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Abstract

Dissecting the Role of Nucleosomes in Transcription and the Application of CRISPR/Cas9
Technology

by

Lea Bengtson Witkowsky

Doctor of Philosophy in Molecular and Cell Biology

University of California, Berkeley

Professor Robert Tjian, Chair

In the 43 years since the first observation of nucleosome core particles as beads on a
string, our understanding of the relationship between nucleosome structure and its function in
living cells has made giant strides. Despite this progress, many questions remain unanswered
regarding the role of nucleosomes in transcription initiation, and their interaction with the
core transcriptional machinery. Here, I present my progress on addressing the role of TAF1
recognition of acetylated histone H4 tails, and its effect on transcription initiation and start
site selection. Preliminary results suggest that H4 acetylation may play a role in start site
selection.

One remarkable advancement in technology that will undoubtedly help answer remaining
questions in chromatin biology is the repurposing of the prokaryotic CRISPR-Cas system
to edit eukaryotic genomes with exquisite precision. Ironically, a tool that may shed light
on complex eukaryotic chromatin interactions was evolved in a prokaryotic environment.
My work with in vitro nucleosomes positioned me to address whether Cas9 is capable of
engaging nucleosomal DNA. Both in vitro and in vivo analyses done in collaboration with
Max Horlbeck and Jonathan Weissman at UCSF suggest that nucleosomes pose a strong
barrier to Cas9.
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An expert is a person who has
made all the mistakes that can
be made in a very narrow field.

Niels Bohr

For My Daughter, Georgia
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Chapter 1

The Nucleosome
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1.1 Introduction

In 1973 at Oak Ridge National labs in Tennessee, Don and Ada Olins peered through a
magnifying glass at their electron micrographs of chicken erythrocyte chromatin spreads and
saw the iconic structure of beads on a string [1, 2]. In that same year, nearly 1000 miles away
at the University of Massachusetts, CLF Woodcock performed his own Miller spreads and
identified the same architecture [1, 3]. Meanwhile, on the Pacific coast, KE Van Holde and
his students had been performing circular dichroism and analytical sedimentation analysis on
Micrococcal nuclease digested chromatin, the results of which pointed to a spherical particle
in which proteins were highly compacting DNA [4–6]. And so, with at least three separate
groups making the first observation and characterizations of the nucleosome core particle
around the same time, so began decades of study of nucleosome structure and function.
Some 43 years later, far more is known about the structure and function of this basic unit
of chromatin, yet many questions still remain. In this chapter I provide a brief review of
nucleosome biology and highlight persisting questions that are addressed in the following
two chapters.

1.2 Nucleosome Structure

The eukaryotic nucleosome core particle is composed of two copies each of the four core
histones, H2A, H2B, H3, and H4, with ∼147 bp of DNA wrapped 1.65 times around the
histone octamer in a left–handed superhelix (Figure 1.1) [7, 8]. Histones bind to DNA pri-
marily through hydrogen bonding between the histone fold domains and the phosphodiester
backbone of DNA at every helical turn where the minor groove faces the histone octamer.
These contacts are accompanied by conserved arginines that insert into the minor groove
and help position the DNA. In addition to the histone fold interactions, the intrinsically
disordered histone tails also make stabilizing contacts, both to other histones, and to the
DNA. Together, over 120 direct interactions between the histone octamer and the DNA, as
well as indirect water mediated H–bonding serve to overcome the 150bp persistence length
of DNA and compact it by about 5–fold [9–11]. This wrapping serves as the first order of
chromatin structure and is thought to have two main functions: (1) it serves to package the
enormous amount of genetic material in eukaryotes into their relatively small nucleus, and
(2) by physically obscuring the DNA, it can contribute to gene regulation.

Despite its extensive contacts with the histone octamer, nucleosomal DNA displays dy-
namic properties. One pivotal early study used restriction enzyme accessibility to calculate
equilibrium constants for site exposure along the DNA [14]. In this study, Polach and Widom
proposed a model in which the entry and exit sites of the DNA spontaneously peel away from
the histone face before re–wrapping. Later studies confirm this model using single–molecule
as well as bulk experiments [15–20]. This ‘DNA breathing’ occurs on the order of tens of
milliseconds and can function to allow access to transcriptional machinery and regulators
[17, 21–23].
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Figure 1.1: Structure of the nucleosome core particle. (A) Crystal structure of the
nucleosome core particle using Xenopus Laevis histones at 1.9 Angstrom Resolution ([12]
PDBID 1KX5). DNA is shown as a grey ladder, while histones are represented as ribbons.
Graphics were created using UCSF Chimera[13]. (B) Color scheme for the histones in
(A). The histone fold domains are aligned and highlighted with a striped background. Alpha
helices are depicted as barrels.
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Adjacent nucleosomes are connected by 20–80 bp of linker DNA that associates with a
linker histone (H1, H5) at the base of each core particle [11, 24] . H1 is expressed with the
four core histones during S–phase, and is present in near stoichiometric amounts with each
nucleosome core particle. Metazoan H1 has been observed to stabilize the nucleosome struc-
ture in vitro and contribute to higher order folding into a chromatin fiber [24]. Additionally,
studies have connected H1 with global heterochromatin formation, including its recognition
by the heterochromatin protein HP1 when methylated [25, 26]. These observations have
lead to the assumption that H1 is a globally repressive factor in gene regulation, however
knockdown experiments in multiple organisms have shown that rather than a global tran-
scriptional effect, H1 influences only a subset of genes [26–28]. Thus, much remains to be
learned about the role of linker histones in chromatin regulation.

1.3 Nucleosome Position

In all eukaryotic organisms surveyed, nucleosomes are observed to form a characteristic
pattern around transcriptionally active genes (Figure 1.2). This pattern is distinguished by
a nucleosome depleted region (NDR) of around 140 base pairs surrounding the transcription
start site (TSS) with variation in length between species and promoters. This NDR is
flanked with a well positioned nucleosome directly upstream and downstream, termed the
-1 and +1 nucleosome respectively. Most organisms display a slightly higher occupancy and
tighter phasing of the +1 nucleosome as compared to the -1, with a decaying periodic pattern
of nucleosome occupancy within the body of active genes, ending in another NDR at the
transcription termination site. This pattern has been highly documented and is reviewed
exceptionally well in Hughes and Rando (2014) [29], and Jiang and Pugh (2009) [30].

Despite being a ubiquitous component of eukaryotic chromatin, and its ability to occupy
over half of an organism’s genomic DNA, nucleosomes have been observed to have some in-
trinsic sequence preference. As predicted by the extreme bending of DNA around the histone
octamer, nucleosomes favor sequences that are more flexible and thus provide a lower energy
barrier to wrapping [31]. Sequences that fall in the minor groove at the histone contact point
every 10.2 bps favor the A/T dinucleotide, likely due to its propensity to form a narrower
minor groove and thus tolerate a bent structure [29, 32]. Accordingly C/G dinucleotides
are observed to be enriched in the opposite periodic phasic, allowing a wider major groove
during bending. This preference for a periodic pattern of dinucleotides has been observed
using genome–wide mapping techniques to identify the precise locations of endogenous nu-
cleosomes in a number of different species [29, 30]. Jonathan Widom took a complementary
approach to exploring intrisic sequence preferences by performing in vitro SELEX experi-
ments to enrich a random pool of DNA fragments for tight binders of nucleosomes [33]. This
experiment produced the highly popular 601 sequence that positions a stable and highly
phased nucleosome in vitro, and confirmed dinucleotide rules for positioning.

Just as flexible or pre-bent structures might favor nucleosome binding, rigid sequences
have a strong discouraging effect. Andrew Travers’ group found early on that poly(dA:dT)
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Figure 1.2: Cartoon of nucleosome position surround transcription start sites. The nucle-
ase digestion pattern of typical eukaryotic nucleosomes in vivo is illustrated with a periodic
black line where peaks represent high nucleosome occupancy, and troughs represent low.
Grey ovals depict the -1, +1, and +2 nucleosomes at typical active genes with the darkness
of the color corresponding to their relative occupancy.

tracts were intrinsically stiff and less likely to form a nucleosome [34]. Some of the strongest
evidence in support of this model in the subsequent 30 years are experiments that reconsti-
tuted nucleosomes in vitro on genomic DNA followed by enzymatic digestion and sequencing
of the protected nucleosomal DNA. These studies found a significant depletion of nucleo-
somes at poly(dA:dT) tracts, and point to a link between underlying sequence and intrinsic
nucleosome positioning in vivo[29, 35–37]. The organism of choice for these genomic recon-
stitution studies was S. cerevisiae whose promoters are enriched in poly(dA:dT) tracts. Thus
it was proposed that eukaryotes might encode their own nucleosome depletion at promoters.

As observed originally in yeast, promoter depletion has proven to hold true as a general
principle of active genes in all eukaryotes surveyed. In seeming contradiction, however,
is the observation that higher eukaryotes, such as vertebrates, have evolved much more
GC rich promoters as compared to yeast, yet they still display nucleosome depletion. In
fact over 70% of vertebrate genes are regulated by promoters with GC content higher than
the surrounding sequence (CpG islands) [38, 39]. Speculation as to the mechanism of this
depletion has led to studies testing the nucleosome occupancy of these vertebrate promoters
in in vitro reconstitution assays. Surprisingly, the GC rich promoters were observed to
self assemble nucleosome depleted regions in a similar manner to the AT rich promoters of
yeast [40, 41]. Thus, it seems that while heteropolymeric GC rich sequences favor nucleosome
occupancy, homopolymeric(dG/dC) sequences display stiff properties and are therefore likely
to discourage nucleosome assembly [42]. While the mechanism of NDR formation at CpG
islands in vertebrates may then be somewhat encoded at the genetic level, there are still
conflicting results and many questions remain to be answered.

Despite a general agreement that nucleosomes exert some sequence preference, a rather
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heated debate ensued in the years around 2009 as to what is primarily responsible for nu-
cleosome positioning in vivo. Was it mostly based on intrinsic sequence preference, or were
trans-acting factors such as chromatin remodelers the predominant driving force? This de-
bate seems to have settled on a model in which the ground nucleosome organization state
is encoded at the sequence level, while chromatin remodelers counteract preferred sites to
create the more nuanced organization observed in vivo. A convincing experiment was per-
formed in the Pugh lab in which yeast genomic DNA was first assembled in vitro to reveal
intrinsic preferences, and then incubated with yeast extract and ATP to almost precisely
recapitulate in vivo data and suggested that both intrinsic and trans–acting factors serve
to create the nucleosome pattern observed in vivo [37]. Further work in metazoans revealed
that chromatin remodelers actually exert their own sequence bias, and often function to
counteract intrinsic sequence preferences of nucleosomes in vivo [43].

1.4 Histone Variants

In addition to the replication dependent expression of the five canonical histones, histone
variants are also expressed in eukaryotes. These variants are expressed throughout the cell
cycle and have evolved specialized functions. Here, I introduce the four most common
variants, but a comprehensive review can be found at [44].

Two major H3 variants are found in most eukaryotic lineages; H3.3 and CenH3 (or
CENP-A) with a variety of others specific to a subset of organisms. H3.3 is exchanged for
canonical H3 at promoters associated with active transcription, and is thought to create a
destabilized structure in order to facilitate assembly of the transcription machinery at the
promoter and passage by the polymerase [45–47]. CenH3 on the other hand, is functional
only in centromeres, and is critical for mitosis [48].

Besides variants of H3, most eukaryotes also encode H2A variants. Of these, the most
studied and conserved are H2A.Z and H2A.X. H2A.X has been implicated in facilitating
DNA repair and may also play a role in X inactivation, among other processes [49]. H2A.Z,
like H3.3, replaces the canonical H2A at active promoters in many locations throughout the
genome, and is though to contribute to a looser nucleosome structure [45, 50, 51].

1.5 Histone Modifications

Nucleosomes regulate gene expression by occluding gene regulatory sequences and by creating
a physical impediment to RNA polymerase. While some histone variants are thought to
relieve this physical hurdle (as mentioned above), histone modifications have been found
to not only alter chromatin structure through direct changes in the physical properties of
a nucleosome, but also to contribute to gene regulation through specific recognition by
regulatory factors. A curated list of histone modifications, the proteins known to write
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the modification, and the associated functions is provided below (Table 1.1). Here, I will
briefly highlight one of the best studied examples.

1.5.1 Histone Acetylation

Histone lysines act as the receiving residue for many of the observed histone post translational
modifications. As positively charged residues, their presence in histone tails is thought to
contribute directly to nucleosome structure through electrostatic interactions with DNA [24].
Additionally, the positively charged lysines of the H4 tail in particular have been observed to
contribute to higher order chromatin structure through internucleosomal interactions with
an acidic patch on the H2A/H2B dimer of the adjacent nucleosome [10, 24]. Compared
to other common lysine modifications, acetylation is the only process that results in charge
neutralization. Thus, lysine acetylation might be expected to decondense chromatin and lead
to looser nucleosomes. In agreement with this hypothesis, many examples have underscored
the role of histone lysine acetylation in creating transcriptionally permissive chromatin. In
general, genome–wide chromatin immunoprecipitation (ChIP) experiments have localized
acetylated residues of H3 and hyper–acetylated H4 to the promoter proximal nucleosomes of
active genes [52, 53]. In vitro biophysical studies have complemented this work by examining
the impact of H4 acetylation on the nucleosome core particle’s structure and dynamics, and
demonstrated the creation of a destabilized nucleosome [9, 53]. Unlike other modifications
such as methylation which can have activating or repressing roles depending on which residue
is modified, all lysine acetylation events characterized to date display only transcriptionally
activating phenotypes, likely due in part to the generalized mechanism of deionization. In
addition to its structural effect, lysine acetylation is recognized by a specialized protein fold -
the bromodomain. A number of proteins involved in active transcription, such as chromatin
remodelers, harbor bromodomains, and are thought to be recruited to promoters to activate
transcription through their interaction with specific acetylated lysines. However, a cause and
effect relationship remains elusive. Despite a clear correlation with active transcription, no
studies have examined the direct influence of this modification and its location on mechanisms
of pre-initiation complex formation and transcription initiation at promoters. In Chapter
two of this thesis, I describe my efforts to address this question.

1.6 Archaeal and eukaryotic nucleosomes and

CRISPR systems

Contrary to what is written in almost every Biology 101 textbook, packaging of DNA by
histone proteins is not a eukaryotic invention. Examples of histone proteins and nucleosome-
like structures in prokaryotes are numerous [54], and conversely there is one notable example
of the absence of histones in a eukaryotic organism - the dinoflagellate [55]. Due to their
presences in certain branches of archaea, it seems that histones, and in fact, nucleosomes
(though with altered composition), are an ancient evolutionary adaptation that arose prior
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to the divergence of eukaryotes [54, 56, 57]. Recently, genome–wide mapping of euryarchaeal
nucleosomes has demonstrated an even greater similarity in structure and function with
eukaryotic nucleosomes than previously though [58, 59]. Further investigation into this
evolutionary link may shed light on the function of the nucleosome in eukaryotes.

With the advent of prokaryotic CRISPR-Cas9 technology in the years surrounding 2012
and its repurposing for gene editing and regulation in eukaryotic cells, questions began to
arise in the field about its ability to engage nucleosomal DNA. While bacteria have their own
chromatin-like proteins that play a structural and functional role in gene regulation, they
have no homology to eukaryotic histones, and are thought to have a much looser organization
(though prokaryotic chromatin organization is still poorly understood) [60]. Additionally,
since Cas9 evolved to target naked invading viral DNA, it was rather surprising that Cas9
could act on eukaryotic chromatin at all. We sought to address this question by taking
a purified in vitro approach. In the summer of 2015 I presented my preliminary findings
that nucleosomes impede Cas9 at the Ignite DNA Editing Supergroup (IDES) hosted by the
Innovative Genomics Initiative at Berkeley. A graduate student from UCSF, Max Horlbeck,
was also presenting at that meeting, and contacted me afterward to share some data he had
collected but not presented on nucleosome position and CRISPR activity. When we realized
we were both seeing the same result using two completely different approaches, we decided
to collaborate and put our findings into a co-authored paper which was published in eLife
the following year and is presented in Chapter 3 of this thesis.

While the current CRISPR system of choice is the RNA–containing holoenzyme Cas9
from the bacteria Streptococcus pyogenes, new CRISPR effector molecules are currently being
investigated for repurposing in animals, and future candidates could include systems from
archaea. Given that nearly an entire branch of archaea seems to utilize histones in much the
same manner as eukaryotes, it will be interesting to see if and how CRISPR effectors from
the phylum euryarchaeota can act in animal cells. In fact, it is tempting to hypothesize that
inhibition by nucleosomes could be a mechanism of discrimination of self from non–self. For
example, if by chance, CRISPR targets occur in the archaea’s genome, the sequence would
have a high probability of falling within an archaeal nucleosome, and could thus be protected
from degradation, while the same sequence would be unprotected during a viral infection.
This is a testable hypothesis and could lead to intriguing and useful findings if investigated
in the future.
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Chapter 2

Nucleosomes may provide an
alternate transcription start site
signal

2.1 Introduction

While a eukaryote’s genome contains all the information necessary to direct cellular function
and specialized processes throughout the organism’s lifecycle, not every gene is expressed at
the same level at the same time or location. In fact, precise control of gene expression is
crucial in all domains of life. The first point of regulation occurs at the transcription level.
In eukaryotes, transcriptional regulatory signals are integrated by the core machinery at the
gene promoter and include information encoded directly in the DNA sequence as well as
structurally through nucleosomes.

Core promoters of RNA polymerase II transcribed genes are characterized by around 100
or so base pairs flanking the transcription start site (TSS) and can contain sequence motifs
that are bound by members of the core (i.e. basal) transcriptional machinery [39, 181].
These sequence motifs, termed core promoter elements (CPEs) encode start site information
by orienting the pre–initiation complex and positioning the RNA polymerase at the correct
location to initiate transcription. Core promoter elements also contribute to expression
level and frequency through the strength of their interactions with the core machinery, and
therefore their ability to recruit and maintain transcription complexes at the promoter [182,
183]. To date, only two components of the multi–protein pre–initiation complex are capable
of recognizing DNA sequence specifically; TFIIB and TFIID [184]. TFIIB is known to
recognize the two elements, the BREu and BREd, while all other known interactions between
CPEs and the core machinery are through recognition by components of TFIID. A substantial
number of identified metazoan CPEs and all the known interactions with the core machinery
are depicted in Figure 2.1 and listed in Table 2.1.

Canonical TFIID is composed of the TATA binding protein (TBP) and ∼14 different
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TBP–associated factors (TAFs) [185]. TBP and its core promoter element, the TATA box,
represent one of the most ancient promoter interactions, as archaeal transcription is also
driven by TBP and utilizes an archaeal TATA box [57]. TAFs, on the other hand, have
evolved in conjunction with an increase in regulatory complexity among eukaryotes. In ad-
dition to recognizing a set of core promoter elements, they also harbor a number of specific
interaction domains that are recognized by different activators and coactivators of transcrip-
tion, as well as enzymatic properties such as acetyl transferase and kinase activity. Of these
∼14 TAFs, a few have been found to bind specific promoter sequences, and interestingly,
in accordance with their evolution in eukaryotes, two have been identified to interact with
specific histone post translational modifications associated with active transcription [185,
186]. The first of these two, TAF3 has been shown in vivo and in vitro to bind to H3K4me3,
a mark highly correlated with transcriptionally active promoters through its PHD finger
[187–190]. This interaction was shown to recruit TFIID and the pre–initiation complex and
promote transcription at a number of genes [187, 190].

The second, and only other TAF known to interact with modified histone tails, is TAF1.
Mammalian TAF1 contains a double bromodomain which is capable of binding hyperacety-
lated H4 tails in vitro [191]. Unlike TAF3, however, very little is known about this proposed
interaction, with no evidence of direct involvement in transcription. Some data in yeast,
however, do suggest a possible functional interaction in vivo. The double bromodomain is
absent from TAF1 in yeast and is thought to instead reside in the protein, Bdf1 [192]. This
protein has been shown to bind to acetylated H4 tails in vivo and exist in two complexes,
one of which contains TFIID [193]. Additionally, a study at the PHO5 promoter found an
interplay between the H4 acetylation binding activity of Bdf1 and its ability to drive tran-
scription through TFIID in a manner that depended on promoter architecture [194]. Thus, it
seems likely that the bromodomain of mammalian TAF1 may have an important functional
role in cells. Furthermore, a vast majority of genes in mammals do not contain strong core
promoter elements, and so pre–initiation complex positioning and TSS selection mechanisms
must rely on other cues [39, 181, 195].

In this chapter, I present my efforts to address the role of TAF1 and H4 acetylation at
promoter–flanking nucleosomes in transcription. I take a highly purified in vitro approach
and present preliminary evidence of a role in start site selection, though further experiments
are needed.
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TATABREu BREd Inr

XCPE2

XCPE1 DCE SI DCE SII DCE SIII

DPE

MTE

-40 +40

TAF2 TAF1
TAF6 TAF9

TBP

TFIID

TFIIB

TAF3
H3K4me3H4Ac

Figure 2.1: Core Promoter Interactions. The locations of the majority of identified Meta-
zoan core promoter elements are shown to scale with respect to the transcription start site
(indicated by a forward arrow). The components of the basal transcription machinery pre-
viously shown to interact sequence specifically with the promoter are shown in gray - TFIID
and TFIIB. Physical interactions between a core promoter element and a specific protein
are indicated by solid, curved arrows. Of the basal transcription machinery, only TFIID
has been found to recognize histone modifications found at the promoter. The two subunits
of TFIID known to have histone modification recognition domains are labeled in yellow, and
the modifications they recognize are indicated with dotted arrows. The promoter proximal
nucleosomes are depicted in teal at the approximate location of the average mammalian -1
and +1 nucleosomes.

2.2 Establishing an in vitro system

With the advent of ChIP-seq, a wealth of genome-wide information has informed our under-
standing of transcription initiation in eukaryotes and the role of chromatin in this process.
However, these experiments can only provide a correlative relationship between histone mod-
ifications, promoter architecture, and transcriptional output. Even those experiments that
have succeeded in creating mutations to test causality are still complicated by vast net-
works of uncontrollable and interdependent interactions. Thus, in order to separate out
the relationship between nucleosome position, structural relaxation by histone acetylation,
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TAF1 recognition of acetylated histone tails, and transcription output, we turned to a highly
purified and fully reconstituted mammalian system in vitro.

2.2.1 Creating a mammalian nucleosome

While many in vivo studies have examined mammalian nucleosome position and modifica-
tion, the majority of the in vitro model systems have relied on Xenopus laevis histones – the
histones used in the first crystal structure of the nucleosome, and the first protocol for re-
constitution of a nucleosome using highly purified components [7]. X. laevis histones express
well in bacteria, and because histones are highly conserved, they have become the standard
for in vitro reconstitution. In support of their widespread use, structural studies of the nu-
cleosome core particle reconstituted using histones from a number of different species show
that the core structure is also highly conserved [9]. However, despite this conservation, there
are sequence variations between metazoan histones, including a mammalian specific variant
of histone H3 (Histone H3.1) (Figure 2.2). Upon sequence alignment, variable regions can
be observed within the histone tails, where the majority of post translational modifications
occur, and the only regions that are not visible in many structural studies. Thus, in order
to rule out the possibility that mammalian specific interactions would be missed using the
traditional Xenopus laevis system, I decided to use mammalian histones to create a model
system.

Mouse histones, including the mammalian specific variant H3.1, were recombinantly ex-
pressed and purified from E.coli under the tutelage of Dr. Karolin Luger. At the time,
there were few examples of recombinant mouse histone expression and purification, and as
such, the best conditions were not standardized. Expression trials showed a wide range of
efficiencies, but allowed identification of robust conditions. The final purification schemes
for each mouse histone, and the subsequent refolding of the histone octamer are presented
in Appendix B.

In order to precisely position a nucleosome for in vitro transcription, the Widom 601
sequence was chosen [33]. The ability of the 601 to assemble a stable and well positioned nu-
cleosome using mouse histones was first confirmed using the minimal 147 bp sequence (Figure
2.3). Standard salt gradient dialysis of the purified mouse histone octamer with the DNA
was used, and the concentration of the histone octamer was titrated relative to the DNA
in order to find the optimal assembly ratio (Figure 2.3–A,B). Reactions were loaded onto a
native PAGE gel and stained first with ethidium bromide (EtBr) to visualize the location
of the DNA, and then with the protein stain, Page Blue to locate the histones. Nucleosome
assembly is observed as a shift in the migration of the DNA to a higher position and its colo-
calization with histones (Figure 2.3–C). At undersaturating histone octamer concentrations,
two species of nucleosomes are formed. This odd behavior is observed by the Luger lab,
though not readily reported on. As the histone octamer is titrated to concentrations beyond
a 1:1 molar ratio with DNA, a single position is favored, creating a fully assembled, homoge-
neous nucleosome. Thus, mouse histones are capable of forming a homogeneous nucleosome
in vitro.
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Continued Figure 2.2: (A) Sequence alignment of canonical histones (as well as mam-
malian specific histone H3.1) with the histone sequence used in this study. The alignment
was performed using Mafft with accuracy settings G-INS-i. Amino acids are colored ac-
cording to their hydrophobicity, and conservation is shown in grey below. The regions
appearing in the crystal structure, PDBID 3LZ0, are indicated with a blue bar. (B) Trees
were calculated using BLOSUM62.
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Figure 2.3: Assembling a minimal mouse nucleosome. (A) Diagram of the method used to
reconstitute a nucleosome using purified mouse histone octamer and the strong nucleosome
positioning sequence, Widom 601. Salt gradient dialysis was used to deposit the octamer
onto the DNA. (B) 18% Bis-Tris-Mes PAGE gel of the purified mouse octamer used to
reconstitute nucleosomes in this study. Correct stoichiometry can be observed by the relative
staining of each histone. (C) Native PAGE gel showing the results of assembling a minimal
mouse nucleosome using the scheme in (A). The gel was first stained with ethidium bromide
(EtBr) and imaged using UV light, then stained with the protein stain, PageBlue, and
imaged in transmitted light. Histone octamer was titrated to find the best condition, and
assemblies were incubated at the indicated temperature post assembly at 4◦ C.
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Next, a transcription template was designed to position a nucleosome in the -1 and +1
position relative to the promoter (Figure 2.4–A). Most studies performing in vitro tran-
scription on nucleosomal templates utilize chromatinized plasmids. This approach is able to
faithfully recapitulate the dependence of transcription on chromatin remodeling [199], but
does not allow precise control of nucleosome position, nor does it allow separation of the
roles of each nucleosome in the transcriptional output. Thus, in order to fully dissect the
relationship between TAF1 and acetylated H4 tails at the promoter, I chose to utilize a DNA
fragment containing a single nucleosome in either the -1 or +1 position. With this strategy,
the impact of acetylation at each nucleosome could be tested. Therefore, two constructs
were designed, one with the 601 sequence inserted upstream of the promoter, and one with
it inserted downstream. To control for sequence effects of the different surrounding sequences
at each position, a short, previously characterized flanking sequence was included.

The well characterized and strong Super Core promoter was chosen as the promoter
for the nucleosomal transcription templates [182]. However, since transcription in vivo often
occurs on promoters with far fewer and weaker core elements than the Super Core, constructs
containing mutations in either the TATA, initiator (Inr), DPE, or all three were made (Figure
2.4–B). By systematically mutating elements in the core promoter, their ability to compete
with acetylated histone tails for binding by TAF1/TFIID and for orienting the pre–initiation
complex on the promoter could be tested.

One possible outcome of weak or absent core promoter elements (CPEs) is an increased
reliance on the position of nucleosomes to direct the transcription start site. I hypothesized
that in the absence of orienting CPEs, positioning of the pre–initiation complex for start
site selection could be compensated by the TAF1–acetylated H4 tail interaction. To test
this, I created additional templates in which the nucleosomes were moved further away from
the encoded TSS. If the TAF1–acetylated H4 tail interaction can direct start site selection,
the resulting transcript should be shifted in accordance with the location of the nucleosome.
However, longer templates are capable of assembling multiple nucleosomes and increase
heterogeneity. Thus, in order to maintain only a single, homogenous nucleosome on each
transcription template, I used a nucleosome discouraging sequence with which to space the
the nucleosome away from the promoter (Figure 2.5). This sequence was taken from the
Firefly luciferase gene from the vector pGL3-Basic in a region with low predicted occupancy
as assayed by two separate nucleosome predicting algorithms. Importantly, because this
vector is commonly used to test genomic sequences for promoter activity, it is known to have
no detectable cryptic promoters, and thus should not direct transcription on its own.
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Figure 2.4: DNA constructs for reconstituting a +1 and -1 nucleosome on a transcrip-
tion template. (A) Transcription templates were designed to position a nucleosome either
upstream (-1) or downstream (+1) of the transcription start site. A standard reverse tran-
scription (RT) primer sequence was inserted at the end of each construct for visualizing in
vitro transcription products using a 32P primer. To control for effects of sequence context
on the nucleosome, the Widom 601 sequence was flanked with a previously characterized
sequence. The pink oval indicates the location of the histone octamer in the assembled
nucleosome templates. The depicted constructs were created by cloning into a pBlueScript
backbone. (B) The sequence of the Super Core promoter used in this study. The location
of the first transcribed nucleotide is indicated by an arrow and a large ‘A’. Mutations to
the core promoter elements used are shown below and denoted with a lowercase m.
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Figure 2.5: Selection of a nucleosome spacing sequence. (A) The Firefly luciferase gene
from the pGL3-Basic vector was analyzed using to two nucleosome occupancy predicting
algorithms. The resulting analyses are shown. Top: predicted nucleosome occupancy is
shown in blue along 1-2081bp of the luciferase gene. Bottom: The probability of that
position as a start of a nucleosome is shown in blue, while the nucleosome occupancy score
is shown in red. The region of particularly low predicted occupancy (highlighted in purple)
in both algorithms was chosen as the nucleosome spacing sequence to use in this study.
(B) Diagram of the transcription constructs resulting from inserting the chosen 300 bp
section of the luciferase gene from (A) between the nucleosome positioning sequence and
the promoter.
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Nucleosome assembly was subsequently tested on these fragments. During their creation,
the templates were cloned into pBlueScript II SK+ backbones, and fragments for assembling
nucleosomes were created by large scale PCR. Using the same salt gradient dialysis method
as in Figure 2.3, templates were mixed with purified mouse histone octamer, and the re-
sulting assemblies were assayed by native PAGE (Figure 2.6). Surprisingly, none of the
DNA:octamer ratios tested yielded a positionally homogenous nucleosome. Although the
shortest templates (represented by -1NCP SC in Figure 2.6–A) do contain enough DNA to
accommodate two tightly spaced nucleosomes, it was expected that undersaturating condi-
tions, incubated at a warm temperature to favor the most thermodynamically stable position,
would result in a single species, even if some of the DNA remained un–assembled. However,
this was not observed. Additionally, despite the nucleosome discouraging sequence from the
luciferase gene, the longer templates (represented by SC Luc300 +1NCP in Figure 2.6–B),
included even more nucleosome species at undersaturating octamer concentrations.

In an effort to shift the nucleosomes into a homogeneous population, assemblies were
incubated at a variety of temperatures. Heat shifting has been used with endogenous nu-
cleosome sequences to mobilize weak positions and populate the most thermodynamically
stable state [200]. As seen in Figure ??–A, even temperatures as high as 70◦ C resulted in
multiple positions on the template. To determine if the inability to heat shift the templates
was due to a property of the 601 sequence itself, the minimal 601 nucleosome was assembled
at undersaturating conditions and subjected to the same heating regime. An additional
incubation at 95◦ C was included as a control to strip the histones from the DNA (??–B).
Surprisingly, even when incubated at 70◦ C, the minimal nucleosome occupied two positions
on the 601. Thus, it seems that assembly of a homogeneous nucleosome on templates con-
taining the 601 sequences cannot be achieved using either titration of histone octamer, or
heat shifting. To circumvent this limitation, I set out to identify and purify the desired
nucleosome species from this heterogeneous mixture.
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Figure 2.6: Assembling nucleosomes on transcription templates leads to multiple species.
Nucleosomes were assembled on the short -1NCP SC (A) and the long SC Luc300 +1NCP
(B) transcription templates using the scheme described in Figure 2.3. Native PAGE gels
show the results of nucleosome assemblies. The gels were first stained with EtBr and imaged
using UV light, then stained with the protein stain, PageBlue, and imaged in transmitted
light. Histone octamer was titrated, and assemblies were incubated at the indicated tem-
perature for 1 hour post assembly at 4◦ C. Multiple species can be observed, with decreased
mobility as octamer concentration increases.
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Figure 2.7: Templates containing the Widom 601 sequence cannot be heat shifted. Native
PAGE gels show the results of heating nucleosome assembly reactions to shift occupancy
to the most thermodynamically stable position. (A) Nucleosome assemblies using the long
SC Luc300 +1NCP template were heated to the indicated temperatures for 1 hour post
assembly at 4◦ C. Population of only one species could not be induced by heating as observed
by multiple bands for each temperature and DNA:octamer ratio. (B) Same as in (A) but
using only the minimal positioning sequence. Assemblies heated to 95◦ C were heated for 15
minutes rather than an hour. The 601 sequence cannot be heat shifted to populate a single
nucleosome position as indicated by the prevalence of two (or more) histone–containing
bands.
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Before the correct nucleosome species could be purified, it had to be identified. To achieve
this, restriction enzyme accessibility was assayed at different sites along the template (Figure
2.8). First, nucleosomes were assembled on the short -1NCP SC template at undersaturating
octamer conditions (where there were the fewest nucleosome species), and each species was
purified by extraction from native PAGE gel slices under non-denaturing conditions. Then,
the purified species were incubated with XbaI and the resulting cleavage was assayed by
native PAGE (Figure 2.8–A). Cleavage of the naked DNA template resulted in two fragments
of different sizes – one containing the 601 sequence, and the other containing the promoter. If
either of the two nucleosome species occupied the promoter half of the template, this cleavage
product would remain shifted (bound by a nucleosome) in the native gel. Additionally, if
either species spanned the XbaI site, the presence of the nucleosome would protect the DNA
from cleavage, and neither of the cleavage products would be present in the native gel. This
experiment shows that both species, termed A and B, are located away from the XbaI site,
on the half of the template containing the 601 sequence.

To more precisely map the location of the nucleosome in species A and B, restriction
enzyme accessibility was assayed at sites within and directly flanking the 601 sequence (2.8–
B). Unpurified nucleosome assemblies were subjected to restriction digest, then loaded on
a native PAGE gel. If the nucleosomes of either species were assembled over a restriction
site, they would be expected to resist digestion and continue to migrate at the same rate
as the undigested species. In contrast, if either species contained a nucleosome outside of
a restriction site, the DNA would be digested and the resulting shorter nucleosome would
be expected to run at a faster migration in a native gel. Additionally, when treated with
proteinase K and extracted with phenol/chloroform/isoamyl alcohol to remove the histones,
the resulting free DNA would be visible as digestion products. Surprisingly, assaying restric-
tion sites within the 601 sequence resulted in full protection from digestion for both species
A and B (Figure 2.8–B, left gel), while assaying sites flanking the 601 lead to full digestion
of both species (Figure 2.8–B, right gel). This result suggested that there was only a small
difference in nucleosome position between species A and B.

The piece of evidence that indicated which species was the correctly positioned nucleo-
some came as an accidental result. After gel purifying species A and B, each was dialyzed
into a storage buffer over night, then run on a native gel (Figure 2.9). Purified species A
remained a single species nucleosome after dialysis, while the purified species B repopulated
the positional states of the unpurified assembly. Therefore, while both species are positioned
over the 601 sequence, only species A forms a stable nucleosome. Thus, species A was chosen
for transcription and acetylation experiments.
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Continued Figure 2.8: (A) Above: Native PAGE gels showing the results of restriction
enzyme accessibility assays on the template shown below either naked (D) or assembled into
nucleosomes using undersaturating histone octamer concentrations (N). Prior to digestion
by XbaI, the two major nucleosome species labeled as ‘A’ and ‘B’ on the gel were purified in
their native form by gel extraction where indicated. The digestions were loaded onto a Na-
tive PAGE gel either directly, or after removal of histones from the sample using Proteinase
K treatment followed by phenol/chloroform/isoamyl alcohol extraction. The location where
the 601-containing restriction fragment would be if it were not bound by histones is in-
dicated by arrows. The absence of this band, but the presence of free promoter fragment
for both species A and B suggest that both species are composed of a nucleosome formed
on the 601-containing half of the template, and not the promoter half. Below: diagram
of the template used to assemble the nucleosomes with the location of the XbaI restriction
site indicated with an arrow. (B) Same as in (A) except gel purification of nucleosome
species was not performed prior to digestion with restriction enzymes (REs). The dotted
line indicates the location species A runs in the gel. The double headed arrow points to the
shift present in the DNA only digest, suggesting this is the restriction enzyme shifting the
DNA. The ethidium bromide image brightness threshold was set to allow visualization of
very weak bands.
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Figure 2.9: Stability determines the correct nucleosome species. Species A and B were gel
purified in their intact form and dialyzed at 4◦ C into storage buffer consisting of 20 mM
Tris–HCl pH 7.5, 1 mM EDTA, and 1 mM DTT. The resulting purifications were loaded
onto a native PAGE gel the next day. The purified species B can be seen to reform some
of species A after gel purification, whereas when purified, species A does not repopulate
species B, suggesting that it is more stable.



28

2.2.2 Optimizing transcription

Before the nucleosome templates could be used in in vitro transcription assays, conditions for
optimal transcription on a DNA fragment needed to be identified. Most in vitro transcrip-
tion assays are performed on plasmids, and thus the precise number of base pairs required to
form a landing pad large enough to allow proper assembly of the pre–initiation complex was
not already apparent. The nucleosome templates modeling the downstream, +1 nucleosome,
in particular needed to be tested for their ability to direct uninhibited transcription from a
promoter adjacent to a DNA end. To address this question, templates with different numbers
of base pairs upstream of the TATA box were created by PCR from the plasmid containing
the construct SC +1NCP (Figure 2.10–A). The resulting DNA fragments were transcribed
using purified human basal transcription factors and purified human RNA polymerase II.
To visualize the transcripts, a 32P labeled primer was used in reverse transcription, and
the reaction was run on a denaturing Urea-PAGE gel. Signal from the 32P labeled reverse
transcripts were imaged using a storage phosphor screen and imager. Additionally, since
plasmids contain DNA that is not transcribed but is available to interact with the transcrip-
tion machinery, they contain their own nonspecific competitor. The template fragments, on
the other hand, do not. Thus, the presence of a nonspecific competitor DNA, dGdC, was
tested.

The results suggest that a landing pad as small as 7 bp upstream of the TATA box is
sufficient to drive robust transcription of a DNA fragment (Figure 2.10–B). Surprisingly,
when regions past 28 bp upstream of the TATA box were included, the transcription output
dropped dramatically and was comparable to transcription from the template in plasmid form
(compare lanes 5–10 to 1–4 and 11–13 in Figure 2.10–B). Further investigation concluded
that the observed decrease in transcription is due to a repressive element in the pBlueScript
II SK+ backbone used to create the templates (Supplementary Figure A.2). Thus, a landing
pad of 28 bp or less upstream of the TATA was chosen. Additionally, while the nonspecific
competitor dGdC reduced overall transcription output, it reduced nonspecific transcripts to
a greater degree, and was thus included in subsequent transcriptions where indicated.

Next, the dynamic range of transcription was tuned to allow observation of both increases
and decreases in output (Figure 2.11). Using a template length found in Figure 2.10 to
direct robust transcription, the concentration of RNA Polymerase II (Pol II) was titrated
(Figure 2.10–A,B). No change in transcription output was observed, indicating that Pol II
was not limiting at the concentrations tested. Because the goal was to test the effect of an
interaction between TFIID and acetylated histone tails on transcription, it was important
that the availability of Pol II in solution not be rate limiting. Thus, the lowest concentration
of Pol II tested was chosen, and the dynamic range of the basal factors was tested (Figure
2.10–C). The results pointed to an intermediate level of basal factors that could be employed
while still maintaining the dynamic range of the basal factor machinery and of transcript
detection.

Once conditions were chosen to be within the dynamic range of transcription, the number
of base pairs upstream of the TATA box was re-tested. Additionally, the number of base
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pairs needed downstream of the RT primer annealing site to prevent underestimation of
transcription output due to RNA degradation or incomplete transcription was tested (Figure
2.12). Based on the results, a final construct architecture of 35 bp upstream of the TATA
and 13 bp downstream of the RT primer binding site was chosen.
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Figure 2.10: Comparing transcription using a DNA fragment versus a plasmid reveals a
repressive sequence element and the number of base pairs needed upstream of the promoter.
Continued on next page.
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Continued Figure 2.10: (A) Diagram of the transcription templates created using PCR
from the construct p-1NCP SC modeling a -1 nucleosome. PCR primers were chosen to
produce fragments containing the indicated number of base pairs upstream of the TATA box
and downstream of the RT primer binding site. (B) Phosphor image of a Urea-PAGE gel
showing the results of transcription from the indicated templates. After incubation with
purified human basal factors and RNA polymerase II at 30◦ C for 30 minutes, transcripts
were reverse transcribed (RT) using a 32P labeled primer and loaded on a denaturing Urea-
PAGE gel. DNA purification conditions using saturated butanol are also tested, as well
as the use of a DNA competitor, dGdC. The number of moles of template are the same
in each reaction. Lanes 11–13 show transcription results using the construct diagramed in
(A) in plasmid form.
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Figure 2.11: Optimizing transcription on a fragment by titrating basal factors and RNA
polymerase II. Continued on next page.
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Continued Figure 2.11: (A) Diagram of the DNA fragment (produced by PCR) used as
a transcription template in (B) and (C). (B) Phosphor image of a Urea-PAGE gel showing
the results of transcription from the template in (A). The amount of RNA polymerase II
(Pol II) used in each reaction was titrated in two-fold steps to 1/4 the original amount. The
effect of the DNA competitor, dGdC was also assessed. Each reaction contained 10 fmoles
of template, and 50ng of dGdC where indicated. (C) Phosphor image of a Urea-PAGE gel
showing the results of transcription from the template in (A) while titrating the amount of
basal transcription factors used. The basal factor mix (BF mix) was titrated using a 3-fold
serial dilution. The lowest concentration of RNA polymerase II used in (B) was selected
for the reactions in (C). All other conditions were the same as in (B). Open triangles point
to the expected transcript size. In order to be within the dynamic range, the basal factor
concentration chosen for future transcription reactions was 1/3 the original amount.
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Figure 2.12: Selecting final transcription conditions. Using the RNA polymerase II and
Basal factor concentrations identified in Figure 2.11, the number of base pairs from the
TATA box and the RT primer binding site required for efficient transcription were re-
tested. (A) Phosphor image of a Urea-PAGE gel showing the results of transcription from
the templates diagramed in (B). As in Figure 2.10, when sequences beyond 28 bp upstream
of the TATA box are included, transcription is repressed, suggesting the presence of a
repressor at that site. Each reaction contained 10 fmoles of template, and 50ng of dGdC
where indicated.
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2.2.3 Establishing an acetylation procedure

To test the effects of H4 acetylation on transcription initiation in vitro, a mechanism of
site specific acetylation had to be chosen. For this purpose I recombinantly expressed and
purified yeast Piccolo NuA4 following the method by Song Tan [201] (Figure A.1). NuA4
is the complex that acetylates H4 and H2A in vivo and is the only essential HAT in yeast
[201, 202]. Its catalytic subunit, Esa1, is homologous to human Tip60 which performs the
same function. To characterize the activity of the purified Piccolo NuA4, I first tested its
ability to acetylate free mouse H4 histone using 14C labeled acetyl coenzyme A (AcCoA)
(Figure 2.13–A). Reactions were incubated from 40 seconds to one hour, before loading on
an acid–urea gel to separate the different degrees of acetylation. The resulting gel was imaged
using a storage phosphor screen and scanner, and then stained with PageBlue to visualize
the unacetylated histone. Complete acetylation of histone H4 was complete soon after 1
minute, and controls demonstrated that Piccolo NuA4 had no detectable self modification
activity that could complicate later experiments. Next, the short -1NCP SC template was
assembled into a nucleosome, gel purified, and assayed for site specific acetylation by Piccolo
NuA4 (2.13–B,C). As previously reported using Xenopus laevis histones [203], Piccolo NuA4
demonstrated efficient and rapid acetylation of mouse H4 within the nucleosome, but also
showed H2A acetylating activity (as determined by location in acid-urea gel and previous
reports [203], Figure 2.13–D). This activity was present on a much longer timescale, and
could therefore be disfavored by incubation at shorter timescales. In this section I have shown
that using in vitro assembly of nucleosome using mouse histone octamers on transcriptional
template, followed by gel purification, and site specific acetylation with a purified multi-
subunit complex, I can create a highly pure, homogenous, and controlled system with which
to test the interaction with TAF1 and its effect on transcription.
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Figure 2.13: Characterization of Piccolo NuA4 acetylation of mouse histone and nucleo-
somes. Continued on next page
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Continued Figure 2.13: (A) Acid–urea PAGE gel showing the results of an acetylation
trial on free mouse histone H4. Reactions were incubated at room temperature for the in-
dicated time and then quenched using gel loading buffer containing 8M urea before being
loaded on an acid–urea gel to resolve individual acetylation sites. 14C labeled acetyl coen-
zyme A (AcCoA) was imaged using a storage phosphor screen and scanner, then stained
with PageBlue to visualize the unacetylated histone. In the last lanes, the reactions were
diluted by the indicated amount with loading buffer before being loaded on the gel. (B)
Assembly and purification of the short -1NCP SC template diagramed in (C). (D) Acety-
lation assay performed as in (A), except using the assembled nucleosome template from (B).
Free H4 was acetylated and loaded adjacent to the nucleosome to distinguish the positioin
of acetylated H4 from acetylated H2A in the gel.

2.2.4 Creating an acetylated H4 binding incompetent TAF1

One mode by which acetylation of histones is thought to facilitate transcription is by desta-
bilizing nucleosome structure and thereby accommodating transcription factor binding at
the promoter and passage through the nucleosome by RNA polymerase II [53, 204]. To
separate the structural effects of histone acetylation from a possible TAF1–dependent effect,
I made strategic point mutations in the doublebromodomain of TAF1. Previous work in
yeast found that a point mutation in each of the bromodomains of Bdf1 could abolish its
recognition of acetylated H4 tails while maintaining its stability in in vivo [193]. The selec-
tion of these mutations was based on the structural homology to Gcn5p [205]. Since Bdf1
is considered to be the yeast ortholog of the human TAF1 doublebromodomain, I reasoned
that a similar point mutation would allow me to abolish acetyl–lysine recognition by TAF1
while maintaining its other roles in transcription. To identify these residues, I superimposed
the crystal structure of the hTAF1 doublebromodomain with the structure of Gcn5p, as well
as other bromodomains that were crystallized with acetylated lysine ligands (Figure 2.14).
As expected, three of the residues identified in the structure of Gcn5p to be important for
recognition of acetylated lysines aligned precisely with those of the other bromodomains.
This allowed me to select tyrosine 1417, and 1540 in hTAF1 for mutation to alanine (Y1540
shown in Figure 2.14).

Because attempts to reconstitute TFIID from recombinant TAFs have proven unsuccess-
ful, I designed a scheme to purify mutant–TAF1–containing TFIID by immunopurification
through an introduced tag. A C–terminal HA tag was chosen for this purpose after testing
both HA and FLAG tags at the N and C terminus of hTAF1 in HeLa cells (data not shown).
Additionally, since TAF1 is an essential protein for cellular growth, expression of the tyrosine
mutant could be toxic (Saccharomyces Genome Database). Expression under the control of
a tetracycline inducible promoter was chosen to allow growth of tens of liters of HeLa cells
before induction of the mutant TAF1 and purification through biochemical fractionation and
HA immunopurification. Despite my progress on this strategy, the project was put on hold
before I had the chance to test it. It is nonetheless presented here as it may be potentially
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useful to somebody in the future.
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Figure 2.14: Selection of TAF1 residues to mutate. Structural alignment of the crystal
structures of three different bromodomains with bromodomain 1 from the human TAF1
structure [191, 205–207]. Continued on next page
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Continued Figure 2.14: (A) Sequence view of the structural alignment in (B). Boxed
residues are depicted as sticks in the structure below and are known to be important
for recognition of the acetylated form of lysine. (B) Structural alignment created using
Chimera, MatchMaker [13]. The acetylated lysine is shown as a cartoon stick colored red
at the oxygen atom, and blue at the nitrogen. Waters are shown as small spheres.

2.3 Results and Discussion

2.3.1 Acetylation of H4 influences start site selection on a strong
promoter

After establishing a well characterized mammalian nucleosome system for transcription in
vitro, and setting up a precise acetylation procedure, I was ready to address the question
posed at the beginning of this chapter: How does the interaction between TAF1 and acety-
lated H4 tails influence transcription? To address this, nucleosomal templates representing
the -1 nucleosome at a strong promoter were tested first (Figure 2.15–A). Prior to tran-
scription, nucleosome templates were incubated with Piccolo NuA4 and acetyl coenzyme A
in order to hyper–acetylated the H4 tails. Transcription from these acetylated templates
was then compared to unacetylated nucleosomal templates as well as naked DNA (Figure
2.15–B). To test for a dependence on TAF1, TFIID was titrated over four fold.

Two major results are observed. First, while assembly of a nucleosome at the -1 position
decreased overall transcription amplitude at a strong promoter by about a third, acetylation
of the nucleosome at H4 was not able to relieve this repression (Figure 2.15–C). This may be
explained in part by the location of the nucleosome used here. While acetylation is known
to induce a looser nucleosome structure and therefore may be expected to facilitate passage
by the polymerase, transcription initiates away from the -1 nucleosome, and thus will not
benefit from a weaker barrier to the polymerase. Conveniently, usage of a -1 nucleosomal
template allowed me to circumvent the need for chromatin remodelers or elongation factors
for these initial experiments.

Second, the transcription initiation site was influenced by H4 acetylation (Figure 2.15–
D). The naked DNA template displayed three initiation sites approximately 1 bp apart.
Assembly into a nucleosome focused initiation to TSS1, while acetylation of the nucleosome
shifted the start site preference back toward that of the naked DNA. Importantly, this shift
in start site selection was TFIID dependent, present at intermediate TFIID concentrations
where TFIID is likely the limiting reagent for transcription, but not at higher concentrations
where interactions between other basal factors might be rate limiting. This is in direct
contrast to the influence of the -1 nucleosome on transcription amplitude. Repression by
the presence of a -1 nucleosome is present at all concentrations of TFIID with no relief
by acetylation of H4 observed. Thus, rather than having a major impact on recruitment of
TFIID, acetylation of H4 at a strong promoter seems to have an effect on positioning the pre–
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initiation complex for transcription. This role is in direct competition with the sequence cues
of the core promoter elements. Thus, it would be informative to perform this experiment on
nucleosomal transcription templates contain mutations at the CPEs. Additionally, despite a
dependence on TFIID concentration, this experiment does not demonstrate the dependence
on a direct interaction between TAF1 and acetylated H4 tails. To test for a direct causal
effect of TAF1 interaction with H4 hyperacetylated tails, TFIID containing the mutations to
the TAF1 doublebromodomain presented in Section 2.2.4 should be substituted for wtTFIID
in transcription reactions. Unfortunately, I ran out of time to perform these experiments,
and as such, this remains an open question.

While histone acetylation has been associated in vivo with active transcription, its precise
role in initiating transcription has remained poorly understood. Moreover, genome–wide
ChIP-seq studies demonstrate only correlation and cannot tease apart cause and effect. Here,
I presented my work towards teasing apart the mechanism of influence of H4 acetylation on
transcription initiation. In support of my preliminary findings, a couple papers have been
published in the years since this project was put on pause. First, Vanja Haberle et al
performed an elegant experiment in zebrafish published in 2014 in which they mapped TSSs
using cap analysis of gene expression (CAGE) before and after the transition from maternal
to zygotic transcription in the early embryo [208]. By comparing the initiation profiles to
the locations of H3K4me3-marked nucleosomes, they found differential TSS usage between
maternal and zygotic transcripts which correlated with a switch from a TATA directed start
site to a seemingly nucleosome positioned start site as evidenced by no distance correlation
with the zygotic TATA box, but instead a precise positioning of the +1 nucleosome with
respect to the zygotic, but not maternal TSS. This positioning was punctuated by H3K4me3,
a mark known to interact with TAF3. While these results are still correlative, they indicate
a strong example of a possible link between TAF–histone interactions and start site selection
(Figure 2.16).

Lastly, work in the Pugh lab using ChIP–exo has revealed a higher resolution picture of
the pre-initiation complex at the promoter, and suggests a correlation with the position of
the +1 nucleosome [198]. Additionally, the group previously observed a correlation between
the binding of the TAF1 doublebromodomain homolog, Bdf1, H4 acetylation at the +1
nucleosome, and levels of transcription in yeast [209]. Taken together, these studies support
the notion of a link between TFIID recognition of modified histones at the promoter and
start site selection, but rather than a role for the -1 nucleosome as I observed, they point to a
role for the +1 nucleosome. This hypothesis is easily testable using the system I built which
includes a template representing the +1 nucleosome, but these questions may be reserved
for another researcher to answer in the future.
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Figure 2.15: Acetylation of H4 influences start site selection. (A) Nucleosome construct
used in transcription in (B). (B) Phosphor image of a Urea-PAGE gel showing the results
of transcription from the indicated templates. After incubation with purified human basal
factors and RNA polymerase II at 30◦ C for 30 minutes, transcripts were reverse tran-
scribed (RT) using a 32P labeled primer and loaded on a denaturing Urea-PAGE gel. The
templates used were either naked DNA ‘D’, nucleosomal template ‘N’, or H4 acetylated
nucleosomal template ‘AN’. TFIID concentrations were titrated and are labeled as a frac-
tion of the most concentrated. Transcripts originating from three different start sites are
labeled TSS1, TSS2, and TSS3. (C) Quantification of the integrated band signal as a sum
of all transcripts at 1/2 TFIID concentration. (D) Quantification of the transcripts at 1/2
TFIID concentration. Band intensity is plotted as calculated from a line drawn directly
vertically over the three main transcript bands.
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Figure 2.16: Proposed model. (A) Cartoon demonstrating the proposed competition be-
tween TFIID recognition of core promoter elements and its interaction with acetylated H4
at the -1 nucleosome as observed in Figure 2.15. (B) A model including the potential role
of the +1 nucleosome in interactions between the basal transcriptional machinery, core
promoter elements, and acetylated histones flanking the promoter.

2.4 Materials and Methods

2.4.1 Purification of Piccolo NuA4

Purification followed the procedure outlined in [201].

2.4.2 Restriction enzyme accessibility assays

Restriction enzyme accessibility assays were performed essentially as described in Chapter 3
of this thesis on page 64.

2.4.3 Transcription assays

In vitro transcription reactions were carried out essentially as described in [210]except
immuno–affinity purified TFIIH and RNA polymerase II were used and purified in–house by
Dr. Carla Inouye. Concentrations of the basal machinery are used as relative concentrations
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based on standardized degree of activity in each preparations. The purification procedure
for nucleosomal templates, as well as the amounts used are contained in the text and figure
legends. When used, plasmids were phenol/chloroform/isoamyl alcohol extracted following
Qiagen midi preparations.

Transcription reactions were performed in 0.1 M HEMG buffer and contained 2 mM
Spermidine, 83 ng/µL, RNase IN, and 50 mM dGdC (unless otherwise specified). Basal
factors included purified human Pol II, TFIID, TFIIB, TFIIF, TFIIE, and TFIIH. Briefly,
basal factors were mixed prior to addition to the transcription templates, and reactions
were incubated at 30◦ C for 30 minutes, to allow loading of the pre–initiation complex.
Then, NTPs were added and the reactions were allowed to proceed for 30 minutes at 30◦ C.
Transcription was stopped with a solution containing SDS and proteinase K (esentially as in
the restriction enzyme accessibility reaction s described on page 64. After digestion at 37◦

C for 10 minutes, reactions were phenol/chloroform/isoamyl alcohol extracted and ethanol
precipitated. Excess 32P labeled primer was added, hybridized to the transcript, and reverse
transcribed using SSIII at 37◦ C for 30 minutes. Reactions were ethanol precipitated and
resuspended in formamide loading buffer and heated to 95◦ C for 6 minutes. Samples were
then loaded on a 6% denaturing Urea-PAGE gel and analyzed using storage phosphor screens
and a Bio–Rad Typhoon phosphor imager.

2.4.4 Histone and nucleosome acetylation
14C Acetyl coenzyme A was used in preliminary assays to characterize acetylation, but
for acetylation of templates used in transcription reactions, cold acetyl coenzyme A was
used. Reactions were carried out at room temperature in 250 mM Tris–HCl pH 7.5, 5 mM
DTT, and 0.1 mg/mL MSA. Piccolo NuA4 was added at 200 nM to the buffer containing
nucleosomes or histones at 156 nM. Reactions were begun by adding acetyl coenzyme A to
40 µM. Reactions were incubated for the indicated time, and then quenched with loading
buffer containing 8M urea, 10% glacial acetic acid, and a pinch of pyronin B for visualizing
migration on the gel. Gels used to separate out acetylated histone species were acid–urea
gels. For reactions using 14C Acetyl coenzyme A, gels were analyzed using storage phosphor
screens and a Bio–Rad Typhoon phosphor imager. Gels were subsequently stained with
PageBlue to visualize un–modified histones.

2.4.5 Nucleosome species purification

Nucleosome assemblies were loaded on 6% native PAGE gels along with a small amount of
sample in a lane adjacent to the preparative lane. Loading buffer included only sucrose and no
dye as it interferes with migration in the gel. After a set running time determined empirically
based on the template, the gel was sliced in half separating the preparative lane from the
analytical lane. The analytical lane was stained with PageBlue and then repositioned next
to the unstained half of the gel to direct the location to be excised. The identified bands were
cut out using a razor blade and then inserted into small bags of dialysis tubing. Nucleosomes
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were then electroeluted from the gel slice in 0.1X TBE with 0.1 mM DTT in a horizontal
electrophoresis gel apparatus for about 2 hours at 100V, before reversing current for about
a minute to dislodge the nucleosomes from the edge of the dialysis bag. The bags were then
opened, and the solution containing the eluted nucleosomes was pipetted out.

2.4.6 Histone purification and nucleosome assembly

See pages 60, 63, and 74.

2.4.7 DNA constructs

Templates used a Widom 601 with a flanking sequence provided by the Luger lab as follows.
5’ - A T C G G A C C C T A T A C G C G G C C G C C C T G G A G A A T C C C

G G T G C C G A G G C C G C T C A A T T G G T C G T A G A C A G C T C T A
G C A C C G C T T A A A C G C A C G T A C G C G C T G T C C C C C G C G T T
T T A A C C G C C A A G G G G A T T A C T C C C T A G T C T C C A G G C A C
G T G T C A G A T A T A T A C A T C C T G T G C A T G T G G A T C C G A A T
T C A T A T T A A T T A A T A C T A G A T - 3’

The Super Core promoter was cloned out of pSCBCAT, and the nucleosome spacing
sequence was cloned from the pGL3-Basic vector and is as follows.

5’ - g c g a a c g a c a t t t a t a a t g a a c g t g a a t t g c t c a a c a g t a t g g g c a t
t t c g c a g c c t a c c g t g g t g t t c g t t t c c a a a a a g g g g t t g c a a a a a a t t t t g
a a c g t g c a a a a a a a g c t c c c a a t c a t c c a a a a a a t t a t t a t c a t g g a t t c t a
a a a c g g a t t a c c a g g g a t t t c a g t c g a t g t a c a c g t t c g t c a c a t c t c a t c t
a c c t c c c g g t t t t a a t g a a t a c g a t t t t g t g c c a g a g t c c t t c g a t a g g g a c
a a g a c a a t t g c a c t g a t c a t g a a c t c c t c t g g a t c t a c t g g t c t g c - 3’

The reverse transcription primer was derived from the CAT gene in pSCBCAT and is:
5’ - CCACCGTTGATATATCCCAATGGC - 3’.
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Chapter 3

Nucleosomes impede Cas9 access to
DNA in vivo and in vitro

Max A Horlbeck∗, Lea B Witkowsky∗, Benjamin Guglielmi, Joseph M Replogle, Luke A
Gilbert, Jacqueline E Villalta, Sharon E Torigoe, Robert Tjian†, Jonathan S Weissman†

2016 eLife 5:e12677. doi: 10.7554/eLife.12677 [211]

3.1 Introduction

CRISPR (clustered regularly interspaced palindromic repeats) prokaryotic adaptive immune
systems have yielded transformative tools for manipulating eukaryotic genomes. Most no-
tably, the CRISPR-associated Cas9 protein from Streptococcus pyogenes, together with a
single chimeric guide RNA (sgRNA), provides a programmable endonuclease that has revolu-
tionized our ability to edit genomes [212]. Cas9 has been further modified to a nuclease-dead
form (dCas9) to provide a programmable DNA-binding protein that can be fused to effector
domains, making it possible to turn on or off targeted genes, mark specific genomic loci with
fluorescent proteins, or alter epigenetic marks [212–219]. A central challenge in implementing
these tools is identifying effective and specific sgRNAs. While much of the effort to define
relevant rules has focused on the sequence of the target site and sgRNA [220–223], these
only partially predict Cas9 activity and suggest that additional determinants likely exist.

Chromatin structure may represent a key parameter governing Cas9 efficacy in eukaryotic
cells. CRISPR evolved in archea and bacteria [224] and is likely not optimized to explore
and modify large, chromatin-bound eukaryotic genomes, a hypothesis supported by several
studies that point to a correlation between rates of DNA binding and cleavage in regions
of open chromatin as measured by DNase I hypersensitivity [220, 225, 226]. Additionally,

∗these authors contributed equally to this work
†corresponding authors: jmlim@berkeley.edu (RT), Jonathan.Weissman@ucsf.edu (JSW)
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recent single-molecule imaging studies have shown that dCas9 explores euchromatin more
frequently than it does heterochromatin [227]. We hypothesized that nucleosomes, the basic
unit of chromatin structure, are an important impediment to Cas9 recognition. Here, we
addressed this hypothesis in vivo by leveraging large datasets collected from over 30 sgRNA
tiling and genome-scale genetic screens [228]. We found that regions of high nucleosome
occupancy in vivo, as determined by MNase-seq (micrococcal nuclease sequencing) [229, 230],
were strongly depleted of highly active sgRNAs for CRISPR interference (CRISPRi) [214,
228] and nuclease-active Cas9. We complemented these results with in vitro experiments
demonstrating that formation of a nucleosome provides a direct and profound block to dCas9
binding and Cas9 cleavage. Despite this strong barrier to Cas9 activity, we found that
addition of a chromatin remodeling enzyme to chromatinized DNA in vitro can restore Cas9
access to nucleosomal DNA, highlighting one route by which CRISPR may still be able to
modify chromatin in vivo. Our results reveal a fundamental aspect of the mechanism by
which this transplanted bacterial enzyme interacts with eukaryotic chromatin, and provide
a new dimension for selecting highly active sgRNAs.

3.2 Results

3.2.1 CRISPRi activity is periodic and out-of-phase with
nucleosome positioning

In order to study the features of chromatin that affect CRISPRi activity, we integrated data
from whole-genome screens testing for a wide range of phenotypes performed with a previ-
ously described CRISPRi library targeting each gene with ~10 sgRNAs [228]. We selected 30
screens performed in the cell line K562 expressing dCas9-KRAB (ML, BA, BB, CYP, MK,
YC, JF, and JN, personal communication) and set a threshold for high-confidence hit genes,
which allowed us to assess the relative strength of phenotypes for the sgRNAs targeting
these genes. Specifically, we analyzed 18,380 sgRNAs targeting 1539 genes, and generated
‘activity scores’ by normalizing sgRNA phenotypes to the average of the 3 sgRNAs with the
strongest phenotypes for each gene (Figure 3.1-A and Supplementary file 1 [211]). To assess
how CRISPRi activity varies with respect to the transcription start site (TSS), we plotted
the average sgRNA activity score as a function of distance to the FANTOM-annotated TSS
[231] (Figure 3.1-B). This analysis revealed a robust, periodic pattern of activity, with peaks
at ~190 bp intervals relative to the TSS. This periodicity was highly reminiscent of patterns
previously described for nucleosomes [30]. Indeed, analysis of K562 MNase-seq data from the
ENCODE consortium [230, 232] revealed that the average nucleosome signal was strongly
anti-correlated with CRISPRi activity (Figure 3.1-B), suggesting that high nucleosome oc-
cupancy leads to low CRISPRi activity.

To further explore this inverse relationship between CRISPRi activity and nucleosome
organization, we exploited the previous observation that nucleosome phasing is more pro-
nounced in highly expressed genes [230]. We grouped genes by their expression in K562
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Continued Figure 3.1: (B) Average CRISPRi activity and MNase-seq signal relative
to the TSS. Green line represents average CRISPRi activity score of all sgRNAs within
a 50bp window around each position. Purple line represents the K562 MNase-seq signal
at each position averaged across all genes analyzed. (C) Average CRISPRi activity and
MNase-seq signal for genes grouped by expression value. Genes were grouped into lower
expression (light lines; N = 240), higher expression (heavy lines; N = 368), and medium
expression (omitted for clarity; N = 930), and analyzed as in (B). Expression values
were obtained as fragments per kilobase million (FPKM) from ENCODE K562 RNA-seq
data. Average activity at positions with fewer than 10 sgRNAs within the 50bp window was
not calculated. (D) Quantification of the amplitude of periodic CRISPRi activity. Peak
and trough coordinates were obtained by calculating the local maxima and minima of the
activity traces from analyses in (B) and (C). Peak 0 was defined as the local maximum
closest to the TSS, peak 1 was defined as the next maximum downstream of peak 0, and
troughs were defined as the minima immediately downstream of the respective peaks. (E)
CRISPRi activity and target site nucleosome occupancy for individual sgRNAs. Target site
nucleosome occupancy was calculated from the average MNase-seq signal at all genomic
coordinates across the length of the sgRNA protospacer and the protospacer adjacent motif
(PAM). sgRNAs were then binned by the target site nucleosome occupancy, displayed as
box-and-whisker plots, and labeled according to the minimum value within the bin except
where indicated. P-values were calculated by a two-tailed Mann-Whitney test comparing
each bin to the =0.0 bin. (F) Linear regression for CRISPRi activity. The squared Pearson
correlation was calculated for the sgRNA activity scores compared to the indicated individual
parameters (bars 1, 2, and 4) or linear fits of multiple parameters (bars 3 and 6). sgRNA
activity scores were corrected for sequence and length features (bar 5) by subtracting the
linear fit of those two features.

[232, 233] and analyzed CRISPRi activity and nucleosome occupancy within each group. In
support of a connection, we found that peak to trough amplitudes of both features were
larger for highly expressed genes (Figures 3.1-C,D).

We also analyzed the MNase signal at each sgRNA target site to determine whether
nucleosome occupancy could explain variation in CRISPRi activity between individual sgR-
NAs (Figure 3.1-E). Consistent with the hypothesis that nucleosomes exclude dCas9, almost
all of the highly active sgRNAs targeted sites with low MNase-seq signal. However, not
all sgRNAs targeting sites with low nucleosome occupancy were highly active, matching
previous findings that sgRNA and target DNA sequence features also influence efficiency
of the CRISPR system [220–223]. To exclude the possibility that differences in sequence
features alone between nucleosome-bound and -free regions could explain the periodicity of
CRISPRi activity (rather than the presence of nucleosomes per se), we performed linear
regression using MNase signal, sgRNA length [223, 228], and a validated sgRNA sequence
scoring algorithm [221]. We found that each parameter individually correlated with sgRNA
activity (p < 10−58 for each; Figure 3.1-F). Importantly, correction for sequence and length
features had minimal impact on the ability of the MNase signal to predict CRISPRi activity



48

(p < 10−85 after correction). Indeed, a linear fit of all three features provided a still stronger
correlation (p < 10−221; Figure 3.1-F, far right column), suggesting that incorporating nucle-
osome occupancy in future sgRNA design algorithms could significantly improve predictive
value. We have recently developed a comprehensive algorithm for predicting highly active
CRISPRi sgRNAs that, by accounting for nucleosome occupancy, higher order sequence
features, and non-linear relationships in these parameters, shows even greater correlation
with this dataset that was already enriched for active sgRNAs using our original CRISPRi
library design principles [228] (cross-validation R2 = 0.32; Horlbeck et al., manuscript in
preparation).

3.2.2 Nuclease-active Cas9 activity anti-correlates with
nucleosome occupancy

In order to generate a dataset for evaluating the effect of nucleosome positioning on nuclease-
active Cas9 in K562 cells, we took advantage of our previously described library densely tiling
sgRNAs in 10kb windows around the TSS of 49 genes known to modulate susceptibility to
the toxin ricin [228, 234] and tested Cas9-expressing cells for resistance or sensitivity to ricin
(Supplementary file 2 [211]). We observed phenotypes consistent with the expected knock-
down phenotype primarily in coding sequences (CDS) but also in some promoter regions,
consistent with recent results showing that modifications introduced by Cas9 can disrupt cis-
regulatory regions [235]. Analysis of CDS-targeting sgRNAs revealed that strong phenotypes
were found predominantly in regions of low MNase-seq signal (Figure 3.2-A), although this
relationship was less pronounced than for CRISPRi. This may be due to decreased phasing
of nucleosomes within the gene body [30]. When we analyzed all sgRNAs in the library, thus
incorporating information from cis-regulatory regions where nucleosomes are well phased,
we found the effect of nucleosome position to be even stronger (Supplementary Figure A.3).
Although nucleosome occupancy was predictive of CRISPR activity independent of sgRNA
sequence features, a much stronger correlation was obtained when all features were con-
sidered (Figure 3.2-B). Therefore, nucleosome organization likely represents an important
feature for CRISPR sgRNA design and should be considered a key contributing factor in
interpreting future tiling mutagenesis experiments of coding and non-coding regions.

3.2.3 Nucleosomes are sufficient to fully block cleavage by Cas9
in vitro

Our in vivo experiments reveal a strong anti-correlation between Cas9-mediated downstream
phenotypic outputs and correlation in our data. For example, (d)Cas9 may bind or cut
equally well in nucleosome-bound and un-bound regions, but may exert the observed modu-
lation of gene expression through interference with transcriptional pausing, splicing, regula-
tory looping, or binding of important regulatory factors, processes which also correlate with
nucleosome organization [236–242].
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Figure 3.2: Cas9 nuclease activity anti-correlates with nucleosome occupancy. (A) Cas9
nuclease phenotypes and target site nucleosome occupancy for individual sgRNAs targeting
CDS regions. Ricin susceptibility phenotypes for each sgRNA are expressed as a Z score
and are positive if the phenotype matches the expected knockdown phenotype. Target site
nucleosome occupancy was calculated as in Figure 3.1-E. sgRNAs were then binned by the
target site nucleosome occupancy, displayed as box-and-whisker plots, and labeled according
to the minimum value within the bin except where indicated. P-values were calculated by a
two-tailed Mann-Whitney test comparing each bin to the =0.0 bin. (B) Linear regression
for Cas9 nuclease phenotypes. The squared Pearson correlation was calculated for the
sgRNA activity scores compared to the indicated individual parameters (bars 1, 2, and 4)
or linear fits of multiple parameters (bars 3 and 6). sgRNA activity scores were corrected
for sequence and length features (bar 5) by subtracting the linear fit of those two features.

To determine whether (d)Cas9 activity is indeed directly affected by the presence of
nucleosomes, we turned to a purified in vitro reconstituted system. Mouse histones were re-
combinantly expressed, purified, and assembled into a nucleosome using 147bp of the Widom
601 positioning sequence (Figures 3.3-A,B) [33]. Conveniently, the 601 sequence contains nu-
merous NGG protospacer adjacent motifs (PAMs) required for Cas9 recognition, spanning
the full length of the DNA at different helical positions, allowing us to test the effects of
position and solvent accesibility within the nucleosome (Figure 3.3-C). We first tested the
ability of Cas9 to cleave nucleosomal DNA. We pre-loaded purified Cas9 (histidine tagged
and HaloTagged) with in vitro transcribed sgRNA, then introduced either naked 601 DNA
or that same DNA assembled into a nucleosome (Figures 3.3-A,D and Supplementary Figure
A.4-A). Fluorescent labeling of the DNA allowed us to visualize the cleavage products on a
denaturing Urea-PAGE gel. In agreement with our in vivo data, the nucleosome protected
its DNA from cleavage by Cas9, and complete protection from cleavage was observed to be
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Continued Figure 3.3: (A) Schematic of the experimental setup for in vitro cleavage
assays. Mononucleosomes were assembled by salt gradient dialysis of purified mouse hi-
stone octamer with the minimal nucleosome positioning sequence, Widom 601 (147 bp).
Prior to assembly, DNA was 5’-end-labeled with Cy3 and histone H2B was fluorescently
labeled using an introduced cysteine (T115C) coupled to Alexa Fluor 647. Purified His-
tagged and HaloTagged Cas9 pre-loaded with in vitro transcribed sgRNAs were added to
naked DNA or assembled nucleosomes, and DNA cleavage products were visualized using a
denaturing gel imaged for Cy3-DNA fluorescence. See also Supplementary Figure A.4-A.
(B) Confirmation that fully occupied, well-positioned nucleosomes were assembled. After
assembly using salt gradient dialysis, the produced nucleosomes were visualized using a na-
tive PAGE gel imaged in the Cy3 and Alexa Fluor 647 channels. Full incorporation of the
free DNA into a nucleosome occupying a single position on the DNA is indicated by the
presence of a single-shifted band containing all of the detectable Cy3-DNA and Alexa Fluor
647-H2B signal. (C) Available PAMs and solvent accessibility of the 601 nucleosome po-
sitioning sequence. (Above) A schematic of the 601 sequence. The location of the histone
octamer when assembled into a nucleosome is indicated by the gray oval. The location of
PAMs within the double-stranded sequence are indicated with arrows spanning the 3 bp of
the PAM, pointing in the 5’ to 3’ orientation of the NGG motif. The arrows are colored
according to solvent accessibility at the center of the PAM as calculated from the crystal
structure of the 601 nucleosome (PDBID 3LZ0, [243]). (Below) Crystal structure of the
601 nucleosome. For clarity, the surface area of the histones in the crystal structure has
been made transparent. The DNA in the crystal structure is colored according to solvent
accessibility using the same color scale as the PAMs above. Residues colored teal are less
accessible, while residues colored fuchsia are more accessible by solvent. (D) Experimental
conditions and timeline for cleavage assays. (E) Denaturing PAGE gel showing the results
of a cleavage assay targeting the indicated PAMs. Cleavage reactions containing naked
DNA were loaded on the left half of the gel, while reactions containing nucleosomes were
loaded on the right. The DNA was imaged via a Cy3 fluorophore attached to the 5’ end of
the sgRNA-complimentary strand. A negative control was conducted with an sgRNA that
had no sequence complementarity to the 601 sequence used (non-sense guide). See also
Supplementary Figure A.4-B,C for additional controls. (F) Quantification of the gel in
(D). For each lane, percent cleavage was determined by calculating the percent of the total
band signal corresponding to cleaved DNA.

independent of target position within the nucleosome (Figures 3.3-E,F and Supplementary
Figure A.4-B,C). While our manuscript was under review, a study by Hinz and colleagues
reported a similar in vitro finding that Cas9 nuclease activity is inhibited within the nucleo-
some but not at adjacent linker sequences [244]. Additionally, previous single-molecule and
biochemical studies have established that nucleosomal DNA undergoes transient unwrapping
or breathing at the entry and exit sites, creating a gradient of accessibility along the nucle-
osome [14–17, 24, 245]. This property is often credited for the observed position-dependent
binding patterns of many transcription factors and DNA-binding proteins. Interestingly,
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our data suggests that the cleavage activity of Cas9 in vitro is not detectably influenced by
this effect, although less stable nucleosomes than the Widom 601 nucleosome or target sites
closer to the nucleosome edge may exhibit more breathing and thus more accessibility than
those tested here.

3.2.4 Cas9 is unable to bind nucleosomal DNA in vitro

Cleavage of DNA by Cas9 has been described as a stepwise process [226, 227, 246] in which
Cas9 must first scan for PAMs, unzip the DNA duplex, and fully pair the guide RNA and
target DNA prior to cleavage. While our in vitro data show that full pairing and cleavage
is prevented by the presence of a nucleosome, we wondered if binding without cleavage,
especially at the more accessible ends of the nucleosome, might still occur. Additionally,
the first step in binding, PAM recognition, may be governed by helical location within the
nucleosome as well as its proximity to the more dynamic ends. Histones make contacts
with the DNA at every helical turn, thus a PAM may fall on the outside of the nucleosome,
exposing it to solvent, or on the inside at the DNA-histone interface. To test the influence of
target location within the nucleosome on Cas9 binding, we used an electrophoretic mobility
shift assay to monitor binding of dCas9 to Cy3 end-labeled 601 DNA (Figures 3.4-A,B),
either free or assembled into a nucleosome containing Alexa Fluor 647-labeled histone H2B
(Supplementary Figure A.5-A). Consistent with our cleavage results, binding by dCas9 was
abolished by the presence of the nucleosome, regardless of the targeted dCas9 binding site
(Figure 3.4-CE and Supplementary Figure A.5-A,B).

To better understand how a nucleosome might impede Cas9 binding, we aligned the
available crystal structures of DNA-bound Cas9 and the structure of the 601 nucleosome
([243] PDB ID 3LZ0, [247] PDB ID 4UN3). We superimposed the target DNA in the Cas9
crystal structure with the DNA in the nucleosome structure at a site where the two DNA
paths gave the best fit. The resulting combined structure reveals that the Cas9 protein poses
significant steric clashes with the histones (Figure 3.4-F). Given the extent of overlapping
densities in the two structures, it seems unlikely that the histones and Cas9 could co-occupy
the same piece of DNA. Additionally, it may be important to note that unlike other DNA
binders such as transcription factors, binding by Cas9 constitutes melting of target DNA,
which may pose an additional barrier to binding on a nucleosome. This hypothesis leaves
two possible outcomes of targeting Cas9 to nucleosomal DNA: either Cas9 is capable of
displacing histones in order to engage nucleosomal DNA, or it is excluded altogether. Our
data support the latter conclusion.

3.2.5 The chromatin remodeling enzyme yChd1 can restore
access to nucleosomal DNA in vitro

The nucleosome landscape in eukaryotic chromatin is dictated by both intrinsic DNA se-
quence preferences as well as extrinsic factors such as chromatin remodeling enzymes [30,
248, 249]. In order to model how these dynamics affect Cas9 access to nucleosomal DNA in
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Continued Figure 3.4: (A) Schematic of the experimental setup for in vitro binding
assays. Either naked DNA or assembled nucleosomes were incubated with catalytically
dead Cas9 (dCas9, histidine tagged and HaloTagged), and binding was assessed by an
electrophoretic mobility shift assay (EMSA). (B) Experimental conditions and timeline
for binding assays. (C) A native PAGE gel showing the results of an EMSA in which
dCas9 was targeted to the indicated PAMs on either naked or nucleosomal DNA. Gels were
scanned for fluorescence from Cy3 on the DNA (green) and Alexa Fluor 647 on histone
H2B (magenta). The two color channels were merged to identify the location of intact
nucleosomes (white). See also Supplementary Figure A.5 and A.7 for reagent preparation
and experimental conditions, and Supplementary Figure A.6 for comparison with wtCas9
binding. (D) Quantification of the gel in (C). Percent bound was determined by calculating
the percent of the total band signal in each lane corresponding to Cas9-bound target as
determined by a shift in mobility within the gel. (E) Summary of binding and cleavage
results for each PAM tested. The ability of Cas9 to bind or cleave nucleosomal DNA at
a targeted PAM is displayed as percent protection by the nucleosome, and was calculated
by taking the ratio of binding or cleavage on nucleosomal DNA to that on naked DNA.
While only the largest error bars are visible, replicates were performed for 15 of the 30 data
points and are displayed with error bars showing standard deviation from the mean. The
DNA positions plotted correspond to the three nucleotides of the targeted PAM. In order to
compare percent protection from binding and cleavage with solvent accessibility, the PAMs
are overlaid with a plot of the solvent accessible surface area for each strand (Watson or
Crick) of DNA in the 601 nucleosome structure. The percent protection at each PAM, as
well as the solvent accessibility were plotted so that the 5’ end of each DNA strand begins
at the left of the graph, where position 0 indicates the dyad. (F) Structural assessment
of the ability of Cas9 to bind nucleosomal DNA. Superposition of the Cas9- guideRNA-
DNA crystal structure (PDBID 4UN3, [247]) onto the 601 nucleosome crystal structure
(PDBID 3LZ0, [243]) was achieved by alignment of the DNA path in both structures. (Left)
To better view the alignment of the Cas9 target DNA with the nucleosomal DNA, the Cas9
protein density has been removed. (Right) After alignment of the DNA, inclusion of the
Cas9 protein density reveals extensive steric clashes with the histones. Histone surface area
was made partially transparent to better reveal the overlapping densities with Cas9.

vitro, we turned to a chromatinized plasmid system. We dialyzed plasmid DNA containing
a single 601 nucleosome positioning sequence with a sub-saturating quantity of purified hi-
stone octamers, and confirmed the quality of the resulting chromatin assemblies by MNase
digestion (Figures 3.5-A,B). We tested whether a nucleosome was positioned at the 601 se-
quence using restriction enzyme accessibility mapping, and found that sites within the 601
sequence were protected from digestion while sites immediately adjacent were not, suggest-
ing precise positioning of a high occupancy nucleosome (Figure 3.5-C). To recapitulate the
effects of chromatin remodeling in vitro, we used a purified, truncated form of the Snf2-
like chromatin remodeling enzyme Chd1 from Saccharomyces cerevisiae (yChd1), which had
previously been shown to mediate nucleosome sliding in an ATP-dependent manner without



55

additional co-factors [250, 251]. To confirm yChd1 activity on our chromatinized plasmid,
we used the frequent cutter, HaeIII, to digest the chromatin in the presence or absence of
the remodeler. Upon addition of yChd1, we observed a shift toward lower molecular weight
bands, indicative of dimished protection at HaeIII sites while still maintaining an overall
chromatinized state (Figure 3.5-D).

We next sought to test whether yChd1 could affect Cas9’s ability to access nucleosomal
DNA. Before addition of the remodeler to our chromatinized plasmid, we found that sites
within the 601 nucleosome were strongly protected from cleavage by Cas9, consistent with our
mononucleosome results (Figure 3.5-E-G, PAM sites without remodeler). However, when the
601 nucleosome was remodeled by yChd1, as indicated by a loss of protection from restriction
enzyme cleavage (approaching protection levels similar to those in the linker region), Cas9
cleavage efficiency was restored to around 80% of the corresponding naked plasmid control
(Figures 3.5-EG). Notably, the percent protection at the EcoRI site adjacent to the positioned
nucleosome did not decrease upon addition of yChd1, demonstrating that the decrease in
protection along the 601 sequence was mediated by the nucleosome displacement activity
of yChd1 rather than by a non-specific effect on cleavage efficiency. While our data with
the chromatinized plasmid system confirm our findings that a well-positioned nucleosome
provides a profound block to Cas9 cleavage, our further finding that chromatin remodeling
restores access to nucleosomal DNA provides one potential mechanism by which Cas9 may
efficiently modify broad portions of eukaryotic genomes. This plasmid model could be further
exploited to assay the activity of Cas9 at nucleosome-free and boundary sites, and thus derive
biophysical parameters governing Cas9-chromatin interactions.

3.3 Discussion

Despite its swift success as a repurposed tool for gene editing, imaging, and transcription
modulation, the ability of the prokaryotic CRISPR/Cas9 system to effectively navigate eu-
karyotic chromatin has remained poorly understood. Here, we show that the nucleosome,
the basic unit of chromatin, poses a strong barrier to Cas9, both in vitro and in vivo.
By masking ~147 bp of DNA, the nucleosome effectively reduces the size of the eukaryotic
genome available to Cas9. Previous studies using ChIP-seq to assay Cas9 binding have
shown that off-target binding at PAM plus seed sequences more frequently occurs in regions
of open chromatin [226, 252]. Our data expand upon these findings to show that the discrete
pattern of nucleosome organization is able to modulate the efficiency of Cas9 binding and
cleavage at on-target sites. The practical implications of these observations are underscored
by our finding that accounting for nucleosome occupancy offers a significant improvement in
predictive power for sgRNA design.

While our data show that nucleosomes strongly protect their DNA from Cas9 binding
and cleavage in vitro, their organization in cells is not static. Transient displacement of nu-
cleosomes occurs during replication, remodeling, and transcription. By adding the chromatin
remodeling enzyme yChd1 to nucleosomes in vitro, we demonstrate that this displacement
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Figure 3.5: Nucleosomes within chromatinized DNA can block cleavage by Cas9, but a
chromatin remodeling factor can restore Cas9 access. (A) Schematic of the experimen-
tal setup. Supercoiled plasmid containing the 601 sequence inserted into a pBlueScript II
SK (+) backbone (pBSIISK+601) was chromatinized by step gradient salt dialysis in the
presence of histone octamer. Continued on next page
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Continued Figure 3.5: Purified yeast Chd1 (yChd1) remodeling factor was used to test
the effect of ATP-dependent remodeling factors on Cas9 access to nucleosomal DNA. (B)
Quality assessment of the chromatinized plasmid used in this study. Titrated amounts of
Micrococcal Nuclease (MNase) were incubated with the chromatinized plasmid, and the re-
sulting pattern of protection by assembled nucleosomes was visualized on a 1.3% agarose gel
post-stained with ethidium bromide (EtBr). As a control, the supercoiled plasmid was also
incubated with the lowest concentration of MNase. (C) A restriction enzyme accessibility
assay (REAA) was used to assess the occupancy and position of the nucleosome assembled
at the 601 sequence within the chromatinized plasmid. A panel of unique restriction enzyme
sites spanning the 601 sequence were incubated with either the supercoiled plasmid, or the
chromatinized plasmid. Cleavage was stopped, and protein was removed by incubation with
proteinase K followed by Phenol:Chloroform:Isoamyl alcohol extraction and ethanol precipi-
tation. (Top) The resulting DNA was then linearized using DraIII, and the level of cleavage
by the restriction enzyme panel was visualized on a 1% agarose gel post-stained with EtBr.
The label ‘P’ represents supercoiled plasmid, while ‘C’ represents chromatinized plasmid.
(Bottom right) The location of the restriction sites used are indicated on a diagram of the
plasmid. (Bottom left) After quantification of the gel, the percent protection from cleavage
experienced in the chromatinized plasmid was plotted versus the location of the cleavage
sites on the top strand of the 601 sequence. Experiment 1 refers to the REAA experiment
shown in the gel above, while experiment 2 refers to the REAA experiment without remod-
eler shown in Figure 3.5-F. The grey shading indicates the borders of the 601 sequence,
and the grey oval represents the corresponding nucleosome. (D) REAA experiment us-
ing the frequent cutter, HaeIII, to assess the remodeling activity around the chromatinized
plasmid by the purified yChd1 chromatin remodeler. The resulting banding patterns were
visualized on a 1.5% agarose gel post-stained with EtBr. Low molecular weight fragments
indicate a high degree of HaeIII accessibility, while higher weight bands indicate protection
from digestion. (E) Diagram showing the location of the restriction enzyme cleavage sites
and the PAMs targeted by Cas9/sgRNA in the experiment shown in (F) and (G). (F) An
accessibility assay was performed essentially as in C using either restriction enzymes or
Cas9/sgRNAs in the presence or absence of the remodeler yChd1. The level of cleavage
by the restriction enzyme panel (left) or Cas9/sgRNAs (right) was visualized on a 1.3%
agarose gel post-stained with EtBr. A negative control was conducted with an sgRNA that
had no sequence complementarity to the plasmid used (non-sense guide). The concentration
of yChd1 used was the same as in panel (D) (G) Quantification of the gels shown in F.
Percent protection from cleavage of the chromatinized plasmid in the presence or absence of
the chromatin remodeler was calculated relative to the percent cleavage in the corresponding
supercoiled plasmid control, and plotted at the location of the restriction enzyme cleavage
sites or the center of the PAMs with respect to the 601 dyad.

can in fact restore Cas9 access to DNA. However, despite brief exposure of nucleosomal
DNA during remodeling and various other cellular processes, we still observe a clear anti-
correlation between Cas9 activity and nucleosome occupancy in vivo, suggesting that the
barrier to Cas9 target recognition exists even in a cellular environment. Indeed, the balance
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between nucleosome disruption, turnover, and repositioning in the cell leads to the average
level of occupancy and positioning at each site observed by MNase-seq [30, 230]. Thus, our
data suggest that it is likely the overall effect of this average nucleosome positioning that
leads to the observed anti-correlation with Cas9/sgRNA activity.

Additionally, it is important to note that there is likely a fundamental difference between
applications that use dCas9 versus nuclease-active Cas9. Knock-down of transcription by
CRISPRi likely requires persistent binding by dCas9 to continually block transcription, and
would be largely ineffective during S-phase when transcription is globally shut down. In
contrast, to make a genomic edit, Cas9 must succeed in cleaving DNA only once, and could
potentially take advantage of nucleosome turnover during replication. The role these differ-
ences play in the dependence of Cas9 on nucleosome position is still not clear. We expect,
however, that nucleosome position and occupancy will be of particular concern to applica-
tions that use the nuclease-dead Cas9 and require sustained binding. Future investigations
into the role of cell cycle and nucleosome disruption may provide an additional piece to our
understanding of the mechanism of Cas9 in eukaryotic cells. Furthermore, nucleosome orga-
nization represents only one aspect of eukaryotic chromatin, and thus, our results contribute
a first step in understanding and exploiting how chromatin affects Cas9 activity to enable
more sophisticated and precise rules for targeting Cas9.

3.4 Materials and methods

3.4.1 Analysis of CRISPRi sgRNA activity

The K562 dCas9-KRAB-BFP cell line was obtained from [228] and had been constructed
from K562 cells obtained from ATCC. The resulting cell line tested negative for mycoplasma
(MycoAlert Kit, Lonza, Basel, Switzerland) in regular screenings, and cytogenetic profiling
by array comparative genomic hybridization (not shown) closely matched previous charac-
terizations of the K562 cell line [253]. Data from 30 published [228] and unpublished screens
(ML, BA, BB, CYP, MK, YC, JF, and JN, personal communication), conducted using the
CRISPRi sgRNA library described in Gilbert et al., (2014) [228] in K562 cells constitutively
expressing dCas9-KRAB-BFP, were processed through a standardized pipeline adapted from
Bassik et al. (2013) [234], and Kampmann et al. (2013) [254]. Briefly, sgRNA phenotypes
were calculated as the log2 enrichment of sequencing read counts between two conditions
(e.g. initial and final timepoints for growth screens, untreated and treated for drug/toxin
screens) and normalized to cell doubling differences where appropriate. Most screens were
conducted in duplicate, and sgRNA phenotypes from the duplicates were averaged. To deter-
mine hit genes, each gene was given an effect size (average of strongest 3 sgRNA phenotypes
by absolute value) and a confidence value (Mann-Whitney p-value of all ~10 sgRNAs com-
pared to negative controls), and hits were selected using a score that integrates effect size
and statistical confidence (3.1).
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|[effect Z score][log10(p-value)]| = 20 in any screen (3.1)

For genes with multiple TSS, each TSS was analyzed separately and the gene was assigned
the highest score. Finally, sgRNA phenotypes were extracted for hit genes from the screen in
which the gene scored as a hit and normalized to the average of the strongest 3 phenotypes
to generate the ‘sgRNA activity score’.

sgRNA positions were defined as the genomic coordinate of the 3’ G of the NGG PAM (all
genomic coordinates referenced in this text are from hg19). TSS positions were determined
from the FANTOM5 project annotation (Riken) (http://fantom.gsc.riken.jp/5/datafiles/
phase1.3/extra/TSS classifier/TSS human.bed.gz; accessed March 2, 2015), using the down-
stream genomic coordinate of the corresponding ‘p1@gene’ BED file entry. All local averages
were calculated in 50 bp windows centered around the indicated point. As sgRNA lengths
including the PAM were ~24 bp and position was calculated relative to PAM, a window size
of 50 bp captures all sgRNAs that directly neighbor the center point at either the 3’ or 5’
end. In order to quantify amplitude, the local averages were first smoothed using a low-pass
Butterworth filter (N = 4, Wn = 0.03; SciPy signal processing module) and then peaks
and troughs were calculated by determining the local maxima and minima, respectively. As
described for Figure 3.1-D, Peak 0 was defined as the local maximum closest to the TSS,
peak 1 was defined as the next maximum downstream of peak 0, and troughs were defined
as the minima immediately downstream of the respective peaks.

3.4.2 MNase-seq data analysis

K562 MNase-seq data was obtained from the ENCODE consortium as processed continuous
signal data (BigWig file format; accession number ENCFF000VNN, Michael Snyder lab,
Stanford University). sgRNA target site signal was calculated as the average signal at all
positions between the 5’ end of the sgRNA and the 3’ end of the PAM.

3.4.3 RNA-seq data analysis

K562 RNA-seq data were obtained from the ENCODE consortium as transcript quantifica-
tions (accession number ENCFF485YKK, Thomas Gingeras lab, Cold Spring Harbor Labo-
ratories). Genes were assigned expression levels in units of FPKM according to their highest-
expressed transcript.

3.4.4 Linear regression

Sequence score was calculated by passing the specified 30bp target site for each sgRNA to the
on target score calculator.py script provided by Doench and colleagues (accessed October 9,
2015) [221]. This sequence score, MNase signal as calculated above, and sgRNA length (base
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pairs in protospacer and PAM) were each compared to sgRNA activity scores by Pearson
correlation. Linear fits of the specified parameters were computed using multidimensional
linear regression (Sci-kit learn linear model package), and correction of the activity scores
for sequence and length features was performed by subtracting the predicted scores based
on the combined fit.

3.4.5 Ricin tiling screen

Screens for ricin susceptibility were performed essentially as previously described [228].
Briefly, K562 cells constitutively expressing Cas9-BFP from an SFFV (spleen focus-forming
virus) promoter were transduced with our previously described pooled sgRNA tiling library
packaged into lentivirus for a multiplicity of infection below 1. Duplicate screens were in-
fected and subsequently treated independently. Infected cells were allowed to recover for
2 days, then selected with 0.75 mg/mL puromycin (Tocris) for 2 days, and finally allowed
to recover from puromycin treatment for 2 days. Cells were then cultured for 19 days and
were either treated with three pulses of 0.5 ng/ mL ricin administered for 24 hr and followed
by re-suspension in fresh media, or passaged untreated. Genomic DNA was harvested from
the endpoint untreated and treated samples and processed for high-throughput Illumina
sequencing as previously described [228]. Screens were conducted at a minimum library
coverage of 1000 cells per sgRNA, and sequenced to a median depth of ~500 reads per
sgRNA. Phenotypes were calculated as log2 enrichments of read counts between untreated
and treated conditions, normalized to cell doubling differences, and averaged between du-
plicates. Phenotype-signed Z scores were calculated by dividing all scores by the standard
deviation of negative control phenotypes and then multiplying phenotypes by -1 for sgRNAs
targeting genes shown to produce sensitizing phenotypes upon knockdown [234] such that
positive values represent ‘expected’ phenotypes.

3.4.6 Protein purification

Mouse histones H2B(T115C) and H4 were recombinantly expressed in BL21(DE3)pLysS cells
from expression plasmids gifted by Dr. Karolin Luger. Expression and purification of mH4
was conducted as previously described by the Luger lab [200, 255], while mH2B(T115C) was
expressed and purified as described by the Cairns lab [256] with the following exception:
after purification, histones were dialyzed against multiple changes of double distilled water
and 1 mM b-mercaptoethanol (BME) before lyophilizing for storage. Purified recombinant
mouse (Mus Musculus) histones H2A and H3 were gifts from Dr. Karolin Luger.

The labeling mutant, mH2B(T115C) was fluorescently labeled with ~five-fold molar ex-
cess Alexa Fluor 647 C2 maleimide dye (Thermo Fisher Scientific, Waltham, MA, USA) as
follows. 2 mg of lyophilized mH2B(T115C) was dissolved at 2 mg/mL in labeling buffer (7
M GuHCl, 50 mM Tris-HCl pH 7.5, 1 mM TCEP) and nutated at room temperature for 30
min. 1 mg of the dye was then dissolved in 50 ml of anhydrous DMF under Argon gas, and
approximately half of the dye solution was slowly mixed with the dissolved mH2B(T115C)
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in the dark at room temperature to begin the labeling reaction. After nutating the reac-
tion for 1 hr, the rest of the dissolved dye was slowly added, and the reaction was moved
to 4◦ C overnight in the dark. In the morning, the reaction was quenched by adding over
hundred-fold molar excess of BME.

Histone octamers were refolded and purified as previously described [200]. Specifically,
110 nmoles each mH3 and mH4 were refolded with 130 nmoles each mH2A and mH2B
(T115C). The resulting octamer was concentrated using a 10,000 MWCO Spin-X UF con-
centrator (Corning, Tewksbury, MA, USA), then purified on a Superdex 200 HR (10/30)
column (GE Life Sciences, Pittsburgh, PA, USA) using an Akta Explorer FPLC (GE Life
Sciences, Pittsburgh, PA, USA) at 0.2 mL/min. Selected fractions were concentrated, flash
frozen, and stored at -80◦ C until use.

A new purification scheme was conceived to achieve exceptionally high purity (d/wt)Cas9
(Supplementary Figure A.7). Nuclease active S. pyogenes 6His-Cas9-HaloTag-NLS was re-
combinantly expressed and purified from BL21(DE3)pLysS-Rosetta cells (Novagen/EMD
Millipore, Darmstadt, Germany) using the expression plasmid pET302-6His-wtCas9-Halo-
NLS, while the nuclease dead S. pyogenes 6His-dCas9(D10A,H840A)-HaloTag was recom-
binantly expressed and purified from BL21(DE3)pLysS cells using the expression plasmid
pET302-6His-dCas9-Halo [227]. Bacterial cultures were grown in Terrific Broth II (MP
Biomedicals, Santa Ana, CA, USA) at 37◦ C until an OD600 reached 0.4. Cultures were then
transferred to an ice bath for ~15 min until an OD600 reached 0.5, at which point expression
was induced with 0.2mM IPTG, and the cultures were moved to an 18◦ C shaker for 16 hr.
Cells were harvested at 3000xg for 20 min, then resuspended in lysis buffer (500 mM NaCl,
50 mM Hepes pH 7.6, 5% glycerol, 1% Triton X-100, 10 mM imidazole, 1 mM benzamadine,
2.3 mg/mL aprotinin, 0.5 mM PMSF, and 1 tablet per 50 mL of Protease Inhibitor Cocktail
(Roche, Basel, Switzerland). Cells were lysed using sonication on ice at 50% duty cycle,
power 8, 30s on, 1 min off (Misonix/ Qsonica, LLC, Newtown, CT). The lysed cells were
then ultracentrifuged at 4◦ C, 40K rpms, for 40 min to remove cell debris. The supernatant
was then allowed to bind to Ni-NTA agarose resin (Qiagen, Hilden, Germany) by nutating
at 4◦ C for 30 min. The resin containing bound (d/wt)Cas9 was poured into a mini column
(Bio-Rad, Hercules, CA) and washed with 10 column volumes (CV) of lysis buffer, and 5
CVs of 20 mM Imidazole buffer (same as lysis buffer but with 20 mM imidazole). Elution
of the (d/wt)Cas9 was achieved using 250 mM Imidazole buffer (same as lysis buffer but
with 250 mM imidazole), and fractions were checked on an SDS-PAGE gel. Chosen fractions
were pooled and diluted to a starting NaCl concentration of 200 mM using Buffer A (0 M
NaCl, 50 mM Hepes pH 7.6, 5% glycerol, 1 mM DTT, 0.5 mM PMSF). A 5 mL HiTrap
Q-HP (GE Life Sciences, Pittsburgh, PA, USA) and a 5 mL HiTrap SP-HP (GE Life Sci-
ences, Pittsburgh, PA) column were attached in tandem (Q first in line) and equilibrated
on an Akta FPLC at 10% Buffer B (same as Buffer A except with 2 M NaCl). The pooled
(d/wt)Cas9 was filtered, then loaded onto the tandem columns at 2 mL/min. The columns
were washed with 10% Buffer B until A280 and A260 returned to baseline, at which point the
Q column was removed and (d/wt)Cas9 was eluted from the SP column using a gradient
from 10% to 50% Buffer B over 10 CVs. Fractions were chosen using SDS-PAGE, pooled,
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and dialyzed into storage buffer (200 mM NaCl, 50 mM Hepes pH 7.6, 5% glycerol, 1 mM
DTT) (Supplementary Figure A.7). Aliquots were flash frozen in liquid nitrogen and stored
at -80◦ C.

3.4.7 Target DNA purification

To make the fluorescent DNA used in this study, the 601 DNA sequence was amplified by
PCR from plasmid pBSIISK+601 (parent 601 sequence plasmid gifted by K Luger) with the
primers listed below. Two different PCR products were produced; one labeling the Watson
strand of the 601 sequence with a 5’ Cy3 dye (IDT, Coralville, IA, USA), and the other
labeling the Crick strand. Large-scale (~2 mL) PCR reactions using in-house produced Pfu
DNA polymerase were ethanol precipitated before loading onto a 20cm x 20cm 12% native
TBE-PAGE gel for DNA purification. The PCR product was cut out of the gel, and the gel
slice was crushed and soaked in 0.3 M sodium acetate pH 5.2 with multiple buffer changes.
The pooled extract was ethanol precipitated, resuspended in 10 mM Tris-HCl pH 7.5, 10
mM NaCl, and stored at -20◦ C until use.

Watson primer pair
LW021: 5’– /5Cy3/ATCGGATGTATATATCTGACACGTGC –3’
LW022: 5’– ATCTGAGAATCCGGTGCCG –3’

Crick primer pair
LW025: 5’– /5Cy3/ATCTGAGAATCCGGTGCCGAG –3’
LW030: 5’– ATCGGATGTATATATCTGACACGTGC –3’

3.4.8 sgRNA production for in vitro experiments

sgRNA was produced by T7 transcription of a short DNA oligo template. To create this
template, two oligos, one containing the T7 promoter and DNA target sequence, and the
other encoding the invariable scaffolding of the sgRNA, were annealed and filled in using a
single PCR cycle. The DNA template was ethanol precipitated, then transcribed using the
T7 Quick High Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA) according
to vendor instructions. The resulting sgRNAs were purified via 6% Urea-PAGE gel. The
correct band was cut out and crushed and soaked in 0.3M sodium acetate pH 5.2. After
ethanol precipitation, and resuspension in RNase-free water, aliquots were stored at -80◦ C
until use. SgRNAs targeting the 601 sequence included 20 bp of complimentarity 5’ to the
targeted PAM, with the exception of PAM 4, which has room for only 19 bp of complimen-
tarity. SgRNAs were used against PAMs 1, 315, and 1720. PAM 2 did not have a long
enough target sequence available within the 601. The non-sense guides used in this study
contained the target sequences 5’– ACATGTTGATTTCCTGAAA –3’ or 5’– GATTTCAC-
CTCTCAGCGCAT –3’.
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Template oligonucleotides
5’– TTAATACGACTCACTATAGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGC
TAGAAATAGC –3’
5’– AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTA
TTTTAACTTGCTATTTCTAGCTCTAAAAC –3’

3.4.9 Nucleosome assembly

Nucleosomes were assembled by salt gradient dialysis as previously described [200] using
50 mL home-made dialysis buttons and ~1 mM DNA. The Watson and the Crick labeled
601 DNA were assembled into separate nucleosomes. The best DNA:octamer molar ratio
for optimal nucleosome assembly was selected by titrating octamer. The most homogenous
assembly as judged by 6% Native TBE-PAGE gel was chosen for future assays.

3.4.10 Cleavage and binding assays

Cleavage and binding assays in Figures 3.3, 3.4, and their corresponding supplements were
both conducted in the same manner, exchanging dCas9 for wtCas9 during binding reactions.
First, the complete ribonucleoprotein complex was formed by incubating five-fold molar
excess of the chosen sgRNA with (d/wt)Cas9 at 37◦ C for 10 min. Next, the DNA substrate
(either naked DNA or nucleosome) was added to 40 nM (five-fold less than Cas9), and the
reactions were returned to 37o for an hour. Reaction buffer contained 20 mM Hepes pH
7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, and 2.5 mg/mL insulin (Roche, Basel,
Switzerland). Importantly, we found that including a nonspecific protein such as insulin
prevents the nucleosomes from falling apart and getting lost to surfaces during binding and
cleavage assays (Supplementary Figure A.5-B). Additionally, inclusion of insulin reduces
nonspecific protein-protein interactions and aggregation. Binding reactions also contained
14.6% sucrose to allow direct loading onto a native gel. At 1 hr, binding reactions were
loaded onto a pre-run 6% native TBE-PAGE gel at 4◦ C, while cleavage reactions were
stopped using a 5X stop buffer (250 mM EDTA, 2% SDS), and prepared to load onto a 10%
Urea-PAGE gel by adding 2X loading buffer (95% formamide, 20% DMSO, 5 mM EDTA,
0.025% Orange G) and heating to 95◦ C for 5 min before snap cooling on ice. Binding and
cleavage reactions were repeated at least twice each for most of the PAMs targeted. Gels
were imaged using a PharosFX Plus (Bio-Rad, Hercules, CA) and quantified using Image
Lab (Bio-Rad, Hercules, CA). For binding and cleavage reactions, gels were scanned in the
Cy3 fluorescence channel, while Alexa Fluor 647 fluorescence was also imaged for binding
reactions. For cleavage reactions, labeling of either the Watson or Crick strand was chosen
such that the fluorophore was always attached to the strand complimentary to the sgRNA
used.
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3.4.11 Structure alignment and solvent accessibility

Molecular graphics and analyses were produced using the UCSF Chimera package (supported
by NIGMS P41-GM103311) [13]. The crystal structures for the 601 nucleosome ([243] PDBID
3LZ0) and the Cas9-sgRNA-DNA ternary complex ([247] PDBID 4UN3) were superimposed
by aligning the DNA path in both structures using MatchMaker and manual manipulation.
The solvent accessible surface area of the DNA in the 601 nucleosome structure was computed
using residue areaSAS.

3.4.12 Reconstitution of nucleosomes on a plasmid (chromatin
assemblies)

Supercoiled plasmid was produced using a Qiagen Maxi prep kit (Hilden, Germany). Histone
octamers were prepared from purified histones as described above. DNA and histone octamer
were mixed at a weight ratio of 1:0.8 (DNA to octamer) at a concentration of 0.4 mg/mL
of DNA in 1X TE with 2 M NaCl. 50 mL homemade dialysis buttons were used to dialyse
the solution by a step-wise gradient in 500 mL at room temperature. The gradient was as
follows; 1.5 hr in 1 M NaCl in TE, 2 hr in 0.8 M NaCl in TE, 1.5 hr in 0.6 M NaCl in TE,
and 2 hr in 0.05 M NaCl in TE. The resulting chromatin was stored at 4◦ C until use.

3.4.13 Micrococcal nuclease digestion assays of chromatin
assembly reactions

MNase assays were performed essentially as in Torigoe et al., 2013 [257] and Alexiadis, 2002
[258]. MNase (Sigma-Aldrich, St. Louis) was resuspended at 200 units/mL in water and
then disluted at 1:100, 1:500, or 1:1000 in a solution of 1X MNase reaction buffer (50 mM
Tris-HCl pH7.9 and 5 mM CaCl2 dihydrate), 0.1 mg/mL insulin, and 10% glycerol. Chro-
matinized plasmid assemblies in 1X MNase buffer were added to each MNase dilution. As
a control, an equal amount of unchromatinized super-coiled plasmid was added to the low-
est MNase dilution. Each reaction was incubated for 11 min at room temperature, then
stopped in a solution with final concentrations of 20 mM EGTA, 200 mM NaCl, 1% SDS, 20
mg/mL GlycoBlue (Thermo Fisher Scientific, Waltham, MA), and 13.4 mg/ mL Proteinase
K (Roche, Basel, Switzerland) and incubated at 37◦ C for 30 min. Reactions wer Phe-
nol/Chloroform/Isoamyl Alcohol extracted, ethanol precipitated, and run on a 1.3% agarose
gel in 0.5X TBE. 3 mg of the 123 bp DNA ladder (Thermo Fisher Scientific, Waltham, MA)
was used as a size standard.

3.4.14 Restriction enzyme accessibility assays

Either chromatin assemblies or super-coiled plasmid with equivalent amounts of DNA were
added to restriction enzyme master mixes for final concentrations of 1X CutSmart buffer
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(New England Biolabs, Ipswich, MA), 6 ng/mL DNA, and 0.4 U/mL of the indicated re-
striction enzyme (New England Biolabs). Reactions were incubated for 1 hr at NEB rec-
ommended temperatures. Reactions were stopped in final concentrations of 15 mM EDTA,
0.75% SDS, 150 mM NaCl, and 15 mg/mL Proteinase K and incubated at 37◦ C for 30 min.
DNA was extracted with Phenol:Chloroform:Isoamyl Alcohol and ethanol precipitated, then
resuspended in 1X CutSmart buffer and linearized by digesting with 1 U/mL DraIII-HF
(New England Biolabs) at 37◦ C for 1 hr. The full reactions were run on an agarose gel and
quantified as above.

3.4.15 Chromatin remodeling assays

Chromatin remodeling assays were performed simmilar to Torigoe et al., 2013 [257] and
Alexiadis, 2002 [258]. Reactions contained 40 mM NaCl, 0.1 mg/mL BSA, 25 mM Tris-
Acetate pH 7.5, 10 mM Mg-Acetate, 1 mM DTT, 1.2 mM ATP, and 6 ng/mL chromatinized
or supercoiled plasmid. For restriction enzyme accessibility, the indicated restriction enzyme
was added at 0.5 U/m L. For Cas9 accessiblity, Cas9/sgRNA ribonucleoproteins assembled
as described above were added at 15.62 nM. A truncated version of the chromatin remodeling
enzyme yChd1 was used spanning amino acids 1181274, also referred to as yChd1∆NC (gift
of Dr. Ashok Patel and Dr. Gregory Bowman), and was added to the indicated reactions at
a 0.2 mM final concentration. Reactions were incubated at 27◦ C for 1 hr, then processed as
with the restriction enzyme accessibility assay above.
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Figure A.1: Purification of Piccolo NuA4. (A) Table listing the organization and speci-
ficity of the three levels of the NuA4 histone acetyltransferase complex used in this thesis.
(B) Schematic of the procedure for purifying yeast Piccolo NuA4 from recombinant ex-
pression in E.coli. (C) SDS-PAGE gels showing the results of the final column in the
purification of recombinant yeast Piccolo NuA4. The locations of the correct components
are indicated with an arrow. Fractions pooled for use in this thesis are indicated.
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Continued Figure A.2: Radiograph of a Urea-PAGE gel showing the results of in vitro
transcription using purified basal factors and the indicated plasmids. After a 30 minute
transcription at 37◦ C, transcripts were reverse transcribed (RT) using a 32P labeled primer
targeting the CAT gene present in constructs using the pBCAT and pCAT backbones. The
constructs designed for modeling a -1 and +1 nucleosome for this study (shown in Figure
2.4) contain the same RT primer sequence inserted downstream of the Super Core promoter
(SC). To assess the effects of the nucleosome positioning sequence on transcription, the 601
sequence was inserted into the pSC-BCAT plasmid. For comparison, a strong transcription
template was used, pG3SC-CAT which contains 3 Sp1 binding sites ahead of a Super Core
promoter. The location of the 601 sequence is labeled as +1 for downstream of the promoter,
or -1 for upstream of the promoter. The expected products are indicated by red asterisks.
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Figure A.3: Cas9 nuclease activity anti-correlates with nucleosome occupancy at all tar-
get sites. Cas9 nuclease phenotypes and target site nucleosome occupancy for individual
sgRNAs. As in Figure 3.2 A, but incorporating all CDS- and non-CDS-targeting sgRNAs
in the ricin-susceptibility gene tiling library.
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Figure A.4: HaloTagged Cas9 activity is indistinguishable from untagged Cas9. (A)
Diagram of the CDS region in the Cas9 expression plasmid used in this study. (B) Cleavage
assay comparing the HaloTagged Cas9 construct used in this study with an untagged Cas9
commercially purchased from New England Biolabs (NEB, Ipswich, MA). Both forms of
Cas9 were incubated with either naked DNA or the same DNA assembled into a nucleosome
(see Figure 3.3 A). A positive control used the restriction enzyme, StyI-HF (from NEB), to
target a sequence at a location within the DNA known to be fully protected upon assembly
into a nucleosome. Unless explicitly labaled as NEB, all constructs of Cas9 (and dCas9)
used were histidine tagged and HaloTagged.
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is shown in the gel on the right. Both gels were imaged in the Cy3-DNA channel, while
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Binding conditions for both dCas9 and wtCas9 were identical, and were as described in the
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Appendix B

Mouse Histone Expression and
Purification

Mouse histones were purified using two strategies (Figure B.1). Histone H2A, H3, and H4
were purified while visiting the Luger lab in Colorado, and H2B was purified in the Tjian lab
using a modified version of the Cairns lab procedure [256]. Both methods used in this thesis
are detailed in the published eLife paper included in this thesis as Chapter 3, and can be
found on page 60. Histone expression trials were carried out to identify optimal conditions for
expression and purification and are detailed in Table B.1. Data for the purification of mouse
histone H2B is found below (Figure B.2). Histone octamers were assembled as described in
Chapter 3, page 60. The purification of the mouse histone octamer used in Chapter 2 of this
thesis is shown in Figure B.3. Nucleosomes were reconstituted using salt gradient dialysis
and a home made dialysis setup that incorporates techniques learned in the Luger lab, as well
as from personal communication with Dr. Lacramioara Bintu and Dr. Toyotaka Ishibashi
of the Bustamante lab. The home made dialysis buttons are created from the caps of small
PCR tubes using dialysis tubing with a molecular weight cutoff at 6-8 kDa with unflavored
floss attached in order to dangle the dialysis caps in buffer without being consumed by the
stir bar (Figure B.4).
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Table B.1: Histone expression trials. Better expression is indicated with more (+). Those
conditions that were chosen for large scale preps are indicated with •, while those conditions
that failed to lyse well, despite good expression are indicated with §. Cell type abbreviations
are as follows: BL21(DE3) (BD), BL21(DE3)pLysS (BDP), BL21-CodonPlus(DE3)-RIL
(RILc+), BL21-CodonPlus(DE3)-RP (RPc+), BL21(DE3)-star (star). The media TBII
abbreviates Terrific Broth II.

histone media [IPTG] induction time cell type induction OD600 0.1% glucose expression

H2B 2XYT 0.4 mM 2 hr BD 0.4 +

-

0.6 + +

- +

BDP 0.4 +

- +

0.6 + +

- +

RILc+ 0.4 +

-

0.6 + +

- +

RPc+ 0.4 + +

- +

0.6 + ++

- ++

4 hr BD 0.4 + ++++

BDP 0.4 + +++

RPc+ 0.4 + ++++ §

TBII 0.2 mM 3.5 hr BDP 0.5 - +++++ •

RP 0.5 - +++++

star 0.5 - +++++

H2A 2XYT 0.4 mM 4 hr BD 0.4 +

BDP 0.4 + ++++++ •

RPc+ 0.4 + ++

H3 2XYT 0.4 mM 2 hr BDP 0.4 - ++++++ §
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Figure B.1: Histone purification scheme (A) Two purification schemes were employed
to purify mouse histones. The scheme in blue was used to purify histones H2A, H3, and
H4, while the scheme in pink was used to purify H2B. (A) Schematic of the purification
strategy for creating a mouse histone octamer.
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purification over a tandem Q and SP column. Fractions corresponding to the elution profile
are indicated with a dotted line. Those fractions that were pooled for use in assembling the
mouse histone octamers used in this thesis are indicated with a blue line. (C The results of
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a highly pure sample.
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Figure B.4: Apparatus for reconstituting nucleosomes. (A) Dialysis buttons are dangled
in buffer using floss as high salt buffer is pumped out through a pipet as low salt buffer is
pumped in to create the salt gradient. (B) Image of the home made dialysis buttons. (C)
Components of the home made dialysis buttons. (a) 6-8 kDa MWCO dialysis tubing, (b)
unflavored, waxed floss, (c) small PCR tube, (d) the result of cutting the top off the tube
to make the bottom half of the dialysis tube, and the ring to hold on the tubing created by
cutting a sliver of the PCR tube top.
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