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ABSTRACT

Every cellular action from growth and division to differentiation and specialization occurs within
a complex web of gene regulation and control. The pattern of genes turned on and off in any cell is in part
determined by post-translational modifications of chromatin in nucleus of that particular cell. These
modifications take on many forms and are catalyzed by special proteins generally classified as chromatin
modifying enzymes. One family of these enzymes is the Polycomb Repressive Complex 1 (PRC1), which
is involved in gene silencing. Among its important functions, Polycomb Repressive Complexes share a
common ubiquitin ligase core which catalyzes histone ubiquitylation. Although the crystal structure of the
human PRC1 ubiquitylation module consisting of the E2 ubiquitin conjugating enzyme, UbcH5c, in
complex with the PRC1 E3 ubiquitin ligase proteins, Bmi1 and Ring1B, was recently solved, we had no
structural information for how PRC1 proteins, or any other chromatin-modifying enzymes, recognize
their nucleosomal targets. I have characterized the PRC1 ubiquitylation module in complex with its
nucleosome substrate using fluorescent catalytic and binding studies as well as X-ray crystallography.
This crystal structure is the first visualization of a chromatin enzyme in action and shows how a
multisubunit enzyme can recognize the complex topology of the nucleosome. This structure also provides
insights into how the structurally and functionally related tumor suppressor protein BRCA1 may function
in the nucleus. Like Ring1B and Bmi1, BRCA1 and its binding partner BARD1 are RING-type E3 ligases
that form a ubiquitylation module with UbcH5c to ubiquitylate the nucleosome. My biochemical
characterization of this module was confounded by in vitro instability of the BARD1/BRCA1/UbcH5c
E2-E3 trimer. However, by leveraging our PRC1 structure and two recent structures of ubiquitylation
enzymes, I have determined how ubiquitin plays a pivotal role to enable the BRCA1 ubiquitylation
module to bind to the nucleosome. Together, these studies provide new insight into the mechanism of
BRCA1 and Ring1B-mediated nucleosome ubiquitylation implicated in cancer cell proliferation and stem
cell self-regeneration.
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Chapter 1
Introduction

1.1 Gene Regulation and Chromatin

The human body is made up of over two hundred different types of cells1. Normal
physiology requires that this differentiation be initiated in utero and maintained during the
course of a lifetime through complex patterns of cellular interaction and gene regulation. Both of
these areas are the bases for human pathologies including developmental disorders, diabetes, and
many cancers and consequently have been the subject of intense scientific investigation.
The cell has evolved diverse mechanisms to regulate gene activity. Some of these
mechanisms include well-characterized control points during transcription and translation such
as transcription factors, mRNA processing and degradation pathways, and translational
inhibitors. Further, once a protein is produced, its activity can be modulated through posttranslational modification or interactions with binding partners. Even with the potential
complexity arising from combinations and intersections of these regulatory pathways, these
mechanisms do not completely explain gene expression patterns. Genetics experiments during
the 1930s and 40s suggested there are regulatory mechanisms outside of these fundamental
controls and the DNA nucleotide sequence2,3. In 1950, Stedman and Stedman recognized that all
cells contained the same genetic information and were the first to hypothesize that special DNAbinding proteins called histones were involved in gene regulation2,4,5.
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Although the Stedmans’ theory was incomplete, they correctly proposed that histones are
integral components of some major mechanisms of gene regulation. Since then, studies have
built upon the Stedmans’ work and established that epigenetic regulation actually involves a
series of complex, interconnected pathways that modify our genome chemically and spatially at
the levels of nucleosome positioning, chromatin remodeling, and histone and DNA modification.
This thesis focuses on how these pathways intersect to modify chromatin, the intricate histone
protein-DNA complex that packages our genome inside the nucleus of every cell2,6,7. The
effectors of this type of control are known as chromatin-modifying and remodeling enzymes.
These proteins direct or catalyze the repression or activation of specific genes by interacting with
and modifying the repeating unit of chromatin, the nucleosome.

1.2 The Nucleosome

Our genome consists of over 3 million base pairs of double stranded DNA. This entire
length, approximately 6 feet of DNA, presents a spatial organization problem because it must fit
inside the nucleus, which is 10µm in diameter. Our cells overcome this issue by winding DNA
around histone proteins into a nucleosome, the molecular equivalent of a thread spool.
Nucleosomes then pack together into chromatin, which condenses to form each of our 46
chromosomes (Fig 1).
The canonical nucleosome core particle (NCP), the chromatin unit, is composed of four
histone proteins, H2A, H2B, H3, and H4, which interact to form a cylindrical octamer that spools
approximately 145-147 bp of DNA8. This unit repeats along the length of the genome, spaced
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Figure 1 Mechanism of DNA packaging into chromosomes
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apart by unspooled linker DNA. Under electron microscopy, a polynucleosome chain in the
chromatin fiber resembles “beads on a string.”
For much of the 20th century, the theory that histones non-specifically coated DNA
prevailed9. Though scientists identified and isolated the four canonical histone proteins and
histone H1, early biochemical characterization was unsuccessful because the histone proteins
seemed to nonspecifically interact with each other and DNA when combined in vitro. Using
novel, non-denaturing isolation techniques, van der Westhuyzen and von Holt resolved that
histones were paired: H2A with H2B and H3 with H410. A year later in 1974, Roger Kornberg
and Jean Thomas determined that, in solution, H3 and H4 form a tetramer and H2A and H2B
oligomerize11.
Around the same time, a series of nuclease digestion experiments on chromatin isolates
deduced that half of the DNA in the nucleus was organized into 100-200 bp segments12,13.
Further examination of chromatin with electron microscopy revealed the “beads on a string”
organization of the chromatin fiber14–16. This idea that chromatin had a defined organization
pattern was further supported by the 1973 and 1974 discoveries of histone interactions and
organization by von Holt, Thomas, and Kornberg. Kornberg went on to propose that these
pairings exist in chromatin as an octamer that serves to package approximately 200bp of DNA
into repeating units along the genome17.
As evidence mounted in support of Roger Kornberg’s theory, Eickbush and
Moudrianakis discovered that the histone octamer exists as a tetramer of (H3-H4)2 and two
(H2A-H2B) dimers at physiologic salt concentrations, and the octamer only forms at high ionic
strength10. While others were trying to build upon this knowledge and solve the structure of the
octamer, Richmond et al published the first low resolution structure of the nucleosome at 7 Å
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revealing how DNA wraps around and makes contacts with the histone octamer in 198418. A
year later, Moudrianakis et al published the first high-resolution structure of the octamer19.
However, due to complications of the higher atom base crystallographic phase determination, the
structure was unfortunately incorrect.
Arents et al solved the correct structure of the octamer in 199120. This structure revealed
that each histone interacts with its partner to form a heterodimer through a “handshake motif”
now called the histone fold. In this motif, each individual histone folds into two short helices
linked to one long, middle helix by two unstructured linkers. These individual histones lie across
each other and interact in a “handshake” by extensive hydrophobic interactions. At high ionic
strength, two flattened-ball-shaped H2A-H2B dimers and a V-shaped H3-H4 tetramer form the
cylindrical higher order octamer structure by further hydrophobic interactions21. Because of the
nature of this interaction and importance of histones in gene regulation and normal cellular
function, the protein sequence has been widely conserved by negative phylogenetic selection.
In 1997, Luger et al solved the first crystal structure of the nucleosome core particle in
1997 at 2.8Å, providing clearer insight into how the histone proteins interact with the DNA
double helix22. This structure contains the same octameric quaternary structure of the histones
and further shows that the histone fold motif is required for histone-DNA interactions. The
packaged DNA also stabilizes the octamer folding at physiologic ionic strength. Further, this
study was the first to recognize the importance of an acidic patch presented by the side chains of
several residues of the histone H2A/H2B dimer (E56, E61, E64, D90, E91, E92 on H2A and
E110 on H2B). In their paper, Luger et al describe this negative charge surface as a binding site
for the N-terminal tail of histone H4 and the yeast gene silencing protein Sir3. The significance
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of this topology has recently been expanded. It is now clear that this acidic patch is critical for
nucleosome recognition by several gene regulatory proteins.
A higher resolution structure solved to 1.9 Å by Davey et al was subsequently published
in 2002 and included the first visualization of previously unstructured histone amino- and
carboxy-terminal tails23. These tails are biologically important because they are modified through
epigenetic pathways. Histone H1 is not included in either structure although it is involved in
stabilizing the unspooled DNA that spans two NCPs in higher order chromatin structures.
Both the Luger and Davey structures revealed important information about nucleosome
DNA length and positioning. Both structures used 146- or 147 bp DNA palindromic sequences
derived from the human alpha satellite centromeric repeat22,23. Based on these structures and

24

Figure 2 First nucleosome structure at 2.8 Å
First structure of the nucleosome solved to 2.8 Å by Luger et al in 1997 with the acidic patch
highlighted22.
* All figures of X-ray or NMR protein structures and molecular models in this thesis were
prepared using PyMol Molecular Graphics System24.
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subsequent DNA positioning free energy studies performed on synthetic, random DNA
molecules, scientists have been able to determine rules for nucleosome positioning on the
genome25. Nucleosome positioning of DNA requires the double helix to bend a total of 600o
(1.65 turns of the nucleosome) over roughly 150 bp8,23,26. Therefore, nucleosome positioning is
largely based on the ability of DNA to bend around the core octamer out of the energetically
stable superhelix. This “bendability” is dependent on AT-richness at positions where the
nucleosome requires DNA to bend. This is partly because TA base steps are the most flexible of
any dinucleotide step for several reasons. First, TA base steps have the lowest stacking and
deformation free energies of any other base step27. This prevents one bent or rigid conformation
from being markedly more stable than another. Additionally, thymine residues have a spatially
bulky methyl group that protrudes into the major groove space. DNA around this particular step
bends with less energetic cost because of the steric clash of exocyclic groups on adenine and
neighboring bases with by this thymine methyl. Thus, these TA base steps are less rigid and are
positioned around the nucleosome at points where DNA is forced to bend, regions that Davey et
al describe as “pressure points”23. DNA positions so that the minor groove of TA face the
octamer, allowing DNA to bend into the NCP conformation and make stabilizing interactions
with the octamer without incurring significant energetic penalties.
In the more complex environment of the genome, with the exception of poly A:T or poly
G:C regions that strongly resist nucleosome occupancy due to structural stiffness, the impacts of
DNA sequence exist within the larger context of ATP-dependent chromatin-remodeling
complexes and the RNA pol-II preinitation complex that work to control accessibility for
transcription28.
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1.3 Modification of the Nucleosome Core Particle and Effects on Gene Regulation
The packaging of DNA into nucleosomes and chromatin complicates transcription. If
DNA were stored in the nucleus in a wound-up tangle, RNA polymerase could not access it to
produce mRNAs, and the cell would die. Therefore, there must be a mechanism that allows
chromatin to unwind and become accessible to the transcription machinery. Similarly, once a
particular gene product is no longer needed, that region of chromatin should be repackaged and
incapable of being transcribed. Chromatin-modifying enzymes are responsible for this
regulation. They catalyze post-translational modification of histone proteins to switch the local
chromatin state between heterochromatin (compacted and silenced) and euchromatin (relaxed
and active). Our understanding of the actual mechanics of chromatin-modifying enzymes
remains confounded by a lack of structural information about how these enzymes interact with
their nucleosome targets.
However, because of recent advances following the historic discoveries described in
Section 1.2, our knowledge of the role of chromatin and histone modification has expanded
dramatically. Studies have discovered several key post-translational modifications involved in
gene regulation: acetylation, phosphorylation, methylation, ubiquitylation, poly-ADPribosylation, and sumoylation. Such modification of the histone tails that project outside of the
cylindrical shape of the nucleosome could alter the overall structure and compaction of
chromatin. We now know that these marks are not only independently sufficient for switching
chromatin states but also serve as docking sites for downstream regulators. It is also clear that
most of these modifications are dynamic and can be readily transferred to and removed from
their targets. Recent advances in genome-wide association studies, ChIP-seq, and other
bioinformatic techniques have allowed scientists to begin to unravel the complex regulatory
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language created by this dynamic behavior and combinatorial diversity of histone marks.
Although there is much we do not understand, there are some clear mechanisms and effects of
each major modification: acetylation, phosphorylation, methylation, and ubiquitylation.
Sumolyation appears to function similarly to ubiquitylation and is correlated with gene
repression but is still not well understood. ADP-ribosylation is arguably the least understood
modification and appears to be associated with relaxed chromatin states and DNA damage repair.

1.3.1 Histone Acetylation
Chemically, histone acetylation is catalyzed by Histone Acetyltransferases (HATs),
which transfer an acetyl group from an acetyl-CoA cofactor to the -NH3 group of lysine side
chains. This modification neutralizes lysine’s positive charge. Because this modification
predominantly affects histone tails, biologically, histone acetylation weakens the interactions
between DNA and the histones and promotes gene activation. Conversely, histone deacetylation
stabilizes chromatin and is correlated with gene repression. HATs and HDACs are often found
within larger regulatory complexes that determine substrate specificity and catalytic activity and
are often not able to act alone29. Aberrant gene regulation resulting from issues of histone
acetylation and deacetylation has recently been implicated in cancer and HIV biology30.

1.3.2 Histone Phosphorylation
Histone phosphorylation is similar to acetylation in that it is dynamic and takes place
mainly on N-terminal histone tails. Kinases and phosphatases catalyze the phosphorylation and
hydrolysis of phosphate groups on serine, threonine, and tyrosine residues. The phosphate group
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imparts significant negative charge to the side chain and likely repels the negatively charged
DNA backbone. Regardless, unlike acetylation, clear roles of histone phosphorylation remain
unknown. However, this modification is believed to be important for cell division and death and
DNA damage repair29,31.

1.3.3 Histone Methylation
Histone methylation is the third major class of chromatin modification and involves the
transfer of a methyl group from a S-adenosylmethionine cofactor to either a lysine or arginine
side chain. Methylation is more complex than acetylation or phosphorylation because it can exist
as mono- or dimethyl chains on arginine residues or up to trimethyl chains on lysine residues.
This variability as well as the substrate specificity is dictated by the particular histone
methyltransferase (HMT)29. Histone methylation is one of the most well understood chromatin
modifications and has been implicated in crosstalk between the other modifications as well as a
variety of cellular functions including HOX gene regulation, X chromosome silencing, and fat
cell differentiation and metabolism32–34.

1.4 Ubiquitylation as a Mechanism of Epigenetic Regulation
Unlike acetylation, phosphorylation or methylation, ubiquitylation involves the ligation
of ubiquitin, a 76 amino acid protein, to Lys119 on the C-terminal tail of histone H2A. Alone,
this epigenetic mark is ambiguous and can be paired with others to repress or activate
transcription. Among some of its known roles, ubiquitylation of histones alters higher order
chromatin structure to loosen DNA from the core octamer and allow access by transcription
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machinery such as during cellular development. Ubiquitylation marks also serve as docking sites
for transcriptional repressors. In other cases, a ubiquitylation mark can serve as a docking site for
transcriptional repressors29. For example, monoubiquitylation of H2A lysine 119 is important for
HOX gene regulation and also creates a docking site for secondary gene activators like DnaJ
homolog subfamily C member 2, also known as DNAJC2 and ZRF135
Generally, ubiquitylation is catalyzed by a cascade of ubiquitin-activating E1, ubiquitinconjugating E2, and ubiquitin-ligating E3 enzymes. An E1 first generates an activated, ubiquitin
adenylate through ATP hydrolysis. The E1 then transfers this ubiquitin intermediate to a cysteine
side chain in the E2 active site via a transthioesterification reaction. With the help of one or more
E3 enzymes, the C-terminus of ubiquitin is finally covalently ligated to the 
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the target

lysine side chain on the substrate.
The final step of the ubiquitylation cascade occurs through one of two mechanisms
depending on the ligation domain of the E3 protein. HECT (Homologous to the E6-AP Carboxyl
Terminus) domain-containing E3s catalyze a transthioesterification between the E2 active
cysteine and a cysteine in their active site, and subsequently, ligate ubiquitin to the target protein.
In contrast, RING (Really Interesting New Gene) domain-containing E3s never covalently
possess ubiquitin but rather guide direct ligation of ubiquitin from the E2 cysteine to the target
lysine.
Despite the modification size differences, ubiquitylation is a dynamic modification like
acetylation, phosphorylation, and methylation, and like methylation, a substrate can be mono- or
polyubiquitylated. In all cases, ubiquitylation begins with ligation to a lysine side chain of the
target protein by one of the mechanisms previously discussed. Successive ubiquitylation can then
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form chains on different and alternating lysine side chains of the previous ubiquitin (K6, K11,
K29, K48, K63 etc.).

Figure 3 General mechanism of ubiquitylation by RING-type E3 ligases

In the cell, the degree and type of ubiquitylation is functional. Polyubiquitylation on K48
always marks a protein for proteolysis by the 26S proteasome36. K63-linked polyubiquitin chains
are involved in intracellular targeting and transportation of vesicles, inflammation, and other
tasks36,37. Other types of polyubiquitylation including branched chains and monoubiquitylation
are much less well understood38,39.
Much of the substrate specificity of the ubiquitin ligation cascade is believed to be
derived from the E3 enzyme interactions with the target protein. This is reflected in the diversity
of E3’s and relative scarcity of E2’s in humans (there are more than 600 E3’s compared to
roughly 40 E2’s in the human genome)40. Although many HECT-type E3 ubiquitin ligases
function as monomers to receive ubiquitin from an E2 and modify a target protein, evidence now
indicates that many E3’s form E2n:E3n multisubunit complexes. These modular complexes take
advantage of combinatorial diversity to allow a single E3 to toggle between substrates or poly-
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and monoubiquitylation of the same substrate40. For example, BRCA1, an E3 ubiquitin ligase,
partners with different E2 ubiquitin-conjugating enzymes to control its own ubiquitylation state.
BRCA1/UbcH6 complexes catalyze monoubiquitylation whereas BRCA1/UbcH5c complexes
polyubiquitylate41. Additionally, the SCF and the Anaphase Promoting Complex, APC/C, form a
cullin RING-type ligase that cycles through different E2-E3 module compositions to target
different cell cycle regulators such as cyclins and CDKs for ubiquitylation and degradation
during mitosis40. Despite this diversity of assembly and function, E3 ligases are expected to
make all of the contacts with the substrate, and E2 ubiquitin-conjugating enzymes are not known
to play any role in substrate recognition.

Figure 4 Lysine residues presented by the nucleosome
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In the context of the nucleosome, achieving site-specific ubiquitylation becomes even
more complicated. The nucleosome presents over 40 other potential lysine targets that could be
ubiquitylated. It is not yet clear how an E2-E3 ubiquitylation module can target a particular
nucleosome lysine residue and control the degree of ubiquitylation.

1.5 Recognition of the Nucleosome by Gene Regulatory Proteins
Gene regulation by chromatin factors occurs at multiple and diverse levels. At the highest
levels, chromatin factor production and activity can be transcriptionally, translationally, or posttranslationally controlled. Chromatin factors may also be conditionally transported into the
nucleus. Once in the nucleus, chromatin compaction controls accessibility of a particular region
of the genome to a regulatory factor. Finally, nucleosome positioning or the presence/absence of
histone modifications may affect a chromatin factor’s ability to recognize and function at a
particular genomic locus.
Assuming a gene regulatory chromatin factor has gained access to a particular genomic
region, there are several ways the factor could interact with the nucleosome core particle. The
protein could interact with the nucleosomal DNA, histone octamer surface, histone tails, or a
combination of these three. Recent structural studies provide insight into how a few chromatin
factors recognize the nucleosome and suggest a motif that may be broadly conserved.
Over the past decade, four major crystal structures of proteins bound to the nucleosome
core particle have been determined. In 2006, Barbera et al soaked Kaposi’s sarcoma-associated
herpes virus latency-associated nuclear antigen (KSAHV LANA) peptide into crystals containing
the nucleosome core particle42,43. The resulting 2.9 Å structure showed how the LANA peptide
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lays across the histone octamer disc face to form a stable hairpin structure that inserts into the
H2A-H2B acidic patch. This docking serves as a tether to anchor the KSAHV viral genome to
human chromosomes during mitosis. The 23 amino acid LANA peptide contains an arginine
residue at position 9 that directly interacts with E61, D90, and D92 on histone H2A that form
part of the acidic patch.
Four years later in 2010, a team from our laboratory led by Dr. Ravindra Makde solved
the 2.9 Å structure of RCC1 (Regulator of Chromosome Condensation 1) bound to the
nucleosome core particle44. RCC1 is a guanine exchange factor that plays a critical role in
nuclear transport and cell division by establishing a Ran-GTP gradient in the nucleus. Makde’s
crystal structure showed how RCC1 interacts with both nucleosomal DNA and the acidic patch.
Interestingly, RCC1 docks to the nucleosome with an almost identical arginine anchor motif as
the LANA peptide.
One year later, Armache et al crystallized a complex of the yeast silent information
regulator protein Sir3 bound to the nucleosome45. Sir3 works to organize chromatin at telomeres
into a repressed state. Among many important findings presented by this work, the Sir3 BAH
domain’s binding apparently stabilizes the intrinsically unstructured H4 tail and provides
mechanistic insight into how Sir3 functions in yeast particularly in the context of previously
characterized histone modifications. The structure also revealed that Sir3 binds the nucleosome
through the same arginine anchor motif and E61, D90, D92 cavity observed in the LANA- and
RCC1-NCP structures.
In 2013, the crystal structure of CENP-C, a centromere protein, bound to the nucleosome
revealed how a chromatin factor can bind to a variant histone in the context of the NCP46. CENPC uses two arginine anchors. One such arginine inserts into the now familiar E61, D90, D92
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Figure 5 Structures of nucleosome-bound peptides and proteins
Various angles of each structure of nucleosome-bound proteins and proteins currently solved.
The last panel for each structure highlights the arginine anchor motif used by each protein or
peptide for nucleosome recognition. A-C) Regulator of Chromatin Condensation 1 bound to the
nucleosome, PDB: 3MVD. D-F) Silent information regulator protein 3 BAH domain bound to
the nucleosome, PDB: 3TU4. G-I) Kaposi’s sarcoma-associated herpes virus latency-associated
nuclear antigen bound to the nucleosome core particle, PDB: 1ZLA. J-L) CENP-C bound to the
nucleosome, PDB: 4X23.
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pocket presented by H2A, and the second makes further contacts with H2A E61 and E64.
These structures together suggest that this arginine anchor motif may be present in many
nucleosome-binding proteins and is critical for cellular function and nucleosome recognition by
chromatin factors. Also, these results point to different mechanisms in which a protein can bind
to other nucleosome features and topology including DNA.

1.6 Polycomb Group Gene Regulatory Proteins
Initially identified in Drosophila, Polycomb Group (PcG) gene regulatory proteins are
evolutionarily conserved transcription repressor complexes that catalyze chemical modification
and structural remodeling of chromatin. One of these complexes, Polycomb Repressive Complex
1 (PRC1), epigenetically silences genes through ubiquitylation and has been implicated in a
variety of human pathologies including cancer and developmental disorders47–49. Previously
thought to be a single complex, it is now clear that PRC1 is modular, each complex within this
set having a distinct function and gene target50,51. Despite this complexity, all PRC1 complexes
share a common, heterodimeric RING-type E3 ubiquitin-ligase core. A minimal PRC1
ubiquitylation module containing the E3 domains Ring1B and Bmi1 has been recently shown to
interact with the E2 UbcH5c to ubiquitylate Lys119 on histone H2A in vitro specifically in the
context of the nucleosome52.

1.6.1 Bmi1
Bmi1, or B cell-specific Moloney murine leukemia virus integration site 1 protein, is a Polycomb
Group RING domain protein. The full-length gene in humans encodes a 326 amino acid, 37kDa
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protein. The functional domain of Bmi1 is an approximately E3 ubiquitin-ligating N-terminal
RING finger domain that associates with Ring1B in the cell to catalyze ubiquitylation.
Bmi1 has been implicated in a variety of cellular functions and corresponding diseases. In
particular, Bmi1 is believed to be involved in regulation of p53 and other cell cycle regulators
and has been linked to diverse cancers as a proto-oncogene. Recent studies suggest Bmi1 may be
involved in the initiation and persistence of cancers and is a new target for gene therapy53. Other
data suggest Bmi1 is also important for stem cell self-renewal54. As a heterodimer with Ring1B,
Bmi1 catalyzes ubiquitylation of histone H2A in vivo. H2A K119 ubiquitylation by Bmi1 and
Ring1B has been linked to Hox gene silencing and embryonic development55.

Figure 6 Illustrated map of the full-length PRC1 ubiquitylation module proteins

1.6.2 Ring1B
Really Interesting New Gene 1B, or Ring1B (also known as RNF2), is another Polycomb
Group family member. The human gene encodes a 336 amino acid protein. This full-length
protein also contains a RING finger domain involved in ubiquitylation. Ring1B has several
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known binding partners in the cell including Bmi1, Ring1 and YY1 Binding Protein (RYBP),
and Chromobox Protein Homolog 8 (CBX8).
Ring1B, like Bmi1, is involved in epigenetic regulation in metazoans through its
ubiquitylation function. Additionally, Ring1B has been implicated in cell proliferation,
embryonic gastrulation, and Hox gene repression56–58.
Ring1B, like Bmi1, pairs with an E2 ubiquitin-conjugating enzyme to provide substratespecificity for the ubiquitin ligation reaction. The E3 ubiquitin-ligating RING finger domains of
Ring1B and Bmi1 associate as an E3 heterodimer in the cell to orient the E2 active site over the
target lysine side chain and catalyze mono and polyubiquitylation.

1.6.3 UbcH5c
UbcH5c, also known as UBE2D3, is a ubiquitin-conjugating enzyme in humans. The
human gene encodes a 17 kDa protein. Due to the nature of the ubiquitylation cascade, in
humans, UbcH5c may have many binding partners in the cell. There are only about 40 total E2
enzymes encoded by the human genome and several hundred E3s. As a result, UbcH5c has been
implicated in many cellular processes.
UbcH5c accepts adenylated ubiquitin from an E1 ubiquitin-activating enzyme and
transiently docks with one or more E3 enzymes to transfer ubiquitin to the substrate either
directly or indirectly when paired with a RING-type or HECT-type E3. UbcH5c is involved in
ubiquitylation for gene regulation, often when paired with Polycomb Group E3 proteins, and for
protein degradation by the proteasome.
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1.6.4 Bmi1-Ring1B-UbcH5c Complex
In 2011, Bentley et al published a 2.65Å crystal structure of the PRC1 ubiquitylation
module59 and described several key biochemical findings. Bentley and colleauges determined
that the module requires the nucleosome for ubiquitylation activity, and that the module was
inactive on the histone H2A/H2B dimer or a mixture of core histones. Additionally, the team
found that the complex binds short oligonucleotide DNA in vitro with a basic surface presented
by the E3 heterodimer. With this information, they proposed a model for PRC1 ubiquitylation
module recognition of the nucleosome that positioned the complex binding predominantly to
nucleosomal DNA at the dyad with the E2 active site cysteine residue near H2A K119. However,
this model fails to convincingly describe how the complex specifically ubiquitylates H2A K119
when there are many more available lysine -amino groups presented by the nucleosome.

Figure 7 Structure of the PRC1 Ubiquitylation Module
Crystal structure solved by Bentley et al. of the PRC1 ubiquitylation module comprised of the
RING domains of an E3 ubiquitin-ligase heterodimer of Bmi1 (yellow) and Ring1B (blue) and
an E2 ubiquitin-conjugating enzyme, UbcH5c (red). UbcH5c’s active cysteine, Cys 85, is
shown in green spheres.
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1.7 BRCA1 Tumor Suppressor as a ubiquitin ligase
The breast cancer type 1 susceptibility protein BRCA1 is a tumor suppressor protein in
the cell that is frequently mutated in breast and ovarian cancers. The full-length, 220kDa protein
contains two major functional domains: C-terminal BRCT repeats linked to the N-terminal RING
domain by a large unstructured region60. BRCA1’s role in DNA damage response has been well
characterized, and it is clear that the phosphor-protein binding, BRCT domains are critical for
this function.

Figure 8 Illustrated map of the full-length BRCA1 and BARD1 proteins

The cellular function of the RING domain remains less clear. Some studies indicate it is
dispensable for normal physiology; others suggest the opposite. The BRCA1 RING domain
shares homology with Ring1B and has been shown to partner with BARD1 which shares
homology with Bmi1 to form an E3 heterodimer that catalyzes ubiquitylation of H2A with the
help of UbcH5c in the context of the nucleosome in vitro61. In 2001, Brzovic et al determined the
crystal structure of the BRCA1-BARD1 ubiquitylation module and showed how the two proteins
interact62. This complex can be aligned with the Bmi1-Ring1B complex over backbone atoms
with an r.m.s.d. value of 2.69Å. Importantly, a recent study by Kalb et al revealed that the
BRCA1-BARD1 complex ubiquitylates H2A K127 and K129 whereas the PRC1 ubiquitylation
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module modifies K11963. These residues are spatially quite separated on the H2A C-terminal tail
and may suggest alternate mechanisms of nucleosome recognition or catalytic activity. The
ambiguity of the past in vivo experimental results and the apparently similarity in function beg
further investigation to unravel the significance of this catalytic function in the cell.

Figure 9 Structure of the BRCA1/BARD1 heterodimer
A) Crystal structure solved by Brzovic et al. of the RING domains of BRCA1 (orange) and
BARD1 (magenta) B) Peptide backbone alignment of RING domains of the E3 ubiquitinligases of the BRCA1 ubiquitylation module, BRCA1 and BARD1, with the ligases of the
PRC1 module, Ring1B and Bmi1.
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1.8 Experimental Objectives
The motivation of the work described within this thesis is to provide structural and
biochemical insight for how the medically important PRC1 and BRCA1 ubiquitylation modules
interact with their chromatin substrate. Both modules share a common core: a heterodimeric E3
ubiquitin ligase paired with an E2 ubiquitin-conjugating enzyme. In each case, the genes for the
proteins will be recombinantly produced in E. coli. The catalytic and binding behavior of each
module will be probed using fluorescence-based binding and activity assays in combination with
site-directed mutagenesis. The ultimate goal of this work is to solve an atomic structure of each
module bound to the nucleosome using X-ray crystallography techniques.
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Chapter 2
Materials and Methods

2.1 Bacteriological Methods

2.1.1 Bacteriological Media

2 x TY media was used for plasmid transformation, 100 mL plasmid preparations, and
protein expression. This media consists of 1.6% (w/v) bacto-tryptone, 1.0% (w/v) yeast extract,
and 0.5% (w/v) NaCl in deionized water. Dissolved media was then sterilized by autoclaving for
20 minutes at 121°C and 15psi. The sterile media was supplemented with antibiotics for
selection as required by the particular plasmid transformed or cell line cultured.
TB media was used for plasmid preparations performed on scales larger than 100 mL
cultures. This media is made by dissolving 12 g bacto-tryptone, 24 g yeast extract, and 4 mL
glycerol in 900 mL of water. This solution was autoclaved as described above and cooled below
60°C. Then, 2.3 g KH2PO4 and 16.4 g K2HPO4 were dissolved in 100 mL of deionized water and
similarly sterilized. These two solutions were combined for a total of 1 L of media. This recipe
was scaled as needed.
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Solid media (TYE) for plate culture consisted of 1.0% (w/v) bacto-tryptone, 0.5% (w/v)
yeast extract, 0.8% (w/v) NaCl, and 1.5% (w/v) agar in deionized water. This solution was
autoclaved, cooled below 60°C, augmented with antibiotics, and poured into sterile Petri plates.

Table 1 Antibiotics and concentrations used for cell culture
Liquid Media

Antibiotic

Concentration

Solid Media Concentration

Ampicillin

50µg/mL

100µg/mL

Chloramphenicol

25µg/mL

25µg/mL

Kanamycin

10µg/mL

10µg/mL

2.1.2 Bacteriological Strains
The following strains of Escherichia coli were used in this work as described.
Table 2 E. coli strains used for DNA plasmid preparation and protein expression
Strain

Source

TG1

Toby Gibson

BL21(DE3)pLysS

Stratagene

BL21
CodonPlus(DE3)

Rosetta(DE3)pLysS

Genotype
Δ (lac-pro), supE, thi, hsdD5/F’,
traD36, proA+B+, laclq, lacZΔ, M15
F-, ompT, gal, dcm, lon, hsdSB(rB- mB-),
λ(DE3), pLysS(cmR)

Antibiotic Resistance
None

Chloramphenicol

B F-, ompT, hsdS (rB- MB-), dcm+,
Stratagene

Tetr, gal 1 (DE3), endA, Hte [argU

Chloramphenicol

ileY leuW Camr]

Novagen

F-, ompT, hsdSB(RB- mB-), gal, dcm,
λ(DE3), [lacI lacUV5-T7 gene 1 ind1
sam7 nin5]), pLysS(cmR)

Chloramphenicol
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2.1.3 Competent Cell Preparations
Cells were made competent by calcium chloride treatment. First, cells were transformed,
restreaked, and incubated on TYE plates at 37°C overnight. Then 100 mL flask with 2 x TY
media spiked with 2.2 mL of a salt solution consisting of 0.44 M MgCl2, 0.44 M MgSO4, and
0.11 M KCl was inoculated with 3 colonies from the restreak plate and grown in a 37°C shaker
until 0.4-0.6 OD600. The cell culture was then chilled on ice for 10 minutes, and the cells were
harvested by centrifugation at 2000 rpm at 4°C for 7 minutes. The cell pellet was resuspended in
30 mL of prechilled FB solution (10 mM PIPES, 250 mM KCl, 15 mM CaCl2). The resuspended
pellet was incubated on ice for an additional 10 minutes. The cells were harvested from the
calcium chloride treatment by centrifugation at 2000 rpm at 4°C for 7 minutes. The cell pellet
was then resuspended in 8 mL of cold FB solution. This resuspension was augmented with 0.5
mL of DMSO. After an additional 10 minute incubation on ice, these cells were aliquoted into
sterile Eppendorf tubes, flash frozen using liquid nitrogen, and stored at -80°C.

2.2 DNA Methods

2.2.1 Custom Primer Processing
Desalted custom primers were purchased from Integrated DNA Technologies®
(Coralville, IA). The lyophilized primers were centrifuged upon arrival and resuspended in
TE(10,0.1) (10 mM Tris-Cl, pH 8.0, 0.1 mM EDTA) to 50 µM stock concentration. 10 µM
working aliquots of primer were diluted from this stock in TE(10,0.1) and stored at -20°C.
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2.2.2 Phenol/Chloroform Extractions
Phenol/Chloroform extractions are a technique used to purify nucleic acid away from
proteins. This purification is typically performed during a plasmid preparation to remove
contaminating cellular proteins or enzymes added during the purification process such as
RNaseA. Phenol/Chloroform is a 1:1 (v/v) mixture of phenol equilibrated in TE(10,0.1) and
100% chloroform. To extract a sample, 1 volume of premixed phenol/chloroform was added to
the sample. The sample was then vortexed for 10-15 seconds and spun down at 13.3K rpm. The
top, aqueous phase contains the extracted nucleic acids, and proteins are in the lower, organic
phase. The aqueous phase is removed for further purification. This process is repeated for a total
of 2 extractions followed by 1 extraction with 500 µL of 100% chloroform to remove
contaminating proteins and phenol.

2.2.3 Ethanol Precipitation of DNA
Ethanol precipitation is a common molecular biology technique used to concentration
DNA and perform buffer exchange. 0.1 volumes of 3M sodium acetate pH 5.2 is added to the
sample along with 2.5 volumes 100% ethanol. The solution is incubated on ice for 10 minutes
and centrifuged at 13.3K rpm for 10 minutes. The liquid is aspirated, and the pellet is left to airdry before resuspension in an appropriate volume of TE(10,0.1).
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2.2.4 Gel Electrophoresis

2.2.4.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis is one of the most ubiquitous biology laboratory techniques
and is used to separate DNA fragments based on their size. Typical agarose gels were made with
1-2% (w/v) HGT agarose in 30 mL of 0.5xTBE (45 mM Tris base, 45 mM boric acid, 1.5 mM
EDTA). Heating the solution for 90-120 seconds in a microwave dissolved the agarose solid.
When the solution was no longer steaming, 1.5 µL of 10 µg/mL ethidium bromide was added,
and the solution was mixed. The solution was then poured into a gel-casting block, well combs
were inserted, and the gel was incubated at room temperature for 30-45 minutes.
To separate a sample of DNA fragments, 6x gel loading buffer (0.25% (w/v)
bromophenol blue, 0.25% (w/v) xylene cyanol, 30% (w/v) glycerol) was added to the sample to a
final 1x concentration. The polymerized gel was lowered into an electrophoresis box filled with
0.5 x TBE such that the running buffer covers the top of the gel. The samples were added to the
lanes along side a reference molecular weight marker. The gel was electrophoresed at 125V
power for approximately 40 minutes. For the best separation, the gel agarose percentage should
correspond to the size of fragments being separated. Fragments between 500 bp-1000 bp were
best separated with a 1.2-1.5% gel. Smaller fragments required a higher percentage agarose gel
and larger fragments were separated with a lower percentage gel.
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2.2.4.2 Native Polyacrylamide Gel Electrophoresis (PAGE)
Native PAGE gels are most useful for separating DNA fragments less than 500 bp. These
gels were prepared by first filling a BioRad Mini-Protean® gel casting block with stacked plates.
Plates were assembled such that the back glass is separated from the front glass with two plastic
spacers. The gel mixture was prepared by adding 25 mL of 30% 40:1 acrylamide, 3.75 mL 10 x
TBE to 42.5 mL of deionized water. This solution was mixed and deaerated under a vacuum for
2-5 minutes, swirling occasionally. After deaeration, 300 µL of 25% (w/v) ammonium persulfate
and 75µL TEMED was added to the deaerated solution. This solution was quickly taken up with
a 60 mL syringe and injected through a luer valve into the filled PAGE gel casting block. This
solution was added to the height of the front glass plates. Gel combs were then inserted rapidly
into the plates before the gel solution polymerizes. The casting block was incubated at room
temperature for 30-60 minutes. The casting block was then disassembled, and the polymerized
gels were wrapped in wet towels and stored at 4°C until use.

2.2.5 Polymerase Chain Reaction (PCR)
Polymerase Chain Reaction (PCR) was used to amplify genes for expressing all proteins
discussed in this thesis. Plasmid DNA (10 ng/µL), Human genomic cDNA (25 ng/µL), Lambda
Phage DNA (25 ng/µL), and synthetic DNA (10 ng/µL) all served as templates for amplification
reactions. Custom primers were designed to have less than 60% GC content and a Tm between
50-60°C and were ordered from IDT®.
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Each 100 µL PCR reaction contained 1 µL of the DNA template dilution denoted above,
1 x ThermoPol Buffer (when Pfu polymerase was used) or 1 x Q5 Reaction Buffer (when Q5
polymerase was used), 0.25 mM dNTPs, 0.5 µM forward and reverse primers, 1 unit Pfu
polymerase or 0.5 units Q5 polymerase, and deionized water to 100 µL. Typical thermocycling
scheme:

Pfu polymerase:

1𝑚𝑖𝑛
75𝑜 𝐶)
1𝐾𝑏𝑝
1𝑚𝑖𝑛
25 × (30𝑠 𝑎𝑡 95𝑜 𝐶 → 30𝑠 𝑎𝑡 60𝑜 𝐶 →
75𝑜 𝐶)
1𝐾𝑏𝑝

2 min 𝑎𝑡 95𝑜 𝐶 → 5 × (30𝑠 𝑎𝑡 95𝑜 𝐶 → 30𝑠 𝑎𝑡 𝑇𝑚 − 5𝑜 𝐶 →
z
3 min 𝑎𝑡 75𝑜 𝐶

Q5 polymerase:

30𝑠
72𝑜 𝐶)
1𝐾𝑏𝑝
30𝑠
25 × (30𝑠 𝑎𝑡 95𝑜 𝐶 → 30𝑠 𝑎𝑡 60𝑜 𝐶 →
72𝑜 𝐶)
1𝐾𝑏𝑝
2 min 𝑎𝑡 72𝑜 𝐶

30𝑠 𝑎𝑡 98𝑜 𝐶 → 5 × (5𝑠 𝑎𝑡 98𝑜 𝐶 → 30𝑠 𝑎𝑡 𝑇𝑚 − 5𝑜 𝐶 →

After thermocycling 10 µL of the reaction solution was mixed with 2 µL of 6 x GLB and
analyzed on a 1-1.5% agarose gel to confirm the presence of the desired PCR product. The PCR
reaction was then cleaned up using 2 phenol/chloroform extractions, a 0.5 mL chloroform
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extraction, and an ethanol precipitation. The precipitated DNA was resuspended in 20-30µL
TE(10,0.1).

2.2.6 Subcloning
Subcloning is the in vitro recombination of DNA between different plasmids. The typical
steps to subclone DNA from one source to a plasmid are vector and insert DNA preparation,
ligation, transformation, colony PCR, 100 mL plasmid preparation, restriction mapping, and
Sanger sequencing. These steps apply to both sticky-ended and blunt ligations.

2.2.6.1 Preparation of Vector and Insert DNA for Sticky-Ended Ligation

`Vector and insert DNA for sticky-ended ligation were prepared by digestion of the
corresponding parent DNA sources (plasmid or PCR product) with two restriction
endonucleases. The reactions consisted of 0.5-1 µg DNA, 1 x NEB Buffer compatible with both
enzymes, 0.1 mg/mL BSA, 5mM DTT, 0.5-1.0 units of each restriction enzyme in deionized
water to 30 µL total volume. The reaction was typically carried out at 37°C for 1-2 hours. Some
restriction enzymes such as TspRI are isolated from thermophilic organisms and require
temperatures as high as 65°C for full activity. All enzymes were purchased from New England
Biolabs and were used according to the manufacturer’s recommendations. After incubation, the
reactions were analyzed by agarose gel electrophoresis.
In the event that two enzymes could not be used simultaneously in a double digest, a
sequential digest was performed. In this case, the enzyme that requires a lower salt concentration
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was added in its corresponding buffer for 1 hour. Then, the reaction conditions were either
adjusted via addition of 5 M NaCl to enable the second enzyme to become active, or the
reactions were phenol/chloroform extracted, ethanol precipitated, and resuspended with the
second enzyme in different buffer conditions.

2.2.6.2 Preparation of Vector and Insert DNA for Blunt-Ended Ligation

Some ligations had to be performed using blunt-ended fragments from PCR reactions. In
this case, the purified PCR product had to be kinased because PCR does not attach the required
5’ phosphate groups to enable ligation with a 3’ hydroxyl group. The kinase reaction consisted of
1 x PNK Buffer, 5 mM ATP, 3 mM DTT, 15µL PCR product, and 5 units T4 Polynucleotide
Kinase in deionized water to 30 µL. This reaction was incubated at 37°C for 15 minutes. The
kinased product was then isolated by gel electrophoresis and gel extraction.
Blunt ended vectors were produced by digestion with an endonuclease such as EcoRV
that produced a blunt end. The digestion was performed the same way as the digestions for
sticky-ended ligation. After the digestion was performed, 0.1 units of calf intestinal phosphatase
(CIP) were added to the reaction. The reaction was then incubated at 50°C for 45 minutes. The
dephosphorylated vector fragment was then purified via gel electrophoresis and gel extraction.

2.2.7 Agarose Gel Extraction of DNA
Once vector or insert DNA was digested, separated with gel electrophoresis, and
visualized with a UV transilluminator to confirm the presence of the correct fragments, the
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fragments were excised from the gel using a clean razor blade. These gel slices were placed into
an eppendorf tube filter assembly. This assembly consisted of a 0.5 mL Eppendorf tube with a
hole poked into the bottom that was covered with glass wool inserted into a 1.75 mL Eppendorf
tube. The gel slice was placed into the 0.5 mL tube and spun at 7000 rpm for 3 minutes. The
DNA fragment previously contained in the gel slice eluted through the filter and is collected into
the 1.75 mL tube. This extraction method typically recovers between 50-70% of the material in
the gel.

2.2.8 Blunt and Sticky Ended Ligations
To ligate insert and vector fragments into a plasmid, the isolated insert and vector DNA
was added at an approximately 3:1 molar ratio with 5mM DTT, 1 x T4 Ligase Buffer, ligase and
deionized water to 10 µL. For sticky ended ligations, 40 units of T4 DNA ligase were used
whereas for blunt ended ligations, 750 units of T4 DNA ligase were used. The ligation reaction
was incubated at room temperature for 15-30 minutes before transformation into E. coli. A
separate ligation reaction always set up only containing the vector DNA to determine the cloning
bias (ratio of colonies on vector only plate to vector and insert plate). This negative control and
the cloning bias help determine the quality of the vector and insert preparations.

2.2.9 Plasmid Transformation
Ligation mixtures or purified plasmid DNA was transformed into E. coli either during
subcloning or for protein expression. During subcloning, 2 µL of each ligation reaction were
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added to 100 µL of competent TG1 cells. When transforming purified plasmid, 0.1 ng of DNA
were added to the cell mixture. In each case, the cells were then incubated on ice for 15 minutes.
Following this incubation, the cells were heat shocked at 42°C for 30 seconds. 500 µL of sterile
2xTY media were then added, and the cell suspension was then incubated in a 37°C shaker for
15 minutes. Following this incubation, 300 µL of the cell suspension were plated onto TYE
plates containing the appropriate antibiotics for selecting colonies with the correct plasmid.

2.2.10 Colony PCR
During subcloning, after transformation, several clones from the vector and insert plate
were screened using colony PCR to detect whether they contained the desired insert. To perform
this screening, each clone selected was resuspended in 100 µL of deionized water and restreaked
onto a new TYE plate containing the appropriate antibiotic. These cell suspensions were then
vortex for 10-15 seconds and used as PCR templates. Primers were selected to amplify around
the inserted DNA fragment. PCR was performed using 1 µL of cell suspension in a PCR master
mix containing 1 x ThermoPol buffer, 0.26 mM dNTPs, 0.5 µM forward and reverse primers, 1
unit of Pfu polymerase, and water to 20 µL. The standard thermocycling conditions are:

1𝑚𝑖𝑛
𝑜
𝑜
𝑜
𝑜
z 2 min 𝑎𝑡 95 𝐶 → 25 × (30𝑠 𝑎𝑡 95 𝐶 → 30𝑠 𝑎𝑡 𝑇𝑚 − 10 𝐶 → 1𝐾𝑏𝑝 75 𝐶)
These PCR reactions were analyzed with gel electrophoresis, and clones that produced
the desired product were selected for plasmid preparation. Single clones from the restreak plates
of these clones were used to inoculate flasks of 100 mL 2xTY media with 50 µg/mL of
ampicillin. These flasks were grown overnight in a 37°C shaker.
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2.2.11 Small scale Plasmid Preparation
The cell cultures were then harvested by centrifugation at 4000 rpm for 5 minutes. The
media was then discarded, and the cell pellet was resuspended in 5mL of Lysis buffer (50 mM
glucose, 25 mM Tris-Cl, pH 8.0, 10 mM EDTA). 10 mL of NaOH/SDS (0.2 M NaOH, 1% SDS)
was then added and mixed by vigorous shaking to further lyse the cells. After incubating on ice
for 5 minutes, 10 mL of pre-chilled 5 M KAc/2.5 M HAc was added to precipitate chromosomal
DNA and neutralize the solution. The sample was vigorously mixed and incubated on ice again
for 5 minutes. After this incubation, the sample was centrigued at 4000 rpm for 5 minutes to
pellet the chromosomal DNA, cell membranes and other insoluble material. The supernatant was
removed and mixed with 12.5 mL of 100% isopropanol to precipitate the remaining nucleic acid
and incubated at room temperature for 5 minutes. The sample was then spun at 13K rpm for 5
minutes in an SS34 rotor at room temperature. The supernatant was poured off and the pellet was
resuspended in 0.5 mL of 70% ethanol and transferred to an Eppendorf tube. The sample was
centrifuged at 13.3K rpm, and the supernatant was aspirated. This step was repeated to remove
additional ethanol. The pelleted material was resuspended in 120 µL of TE(10,50) (10 mM TrisCl, pH 8.0, 50 mM EDTA). 2.5 µL of 10 mg/mL RNaseA was added to this sample to digest
RNAs contaminating the isolated plasmid, and the sample was incubated at 37°C for 15 minutes.
During this incubation, “spun columns” were prepared. Assembly of these columns
requires plugging the opening of a blue Gilson P1000 pipet tip with glass wool and filling the
remaining space with Sephacryl S400 HR resin equilibrated in TE(10,0.1). This tip assembly is
inserted into a coupler made by cutting off the bottom third of a 1.75 mL Eppendorf tube. The
coupler and tip are then fitted into a 5 mL polypropylene tube. The completed column is
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centrifuged for 3 minutes at 2000rpm to pack the column and remove excess buffer from the
resin. The collected liquid is discarded.
After the incubation with RNaseA, the sample was spun down at 13.3K rpm for 1 minute
to remove contaminating cellular debris that had thus far not been removed. The supernatant was
phenol/chloroform extracted twice and chloroform extracted once. This step removes any
additional contaminating cellular proteins and RNaseA. The aqueous phase was then loaded onto
a preprepared spun column and centrifuged at 2000 rpm for 3 minutes. The purified plasmid
DNA eluted into the polypropylene tube in TE(10,0.1). The DNA was then quantitated using a
NanoDrop.

2.2.12 Restriction Mapping
The purified plasmid DNA was then restriction mapped using a pair of endonucleases
that produce different fragments when digesting the desired, ligated plasmid in comparison to the
parent vector plasmid. The digests were performed using the previous described digestion
protocol and analyzed with gel electrophoresis.

2.2.13 Sanger Sequencing and Sequence Analysis
Plasmids were sequenced at the Penn State Nucleic Acid Core Facility with Sanger
Sequencing. The samples were submitted at approximately 200 ng/µL concentration. Sequencing
data were aligned with the expected plasmid sequence using a Smith-Waterman alignment
algorithm. The resulting aligned sequencing data was analyzed for mutations.
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2.2.14 Site-Directed Mutagenesis
This mutagenesis method was designed from Stratagene’s QuikChange mutagenesis
protocol. Custom, complementary primers were designed to have a new DNA sequence, and
therefore mismatches (often swapping out codons), at the site of mutagenesis flanked by ten or
more bases complementary to the template sequence. The primers are also designed to introduce
or remove a restriction site around the mutagenized region to facilitate plasmid identification
during downstream cloning experiments. The reaction consists of combining 5 ng template
DNA, 1 x Q5 reaction buffer, 0.2 mM dNTPs, 0.2 mM forward and reverse primers, and 1 unit
Q5 in deionized water to 25 µL. A linear amplification was then performed using the following
thermocycler settings:

z

30𝑠 𝑎𝑡 98𝑜 𝐶 → 18 × (5𝑠 𝑎𝑡 98𝑜 𝐶 → 15𝑠 𝑎𝑡 60𝑜 𝐶 →

1𝑚𝑖𝑛
72𝑜 𝐶)
1𝐾𝑏𝑝

5 min 𝑎𝑡 72𝑜 𝐶

Afterwards, 2 µL of the reaction were removed and stored in a sterile Eppendorf tube. 20
units of DpnI restriction enzyme were then added to the remaining 23 µL of the reaction mix.
The reaction mix was then incubated at 37°C for 1 hour. DpnI will digest methylated DNA.
Because the template plasmid DNA was isolated from E. coli with dam methylase, the
unmutated template will be methylated and cut. PCR does not methylate DNA so the mutated
PCR product will not be cut. After the 1 hour incubation, 2 µL of the digested sample were
transformed into E. coli alongside the 2 µL of undigested sample and plated onto TYE plates
with ampicillin overnight. The majority of the clones screened from the digested plate should
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contain the desired mutation because the DpnI treatment should eliminate most of the parent
plasmid.
Colony PCR primers were selected to flank the mutation site and produce a fragment less
than 500 bp. In addition to screening clones from the digested plate, the parent plasmid should be
included in the colony PCR experiment to provide a negative control for comparison. After
thermocycling during colony PCR, 10 µL of the reaction were combined with 2 µL of 6xGLB
and run on a Native PAGE gel to screen for clones that may have multiple insertions of the
mutagenesis primer. This problem occurs relatively frequently during mutagenesis with Q5 and
several other polymerases and is an going area of investigation. The PCR products were
compared to the product amplified from the parent. Each product should be the same size.
Colonies that produced fragments larger than the parent product likely contained primer
insertions.
The remaining 10 µL from the colony PCR reaction including the reaction on the parent
template were digested with the appropriate restriction enzyme for the site either introduced or
removed during the mutagenesis. Colonies that do not have primer insertion and produce the
correct fragments after this restriction digest likely have the desired mutations and were selected
for plasmid preparation, restriction mapping, and sequencing.

2.2.15 Coexpression of multi-subunit complexes with a polycistronic expression vector
This thesis centers around two major protein complexes: the PRC1 and BRCA1
ubiquitylation modules. These complexes were coexpressed and purified as a complex in most
cases rather than being reconstituted after individual expression and purification. Coexpression
was accomplished by cloning the coding regions for the domains of the proteins into the modular
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pST50 suite of transfer vectors and pST44 polycistronic vector developed in our laboratory64.
pST44 has four cassettes and can express up to four subunits of a complex in one vector. Each
cassette can be filled from a corresponding pST50 transfer vector that contains the appropriate
restriction sites and translation start and stop sequences.

Figure 10 pST44 modular polycistronic coexpression system64

2.3 Protein Methods

2.3.1 SDS-PAGE Electrophoresis
One of the most common techniques for protein analysis is sodium dodecyl sulfate
polyacrylamide gel electrophoresis, or SDS-PAGE. This technique uses a modification of Native
DNA PAGE electrophoresis to denature proteins into their primary sequence and separate them
based on size. 18% (w/v) SDS-PAGE gels were prepared by first stacking glass gel plate
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assemblies into a BioRad Mini-Protean® gel-casting block in the same way as for Native PAGE
gels. The separating gel solution consisted of 18% (w/v) acrylamide (30:0.5 acrylamide:bis-

acrylamide), and 0.75 M Tris-Cl, pH8.8 in deionized water. This solution was deaerated under a
vacuum for 5-10 minutes. Then SDS was added to 0.1% (w/v). Polymerization was initiated by
addition of 240 µL of 25% (w/v) ammonium persulfate and 60 µL of TEMED. The casting block
was filled approximately 70% with this solution using a 60 mL syringe and a luer valve. Watersaturated butanol was poured over top of this separating layer. After incubation for 1 hour at
room temperature, the butanol was removed and washing off with ethanol and water. A 5% (w/v)
stacking gel was then mixed, poured on top of the separating gel, and incubated at room
temperature once the well combs were inserted. This gel consisted of 5% (w/v) acrylamide
(10:0.5 acrylamide:bis-acrylamide), 0.1 M Bis-Tris, pH6.8, and 0.1% (w/v) SDS. This solution
was prepared in the same way as the separating gel solution. After this final incubation the gels
were stored like Native PAGE gels.
Samples were analyzed on these gels by first mixing the sample with an equal volume of
PAGE gel loading buffer (PGLB) and boiled for 1-3 minutes to further denature the proteins.
While the sample was denaturing, a pre-cast gel was fitted into a Mini-Protean II®
Electrophoresis Cell, and the cell was filled with protein gel running buffer (10 mM Tris, 76 mM
glycine, 0.02% (w/v) SDS). After boiling, 5-10 µL of sample were added to each lane along with
protein molecular weight standards for size comparison. The gel was electrophoresed at a
constant 20W for 10 minutes.
After the proteins had been separated, the gel was removed from the glass plates and
placed into 5-10 mL of FIX solution (45% ethanol, 9% acetic acid) for 5 minutes. The FIX
solution was poured off, and the gel was then incubated in STAIN solution (0.5% (w/v)
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Coomassie Blue, 45% ethanol, 9% acetic acid) for 5 minutes in a 65°C water bath. The gel was
then destained in DESTAIN solution (7% (v/v) ethanol, 5% (v/v) glacial acetic acid) in a 65°C
water bath. After the excess stain was removed from the gel, the gels washed several times with
water and were dried in a cellulose membrane overnight.

2.3.2 Immunoblotting
To detect protein levels more specifically than coomassie staining, Western Blotting was
performed. Proteins separated by SDS-PAGE were transferred to a nitrocellulose membrane
(Amersham Hybond ECL®) in transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v), pH 8.3)
by electrophoresing vertically out of the PAGE gel onto the membrane at 100V for 1 hour.
Afterwards, the SDS-PAGE gel was stained with Coomassie to show that the proteins
successfully transferred out of the gel. The membrane was equilibrated in 1xTBS (25 mM Tris,
pH 8.0, 0.15 M NaCl) for 5 minutes. The equilibrated membrane was then incubated in blocking
buffer containing 2% (w/v) nonfat dry milk in 1xTBS for 30 minutes. The membrane was then
subjected to a solution containing a 1:1000 dilution of rabbit primary antibody in 1xTBS for 1
hour. The membrane was then washed with TTBS (25 mM Tris, pH 8.0, 0.15 M NaCl, 0.05%
Tween 20) for five minutes. The membrane was washed three times with TTBS to remove
nonspecifically or unbound antibody. The gel was then incubated in a 1:10,000 dilution of an
HRP-conjugated donkey anti-rabbit antibody in 1xTBS for 1 hour. The membrane was washed
three more times with TTBS. To visualize the immunostained proteins, the protein side of the
membrane was covered with 1 mL of a 1:1 mixture of ECL detection solutions 1 and 2. Excess
solution was poured off, and the gel was wrapped in clear plastic before exposure to X-Ray film
and development.
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2.3.3 Ammonium Sulfate Precipitation
Ammonium sulfate precipitation is a traditionally used technique to fractionate proteins
based on their salt solubility. Ammonium sulfate is used because it is very soluble in aqueous
solution and is cheap. For each protein purified with this technique, an analytical gradient of salt
concentrations was performed to determine the solubility of the protein of interest. Using a stock
solution of 100% (NH4)2SO4, 250 µL protein samples were adjusted to 1.0 M, 1.4 M, 1.8 M, and
2.2 M (NH4)2SO4. The samples were gently vortexed and incubated at room temperature for 10
minutes. These samples were then centrifuged at 13.3K rpm for 5 minutes. The supernatant from
each tube was removed, and the pellets were centrifuged again for 1 minute to remove any
remaining supernatant. These pellets were resuspended in their original buffer supplemented
with the corresponding concentration of (NH4)2SO4. Samples from the whole precipitation
reaction before centrifugation, the supernatant, and resuspended pellet were then analyzed on a
SDS-PAGE gel. This analytical titration of salt was gave an approximate solubility of the protein
in ammonium sulfate. Once this solubility point is known, solid ammonium sulfate can be added
directly to the protein pool at a concentration at an appropriate concentration depending on the
application.
When using this technique to purify a protein away from a mixture of other contaminants,
the protein stock would be brought to the salt solubility point of the protein just before the
protein begins to precipitate. The protein would remain in the supernatant, and the pellet,
containing contaminants, would be discarded. The supernatant would be dialyzed several times
to reduce the ammonium sulfate concentration. Alternatively, the protein could be left in the high
ammonium sulfate supernatant and purified with hydrophobic interaction chromatography.
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When this technique is used to concentrate proteins, a salt concentration where the
majority of the protein precipitates with the least amount of contaminants should be used. With
the protein of interest in the pellet, the supernatant can be discarded, and the pellet can be
resuspended in a smaller volume. Caution should be exercised though because this application of
ammonium sulfate precipitation can cause proteins to aggregate upon resuspension.

2.3.4 Small Scale Protein Methods

2.3.4.1 Affinity Tags for Protein Expression and Purification
Several types of affinity tags were used during the recombinant expression and
purification of proteins in our laboratory. In some cases, switching the tags modulated the
expression level or fold-purification of particular proteins and complexes. Where employed, all
affinity tags were genetically added to the N-terminus of the protein of interest. The tags
described in this thesis are listed below.
Table 3 Affinity tags used for protein purification
Abbreviation
STR-His10

GST-His6

SMO-His10

Tag Description
Streptavidin peptide fused to decahistidine
polypeptide
Glutathione-S-Transferase protein fused to
hexahistidine polypeptide
Small ubiquitin-like modifier protein fused to
hexahistidine polypeptide

MW
4.2kDa

29.2kDa

14.2kDa
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2.3.4.2 Protein Expression
Proteins were expressed using the T7 expression system and a suite of expression vectors
available within the Tan lab. Protein-coding constructs were transformed into an expression cell
line and cultured in 100 mL 2xTY media supplemented with the appropriate antibiotics. Once
the cultures reached an OD600 of 0.6-0.8, protein expression was induced by addition of 100 µL
of 0.2 M IPTG to the culture. Induction times and culture temperatures were varied to optimize
expression levels and solubility. 250 µL culture samples were taken at various time points before
and during induction. These samples were spun down for 1 minute at 13.3K rpm and
resuspended in 50 µL PGLB (125 mM Bis-Tris, pH 6.8, 20% (w/v) glycerol, 4% SDS, 15% (v/v)
2-mercaptoethanol). To harvest cells after induction, the cultures were centrifuged at 4000 rpm
for 10 minutes at room temperature. The cell pellet was resuspended in 10mL of P300-EDTA
(50 mM Na3PO4, 300 mM NaCl, 10 mM 2-mercaptoethanol, 1 mM benzamidine), flash frozen in
liquid nitrogen, and stored at -20°C.

2.3.4.3 Solubility Determination
To determine whether a protein or complex was soluble or insoluble in the cell, flash
frozen cells were first thawed in warm water. If the expression cell line did not contain the pLysS
plasmid, lysozyme could be added to help lyse the cells. Otherwise, the cells were lysed by
sonication. Typical sonication was 6-8 rounds of 10 x 0.5 sec bursts at 50-60% amplitude. 0.5
mL of this whole cell extract (WCE) was spun at 13.3Krpm for 3 minutes. The supernatant was
separated and sampled for an SDS-PAGE gel. The pellet was resuspended in P300-EDTA and
similarly sampled. The cell pellet and supernatant samples were then run on a SDS-PAGE gel
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alongside a sample of the sonicated WCE and a protein molecular weight standard. Soluble
proteins were mainly isolated in the cell supernatant, whereas insoluble proteins were mainly
confined to the pellet.

2.3.4.4 Microbatch Talon® Affinity Chromatography
Many proteins were N-terminally fused to a deca-histidine (His10) affinity tag. This tag
specifically binds to nickel-based resins such as Talon® Resin (Clontech). This chromatography
step was performed after sonication and isolation of the soluble cellular components to
selectively purify the desired protein away from most of the other cellular contaminants. First,
1mL of Talon® resin (50% suspension) was washed with 10 mL of deionized water and
equilibrated in P300-EDTA. The soluble cell extract was applied to the resin and incubated for
20 minutes at 4°C on a rotator. After this incubation, the resin was pelleted by centrifugation at
4000 rpm for 5 minutes. The supernatant contained proteins that did not bind to the resin and was
removed and sampled. The resin was washed twice with 10 mL of P300-EDTA. The resin was
resuspended and transferred to a BioRad BioSpun® column. The proteins were eluted with 3 mL
of P300-EDTA+200 mM imidazole. Six 0.5 mL fractions were collected of the eluent. The
fractions were then analyzed by SDS-PAGE.
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2.3.5 Large Scale Protein Methods

2.3.5.1 Protein Expression
Once protein expression conditions were optimized on the 100 mL culture scale, 1.5-12 L
expressions were performed. All expressions were performed in 2xTY media supplemented with
the appropriate antibiotics. Typically, 100 mL starter cultures were grown at 37°C to 0.2-0.4
OD600 then used to inoculate 500 mL cultures which where then grown in the optimized
expression conditions. Protein expression was induced with 0.2 M IPTG at 0.6-0.8 OD600. Cells
were harvested by centrifugation at 7000 rpm in an SLA-3000 rotor for 5 minutes at room
temperature. Cell pellets were typically resuspended in 25 mL P300-EDTA per liter cultured,
flash frozen in liquid nitrogen, and stored at -20°C.

2.3.5.2 Whole Cell Extract Preparation (Soluble Proteins)
To prepare the whole cell extract, flash frozen cells were thawed in a 30°C water bath
and sonicated by 6-8 cycles of 10 x 0.5 sec bursts at 60-70% amplitude. If the cells were not
completely lysed, lysozyme could be added; lysozyme was not typically required. Soluble
proteins were isolated by centrifuging the whole cell extract at 18K rpm for 20 minutes in an
SS34 rotor at 4°C. Samples of the WCE, resuspended cell pellet, and supernatant were saved for
later SDS-PAGE analysis if required.
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2.3.5.3 Inclusion Body Preparations (Insoluble Proteins)
To isolate proteins produced insolubly in E. coli and sequestered in inclusion bodies, the
flash frozen cells were first thawed, and a whole cell extract was prepared just as for soluble
proteins. The pellet contained the insoluble proteins and was resuspended in TRITON buffer (20
mM Tris-Cl, pH 8.0, 0.5 mM EDTA, 100 mM NaCl, 10 mM 2-mercatoethanol, 1 mM
benzamidine, 1% Triton X-100). The cell suspension was then centrifuged at 18Krpm for 10
minutes, and the supernatant was removed. This Triton wash step was performed three times.
The cell pellet was then resuspended in WASH buffer (20 mM Tris-Cl, pH 8.0, 0.5 mM EDTA,
100 mM NaCl, 10 mM 2-mercatoethanol, 1mM benzamidine) and then centrifuged at 18K rpm
for 10 minutes. This pellet contained the protein in relatively high purity with cell membranes
and most other contaminating proteins removed. This pellet could be resuspended in 8M Urea or
other buffers for further purification.

2.3.5.4 Site-specific Protease Cleavage
Fusion tags genetically fused to a protein of interest to enable affinity chromatography
were often removed after the affinity chromatography step was performed. In our constructs, we
engineered a Tobacco Etch Virus (TEV) site-specific protease site (ENLYFQG) between the
fusion tag and the N-terminus of the protein of interest. TEV protease was added in a 100:1
(protease:protein) molar excess to the protein pool after the affinity chromatography step was
performed. This digest was typically carried out overnight at room temperature. The fusion tag
typically was removed during a dialysis step, and the protein was removed during with ionexchange chromatography.
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2.3.5.6 Protein Concentration
Once the protein of interest was purified through various chromatography and other
isolation techniques, the protein was concentrated by ultracentrifugation. A Vivaspin
ultracentrifugation device was prepared for use by first washing the membrane with deionized
water then buffer. The concentrator was filled with the protein sample and centrifuged at the
manufacturer’s recommended speed for 10-30 minutes. Between spins, the concentrator reservoir
was refilled and mixed by gentle pipetting. Proteins were typically concentrated above 10mg/mL
provided they did not aggregate (as determined by dynamic light scattering).

2.3.5.7 Dynamic Light Scattering
Protein aggregation was typically assayed before, during, and after concentration by
dynamic light scattering (DLS). DLS is a technique that provides hydrodynamic radius and
polydispersity readouts that correlate with the aggregation state of the protein. These
measurements were taken using a Protein Solution Dynapro™ (Wyatt Technology) and analyzed
with Dynamics v6 software package. First, a cuvette is filled with 20 µL of buffer, and a
measurement is taken. The sample of protein to be analyzed should be centrifuged at 13.3K rpm
for 3 minutes at 4°C. Then 20 µL of the protein sample should be analyzed. The buffer should
produce low counts whereas the protein solution should produce one the order of 106 counts. If a
protein is aggregated, polydispersity typically measures above 15-20%. In some cases, the
protein sample should be diluted in buffer (1:10 or 1:20) if the count limits are exceeded.
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2.3.6 Purification of PRC1 Ubiquitylation Module and Subunits

2.3.6.1 Bmi1-Ring1B heterodimer purification
The Bmi1-Ring1B heterodimer (BR complex) was coexpressed using a polycistronic
vector and T7 expression system developed in our laboratory64. Ring1B was expressed with a
cleavable small ubiquitin-like modifier-decahistidine (SMO-His10) affinity tag. The construct
was transformed into Rosetta(DE3)pLysS cells and grown at 18°C in 2xTY media supplemented
with 10 µM ZnSO4, 50 µg/mL ampicillin, and 25 µg/mL chloramphenicol. Cells were induced
with 0.2 M IPTG at 0.7 OD600, harvested after 16 hours and resuspended in P300-EDTA. Cells
were flash frozen and later thawed for whole cell extract preparation for soluble proteins. The
BR complex was initially purified with Talon® metal affinity chromatography. The fractions
containing the complex were pooled and dialyzed into H200+Zn buffer (2 mM HEPES, pH 7.5,
200 mM NaCl, 10 µM ZnSO4, 10 mM 2-mercatoethanol) overnight at room temperature. TEV
protease was added to the protein sample during dialysis. The sample was diluted two-fold and
further purified using SourceS cation exchange chromatography with a gradient of 100 mM to
500 mM NaCl in 10 mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, and 10 µM ZnSO4. The
BR complex eluted sharply, and the appropriate fractions were dialyzed into H150+Zn overnight
and concentrated to approximately 11 mg/mL. We were able to purify approximately 2.2 mg/liter
of culture.
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2.3.6.2 UbcH5c purification
The E2 ubiquitin-conjugating enzyme UbcH5c was expressed with a cleavable
streptavidin-decahistidine (STR-His10) affinity tag in Rosetta(DE3)pLysS cells using the T7
system in our laboratory described previously. UbcH5c was solubly expressed under the same
conditions as the BR complex and also purified similarly with metal affinity chromatography.
The appropriate fractions were pooled and dialyzed into buffer containing 2 mM NaAc, pH 5.2,
100 mM NaCl, 10 µM ZnSO4, and 10 mM 2-mercaptoethanol overnight at room temperature.
TEV protease was added during dialysis. The protein was purified with SourceS cation-exchange
chromatography using a 50 mM to 500 mM NaCl gradient in 20 mM NaAc, pH5.2 and 10 mM
2-mercaptoethanol. The protein eluted sharply and was dialyzed into H150+Zn buffer overnight
and concentrated to approximately 12 mg/mL. We were able to purify 20.8 mg/liter of culture.

2.3.6.3 PRC1 Ubiquitylation Complex
The PRC1 ubiquitylation module consisting of Bmi1 and UbcH5c fused to the c-terminus
of Ring1B (BRU complex) was coexpressed with a cleavable streptavidin-His10 affinity tag on
the Ring1B-UbcH5c fusion. The soluble complex was expressed using the same polycistronic
vector system previously described and the same conditions as was used for the BR complex.
The BRU complex was similarly purified with metal affinity chromatography and digested with
TEV protease during dialysis into H100+Zn. The complex was further purified using SourceS
cation-exchange chromatography using the identical conditions as were used for purification of
the BR complex. The appropriate fractions were dialyzed into H150+Zn and concentrated to 12.5
mg/mL. We were able to purify 3.2 mg/liter of culture.
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2.3.7 Purification of BRCA1 Ubiquitylation Module and Subunits

2.3.7.1 BRCA1-BARD1 heterodimer
The BRCA1-BARD1 heterodimer (BB complex) was coexpressed with a streptavidinHis10 affinity tag on BRCA1 in Rosetta(DE3)pLysS cells as previously described for the BR
complex. The soluble complex was purified with metal affinity chromatography and digested
with TEV protease during dialysis into buffer containing 10 mM Tris, pH8.0, 100 mM NaCl, 10
mM 2-mercaptoethanol, and 10 µM ZnSO4. The complex was purified using SourceQ anionexchanged chromatography and was dialyzed into H150+Zn buffer. The purified BB complex
was concentrated to approximately 9 mg/mL. We were able to purify approximately 4.4 mg/liter
of culture.

2.3.7.2 Purification of the UbcH5c-Ubiquitin Conjugate
In order to isolate the charged, trapped E2-ubiquitin conjugate for binding studies,
UbcH5c(Cys85Lys) was enzymatically charged with ubiquitin by incubating 0.5 µM STR-His10Uba1, 100 µM STR-His10-Ubq, 80 µM UbcH5c(Cys85Lys) in buffer (50 mM Tris-Cl, pH 10.0,
150 mM NaCl, 8 mM TCEP, 5 µM MgCl2, 3mM ATP) overnight at 37°C. The charging reaction
was then enriched for the charged E2 and unreacted ubiquitin with Talon metal-affinity
chromatography and elution in reaction buffer containing 400 mM imidazole. This elution pool
was concentrated to approximately 1 mL by ultracentrifugation. The intermediate was isolated
by gel filtration with a Superdex 200HR Increase column equilibrated in 10 mM HEPES, pH 7.5,
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150mM NaCl, 10mM 2-mercaptoethanol. The purified intermediate was concentrated using
ultracentrifugation.

2.3.7.3 BRCA1 Ubiquitylation Module

Similar to the PRC1 ubiquitylation module, genetic fusions linking UbcH5c to the cterminus of BRCA1 were coexpressed with BARD1 in Rosetta(DE3)pLysS cells. The complex
was solubly expressed and purified with metal affinity chromatography as previously described.
The pooled fractions were dialyzed into 10 mM Tris, pH8.0, 200 mM NaCl, 10 mM 2mercaptoethanol, and 10 µM ZnSO4. The complex was further purified with 1.5 M (NH4)2SO4
precipitation. The complex remained soluble at this concentration and was purified using
SourceISO hydrophobic interaction chromatography using a gradient of 1.3 M to 0 M
ammonium sulfate in 20 mM Tris, pH8.0, 10 mM 2-mercaptoethanol, and 10 µM ZnSO4. The
complex eluted sharply and was dialyzed with 4 changes into buffer consisting of 10 mM
HEPES, pH 7.5, 150 mM NaCl, 10 µM ZnSO4, and 10 mM 2-mercaptoethanol. Protein
preparations yielded approximately 5mg/liter of culture.

2.3.8 Reconstituting Nucleosome-Protein Complexes
The PRC1 ubiquitylation module was reconstituted with recombinantly produced
Xenopus laevis nucleosomes with 147 bp 601a DNA at a 2.8-3.0:1 module:nucleosome molar
ratio in 20 mM Tris-Cl pH7.6, 75 mM NaCl, 10 µM ZnSO4, and 1mM dithiothreitol through four
equimolar additions of PRC1 every 5 minutes. The solution was mixed by gentle pipetting after
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each addition. The complex was purified by Superdex 200HR size exclusion chromatography
(GE Healthcare) in the reconstitution buffer supplemented with 0.2 mM phenylmethylsulfonyl
fluoride (PMSF). The complex eluted sharply and the pooled fractions were concentrated to 10
mg/mL by ultracentrifugation.

2.3.9 Crystallography

2.3.9.1 Growing BRN Crystals
Crystals were grown using a modified microbatch by combining 1 µL of the concentrated
reconstituted complex with 1 µL 25 mM HEPES (Hampton), 80 mM NH4NO3 (Hampton), and
3% PEG 2000-MME (Fluka) at 21°C overlayed by 70 µL Al’s oil (1:1 silicon oil (Clearco) to
mineral oil (Fisher)). Crystals were collected after 12-60 days and further soaked and dehydrated
prior to X-Ray diffraction.

2.3.10 Enzymology Methods

2.3.10.1 Ubiquitylation Assays
Ubiquitylation assays were performed to evaluate the catalytic ligase activity of the
Bmi1-Ring1B and BRCA1-BARD1 ubiquitylation modules. These assays were performed by
mixing 2 µM NCP, 5 µM STR-His10-ubiquitin, 30 nM STR-His10-Uba1 (E1), 0.375 µM UbcH5c
(E2), and 0.375 µM Ring1B(2-116)-Bmi1(2-109) or BRCA1(2-103)-BARD1(27-130) (E3) in 50
mM HEPES, pH 7.5, 75 mM NaCl, 1 mM DTT, 10 µM ZnSO4, 2 mM MgCl2, 3 mM ATP. For
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histone mutants assays, non-fluorescent nucleosomes with STR-His6-tagged H2B were used. For
PRC1 ubiquitylation module mutants, wild-type recombinant nucleosomes were doped with 5%
nucleosomes containing H2A(Thr10Cys) mutant labeled with Oregon Green 488 maleimide.
Assay samples ranging from 20 to 80 µL were placed in a water bath for 60 min at 30°C after
which assays were quenched with an equivalent volume of 2xSDS-PAGE gel loading dye and
boiled for 5 minutes. Assay samples were separated by SDS-PAGE using 18% gels, scanned
with a Typhoon 9410 imager (GE Healthcare; 488 nm excitation; 526 nm emission; PMT 500)
and stained with Coomassie brilliant blue. Quantification of assays was performed using Image
Quant software by drawing boxes around each band. Each quantified band was background
subtracted using an identically sized box in a region of the same lane without signal. As only
unmodified H2A, H2Aub1, H2Aub2, and H2Aub3 were observed, the sum of these backgroundsubtracted bands was considered to be the total H2A for each lane. In this manner, fraction of
total H2A was calculated for each band. These fractional values could be compared across gels
reproducibly. Three technical replicates were performed for each mutant with all mutants of a
given type executed simultaneously with both positive and negative controls. In most cases, three
gels were run each containing one of the three replicates of each of the mutants in a given data
set. n = 3 was found to be sufficient for reproducible data with low standard deviations.

2.3.10.2 Nucleosome Binding Assays (HI-FI Assay)
Nucleosome binding assays were performed with nucleosomes reconstituted with an
individual histone recombinantly engineering to have a cysteine point mutation at the location to
be fluorescently labeled. For example, to probe factor binding around H2B Ser112, a
H2B(Ser112Cys) mutant was created and fluorescently labeled with Oregon Green 488
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maleimide and reconstituted into a nucleosome. The labeling reaction occurred with
approximately 40-50% efficiency. All nucleosomes were reconstituted with either 147- or 185bp DNA. Fluorescence quenching assays were performed essentially as previously described. In
brief, chromatin binding proteins (wild-type or mutants) were diluted in 20 mM Tris-Cl, pH 7.6,
100 mM NaCl, 5 mM DTT, 5% glycerol, 0.01% NP-40, 0.01% CHAPS, 0.1 mg ml-1 BSA to
various micromolar concentrations. The labeled nucleosome was diluted to 2nM in identical
buffer containing 50 mM NaCl. Twenty microliters of NCP was added to 20 µL of each
protein/complex dilution in triplicate in a passivated 384-well plate (Greiner). Following
centrifugation at 500 rpm for 1 minute, mixing and 10-20 minute incubation at RT, plates were
scanned with a Typhoon 9410 imager (488 nm excitation; 526 nm emission; PMT 600).
Fluorescence was quantitated with ImageQuant Software and data was analyzed with ProFit
(QuantumSoft). n = 3 was found to be sufficient for reproducible data with low standard
deviation. The fused ubiquitylation modules were most appropriate for measuring affinity
constants for mutants of all three components because the higher affinity of the fused complex
(relative to the E2 or E3 alone) enabled a larger dynamic range for the assay. This allowed the
scope of a mutation’s effect to be measured and compared to all other mutants.
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Chapter 3
Crystallization and in vitro Biochemical Characterization of the Polycomb Repressive
Complex I Ubiquitylation Module

3.1 Cloning of the PCR1 Ubiquitylation Module and associated Ubiquitylation Proteins
To study the PRC1 Ubiquitylation Module, the individual genes for Bmi1, Ring1B, and
UbcH5c were amplified by PCR from HeLa cDNA. Primers were designed to amplify the genes
for the catalytic domains of each E3 ligase, Bmi1(2-109) and Ring1B(2-116), the E2, UbcH5c(2147), the E1, Uba1(2-1058), and ubiquitin monomer with the appropriate 5’ and 3’ restriction
sites to facilitate cloning into the pST50Tr single-subunit and pST44 polycistronic expression
vectors designed in our laboratory. The full-length genes for the E2 and E3s were truncated to
include a minimal domain required for ubiquitylation activity as previously reported. A full list
of constructs is provided in Table 4.
In addition to their structure, the Bentley group also performed biochemical
characterization of the PRC1 ubiquitylation module and found the Ring1B-UbcH5c interaction is
weak (KD = 7µM) and salt sensitive. This salt sensitivity posed a challenge for my work to
crystallize the module in complex with the nucleosome. We worried that the ionic strength in the
crystallization drop could cause the module to dissociate. In order to prevent this dissociation, I
created a single polypeptide fusion of Ring1B and UbcH5c based on a design created by Dr.
Robert McGinty. In the Bentley group’s structure, the N-terminus of UbcH5c is 21.5 Å away
from the C-terminus of Ring1B. We connected the two termini with a six amino acid, Ring1B –
Gly-Ser-Gly-Ser-Arg-Ser – UbcH5c, linker. The fusion was named “Ring1B-UbcH5c.” We
hoped this linker would allow the single polypeptide form of the two proteins to fold properly
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and stably interact like the wild-type complex while preventing dissociation under a range of
ionic strength.
This fusion was constructed by creating by adding the Gly-Ser-Gly-Ser linker residues to
the C-terminus of Ring1B by PCR. This gene was cloned into an bacterial expression vector. The
resulting vector was linearized by digesting with BglII and BsrGI restriction endocleases. The
UbcH5c gene with a 5’ BamHI site and 3’ BsrGI was then ligated into this vector. BglII and
BamHI produce complementary sticky ends, but neither enzyme can cleave the ligation product.
The 6 bp ligated ends codes for the Arg-Ser dipeptide.

Figure 11 PRC1 genetic fusion design
In the structure of the fused PRC1 ubiquitylation module solved by Bentley et al, the N-terminus
of the E2 enzyme, UbcH5c (red), is 21.5 Å from the C-terminus of one of the E3s, Ring1B
(blue). I created a single polypeptide fusion of these two proteins by genetically connecting the
termini with a 6 amino acid linker.
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This genetic fusion was first then cloned into an individual subunit expression vector
with a streptactin peptide-decahistidine dual protein purification affinity tag to make pST50Trc2STR-His10-Ring1B-UbcH5c and then into the second cassette of the pST44 polycistronic vector
to create pST44-STR-His10-Ring1B-UbcH5c.
The amplified RING domain of Bmi1 was cloned into a single-subunit pST50Tr
expression vector and then into the first cassette of the pST44 polycistronic vector to make
pST44-Bmi1/STR-His10-Ring1B-UbcH5c. pST44-Bmi1/STR-His10-Ring1B was also created to
express the E3 heterodimer independently of the E2.
All constructs were created with a Tobacco Etch Virus (TEV) site-specific protease site
engineered between the affinity tag and the N-terminus of the protein of interest to allow
cleavage and removal of the affinity tag.
Before any crystallization or biochemical characterization experiments of the PRC1
ubiquitylation module could be performed, the ubiquitin chain reaction components were
expressed and purified in E. coli. Before liter scale expression experiments were attempted, the
expression conditions were optimized on a 100 mL culture scale.

Figure 12 BamHI-BglII sticky-ended ligation enables protein-protein fusion
The 5’ and 3’ overhangs produced by BamHI and BglII endonuclease digestion of double
stranded DNA are compatible sticky ends and can be ligated together. The 6 bp ligation product
is neither a BamHI nor BglII recognition site and translates to an Arg-Ser dipeptide. This
cloning strategy was used to create the Ring1B-UbcH5c and BRCA1-UbcH5c genetic fusions
described in this thesis.
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Table 4 DNA constructs for expressing ubiquitin-chain reaction components

Constructs Expressing Ubiquitin Chain Reaction Components
Expresses

Used?

Ubiquitin
STR-HIS10-Ubiquitin

✓

pST50Tr-STRaHSTNhUba1

STR-HIS10-Uba1

✓

pST50Tr-GSTHISTNhUbq

GST-HIS6-Uba1

pST50Tr-STRaHSTNhUbq

Uba1 (E1)

UbcH5c (E2)
STR-HIS10-UbcH5c

✓

pST50Tr-hBmi1Δ1

Bmi1(2-109)

✓

pST50Trc2-STRaHSTNhRing1BΔ1

STR-His10-Ring1B(2-116)

✓

pST44-hBmi1Δ1/STRaHSTNhRing1BΔ1

Bmi1(2-109)/STR-His10-Ring1B(2-116)

pST44-hBmi1Δ1/GSTHISNhRing1BΔ1

Bmi1(2-109)/GST-His6-Ring1B(2-116)

pST44-hBmi1Δ1/SMOHSTNhRing1BΔ1

Bmi1(2-109)/SMO-His10-Ring1B(2-116)

pST50Tr-STRaHSTNhUbcH5c

Bmi1 & Ring1B (E3’s)

✓

Fused E2-E3 complex
pST50Trc2- STRaHSTNhRing1BΔ2

STR-His10-Ring1B(2-116)-GSGS

pST50Trc2-STRaHSTNhRing1BΔ2_UbcH5c

STR-His10-Ring1B(2-116)-GSGSRSUbcH5c

pST44-hBmi1Δ1-STRaHSTNhRing1BΔ2_UbcH5c

Bmi1(2-109)/STR-His10-Ring1B(2-116)GSGSRS-UbcH5c

✓
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3.2 Expression and Purification of Ubiquitin Chain Reaction Components in E. coli

3.2.1 Ubq: Free ubiquitin monomer
The expression plasmid encoding STR-His10-Ubq was transformed into
BL21(DE3)pLysS cells and protein expression induced at 37°C for 3 hours. The protein was
solubly and highly expressed and could be purified well with metal affinity chromatography. A
milligram-scale preparation of this construct was performed as previously described and yielded
3.7 mg of STR-His10-Ubq per liter of culture. The STR-His10 affinity tag could not be efficiently
cleaved by TEV protease (only 50% cleaveage at room temperature overnight). Molecular
modeling suggested this was because the protease cleavage site was too close to the globular
domain of ubiquitin and was therefore inaccessible to TEV. By engineering a Gly-Ser-Gly-Ser
linker between the N-terminus

Figure 13 Expression and purification of ubiquitin monomer
A) SDS-PAGE analysis of soluble extract purification of monomeric ubiquitin by sonication and
centrifugation and Talon metal affinity chromatography purification of soluble cell supernatant.
B) SDS-PAGE analysis of cation-exchange chromatography purification of the soluble material.
The STR-His10 tag was not cleaved from the protein.
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of ubiquitin and the TEV protease site, at least 90% of the total tagged material was cleaved. I
have observed this same issue of steric clash with 4 other proteins and that spacing the TEV site
from the globular domain of a protein can dramatically improve cleavage (Appendix A).

3.2.2 Uba1: E1 Ubiquitin-activating Enzyme
The construct encoding STR-His10-Uba1 was transformed into BL21(DE3)pLysS cells
and protein expression induced at 18°C for 16 hours. Although the protein was expressed and
able to be purified with metal affinity chromatography in low amounts, the protein was mostly
insoluble. To try to improve the expression of Uba1, and therefore the yield of a milligram scale
preparation, the protein was expressed in CodonPlus(DE3) cells. This strain includes tRNAs
normally absent in E. coli that recognize codons for arginine, isoleucine, and leucine that are
found at much higher frequencies in human than E. coli genes. By providing these necessary
codons, the ribosome might not stall when it encounters a rare codon, and more protein may be
produced.
Although the expression level improved dramatically, the protein was still completely
insoluble and could not be purified. To try to improve solubility, Uba1 was cloned with an Nterminal GST-His10 affinity tag. The large glutathione-S-transferase (GST) domain is solubly
produced in E. coli. Our hope was that genetically fusing this soluble domain to the N-terminus
of the E1 would improve the E1’s solubility. However, when induced in Rosetta(DE3)pLysS
cells, a similar E. coli strain, at 18°C for 16 hours, the GST-fusion protein was not expressed
well or able to be purified by metal affinity chromatography.
As an alternative strategy to improve solubility, CodonPlus(DE3) cells expressing the
STR-tagged Uba1 construct were lysed with 25 µg/ml lysozyme, and resuspended in buffer

62

containing 2 M urea. Addition of this nondenaturing concentration of urea solubilized the
protein, and although only 10% of the total soluble material could be purified by metal affinity
chromatography, a large-scale purification was performed using this strategy.
After a 6 liter expression in CodonPlus(DE3) cells and lysis with 50 µg/ml lysozyme, the
protein was purified as previously described. Approximately 0.15 mg of Uba1 per liter of culture
were purified using this scheme. Although these yields may be sufficient for performing
ubiquitylation or other enzymatic assays, more work could be done to better optimize expression
and purification of Uba1. These experiments were performed with the help and guidance of Dr.
Robert McGinty, Michael Moore, Allen Minns, and Kevin Thyne.

3.2.3 UbcH5c: E2 Ubiquitin-conjugating Enzyme
The expression and purification of the next component of the ubiquitin reaction, UbcH5c,
was similarly optimized on a 100 mL culture scale. The plasmid encoding the STR-His10UbcH5c construct was transformed into Rosetta(DE3)pLysS cells and induced overnight at
18°C. The protein was highly expressed and approximately 60% soluble. The tagged construct
was also purified away from cellular contaminants by metal affinity chromatography.
After a 6 L expression, the protein was purified as previously described. This milligram
scale purification yielded approximately 20 mg of UbcH5c per liter of culture. I performed these
experiments on a 100 mL culture scale to optimize the expression and purification conditions for
liter-scale preparations. The 6 L experiment was performed by Dr. Robert McGinty. As with
ubiquitin, the STR-His10 affinity tag was not efficiently cleaved by TEV protease. Although a
subsequent 6L preparation yielded more than 120 mg of protein, future studies could engineer
additional residues around the TEV protease site to improve protease cleavage.
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3.2.4 Bmi1-Ring1B: E3 Ubiquitin-ligase heterodimer
To characterize the wild-type, unfused PRC1 ubiquitylation module, the Bmi1/Ring1B
heterodimer was coexpressed and purified in E. coli. The complex was first coexpressed with a
STR-His10 affinity tag on Ring1B. However, when transformed into BL21(DE3)pLysS cells and
induced overnight at 18°C, the complex was only moderately expressed and mostly insoluble. To
improve expression levels, the construct was transformed into CodonPlus(DE3) cells containing
human tRNAs that are rare in E. coli and similarly grown. Like in the case of Uba1, the human
Bmi1 and Ring1B genes contain codons that are rarely used in E. coli. By providing these tRNAs
to the E. coli cells, the proteins would hopefully be produced at higher levels and folded
properly. Interestingly, after harvesting and lysing the cells, the tagged Ring1B subunit was
highly expressed whereas Bmi1 was barely expressed, if at all.
Because Ring1B and Bmi1 have RING domains that contain zinc finger motifs, the
proteins were reexpressed in CodonPlus(DE3) cells in media containing 10 µM ZnSO4 for 12
hours at 18°C. This strategy improved the expression of Bmi1; however, the cells were not well
lysed, even with the addition of 25 µg/ml lysozyme, and the complex was largely insoluble. To
improve lysis, the construct was reexpressed in Rosetta(DE3)pLysS cells in media containing 10
µM ZnSO4. These cells contain rare E. coli tRNAs like CodonPlus(DE3) cells as well as a
plasmid encoding T7 Lysozyme, which typically completely lyses cells upon freeze-thawing.
After harvesting, the cells completely lysed, however the complex remains largely insoluble and
could not be purified by metal affinity chromatography.
To try to improve solubility of the complex, constructs were created switching the streptavidin
tag on Ring1B with glutathione-S-transferase (GST) or small ubiquitin-like modifier (SMO).
Both were expressed as previously described in Rosetta(DE3)pLysS cells. While both constructs
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solubilized the complex, the SMO tagged complex was better purified than the GST- tagged
complex using metal affinity chromatography. Therefore the SMO tagged construct was used for
milligram scale preparations. After a 6 L expression, the complex was purified as previously
described. The purification yielded approximately 1.5 mg of complex per liter of culture.

Figure 14 Optimization of Ring1B/Bmi1 heterodimer coexpression and purification
100 ml culture scale optimization of coexpression and purification of the RING-RING
heterodimer of Ring1B/Bmi1. A) The heterodimer was expressed in BL21(DE3)pLysS cells
with a STR-His10 tag on Ring1B. Samples were withdrawn from the induced culture at 0, 2, 4, 6,
8, 10, 12, and 23 hour time points for SDS-PAGE analysis. A soluble extract preparation was
performed at 12 and 23 hours of induction. B) The same heterodimer construct was expressed in
CodonPlus(DE3) cells and soluble extract preparations were performed for SDS-PAGE analysis
at 10 and 24 hours of induction. C) A SMO-His10 tag was engineered onto Ring1B to replace the
STR-His10 tag. The heterodimer was expressed in Rosetta(DE3)pLysS cells in media spiked
with 10µM ZnSO4. Soluble extract preparations are shown. D) The previous experiment was
performed with a Ring1B/Bmi1 heterodimer with a GST-His6 tag on Ring1B.
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3.2.5 Bmi1/Ring1B-UbcH5c: Fused PRC1 Ubiquitylation Module

The expression and purification of the fused PRC1 ubiquitylation module was also tested
and optimized on the 100 mL culture scale before proceeding to milligram-scale preparations.
Like the E3 heterodimer complex, this complex was coexpressed in Rosetta(DE3)pLysS in
media containing 10 µM ZnSO4 at 18°C for 16 hours. The complex was solubly expressed and
could be purified by metal affinity chromatography. Interestingly, the STR-His10 tag on Ring1B
in the E3 heterodimer produced a mostly insoluble complex, whereas when used on the Ring1BUbcH5c fusion, the coexpressed complex was soluble.
This construct was used to perform a milligram-scale preparation. The complex was
coexpressed and purified as previously described. The purification yielded approximately 3.2 mg
of complex per liter of culture. I performed the 100 mL culture-scale optimization experiments,
grew and harvested cells for the 6 L coexpression, and performed ion-exchange HPLC during the
subsequent purification. This work was performed with the help of Dr. Robert McGinty.

3.3 Reconstitution of the PRC1 Ubiquitylation Module with the Nucleosome
Once the components of the ubiquitin chain reaction and the PRC1 ubiquitylation module
were expressed and purified, the fused module was tested to see if it would form a stable
complex with the nucleosome. This reconstitution was performed by adding a 2.8 fold molar
excess of PRC1 module to the nucleosome through four equal additions of the module to a
solution of nucleosome in vitro. The stable nucleosome-module complex was purified away from
excess, unbound PRC1 ubiquitylation module by gel filtration.
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Figure 15 Adding salt decreased non-specific binding of PRC1 to the nucleosome
A) The PRC1 ubiquitylation module was combined in a 2.8:1 molar ratio with the nucleosome
core particle in buffer containing 35mM NaCl. Gel filtration (Superdex 200HR) purification of
the reconstitution experiment produced a heterogeneous peak. B) To decrease potential nonspecific interactions, the salt concentration was increased to 75mM. Gel filtration revealed this
change eliminated non-specific interactions and produced a single species. This material was
then used for crystallization.
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Initial reconstitution experiments performed in 35 mM NaCl showed that the module
formed a stable complex with the nucleosome. However, the reconstitutions produced a broad
and heterogeneous gel filtration elution profile despite varying complex:NCP molar ratios.
Although distinct species could not be identified by SDS-PAGE, the Bentley group
showed the E3 heterodimer could bind DNA in vitro. To determine whether the heterogeneity
was caused by nonspecific binding of the PRC1 ubiquitylation module to nucleosomal DNA, the
reconstitution was performed in a higher salt concentration of 75 mM NaCl. This increase in
ionic strength produced a single species by gel filtration. Using this optimized condition, a
preparative-scale reconstitution of x mg was performed and the purified complex successfully
concentrated to approximately 20 mg/ml.

3.4 Crystallization of the PRC1 Ubiquitylation Module bound to the Nucleosome
Using the PRC1 ubiquitylation module-NCP complex that I prepared and concentrated, I
grew the first crystals of the complex using the sitting drop method and a factorial screen
microbatch matrix (Fig. 16).
Based on these initial crystals, Dr. Robert McGinty selected several conditions for
optimization. By varying the buffer, monovalent salt, and precipitant conditions, he grew larger
crystals with fewer flaws. Optimized crystals are important for X-ray diffraction because defects
such as cracks and twinned crystals can disrupt the diffraction patterns and reduce the overall
quality of the diffraction data.
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Figure 16 Initial crystals of the PRC1 ubiquitylation module-nucleosome complex
I grew these initial crystals of the complex using the sitting drop method by diluting the
concentrated, reconstituted complex to 4.4 mg/mL in a 2 µL drop containing crystallization
buffer and covering the drop with Al’s oil as described in Section 2.3.9.1. The crystals were
visualized by light microscopy with polarized light. The coloration is natural and caused by
birefringence of the crystal.

3.5 Structure of the PRC1 Ubiquitylation Module
Dr. Robert McGinty determined the crystal structure of the PRC1 ubiquitylation module
bound to the nucleosome core particle to 3.3 Å by X-ray diffraction using the optimized crystals
described in the previous section. The structure shows that the PRC1 module forms a crescent
shape that docks to the central disc face on each side of the nucleosome. Contrary to the model
proposed by the Bentley group, Bmi1 and Ring1B do not bind nucleosomal DNA at all. Rather,
they are positioned directly over the middle of the octamer and make contacts with all four
histones. UbcH5c completes the crescent shape by tracking along the inner curvature of the DNA
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with the C-terminal helix positioned above the dyad. The footprint of the entire triple complex is
entirely within the disc surface of the nucleosome covering a 1,470 Å2 surface area. The E3
heterodimer orients the E2 such that its active site, Cys85, is in close proximity to Lys119 on the
C-terminal tail of histone H2A. The two copies of the PRC1 ubiquitylation module in this
structure align very well with the structure of the unfused triple complex published by Bentley et
al (r.m.s.d. value of 1.0 Å over backbone atoms). This validates the use of the Ring1B/UbcH5c
genetic fusion by showing the fusion did not artificially alter the conformation and organization
of the PRC1 module.
The two copies of the PRC1 module docked to the nucleosome disc face differ slightly. When
aligned with each other, the E2 enzyme is most notably compressed toward the nucleosome face
on one side of the structure whereas the other side appears more relaxed. This is not an artifact of
post-crystallization soaks because the corresponding electron density map is present in a less
dehydrated structure solved to lower resolution. This may be a result of asymmetrical
environments surrounding each PRC1 module within the crystal packing unit. However, this
asymmetry does not dispute the presence of interactions at each complex-NCP junction, but
rather the degree of these existing contacts.
Together, the Ring1B and Bmi1 heterodimer form a saddle over the H2A C helix that
contains extensive interactions with the histone surface. Ring1B in the E3 heterodimer makes the
most interactions and accounts for nearly half of the total buried surface area. Most notably, R97
and R98 insert into the acidic patch presented by E61, E64, D90, and D92 on H2A. These
residues serve as arginine anchors like in the other structures of nucleosome binding protein –
NCP complexes previously discussed in Section 1.5. Bmi1 makes considerably fewer contacts
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Figure 17 Crystal structure of the PRC1 ubiquitylation module bound to the nucleosome
A) Two views of the PRC1 ubiquitylation module bound to the nucleosome showing the
proximal and distal sides around the pseudo two-fold axis of symmetry of the nucleosome.
B) The PRC1 ubiquitylation module forms a saddle over the C helix of histone H2A, with the
active cysteine of the E2 (Cys85, green spheres) positioned in close proximity to the target
lysine (Lys119, orange spheres) C) UbcH5c makes extensive contacts with nucleosomal DNA,
suggesting a novel role in substrate recognition for E2 ubiquitin-conjugating enzymes.
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with the histone surface. This is also reflected in its relatively smaller contribution to the total
surface area, 330Å2.
Previously, E3 enzymes were thought to be the sole determinant of substrate specificity
in a ubiquitylation reaction. Although Ring1B and Bmi1 are clearly responsible for the majority
of nucleosome recognition and affinity, our structure reveals that the 3 helix of UbcH5c makes
electrostatic interactions with nucleosomal DNA that do contribute to the overall stability of the
complex. Titration of the E2 in trans increases the overall affinity of the heterodimer for the
nucleosome ten-fold, further confirming the presence of important substrate contacts by the E2
(Data in Appendix B). Binding experiments using nucleosomes with 185 bp DNA that extends
19 bp beyond the canonical 147 bp on each side show a two-fold increase in the KD suggesting
the E2 may make further contacts with linker DNA beyond the nucleosome core particle.
Previously, E2 enzymes were thought to rely completely on the E3 to determine substrate
specificity and were not known to make any contacts with the substrate. Our structure therefore
provides the first evidence of this new role for E2 ubiquitin-conjugating enzymes in the catalytic
cascade of ubiquitylation.
To our knowledge, this is also the first structure of a chromatin enzyme bound to its
nucleosomal substrate. This structure provides insight into how an enzyme complex can
recognize and exploit multiple regions that are spatially distinct from the site of catalysis to
achieve specificity. Specifically, the arginine anchors that Ring1B uses to dock the entire PRC1
ubiquitylation module to the nucleosome and the extensive array of lesser nucleosome contacts
made by Ring1B and Bmi1 are almost 35 Å away from the ubiquitylation target on the Cterminal tail of H2A. Additionally, though the target lysine is near the edge of the nucleosome
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disc face, the PRC1 module buries nearly 20% of the surface area presented by each nucleosome
face to catalyze this ubiquitylation.
Finally, the PRC1 ubiquitylation module-NCP structure provides insights into how other,
related gene regulatory proteins such as the E3 ubiquitin ligase BRCA1 may recognize genetic
targets to carry out their cellular function (Chapter 4).

3.6 Biochemical Characterization of the PRC1 Ubiquitylation Module
To validate this structure and further examine the interactions between the nucleosome
core particle and the PRC1 ubiquitylation module, nucleosome binding and ubiquitylation
activity assays were performed. Site-directed mutagenesis was used to interrogate the subunitNCP interfaces and determine the nature and contribution of the interactions mediated by each
subunit to the overall affinity of the complex for the nucleosome.

3.6.1 Nucleosome Binding Assays
To probe the affinity of the PRC1 ubiquitylation module for the nucleosome in both the
fused and unfused configurations, fluorescence-based High-throughput Interactions by
Fluorescence Intensity (HI-FI) experiments were performed. This assay is described in detail in
Section 4.6. This assay was also used to validate our crystal structure. Particular residues on both
the PRC1 ubiquitylation module subunits and the histone surface presented by the nucleosome
appeared to be important for binding. These residues on both sides of the Bmi1-nucleosome,
Ring1B-nucleosome, and UbcH5c-nucleosome interfaces were mutated and their effects on
binding were quantitated using the HI-FI assay. Dr. Robert McGinty performed these
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experiments, and the results are detailed in Appendix B, “Crystal Structure of the PRC1
ubiquitylation module bound to the nucleosome.”

3.6.2 Ubiquitylation Activity Assays
After the structure of the PRC1 ubiquitylation module-nucleosome structure was solved,
nucleosome ubiquitylation assays were performed to further characterize the catalytic activity of
the module and biochemically validate our structure. As discussed briefly in the previous section,
we were interested in interrogating interfaces formed between each subunit of the PRC1 module
and the nucleosome. We chose 5 residues to mutate on each subunit, 4 that appeared to make
contacts with the histone surface, or nucleosomal DNA in the case of UbcH5c, and 1 that would
provide a negative control and was not expected to affect catalytic activity. We also studied the

Figure 18 Ring1B-Bmi1 heterodimer-nucleosome interface
A) The Ring1B-nucleosome interface showing residues mutated in our structural validation
studies and the arginine anchor residue, Arg 98, inserting into the acidic patch presented by
acidic side chains of the histone dimer. Ring1B is shown in blue, H2A in yellow, and H2B in
red. B) The Bmi1-nucleosome interface highlighting several of the residues that were mutated.
Bmi1 is shown in yellow, H3 in blue, H4 in green, and H2B in red.
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Figure 19 Site-directed mutagenesis to investigate PRC1 catalytic activity
A) SDS-PAGE analysis with a fluorescent scan of catalytic activity assays with Ring1B mutants.
The total ubiquitylation is plotted as a percentage of total H2A. H2A was fluorescently labeled
on its N-terminal tail. B) Similar analysis as in panel A with the Bmi1 mutants. C) SDS-PAGE
analysis of catalytic activity assays with acidic patch mutants and WT PRC1 ubiquitylation
module.
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contributions of the acidic patch through similar mutagenesis. I performed the ubiquitylation
studies for Ring1B, Bmi1, and histone mutants, and Dr. McGinty worked with the E2 mutants.
Our structure revealed that the PRC1 module employs the arginine anchor motif present
in all other structure of nucleosome-bound proteins. Specifically, Lys97 and Arg98 are part of a
nucleosome recognition loop that inserts into the acidic patch. These two residues were obvious
targets for mutagenesis along with Arg81 and Lys93, which make electrostatic contacts with
other individual acidic patch residues. Lys59 was selected as a negative control because
mutagenesis should not affect the folding of the protein or ubiquitylation activity of the module.
The decreases in catalytic activity observed from each individual alanine mutant aligned with our
expectations from the structure. Most notably, mutation of the arginine anchor residue, Arg98,
resulted in a nearly complete abrogation of activity. Arg98’s neighbor Lys97 also makes
extensive contacts with acidic side chains of H2A in our structure, and its mutagenesis resulted
in a dramatic loss of activity. Arg93 makes the least contacts with acidic patch residues, and its
alanine mutant resulted in a correspondingly modest decrease in activity.
In our structure, Bmi1 makes considerably fewer and less extensive contacts with the
histone surface. Mutagenesis and activity experiments confirmed this and showed that although
Bmi1 still makes a few critical contacts with charged residues on H2B, namely through Asp33
and Arg64, Ring1B still dominates binding and activity. Importantly, tandem mutagenesis of
acidic patch residues on H2A, H3, and H4 further support our structure and nearly completely
eliminated ubiquitylation activity in all cases.
Dr. McGinty’s results from mutating residues at the UbcH5c-DNA interface can be found
in Appendix B. Together, our mutagenesis data validate our crystal structure, showing it
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accurately depicts the binding and catalytic activity of the PRC1 ubiquitylation module in
solution.

3.7 Future Directions
Our structure of the PRC1 ubiquitylation module bound to the nucleosome and
subsequent biochemical characterization has opened up several possible avenues for further
investigation. Other than the utilizing our insights and methods to investigate other chromatin
enzymes, three possible routes for further investigation into PRC1-nucleosome binding and
activity are discussed below:

1. Characterize the PRC1 enzyme-ubiquitin complex
In our structure, we can model ubiquitin monomer into the active site of UbcH5c such
that ubiquitin’s C-terminal glycine carboxy group could be susceptible to attack by the  nitrogen
of Lys119 of H2A. While this model provides insights into possible mechanisms the PRC1
ubiquitylation module may employ to deliver ubiquitin to nucleosomal H2A, we would like to
visualize this enzyme-substrate-ubiquitin complex to understand exactly how ubiquitin is
positioned by PRC1 before and after catalysis. Further, this structure could clarify the role of
Bmi1. In our structure, Bmi1 makes few contacts with the nucleosome surface, and mutagenesis
has moderate effects on binding and activity. However, interestingly, the subunit is required for
catalytic activity.
The obvious challenge is to introduce ubiquitin into the PRC1 module without allowing
the ubiquitin to be transferred to the nucleosome. There are two potential approaches to solving
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this problem. The wildtype fused PRC1 module could be combined with monoubiquitylated
nucleosomes. Alternatively, ubiquitin could be permanently ligated to the PRC1 module.
Both tactics are complicated to perform. A main hurdle in the first approach is generating
and purifying site-specific monoubiquitylated nucleosomes. There are established methods for
chemical semi-synthesis of monoubiquitylated nucleosomes. However, these protocols are
geared towards for chemical biology rather than structural biology laboratories and require
chemical synthesis that may not be feasible to perform in our group without collaboration with
another laboratory. Alternatively, these nucleosomes could be prepared enzymatically using an
E2 that strictly monoubiquitylates a target lysine; UbcH5c catalyzes polyubiquitin chain
formation. Even if these nucleosomes can be efficiently prepared, the PRC1 module may not
bind well because the unfused complex is expected to dissociate after catalyzing this
modification. Furthermore our fused module appears to be sterically constrained and might not
be able to bind ubiquitin.
A PRC1 module charged with ubiquitin, primed for catalysis and bound to the
nucleosome may be easier to produce and reveal more biologically relevant information.
Recently, two structures were published of RING E3’s with their E2 partners stably charged with
ubiquitin65,66. These studies describe how ubiquitin can be ligated to the E2 through either ester
or isopeptide linkages by mutating the active cysteine of the E2 to either a serine or lysine
residue. While an isopeptide linkage is irreversible, forming this linkage seems to require harsh
reaction conditions (incubation at 35°C in buffer pH 10.0 for >24 hrs) that may not be suitable
for our complex. Therefore, while the ester linkage is reversible, it may be a better option
because it is still significantly more stable than the wildtype thioester and is produced under
standard reaction conditions (incubation at 20°C in buffer pH 7.5 for 20 hrs). Unfortunately,
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when fused to the E3s, UbcH5c cannot be enzymatically charged by an E1 because the E3s
sterically clash with the E1 (data in Appendix B). I have recently discovered a possible solution
to this problem. My studies of the BRCA1 ubiquitylation module described in Chapter 4 suggest
that engineering additional residues into the fusion to provide more flexibility at the E2-E3
interface may overcome this problem.

2. Explore the sequence specificity of the PRC1 module for the H2A C-terminal tail
We crystallized and characterized the human PRC1 ubiquitylation module bound to
Xenopus laevis nucleosomes. While the sequence prior to Lys 119 on the C-terminal tail of H2A
is highly conserved between the human and Xenopus histones, residues 125-130 differ between
the two species (Fig 24). In our structure, we do not have good electron density for the Cterminal tail and cannot model side chains beyond residue 118. Comparing the catalytic activity
and binding affinity of human vs Xenopus nucleosomes as well as manipulating the sequence of
the C-terminal H2A tail through site-directed mutagenesis may help us understand how the
module recognizes this particular lysine residue.

3. Characterize variant PRC1 ubiquitylation modules
The PRC1 ubiquitylation module characterized in this chapter represents a single
complex in the modular PRC1 family. Ring1B can be substituted with Ring1A, but Bmi1 can be
substituted with a variety of PCGF paralogs, some of which may be involved in nucleosome
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ubiquitylation. Additionally, Ring1B and Bmi1 may be able to partner with UbcH5a, UbcH5b, or
UbcH6 to catalyze histone H2A ubiquitylation52. These E2s catalyze different degrees of
ubiquitylation and branching of polyubiquitin chains. Our structure may be useful in modeling
how combinations of these different subunits interact with and ubiquitylate the nucleosome.
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Chapter 4
In vitro Biochemical Characterization of the RING domains of BRCA1 and BARD1

4.1 Cloning of the BRCA1 Ubiquitylation Module
Previous work by Brzovic et al. showed that BRCA1 and BARD1 participate with
UbcH5c to ubiquitylate histone H2A in the context of the nucleosome in vitro. NMR and gel
filtration experiments in the same study show that like the PRC1 ubiquitylation module, UbcH5c
only interacts with the RING domain of BRCA1, not BARD1, and that the interaction is
similarly weak (Kd ≥ 1µM). We therefore designed an E2-E3 single-polypeptide UbcH5cBRCA1 fusion similar to the UbcH5c-Ring1b fusion used for the PRC1 ubiquitylation module.
Our molecular models aligning the BRCA1-BARD1 heterodimer structure with the structure of
the PRC1 ubiquitylation module bound to the nucleosome described in Chapter 3, suggest that
the C-terminus of BRCA1 is approximately 16 Å away from the N-terminus of UbcH5c.
However, while the C-terminal 7 residues of BRCA1 do not have defined secondary structure, all
but the last two residues appear to be spatially constrained in the NMR structure data presented
by Brzovic’s structure of the BRCA1-BARD1 RING-RING heterodimer. In order to account for
varying degrees of potential flexibility in this region, I designed three genetic fusions containing
5 ± 1 residues between UbcH5c and BRCA1.
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Figure 20 Illustrated schematic of the full-length BRCA1 and BARD1 proteins
The coding regions for the E3 RING domains were amplified by PCR from HeLa cDNA
with the appropriate 5’ and 3’ restriction sites to facilitate cloning into single subunit, pST50Tr,
and polycistronic, pST44, expression vectors. Constructs were created to coexpress the E3
heterodimer independently of the E2 as well as the fused complex. To make the fusion, the gene
for UbcH5c was amplified with linker residues added to the N-terminus of the gene. In each
linker fusion, the N-terminal two residues were added via the same BamHI-BglII cloning scheme
used for the Ring1B/UbcH5c fusions described in Section 3.1. For example, in the BRCA1RSGS-Ubch5c fusion, the 6 nucleotide coding sequence for the Gly-Ser dipeptide was added to
the E2 gene by PCR, and the Arg-Ser dipeptide was created by the BamHI-BglII cloning
scheme.
As described for the PRC1 ubiquitylation module and associated components, all
constructs were created with a Tobacco Etch Virus (TEV) site-specific protease site engineered
between a streptactin peptide-His10 affinity tag and the N-terminus of the protein of interest to
allow downstream cleavage and removal of the tag unless otherwise noted. The combination
streptactin peptide and decahistidine tag is standard in our laboratory and provides two different
methods to purify the protein of interest.

4.2 Expression and Purification of BARD1/BRCA1 Ubiquitylation Module in E. coli
The E3 heterodimer and fused modules were coexpressed and purified in E. coli. Before
milligram scale preparations were attempted, the expression conditions were optimized on a 100
mL culture scale.
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4.2.1 BARD1/BRCA1: E3 Ubiquitin-ligase unfused heterodimer
The constructs encoding the three BARD1/STR-His10-BRCA1 truncations were
transformed into Rosetta(DE3)pLysS cells and grown at 18°C for 16 hours in media containing
10 µM ZnSO4. In the two longest constructs, BARD1(27-189)/BRCA1(2-300) and BARD1(27189)/BRCA1(2-103), the BARD1 subunit was barely expressed. Consequently, very little
complex could be purified by metal affinity chromatography. Additionally, most of the protein
that was produced was insoluble. However, the third construct, BARD1(27-130)/BRCA1(2-103),
expressed the most complex. While BARD1 expression was still very low and most of the
complex was insoluble, adequate amounts of the heterodimer complex could be purified by metal
affinity chromatography.
This minimal complex was selected for a 6 L-scale expression and purification. While
much of the protein was still insoluble, the complex could be purified by metal affinity
chromatography and anion-exchange chromatography. This preparation yielded 4.4 mg of
BARD1/STR-His10-BRCA1 per liter of culture.

Figure 21 Coexpression and purification of the BRCA1/BARD1 E3 heterodimer
A) SDS-PAGE analysis of soluble extract purification of the BRCA1/BARD1 RING-RING
heterodimer by sonication and centrifugation and Talon metal affinity chromatography
purification of soluble cell supernatant. B) SDS-PAGE analysis of TEV protease cleavage of
the STR-His10 affinity tag from BRCA1. C) SDS-PAGE analysis of anion-exchange
chromatography purification of the soluble, cleaved BRCA1/BARD1 heterodimer.
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Interestingly, like monomeric ubiquitin, the affinity tag could not be efficiently cleaved
from BRCA1 by TEV protease. Subsequent molecular modeling suggests the same steric
hindrance issue may be involved.
The partial insolubility of this complex is not surprising because the heterodimer surface
has several uncharged, hydrophobic patches that may be facilitating aggregation. Additionally,
aside from the RING domain of each subunit, the other major feature of the complex is a large 4helix bundle. While this structural motif provides stability to the complex, it is held together by
extensive hydrophobic interactions and may be causing the complex to aggregate in the cell,
especially if one subunit is produced faster and therefore cannot fold with its partner subunit
properly. Previous work with BARD1 and BRCA1 purified the complex from the insoluble
material using denaturation and refolding methods. Future work could attempt to optimize yields
using these insoluble purification techniques. Alternatively, one could try to truncate the 4-helix
bundle to improve soluble preparations, although this approach may disrupt the stability of the
complex or its catalytic activity. Additionally, future work should investigate whether spacing
out the TEV protease cleavage site from the N-terminus of BRCA1 improves cleavage of the
affinity tag.

4.2.2 BARD1/BRCA1-UbcH5c: Fused BRCA1 Ubiquitylation Module
The expression and purification of the fused BRCA1 ubiquitylation modules with
different linker lengths were also tested and optimized on the 100 mL culture scale before
proceeding to milligram-scale preparations. Like the E3 heterodimer complex, these complexes
were coexpressed in Rosetta(DE3)pLysS in media containing 10 µM ZnSO4 at 18°C for 16
hours. Like the unfused heterodimer, the complexes were largely insoluble, and BARD1 was
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barely expressed in each case. On this scale, it was difficult to determine if BRCA1 and BARD1
were being purified stoichiometrically by metal affinity chromatography. Regardless, these
constructs were used for 4 L-scale expression and purification experiments.
On this larger scale, the complexes were expressed and purified much better by affinity
chromatography than during the small-scale experiments. Like the heterodimer, the affinity tag
could not be efficiently cleaved from the BRCA1-UbcH5c fusion. However, the complexes
could not be purified by cation or anion exchange chromatography because of apparent
aggregation in solution. The proteins bound to these chromatography resins but would not elute
during a 50 mM-1500 mM NaCl gradient on either a anion or cation-exchange column regardless
of buffer pH. The proteins were eluted from the column only during acid and base denaturing
washing steps after the sat concentration gradient elution.
The complex was instead purified by ammonium sulfate precipitation and SourceISO
hydrophobic interaction chromatography. To determine the maximum ionic strength that allowed
the fused complex to remain soluble, an analytical ammonium sulfate precipitation was
performed. Because the complex started to precipitate in 1.8 M ammonium sulfate, the
purification was performed in 1.5 M ammonium sulfate as previously described (Section 2.3.3).
The concentrated material was not significantly aggregated (16.7% polydisperity by dynamic
light scattering, where <20% polydisperity usually indicates a monodisperse sample). This
purification of each of the fused complexes produced approximately 1.7 mg of the fused BRCA1
ubiquitylation module per liter of culture. Future work should attempt to improve cleavage of the
affinity tag from the fusion protein and investigate whether the complex could be purified by
insoluble methods to increase preparation yield.
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Figure 22 Coexpression and purification of BARD1/BRCA1-UbcH5c
A) SDS-PAGE analysis of coexpression of the fused BRCA1 ubiquitylation module in
Rosetta(DE3)pLysS, soluble extract preparation by sonication and centrifugation, and Talon
metal affinity chromatography purification of soluble cell supernatant. B) SDS-PAGE analysis
of analytical ammonium sulfate precipitation in preparation for hydrophobic interaction
chromatography. C) Chromatogram of Source ISO hydrophobic interaction chromatography
experiment. D) SDS-PAGE analysis of Source ISO purification shown in panel C.

86

4.2.3 UbcH5c(C85K) and E2-Ubiquitin Conjugate
A UbcH5c mutant with a Cys85 to Lys mutation in the active site cannot transfer
ubiquitin to a substrate (Fig 23). The mutant gene was created using site-directed mutagenesis,
and the protein was expressed and produced in the same way as the wild type protein. The E2
conjugate was enzymatically produced by reacting 0.4 µM E1, 80 µM UbcH5c(C85K), and 100
µM STR-His10-Ubq in buffer containing 50 mM Tris-Cl, pH 10.0, 150 mM NaCl, 8 mM TCEP,
5 µM MgCl2, 3 mM ATP, and 0.1 mM PMSF for 24 hours at 37°C. The charging reaction was
diluted 6-fold in enrichment buffer containing 50 mM Tris-Cl, pH 7.6, 200 mM NaCl, 5 mM 2mercaptoethanol and enriched for conjugating E2 and free ubiquitin with metal affinity
chromatography and batch elution with 3 mL buffer containing 400 mM imidazole. The
conjugate was purified away from free ubiquitin and E1 with Superdex 200HR gel filtration in
buffer containing 10 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM 2-mercaptoethanol and
concentrated to approximately 200 µM by ultracentrifugation. The preparation yield ranged
between 30-40%.

4.3 Characterization of the Catalytic Activity of the BRCA1 Ubiquitylation Module
Previously, the BRCA1 ubiquitylation module was believed to ubiquitylate the same
H2A Lys119 residue as the PRC1 ubiquitylation module. However, in August of 2014, Kalb et al
discovered through mass spectroscopy experiments that BRCA1 and BARD1 instead mediate
site-specific ubiquitylation of H2A Lys127 and Lys129 in the context of the nucleosome in vitro
and in vivo. This result is important because the primary sequences of Xenopus histone proteins
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Figure 23 Purification of the ubiquitin-charged E2
A) Mechanism of E2 charging. Because the E2’s active cysteine is mutated to a lysine residue,
ubiquitin becomes permanently ligated to the E2 by a highly stable isopeptide bond rather than
the typical thioester. This mutant E2 cannot discharge ubiquitin to a substrate. B) Schematic of
the purification of the ubiquitin-conjugated E2. After enzymatic charging, the conjugate was
purified by metal affinity chromatography and gel filtration. C) SDS-PAGE analysis of the
scheme outlined in B.
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are almost identical to their human orthologs, and most of the few divergences are within the
folded globular domain of the protein. However, even though Lys127 and Lys129 are conserved
between both species, the C-terminal 7 residues of histone H2A that surround these targets
residues are very different between the human and Xenopus proteins (Fig 24). Prior to the
publication of this study, our laboratory had used Xenopus nucleosomes. After learning of these
important results, our laboratory worked to optimize the recombinant production and
reconstitution of human nucleosomes.
Prior to the Kalb paper, ubiquitylation studies comparing the BRCA1 and PRC1
ubiquitylation modules showed that although the BRCA1 module is less active than the PRC1
module in terms of total ubiquitylation catalyzed, it appears to preferentially direct
polyubiquitin-chain formation. Alignment of the BRCA1-BARD RING-RING heterodimer with
our structure revealed that Lys90 and Arg91 of BRCA1 might participate in an arginine-anchor
motif. To test this hypothesis, the double alanine BRCA1 mutant was created and used in a
ubiquitylation assay with wildtype Xenopus nucleosomes. As expected, these mutations
completely abrogated ubiquitylation activity.

Figure 24 Alignment of H. sapiens and X. laevis histone H2A primary sequences
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After the Kalb work was published, I performed a fluorescence-based activity assay to compare
the catalytic activity of the BRCA1 ubiquitylation module across several substrates to understand
the importance of the human histones. I used substrates with a fluorescent label on the Nterminal tail of histone H2A. The result of this experiment was significant. As previously
reported in the Kalb study, BRCA1 requires a nucleosome substrate to ubiquitylate its target.
Surprisingly, ubiquitylation activity increased 1.7 fold from approximately 50% to more than
85% of total H2A when acting on the human nucleosome (Fig 25). Although polyubiquitylation
marks quickly become difficult to individually quantitate because of their spacing on a SDSPAGE gel, this increase in activity is reflected largely in polyubiquitin chain formation on H2A.
Although human histones and X. laevis histones are nearly identical, this experiment suggests the
C-terminal tail of H2A is important to the catalytic function of the BRCA1 ubiquitylation
module.

Figure 25 Comparison of BRCA1 catalytic activity on various substrates
A) Fluorescence scan of SDS-PAGE analysis of a ubiquitylation activity assay showing BRCA1
requires a nucleosome substrate for H2A ubiquitylation and is dramatically more active on a
human nucleosome substrate than a X. laevis nucleosome. Each assay was performed in
triplicate. B) Quantitation of ubiquitylated H2A from the fluorescent scan in panel A. The data
is shown as percentage of total H2A ubiquitylation which is the sum of unmodified, mono-, di-,
tri-, and tetra- ubiquitylated H2A. Further individual quantitation is not possible because the
bands are too close to one another on the gel.
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4.4 BRCA1 may use an arginine anchor to recognize the nucleosome
Because of the similarity in structure and function of the BRCA1 ubiquitylation module
and the PRC1 ubiquitylation module, I wondered if the BRCA1 module employs an arginine
anchor motif to recognize the nucleosome. Aligning the Brzovic et al structure of the
BARD1/BRCA1 RING-RING E3 heterodimer with the Bmi1 and Ring1B subunits in the PRC1
ubiquitylation module-nucleosome structure that we solved suggests that Lys70 and Arg71 on
BRCA1 align to the same position as the arginine anchor motif on the PRC1 module. Tandem
alanine mutations engineered at these positions completely abrogated ubiquitin ligase function
just as observed with the PRC1 module. Given the similarity in structure and function of the
BRCA1 module to the PRC1 module, this result suggests that the BRCA1 module employs these
residues as an arginine anchor to recognize its nucleosome substrate.

Figure 26 Mutagenesis of BRCA1 or nucleosome acidic patch eliminates catalytic activity
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4.5 Reconstitution of the BRCA1 Ubiquitylation Module with the Nucleosome
Once the components of the ubiquitin chain reaction and the BRCA1 ubiquitylation
module were expressed and purified, the RING-RING heterodimer as well as the fused and unfused (E2 in trans) modules were tested as previously described by gel filtration to determine if
they would form stable complexes with Xenopus nucleosomes.
The E3 heterodimer did not form a complex with the nucleosome despite performing the
reconstitution experiments at different ionic strengths ranging from 35 mM to 75 mM NaCl. This
is not necessarily surprising because molecular modeling and comparison of the vacuum surface
electrostatics of BRCA1 and Ring1B reveal that BRCA1 has considerably less surface charge on
the same face that Ring1B uses to interact with the nucleosome. In the PRC1 ubiquitylation
module-nucleosome structure, this interface is responsible for the majority of the contacts made
in this complex so it is certainly possibly that the affinity of the BRCA1 ubiquitylation module
for the nucleosome might not be as high.
Surprisingly, none of the fused BRCA1 ubiquitylation module fusion-length variants
bound the nucleosome even at 35 mM NaCl. Positive control gel filtration reconstitution
experiments simultaneously performed with the PRC1 module and the same nucleosomes were
successful showing there were no significant technical issues with the experiment and analysis of
the proteins and nucleosomes by SDS-PAGE did not show evidence of protease degradation. A
similar reconstitution using human nucleosomes instead of Xenopus nucleosomes produced the
same negative result indicating the species of histones was not the main reason why a stable
complex between the BRCA1 ubiquitylation module and the nucleosome did not form.
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4.6 The High-throughput Interaction by Fluorescence Intensity (HI-FI) Assay
To characterize the binding behaviors between nucleosome and PRC1 and BRCA1
ubiquitylation modules, the High-throughput Interaction by Fluorescence Intensity or HI-FI
system was used. This assay, first described by Winkler, Luger, and Kieb, uses fluorescence
quenching to calculate the affinity of two interacting macromolecules in vitro67. Generally, a
fluorophore is first conjugated to a specific site on one macromolecule that is spatially close to
and beyond the interaction site. The other macromolecule is then titrated into wells containing 15 nM amounts of the fluorescently labeled target in a 384 well plate and the fluorescence is
measured by scanning in a fluorescent imager such as a Typhoon 9410 (GE Healthcare). The
binding and increased saturation of the fluorescent target by the titrant causes the fluorescence

Figure 27 Overview of the HI-FI system
A) Sample interaction between two macromolecules with the fluorescent probe being placed just
outside of the binding event boundary. B) Sample titration of macromolecule in a 384 well plate
causes the fluorescence intensity to decrease until the probe is completely saturated. The
quantitated fluorescence change can then be fitted to a binding curve with the Hill Equation.
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intensity to decrease over the range of the titration to the saturation point. By applying the Hill
Equation, a binding curve can be fitted to these fluorescence intensity data and dissociation
constant can be calculated. The Hill equation allows Y, the fluorescence signal at a given
concentration of macromolecule, to be plotted against the log of P, the macromolecule
concentration. Fitting of the measured data allows the maximum fluorescence value (0µM
macromolecule), the minimum fluorescence value (at probe saturation) and the dissociation
constant, Kd to be determined.

𝑌 = 𝑌𝑚𝑖𝑛 + (𝑌𝑚𝑎𝑥 − 𝑌𝑚𝑖𝑛 ) (

𝑃
)
𝑃 + 𝐾𝐷

Hill Equation

Ideally, a probe position that detects >10% change between Ymax and Ymin should be used
to provide sufficient signal:noise for the experiment. In my experience, careful experimental
execution reduces standard error over replicate experiments to 0.5-1.0%. However, with <10%
overall change in fluorescence, even 0.5% standard error at each data point complicates the
calculation of an accurate dissociation constant.
In the case of the characterizations described in this thesis, the nucleosome was
fluorescently labeled at a variety of individual positions on cysteine residues of histone proteins
with Oregon Green 488 maleimide. Either the PRC1 or BRCA1 ubiquitylation modules were
then titrated into these fluorescently labeled nucleosomes to determine the dissociation constant
for each complex with the nucleosome. Various probe positions were scouted because we did not
know precisely where the BRCA1/BARD1 complex bound the nucleosome.
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4.7 Fluorescence Binding Assays to Probe BRCA1 ubiquitylation module-NCP interaction
To probe the nature of any BRCA1 ubiquitylation module-nucleosome interactions,
fluorescence-based HI-FI assays were performed as previously described in Section 2.3.10.2.
The results of the various HI-FI experiments performed are tabulated below (Table 6). Based on
the Kalb paper and my catalytic mutagenesis experiments suggesting the BRCA1 module
utilized an arginine anchor motif to recognize the nucleosome, I believed the BRCA1 module
would dock to the nucleosome surface with a similar footprint to the PRC1 module. With this in
mind, I selected a variety of probe positions that would hopefully detect

Table 5 Results of HI-FI experiments for the BRCA1 ubiquitylation module

Macromolecule

NCP
Species

Label
Position

NaCl Concentration
(mM)

Experiment Type

BBU (5aa)

X. laevis

xH2B(S109)

15, 35, 75, 125

Salt Scouting

BB+U

X. laevis

xH2B(S109)

35

Titration up to 25µM

BB+U

X. laevis

xH2B(T112)

35

Position scouting

BB+U

X. laevis

xH2B(Q44)

35

Position scouting

BB+U

X. laevis

xH4(E63)

35

Position scouting

BBU (5aa)

X. laevis

xH2B(Q44)

35, 50, 75, 125

Salt Scouting

BBU (6aa)

X. laevis

xH2B(Q44)

35, 50, 75, 125

Salt Scouting

BBU (6aa)

X. laevis

xH2B(Q44)

35

Titration up to 30µM

BRU

X. laevis

xH2B(S109)

75

BBU ,BRU

X. laevis

xH2B(Q44)

50

BB+U, BRU

X. laevis

xH2B(S109)
with 185 bp
DNA

50

Different DNA length

Binding detected
for BRU only

BB+U, BBU, BRU

H. sapiens

hH2B(S113)

35

Human NCP

Binding detected
for BRU only

Positive Control
for NCP
Positive Control
for NCP

Result
No binding
detected
No binding
detected
No binding
detected
No binding
detected
No binding
detected
No binding
detected
No binding
detected
No binding
detected
Binding detected
Binding detected
for BRU only
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binding from various landmarks on the histone disc face (Fig 28). However, despite scouting
through multiple positions at various ionic strengths, I could not detect binding. Importantly,
when the PRC1 ubiquitylation module as included in parallel as a positive control, I was able to
easily detect PRC1 binding (Fig 29).
I wondered if the genetic fusions were somehow not folded properly or not forming a
stable E2-E3 complex as expected and so I tried performing the same assays titrating the RINGRING BRCA1/BARD1 heterodimer into UbcH5c in trans. However, even when performed on a
human nucleosome substrate, which I knew to be important for catalytic function (Section 4.3),
these experiments still did not detect binding between BRCA1/BARD1 and the nucleosome.

Figure 28 Fluorescent probe positions used for HI-FI experiments with the BRCA1 module
Molecular model of the BRCA1 ubiquitylation module docked to a X. laevis nucleosome core
particle (BARD1: purple, BRCA1: orange, UbcH5c: red). The four different positions of the
Oregon Green 488 fluorophore tested are labeled and shown in lime green. This model was
generated by aligning the BRCA1-BARD1 heterodimer to the PRC1 ubiquitylation modulenucleosome structure described in Chapter 3.
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Figure 29 Scouting three probe positions for BRCA1 module binding experiments
Normalized fluorescent intensity data comparing fluorescence change with various probe
positions on X. laevis H2B and S112 on H. sapiens H2B. A) HI-FI titration experiments with
two probes on X. laevis nucleosomes with unfused BRCA1 ubiquitylation module (constant 18
µM UbcH5c) performed in parallel with the fused PRC1 module as a positive control. Neither
position detected binding. These data underscore the need to find a position that produces >10%
in fluorescence upon titrant because of the standard error at each point. B) Similar HI-FI
experiment as in panel A but with a human nucleosome labeled on H2B S112. The fused
BRCA1 module is also included with the same negative result. C) HI-FI experiment using
UbcH5c with ubiquitin ligated to its active site. Nucleosome binding is detected suggesting
ubiquitin stabilizes the BARD1/BRCA1/UbcH5c complex and allows binding.
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These observations were difficult to rationalize because the complex was clearly active
on both human and Xenopus nucleosome substrates. Although it is certainly possible that the
Oregon Green fluorescent probe positions interfered with module binding or were spatially too
far away to detect binding, these seem unlikely given the similarity in structure and function to
the PRC1 module. Additionally, multiple probe positions were tested with the same negative
result.
Recently, a structure published by Plechanovová et al of the RNF4-UbcH5a E2-E3
complex with ubiquitin charged in the E2 active site showed that ubiquitin makes extensive
hydrophobic contacts with the E2 and fills the pocket formed by the crescent shape of the E2-E3
complex. This structure suggested a key insight for the seemingly paradoxical behavior of the
BRCA1 ubiquitylation module that is biologically active but apparently does not bind the
nucleosome. A possible explanation for my experimental observations is that the
BRCA1/UbcH5c interface is inherently weak, and even the genetic fusion between these
subunits is not enough to hold them together and rather acts as a tether. This complex might
become active when ubiquitin is conjugated to the active cysteine of the E2 because ubiquitin
might stabilize the module by contacting both the E2 and E3 to “fill in” the crescent shape of the
E2-E3 module. In summary, ubiquitin may bring the E3 heterodimer and E2 into a conformation
that allows substrate recognition and catalysis (Fig 30).
To investigate this hypothesis, I created an E2-Ubq construct similar to the one used by
the Plechanovová group. To prevent ubiquitin from being discharged to H2A upon addition of
substrate, I mutated the active cysteine of UbcH5c, Cys85, to lysine. This mutation allows
ubiquitin to be charged onto the E2 by the E1 but traps ubiquitin in a highly stable isopeptide
bond to the active site of the E2 that cannot be hydrolyzed or reduced. When this construct was
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tested in the same HI-FI experiments previously described using the human nucleosome labeled
at the same position used for the PRC1 ubiquitylation module, H2B Ser112, a roughly 20%
change in fluorescence was detected over a six point titration of the E3 heterodimer with
constant 25µM E2-Ubq in 50mM NaCl (Fig 29C). Previously, no change in fluorescence was
observed in assays using this same probe position and the uncharged BRCA1 module. This
result suggests that the BRCA1 ubiquitylation module requires ubiquitin to bind to the
nucleosome, in contrast to the PRC1 ubiquitylation module that did not need ubiquitin to bind to
the nucleosome.

Figure 30 Molecular model of a ubiquitin-charged BRCA1 ubiquitylation module

To confirm this result, I prepared more E2-Ubq reagent and repeated the experiment with
more titration points. While I have not yet detected nucleosome saturation with these
experiments, these results are highly suggestive of a stabilizing role for ubiquitin and may be key
to reconstituting a stable complex with the nucleosome and future crystallization attempts. These
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results also suggest a Kd in the range of 5-10µM for the unfused BRCA1 module. Our studies of
the PRC1 ubiquitylation module suggest the affinity of the fused complex may be as much as 10
fold greater than the unfused module because the E2-E3 interface is known to be particularly
weak. To probe binding at the module-nucleosome interface, the module must be stabilized so
that it can stably interact with the nucleosome.
Ideally more experiments would be done to better characterize this system including
titrating increasing amounts of the charged E2 reagent to saturate the BRCA1-BARD1
heterodimer and force module stability by mass action. However, these types of experiments
require milligram quantities of purified of the charged E2 reagent and purifying even a single
milligram has required at least x days of work. A more efficient scheme for producing the
charged E2 needs to be developed before more binding experiment can be performed.
As we demonstrated with the PRC1 module, the most appropriate reagent for these
binding studies is a fused module because this eliminates the inherent instability of the E2-E3
complex. Unfortunately in the case of the BRCA1 module, x different fusions with different
linker lengths have already been examined in the HI-FI assay and did not appear to bind the
nucleosome as previously discussed. This is presumably because even with the fusion, the
BRCA1 E2-E3 complex is still less stable than its PRC1 analog. It seems most likely that the
ideal reagent for these binding studies would result from combining strategies and producing a
fused BRCA1 module charged with ubiquitin that cannot be transferred to the substrate.
Initially, it seemed like it would be nearly impossible to produce this reagent because the
fused PRC1 module cannot be charged by an E1 due to steric clash between the E1 and E3s
caused by the fusion. However, surprisingly, the frustrating instability of the uncharged BRCA1
module that prevents binding to the nucleosome also allows UbcH5c to be charged by the E1
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without the steric clash by the E3s (Fig 31). Replacing the wild type E2 with the Cys85Lys
mutant that cannot transfer ubiquitin opens up the possibility of producing and purifying a
charged fused module that could be the optimal reagent for binding, reconstitution, and
crystallization experiments.

Figure 31 Comparison of enzymatic charging of the fused BRCA1 modules and wildtype
E2
Each of the fused BRCA1 ubiquitylation modules was compared against WT UbcH5c for their
ability to be charged by Uba1 (E1). On the left, the charging assay samples were loaded onto an
SDS-PAGE gel with non-reducing conditions to preserve any species with ubiquitin conjugated
through a thioester. On the right, the same samples were reduced by addition of 2mercaptoethanol to 20 mM and analyzed by SDS-PAGE. Both gels show that the fused modules
can clearly be charged by the E1. However where the majority of the charged E2 breaks down
into ubiquitin and unmodified E2 upon reduction, the modified fused complex does not. This is
likely because BRCA1 is autoubiquitylating itself. Regardless of the type of ubiquitin
modification, conjugation to the E2 or auto-ubiquitin ligation, both outcomes demonstrate that
the fused complex can be charged by the E1.
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4.8 Future Directions
To the best of my knowledge, nobody has shown that ubiquitin stabilizes the BRCA1
module or has been able to detect binding of BRCA1 module to the nucleosome. Therefore, I
believe these results demand further structural and biochemical investigation into the BRCA1
ubiquitylation module’s behavior with the nucleosome.
In my opinion, the most logical continuation of this research is to first generate and purify
a fused, charged BRCA1 ubiquitylation module. My data in this chapter show that ubiquitin is
required for binding to the nucleosome, and the PRC1 studies presented in Chapter 3 suggest that
the fused module will be required for crystallization and binding studies. To fulfill these
requirements, a UbcH5c mutant with either a serine or lysine residue in place of the active
cysteine will need to be fused to the C-terminus of BRCA1 and coexpressed with BARD1.
A recent structure of a charged E2-E3 complex shows that in the folded, tertiary structure
of the E2, Asn77 is in the active site and functions to electrostatically destabilize the carbonyl
formed by ubiquitin conjugation to the active residue. This study shows that if the Cys85Ser
UbcH5c mutant is used, an Asn77Ala mutant will stabilize the ester linkage66.
If the BARD1/BRCA1-UbcH5c-Ubq complex can be generated and purified, further HIFI binding studies should be performed to determine a dissociation constant of the complex on
the nucleosome. At the same time, reconstitution experiments should be performed to try to
isolate a charged BRCA1 ubiquitylation module-nucleosome complex. If these experiments
show that the module stably interacts with the nucleosome by gel filtration, crystallization should
be attempted. These studies could produce two important discoveries that are relevant to the
chromatin, ubiquitylation, and cancer fields. First, a structure of this complex bound to the
nucleosome would build upon the PRC1 work to show how a charged chromatin enzyme, poised
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for catalysis, recognizes the nucleosome. A structure may also reveal if ubiquitin makes contacts
with the nucleosome that contribute to overall binding affinity. Second, these studies would
show the mechanism for how ubiquitin accomplishes the stabilization reported in this thesis.
Both of these findings would allow both scientists and physicians to understand the structural
and functional bases for mutations in the RING domains of BRCA1 and BARD1 that correlate
with cancer predisposition in the clinic.
A second avenue for future research could investigate the kinetics of BRCA1-mediated
ubiquitylation of H2A. A kinetic characterization can give indirect insight into binding affinity of
an enzyme and substrate because the dissociation constant can be approximated from a
Michaelis-Menten constant. This work is likely to be considerably less straightforward. Because
ubiquitylation is a multi-step process, the most appropriate method of studying the reaction rate
would be single turnover assays using charged E2. To generate this species, the E2 could be
enzymatically charged by an E1. This charging reaction could be quenched by addition of
apyrase, an ATP hydrolase. Then, E3 and varying concentrations of fluorescently labeled
nucleosome could be spiked into the reaction tube. The initial rates could be determined by
quantitating the decrease in unmodified, labeled H2A or the increase in uH2A species over time.
Unfortunately, if the charging reaction does not go to completion, the BARD1/BRCA1
heterodimer could “waste time” making unproductive complexes with the uncharged E2 still in
solution. This could obscure the true rate constant. Purifying the charged E2 is an alternative,
however this is also complicated because the thioester linkage between ubiquitin and the
wildtype E2 is unstable and can readily be broken down if any reducing agent is present. If
optimized, these studies could produce important information about the kinetics of BRCA1mediated ubiquitylation. Further, if the structural studies break down, a Michaelis-Menten rate
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constant can be related to the binding affinity of the module for the nucleosome. This type of
kinetic assay could also be used to quantify the contributions of residues or surfaces that appear
important for binding and activity based on my molecular models when combined with sitedirected mutagenesis.
I believe the results presented here about the BRCA1 ubiquitylation module could be the
beginning of a new chapter in the study of BRCA1’s ubiquitin ligase function. The physiologic
significance of the RING domain is not clear, and structural information about how it recognizes
and functions on its genetic substrate could lead to more rational design of future in vivo
experiments.
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Chapter 5
Design and creation of the pPSU Molecular Weight Marker Plasmids
DNA molecular weight markers for gel electrophoresis are some of the most widely used
reagents in experimental biology. They accompany experimental samples on agarose or
polyacrylamide gels and allow comparative size estimation of nucleic acid fragments. In a
molecular biology laboratory, this type of size comparison is often performed several times every
day with each gel requiring molecular weight reference standards. Because the spectrum of
fragment sizes spans from tens to thousands of base pairs, experimentalists typically rely on two
or more different molecular weight standards for their analysis, each covering a particular size
range. Typical “100 bp” ladders provide fragment increments from 100 bp to 1000 bp. “1K bp”
ladders comparably span ranges from five hundred to several thousand base pairs (Fig 32).
These size reference ladders can either be purchased or generated manually. The latter
method includes restriction digestion of genomic DNA isolates such as Lambda Phage DNA or
synthetic generation using Polymerase Chain Reaction and specially designed primers. Both
“store-bought” and “homemade” sources of DNA molecular weight markers carry their own
advantages and disadvantages. While convenient and prepackaged, commercial markers are
costly over time. Manually generated molecular weight ladders may be more economical but are
labor intensive and not quality-assured and still require purchasing Lambda Phage DNA.
Here we present the pPSU pair of molecular weight marker plasmids that overcome these
drawbacks of commercial and manual DNA reference ladders by providing a simple, low-cost
method of generating high quality molecular weight markers. When digested with EcoRV, our
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plasmids break down into a 1K bp ladder producing 500 bp, 750 bp, 1000 bp, 1500 bp, 2000 bp,
3000 bp, 4000 bp, and 5000 bp fragments. Additionally, when digested with PstI, our plasmids
also produce every 100bp increment from 100 to 1000 bp as well as 50 bp,1500 bp, 2000 bp, and
3000 bp fragments. These differential digests make our pair of plasmids the first to
simultaneously serve as both 100 bp and 1K bp ladders, eliminating the need to acquire and
maintain two different types of molecular weight standards for DNA and RNA analysis. Because
our plasmids are efficiently transformed, cultured, and isolated from E. coli on milligram scale,
investigators should never need to repurchase their markers. As a result, our plasmids could
provide a significant cost-savings for experimental biology laboratories worldwide.

Figure 32 Plasmid maps for the pPSU-A and pPSU-B constructs
A) pPSU-A plasmid map. B) pPSU-B plasmid map. EcoRV recognition sites are denoted: V and
PstI recognition sites are denoted: P
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5.1 pPSU Design and Assembly
Both pPSU molecular weight marker plasmids were created from a pUC9 vector
backbone. Our plasmids include a majority of the original pUC9 sequence including the origin of
replication and ampicillin resistance gene. I leveraged these included sequences to also serve as
the largest fragments in each ladder. I took advantage of the pUC9 multiple cloning site (MCS)
to insert the ladder fragments used to make the EcoRV-based and PstI-based ladders. Primers
were designed to amplify the other ladder fragments from Lambda Phage DNA and integrate
restriction sites to facilitate subcloning. Rohan Basu, James Johnson, and Turner Pecen used
these primers to amplify most of these fragments. After these amplifications, I sequentially
ligated these fragments into the pUC9 vector MCS. James Johnson also performed one of these
ligations. A full schematic for the assembly of these plasmids can be found in Appendix E.
To minimize the total number of total subcloning steps performed in the creation of our
two plasmids, we also employed the PCR-based, gene splicing technique originally described by
Horton et. al. in 1989 to assemble several of our short marker fragments into longer,
polynucleotide fragments which were then ligated into pUC9 (Fig 33). We planned to splice 100
bp-200 bp-300 bp, 400 bp-500 bp-600 bp, and 700 bp-800 bp-900 bp PstI fragments into three
polynucleotides by overlap extension PCR. We successfully created the first two splicing
products, but were unable to similarly assemble the last three fragments. We varied the Lambda
Phage sequences for each fragment, thermocycler settings, polymerases, and PCR additives, but
were unable to splice these fragments together, either in tandem or in triplicate. We do not
believe this is an issue of total length or polymerase processivity because we were able to splice
500 bp-1000 bp-1500 bp EcoRV ladder fragments into a 3000 bp polynucleotide, albeit with
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Figure 33 Schematic for overlap extension PCR assembly of the 100-200-300bp PstI
fragment

tandem splicing. We instead sequentially subcloned the individual 700 bp, 800 bp, and 900 bp
PstI ladder fragments into the pUC9 vector.
In addition to assembling and subcloning these polynucleotides into the pUC9 vector, we
inserted “linker fragments” to extend the retained pUC9 sequences in the vector backbone to
complete the largest fragments in each ladder. Aside from the problem of splicing the 700-800900bp PstI ladder fragments together with oe-PCR, the plasmids were assembled without issue.
Finally, we performed site-directed mutagenesis to introduce two new PstI sites into each
plasmid to provide a wider range of reference fragments than we initially planned for the 100bp
reference ladder. This expanded the range of fragments from 100-1000 bp to 50-3000 bp. These
plasmids may be digested separately with each restriction enzyme and combined to produce a
comprehensive ladder that covers 50 bp-5000 bp.
We plan to deposit the plasmids into the AddGene public DNA library so that these
plasmids will be publicly available at low cost. Because they can be easily grown and harvested
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from standard E. coli bacterial culture, the pPSU series plasmids will provide an economical
alternative to commercial DNA molecular weight markers.
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Appendix A
Improving Tobacco Etch Virus (TEV) Protease Cleavage of Affinity Tagged Proteins
Affinity tags are an integral tool in the molecular biologist’s toolbox. They are frequently
used in protein purification to facilitate the isolation of a protein of interest from a crude cellular
extract. Typically, affinity tags take the form of peptides or small proteins that are recombinantly
fused to the N- or C-terminus of a protein of interest and are paired with a particular
chromatography resin or pull-down purification scheme that allows efficiently isolation of the
tag and therefore the protein to which the tag is attached.
Often, once the tag has served its purpose in a purification scheme, it is often desirable to
use a site-specific protease to remove the tag. For constructs with cleavable tags, a protease
recognition site is engineered between the terminus of the protein and the tag. Our laboratory
utilizes Tobacco Etch Virus (TEV) N1a protease to remove affinity tags. In most cases, TEV
protease efficiently cleaves the affinity tag when added to a protein pool and incubated overnight
at room temperature. However, a small but significant percentage of proteins I have worked with
in our laboratory could not be efficiently cleaved from their affinity tags.
This appendix examines four proteins: dihydrofolate reductase (DHFR), Anti-silencing
function protein 1 (ASF1), Ubiquitin monomer, and UbcH5c. Each protein, when N-terminally
fused to an affinity tag, demonstrated varying degrees of impaired cleavage by TEV protease. I
wondered if this was because the protease site was partially occluded from TEV protease by the
globular domain of the protein of interest.
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Molecular modeling of each tagged construct and alignment with the published structure
of a catalytically inactive TEV protease in complex with its recognition peptide (PDB: 1LVM)
supported my hypothesis. When the protease was modeled to recognize the cleavage sequence on
the tagged protein, the globular domain of the protease partially overlapped with the globular
domain of the protein of interest in every case.

Figure 34 Molecular models reveal steric clash between affinity tagged proteins and
protease
Molecular alignments of the structures of A) DHFR B) Asf1 C) Ubiquitin D) UbcH5c with the
TEV recognition peptide and inactive TEV protease structure predict steric clash between TEV
and each protein that is likely the cause of impaired cleavage.
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Figure 35 Molecular modeling predicts short linkers may relieve steric clash
Molecular models depicting a possible orientation of each protein of interest spaced from the
TEV recognition sequence by one (WT), two, or three Gly-Ser linker residue pairs.

To address this steric hindrance, I modeled in pairs of Gly-Ser linker residues to space the
TEV recognition site from the N-terminus of each protein of interest. For each protein, two GlySer pairs (GS2) seemed to be sufficient to minimize or eliminate steric clash between the
globular domains of the protease and the protein of interest.

112

Plasmids were created for each linker variation of the four proteins using the same BglIIBamHI ligation technique described in Section 3.1. These constructs were expressed in 100 mL
cultures with N-terminal STR-His10 affinity tags and purified by metal affinity chromatography
from crude cell extracts. These proteins were then incubated with 1:100 protease:substrate molar
amounts of TEV overnight at room temperature.

Figure 36 Short linkers improve TEV protease cleavage of affinity tagged proteins
SDS-PAGE analysis of analytical TEV protease digestions of each affinity tagged construct of
A) DHFR B) Asf1 C) Ubiquitin D) Ubch5c with GS (WT), GS2, GS3, or GS4 linkers between
the N-terminus of each protein and the TEV recognition sequence (ENLYFQ). In panel D lane
5, an additional aliquot of TEV was added bringing the final molar ratio of TEV:UbcH5c to
1:50.

The Gly-Ser linkers dramatically improved cleavage of the fusion proteins. In each case,
a two Gly-Ser (GS2) linker improved cleavage to at least 60% or greater. Interestingly, though
molecular modeling predicted that a GS3 linker should allow complete cleavage for each
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construct, Asf1 and DHFR were still incompletely cleaved. This may be due to the linker and
affinity tag adopting some sort of folded structure with the globular domain of the protein that
further occludes the TEV recognition site. Regardless, this linker strategy improved cleavage
from less than 10% to greater than approximately 80%.
These results provide insight and a solution to why certain proteins are not efficiently
cleaved by a site-specific protease. Although we often think of affinity tags as small moieties that
will always be removed, this is clearly not always the case. This is not to say that every protein
of interest demands extensive molecular modeling before beginning in vitro characterization or
manipulation because in the majority of cases steric hindrance is not an issue. However, these
results are meant to highlight the power of molecular modeling for affinity tag planning and
provide a possible explanation for why certain proteins are not cleaved efficiently by a sitespecific protease as well as a simple solution.
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Appendix B
Crystal Structure of the PRC1 Ubiquitylation Module Bound to the Nucleosome
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Appendix C
Sequence of the pPSU-A Plasmid
Below is the theoretic (has not been fully verified by Sanger Sequencing) 10,000 bp FASTA
sequence of the pPSU-A plasmid. PstI recognition sites (CTGCAG) are highlighted in Red, and
EcoRV recognition sites (GATATC) are highlighted in Blue.
>pPSU_A_seq
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGAC
AGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATT
AGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATA
ACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTGATATCATCAAAGCCATG
AACAAAGCAGCCGCGCTGGATGAACTGATACCGGGGTTGCTGAGTGAATATATCGAACAGTCAG
GTTAACAGGCTGCGGCATTTTGTCCGCGCCGGGCTTCGCTCACTGTTCAGGCCGGAGCCACAGA
CCGCCGTTGAATGGGCGGATGCTAATTACTATCTCCCGAAAGAATCCGCATACCAGGAAGGGCG
CTGGGAAACACTGCCCTTTCAGCGGGCCATCATGAATGCGATGGGCAGCGACTACATCCGTGAG
GTGAATGTGGTGAAGTCTGCCCGTGTCGGTTATTCCAAAATGCTGCTGGGTGTTTATGCCTACT
TTATAGAGCATAAGCAGCGCAACACCCTTATCTGGTTGCCGACGGATGGTGATGCCGAGAACTT
TATGAAAACCCACGTTGAGCCGACTATTCGTGATATTCCGTCGCTGCTGGCGCTGGCCCCGTGG
TATGGCAAAAAGCACCGGGATAACACGCTCACCAGATATCGAAGCCTACGCGCTGAACGCCAGC
GGTGTGGTGAATATCATCGTGTTCGATCCGAAAGGCTGGGCGCTGTTCCGTTCCTTCAAAGCCG
TCAAGGAGAAGCTGGATACCCGTCGTGGCTCTAATTCCGAGCTGGAGACAGCGGTGAAAGACCT
GGGCAAAGCGGTGTCCTATAAGGGGATGTATGGCGATGTGGCCATCGTCGTGTATTCCGGACAG
TACGTGGAAAACGGCGTCAAAAAGAACTTCCTGCCGGACAACACGATGGTGCTGGGGAACACTC
AGGCACGCGGTCTGCGCACCTATGGCTGCATTCAGGATGCGGACGCACAGCGCGAAGGCATTAA
CGCCTCTGCCCGTTACCCGAAAAACTGGGTGACCACCGGCGATCCGGCGCGTGAGTTCACCATG
ATTCAGTCAGCACCGCTGATGCTGCTGGCTGACCCTGATGAGTTCGTGTCCGTACAACTGGCGT
AATCATGGCCCTTCGGGGCCATTGTTTCTCTGTGGAGGAGTCCATGACGAAAGATGAACTGATT
GCCCGTCTCCGCTCGCTGGGTGAACAACTGAACCGTGATGTCAGCCTGACGGGGACGAAAGAAG
AACTGGCGCTCCGTGTGGCAGAGCTGAAAGAGGAGCTTGATGACACGGATGAAACTGCCGGTCA
GGACACCCCTCTCAGCCGGGAAAATGTGCTGACCGGACATGAAAATGAGGTGGGATCAGCGCAG
CCGGATACCGTGATTCTGGATACGTCTGAACTGGTCACGGTCGTGGCACTGGTGAAGCTGCATA
CTGATGCACTTCACGCCACGCGGGATGAACCTGTGGCATTTGTGCTGCCGGGAACGGCGTTTCG
TGTCTCTGCCGGTGTGGCAGCCGAAATGACAGAGCGCGGCCTGGCCAGAATGCAATAACGGGAG
GCGCTGTGGCTGATTTCGATAACCTGTTCGATGCTGCCATTGCCCGCGCCGATGAAACGATACG
CGGGTACATGGATATCAGACCACTTCATTTCGCATAAATCACCAACTCGTTGCCCGGTAACAAC
AGCCAGTTCCATTGCAAGTCTGAGCCAACATGGTGATGATTCTGCTGCTTGATAAATTTTCAGG
TATTCGTCAGCCGTAAGTCTTGATCTCCTTACCTCTGATTTTGCTGCGCGAGTGGCAGCGACAT
GGTTTGTTGTTATATGGCCTTCAGCTATTGCCTCTCGGAATGCATCGCTCAGTGTTGATCTGAT
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TAACTTGGCTGACGCCGCCTTGCCCTCGTCTATGTATCCATTGAGCATTGCCGCAATTTCTTTT
GTGGTGATGTCTTCAAGTGGAGCATCAGGCAGACCCCTCCTTATTGCTTTAATTTTGCTCATGT
AATTTATGAGTGTCTTCTGCTTGATTCCTCTGCTGGCCAGGATTTTTTCGTAGCGATCAAGCCA
TGAATGTAACGTAACCTGCAGATCACTGTTGATTCTCGCTGTCAGAGGCTTGTGTTTGTGTCCT
GAAAATAACTCAATGTTGGCCTGTATAGCTTCAGTGATTGCGATTCGCCTGTCTCTGCCTAATC
CAAACTCTTTACCCGTCCTTGGGTCCCTGTAGCAGTAATATCCATTGTTTCTTATATAAAGGTT
AGGGGGTAAATCCCGGCGCTCATGACTTCGCCTTCTTCCCATTTCTGATCCTCTTCAAAAGGCC
ACCTGTTACTGGTCGATTTAAGTCAACCTTTACCGCTGATTCGTGGAACAGATACTCTCTTCCA
TCCTTAACCGGAGGTGGGAATATCCTGCATTCCCGAACCCATCGACGAACTGTTTCAAGGCTTC
TTGGACGTCGCTGGCGTGCGTTCCACTCCTGAAGTGTCAAGTACATCGCAAAGTCTCCGCAATT
ACACGCAAGAAAAAACCGCCATCAGGCGGCTTGGTGTTCTTTCAGTTCTTCAATTCGAATATTG
GTTACGTCTGCATGTGCTATCTGCGCCCATATCATCCAGTGGTCGTAGCAGTCGTTGATGTTCT
CCGCTTCGATAACTCTGTTGAATGGCTCTCCATTCCATTCTCCTGTGACTCGGAAGTGCATTTA
TCATCTCCATAAAACAAAACCCGCCGTAGCGAGTTCAGATAAAATAAATCCCCGCGAGTGCGAG
GATTGTTATGTAATATTGGGTTTAATCATCTATATGTTTTGTACAGAGAGGGCAAGTATCGTTT
CCACCGTACTCGTGATAATAATTTTGCACGGTATCAGTCATTTCTCGCACATTGCAGAATGGGG
ATTTGTCTTCATTAGACTTATAAACCTTCATGGAATATTTGTATGCCGACTCTATATCTATACC
TTCATCTACATAAACACCTTCGTGATGTCTGCATGGAGACAAGACACCGGATCTGCACAACATT
GATAACGCCCAATCTTTTTGCTCAGACTCTAACTCATTGATACTCATTTATAAACTCCTTGCAA
TGTATGTCGTTTCAGCTAAACGGTATCAGCAATGTTTAGATATCTCTAGACTTCCGATTAGAAA
CGTCAAGGCAGCAATCAGGATTGCAATCATGGTTCCTGCATATGATGACAATGTCGCCCCAAGA
CCATCTCTATGAGCTGAAAAAGAAACACCAGGAATGTAGTGGCGGAAAAGGAGATAGCAAATGC
TTACGATAACGTAAGGAATTATTACTATGTAAACACCAGGCATGATTCTGTTCCGCATAATTAC
TCCTGATAATTAATCCTTAACTTTGCCCACCTGCCTTTTAAAACATTCCAGTATATCACTTTTC
ATTCTTGCGTAGCAATATGCCATCTCTTCAGCTATCTCAGCATTGGTGACCTTGTTCAGAGGCG
CTGAGAGATGGCCTTTTTCTGATAGATAATGTTCTGTTAAAATATCTCCGGCCTCATCTTTTGC
CCGCAGGCTAATGTCTGAAAATTGAGGTGACGGGTTAAAAATAATATCCTTGGCAACCTTTTTT
ATATCCCTTTTAAATTTTGGCTTAATGACTATATCCAATGAGTCAAAAAGCTCCCCTTCAATAT
CTGTTGCCCCTAAGACCTTTAATATATCGCCAAATACAGGTAGCTTGGCTTCTACCTTCACCGT
TGTTCGGCCGATGAAATGCATATGCATAACATCGTCTTTGGTGGTTCCCCTCATCAGTGGCTCT
ATCTGAACGCGCTCTCCACTGCTTAATGACATTCCTTTCCCGATTAAAAAATCTGTCAGATCGG
ATGTGGTCGGCCCGAAAACAGTTCTGGCAAAACCAATGGTGTCGCCTTCAACAAACAAAAAAGA
TGGGAATCCCAATGATTCGTCATCTGCGAGGCTGTTCTTAATATCTTCAACTGAAGCTTTAGAG
CGATTTATCTTCTGAACCAGACTCTTGTCATTTGTTTTGGTAAAGAGAAAAGTTTTTCCATCGA
TTTTATGAATATACAAATAATTGGAGCCAACCTGCAGGTGATGATTATCAGCCAGCAGAGAATT
AAGGAAAACAGACAGGTTTATTGAGCGCTTATCTTTCCCTTTATTTTTGCTGCGGTAAGTCGCA
TAAAAACCATTCTTCATAATTCAATCCATTTACTATGTTATGTTCTGAGGGGAGTGAAAATTCC
CCTAATTCGATGAAGATTCTTGCTCAATTGTTATCAGCTATGCGCCGACCAGAACACCTTGCCG
ATCAGCCAAACGTCTCTTCAGGCCACTGACTAGCGATAACTTTCCCCACAACGGAACAACTCTC
ATTGCATGGGATCATTGGGTACTGTGGGTTTAGTGGTTGTAAAAACACCTGACCGCTATCCCTG
ATCAGTTTCTTGAAGGTAAACTCATCACCCCCAAGTCTGGCTATGCAGAAATCACCTGGCTCAA
CAGCCTGCTCAGGGTCAACGAGAATTAACATTCCGTCAGGAAAGCTTGGCTTGGAGCCTGTTGG
TGCGGTCATGGAATTACCTTCAACCTCAAGCCAGAATGCAGAATCACTGGCTTTTTTGGTTGTG
CTTACCCATCTCTCCGCATCACCTTTGGTAAAGGTTCTAAGCTCAGGTGAGAACATCCCTGCCT
GAACATGAGAAAAAACAGGGTACTCATACTCACTTCTAAGTGACGGCTGCATACTAACCGCTTC
ATACATCTCGTAGATTTCTCTGGCGATTGAAGGGCTAAATTCTTCAACGCTAACTTTGAGAATT
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TTTGCAAGCAATGCGGCGTTATAAGCATTTAATGCATTGATGCCATTAAATAAAGCACCAACGC
CTGACTGCCCCATCCCCATCTTGTCTGCGACAGATTCCTGGGATAAGCCAAGTTCATTTTTCTT
TTTTTCATAAATTGCTTTAAGGCGACGTGCGTCCTCAAGCTGCTCTTGTGTTAATGGTTTCTTT
TTTGTGCTCATACGTTAAATCTATCACCGCAAGGGATAAATATCTAACACCGTGCGTGTTGACT
AAGATCTCTGCAGTTGATGCGTGGATGGAGTCCCGGATTTATCCGGTGATGAGCGATATCCCGG
CACTGTCAGATTTGATCACCAGTATGGTGGCCAGCGGCTATGACTACCGGCGCGACGATGATGC
GGGCTTGTGGAGTTCAGCCGATCTGACTTATGTCATTACCTATGAAATGTGAGGACGCTATGCC
TGTACCAAATCCTACAATGCCGGTGAAAGGTGCCGGGACCACCCTGTGGGTTTATAAGGGGAGC
GGTGACCCTTACGCGAATCCGCTTTCAGACGTTGACTGGTCGCGTCTGGCAAAAGTTAAAGACC
TGACGCCCGGCGAACTGACCGCTGAGTCCTATGACGACAGCTATCTCGATGATGAAGATGCAGA
CTGGACTGCGACCGGGCAGGGGCAGAAATCTGCCGGAGATACCAGCTTCACGCTGGCGTGGATG
CCCGGAGAGCAGGGGCAGCAGGCGCTGCTGGCGTGGTTTAATGAAGGCGATACCCGTGCCTATA
AAATCCGCTTCCCGAACGGCACGGTCGATGTGTTCCGTGGCTGGGTCAGCAGTATCGGTAAGGC
GGTGACGGCGAAGGAAGTGATCACCCGCACGGTGAAAGTCACCAATGTGGGACGTCCGTCGATG
GCAGAAGATCGCAGCACGGTAACAGCGGCAACCGGCATGACCGTGACGCCTGCCAGCACCTGGA
TCTCTGCAGGTGATGATTATCAGCCAGCAGAGAATTAAGGAAAACAGACAGGTTTATTGAGCGC
TTATCTTTCCCTTTATTTTTGCTGCGGTAAGTCGCATAAAAACCATTCTTCATAATTCAATCCA
TTTACTATGTTATGTTCTGAGGGGAGTGAAAATTCCCCTAATTCGATGAAGATTCTTGCTCAAT
TGTTATCAGCTATGCGCCGACCAGAACACCTTGCCGATCAGCCAAACGTCTCTTCAGGCCACTG
ACTAGCGATAACTTTCCCCACAACGGAACAACTCTCATTGCATGGGATCATTGGGTACTGTGGG
TTTAGTGGTTGTAAAAACACCTGACCGCTATCCCTGATCAGTTTCTTGAAGGTAAACTCATCAC
CCCCAAGTCTGGCTATGCAGAAATCACCTGGCTCAACAGCCTGCTCAGGGTCAACGAGAATTAA
CATTCCGTCAGGAAAGCTTGGCTTGGAGCCTGTTGGTGCGGTCATGGAATTACCTTCAACCTCA
AGCCAGAATGCAGAATCACTGGCTTTTTTGGTTGTGCTTACCCATCTCTCCGCATCACCTTTGG
TAAAGGTTCTAAGCTCAGGTGAGAACATCCCTGCCTGAACATGAGAAAAAACAGGGTACTCATA
CTCACTTCTAAGTGACGGCTGCATACTAACCGCTTCATACATCTCGTAGATTTCTCTGGCGATT
GAAGGGCTAAATTCTTCAACGCTAACTTTGAGAATTTTTGCAAGCAATGCGGCGTTATAAGCAT
TTAATGCATTGATGCCATTAAATAAAGCAGGATCTCTGCAGCGCATTGAGCATCTCGCCCTGAT
GAAACGGCAGGCAGAACAGGCGGAGTCAGACAGCAACCGGAAGTTTACTGTGGAAGACGCCATC
AGAACCGGCGCGTTTCTGGTGGCGATGTCCCTGTGGCATAACCATCCGCAGAAGACGCAGATGC
CGTCCATGAATGAAGCCGTTAAACAGATTGAGCAGGAAGTGCTTACCACCTGGCCCACGGAGGC
AATTTCTCATGCTGAAAACGTGGTGTACCGGCTGTCTGGTATGTATGAGTTTGTGGTGAATAAT
GCCCCTGAACAGACAGAGGACGCCGGGCCCGCAGAGCCTGTTTCTGCGGGAAAGTGTTCGACGG
TGAGCTGAGTTTTGCCCTGAAACTGGCGCGTGAGATGGGGCGACCCGACTGGCGTGCCATGCTT
GCCGGGATGTCATCCACGGAGTATGCCGACTGGCACCGCTTTTACAGTACCCATTATTTTCATG
ATGTTCTGCTGGATATGCACTTTTCCGGGCTGACGTACACCGTGCTCAGCCTGTTTTTCAGCGA
TCCGGATATGCATCCGCTGGATTTCAGTCTGCTGAACCGGCGCGAGGCTGACGAAGAGCCTGAA
GATGATGTGCTGATGCAGAAAGCGGCAGGGCTTGCCGGAGGTGTCCGCTTTGGCCCGGACGGGA
ATGAAGTTATCCCCGCTTCCCCGGATGTGGCGGACATGACGGAGGATGACGTAATGCTGATGAC
AGTATCAGAAGGGATCGCAGGAGGAGTCCGGTATGGCTGAACCGGTAGGCGATCTGGTCGTTGA
TTTGAGTCTGGATGCGGCCAGATTTGACGAGCAGATGGCCAGAGTCAGGCGTCATTTTTCTGGT
ACGGAAAGTGATGCGAAAAAAACAGCGGCAGTCGTTGAACTGCAGGAATTCACTGGCCGTCGTT
TTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCC
CTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAG
CCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACAC
CGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACC
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CGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGC
TGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGA
CGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGA
CGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACA
TTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGG
AAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTC
CTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACG
AGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAA
CGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACG
CCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACC
AGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACC
ATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCG
CTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGA
AGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAA
CTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGG
ATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATC
TGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCC
CGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCG
CTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACT
TTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAAT
CTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGA
TCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACC
ACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACT
GGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACT
TCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGC
CAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAG
CGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAAC
TGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAG
GTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCC
TGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCT
CGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTT
TTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATT
ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGA
GCGAGGAAGCGGAAGA
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Appendix D
Sequence of the pPSU-B Plasmid
Below is the theoretical (has not been fully verified by Sanger Sequencing) 7500 bp FASTA
sequence of the pPSU-B plasmid. PstI recognition sites (CTGCAG) are highlighted in Red, and
EcoRV recognition sites (GATATC) are highlighted in Blue.
>pPSU_B_seq
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGAC
AGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATT
AGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATA
ACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTGATATCATCAAAGCCATG
AACAAAGCAGCCGCGCTGGATGAACTGATACCGGGGTTGCTGAGTGAATATATCGAACAGTCAG
GTTAACAGGCTGCGGCATTTTGTCCGCGCCGGGCTTCGCTCACTGTTCAGGCCGGAGCCACAGA
CCGCCGTTGAATGGGCGGATGCTAATTACTATCTCCCGAAAGAATCCGCATACCAGGAAGGGCG
CTGGGAAACACTGCCCTTTCAGCGGGCCATCATGAATGCGATGGGCAGCGACTACATCCGTGAG
GTGAATGTGGTGAAGTCTGCCCGTGTCGGTTATTCCAAAATGCTGCTGGGTGTTTATGCCTACT
TTATAGAGCATAAGCAGCGCAACACCCTTATCTGGTTGCCGACGGATGGTGATGCCGAGAACTT
TATGAAAACCCACGTTGAGCCGACTATTCGTGATATTCCGTCGCTGCTGGCGCTGGCCCCGTGG
TATGGCAAAAAGCACCGGGATAACACGCTCACCATGAAGCGTTTCACTAATGGGCGTGGCTTCT
GGTGCCTGGGCGGTAAAGCGGCAAAAAACTACCGTGAAAAGTCGGTGGATGTGGCGGGTTATGA
TGAACTTGCTGCTTTTGATGATGATATTGAACAGGAAGGCTCTCCGACGTTCCTGGGTGACAAG
CGTATTGAAGGCTCGGTCTGGCCAAAGTCCATCCGTGGCTCCACGCCAAAAGTGAGAGGCACCT
GTCAGATTGAGCGTGCAGCCAGTGAATCGATATCGGATCTTTCCGAGCATTTATTAAGCATTTC
GCTATAAGTTCTCGCTGGAAGAGGTAGTTTTTTCATTGTACTTTACCTTCATCTCTGTTCATTA
TCATCGCTTTTAAAACGGTTCGACCTTCTAATCCTATCTGACCATTATAATTTTTTAGAATGGT
TTCATAAGAAAGCTCTGAATCAACGGACTGCGATAATAAGTGGTGGTATCCAGAATTTGTCACT
TCAAGTAAAAACACCTCACGAGTTAAAACACCTAAGTTCTCACCGAATGTCTCAATATCCGGAC
GGATAATATTTATTGCTTCTCTTGACCGTAGGACTTTCCACATGCAGGATTTTGGAACCTCTTG
CAGTACTACTGGGGAATGAGTTGCAATTATTGCTACACCATTGCGTGCATCGAGTAAGTCGCTT
AATGTTCGTAAAAAAGCAGAGAGCAAAGGTGGATGCAGATGAACCTCTGGTTCATCGAATAAAA
CTAATGACTTTTCGCCAACGACATCTACTAATCTTGTGATAGTAAATAAAACAATTGCATGTCC
AGAGCTCATTCGAAGCAGATATTTCTGGATATTGTCATAAAACAATTTAGTGAATTTATCATCG
TCCACTTGAATCTGTGGTTCATTACGTCTTAACTCTTCATATTTAGAAATGAGGCTGATGAGTT
CCATATTTGAAAAGTTTTCATCACTACTTAGTTTTTTGATAGCTTCAAGCCAGAGTTGTCTTTT
TCTATCTACTCTCATACAACCAATAAATGCTGAAATGAATTCTAAGCGGAGATCGCCTAGTGAT
TTTAAACTATTGCTGGCAGCATTCTTGAGTCCAACTGCAGAGTATTGTGTACCTTTTGCTGGGT
CAGGTTGTTCTTTAGCCGGCCTGCAGGAAGAGGATGGTGCAGCAACCAACAAGAAAACACTGGC
AGATTACGCCCGTGCCTTATCCGGAGAGGATGAATGACGCGACAGGAAGAACTTGCCTGCAGTA
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ACTTTCCCCACAACGGAACAACTCTCATTGCATGGGATCATTGGGTACTGTGGGTTTAGTGGTT
GTAAAAACACCTGACCGCTATCCCTGATCAGTTTCTTGAAGGTAAACTCATCACCCCCAAGTCT
GGCTATGCAGAAATCACCTGGCTCAACAGCCTGCTCAGGGTCAACGAGAATTAACATTCCGTCA
CTGCAGACGGCTCAGGATACGGATAACGGCTACTCCGTGTTTGAGCAGTCACTGCTGCGGTATA
TCGCTGCCGGGCTGGGTGTCTCGTATGAGCAGCTTTCCCGGAATTACGCCCAGATGAGCTACTC
CACGGCACGGGCCAGTGCGAACGAGTCGTGGGCGTACTTTATGGGGCGGCGAAAATTCGTCGCA
TCCCGTCAGGCGAGCCAGATGTTTCTGTGCTGGCTGGAAGAGGCCATCGTTCGCCGCGTGGTGA
CGTTACCTTCAAAAGCGCGCTTCAGTTTTCAGGAAGCCAGATCTCTGCAGGTTGACGGTTTTCC
ACCATCGCACGCCGGGACCATCACCGTGTATGAAGATTCACAACCGGGGACGCTGAATGATTTT
CTCTGTGCCATGACGGAGGATGATGCCCGGCCGGAGGTGCTGCGTCGTCTTGAACTGATGGTGG
AAGAGGTGGCGCGTAACGCGTCCGTGGTGGCACAGAGTACGGCAGACGCGAAGAAATCAGCCGG
CGATGCCAGTGCATCAGCTGCTCAGGTCGCGGCCCTTGTGACTGATGCAACTGACTCAGCACGC
GCCGCCAGCACGTCCGCCGGACAGGCTGCATCGTCAGCTCAGGAAGCGTCCTCCGGCGCAGAAG
CGGCATCAGCAAAGGCCACTGAAGCGGAAAAAAGTGCCGCAGCCGCAGAGTCCTCAAAAACTGC
AGGCGGATTACAACACGCTGATGGCGGCGGCGAAAAAGGATTATGAAGCGACGCTGAAAAAGCC
GAAACAGTCCAGCGTGAAGGTGTCTGCGGGCGATCGTCAGGAAGACAGTGCTCATGCTGCCCTG
CTGACGCTTCAGGCAGAACTCCGGACGCTGGAGAAGCATGCCGGAGCAAATGAGAAAATCAGCC
AGCAGCGCCGGGATTTGTGGAAGGCGGAGAGTCAGTTCGCGGTACTGGAGGAGGCGGCGCAACG
TCGCCAGCTGTCTGCACAGGAGAAATCCCTGCTGGCGCATAAAGATGAGACGCTGGAGTACAAA
CGCCAGCTGGCTGCACTTGGCGACAAGGTTACGTATCAGGAGCGCCTGAACGCGCTGGCGCAGC
AGGCGGATAAATTCGCACAGCAGCAACGGGCAAAACGGGCCGCCATTGATGCGAAAAGCCGGGG
GCTGACTGACCGGCAGGCAGAACGGGAAGCCACGGAACAGCGCCTGAACTGCAGCGCATTGAGC
ATCTCGCCCTGATGAAACGGCAGGCAGAACAGGCGGAGTCAGACAGCAACCGGAAGTTTACTGT
GGAAGACGCCATCAGAACCGGCGCGTTTCTGGTGGCGATGTCCCTGTGGCATAACCATCCGCAG
AAGACGCAGATGCCGTCCATGAATGAAGCCGTTAAACAGATTGAGCAGGAAGTGCTTACCACCT
GGCCCACGGAGGCAATTTCTCATGCTGAAAACGTGGTGTACCGGCTGTCTGGTATGTATGAGTT
TGTGGTGAATAATGCCCCTGAACAGACAGAGGACGCCGGGCCCGCAGAGCCTGTTTCTGCGGGA
AAGTGTTCGACGGTGAGCTGAGTTTTGCCCTGAAACTGGCGCGTGAGATGGGGCGACCCGACTG
GCGTGCCATGCTTGCCGGGATGTCATCCACGGAGTATGCCGACTGGCACCGCTTTTACAGTACC
CATTATTTTCATGATGTTCTGCTGGATATGCACTTTTCCGGGCTGACGTACACCGTGCTCAGCC
TGTTTTTCAGCGATCCGGATATGCATCCGCTGGATTTCAGTCTGCTGAACCGGCGCGAGGCTGA
CGAAGAGCCTGCAGTGTACAGATATCCAAATGAAGCCATAGGCATTTGTTATTTTGGCTCTGTC
AGCTGCATAACGCCAAAAAATATATTTATCTGCTTGATCTTCAAATGTTGTATTGATTAAATCA
ATTGGATGGAATTGTTTATCATAAAAAATTAATGTTTGAATGTGATAACCGTCCTTTAAAAAAG
TCGTTTCTGCAAGCTTGGCTGTATAGTCAACTAACTCTTCTGTCGAAGTGATATTTTTAGGCTT
ATCTACCAGTTTTAGACGCTCTTTAATATCTTCAGGAATTATTTTATTGTCATATTGTATCATG
CTAAATGACAATTTGCTTATGGAGTAATCTTTTAATTTTAAATAAGTTATTCTCCTGGCTTCAT
CAAATAAAGAGTCGAATGATGTTGGCGAAATCACATCGTCACCCATTGGATTGTTTATTTGTAT
GCCAAGAGAGTTACAGCAGTTATACATTCTGCCATAGATTATAGCTAAGGCATGTAATAATTCG
TAATCTTTTAGCGTATTAGCGACCCATCGTCTTTCTGATTTAATAATAGATGATTCAGTTAAAT
ATGAAGGTAATTTCTTTTGTGCAAGTCTGACTAACTTTTTTATACCAATGTTTAACATACTTTC
ATTTGTAATAAACTCAATGTCATTTTCTTCAATGTAAGATGAAATAAGAGTAGCCTTTGCCTCG
CTATACATTTCTAAATCGCCTTGTTTTTCTATCGTATTGCGAGAATTTTTAGCCCAAGCCATTA
ATGGATCATTTTTCCATTTTTCAATAACATTATTGTTATACCAAATGTCATATCCTATAATCTG
GTTTTTGTTTTTTTGAATAATAAATGTTACTGTTCTTGCGGTTTGGAGGAATTGATTCAAATTC
AAGCGAAATAATTCAGGGTCAAAATATGTATCAATGCAGCATTTGAGCAAGTGCGATAAATCTT
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TAAGTCTTCTTTCCCATGGTTTTTTAGTCATAAAACTCTCCATTTTGATAGGTTGCATGCTAGA
TGCTGATATATTTTAGAGGTGATAAAATTAACTGCTTAACTGTCAATGTAATACAAGTTGTTTG
ATCTTTGCAATGATTCTTATCAGAAACCATATAGTAAATTAGTTACACAGGAAATTTTTAATAT
TATTATTATCATTCATTATGTATTAAAATTAGAGTTGTGGCTTGGCTCTGCTAACACGTTGCTC
ATAGGAGATATGGTAGAGCCGCAGACACGTCGTATGCAGGAACGTGCTGCGGCTGGCTGGTGAA
CTTCCGATAGTGCGGGTGTTGAATGATTTCCAGTTGCTACCGATTTTACATATTTTTTGCATGA
GAGAATTTGTACCACCTCCCACCGACCATCTATGAGAATTCACTGGCCGTCGTTTTACAACGTC
GTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAG
CTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGC
GAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGT
GCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACC
CGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTC
TCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCC
TCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGG
CACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATG
TATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGA
GTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGC
TCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTAC
ATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAA
TGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGA
GCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAA
AAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATA
ACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCA
CAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCA
AACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTG
GCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGC
AGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGT
GAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAG
TTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGG
TGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGAT
TTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCA
AAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATC
TTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCA
GCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCA
GAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTC
TGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGAT
AAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCT
GAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCT
ACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTA
AGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTT
ATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGG
GCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCT
TTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTG
AGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGC
GGAAGA
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Schematics for the Assembly of the pPSU Series Plasmids
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