mainly histone could be recombined, dialyzed at 4oC in the
HPLC low salt buffer and used in the subsequent purification steps.
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2.4.2.3 High-Performance Cation- and Anion-Exchange Chromatograhy
The laboratory uses an AKTA avant (GE Healthcare) high-performance liquid
chromatography device, run using Unicorn software.
Enhanced purification is accomplished using high-performance liquid chromatography
(HPLC) with ion-exchange resin. Ion-exchange resins can be either cationic or anionic, with
selection depending on the isoelectric point of the proteins being studied and the prevailing pH
conditions. In this work, cationic exchange resin (Source S) was mainly used because histones
are basic and can be retained by the negatively charged resin, however anionic exchange resin
(Source Q) was also used to purify nucleosomes from free DNA.
In preparation for the HPLC experiments high and low salt buffers were made and
filtered, while sample was prepared for loading by centrifugation at 15,000 rpm for 10 minutes.
The column for the experiment was washed and equilibrated by various programs utilizing the
low and high salt buffers. After those initial programmed runs, sample was loaded onto the
column via an air-sensing loop. The column was then washed with low salt buffer before being
exposed to a linear salt gradient (low to high) that eluted the proteins. A UV detector monitored
the eluted solution and the chromatograms were printed out to reference fractions from the
samples that were run on gels. After the gradient reached the upper limit of the high salt buffer
the column was cleaned with NaOH and stored in ethanol.

2.4.2.4 Histone Labeling
To assess nucleosomal binding, the HI-FI assay requires specific and irreversible
attachment of a fluorescent probe to a reaction component. In this project, Oregon Green® 488
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Maleimide was attached to histones, which were later incorporated into nucleosomes. This is
where the cysteine mutations previously created in each protein become functionally important
because their thiol groups can covalently bind the maleimide.
5 mg of lyophilized mutant histone was added to 1.5 ml of labeling/unfolding buffer (20
mM Tris-base, pH 7.5, 25 mM NaCl, 7 M guanidinium HCl and 0.2 mM tris(2carboxyethyl)phosphine) [TCEP]) and incubated at room temperature for 1 hour. Protein
concentration was determined using UV absorbance at 280 nm (See Chapter 2, Section 2.5.2).
The fluorescent probe, Oregon Green 488 Maleimide, was then dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mM. Figure 2-3 shows the structure of the fluorescent probe
Oregon Green® 488 Maleimide, while Figure 2-4 shows the covalent bond attachment of the
probe to a thiol group.

Figure 2-3: Structure of Oregon Green® 488 Maleimide
Figure from Life TechnologiesTM
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Figure 2-4: Reaction for attachment of fluorescent probe
Figure from Geest & Lolkema 2000

The dissolved histones were diluted to 2 mg/ml in labeling/unfolding buffer before
having an equal molar ratio (1:1) of dye added. Following the addition of dye, tubes were
covered in foil and mixed gently on a rotator at 4oC for 2 hours. After 2 hours, another equivalent
of Oregon Green® 488 Maleimide dissolved in DMSO was added to the histone mixture. Tubes
were once again covered in foil and allowed to react overnight on a rotating platform at 4oC.

2.4.2.5 Dimer Refolding
The complementary unlabeled histone of the H2A-H2B dimer (either xH2A or xH2B)
was rehydrated in denaturing unfolding buffer (20 mM Tris-base, pH 7.5, 25 mM NaCl, 7 M
guanidinium HCl and 1 mM DTT). Each histone was allowed to incubate at room temperature
for an hour before quantitation of the protein concentration. After measuring the concentrations
of the unlabeled histones by UV absorbance each was diluted to 2 mg/ml. A 1:1 molar ratio
mixture of unlabeled to freshly labeled histone was then made. After mixing, the dimer solution
was dialyzed using three changes of 2 L of refolding buffer (20 mM HEPES pH 7.5, 50 mM
NaCl, 10 mM 2-mercaptoethanol) at 4oC overnight, covering the samples to minimize light
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exposure. Following dialysis, samples were purified using high-performance cation-exchange
chromatography (See Chapter 2, Section 2.4.2.3) and then concentrated using a Vivaspin
centifugation concentration device (See Chapter 2, Section 2.5.2).

2.4.2.6 Octamer Reconstitution
Histone octamer was made using a similar protocol to dimer preparation. Previously
prepared xH2A-xH2B dimer, with one histone labeled and xH3-xH4 tetramer were mixed in
equal molar ratios to a final protein concentration of 1 mg/ml in unfolding buffer (7M
guanidinium HCl, 20 mM Tris-HCl, pH 7.5, 10 mM DTT). Dialysis was performed overnight at
4oC with three changes of refolding buffer (50 mM HEPES pH 7.5, 50 mM NaCl, 10 mM 2mercaptoethanol). Finally, the complex was purified using high-performance liquid
chromatography. Purity and stoichiometry were referenced on an SDS PAGE gel before
fractions were pooled. Samples were then concentrated with a Vivaspin concentrator. To assess
the concentration of octamer, a 1 mg/ml solution absorbs at A280 nm = 0.45.

2.4.2.7 Nucleosome Reconstitution
Nucleosome preparation was initiated by combining histone octamer with template DNA,
Widom601, at a 1:1 molar ratio in a high salt solution. Nucleosomes were assembled over a twoday period at 4oC, using a peristaltic pump to perform step dialysis from high to low salt. High
salt reconstitution buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, Na, 1 mM DTT, 2 M KCl), low
salt reconstitution buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, Na, 1 mM DTT, 0.25 KCl).
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After at least 36 hours high-performance anion-exchange chromatography was used to
purify the nucleosomes. Anion-exchange columns are tightly packed with positively charged
polymers creating a polymer matrix that has high affinity for negative molecules. Nucleosomes
contain both positively charged histones and negatively charged DNA so on a source Q, anionexchange column, nucleosomes elute out before negatively charged free DNA on an increasing
salt gradient. Pure fractions of nucleosome, analyzed using a chromatogram print out and a nondenaturing gel were pooled and dialyzed against three changes of CCS buffer (20 mM KCacodylate, pH 6.0, 1 mM EDTA) before being concentrated.

2.5 Supplemental Protein Methods
2.5.1 SDS-PAGE Electrophoresis
Sodium-dodecyl sulfate polyacrylamide gel electrophoresis is similar to DNA gel
electrophoresis in that it uses an applied voltage across a gel matrix to separate macromolecules.
However, unlike DNA, proteins must be run under denaturing conditions because the secondary,
tertiary and even quaternary structures of these complex molecules can convolute the separation
and size based analysis of the components. SDS-PAGE gels consist of two layers, a stacking gel
and a separating gel. The stacking gel improves band resolution and the separating gel creates the
size-based separation. Gels can be made at different concentrations depending on the purpose of
use, however 18% acrylamide separating layers (36 ml of 30%/0.5% acrylamide, 8 ml of water
and 3 M Tris-Cl pH 8.8) were sufficient for most experiments in this work. Once the 18%
acrylamide mixture was made it was deaerated for 30 seconds before having 600 ul of 10% SDS,
60 ul of TEMED and 240 ul of 25% AMPS added to catalyze gel polymerization. Working
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quickly before polymerization, the liquid was injected into a previously assembled gel-pouring
block consisting of alternating layers of plates and spacers. Once the liquid level rose about
three-fourths the height of the gel plates, butanol was gently pipetted on top of the gel block to
form a flat interface for the upcoming stacking gel. After about 30 minutes, with polymerization
resulting, the butanol was poured off. The stacking gel mix (10 ml of 10%/0.5% acrylamide, 5
ml of water and 4.8 ml of 0.5 M Bis-Tris) was mixed with 200 ul of 10% SDS, 60 ul of TEMED
and 240 ul of 25% AMPS to again catalyze polymerization, before the mixture was added to the
top of the separating gel. After adding the stacking mix, 10 and 15 well combs were added in
between the glass plates. The gels were allowed to polymerize for at least an hour, before the
stack was removed from the casting block and stored in a sealed moist environment at 4oC.
When running SDS-PAGE gels, samples were first mixed with equal volumes of protein
gel loading buffer (PGLB) (125mM Bis-Tris pH 6.8, 20% glycerol, 4% SDS, 15% 2mercaptoethanol (v/v), 0.04% bromophenol blue (w/v)) and heated at 95oC for a few minutes to
denature all proteins. Gels were run at 10 W, using 1 X gel running buffer (50mM Tris base, 0.38
M glycine, 0.1% SDS) in the inner and outer gel running apparatus chambers. After the
bromophenol blue dye reached the bottom of the gel, the power was switched off at which point
the gels were removed and placed in fix solution (45% ethanol, 9% acetic acid) for five minutes
at room temperature, to stop protein diffusion. Fix solution was removed and replaced with
staining solution (0.5% Coomassie Blue R, 45% ethanol, 9% acetic acid), which was also
incubated for five minutes at room temperature. Finally, stain was removed, rinsed off and
destain solution (7% ethanol, 5% glacial acetic acid) was added to the gel which was placed in a
60oC shaking water bath. Once the gel was sufficiently destained, it was washed with water and
dried using cellophane for preservation.
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2.5.2 Quantitation of Protein Concentration
For the experiments being carried out in this project it was important to quantitate protein
samples so that proper reaction conditions could be created. To obtain the concentration of
protein samples the laboratory uses a spectrophotometer to assess ultraviolet absorbance at 280
nm. Absorption and concentration are related through the Beer-Lambert Law stating that
absorbance is equal to the product of the molar extinction coefficient (ε), the sample
concentration (c) and the path length of light (l):

A=εcl
Aromatic amino acids, tyrosine, tryptophan and to a small extent phenylalanine absorb at
280 nm, providing a correlative metric between absorbance and aromatic amino acids in the
sample. The amount of aromatic amino acid is then related to the concentration of protein via a
molar extinction coefficient, which is an intrinsic property of the protein sequence. Lastly, the
distance the light travels though the sample is important because a greater path length means
more opportunity for samples to absorb the incident light. The molar extinction coefficients for
each histone and its corresponding mutants are listed below. It should be noted that all histones
of the same variant have the same extinction coefficient because the mutation sites did not
remove any aromatic amino acids:

xH2A, xH2Ax10, x11 = 3.84 M-1 cm-1
xH2B, xH2Bx7, x8= 6.40 M-1 cm-1
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2.5.3 Centrifugal Concentration of Proteins
Disposable Vivaspin 4 centrifugal concentrators with 10,000 and 30,000 molecular
weight/Dalton cutoffs were used to increase the concentration of histone dimer and nucleosome,
respectively. Vivaspin concentrators were prepared for sample loading by running MilliQ water
through the apparatus using centrifugation at 3,000 rpm for 5 minutes followed by sample buffer
at 3,000 rpm for 5 minutes. Samples were loaded into the concentrator and spun down at 3,000
rpm until the desired volume/concentration was reached. A small amount of sample buffer was
also used to rinse the concentrator after extracting the concentrated sample so as not to lose
valuable protein.

2.6 HI-FI Assay
2.6.1 Reaction Set-Up
HI-FI assays were completed using black 384-well microplates. Before any reactions
were completed, plates were cleaned and passivated with hydrophobic silane to avoid protein
aggregation during the assay. To rid the plates of organic residues, wells were filled with 1%
Hellmanex detergent for 20 minutes and washed four times with deionized water. Each well was
then etched (smoothed) and activated for silane coating, by addition of 1 M potassium hydroxide
for another 20 minutes with water washes following the incubation (Hieb et al. 2012). Plates
were allowed to air dry overnight in a fume hood. The next day using a multichannel pipette and
carbon-filtered tips 100 ul of 1,7-dichlorooctamethyltetrasiloxane (a hydrophobic silane,
preventing protein adsorption) in heptane was added to each well for 1 minute before being
aspirated (Hieb et al. 2012). The plate was completed in sections to ensure equal incubation
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periods. Once all sections were passivated, four deionized water washes were used to remove
any remaining solvent, before drying the plate again overnight.
An optimized reaction buffer system is used in the laboratory for nucleosomal binding
assays. Nucleosomes are diluted to 2 nM in 50 mM reaction buffer (20 mM Tris pH 7.6, 50 mM
NaCl, 5 mM DTT, 5% glycerol, 2 mM EDTA, 0.01% NP40, 0.01% CHAPS, 0.1 mg/ml BSA),
while dilutions of binding proteins are done via a 2x titration series using 150 mM reaction
buffer (20 mM Tris pH 7.6, 150 mM NaCl, 5 mM DTT, 5% glycerol, 2 mM EDTA, 0.01%
NP40, 0.01% CHAPS, 0.1 mg/ml BSA). The titration series is made using two separate sample
starting points (2048 nM and 64 nM) created from an original 10,000 nM sample of the
combined binding proteins, Ran and RCC1.

Table 2-2: 2x titration series of binding proteins
64 nM
32 nM
24 nM
16 nM
12 nM
8 nM
4 nM

2048 nM
1024 nM
512 nM
256 nM
128 nM
64 nM

Once all dilutions were prepared, 20 ul of each was added to wells in triplicate. 20 ul of
the labeled nucleosome at 2 nM was then added to each well. Once all samples were distributed
the microplate was sealed, spun down for 1 minute at 500 rpm and shaken for 2 minutes, before
being placed in the dark at room temperature for 20 minutes.
A Typhoon fluorimager was used for experimental detection. ImageQuant TL software
was then used for quantitation.
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Sample Plate Diagram for HI-FI Assay

Figure 2-4: Diagram of HI-FI plate set-up and procedure
Winkler et al. 2012

2.6.2 Data Analysis
Data analysis was completed using Pro Fit 6.2.9 software. The binding curves were
plotted on logarithmic scales using the dissociation constant, Kd, and the outer limits of data.
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Chapter 3
Results/Discussion
3.1 Site-Directed Mutagenesis
Site-directed mutagenesis was the first component of the project completed. Each
histone mutant was made using QuikChange™ PCR-based mutagenesis with
oligonucleotides designed to produce cysteine mutants at specific locations on histones
xH2A or xH2B (see Appendix B). All histones were successfully made and confirmed
via DNA sequencing (see Appendix A). Figure 3-1 below shows the location of each
mutant in the nucleosome:

Figure 3-1: Location of HI-FI mutants on the nucleosome
Figure created with assistance from Song Tan
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3.2 Small-Scale Protein Expression
Following sequencing the histones were expressed using the T7 expression
system in low background BL21(DE3)pLysS E. coli cells (Studier 2005) (Selleck & Tan
2008). Figures 3-2 and 3-3 below show the small-scale (100 ml) expression of histones at
various time points after induction with IPTG. Optimal expression at 37oC occurred 3
hours after induction for each histone.

Figure 3-2: Small-scale expression of histone xH2Ax10

Figure 3-3: Small-scale expression of histones xH2Ax11, xH2Bx8, xH2Bx7
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3.3 Large-Scale Protein Expression
After confirming histone expression and obtaining the time of optimal expression
(3 hours after induction) large-scale (6 liters) preparation of each histone mutant was
completed. Figure 3-4 shows each histone prior to induction and at 3 hours after
induction, prior to cell harvest.

Figure 3-4: Large-scale expression of histone mutants

3.4 Inclusion Body Preparation
Next, histones were prepared via multiple purification steps. First, inclusion body
preparations were completed to extract the overexpressed histones from other cellular
components such as membranes and membrane bound proteins. Overexpressed proteins
created using the T7 based expression system in E. coli tend to aggregate due to
misfolding. These insoluble aggregates are referred to as inclusion bodies and the goal of
the first purification is to remove large amounts of unwanted cellular containments from
these aggregates. Triton X-100, a mild non-ionic detergent, was used to dissolve all the
cellular components, with centrifugation causing the reformation of the insoluble protein
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aggregate, while other soluble cellular leftovers remain suspended in the supernatant.
Figures 3-5 and 3-6 show the progressive purification using a Triton X-100 buffer to
solubilize and remove the unwanted proteins. Inclusion body preparations for each
histone were successful in removing large amounts of cellular remnants in the
supernatant with minimal histone loss. The final step of the inclusion body purification,
known as the wash was used to remove traces of Triton X-100 detergent.

Figure 3-5: Inclusion body preparations of xH2A histone mutants, SDS PAGE gels
showing the initial purification of xH2A histone mutants from crude E. coli extracts.
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Figure 3-6: Inclusion body preparations of xH2B histone mutants, SDS PAGE gels
showing the initial purification of xH2B histone mutants from crude E. coli extracts.

3.5 Low-Pressure Chromatography
Size-exclusion chromatography under low-pressure conditions allows for
fractionation of proteins on a decreasing size gradient. Very small polymer materials
packed into a column mediate sized based separation. These polymers create a matrix like
stationary phase that causes differences in elution time of various sized particles. As a
sample elutes down the column, smaller proteins traverse through more pores of the
polymer matrix than larger proteins, effectively extending their route of travel down the
column and delaying their elution. For this reason, gel filtration elutes molecules on a
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decreasing size gradient. As solution elutes out of the column fractions are collected
alongside a chromatogram that monitors UV absorbance and conductivity.
Fractions corresponding to absorbance and conductivity maximums were run on
gels and samples containing large amounts of relatively pure protein were combined and
dialyzed. All other fractions were discarded. Figures 3-7 and 3-8 show SDS PAGE gels
indicating which fractions were pooled.

Figure 3-7: Low-pressure chromatography of xH2A histone mutants, SDS
PAGE gels showing protein fractionation from gel filtration chromatography
experiments. Fractions containing large amounts of relatively pure histone were
collected and pooled. Collected fractions demarcated by red brackets: xH2Ax10 (2131), xH2Ax11 (20-32)
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Figure 3-8: Low-pressure chromatography of xH2B histone mutants, SDS PAGE
gels showing protein fractionation from gel filtration chromatography experiments.
Fractions containing large amounts of relatively pure histone were collected and
pooled. Collected fractions demarcated by red brackets: xH2Bx7 (13-23), xH2Bx8
(42-54)
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3.6 High-Performance Cation-Exchange Chromatography
High-performance liquid chromatography (HPLC) is an advanced form of column
chromatography creating enhanced sample separation by using high pressures and
smaller column packing material to increase surface interactions. In our laboratory we
use an HPLC variant, known as high-performance cation-exchange chromatography,
which utilizes an increasing salt gradient and differences in ionic properties of proteins to
enhance purification.
Histones are basic proteins and under the prevailing reaction/buffer conditions in
this work they are positively charged. By employing a cation-exchange column the
proteins’ specific properties were utilized to separate them from other cellular remnants.
A Source S, cation-exchange column containing many tightly packed negatively charged
polymers has a high affinity for positively charged proteins. Thus, when samples are
added to the column, proteins with large positive charges are retained for longer, while
other less positively charged proteins and macromolecules are eluted faster on an
increasing salt gradient. An increasing salt gradient effectively shields the stationary
phase with increasing mobile phase ionic strength, so as the gradient increases proteins
with less affinity (i.e. less positive charge) for the column are eluted.
Figures 3-9, 3-10, 3-11 and 3-12 show the SDS PAGE gel fractions run alongside
their chromatogram printouts. Relatively pure histone samples corresponding to the
largest UV absorbance peaks were collected in each experiment. The blue line in the
chromatograms corresponds to UV absorbance at 280 nm, indicating protein, while the
brown line shows the increased conductivity, resulting from the linear salt gradient.
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Figure 3-9: HPLC chromatogram and SDS PAGE gel for xH2Ax10

44

Figure 3-10: HPLC chromatogram and SDS PAGE gel for xH2Ax11
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Figure 3-11: HPLC chromatogram and SDS PAGE gel for xH2Bx7
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Figure 3-12: HPLC chromatogram and SDS PAGE gel for xH2Bx8
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3.7 Histone Labeling
Once individual histones were purified via inclusion body preparation, lowpressure chromatography and high-pressure cation-exchange chromatography, they were
labeled with Oregon Green® 488 Maleimide via a thioether bond. The reaction was
completed under reducing conditions, using tris(2-carboxyethyl)phosphine (TCEP),
rather than DTT or 2-mercaptoethanol because TCEP keeps disulfide bonds from
forming, without reacting extensively with maleimide.
The percentage of histone labeling was assessed using UV absorbance and
fluorescent emission. Since the probe has an emission wavelength of 488 nm, a ratio
comparing the amount of fluorescence (at 488 nm) to the amount of protein (absorbance
at 280 nm) can provide an estimate on the percent of histone that is labeled, compared to
the total amount of protein. The four histones created in this project had labeling
efficiencies between 40-50% (labeled compared to total histone (labeled +unlabeled)), in
line with the amount of labeling normally observed in the laboratory.

3.8 Dimer Refolding and Octamer Formation
Histone dimers (xH2A/xH2B) were created by mixing equal molar ratios of
labeled and unlabeled histone variants, while histone octamers were created by mixing
equal molar ratios of histone dimer (xH2A/xH2B) and histone tetramer (xH3/xH4). The
mixtures were dialyzed in refolding buffer and purified via high-performance cationexchange chromatography, which utilizes the positive charge of histones to enhance
purification. The cation-exchange column contains negatively charged packing material,
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so a linear salt gradient is used to elute proteins with increasing positive charge.
Positively charged dimers and octamers have a high affinity for the column’s stationary
phase, so they eluted rather slowly as other less positively charged macromolecules and
proteins elute quickly. These differences in elution time allowed the complex to be
efficiently purified. Elution fractions from the column corresponding to the highest
protein absorbance peak (280 nm) and highest fluorescent emission peak (488 nm) were
run on a gel and pooled based on the purity.
Dimer and octamers for each complex were successfully created and purified for
each histone mutant created in the project.

3.9 Nucleosome Reconstitution
Nucleosomes were created by combining equal molar ratios of template DNA,
Widom 601, with histone octamer. The mixtures were assembled into nucleosomes by
dialysis using a peristaltic pump to create a decreasing salt gradient for 36 hours. The
nucleosomes were then purified using HPLC, with an anion-exchange column. Anionexchange chromatography purified the complex by retaining negatively charged free
DNA, while nucleosome eluted on an increasing salt gradient. Fractions were run on nondenaturing gels and visualized using ethidium bromide and UV luminescence before
pooling. The fractions with pure nucleosome on the gel, corresponding to the largest UV
peaks on the chromatograms at 280 nm and 488 nm were pooled and concentrated. These
nucleosomes are now ready for use as HI-FI probes.
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3.10 HI-FI Assay Results
Before looking at the assay results a review of the science underlying molecular
interactions may help present a clearer picture for analysis. In a simple reversible binding
reaction, (analogous to RCC1, Ran and nucleosome binding) molecules of A and B
collide and bind together:

A+B

AB

After some time portions of the reactants will be bound and portions will be free,
but eventually the system reaches equilibrium. Equilibrium implies that the
concentrations of the components do not change, but that the system is still in a dynamic
state. More clearly, the rate of product appearance (i.e. binding) is the same as the rate of
product disappearance (i.e. dissociation):

Rate of binding = k1[A][B] = k2[AB] = Rate of dissociation
These two rate constants (k1, k2) can be used to define an equilibrium constant,
Keq:

Keq= k1/k2 = [ABeq]/[Aeq][Beq]
Keq is proportional to binding affinity; however it’s reciprocal, the dissociation
constant, Kd, is analyzed more often in biochemistry as its unit form is molarity (M),
rather than 1/molarity (M-1):
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Kd= [Aeq][Beq]/[ABeq]
Kd, is also defined as the state at which the reaction is half saturated, or the
concentration of reactants at which 50% of the reactant is in the product form (Robey et
al. 1984). Accordingly, as the inverse of a constant proportional to binding affinity, a
lower Kd implies a higher binding affinity and a higher Kd implies a lower binding
affinity (Chang et al. 1975). More plainly, a high-affinity binding reaction signifies that a
low concentration of reactants is able to maximally occupy available binding sites,
initiating a physiological response.
When defining Kd it is important to present a representative range of values for
different interactions to provide a context for the results. Values can be described on a
spectrum, however it is easy to group them into four broad categories: (a) no interaction,
(b) nonspecific binding, (c) specific binding, and (d) covalent interactions.
(a) No interactions, as their name implies, are the result of negligible binding.
These reactions are not thermodynamically favorable and have extremely large Kd values.
No interactions are not of great study because if the binding reaction does happen to
occur the dissociation of the complex will result almost immediately.
(b) Nonspecific binding reactions result from electrostatic charges on molecular
surfaces, dipole forces, hydration forces, etc. They are not of the lock-and-key paradigm
often cited in biological reactions. One example of non-specific binding is positively
charged histones binding to negatively charged DNA. Non-specific binding between
components often results in micromolar (10-6) or larger Kd values.
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(c) Specific binding in the case of antibodies and protein-protein interactions like
those of hRCC1/hRan and nucleosome are in the low micromolar (10-6) to nanomolar
(10-9) range. High-affinity specific reactions occasionally result in picomolar (10-12) Kd
values. There are even rare cases like the biotin-avidin interaction where Kd values can
reach the femtomolar range (10-15) (Livnah et al. 1993).
(d) Lastly, covalent interactions are in effect irreversible reactions meaning their
Kd values are extremely low and normally not of study in reference to binding dynamics.
Equipped with a basic understanding of binding, a discussion on the HI-FI assay
results is now appropriate. Binding assays can provide information about a number of
parameters such as stoichiometry, specificity, cooperativity and affinity. However, in this
analysis only affinity is discussed at length, though it should be noted that hRan and
hRCC1 do not bind cooperatively to nucleosome, as evidenced by an experimental Hill
coefficient of approximately 1.
Three HI-FI assays using preformed hRCC1/hRan complex and nucleosome with
labeled xH2Bx8 were completed. A representative binding curve is shown in Figure 3-13
and the Kd for the curve is 13.5 nM + 2.4.

Normalized Fluorescent Signal
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hRCC1/hRan, Nucleosome Binding
Curve
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Figure 3-13: hRCC1/hRan, Nucleosome Binding Curve, the graph shows the binding
curve obtained from a HI-FI assay using hRCC1/hRan and nucleosome with xH2Bx8. The Kd for
the curve is 13.5 nM + 2.4, indicating a tight interaction.

In the paper publishing the RCC1-nucleosome structure some theoretical
modeling of hRan, hRCC1 and nucleosome was completed. These models showed that if
the published structure of RCC1 and nucleosome was combined with normal Ran-RCC1
binding, Ran would not be able to interact with the nucleosome or have RCC1 mediated
nucleotide exchange activity (Madke et al. 2010). This is rectified by a few possible
hypotheses including conformational changes to Ran, all of which set the stage for
structural and biochemical studies (Madke et al. 2010).
Though the theoretical models produced some structural questions, the specific
interactions of hRCC1/hRan and nucleosome were predicted to be high-affinity because
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of their role as regulatory mediators. Values of Kd were predicted to be in the low
nanomolar range. Experimental results confirmed this expectation with Kd values
ranging from 10-20 nM, indicating specific and high-affinity binding for the triple
complex. Reproducible results, consistent data point spread across concentrations and a
tightly fitted binding curve also show the usefulness and sensitivity of the experimental
technique.
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Chapter 4
Conclusions
Through the creation of four HI-FI mutants and experimentation with
hRCC/hRan, the HI-FI system has been substantiated as a valuable biochemical
technique for the study of chromatin epigenetics. Furthermore, results from HI-FI assays
provide evidence for a high-affinity interaction between preformed hRCC1/hRan
complex and nucleosome.

4.1 Procedural Troubleshooting
4.1.1 Primer Annealing
The PCR mutagenesis reactions for xH2B∆7 and xH2B∆8 were initially
problematic. Transformation of PCR products yielded no cells on the +Dpn1 plate
(mutant plasmids) leading to a systematic investigation of the PCR reaction. A
troubleshooting experiment to test primer annealing was completed after multiple failed
attempts to make the above-mentioned mutants. Each PCR primer used in the
mutagenesis reaction was tested individually to identify whether inadequate annealing
was the cause of the negative transformation results. The experiment used PCR reactions
with the same conditions as mutagenesis; however the individual mutagenesis primers
were paired with general primers of opposite orientation (forward or reverse) rather than
their complement (Appendix B). The two general primers were also run together in a
reaction as a positive control and as a reference for the amount of product that can be
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created in an optimized PCR reaction. In a faulty reaction (i.e. minimal primer annealing)
less product would be expecting to form, so by running the products side by side on a gel
individual primers can be identified as the cause of the negative results.
Both forward primers (STO3749 and STO3751) for the two histone mutants had
significantly less product created in their respective reactions in comparison to the
general primers (positive control) and reverse/general forward primer PCR reactions.
This result indicated a problem with primer annealing. In order to circumvent this, the
annealing temperature of the PCR reaction was decreased by 5oC and two additional
cycles were added to the mutagenesis thermocycler program. Though these iterations
allow for better annealing and increased product generation, they have the potential to
increase unspecific binding and/or random mutations, so during sequencing analysis care
was taken to make sure no changes occurred in the gene of interest besides the desired
mutations.

Table 4-1: Primer pairings for troubleshooting site-directed mutagenesis
xH2Bx7

STO1099-STO3750

STO3749-STO314

xH2Bx8

STO1099-STO3752

STO3751-STO314

Positive Control STO1099-STO314
*All reactions were run using the parent template for xH2B
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4.2 DNA Polymerase Usage
During my time in the laboratory multiple polymerases have been used for PCR
reactions. Table 4-2 gives a list of the polymerases:

Table 4-2: Polymerases used in the Tan Laboratory
Phusion High-Fidelity DNA Polymerase

PfuTurbo DNA Polymerase

PfuUltra High-Fidelity DNA Polymerase

Pfu DNA Polymerase

Q5 High-Fidelity DNA Polymerase

Taq DNA Polymerase

Site-directed mutagenesis of plasmids requires polymerases with high fidelity and
processivity. This means that enzymes must have low rates of error incidence and that
they can catalyze many consecutive reactions without releasing their substrate. These
enhanced requirements also make the enzymes expensive, explaining the constant search
to find cheap alternatives without sacrificing effectiveness. The four polymerases that
have been used in the laboratory for site-directed mutagenesis are PfuTurbo, PfuUltra,
Phusion and Q5. PfuTurbo was used to create the xH2Ax10 and xH2Ax11 mutants with
no drawbacks to speak of, though its use was discontinued in favor of PfuUltra. PfuUltra
was used to create xH2Bx7 and xH2Bx8. While there were minor difficulties creating
these mutants as previously mentioned, they cannot necessarily be blamed on the
polymerase. However, other members of the laboratory noticed a high rate of point
mutations upon construct sequencing, initiating a search for other high fidelity
polymerases. Phusion and Q5 are two high fidelity substitutes currently being
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investigated for their efficacy as mutagenesis polymerases. They significantly decrease
cost and increase fidelity capacity, but before they are validated as laboratory standards,
further longitudinal usage and investigation need to be completed.

4.3 Future Work
The objective of my project was to create four nucleosomal probes for use in the
HI-FI assay. With this aim completed the probes are now added to the library of other HIFI mutants that can be used to assess nucleosomal binding. There are many potential
enzymes that can be evaluated with the created mutants, but one protein complex I have
worked with, the human MLL1 complex, may be interesting. The hMLL1complex can
modify chromatin via methyltransferase activity and it is implicated in
Myeloid/Lymphoid Leukemia. There is currently no nucleosomal structural interaction
data for the complex; however it forms a similar complex to SET1, also studied in our lab
(Yokoyama et al. 2004). The complex has been particularly difficult to crystallize so with
new biochemical information it may be possible to manipulate the nucleosome-hMLL1
interface to encourage better crystal formation.
Figure 4-1 below shows the location of all HI-FI mutants created or to be created
in our laboratory, with the mutations created from this project in darker pink and yellow.
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Figure 4-1: Locational library of HI-FI probes, the diagram shows the location of all
created or to be created HI-FI nucleosomal probes. Mutations created from the work of
this project are represented by dark pink and yellow coloration.
Figure created with assistance from Song Tan
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Appendix A
Histone Mutant DNA and Protein Sequences

xH2Ax10
Sequence Coding Region
ATGTCAGGAAGAGGCAAACAAGGCGGTAAAACCCGCGCTAAGGCCAAGACT
CGCTCATCTCGGGCTGGGCTACAGTTCCCTGTTGGCCGTGTTCACCGGCTGTT
AAGGAAAGGCAATTATGCAGAGCGGGTGGGAGCTGGTGCTCCAGTCTATCTG
GCTGCAGTGTTGGAGTATCTGACCGCATGCATTTTGGAATTGGCCGGGAATG
CGGCCCGTGATAACAAGAAGACTCGCATTATCCCCAGACACCTGCAGCTCGC
TGTGCGCAACGATGAGGAACTGAACAAACTGCTCGGAAGAGTCACTATCGCT
CAGGGCGGGGTCCTGCCCAACATCCAGTCCGTGCTGCTGCCCAAGAAAACCG
AGAGTTCCAAGTCGGCCAAGAGCAAG

Amino Acid Sequence
SGRGKQGGKTRAKAKTRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLA
AVLEYLTACILELAGNAARDNKKTRIIPRHLQLAVRNDEELNKLLGRVTIAQGGV
LPNIQSVLLPKKTESSKSAKSK
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xH2Ax11
Sequence Coding Region
ATGTCAGGAAGAGGCAAACAAGGCGGTAAAACCCGCGCTAAGGCCAAGACT
CGCTCATCTCGGGCTGGGCTACAGTTCCCTGTTGGCCGTGTTCACCGGCTGTT
AAGGAAAGGCAATTATGCAGAGCGGGTGGGAGCTGGTGCTCCAGTCTATCTG
GCTGCAGTGTTGGAGTATCTGACCGCTGAGATTTTGGAATTGGCCGGGAATG
CGGCGCGTTGTAACAAGAAGACTCGCATTATCCCCAGACACCTGCAGCTCGC
TGTGCGCAACGATGAGGAACTGAACAAACTGCTCGGAAGAGTCACTATCGCT
CAGGGCGGGGTCCTGCCCAACATCCAGTCCGTGCTGCTGCCCAAGAAAACCG
AGAGTTCCAAGTCGGCCAAGAGCAAG

Amino Acid Sequence
SGRGKQGGKTRAKAKTRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLA
AVLEYLTAEILELAGNAARCNKKTRIIPRHLQLAVRNDEELNKLLGRVTIAQGGV
LPNIQSVLLPKKTESSKSAKSK
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xH2Bx7
Sequence Coding Region
ATGGCCAAGTCCGCTCCAGCCCCGAAGAAAGGCTCCAAGAAAGCGGTGACC
AAGACGCAGTGCAAAGACGGGAAAAAGCGCAGGAAGACAAGGAAGGAGAG
TTATGCCATTTACGTTTACAAGGTGCTGAAGCAGGTGCACCCCGATACCGGC
ATCTCGTCCAAGGCCATGAGCATCATGAACTCCTTTGTCAACGATGTGTTTGA
GCGCATCGCAGGGGAAGCCTCCCGCCTGGCTCATTACAACAAGCGCTCCACC
ATCACCTCCCGGGAGATCCAGACCGCGGTCCGACTGCTGCTGCCTGGGGAGT
TGGCCAAACACGCCGTGTCCGAGGGCACCAAGGCTGTCACCAAGTACACCAG
CGCCAAG

Amino Acid Sequence
AKSAPAPKKGSKKAVTKTQCKDGKKRRKTRKESYAIYVYKVLKQVHPDTGISS
KAMSIMNSFVNDVFERIAGEASRLAHYNKRSTITSREIQTAVRLLLPGELAKHAV
SEGTKAVTKYTSAK
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xH2Bx8
Sequence Coding Region
ATGGCCAAGTCCGCTCCAGCCCCGAAGAAAGGCTCCAAGAAAGCGGTGACC
AAGACTCAGAAGAAAGACGGGAAAAAGCGCAGGAAGACAAGGAAGGAGAG
TTATGCCATTTACGTTTACAAGGTGCTGAAGCAGGTGCACCCCGATACCGGC
ATCTCGTCCAAGGCCATGAGCATCATGAACTCCTTTGTCAACGATGTGTTTGA
GCGCATCGCAGGGGAAGCCTCCCGCCTGGCTCATTACAACAAGCGCTCCACC
ATCACCTCCCGGGAGATCCAGACCGCGGTCCGACTGCTGCTGCCTGGGGAGT
TGGCCAAACACGCCGTGTCCGAGGGCACCAAGGCTGTCACCAAGTACACGTG
TGCCAAG

Amino Acid Sequence
AKSAPAPKKGSKKAVTKTQKKDGKKRRKTRKESYAIYVYKVLKQVHPDTGISS
KAMSIMNSFVNDVFERIAGEASRLAHYNKRSTITSREIQTAVRLLLPGELAKHAV
SEGTKAVTKYTCAK
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Appendix B
PCR Primers
xH2Ax10
Mutagenesis primers to create xH2Ax10 = xH2A(E61C), creates NsiI site
STO3745 GGAGTATCTGACCGCATGCATTTTGGAATTGGCC
STO3746 GGCCAATTCCAAAATGCATGCGGTCAGATACTCC

xH2Ax11
Mutagenesis primers to create xH2Ax11 = xH2A(D72C), creates HhaI site
STO3747 CCGGGAATGCGGCGCGTTGTAACAAGAAGACTC
STO3748 GAGTCTTCTTGTTACAACGCGCCGCATTCCCGG
xH2Bx7
Mutagenesis primers to create xH2Bx7 = xH2B(K20C), removes HinfI site
STO3749 GCGGTGACCAAGACGCAGTGCAAAGACGGGAAAAA
STO3750 TTTTTCCCGTCTTTGCACTGCGTCTTGGTCACCGC

xH2Bx8
Mutagenesis primers to create xH2Bx8 = xH2B(S120C), creates PmlI site
STO3751 GTCACCAAGTACACGTGTGCCAAGTAATGTAC
STO3752 GTACATTACTTGGCACACGTGTACTTGGTGAC

General Primers
STO1099 Forward Primer
TCCCGCGAAATTAATACGAC
STO314 Reverse Primer
CTTTCGGGCTTTGTTAGCAG
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