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Abstract
Nuclear DNA contains all of the information required for eukaryotic life despite having to fit
within the very confined space afforded by the nuclear envelope. In order to accomplish this
task, DNA wraps around histone proteins creating nucleosomes, which, with connecting DNA,
subsequently pack into chromatin and higher order structures. Regulation of this chromatin
packing is governed by a series of epigenetic modifiers including histone acetyltransferases
(HATs). A notable HAT complex is the MSL complex, conserved from Drosophila to humans.
The Drosophila MSL complex is involved in dosage regulation and contains the catalytic males
absent on the first (MOF) subunit as well as MSL1, MSL2 and MSL3. Both Drosophila and
human complexes acetylate a lysine residue on the N-terminal tail of histone H4 protein,
decreasing DNA interaction with histone proteins and increasing transcription. The catalytic
subunit of the human MSL complex, hMOF, also interacts with a distant relative of the hMSL1
subunit, hMSL1v1. The hMSL1v1/hMOF complex not only acts catalytically to acetylate the
histone H4 protein, but also has implications in human tumorigenesis. In order to provide a
recombinant source of the hMSL1v1/hMOF complex for biochemical and biophysical studies, I
have coexpressed and purified the hMSL1v1/hMOF complex from E. coli using a polycistronic
expression system. I was able to observe expression of the individual subunits through two
separate tagged versions of the complex and to positively identify the hMOF subunit in each
tagged version through Western Blot analysis. The complex also showed catalytic activity on
histone proteins and on the nucleosome in a histone acetyltransferase assay.
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1. Introduction
1.1 Chromatin structure and the role of histones
Each human cell nucleus contains about 2 meters of DNA within a space ~20 µm in diameter
(Campbell and Reece, 2005, p. 219). In order to fit within the confines of the nuclear envelope,
as well as condense for mitotic replication and regulate transcription, DNA associates with
histone and other proteins to form chromosomes. DNA wraps around histone protein cores to
form nucleosomes that, along with linker DNA, resemble “beads on a string.” This combination,
now called chromatin, condenses further into a 30 nm fiber maximizing the amount of
condensation afforded by nucleosome interaction alone. The addition of various scaffolding
proteins allows further condensation and ultimate formation of the chromosome (Campbell and
Reece, 2005, p. 360). A graphical representation of chromatin condensation is displayed in
Figure 1.1.

Central to chromatin condensation is the interaction of DNA with histone proteins to form the
nucleosome. Each histone octamer is composed of two copies of each of four subunits: H2A,
H2B, H3, and H4. Each subunit shares a similar motif with three alpha helices connected by two
loops. When not interacting with DNA or in low salt concentration environments, the subunits
arrange as two H2A-H2B heterodimers and a single H3-H4 heterotetramer. The histone octamer
can also be reconstituted in vitro in the absence of DNA using high salt concentration conditions.
Through many direct and water-mediated interactions, 145-147 bp of DNA then wraps around
this core in 1.65 left-handed superhelical turns (Luger et al., 1997). Each resultant nucleosome
core particle is connected by up to 80 bp of “linker” DNA (Alberts, 2008, p. 211).
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Figure 1.1: Graphical Representation of Chromatin Condensation into Mitotic Chromosome
(The EPITRON Project, http://www.epitron.eu/img/chromatin.jpg)
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Each histone octamer is composed of two distinct portions: the histone-fold DNA binding
domain and the histone tails (Wu and Grunstein, 2000). The histone-fold domain organizes 121
bp of DNA with each histone-fold pair (two H2A-H2B dimers and the two halves of the H3-H4
tetramer) binding to 27-28 bp of DNA with 4 bp connections left between them. The histone-fold
pairs interact with the phosphate backbone of the DNA strand via hydrogen-bond interactions.
Additional octamer interaction with the DNA strand is afforded by the histone tails. For
instance, the basic N-term tails of both H3 and H2B pass through channels created by the minor
grooves of the negatively-charged DNA strand and serve to further stabilize the histonefold/DNA interactions. Additionally, the two basic H4 N-term tails interact with the acidic
region of the H2A-H2B dimer side chains from adjacent nucleosome core particles, implying a
significant role in chromatin condensation (Luger et al., 1997).

1.2 Histone Modification
Modification of histone proteins has a role in determining DNA accessibility, and consequently,
the level of transcription. Histone modification comes in two forms: covalent modification and
ATP-dependent modification (Sterner and Berger, 2000). ATP-dependent modifiers alter the
extent of DNA accessibility by using the energy of ATP hydrolysis to perform activities such as
“sliding” nucleosomes along DNA (Kassabov et al., 2003) and disrupting DNA/histone
interactions (Bruno et al., 2003). Covalent modifiers either add or remove chemical groups that
alter the charge characteristics of the histones. Certain covalent modifications serve to activate
DNA transcription by decreasing histone interaction with DNA, allowing greater access by
transcription factors. Other covalent modifications repress transcription by strengthening the
DNA/histone attraction (Campbell and Reece, 363-364). Additionally, modifications may act as
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markers for identification by proteins affecting chromatin transcription (Campbell and Reece,
363-364). Common covalent modifications include histone acetylation, methylation,
phosphorylation, and ubiquitination. These modifications are generally carried out by histonemodifying proteins. One such class of these proteins are the histone acetyltransferases (Sterner
and Berger, 2000).

Histone acetyltransferases, or HATs, are a class of histone-modifying protein that transfer an
acetyl group from acetyl CoA to histone N-term tail lysine residues. The added acetyl group
neutralizes the positively charged lysine, thus decreasing its affinity for negatively charged DNA
and acidic protein patches. This decrease in affinity “loosens” the chromatin structure and
allows for greater access by transcription factors (Robinson et al., 2008). HAT enzymes come in
two varieties: A-type and B-type. B-type HAT enzymes play a role in acetylating newly
synthesized free histones in the cytoplasm for transport into the nucleus. A-type HAT enzymes
reside within the nucleus of the cell and act to acetylate chromatin histones for transcriptional
regulation (Sterner and Berger, 2000). Histone acetylation is a reversible process where histone
deacetylases, or HDACs, remove lysine acetyl groups and positively regulate chromatin
condensation (Sadoul et al., 2007).

One group of evolutionarily related HAT enzymes is the MYST family, named for its founding
members: MOZ, Ybf2/Sas3, Sas2, and Tip60. The members of the MYST family are related
very closely by sequence and have similar acetyltransferase homology regions (Sterner and
Berger, 2000). These HAT regions are ~250 residues long and each contain a cysteine-rich,
zinc-binding domain as well as a N-term chromodomain. Through similar by sequence, the
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MYST family proteins have very different biological functions including positive regulation of
transcriptional silencing, formation of leukemic translocation products, and dosage compensation
(Marmorstein, 2001).

1.3 Drosophila DCC and Human MSL Complexes
In Drosophila, the Dosage Compensation Complex (DCC), or Male Specific Lethal (MSL)
complex, is a HAT enzyme complex required for dosage compensation of the X chromosome in
male flies. As in humans, the female sex of Drosophila flies is determined by the presence of
two X chromosomes per cell, while males contain one X and one Y chromosome in each of their
cells. The MSL complex helps equalize the expression of the X chromosome in both sexes by
upregulating X chromosome expression by a factor of two in male flies. It accomplishes this by
being synthesized near the X chromosome of male flies and subsequently acetylating H4K16.
This acetylation makes DNA more accessible and consequently equalizes transcription of the X
chromosome between the two sexes. The Drosophila MSL complex is comprised of 5 proteins:
MLE (maleless), MSL1, MSL2, MSL3, and the catalytic MYST family member, MOF (males
absent on the first, also called MYST1 or KAT8). The complex also contains two non-coding
RNAs: roX1 and roX2 (Rea, Xouri, and Akhtar, 2007).

The human Male Specific Lethal (hMSL) complex contains orthologs of the Drosophila MOF,
MSL1, MSL2, and MSL3 proteins and exhibits the same H4K16 specific acetylation. The
complex shows significant conservation across evolutionary time, although dosage compensation
in humans is accomplished through a different mechanism. Moreover, hMSL activity is not
limited to the X chromosome. In fact, the hMSL complex is responsible for the majority of
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H4K16 acetylation in humans . Knockdown of hMSL function using siRNA causes marked
decreases in the levels of H4K16 acetylation. Additionally, the loss of hMSL function has
adverse effects on DNA replication, DNA repair mechanisms, and global loss of H4K16
acetylation has been identified in association with tumorigenesis (Smith et al., 2005).

1.4 hMSL1v1 / hMOF complex
Although MOF is sufficient for acetylating free histones, in vitro biochemical studies have
shown that MOF alone is incapable of effectively acetylating H4K16 on the nucleosome. In
order to be catalytically active on the nucleosome, MOF needs to interact with the coiled-coil
domain containing MSL1 and the chromodomain containing MSL3 within the hMSL complex.
These interactions serve to increase the specificity of the complex for HAT activity on H4K16
(Li and Dou, 2010).

MOF is also capable of interacting with a homolog of MSL1 named MSL1v1, or NSL1 (Kadlec
et al., 2011). MSL1v1 and MSL1 are evolutionarily conserved homologs that share a N-term
coiled-coil domain and the C-term PEHE domain that interacts with MOF. MSL1v1 does not,
however, contain the C-term domain from MSL1 that interacts with MSL3. HAT assays show
that MSL1v1 is required and sufficient for H4K16 specific acetylation and that the levels of
acetylation are identical to those exhibited by the MSL complex (Li et al., 2009). Additionally,
the MSL1v1-MOF complex is capable of acetylating non-histone proteins (Mellert and
McMahon, 2009). For instance, the complex acetylates K120 of the p53 tumor suppressor gene
much more efficiently than the MOF protein alone (Li et al., 2009). A schematic representation
of the MSL1, MSL3, MOF and MSL1v1∆1 interactions is illustrated in Figure 1.2.
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Figure 1.2: Schematic representation of mouse MSL1, MSL3, MOF, and human MSL1v1
domains and interactions. CC, coiled coil domain; CD, chromo-barrel domain.
MRG; MORF4-related gene family domain (Adapted from Kadlec et al., 2011).

1.5 Polycistronic Expression Vector
The hMSL1v1-hMOF complex in my experimentation was expressed using the pST69
polycistronic expression system developed in the Tan lab. Polycistronic expression allows for
improved expression and isolation of recombinant protein complexes. The pST69 system
improves upon the first and second generation polycistronic expression vectors developed in the
Tan lab. The first generation vectors were based on a T7 expression system in E. coli that
allowed for modular incorporation of recombinant coding regions through subcloning. The
system used a single pETaTr transfer vector to subclone individual coding regions into a fourcassette pST39 expression vector (Tan, 2001). The second generation expression system
improves the modular design and provided for both N- and C-terminal affinity tags (Tan, Kern,
and Selleck, 2005). The pST69 polycistronic expression system tackles a disadvantage of the
first and second generation systems’ reliance on six base-pair restriction enzyme cutters for the
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subcloning by using rare-site restriction enzymes that recognize 7 or 8 base pair sequences
(personal communication, S. Tan). The use of the pST69 expression system improved the ease
and efficiency by which the recombinant protein complexes in my experiments were created.

1.6 Purpose of Thesis Project
The purpose of this project was to coexpress and copurify hMSL1v1 with hMOF and to show
that this complex was catalytically active by HAT assay. This work is part of efforts in our
laboratory to obtain detailed structural information of MOF complexes through X-ray
crystallography.
1.7 Acknowledgements
Progress on this project would not have been possible without significant contributions by
Zachary Hostetler, a fellow Schreyer Honors scholar. I would like to extend to my sincerest
gratitude to him for the role he played as a member of this team project. Experiments in this
thesis performed by Zachary are marked with an asterix (*).
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2. Materials and Methods
2.1 Basic Methods
2.1.1 Bacteriological Media
2.1.1.1 TYE Plates
TYE plates were used to grow up E. coli colonies after transformation. TYE plates were created
by mixing 1.0% bacto tryptone, 0.5% yeast extract, 0.8% NaCl, and 1.5% agar by weight and
adding water to 1 liter (for ~40 plates). The solution was then separated into two 500 ml aliquots
and autoclaved. Depending on application, 100 µg/ml Ampicillin and 50 µg/ml chloramphenicol
antibiotics were then added. Plates containing 25 ml of solution were then poured and allowed
to dry.

2.1.1.2 2xTY Media
Bacterial strains were inoculated into 2xTY media for optimal growth. 2xTY media was created
by mixing 1.6% bacto tryptone, 1.0% yeast extract, and 0.5% NaCl by weight and adding water
to 1 liter. Media was then autoclaved before use.

2.1.2 Competant E. coli Cell Strains
The following E. cole cell strains were used during experimentation:
TG1: supE thi-1 ∆(lac-proAB) ∆(mcrB-hsdSM)5 (r m) [F ́ traD36 proAB lacIZ∆M15].
BL21(DE3)pLysS: F–, ompT, hsdSB (rB–, mB–), dcm, gal, λ(DE3), pLysS, Cmr.
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BL21-CodonPlus (DE3)-RIL: B F–, ompT, hsdS (rB–, mB–), dcm+, Tetr gal 1 (DE3),
endA, Hte, [argU ileY leuW Camr]

2.2 DNA Subcloning
2.2.1 Processing of Custom Primers
Desalted and lyophilized primers were obtained from Integrated DNA Technologies. Primers
were diluted to a concentration of 10 µM and stored at -20ºC.

2.2.2 PCR Amplification
PCR amplification was used to amplify genes of interest from HeLa DNA. A PCR buffer of
68.5 µl water, 10 µl 10x Thermo Pol buffer, 10 µl 2.5 mM dNTP, 5 µl template DNA, 5 µl 10
µM forward primer, 10 µM reverse primer, and 0.5 µl 2 units/µl Pfu polymerase was mixed for a
total volume of 100 µl. The mixture was then placed in a thermocycler with the following
program: 2 minutes at 95ºC, followed by 5 cycles of (30 seconds at 95ºC, followed by 30
seconds at 5ºC below the melting temperature of the template DNA, then 30 seconds at 75ºC)
and 25 cycles of (30 seconds at 95ºC, followed by 30 seconds at 60ºC, then 30 seconds at 75ºC),
then 3 minutes at 75ºC, and a final hold at 4ºC. A 10 µl sample of the PCR product was then
mixed with 2µl 6 x GLB (0.25% (w/v) Bromophenol Blue, 0.25% (w/v) Xylene Cyanol, 30%
(v/v) glycerol, 60 mM EDTA) and run in 0.5 x TBE (Tris/Borate/EDTA) in a 1% (w/v) high
gelling temperature (HGT) agarose gel with 0.33 µg/ml ethidium bromide at 125V for 30-40
minutes. After electrophoresis, sample bands are viewable under a UV transluminator due to
ethidium bromide staining.
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2.2.3 Site-Directed PCR Mutagenesis
Site-directed PCR mutagenesis was used to induce specific, desired mutations in DNA sequences
for use in cloning and protein expression work. The method of site-directed mutagenesis used in
experimentation was based on the Stratagene QuikChange method. Specific PCR primer
oligonucleotides were designed and obtained though Integrated DNA Technologies. An
amplification mixture was created containing the following ingredients: 17.7 µl water, 2.5 µl 10x
Pfu buffer, 2.5 µl 2.5 mM dNTP, 0.5 µl 10 ng/µl template plasmid, 0.7 µl each of 10 µM
mutagenesis oligo 1 and 2, and 0.4 µl 2.5 units/µl PfuTurbo polymerase. The mixture was
placed in a thermocycler and run using the following program: 2 minutes at 95ºC followed by N
x (30 seconds at 95ºC, then 1 minute at 55ºC, then T minutes at 68ºC), with a final hold at 4ºC.
The number of cycles (N) was dependent upon the type of mutagenesis being performed: N=12
for point mutations, 16 for single amino acid changes, and 18 for multiple amino acid changes.
The annealing/extension temperature (T) equaled 1 minute for every kilobase of template
plasmid DNA. After thermocycling, 2 µl of the reaction mixture was placed in a sterile 1.5 ml
Eppendorf tube. To the remaining amplification mix, 0.5 µl of 20 units/µl DpnI was added and
the mixure was incubated at 37ºC for one hour. After incubation, 2 µl of each of the undigested
and DpnI digested amplification mixtures were transformed into competent TG1 cells and grown
at 37ºC overnight. The resultant undigested amplification mixture plates should have
considerably more colonies than the DpnI digested amplification mixture plate. Four to eight of
the colonies from the DpnI digested amplification mixture plate was then restreaked on a TYE +
Ampicillin plate and allowed to incubate at 37ºC for 10-16 hours. A 100 ml alkaline lysis
plasmid prep was then performed on the cells and the success of the mutagenesis was checked by
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sequencing.
2.2.4 Preparation of Insert / Vector DNA
Preparation of insert and vector DNA fragments both involved cutting the desired fragments
from the parent vectors, running the fragments on a 1% agarose gel, and separating the fragments
from agarose via centrifugation. The parent plasmids are first digested using two restriction
enzymes in the following digestion buffer: 19 µl water, 1 µl 1 µg/µl parent plasmid DNA
(different for insert and vector), 3 µl 10 x New England Biolabs buffer, 3 µl 1 mg/ml Bovine
Serum Albumin, 1 µl 100 mM Dithiothreitol, and 1.5 µl each of the two different restriction
enzymes. The digestion is performed for 2 hours in a 37ºC water bath. If the New England
Biolabs restriction enzyme buffers are not compatible with both restriction enzymes, digest with
one restriction enzyme first for 1 hour and then add the second restriction with the appropriate
amount of NaCl to ensure maximum endonuclease activity for the remaining hour. After the
digestion period, mix sample with 6 µl 6 x GLB (0.25% (w/v) Bromophenol Blue, 0.25% (w/v)
Xylene Cyanol, 30% (v/v) glycerol, 60 mM EDTA) and run in 0.5 x TBE (Tris/Borate/EDTA) in
a 1% (w/v) high gelling temperature (HGT) agarose gel with 0.33 µg/ml ethidium bromide at
125V for 30-40 minutes.

2.2.5 DNA Isolation by Gel Centrifugation
After insert and vector DNA were run on agarose gels, the gels were viewed over a UV
transluminator and the desired bands were excised using a razor blade. The bottom of a 0.5 ml
Eppendorf tube was punctured with a hot 25 guage needle and a small amount of siliconized
glass wool was placed inside. The excised gel pieces were then placed inside the 0.5 ml
Eppendorf tubes, and those tubes were placed inside labeled 1.5 ml Eppendorf tubes. The filter
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assemblies were then centrifuged in a microcentrifuge at 7000 rpm for 5 minutes. The 0.5 ml
Eppendorf tubes were discarded and 50-100 µl of each purified DNA fragment remained in each
of the 1.5 ml Eppendorf tubes.

2.2.6 Ligation
Ligation of the sticky-ended vector and insert DNA fragments allowed for the construction of a
plasmid capable of being translated in competent E. coli cells. Ligation mixtures were created
with 10 x T4 DNA ligase buffer, 100 mM Dithiothreitol, T4 DNA ligase, and the gel purified
vector and insert DNA according to the quantities listed in Appendix. Two mixtures were made,
A and B, the A mixture containing no insert DNA and acting as a negative control.

2.2.7 Transformation into 18ºC Competent E. coli Cells
Recombinant DNA plasmids were transformed into appropriate competent E. coli strains for
replication of the plasmid or protein expression. Aliquots (100 µl) of competent strains (TG1,
BL21(DE3)pLysS, or CodonPlus) that were stored at -80ºC were thawed on ice and 2 µl of
plasmid was added. The mixture then incubated on ice for 15-40 minutes. The cells were then
heat shocked by incubation in a 42ºC water bath for 30 seconds before being put back on ice to
cool. Following addition of 500 µl of 2xTY media to the cells, they were transferred to a 37ºC
shaking incubator for 15-40 minutes. A sample containing 300 µl of the mixture was then plated
on TYE + Ampicillin plates and placed in a 37º incubator for 10-18 hours.
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2.2.8 PCR Screening of Colonies
Colonies from each plate were transferred to aliquots of 100 µl water in 0.5 ml Eppendorf tubes
by picking up a single colony with a sterile inoculating loop and swirling the loop in the water.
The loop was then restreaked on a fresh TYE + Ampicillin plate divided into four quadrants.
This should be performed for 4-16 colonies per plate. The samples were then vortexed for 3
seconds and 1 µl from each sample was added to 19 µl of a PCR mixture prepared according to
the recipes provided in Appendix. If possible, forward and reverse primers were chosen to
provide PCR products that span across both vector and insert sections of the plasmid. I
incubated the restreaked plates at 37ºC for 10-18 hours and placed the samples in a thermocycler
with the following program: 95ºC for two minutes, then 25 cycles of (95ºC for thirty seconds,
then Tm – 10ºC for 30 seconds, followed by 75ºC for length of expected PCR product in
kilobases x 60 seconds) with a final hold temperature of 4ºC, where Tm represents the melting
temperature of the expected PCR product. After thermocycling, 3 µl of 6 x GLB (0.25% (w/v)
Bromophenol Blue, 0.25% (w/v) Xylene Cyanol, 30% (v/v) glycerol, 60 mM EDTA) was added
to each PCR screening product and run on a HGT 1% agarose gel with .33 µg/ml ethidium
bromide. The gel was then viewed on a UV transluminator and 2 positive clones were chosen
for further characterization.

2.2.9 100 ml Alkaline Lysis Plasmid Preparation
In a 500 ml Erlenmeyer flask, 100 ml of cells were grown up in 2xTY media + Ampicillin for
10-20 hours, depending on the bacterial strain being used. After growth, the cells were spun
down at room temperature for 5 minutes at 4,000 rpm (4,204 g) (Heraeus rotor #7570 G). The
supernatant was then poured off from the pelleted cells and the pellet was resuspended in 5 ml
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cold LYSIS buffer (50 mM glucose, 25 mM Tris-Cl pH 8.0, 10 mM EDTA, Na) and transferred
to a 50 ml Falcon tube. 10 ml NaOH/SDS (0.2 M NaOH, 1% SDS (w/v)) was added to break
open spheroplasts and solubilize the nucleic acids. The resuspended pellet was then shaken
vigorously five times, or until mixture was without clumps, and incubated on ice for 5 minutes.
10 ml of cold 5 M KAc/2.5 M HAc was then added to precipitate chromosomal DNA, and again
mixture was shaken vigorously five times and incubated on ice for 5 minutes. The mixture was
centrifuged at room temperature for 3 minutes at 4,000 rpm (4,204 g) (Heraeus rotor #7570 G)
and then filtered through a sinctured glass funnel into a 50 ml round-bottomed polypropylene
tube. Addition of 12.5 ml isopropanol precipitated nucleic acids from the supernatant and the
mixture was incubated for 5 minutes at room temperature. The capped tube was then spun at
20ºC for 5 minutes at 13,000 rpm (16,060 g) (Sorvall SS-34). After discarding the supernatant,
0.5 mL 70% ethanol was added to resuspend the pellet and transfer it to a 1.5 ml Eppendorf tube.
The pellet was then spun down for an additional 30 seconds in a microcentrifuge at 13,300 rpm
and remaining supernatant was aspirated off. Following removal of the supernatant, the pellet
was resuspended in 0.15 TE(10,50). To break up RNA in the mixture, 1.5 µl of 10 mg/ml RNase
A was added to the mixture before incubating it at 37ºC for 15 minutes.

After digesting the RNA, each plasmid solution was extracted twice with 0.15 ml 1:1
phenol/CIA. After phenol/CIA was added, the mixture was vortexed for 15 seconds before being
centrifuged at 13,300 rpm in a microcentrifuge. The aqueous layer was then transferred to a new
1.5 ml Eppendorf tube for further extraction. A final extraction with 0.5 ml CIA was performed
and centrifuged in the same manner as above.

15

One Sephacryl S400 HR spun column was created for each plasmid to remove extraneous RNA
and protein fragments. They were prepared by placing the top half of a 1.5 ml Eppendorf tube
into a 5 ml polypropylene tube and stuffing siliconized glass wool into the bottom of a Gilson
blue pipette tip. The Gilson blue pipette tip was then placed inside the 1.5 ml Eppendorf tube top
and was filled with Sephacryl S400 HR resin equilibrated in TE(10, 0.1). The columns were
then spun at 20ºC for 5 minutes at 2000 rpm (1,050 g) (Heraeus rotor #7570 G). The resultant
liquid in the 50 ml polypropylene tube was discarded and the column was reassembled.

The aqueous layers of the 0.5 ml CIA extractions from each plasmid prep wer pipetted onto
separate Sephacryl S400 HR spun columns and the columns were spun at 20ºC for 5 minutes at
2000 rpm (1,050 g) (Heraeus rotor #7570 G). The final desired plasmids eluted in TE(10,0.1)
buffer and were stored in labeled 1.5 ml Eppendorf tubes at -20ºC.

2.2.10 Restriction Mapping of DNA Plasmid
Restriction mapping was performed on each plasmid following plasmid preparation to provide
strong evidence that the plasmid is the desired product. Restriction enzymes for each plasmid
were chosen to ensure that the desired insert was subcloned into the desired vector. To do this, it
was generally ideal to choose two separate pairs of restriction enzymes where one restriction
enzyme from each pair cut once inside the insert and the other from each pair cut once in the
vector. Doing so decreased the ambiguity of the fragment sizes being observed.

Once appropriate restriction enzymes were chosen, a digestion was run to obtain the digested
plasmid fragment sizes. A digestion mixture of 5.5 µl water, 1 µl New England Biolabs buffer, 1
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µl 1 mg/ml BSA, 0.5 µl 100 mM Dithiothreitol, 0.5 µl of each of the selected restriction enzymes
was created and incubated at 37ºC for 1 hour. Each digestion mixture was mixed with 2 µl 6 x
GLB (0.25% (w/v) Bromophenol Blue, 0.25% (w/v) Xylene Cyanol, 30% (v/v) glycerol, 60 mM
EDTA) and run on a 1% HGT agarose gel with .33 µg/ml ethidium bromide for 40 minutes at
125 V. Resultant bands were visible on a UV transluminator due to ethidium bromide staining.

2.2.11 Quantification of Plasmid DNA and Submission for Sequencing
Plasmid DNA samples were diluted with TE(10, 0.1) to give a A260 reading between 0.1 and 1.0
and a final volume of 800 µl. The spectrophotometer was then blanked using fresh TE(10, 0.1).
The sample was then recorded from 320 to 220 nm to ensure a proper peak at around 260 nm.
Absorption of the sample was then recorded at 320, 280, and 260 nm. A calculation of adjusted
A260 (A260 – A320) was then made and the concentration of the DNA was determined using the
appropriate extinction coefficient.

Submission of DNA samples for sequencing was made to the Nucleic Acid Facility at the Huck
Institutes of the Life Sciences at the Pennsylvania State University.

2.3 Expression and Purification of hMSL1v1∆1/STRHISNhMOF and
hMSL1v1∆1/HisTrxNhMOF
2.3.1 Small-Scale 100 ml Protein Expression
Small-scale protein expression was conducted to test for the overexpression of the protein(s) of
interest incorporated into E. coli through subcloning and transformation of transformation
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plasmids. The recombinant plasmids were transformed into either BL21(DE3)pLysS or
CodonPlus(DE3) competent E. coli strains and incubated at 37ºC for 12-16 hours. Cells were
grown on TYE + Ampicillin + Chloramphenicol plates to ensure no contaminant strains were
able to grow along side experimental colonies. Two flasks of 100 ml 2xTY + 50 µg/ml
Ampicillin + 25 µg/ml Chloramphenicol were inoculated with three colonies each and placed in
a 37ºC shaking incubator to grow.

After 3 hours of growth, or until media became cloudy, the OD600 of each sample was taken. If
the OD600 of the denser culture was between 0.05 and 0.15 blanked against 2xTY, that culture
was moved to a 28ºC incubator and both cultures were allowed to continue to grow. The OD600
of both cultures was checked regularly until the absorbance of each culture was between 0.5 and
0.9 blanked against 2xTY. A 250 µl sample was taken from each of the cultures and they were
then induced with 100 µl 0.2 M Isopropyl-β-D-thio-galactoside (IPTG) to activate the T7 lac
operon. The 250 µl samples were spun at 13,300 rpm for 1 minute in a microcentrifuge to pellet
cells. The supernatant was aspirated off and the pellet was resuspended in 50 µl PGLB (0.5 M
Bis-Tris pH 6.8, 20% (v/v) glycerol, 10% (w/v) SDS, 5 M 2-mercaptoethanol, 0.4 mg/ml
bromophenol blue). The samples were then placed in boiling water for 2 minutes to prevent
proteolysis.

Hourly, 125 µl samples were taken from each culture for up to 4 hours, with a 6 hour time point
taken if possible. As before, samples were spun at 13,300 rpm for 1 minute in a microcentrifuge
and pelleted cells were resuspended in 50 µl PGLB for analysis by SDS-PAGE. Samples were
also placed in boiling water for 2 minutes. Additionally, at the 3-hour time point, 50 ml of each
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culture was placed into 50 ml Falcon tubes and centrifuged at room temperature for 10 minutes
at 4,000 rpm (4,204 g) (Heraeus rotor #7570 G). Supernatant was discarded and the pellets were
resuspended in 10 ml P300-EDTA (50 mM sodium phosphate pH 7.0, 300 mM sodium chloride,
1 mM benzamidine, 5 mM 2- mercaptoethanol) for solubility and small-scale batch purification
testing. This sample was flash frozen in liquid nitrogen and stored at -20ºC.

Because some proteins express with better solubility at lower temperatures (Niiranen et al.,
2007), small-scale 100 ml expressions were also carried out at 23ºC and 18ºC. The initial steps
of the expression are the same, except that the flasks are incubated at 21ºC as opposed to 37ºC.
Additionally, the denser culture is transferred to the 18ºC incubator with an OD600 between 0.3
and 0.4, blanked against 2xTY. The incubator of the less dense culture is then set to 23ºC. Both
cultures were induced with OD600 readings between 0.4 and 0.7 blanked against 2xTY. Time
points for SDS-PAGE analysis were taken every 2 hours for up to 12 hours and the 50 ml sample
for solubility testing and small-scale batch purification was taken at the 8-hour time point. An
additional time point was also taken after allowing the cells to grow overnight (20+ hours). Each
time point was spun down, resuspended, and placed in boiling water for 2 minutes just as in the
37ºC and 28ºC expression. The 50 ml sample was also flash frozen in liquid nitrogen and stored
at -20ºC.

All time point samples were run on 18% SDS-PAGE gels and stained with Coomassie Blue.

2.3.2 Solubility Test
After small-scale 100 ml expression, the solubility of expressed proteins was tested by
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performing a solubility test. The 50 ml samples from the small-scale expressions were thawed
and placed in 50 ml glass beakers. The samples were then sonicated twice at 40% power, 50%
cycle for 10 seconds. After soncication, 25 µl of each sample was taken and mixed with 25µl
PGLB. A 0.5 ml sample from each sonicated product was taken and spun at room temperature
for 5 minutes at 13,300 rpm in a microcentrifuge. The supernatant was transferred to a new
Eppendorf tube and the sample was spun for an additional 30 seconds before aspirating off any
remaining supernatant. The pellet was then resuspended in 0.5 ml P300-EDTA and a 25 µl
sample from each of the supernatant and resuspended pellet Eppendorf tubes were mixed with 25
µl PGLB in new Eppendorf tubes. The samples and the remainder of the sonicated extract were
stored in the cold room (4ºC) for later use. Samples of the whole cell extract, pellet, and
supernatant from each of the small-scale 100 ml expressions were run on a 18% SDS-PAGE gel
and stained with Coomassie Blue.

2.3.3 Small-Scale Talon Metal Affinity Chromatography Purification
Because both hMSL1v1∆1/hMOF complexes contained hexahistidine tags, I was able to purify
them via small-scale Talon metal affinity chromatography. Four 1.3 ml samples from the
remainder of each sonicated extract from the solubility test were placed in four new Eppendorf
tubes and spun at 13,300 rpm for 3 minutes at room temperature. To prepare for SDS-PAGE
analysis, 25 µl of supernatant from one of the tubes was mixed with 25 µl of PGLB.

Talon Superflow resin was resuspended in storage liquid by several inversions of the bottle to
create a smooth slurry. A 1 ml (~50% suspension) quantity of resin was transferred to a 15 ml
Falcon tube and 10 ml of water was added to the tube. The contents of the tube were mixed by
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inversion several times and spun at 1800 rpm (700 g) (Heraeus rotor #7570 G) for 2 minutes at
room temperature. The washed Talon resin supernatant was discarded and the supernatant from
the spun-down sonicated extract was added to the tube. The tube was then incubated for 20
minutes at room temperature on a rotator to constantly mix the contents. After incubating, the
tube was spun at room temperature for 5 minutes at 1800 rpm (700 g) (Heraeus rotor #7570 G) to
sediment resin. The supernatant was transferred to another 15 ml Falcon tube labeled “Talon
Flow Through” for later SDS-PAGE analysis and 10 ml P300-EDTA was added to the resin.
Again the tube was mixed by inversion several times and spun at 1800 rpm (700 g) (Heraeus
rotor #7570 G) for 5 minutes at room temperature to sediment resin. The supernatant was
transferred to a 15 ml Falcon tube labeled “Wash A” and an additional 10 ml of P300-EDTA was
added to the tube. The tube was spun at 1800 rpm (700 g) (Heraeus rotor #7570 G) for 5
minutes at room temperature to sediment resin once more and the supernatant was transferred to
a 15 ml Falcon tube labeled “Wash B.”

The sedimented resin was resuspended in 3 ml P300-EDTA and transferred to disposable
BioRad BioSpin column clamped to a retort stand. The flow through was collected in a 15 ml
Falcon tube labeled “Wash C.” The column was then positioned over 6 open Eppendorf tubes
labeled Fr 1 through Fr 6. To the top of the column, I added 1 ml P300-EDTA + 100 mM
Immidizole to elute the tagged protein off of the resin. Immidizole binds to the Talon resin just
as the hexahistidine tag does and thus competes off the tagged proteins. Replacing the P300EDTA + 100 mM Immidizole as needed to prevent the column from going dry, ~0.5 ml fractions
were collected in each of the 6 Eppendorf tubes. The fractions and Talon Flow Through were
prepared for SDS-PAGE analysis by mixing 25 µl samples of each with 25 µl PGLB. These
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samples were then run on 18% SDS-PAGE gels and stained with Coomassie Blue. Washes A
through C were stored at 4ºC for later testing if little or no protein was found in the fractions.
The fractions were then resuspended in 20% (v/v) Glycerol and stored at -20ºC.

2.3.4 Western Blotting
To test that the hMOF subunit was being successfully expressed and purified via small-scale
Talon metal affinity chromatography, a Western Blot was performed using anti-HIS antibodies.
Fractions from the small-scale Talon metal affinity chromatography were run on an 18% SDSPAGE gel which was removed and equilibrated for 5 minutes in 30 ml Western Transfer Buffer
(25 mM Tris, 192 mM glycine, pH 8.3). A nitrocellulose membrane was cut to the size of the
gel and prewet in the same Western Transfer Buffer. In a tray of blot buffer, the blotting
assembly was constructed by placing the following elements in order from the negative to the
positive electrode: Fiber pad, 1 10 cm x 8 cm piece of blotting paper, Western Transfer Bufferequilibrated gel, 1 Amersham Hybond ECL nitrocellulose membrane prewet in Western Transfer
Buffer, 1 10 cm x 8 cm piece of blotting paper, fiber pad. The assembly was then transferred to
the blotting apparatus and a stir bar and Bio-Ice cooling unit were added to the apparatus. The
blot was run overnight at 30 V, 90 mA in the cold room (4ºC) with constant stirring.

After blotting, the nitrocellulose membrane was placed in 30 ml 1xTBS (0.25 M Tris, 1.5 M
NaCl, pH 8.0) for 2-5 minutes to equilibrate the membrane. The membrane was then transferred
to a dish containing 50 ml Preincubation buffer (2% nonfat dry milk (w/v), 1xTBS) and allowed
to mix on a rocker for 30 minutes. The preincubation buffer blocked non-specific binding
proteins with milk proteins. The membrane was then washed twice in 50 ml 1xTTBS (1xTBS,
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0.05% Tween 20) for 5 minutes each to remove remaining preincubation buffer. After washing,
the membrane is transferred to a plastic pouch and 5 ml of 1xTTBS (1xTBS, 0.05% Tween 20)
containing Mouse Anti-His (GenScript) at 1:10000 dilution is added. The membrane is then
incubated on a rocker for 1 hour. After incubation the membrane is washed three times for 5
minutes each in fresh 50 ml 1xTTBS (1xTBS, 0.05% Tween 20). The Goat HRP-linked AntiMouse IgG Antibodies (Santa Cruz) is diluted to appropriate concentration in 30 ml (1:10,000
dilution, 3 µl antibody stock + 30 ml 1xTTBS) 1xTTBS (1xTBS, 0.05% Tween 20) and the
membrane is incubated in the mix for 1 hour on a rocker. The membrane is once again washed
three times for 5 minutes each in fresh 50 ml 1xTTBS (1xTBS, 0.05% Tween 20). A mixture of
1.5 ml ECL detection solution 1 (0.1 M Tris-Cl, 4.4 mM luminal, 4.3 mM PIP pH 9.35) and 1.5
ml ECL detection mixture 2 (0.1 M Tris-Cl, 0.012% H2O2, pH 9.35) are applied to the protein
side of the membrane and it is allowed to incubate for 1 minute. The membrane is then wrapped
in Saranwrap and exposed to film in a darkroom.

2.3.5 Large-Scale Expression at 28ºC
A large-scale expression was performed to generate enough of the desired protein complex
material for further experimentation. The pST69-STRaHISNhMOFx2-hMSL1v1∆1x1 plasmid
was transformed into CodonPlus competent cells, plated on TYE + Ampicillin +
Chloramphenicol plates, and incubated overnight at 37ºC. Two separate 500 ml flasks of 100 ml
2xTY + 50 µg/ml Ampicillin + 25 µg/ml Chloramphenicol were inoculated with three colonies
from the transformation plate; one at 2 p.m. and one at 6 p.m. Both were incubated overnight at
21ºC and 220 rpm. When one of the flasks has an OD600 between 0.1 and 1.0 blanked against
2xTY, 24 flasks of 500 ml 2xTY each with 0.5 ml 50 µg/ml Ampicillin and 0.5 ml 25 µg/ml
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Chloramphenicol, were inoculated with 3 ml of culture. The flasks were then incubated at 37ºC
until the OD600 of the culture was between 0.05 and 0.15 blanked against 2xTY. Once
absorbance was in this range, the incubator was set at 28ºC and the cultures were allowed to
grow at the expression temperature.

When the OD600 of the cultures was between 0.6 and 1.0 blanked against 2xTY, a 250 µl sample
from one of the flasks was taken and each flask was induced with 0.5 ml Isopropyl-β-D-thiogalactoside (IPTG). The sample was spun down at 13,300 rpm in a microcentrifuge, the
supernatant was aspirated off, and the pellet was resuspended in 50 µl PGLB. Given the results
of the small-scale 100 ml expression, the cultures were incubated for 3 hours before harvesting.
Eight 125 µl samples from flasks #: 3, 6, 9, 12, 15, 18, 21, and 24 were prepared for SDS-PAGE
analysis by spinning them down at 13,300 rpm in a microcentrifuge, aspirating off supernatant,
and resuspending in 50 µg PGLB. All samples prepared for SDS-PAGE analysis were then
placed in boiling water for 2 minutes to inhibit protease activity. The samples were then run on a
18% SDS-PAGE gel and stained with Coomassie Blue.

Three hours after induction, the cell cultures were harvested by centrifuging them in 500 ml
polypropylene centrifugation bottles at 7000 rpm (8,381 g) (Sorvall SLA-3000 rotor) and 20ºC.
The pelleted cells were then resuspended in 300 ml P300-EDTA and split evenly between two
250 ml Nalgene polypropylene bottles. The bottles were flash frozen in liquid nitrogen and
stored at -20ºC.
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2.3.6 Preparation of Crude Extract
In order to purify protein from large-scale expressions, crude cell extract must be prepared. The
frozen cells are thawed in a 30ºC water bath and poured into 4x40 mL batches in 100 mL
beakers. The cells are then sonicated at 50% maximum power, 50% duty for 10 seconds (0.5
seconds on, 0.5 seconds off) )Branson Digital Sonifier #S-450D). The samples are cooled on ice
before sonicating each two more times.

The sonicated mixture was then transferred to four 50 mL polypropylene centrifugation tubes
and spun at 18,000 rpm (39,121 g) for 20 minutes at 4ºC (Sorvall SS-34 rotor). Samples of
whole cell extract, supernatant, and resuspended pellet were taken and analyzed by SDS-PAGE
with Coomassie Blue staining. The supernatant was then poured into a clean 250 mL flask and
stored at 4ºC for later use.

2.3.7 Experimental Purification of hMSL1v1∆1/STRHISNhMOF from 28ºC
Large-Scale Expression
After preparation of crude extract, ~150 ml of supernatant remained to be purified. The ~150
mL sample was loaded onto a 20 mL Talon column equilibrated with P300-EDTA (50 mM
sodium phosphate pH 7.0, 300 mM sodium chloride, 1mM benzamidine, 5mM 2mercaptoethanol) at 4ºC. Bound proteins were eluted off of the column by consecutively adding
10 mM, 15 mM, and 100 mM Immidizole + P300-EDTA. Fractions were collected and analyzed
by SDS-PAGE with Coomassie Blue staining. Fractions containing desired sample were pooled
and dialyzed overnight against H100 buffer (5 mM HEPES pH 7.5, 100 mM NaCl, 10 mM 2mercaptoethanol).
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The dyalized sample was then loaded onto a Source S1 cation exchange chromatography column
equilibrated in H100 buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 10 mM 2-mercaptoethanol).
The bound sample was eluted by using an increasing salt gradient that gradually added from 0%
to 100% H500 (10 mM HEPES pH 7.5, 500 mM NaCl, 10 mM 2-mercaptoethanol). The elution
fractions were then analyzed by SDS-PAGE electrophoresis with Coomassie Blue staining.

2.4 Histone Acetyltransferase Assay
Expressions of hMSL1v1∆1/STRHISNhMOF at 18ºC and 23ºC were normalized against
STRHISNhMOF expressed at 37ºC on a Coomassie Blue stained SDS-PAGE gel. The hMOF
protein acted as a baseline control for HAT activity. Expression samples were diluted 5 fold
with P300-EDTA. A reaction mixture containing 6 µl 5x HAT buffer (250 mM Tris-Cl pH 8.0,
25% glycerol (v/v), 0.5 mM EDTA, 250 mM KCl, and 62.5 µl/ml PSC-protector solution
(Roche)), 1mM Dithiothreitol, 10 mM sodium butyrate, 1mM Pefabloc SC (Roche), 1µg chicken
core histones, and 0.125 µCi tritiated acetyl-CoA. The reaction mixture was incubated at 30ºC
for 30 minutes. After incubation, the reaction was stopped by placing the reaction mixture on
ice. Reaction samples (15µl) were taken and pipetted onto halved P81 phosphocellulose filters
(Whatman) and allowed to air-dry. The filters were then washed four times with 50 mL 1x wash
buffer (50 mM NahCO3-NaCO3, pH ~9.2), rinsed with 50 ml acetone, and air-dried. Dried filters
were then placed into 4 ml scintillation fluid (ScintiSafe Econo F, FisherChemical) in
scintillation vials. A scintillation counter then analyzed each vial for one minute
(Sermwittaayawong, 2006) and outputted CPM (counts per minute) data.
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3. Results
The results section will begin with an explanation of the cloning scheme and the features of the
genes used to create the desired protein subunits of the hMSL1v1 complexes. Next, the results
from the expression of the hMSL1v1 complexes will be presented, followed by the results of
purification of the complexes on a small scale via Talon metal affinity chromatography. An
overview of the histone acetyltransferase assay results will then be presented, concluding with
the results of large-scale purification of the complexes.

3.1 Cloning of hMSL1v1∆1/STRHISNhMOF and hMSL1v1∆1/HisTrxNhMOF
A flow chart of the subcloning steps involved with creation of coexpression plasmids for the
hMSL1v1∆1/STRHISN (Strept peptide - hexahistine - TEV protease site) hMOF and
hMSL1v1∆1/HisTrxN (hexahistine - thioredoxin - TEV protease site) hMOF are presented in
Figures 3.1 and 3.2, respectively. The hMSL1v1∆1/STRHISNhMOF and
hMSL1v1∆1/HisTrxNhMOF are both hMSL1v1-hMOF complexes but with different affinity
tags on the hMOF subunit. Both expression constructs were created to compare the expression
efficiency using the two affinity tags. The hMOF and hMSL1v1 genes were PCR amplified
from HeLa DNA and incorporated into pWM529, a high copy number cloning vector (Mandecki
et al., 1990), via restriction endonuclease digesion and sticky-ended ligation. After PCR
amplification, mutations were found to have occurred in each of the protein genes. The
hMSL1v1∆1 gene that amplified had a cytosine to thymine point mutation that caused a P1010L
amino acid change, although this observed difference may reflect allelic differences due to the
different lines of HeLa cells available. Additionally, the hMOF gene that amplified had a point
deletion within the codon for K25, shifting the reading frame of the gene. To reflect these
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mutations, the coding regions for these mutated proteins were designated hMSL1v1∆1x1 and
hMOFx1 where the x1 indicates the sequence changes. The point deletion in hMOFx1 was
subsequently remedied by PCR mutagenesis, adding the missing base and creating an internal
HinfI restriction site. The resultant gene was named hMOFx2. Details of each complex can be
found in Table 3.1.

hMSL1v1∆1 gene is a truncation of the wild-type hMSL1v1 gene. The wild-type protein
contains 1105 amino acids, of which 800-1105 are contained within the hMSL1v1∆1 truncated
protein. This truncation deletes the majority of the protein’s N-terminus, including the coiledcoil domain, but includes the PEHE domain that interacts with MOF. This deletion rendered the
hMSL1v1∆1-hMOF inactive on p53, but nucleosomal H4K16 acetylation was unaffected (Li et
al., 2009). The use of this truncation in the hMSL1v1∆1/STRHISNhMOF is significant in that
the hMSL1v1∆1x1 complex remained catalytically active on nucleosomal H4 N-term tails.

Zachary Hostetler and I incorporated N-terminal affinity tags into the hMOF proteins of each
hMSL1v1/hMOF complex. The streptavidin hexahistidine (STRHIS) or hexahistidine
thioredoxin (HisTrx) tags allow the protein complexes to be purified by metal affinity
chromatography through the hexahistidine sequence. The affinity tags are also removable using
the site-specific TEV (Tobacco Etch Virus) protease.
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Table 3.1: hMSL1v1 complex v01 tagged on hMOF details
Name

Subunits

pI

MW (Da)

STRHISNhMOF

9.46

54 146.5

hMSL1v1∆1x1

7.19

33 697.9

hMSL1v1∆1/STRHISNhMOF

HisTrxNhMOF

8.91

64 287.3

hMSL1v1∆1/HisTrxNhMOF
hMSL1v1∆1x1

7.19

33 697.9
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Figure 3.1: Flow-chart of hMSL1v1∆1/STRHISNhMOF Cloning Work*

Note: Asterix (*) indicates work performed by Zachary Hostetler.
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Figure 3.2: Flow-chart of hMSL1v1∆1/HisTrxNhMOF Cloning Work

*

*

*

*

*

Note: Asterix (*) indicates work performed by Zachary Hostetler.
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3.2 Small-Scale Expression of hMSL1v1∆1/STRHISNhMOF and
hMSL1v1∆1/HisTrxNhMOF Complexes
Initial expression trials of the hMSL1v1/STRHISNhMOF and hMSL1v1/HisTrxNhMOF protein
complexes were performed at 37ºC and 23ºC in BL21(DE3)pLysS competent E. coli cells.
Expression of the subunits was evident, but not stoichiometric, as the MOF protein
(STRHISNhMOF: 54 kDa, HisTrxNhMOF: 64 kDa) appeared to express at higher levels than
the hMSL1v1∆1 protein (34 kDa).
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Figure 3.3: Small-scale expression of hMSL1v1∆1/STRHISNhMOF at 37ºC and 23ºC in
BL21(DE3)pLysS cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.

Figure 3.4: Small-scale expression of hMSL1v1∆1/HisTrxNhMOF at 37ºC and 23ºC in
BL21(DE3)pLysS cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.
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An additional expression trial was conducted at 37ºC and 28ºC in CodonPlus(DE3) cells. The
CodonPlus(DE3) cells express rarer E. coli tRNA genes that allow better expression of genes
from organisms with different codon biases compared to E. coli. Expression of
hMSL1v1∆1/HisTrxNhMOF and hMSL1v1∆1/STRHISNhMOF at 37ºC and 28ºC showed
evidence of each of the complex proteins, but once again, the expression did not appear to be
stoichiometric. Very weak bands for the hMSL1v1 protein were observed in each of the
complexes and these bands appear to be migrating at a higher position than is expected (~40 kDa
as opposed to 33.7 kDa). Small-scale expressions were also run at 21ºC and 18ºC showing
similar results as the higher-temperature expressions (data not shown).

3.3 Small-scale Batch Purifications of hMSL1v1∆1/STRHISNhMOF and
hMSL1v1∆1/HisTrxNhMOF using Talon Metal Affinity Chromatography
After small-scale expression, the hMSL1v1∆1/HisTrxNhMOF and
hMSL1v1∆1/STRHISNhMOF were purified via Talon metal affinity chromatography. These
small-scale purifications isolate the protein complexes based on their hexahistidine (HIS) affinity
tags. The first purification was for hMSL1v1∆1/STRHISNhMOF expressed at 37ºC and 28ºC in
BL21(DE3)pLysS cells.
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Figure 3.5: Small-scale batch purification of hMSL1v1∆1/STRHISNhMOF at 37ºC and 23ºC in
BL21(DE3)pLysS cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.

Although the stoichiometry of the subunits of partially purified complex were closer to equal
than what was observed in the small scale expression experiment, more of the STRHISN tagged
hMOF protein appears to be present.

Because BL21(DE3)pLysS cells do not contain the rare E. coli tRNA genes found in
CodonPlus(DE3) cells, it was hoped that expression in CodonPlus(DE3) cells would allow better
translation of the human complex proteins.
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Figure 3.6: Small-scale batch purification of hMSL1v1∆1/STRHISNhMOF at 37ºC and 28ºC in
CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.

Figure 3.7: Small-scale batch purification of hMSL1v1∆1/HisTrxNhMOF at 37ºC and 28ºC in
CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.
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Figure 3.8: Solubility test of hMSL1v1∆1/STRHISNhMOF and hMSL1v1∆1/HisTrxNhMOF at
28ºC in CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L
amino acid change.
Small-scale purification by Talon metal affinity chromatography of proteins expressed in
CodonPlus(DE3) cells did show better stoichiometry and purity than did the proteins expressed
in BL21(DE3)pLysS. Both complexes expressed best at 28ºC with the hMOF bands migrating at
the expected sizes: 54 kDa and 64 kDa for hMSL1v1∆1/STRHISNhMOF and
hMSL1v1∆1/HisTrxNhMOF, respectively. The hMSL1v1 protein, however, migrates slower
than expected for its molecular weight. Additionally, the unknown band migrating near
hMSL1v1 was observed in both of the complex purifications. Both complexes showed
significant levels of insolubility, indicated by the strong hMSL1v1 and hMOF bands located in
the pellet lane of the solubility test. By comparing the intensity of hMSL1v1 and hMOF bands
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between the pellet and supernatant lanes, it was estimated that the hMSL1v1∆1/STRHISNhMOF
complex proteins were ~80% insoluble. The lack of strong bands in the
hMSL1v1∆1/HisTrxNhMOF pellet lane is most likely attributable to poor resuspension of the
pellet before SDS-PAGE analysis rather than good solubility, as the whole cell extract lane has
strong bands that are not observed in the supernatant or flow through lanes.

Because hMSL1v1∆1/STRHISNhMOF and hMSL1v1∆1/HisTrxNhMOF expressed and purified
better at 28ºC than at 37ºC, I surmised that the complex would show greater solubility at lower
temperatures (Niiranen et al., 2007). Therefore, I performed additional expression experiments
at 23ºC and 18ºC, followed by Talon metal affinity chromatography.
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Figure 3.9: Small-scale batch purification of hMSL1v1∆1/STRHISNhMOF at 23ºC in
CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.

Figure 3.10: Small-scale batch purification of hMSL1v1∆1/HisTrxNhMOF at 23ºC in
CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.
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Figure 3.11: Small-scale batch purification of hMSL1v1∆1/STRHISNhMOF at 18ºC in
CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.

Figure 3.12: Small-scale batch purification of hMSL1v1∆1/HisTrxNhMOF at 18ºC in
CodonPlus(DE3) cells. The x1 from hMSL1v1∆1x1 signifies a P1010L amino acid
change.
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Although complex proteins were observed to express at both 23ºC and 18ºC, the expression was
not as strong as it was at 28ºC for either of the complexes. Additionally, solubility of the
proteins was as poor or worse for both of the complexes at the lower temperatures. The
stoichiometry of the two subunits was approximately equal although the intensity of the bands,
especially at 18ºC, was very weak.

3.4 Western Blot analysis of tagged hMOF subunits from hMSL1v1 complex v01
using anti-HIS antibodies
To validate the identity of the hMOF protein in the hMSL1v1/hMOF complexes, Western
blotting using anti-HIS antibodies was performed. The metal affinity fraction 3 samples from
the 28ºC small-scale batch purifications of the hMSL1v1∆1/HisTrxNhMOF and
hMSL1v1∆1/STRHISNhMOF complexes were analyzed. A range of dilutions for Western Blot
molecular weight markers were used to ensure that maximum resolution was observed upon
exposure to film.
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Figure 3.13: Western blot analysis of tagged hMOF subunits using anti-HIS antibodies and
various molecular weight marker dilutions.
Each of the complex protein bands migrated according to the expected molecular weight and
therefore positively identified the hMOF protein in the expressed complexes.

3.5 Purification of STRaHISNhMOF and HisTrxNhMOF for use in histone
acetyltransferase assay
To compare the HAT activity of the hMSL1v1 complex v01 with the hMOF protein on its own,
two tagged versions of hMOF were purified from small-scale expressions conducted by Zach
Hostetler. The proteins were expressed in CodonPlus(DE3) cells at 37ºC and purified by Talon
metal affinity chromatography.
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Figure 3.14: Small-scale batch purification of STRHISNhMOF at 37ºC in CodonPlus(DE3)
cells.

Figure 3.15: Small-scale batch purification of HisTrxNhMOF at 37ºC in CodonPlus(DE3) cells.

43

Both tagged hMOF proteins migrated at the correct sizes and had good expression at 37ºC, but
were largely (~90%) insoluble. Although little soluble protein was purified, enough material
was recovered for a histone acetyltransferase (HAT) assay.

3.6 Histone acetyltransferase assay comparing catalytic activity of
hMSL1v1∆1/STRHISNhMOF to hMOF
In order to test whether the hMSL1v1∆1/STRHISNhMOF is catalytically active on free histones
and the nucleosome, a histone acetyltransferase (HAT) assay was performed. The HAT assay
was performed by Jiehuan Huang, a graduate student in the Tan lab. Jiehuan performed the HAT
assay because I had no experience working with radioactive materials. The results of the HAT
assay are provided in Figure 3.16. The proteins used in the assay were from the 18ºC and 23ºC
expressions of hMSL1v1∆1/STRHISNhMOF, and the 37ºC expression of STRHISNhMOF. The
proteins were normalized by diluting the hMSL1v1∆1/STRHISNhMOF expressed at 23ºC 1:2.5
based on the SDS-PAGE gel band intensity for each of the samples’ hMOF protein.
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Figure 3.16: Histone acetyltransferase assay of hMSL1v1∆1/STRHISNhMOF expressed at 18ºC
and 23ºC and hMOF expressed at 37ºC.

Though this preliminary HAT assay, it was shown that the hMSL1v1∆1/STRHISNhMOF
reconstitutes in vivo within E. coli and has HAT activity on both free histones and the
nucleosome. The hMSL1v1∆1/STRHISNhMOF expressed at 18ºC apparently has much greater
catalytic activity on both free histones and the nucleosome than the same complex expressed at
23ºC, which was more similar to the activity of the hMOF on its own.

3.7 Large-Scale Purification of hMSL1v1∆1/STRHISNhMOF
After successful small-scale purification by Talon metal affinity chromatography and apparent
catalytic activity on nucleosomal histones, I decided to perform a (6 L) large-scale expression
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and purification to obtain material for future experiments. The hMSL1v1∆1/STRHISNhMOF
complex expressed at 28ºC was chosen for large-scale expression and purification due to better
purity and solubility observed during small-scale purification in comparison to the
hMSL1v1∆1/HisTrxNhMOF complex.

After large-scale expression and crude extract preparation, the first purification step was
performed via low pressure chromatography using Talon metal affinity chromatography.

Figure 3.17: Large-scale Talon metal affinity purification of hMSL1v1∆1/STRHISNhMOF.
Purification of the desired hMSL1v1∆1/STRHISNhMOF complex proteins was successful given
the molecular weight bands observed, although the proteins were very (~90%) insoluble.
Stoichiometry was once again uneven with STRHISNhMOF expressing better than hMSL1v1∆1.
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Light contaminant bands were also observed, the most visible band migrating at ~30 kDa.
Fractions 22-31 were pooled and saved for further purification.

The next purification step was performed via high pressure (high performance) liquid
chromatography using a Source S cation exchange column.
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Wash

Figure 3.18: Analytical Source S cation exchange chromatography purification of
hMSL1v1∆1/STRHISNhMOF. (A) Elution profile of hMSL1v1∆1/STRHISNhMOF from
Source S column represented by A280. (B) SDS-PAGE analysis of selected elutant fractions.
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Elutant fractions from Source S cation exchange chromatography showed improved purification
of the hMSL1v1∆1/STRHISNhMOF complex proteins. Faint contaminant bands were still
observed, however, the most notable migrating at ~30 kDa. The fractions from the main peak
showed the greatest purity and fractions 12-15 were pooled for further purification. Strong
bands in the NaOH wash may represent proteins lost due to aggregation on the column.
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4. Discussion
4.1 Small-scale Expression and Purification of hMSL1v1∆1/STRHISNhMOF and
hMSL1v1∆1/HisTrxNhMOF
The hMSL1v1∆1/STRHISNhMOF and hMSL1v1∆1/HisTrxNhMOF complexes were both
expressed successfully in E. coli via small-scale expression, and purified by small-scale batch
purification using Talon metal affinity chromatography. Expressions were performed at 18º, 23º,
28º, and 37ºC. The 28ºC expression providing the best results in terms of protein expression,
solubility, and purification.

The hMSL1v1 band in each of the purified complexes was accompanied by a band with
seemingly similar stoichiometry that co-purified and migrated at ~43 kDa. This same artifact
was later identified as a very faint band in the small-scale batch purifications of STRHISNhMOF
and HisTrxNhMOF, which were devoid of the hMSL1v1 protein. Therefore, it was presumed
that the band at ~43 kDa represented a common contaminant. I believe this contaminant is the E.
coli translation factor EF-Tu, a 43.2 kDa contaminant that had been previously identified by
MALDI mass spectrometry in previous experiments in the Tan lab (Barrios et al., 2007).

Although the proteins of hMSL1v1 complex v01 were sufficiently purified for enzymatic
activity, additional purification steps need to be performed to adequately purify the complex for
crystallization trials. This need is clearly evident in the presence of contaminant bands following
small-scale batch purification by Talon affinity chromatography.
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4.2 Histone Acetyltransferase Assay Results
A preliminary HAT assay was performed to test whether the hMSL1v1∆1/STRHISNhMOF
complex was catalytically active on free histones and the nucleosome. The complex expressed at
18ºC or 23ºC were compared with the hMOF protein alone. In each case, the MOF protein was
present as a STRHISN tagged fusion. The results showed that the hMSL1v1∆1/STRHISNhMOF
expressed at 18°C was able to acetylate both free histones and the nucleosome more efficiently
than the hMOF protein alone. The hMSL1v1∆1/STRHISNhMOF expressed at 23°C was able to
acetylate free histones slightly better than hMOF alone, but did not acetylate nucleosomes any
better than hMOF alone.

The results of this histone acetyltransferase assay suggest that a catalytically active
hMSL1v1∆1/STRHISNhMOF can be expressed and reconstituted in vivo within E. coli. These
results should be interpreted cautiously since the absolute counts for all samples were relatively
small. Additional experiments using more purified hMOF protein or complexes and/or
optimizing the HAT assay itself may provide more convincing results.

4.3 Large-Scale Expression and Purification of hMSL1v1∆1/STRHISNhMOF
Following the results obtained from small-scale expression and purification, a (6 L) large-scale
expression was performed at 28ºC using CodonPlus(DE3) competent cells. The expressed
proteins were then purified via low pressure chromatography using a Talon metal affinity
column followed by high pressure (high performance) chromatography using a Source S cation
exchange column.
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Similar to the small-scale expressions and purifications of hMSL1v1∆1/STRHISNhMOF, the
complex was very (~90%) insoluble. In addition to low solubility, some material was lost during
Source S cation exchange chromatography as the protein presumably aggregated on the column
and eluted in the NaOH wash peak. The material requires additional purification as contaminant
bands were observed in pooled fractions using SDS-PAGE with Coomassie Blue staining.

4.4 Troubleshooting
The protein constructs used were optimized based on experiments performed by my colleagues
and me. The first step was incorporation of N-term fusion tags onto the hMOF protein. Initial
expression trials of the hMSL1v1/hMOF complex used N-term tagged hMSL1v1 and untagged
hMOF. Small-scale expressions of hMSL1v1∆1/STRHISNhMOF showed medium to high
expression of the tagged hMSL1v1 protein, but little or no expression of hMOF. Additionally,
hMOF showed little or no expression when expressed alone. Song Tan and Zachary Hostetler
then noticed that the 5’ end of the hMOF coding region was relatively GC-rich, potentially
creating RNA secondary structures that might inhibit proper expression. To remedy this
problem, STRHIS and HisTrx N-term tags were incorporated onto the hMOF protein, preventing
deleterious RNA secondary structures from forming at the 3’ end of the translated region. This
approach proved appropriate because subsequent expressions with tagged hMOF showed
drastically improved expression of the protein.

Secondly, switching from BL21(DE3)pLysS competent cells to CodonPlus(DE3) cells was
necessary for the E. coli cells to effectively express the two versions of the human hMSL1v1
complex v01. The CodonPlus(DE3) competent cells contain extra copies of tRNA genes (argU,
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ileY, and leuW) that are rare in E. coli but not in the organisms from which the overexpressed
gene originated from. These genes encode tRNAs that recognize the AGA/AGG codons for
argnine, the AUA codon for isoleucine, and the CUA codon for leucine. The ability to recognize
the AGA and AGG codons for arginine was of particular importance to us as these codons are
commonly used in humans, but not in E. coli. The cells consequently are valuable when
performing experiments using heterologous expression (Rosano and Ceccarelli, 2009). Initial
use of BL21(DE3)pLysS competent cells lead to greater expression of the hMOF protein than the
hMSL1v1 protein. The use of CodonPlus(DE3) cells in my experimentas allowed greater
expression of the hMSL1v1∆1/STRHISNhMOF and hMSL1v1∆1/HisTrxNhMOF proteins while
improving the stoichiometry of those proteins.

4.5 Future Experiments
The work completed in this thesis opens up avenues for the further study of the hMSL1v1/hMOF
complex. The major next challenge will be to optimize the expression and purification of the
complex proteins to increase solubility and overall expression levels. The catalytic activity of
the purified complex needs to be investigated more thoroughly, and the HAT activity on
nucleosome substrates confirmed. If the hMSL1v1/hMOF complex can be purified in sufficient
quantities, crystallization trials should be attempted for structure determination of the complex
by X-ray crystallography.
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Appendix

Sticky-ended Ligation Mixtures:

PCR Screening Reaction Mixtures (for 20 µl reactions):

(S. Tan Protocols, 1995)
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