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Abstract

Dynamic Interactions and Molecular Rearrangements Occurring when RNA Polymerase 11
Meets the Nucleosome

by
Lacramioara Bintu
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Carlos Bustamante, Chair

Transcription by RNA Polymerase I (Pol IT) represents a major control point for regula-
tion of eukaryotic gene expression. Yet, the mechanistic details and dynamics of a large num-
ber of transcriptional regulatory processes are currently unknown. Many of these processes,
such as chromatin remodeling and epigenetic silencing, are mediated through nucleosomes,
which comprise the repeating units of chromatin. Thus, it is of great interest to investigate
the real-time dynamics of Pol II when it encounters a nucleosome, and to determine what
happens to nucleosomes upon the passage of a transcribing Pol II.

It has been shown that a single nucleosome is sufficient to halt or greatly slow transcrip-
tion by Pol II in witro, and factors that restrict transcriptional backtracking by Pol II also
relieve nucleosome-induced pauses and arrests. These observations suggest that the influence
of the nucleosome is mediated through polymerase backtracking. Unfortunately, the tempo-
ral resolution provided by these biochemical studies was not sufficient to provide mechanistic
information about the nucleosomal barrier. Using optical tweezers, we studied nucleosomal
transcription of single Pol II complexes in real time, and obtained direct evidence for the
first time that a nucleosome acts as mechanical fluctuating barrier that both increases the
tendency of the polymerase to enter a backtracked pause and slows its recovery from these
pauses. These changes in pause durations quantitatively agree with a model where tempo-
rary rewrapping of the nucleosomal DNA immediately downstream of the backtracked Pol
IT prevents enzyme recovery from its paused state. Furthermore, our studies revealed that
Pol 1T does not actively separate the nucleosomal DNA from the surface of the histones, but,
instead, acts as a ratchet that rectifies local nucleosomal unwrapping events to gain access
to downstream DNA and overcome the nucleosomal barrier.

In vivo, the histone tails are essential for the regulation of gene expression, so we investi-
gated their direct effect on the dynamics of transcription elongation. We found that removal
of the tails favors progression of Pol II into the entry region of the nucleosome, by increasing
the DNA fluctuations in this region. However, since our data shows that the magnitude of



the barrier to transcription is highest in the central region of the nucleosome, and the tails
only affect the entry region of the nucleosome, we investigated what interactions control the
strength of the barrier near the nucleosome dyad. To this end, we used nucleosomes with
point mutations in the histone-fold domains of H3 and H4, mutations that affect histone-
DNA contacts at the dyad and that have been shown to partially relieve the requirement of
the chromatin remodeling factor SWI/SNF in vivo. We found that these mutations abolish
the barrier to transcription in the central region by increasing the local unwrapping rate of
the DNA from the surface of the histones near the dyad. We speculate that factors that
could bind to the nucleosome and specifically disrupt even a single DNA-histone contact in
this region would have a profound effect on transcription.

Nucleosomes are disrupted to varying degrees by transcription elongation, with outcomes
ranging from partial loss to complete removal and exchange of histones. In vitro studies with
the phage SP6 RNA polymerase and RNA Polymerase I have shown that upon transcription
the histone octamer moves upstream, while Pol II leads to the formation of a hexamer
whose position on DNA is unchanged. The histone transfer process is believed to involve
looping of the DNA template, but claims of template looping have so far relied on indirect
evidence. Using atomic force microscopy, we obtained direct evidence of looping in the
form of polymerase-nucleosome complexes in which the histones bridge the DNA upstream
and downstream of the polymerase simultaneously. We also showed that a small fraction
of the transcribed nucleosomes moved upstream of their original position. Significantly,
we found that the fraction of the transcribed nucleosomes that are remodeled to hexasomes
versus the ones that are transferred as intact octamers depends on the speed of elongation. A
simple model involving the kinetic competition between the rates of transcription elongation,
histone transfer, and histone-histone dissociation quantitatively rationalizes our observations
and unifies results obtained with other polymerases.

In conclusion, we show how the finely tuned interplay between polymerase dynamics
and nucleosome fluctuations determines the outcome of transcription, and we propose that
factors affecting the relative magnitude of these processes provide the physical basis for the
regulation of gene expression.
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Chapter 1

Introduction

1.1 Evolution and Its Connection to Gene Expression

The last 150 years constituted a revolution in biology and started providing answers to
a fundamental human question: Where do we come from?

This ideological revolution started in the middle of the nineteenth century, its most
important seed planted in 1859 by the publication of Charles Darwin’s book On the Origin
of Species [1]. In this work, Darwin proposed the theory of evolution based on inheritance
and natural selection.

At about the same time, Gregor Mendel was performing experiments on plant hybridiza-
tion [2, B], and coming up with quantitative rules for inheritance and even a rudimentary
form of the “gene” concept as the unit for inheritance, though under a different name [4].
Unfortunately Mendel’s work remained largely ignored, and was rediscovered independently
in the 1890s by Carl Correns and Hugo de Vries [4]. Correns also discovered cytoplas-
mic inheritance transmitted through organelles that are independent of the nucleus (such as
chloroplasts or mitochondria), while de Vries introduced the term “mutation,” and developed
a mutation theory of evolution.

However, it was still not clear at the time exactly how features were passed from parent
to progeny. Even though the concept of proteins had been already described in 1838 [5],
and nucleic acids were discovered by Friedrich Miescher as early as 1869 [4], it took another
century and the work of many scientists to flesh out the connection between nucleic acids,
proteins, and inheritance. A major milestone was achieved in 1953, when James Watson and
Francis Crick proposed the double-helix model of DNA [6]. In fact, it was Crick who first
stated what is now known as the central dogma of molecular biology [7, 8], shown in Figure
1.1, which explicitly connects nucleic acids and proteins through clear biological processes:
DNA replication, DNA to RNA transcription and RNA to protein translation. Starting with
the 1940’s, the scientific community has witnessed (and often awarded Nobel Prizes for) a
myriad of discoveries of the enzymes involved in replication, transcription, translation, and
many other related processes.
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Replication Transcription Translation .
DNA } RNA —) protein

Figure 1.1: The central dogma of molecular biology.

With this renewed biochemical understanding of the workings of cell in general and of
inheritance in particular, views about evolution also started shifting from a “survival of the
species” view, to a gene-centered one. In this description of evolution, the unit of selection
is a gene (as represented in the entire population), rather than the individual or the species.
This approach elegantly explains the evolutionary pressure for kin altruism, and was highly
popularized through the 1976 book The Selfish Gene by Richard Dawkins [9].

If indeed natural selection is working on genes, then we would better understand what
genes are, and how they are inherited and expressed to give rise to different phenotypes.
While we can describe a gene simply as “the unit of inheritance,” in order to fully understand
its magic, we should be able to define a gene biochemically as well. One could naively describe
a gene as the DNA sequence that encodes for a functional protein or RNA. The problem with
this definition is that it conflicts with the “unit of inheritance” one. The view that the gene
is only a DNA sequence treats the RNA and the proteins as mute actors in the inheritance
play, while it is very clear that they are not. Both RNA and proteins are inherited along
with DNA and they greatly modify how the DNA blueprint is implemented. This is obvious
when we think about development: all the cells in our bodies have the same DNA, but skin
cells are structurally and functionally very differently from neurons for example. In fact even
in 1909, when Wilhelm Johannsen coined the word “gene”, he had the amazing foresight
to warn against the “conception of the gene as a material, morphologically characterized
structure which is very dangerous for the smooth advance of genetics” [4].

There is recent evidence to suggest that the DNA sequence is not necessarily the unit of
inheritance. For instance, a cell can change DNA mutations back to the normal sequence
by using the RNA inherited from past generations [I0]. Moreover, changes in the levels of
RNA or proteins inherited from the parents can change the phenotype of the offspring, and
can be in turn passed to their children [11], [12].

This process of passing information to the next generation through means other than
the DNA sequence is called “epigenetic inheritance”. Because epigenetics has important
implications on how we think about evolution [I3], it is essential that we understand how it
affects gene expression.
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1.2 The Nucleosome: a Regulator of Gene Expression

In eukaryotes the DNA is packaged into chromosomes, which are a well-organized and
tightly controlled mix of DNA and proteins called chromatin. An important way of control-
ling gene expression is by modulating chromatin structure and accessibility [I4]. Chromatin
has as its basic unit the nucleosome, which was discovered by Roger Kornberg in 1974 [15]
while he was working as a postdoctoral researcher with Aaron Klug and Francis Crick. The
high-resolution crystal structure of a nucleosome was solved in 1997 [16], and is shown Fig-
ure [I.2h. The nucleosome core particle consists of 147 base pairs of DNA wrapped around
a histone octamer, which in turn is made up of a tetramer containing histones H3 and H4
and two H2A-H2B dimers (Figure [1.2b).

-~ histone
octamer

)
N\ & W
/q'q %
N, —
oy

s ! H3-H4
N-terminal tail histone fold tetramer

H3-H4 "I : 0 H2A-H2B
dimer p e g dimer

Figure 1.2: The structure of the nucleosome core particle. (a) The DNA double helix
(light gray) is wrapped 1.65 times in a left-handed coil around a disc-shaped histone octamer.
(b) The histone H3H4 dimer and the H2A-H2B dimer are formed from the handshake
interaction. An H3-H4 tetramer forms the scaffold of the octamer onto which two H2A-H2B
dimers are added, to complete the assembly. (c) Each of the core histones contains an N-
terminal tail and a histone fold region. Adapted from Molecular Biology of the Gene by
Alberts et al. [I7].

As shown Figure [1.2, the histones consists of two structural and functional units: the
histone folds and the tails. The histone fold regions are the ones involved in direct histone-
histone and histone-DNA interactions. The histone tails protrude from the disc-shaped core
structure, and most of their lengths weren’t visible in the crystal structure [16], suggesting
that their conformation is flexible. In the cell, the tails could either bind DNA outside the
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147 base pairs that are included in the nucleosome core particle, or they could bind to other
proteins, such as chromatin remodeling factors.

Interestingly, in vivo, the histone tails are subject to several forms of post-translational
covalent modifications that have strong effects on gene expression. This form of epigenetic
control of gene expression gave rise to the histone code hypothesis [I8], which states that
specific patterns of histone modifications allow specific chromatin remodeling factors and
RNA polymerases to recognize regions they are supposed to remodel or transcribe. Testing
out this hypothesis is currently an area of intensive research.

1.3 Transcription Elongation by RNA Polymerase 11

Transcription of DNA into messenger RNAs, the precursors to proteins, sits at the heart
of the central dogma of molecular biology. In eukaryotes, this process is performed by RNA
polymerase II (Pol II), a large molecular complex (550 kDa, 12 subunits) that has been
extensively studied.

¥y
RNA polymerase jaws DNA double helix
! f i
e — | |
¢ z ||'“I?
DNA e ;,ri ribonucleotide
rewinding o2, r_..-—lr-*- = -+ triphosphates
R e W
W B e 1! \ direction of
j{u ! transcription
/I i
flap ©  f T B _*____,-_- |
‘ RNA eth - L ribonucleotide
active site triphosphate
| channel tennel
nascent RNA DNA-RNA

hybrid

Figure 1.3: The basic mechanism of transcription elongation. During transcription
elongation, Pol IT unwinds the double helix, forming “the elongation bubble,” which shifts
one base pair at a time on DNA. Ribonucleotide triphosphates (NTPs: ATP, UTP, CTP,
and GTP) enter through the nucleotide tunnel and are added to the growing RNA chain at
the active center of the enzyme. The newly synthesized RNA chain is a complementary copy
of the template DNA strand, and forms a 9 base pairs DNA-RNA hybrid with this DNA.
Adapted from Molecular Biology of the Gene by Alberts et al. [17].

Since the discovery of the RNA polymerase in the 1960’s [19], a lot of progress was made
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towards understanding how this enzyme works. Crystal structures of the Pol II holoenzyme
[20] and of the elongation complex consisting of Pol II, DNA and RNA [21], along with
clever biochemical assays performed on Pol IT (reviewed in [22]) or its bacterial counterpart
(reviewed in [23]) revealed a lot about the basic mechanism of transcription, briefly described
in Figure [1.3] Pol II uses nucleotide triphosphates (NTPs) as building blocks for the RNA
nascent chain. The hydrolysis of the NTPs accompanying polymer synthesis also serves as
the source of energy for the movement of the polymerase on DNA.

In parallel with the characterization of Pol II, a large number of factors that modify
transcription have been identified (reviewed in [24]). The effects of these factors are often
mediated through chromatin [25H2§], pointing to the need of understanding the mechanism
of nucleosomal transcription.

1.4 Nucleosomal Transcription: Questions

As described in the previous two sections, an important step towards the bigger goal of
unlocking the mechanism of gene expression consists of understanding transcription regula-
tion in the context of chromatin. Chromatin-mediated regulation can take place at all three
stages of transcription—initiation, elongation and termination (see [29] and [30] for reviews).
We focus on uncovering how Pol II elongation is modulated by the nucleosome, and how this
encounter affects in turn the structure of the nucleosome. More specifically, we would like
to find out:

e What exactly is happening at the molecular level when Pol II attempts to
transcribe the DNA wrapped into a nucleosome? It is clear that the histone
octamer and the polymerase cannot both occupy the DNA at the same time, so there
must exist a competition between them for this physical space. It is known that
Pol II pauses and sometimes arrests upon reaching the nucleosome. How does the
nucleosome induce this transcriptional behavior and what factors control the barrier
that the nucleosome represents for Pol 117 We address these questions in Chapters
and [3] respectively.

¢ What happens with the histones during and after transcription? There is
evidence that during transcription the histones can be either removed from DNA or
transferred behind the polymerase. Different answers arise, depending on the experi-
mental methods and the type of polymerase used for transcription. Can we rationalize
these results and predict when and why one scenario dominates over the other? More-
over, in the case when the histones are transferred on the template upstream of the
polymerase, how does this process take place? We address these issues in Chapter

Through the experiments and analysis presented in this work, we hope to confirm certain
claims about nucleosomal transcription and bring new insight into our current understanding
of the dynamics interactions and molecular rearrangements that accompany this process.



Chapter 2

The Mechanism of Nucleosomal Transcription

During transcription elongation in eukaryotes, Pol II must overcome the transcriptional
barriers imposed by nucleosomes in chromatin. It has long been known that histones gen-
erally inhibit transcription [31], yet well-positioned nucleosomes are ubiquitous throughout
eukaryotic chromosomes [32] [33] and are generally believed to be important scaffolds for the
regulation of gene expression in eukaryotes.

Biochemical assays of nucleosomal transcription show that a single nucleosome can arrest
or greatly slow the rate of transcription by Pol II in vitro [34-38]. Polymerases arrested at
nucleosomes are often backtracked many bases [37]. In addition, TFIIS—a transcription
elongation factor that stimulates the polymerase’s inherent transcript endonucleolytic cleav-
age activity to allow backtracked enzymes to recover from arrest [39]—has also been shown
to increase the net rate of transcription through a nucleosome [37]. These experimental
results suggest that the influence of the nucleosome is mediated through polymerase back-
tracking. Moreover, nucleosomes exhibit fast wrapping and unwrapping fluctuations, which
were proposed to play a significant role on the dynamics of transcribing polymerases [40].

In order to understand the exact nature of the polymerase pausing at the nucleosome,
and the mechanism of overcoming the nucleosomal barrier, we characterize the dynamics of
Pol 1T as it transcribes nucleosomal DNA in real time. To do this, we take advantage of
three important experimental advances: factor-free initiation of Pol IT [41] [42], the ability of
loading nucleosomes at known positions on DNA [43], and the high temporal and position
resolution of single-molecule assays of transcription [44] 45].

2.1 Real-Time Transcription Through the Nucleosome

We followed individual Pol IT elongation complexes in real time as they transcribe through
single nucleosomes, using a dual-trap optical tweezers. Pol II ternary elongation complexes

Portions of this chapter were published in C. Hodges, L. Bintu, L. Lubkowska, M. Kashlev, and C. Bus-
tamante. Nucleosomal Fluctuations Govern the Transcription Dynamics of RN A Polymerase II,
Science 325, 626628 (2009) doi:10.1126/science.1172926. Used with permission.
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Figure 2.1: Single-molecule transcription through the nucleosome. (a) Geometry
for the dual-trap optical tweezers experiments. Pol II (blue) is attached to a streptavidin
coated bead (gray). The upstream DNA (black) is attached to an antidigoxigenin coated
bead (gray). The optical traps are shown in yellow and the RNA in red. (b) Representative
trajectories of individual transcribing polymerases over time are shown with or without the
nucleosome at different ionic strengths.

from S. cerevisiae were prepared and their downstream DNA ligated to DNA containing a
nucleosome pre-loaded on the 601 nucleosome positioning sequence (NPS) [43]. A tether
was created between two beads—one attached via biotin/streptavidin to a stalled Pol 11, the
other to the DNA upstream of the stalled enzyme via digoxigenin/anti-digoxigenin pair—
and a solution containing ribonucleotide triphosphates was delivered to the flow cell (Figure
2.1p). Polymerase activity resulted in the lengthening of the upstream DNA and caused the
force between the two beads to decrease. The real-time position of the polymerase along the
DNA template was calculated by fitting the measured force to the worm-like chain formula
of DNA elasticity [46].

In the absence of a nucleosome, the polymerase generally proceeded to the end of the
DNA template, interrupted only by a few short pauses (Figure , black traces). When we
pre-loaded a single core nucleosome onto the template, Pol II showed pronounced changes
in its dynamics at the NPS. The behavior of Pol IT at a nucleosome varied greatly, ranging
from many pauses, to one or two pauses, to complete arrest (Figure [2.1p, colored traces).
Arrest is defined as a pause that lasts longer than 20 minutes or until the tether breaks.
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2.2 Arrests Dependence on the Ionic Strength

o
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Figure 2.2: Arrest probability depends on ionic strength. Probability of arrest or
termination as a function of Pol II's position on the template DNA at (a) 300 mM KCl,
(b) 150 mM KCI, and (c¢) 40 mM KCI. The data for transcription of bare DNA is shown in
solid black and the nucleosome data is shown in semi-translucent colors. The shaded region
represents the NPS.

As DNA must be separated from the charged surface of the histone octamer for the
polymerase to proceed, a large fraction of the nucleosomal barrier should be of electrostatic
origin. The effect of ionic strength on the transcription of nucleosomal DNA by Pol II
(Figure showed that there is indeed a marked decrease in the frequency of arrest at the
nucleosome with increasing salt, from 93% at 40 mM KCIl, to 77% at 150 mM KCI, to 48%
at 300 mM KCl, in agreement with previous biochemical ensemble studies [37), 38]. We also
checked that the influence of ionic strength on arrest parallels a decrease in the mechanical
stability of the nucleosome with salt, but does not correlate with changes in the dynamics
of transcription on bare DNA.

In order to observe the effects of ionic strength on nucleosome stability, we analyzed force-
extensions curves of untranscribed nucleosomes using previously described techniques [47].
We loaded the nucleosome on the same DNA we use for the transcription experiments, except
that we introduced a biotin at the end of template using a modified primer. This allowed us
to pull on nucleosomes in the absence of the biotinylated Pol II. The most reliable signature
of the nucleosome is the sudden opening of the inner wrap at increased force (Figure .
We quantified both the distribution of forces at which this rip occurred as well as the size of
the rip, as a function of [KCI]. As expected, the force necessary to unwrap the nucleosome
decreased as we increased the salt concentration, confirming that the relief in transcriptional
arrests is a result of reduced histone-DNA interactions (Figure . The extension change
associated with nucleosome unwrapping did not change significantly with ionic strength,
suggesting that the nucleosome is still intact as the salt concentration is increased.
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Figure 2.3: Pulling on single nucleosomes. (a) Experimental setup for nucleosome
pulling experiments. (b) Typical force-extensions curves of the nucleosome. Pulling curves
are in red, and relaxation ones are in black.
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Figure 2.4: Mechanical stability of the nucleosome with ionic strength. (a) The
forces necessary to unwrap the nucleosome decrease with increasing salt concentration. (b)
The size of the inner wrap is independent of salt concentration. The red lines represent the
means of the data, the blue boxes show one standard deviation, and the dotted lines show
the entire range of the data.

In order to check whether the intrinsic dynamics of Pol II are affected by ionic strength,
we compared transcription on bare DNA at 40, 150 and 300 mM KCI. Transcription of bare
DNA by Pol IT was unaffected over this salt range (Figure . Neither the mean dwell time
nor the pause free velocity shows any trend with increasing KCI concentrations. Therefore,
differences in nucleosomal transcription at different ionic strengths (Figure are the direct
result of changes in the nucleosome’s mechanical stability.
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Figure 2.5: Transcription on bare DNA at different ionic strengths. (a) Pause
durations as a function of ionic strength. (b) Pause-free velocities as a function of ionic
strength. Error bars are standard deviations among traces.

2.3 Detailed Dynamics of Pausing and Elongation

Because a majority of the polymerases were able to overcome the nucleosomal barrier at
300 mM KCI, we conducted more detailed studies of nucleosomal transcription at this ionic
strength.

The average time Pol II spent at the NPS was much longer in the presence of the nucle-
osome than on bare DNA (0.4 s/bp, compared to 0.1 s/bp), showing a significant increase
even before Pol II reached the beginning of the NPS (Figure 2.6). The increase in dwell
time right before the start of the NPS could have two causes. Firstly, in our single-molecule
experiments we are following the position of the active center of the polymerase on the tem-
plate; however, the leading edge of the polymerase reaches the nucleosome ~20 bp before the
active center does [48]. Secondly, while the nucleosome core particle only organizes 147 bp of
DNA, the histone tails could bind additional DNA situated at the entry into the nucleosome
[49], thus retarding the polymerase in this region. We address this possibility in Chapter [3|

The effect of the nucleosome on transcription was greater before the polymerase passed
the dyad axis of the nucleosome, in agreement with previous studies [38]. The attenuation of
the nucleosomal barrier that we observe towards the end of the NPS might be caused by the
complete detachment of the histones from the downstream DNA. We discuss this hypothesis
in detail in Chapter [4

There are three possible explanations for the reduced overall transcription rate of the
nucleosomal DNA: the presence of the nucleosome could induce Pol II to pause more fre-
quently, slow the recovery of Pol II from pausing, and/or slow the pause-free velocity of the
polymerase. We examine each of these alternatives.

To establish whether or not the nucleosome affects pause entry, we counted all pauses of
at least 3 s and recorded their positions on the DNA template (Figure[2.7). The nucleosome
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Figure 2.6: Total time spent at the nucleosome. The mean time the polymerase spent
in each bin is plotted for traces with (dashed red line) and without (solid black line) a
nucleosome. Mean dwelltime includes the time spent during both active elongation and
pausing. Shaded region corresponds to the NPS, and error bars are SEM.
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Figure 2.7: Effect of the nucleosome on transcription kinetics. In each subplot, only
traces that passed the NPS are considered. (a) Pause density with a nucleosome (red) and
on bare DNA (black). Error bars are SEM. (b) Cumulative distributions of pause durations,
both with (red) and without (black) a nucleosome present. (c) Pause-free velocities with
(pink) and without (gray) a nucleosome.

locally increased the probability of Pol II to enter a paused state more than threefold from
0.004 £ 0.001 bp~! on bare DNA to an average of 0.014 4+ 0.003 kbp~! at the nucleosome.
The effect on pause density is strongest right before the polymerase reaches the dyad axis of
the nucleosome, reaching a peak of 0.022 £ 0.003 kbp~!.

To determine if the nucleosome alters the kinetics of pause recovery by Pol II, we com-
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pared the distributions of pause durations longer than 1 s in the nucleosomal region for
traces with and without a nucleosome. Pausing behavior was highly variable among trajec-
tories and, even within a trajectory, pausing at the nucleosome varied from short intermit-
tent events to longer pauses. For comparison of pausing data, we applied the two-sample
Kolmogorov-Smirnov test. This nonparametric test requires no knowledge of the underlying
probability density functions, and compares the maximum deviation between two popula-
tions in their empirical cumulative distributions. All p-values reported for pause durations
refer to the two-tailed version of this statistical test. A comparison of the cumulative dis-
tributions of the pause durations shows that the nucleosome biases the polymerase towards
longer pauses at the NPS (p < 0.001, Figure ), with the mean pause duration on bare
DNA of 4.8 £ 0.8 s increased to 10.7 £+ 1.2 s at the nucleosome. Thus, the nucleosome slows
the underlying pause recovery mechanism of the polymerase.

Finally, analysis of pause-free velocities obtained with an algorithm that identifies and
eliminates transcriptional pauses (Section [2.8)) revealed that pause-free velocity at the NPS
is only slightly reduced from 21.2+2 bp/s on bare DNA to 18.942 bp/s in the presence of a
nucleosome (Figure [2.7k). This difference is not statistically significant.

We conclude that the nucleosome only affects entry into and recovery from the paused
state, but does not affect the nucleotide addition cycle of Pol II. For the remainder of this
chapter, we build a model that allows us to explain our experimental observations and make
further predictions on nucleosomal transcription.

2.4 Kinetic Model of Backtracking Coupled with Nu-
cleosome Fluctuations

Many transcriptional pauses of Pol II on bare DNA are associated with backtracking of
the enzyme along the DNA template [45], a process which results in misalignment of the 3’
end of the transcript with respect to the enzyme’s active center [50, 51]. Pauses end when
the polymerase diffusively realigns the dislocated 3’ end of the transcript with its active
site and resumes elongation. We incorporate nucleosome fluctuations into this model of
transcriptional pausing in order to rationalize our observations of the dynamics of Pol II at
the nucleosome.

2.4.1 Pause Durations

According to the backtracking theory, during the paused state the polymerase performs
a random walk on DNA, sliding the entire elongation bubble back and forth one base pair
at a time. The distribution of transcriptional pause durations is then equivalent to the
distribution of first-passage times for return to the origin of a Poisson stepper that takes
integral steps along a one-dimensional lattice [52]. We re-derive the distribution of pause
durations ,i(t), in Section [2.9.2] and arrive at the following expression:
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Figure 2.8: Kinetic model of transcription. Kinetic states and rates for (a) transcription
on bare DNA and (b) transcription at the nucleosome. The green shaded region corresponds
to the on-pathway elongation cycle (k.). The pink and blue shaded regions represent off-
pathway paused states where Pol II is backtracked; negative numbers indicate how many
bases Pol II has backtracked from the elongation competent state, denoted by 0. The forward
and backward stepping rates during a backtrack are given by k; and &, respectively. The
label w refers to the nucleosome being locally unwrapped (blue shaded region), while w
denotes the states where the nucleosome is wrapped in front of Pol I (pink shaded region).
The wrapping and unwrapping rates are k,, and ku.

kf e—(kf-i-kb)t
wlt) = [ S nen i), (2.1)

t

where I; is the modified Bessel function of the first kind, and k; and &, are the forward and
backward stepping rates, respectively, during a backtrack (see Figure .

If we ignore any non-uniformities in the DNA sequence of the template, the forward and
backward rates are equal, and are given by the intrinsic rate of Pol II diffusion along DNA
during a backtrack, which we call kq:

kf = ]fo and kb = ko. (22)

In our experimental setup we apply an assisting force (F') to the polymerase, decreasing
the backwards rate and increasing the forward one as follows:

ki = ke Yk and ky, = kge T Y/keT (2.3)
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where d is the distance to the transition state for a step (taken here to be 0.5 bp). In
the experiments described here we maintained the applied force between 4-8 pN, with an
average of 6 pN. Note that for small forces and long pause durations (t) reduces to the
t=3/2 power-law dependence previously reported [45].
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Figure 2.9: Pause durations fits against the kinetic model. The cumulative distribu-
tion of pause durations on bare DNA (continuous black line) is fit for ky using the normalized
integral of ¢ (t) (dashed gray line). The cumulative distribution of pause durations at the
nucleosome (continuous red line) is fit for 7, using the normalized integral of ¥y (t) (dashed
pink line).

The effect of the nucleosome on transcription can then be understood in light of the
diffusive nature of backtracks and the dynamics of nucleosome wrapping/unwrapping fluc-
tuations. Because backtrack pausing competes with continued elongation, any barrier that
restricts elongation will cause the polymerase to backtrack more frequently. If, moreover,
this barrier follows the polymerase during diffusive backtracking, as expected if nucleoso-
mal DNA rewraps after the polymerase steps back, it will also frustrate backtrack recovery,
thus increasing pause durations. Local nucleosomal fluctuations are very fast relative to the
diffusive stepping rate ko [40], indicating that the nucleosome reaches fast local equilibrium
between each backtracking step. Thus, the effect of these fluctuations on the dynamics of

Pol IT depends only on the fraction of time the nucleosome is locally unwrapped, -,, given
by:

o ky+ ky
where k, and k, are the rates of local wrapping and unwrapping of the DNA template

around the core histones, respectively.
A backtracked polymerase cannot actively separate downstream nucleosomal DNA from

Tu (2.4)
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the surface of the core histones because it possesses no energy source. Thus, we expect Pol
IT pause durations on nucleosomal DNA to be drawn from the same distribution as on bare
DNA, but with a net forward stepping rate reduced by a factor corresponding to the fraction
of time the local nucleosomal DNA is unwrapped:

kf (nucl) — VYu kf (25)

) —(Yu - kyp + k)t
Un(t) = %kbkf = tf b L1 (2t v Kpky). (2.6)

To compare the theoretical predictions of pause duration with the experimental data, we
used cumulative probability distributions. The cumulative distribution of (t) for pauses
between our lower limit of 1 second and our arrest cutoff of 20 minutes is given by the
integral of the pause durations distribution:

f T)dT
Colt) = iy

The normalization in the denominator represents the fraction of pauses between our obser-
vational limits. This normalization is largely independent of the particular choice for the
upper cutoff because almost no pauses are expected to last longer than a few minutes. We
numerically integrated ¢(¢) as shown above to obtain the theoretical curves shown in Figure
2.9

We first fit the cumulative distribution corresponding to ¥ (¢) to the pause durations on
bare DNA to determine a value for kq. This curve fits well to the observed pause durations in
the absence of a nucleosome for pauses at least 1 s in duration (Figure , gray dashed line),
consistent with a diffusive mechanism of backtrack pause recovery. This analysis yielded a
value of kg = 1.3 £ 0.2 s7!, indicating that diffusion of a backtracked enzyme is a relatively
slow process compared to the rate of transcription elongation.

Using the value of ky determined above and fitting the cumulative distribution of pause
durations in the presence of a nucleosome at 300 mM KCI to the diffusive backtracking model
yields v, = 0.59 £ 0.05, indicating nucleosomal DNA is locally unwrapped approximately
half of the time immediately downstream of a polymerase. During backtracking events, the
DNA downstream of a backtracked polymerase can stochastically rewrap around the core
histones, restricting Pol II from diffusing back to the 3’ end of the nascent RNA to resume
transcription, thereby increasing pause durations.

(2.7)

2.4.2 Pause-Free Velocities

The model presented in Figure predicts that the nucleosome only affects the paused
state of the polymerase, but shouldn’t affect its pause-free velocity. If one is able to remove
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all pauses from the experimental traces, the pause-free velocity obtained this way should
reflect the net irreversible elongation rate k.. Removing all pauses is technically difficult;
while it’s relatively easy to identify pauses above 1 s in duration, correctly identifying pauses
under 0.2 s in our system is impossible, as we filter the data to 50 Hz before we find pauses.
Because of this caveat, in our previous publication of these data, we reported a decreased
pause-free velocity at the nucleosome compared with that on bare DNA [53]. However, here
we have improved our pause picking algorithm, and, as expected, we find that the pause-free
velocity of Pol II doesn’t change as it transcribes the nucleosomal DNA.

We take the value of the elongation rate to be the pause-free velocity measured on bare
DNA k. = 21.2 £ 1.9 bp/s (Figure 2.7). Since it is easier to remove pauses from data on
bare DNA compared with nucleosomal data, we expect the bare DNA value to be closer to
the true pause-free elongation rate of Pol II.

2.4.3 Number of Pauses

During active transcription, forward elongation competes kinetically with backtrack paus-
ing; therefore, the increased pause density at a nucleosome can be used to infer changes in
the net elongation rate. Specifically, derivation of the predicted pause densities allows us to
discriminate between two possible scenarios: one in which Pol IT can only elongate against
a locally unwrapped nucleosome (Figure [2.8), and another in which the polymerase can
advance by actively unwrapping nucleosomal DNA (Figure [2.11]).
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Figure 2.10: Model predictions of pause density. Pause density as a function of position
on the template with a nucleosome (red line) and on naked DNA (black line). Error bars are
SEM. The shaded regions represent the predicted confidence interval for pause density on
naked DNA (gray) and at the nucleosome (pink) based on the model presented in the text.

We first examine the pause density predictions of the model where Pol I cannot actively
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separate core histones from DNA (Figure . In this view, the frontal block provided by
a wrapped nucleosome is sufficient to inhibit transition from the pre- to post-translocation
stage of the polymerase’s mechanochemical cycle. If nucleosomal wrapping/unwrapping
dynamics are much faster than backtrack stepping by the polymerase, the pause density in
the presence of the nucleosome has the same general form as on bare DNA, except that the
elongation rate is multiplied by the probability of finding the nucleosome locally unwrapped,

Yu (see Appendix for derivation):

Ky
Phare = 2.8
b DNA kb + ke ( )
Ky
P, nucleosome — 2.9
: kb + Vuke ( )

The probabilities we calculated above describe the probability of entering a pause at a
given position on the template and correspond experimentally to the total number of pauses
per base pair. However, due to experimental noise and because of finite averaging bandwidth,
we chose to avoid miscounting shorter pauses by only measuring pause durations that were
three seconds or longer. When comparing theory with the experimental data, we must take
into account all the very short pauses that we did not analyze.

Because we know the underlying probability density function for pause durations, ¥ (t),
we can calculate what fraction of the pauses are between our lower cutoff pause time (3 s,
for pause densities) and our upper cutoff (1200 s) by integrating t(¢) within those times.
To calculate the pause density for pauses within the experimentally measurable range, we
multiply the theoretical pause density by this fraction:

ke 1200

Prakea DA (3 < t < 1200) = T
b e

W(t) dt (2.10)
Similarly at the nucleosome, the predicted pause density when using pause cutoffs is:

kb 1200
Pnucleosome<3 <t < 1200) = M/ wN(t) dt (211)
b Tule /3

The correction in pause density due to pauses outside our experimental measurements is
roughly a factor of 2 in each case.

We use this model of pause density with the parameters we already determined from
pause-free velocities (k. ), pause durations on bare DNA (ko), and at the nucleosome (7,)
to predict the number of pauses on bare DNA and at the nucleosome. These predictions,
shown as shaded regions in Figure [2.10] match the experimental data very well, providing
an independent, fit-free check of the model presented in Figure [2.8]
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2.5 Pol II Does Not Actively Peel DNA from Histones

The alternative scenario, in which the polymerase can actively open a wrapped nucleo-
some and elongate through it with a rate k. ,, (Figure|2.11]), predicts a different pause density
(see Section for derivation):

ky
kb + ’Yuke + (1 - PYu)ke,w

(2.12)
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Figure 2.11: Alternative kinetic model — active nucleosome unwrapping. (a) Ki-
netic states and rates for transcription transcription at the nucleosome when Pol II can
actively separate DNA from the surface of the histones at a rate k., (brown shading). The
green shaded region corresponds to the on-pathway elongation cycle (k.) on DNA already
unwrapped from histones due to nucleosomal fluctuations. The pink and blue shaded regions
represent off-pathway paused states where Pol II is backtracked, as before. The confidence
intervals predicted by this alternative kinetic model are shown as brown shaded regions for
two values of ke,: (b) ke equal to half the elongation rate on bare DNA and, (c) ke
equal to the full elongation rate on bare DNA. Neither value of k.., predicts a high enough
pause density at the nucleosome to match our experimental data.

The pause density predictions of the model presented in Figure allow us to place
bounds on the rate of active elongation through a locally wrapped nucleosome (k). As
shown in Figure 2.11] the active elongation model does not fit the experimentally observed
peak in pause density. The only scenario when the model can accurately describe the high
number of pauses that we observe is when k., ~ 0. In that case, we recover the situation
presented in Figure [2.8] in which the polymerase does not actively unwrap the nucleosomal
DNA, but instead waits for transient nucleosomal unwrapping fluctuations to step forward
and read the DNA template.

Thus, during both backtracking and elongation, Pol II waits for fluctuations that lo-
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cally unwrap the nucleosome to advance, consistent with mechanisms proposed by others
that invoke ratcheting during the transcription elongation cycle [54, 55]. In this way, the
polymerase rectifies unwrapping fluctuations of the nucleosome as it moves along the DNA.

2.6 Relationship Between Local and Global Nucleo-
some Unwrapping

In the model described so far for transcription of the nucleosomal DNA, we assumed
that the nucleosome and the polymerase compete for the DNA at each base pair. This
assumption is very convenient because it allows us to derive a closed form solution for
the parameters we measure in our single-molecule experiments: the distribution of pause
durations, the probability of entering a pause and the elongation velocity. However, from
the crystal structure of the nucleosome core particle, we know that the histones contact the
DNA directly only every 5 or 10 base-pairs [16]. This means that the value of +,, which is the
probability of finding the nucleosome unwrapped at each base pair, is an average value. We
expect this average value (,) to be smaller than the probability of nucleosome unwrapping
at each specific contact point (y¢y,). Intuitively, if only N such specific contact points exist
along the entire length of the nucleosmal DNA (Nr), the relationship between the average
and the contact-specific unwrapping probabilities should be of the form:

N¢ (Ny — N¢)

f)/uziﬂ)/Cu_'_ NT

-1 2.13
v (2.13)

If we define the number of base pairs between consecutive histone-DNA contacts to be:

Nr
Do = — 2.14
C NC7 ( )
equation [2.13 simplifies to:
YCu (DC - 1)
- 2.15
"= D T De (2:15)

Note that equation [2.15] sets a bound on the average 7,. It has to always be higher than
(De — 1)/D¢. 1If the distance between contact points were really 5 base pairs and the
intervening bases behaved as if they were bare DNA, then ~, would always have to be greater
than 0.8. This is not the case, as we measure 7y, = 0.6. This implies that a model where
the histones make specific contacts with the DNA every 5 base pairs and don’t influence
much the rest of the DNA is unrealistic. An alternative that works out quantitatively with
our model is that the contact points are on average every two base pairs (D¢ = 2), and the
histones have a 20% probability of being open at each contact point (y¢, = 0.2). Other
models with non-uniform v¢, at each base pair (sometimes bigger than 0.5, but sometimes
much smaller) could also work, and this is probably the case in reality.
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It may seem strange at first that we obtain an average unwrapping probability higher
than 0.5 without the nucleosomes falling apart. Equation [2.15] and the discussion above
partially explain why our average value of nucleosome unwrapping is higher than 0.5, even
when the contact specific unwrapping probabilities are much smaller than that. But we
can do better: we can explicitly connect the macroscopic apparent dissociation constant of
the entire nucleosome with the contact-specific unwrapping probabilities. Using the kinetic
scheme shown in Figure [2.12] where the nucleosome sequentially unwraps one contact at a
time, we can write the apparent dissociation constant of the nucleosome (K7%) in terms of
the fractions of the nucleosomes that are completely unwrapped (Uy,;) and the fraction that
are completely wrapped (Wyy):

Uanl

Knuc —
d
Wau

(2.16)

kUC kUC kUC

Wil (4> UbDc (4’ U2xDc (—’ Uali
Kwe Kwe Kwe

Figure 2.12: Connection between local and global nucleosome unwrapping. The
nucleosome sequentially unwraps one contact at a time. The nucleosomes that are com-
pletely unwrapped are denoted as U,;) and the ones that are completely wrapped as Wy.
Intermediates that have n contact points unwrapped have the subscript nxDes. The rates of
wrapping and unwrapping at each contact point are k. and k,. respectively.

Following the scheme in Figure [2.12] we can write:

UDC k:uc
—=c = 2.1
Wall k:wc ( 7)
U2XDC _ kue
UDC kwc
Ual ! ‘ kuc

Uall—Dc kwc

This set of telescoping equations simplifies to:

Uall kuc e
= 2.18
Wall (kwc> ’ ( )

where N¢ is the number of contacts between histones and DNA, and k.. and k,. are the
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rates of wrapping and unwrapping at each contact point.
Combining this result with the definition of K" (Equation [2.16)), we can write:

k. \'\e
ng:<k““‘> : (2.19)

We now use the fact that the unwrapping probability at each specific contact point (ycw)
is defined as:

k’U,C
=" 2.20
T e + Foue (2:20)
to write:
N¢
K = ( 1Cu ) , (2.21)
1-— YCu

From this result, we can see that as long as the unwrapping at specific contact points is
smaller than 0.5, the dissociation constant of the nucleosome is going to be very small, in
agreement with our observations that the nucleosome is very stable overall.

2.7 Implications for Gene Expression Regulation

Regulation of the rate of transcription and pausing is of great importance for co-tran-
scriptional processes such as alternative splicing [56], [57] or polyadenylation [58| [59]. Indeed,
a large number of eukaryotic genes from different species are regulated during elongation by
extended pausing, including heat-shock induced genes and many important developmental
genes [60H66]. Because nucleosomes increase both the number and the duration of pauses,
they constitute a potential control point in the regulation of transcription elongation. Our
study indicates that modulation of the wrapping/unwrapping equilibrium of DNA around
the histone octamer and control of the backtracking rate of the polymerase are essential
ingredients in the regulation of nucleosomal transcription.

2.8 Appendix: Materials and Methods

2.8.1 Assembly and Enrichment of Active Elongation Complexes

Biotinylated RNA polymerase II (S. cerevisiae, unphosphorylated C-terminal domain)
was prepared as previously described [67]. Yeast core histone proteins were grown recom-
binantly in E. coli [68] and analyzed through mass spectrometry to ensure the absence of
post-translational modifications. Nucleosomes were loaded onto the high-affinity 601 nucle-
osome positioning sequence [43] using salt dialysis reconstitution [69].

Pol II ternary elongation complexes (TECs) were prepared according to previously pub-
lished methods [35] 45], as shown in Figure , using the oligonucleotides listed below
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Figure 2.13: Assembly of Pol II elongation complexes with nucleosome. Assembly
of TECs began after annealing the RNA9 (red) to the TDS (black). Addition of biotinylated
Pol IT and the NDS yielded functional TECs that overlapped a Bbsl restriction site (green).
TECs were walked to a nucleotide starvation stop site by the addition of 10 mM each of
three nucleotide triphosphates (ATP, GTP, and CTP). As active polymerases moved to the
starvation site (yellow), they revealed a Bbsl restriction site upstream. These TECs were
then digested with Bbsl and ligated to upstream DNA containing a 5> Aval overhang on
one end and a digoxigenin at the other end. At the same time as the upstream ligation, we
ligated downstream DNA containing a 3’ Bst API overhang and a pre-loaded nucleosome.

(IDT, Inc.). The sequences of the template DNA strand (TDS), the non-template DNA
strand (NDS), and 9 bases RNA primer (RNA9) are shown in Table [2.1]

The procedure presented in Figure 2.13] allows for enrichment of active complexes, since
only active TECs moved forward to reveal the Bbsl restriction site. In addition, all complexes
are stalled on the DNA exactly 3131 bp away from the digoxigenin; this uniform stalling
allows for a calibration of the precise position of the polymerase in the optical tweezers before
addition of all four nucleotide triphosphates (NTPs).

The biotinylated stalled complexes are bound to steptavidin-coated beads and a tether



CHAPTER 2. THE MECHANISM OF NUCLEOSOMAL TRANSCRIPTION 23

Table 2.1: Sequences used for the assembly of elongation complexes

TDS: 5-phosphate AGCATAATCCTGAATATGGCAAGTTACATAGATAAGTTGGTCGG
TTGGGGTTTGTGTGGCTTCGTCGGGCGTCTTCTACATACTACTCCTACC-3’

NDS: 5-GGTAGGAGTAGTATGTAGAAGACGCCCGACGAAGCCACACAAACCCCAA
CCGACCAACTTATCTATGTAACTTGCCATATTCAGGATTATGCTCAT-3’

RNA9: 5-GACGCCCGA-3’

is created using the upstream digoxigenin bound by anti-digoxigenin IgG-coated beads. The
addition of all four NTPs into the flow channel allowed the polymerase to proceed with
transcription. The transcription buffer contains: 20 mM Tris-HCI (pH 7.9), 5 mM MgCl2,
1 mM [-mercaptoethanol, 1 mM of each NTP, 1 uM pyrophosphate, and either 40, 150, or
300 mM KCL

2.8.2 Spatial and Temporal Resolution

Thermal and instrumental noise both limit the resolution of our single-molecule trajecto-
ries. Although currently there is no known way to overcome thermal noise, we made several
efforts to reduce the various sources of instrumental noise. The use of dual-trap optical
tweezers allowed for differential detection of the movements in both traps, significantly in-
creasing the signal-to-noise ratio of the position signal [70]. Additionally, the optical tweezers
instrument was completely enclosed in a custom-made acrylic box, reducing ambient air fluc-
tuations in the path of the laser light that contribute to noise. Finally, the instrument was
located in the sub-basement floor in an acoustic isolation booth, reducing noise arising from
building and acoustic vibrations [71].

All trajectories were sampled at 2000 Hz, averaged by decimation to 50 Hz, and then
smoothed using a second-order Savitzky-Golay filter with a time constant of 1 s. With
regard to sustained spatio-temporal resolution, the instrument is capable of reliably observing
position changes as small as 1-2 nm (3-6 bp) at a bandwidth of 1 Hz, with a peak-to-peak
instrumental drift of ~0.5 nm (~1.5 bp) over 1 min.

Even though our accuracy in measuring position changes of Pol II on DNA was high, our
precision in determining the absolute position of Pol IT on DNA was not as good. We noticed
for example that our estimate of the final length of the tether before Pol II released the DNA
was often slightly lower than the expected runoff length, and in some cases even higher. We
attribute this to calibration errors in our experimental setup, since in a biochemical assay
where we assay the length of the RNA product by running it in a gel, we obtain a very
sharp distribution of runoff lengths. For this reason, we can be confident that for traces that



CHAPTER 2. THE MECHANISM OF NUCLEOSOMAL TRANSCRIPTION 24

runoff length

3800

3700
’\3600'
~ 3500
3‘% 3400¢
g

3300+ stall length

'

NTP flow
3000+~ ‘ :

80 100 120 140 160
time (s)

32001
3100+

Figure 2.14: Alignment of traces for improved precision. All trajectories were aligned
such that their start position before the flow of NTPs is equal to the position of the stall
site (3131 bp, red arrow). Only traces that passed the NPS (yellow shading between 3464
and 3611) were in addition scaled linearly such that the end position of Pol II on DNA
corresponds to the expected runoff length (3824 bp, green arrow). The original trace is
shown in blue, and the stretched trace is in black. The discrepancy between the two traces
presented in this figure is the highes we have dealt with. In general the difference between
the end of the trace and the expected runoff is 15-20 bp.

crossed the NPS, the final position should match the runoff position of Pol IT from DNA. We
use this information to improve our positional accuracy. We perform a two-point calibration
of all traces that transcribed past position 3650 (i.e. past the NPS) by aligning them both
to the stall site and to the expected runoff length, as shown in Figure [2.14] This improved
alignment of traces allows us to see position-dependent trends of transcriptional pausing,
such as sequence dependent pausing much better than in our previously published results
[53]. We will discuss these trends in more detail in Chapter

2.8.3 Pause Detection and Pause-Free Velocity

We identified pauses using the position versus time data decimated to 50 Hz and smoothed
to 1 Hz as described in the previous section. First, we divided the position data into 3 base
pairs increments and compute the dwell time Pol II spends in each of these bins. We used
bins that were 3 base pairs wide because this value represents the limit of our resolution.
For each trajectory, we computed the mean and the standard deviation of the dwell times,
discarded the outliers that were more than three standard deviations away from the mean,
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Figure 2.15: Algorithm for picking pauses. Trajectories were sampled at high bandwidth
and averaged to lower bandwidth for further analysis. Because pause density is relatively
low, our velocity resolution allowed us to identify individual pausing events (red). Pauses
lasting longer than 1 s were identified with the greatest accuracy.

and recalculated the average dwell time. Finally, pauses were defined as dwells that were
at least 2.5 times or longer than this average dwell time. This algorithm results in a pause
threshold that varies slightly from trace to trace, but in the majority of the traces, the pause
threshold is lower than 0.5 s. In addition, we joined pauses that were separated by less than
three base pairs. To avoid miscounting errors caused by the effects of long-timescale drift
on automated measurements, pauses longer than a few minutes were checked by eye and
corrected if necessary [72].

To obtain a pause-free velocity, the times associated with the beginning and end of
each pause were recorded and used to remove all identified pauses from the original (high-
bandwidth unfiltered) position signal (Figure . Each pause-free trajectory was then
filtered using a Gaussian convolution filter with a time constant of 1 s for further analysis.
The pause-free velocities for each trace are given by the time derivatives of the filtered
position signal throughout the NPS.

In our analysis of pause durations, we considered pauses with durations of 1 s or longer.
However, to obtain pause-free velocities, we removed all identified pauses, including those
shorter than 1 s. This difference arises because for pause durations, it is critical to have
certainty regarding the identification and timing of pauses, so we have taken a more con-
servative approach and made measurements where we have the highest degree of certainty.
For removing pauses, however, it is more important to liberally remove all identified pauses,
including those whose timings are less well resolved, in order to obtain the pause-free velocity.
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Figure 2.16: Pause removal algorithm. Portions of the trajectories identified as pauses
(red) are removed at high bandwidth, and the remaining pause-free trajectory is rejoined
then averaged to a lower bandwidth.

2.9 Appendix: Kinetic Model Details

2.9.1 Derivation of Pause Entry Probabilities
Bare DNA

In the absence of a nucleosome, the probability of entering a pause at each position on

DNA is:
Ky

Fy + ke

Pnaked DNA —

Nucleosome

When the nucleosome is present (Figure , if the polymerase cannot transcribe while
the nucleosome is wrapped in front of it, Pol IT can enter into a pause (i.e. backtrack by one
base) via two pathways: it can backtrack directly when the nucleosome is unwrapped or, if
the nucleosome wraps, backtracking competes with unwrapping of the nucleosome. These
two paths competing with elongation correspond to the two terms in the numerator of the

fraction bellow:
Ky

ky + ky
Ky
ky + ky,

ky + ky

P, nucleosome —

(2.22)
ky + ky

+ke
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If we assume very fast kinetics of the nucleosome, in particular k, >> k;, we can rewrite:

Ky ke ku + kw
weng m(eg)  w(

l l _— — prm—
nucleosome k’
Ky + ky— + ke kb<1+l]zw>+ke kb<k“kkw>+ke

u u

k.

—  so we can simplify the pause density to:
oo + Koy pirty P Yy

We have already defined v, =

kyyy ! ks,

[ which simplifies t0: Ppucleosome = ok (2.23)

P, nucleosome —

The final expression for the pause density when the nucleosome is present is intuitive since
backtracking is competing with elongation, and elongation can only take place when the
nucleosome is unwrapped.

Nucleosome - active DNA unwrapping

If the polymerase can transcribe while the nucleosome is wrapped in front of it, with a
rate ke, as shown in Figure the probability of pausing becomes:

ke
ky + ky————
kb + ku + ke,w
Pnucleosome, active unwrapping — kb L (224)
ky + k +k.+k ov

wkb“—ku +ke7w wkb+ku + ke,w

Again, assuming very fast kinetics of the nucleosome compared to backtracking, we can
re-write the probability of entering a pause, as follows:

m+m%

P, nucleosome, active unwrapping
w

k
kb + kwi + ke + ke,w

k. ky
w1
- %<%+%j+@—@w+<“+“>mw (2.25)
kv ’ k. ’
We use the previously defined +,, to simplify the pause density to:
Pructeosome, active unwrapping = i (2.26)

kb + /Yukie + (1 - ’Vu)k:e,w
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The final expression for the pause density when we allow the polymerase to actively
open the nucleosome and elongate through it at a rate k., is also intuitive. In this case
backtracking is competing with two different elongation rates, one when the nucleosome is
unwrapped (k.), and one through a wrapped nucleosome (k).

2.9.2 Derivation of the Pause Durations Distributions

The predicted distribution of pause durations (t) arises from a model in which the
polymerase’s dynamics during backtracking are described by a single intrinsic stepping rate
of diffusion k¢ [52]. This model of polymerase backtracking has been proposed to explain
pauses previously described as either “long (backtracking)” or “short (ubiquitous)” pausing
[73]. Below, we derive the probability density function, ¢ (t), starting from first principles of
counting and probability. We also briefly discuss how the backtracking dynamics give rise
to two apparent pausing regimes.

Below, the DNA is treated as a one-dimensional lattice, where each lattice site corre-
sponds a base-pair position along the DNA. We begin by considering a polymerase that
arrives at a backtracked state by having moved backwards by 1 bp to position -1 on the
lattice. Here, the rate-limiting step for backtrack recovery is diffusion back to the 3’ end of
the nascent RNA (i.e. to position 0 on the lattice), where it can re-start transcription elonga-
tion. The probability density of return times ¢(¢) then describes the predicted distribution
of pause times.

Derivation of ¥ (t) begins by solving for the distribution of first-passage times for a particle
at position -1, diffusing to position 0 on the lattice. A path starting from position -1 and
ending at position 0 has a total of 2n + 1 steps: n backward steps, and n + 1 forward steps.
The last step in the path is always going from -1 to 0 (pause recovery), so in order to specify
a path, it suffices to choose n steps (the backwards ones say) from the remaining 2n steps.
For each value of n, the total number of trajectories starting at -1 and ending at 0 is given

by the binomial coefficient:
2n (2n)!
=7 2.27
( n ) n! n! ( )
However, the number of unique trajectories is smaller by a factor of n 4+ 1 than the total

number of trajectories, as we have to discard the ones that cross 0 more than once (upon
the first return to position 0, the pause ends), and is given by the Catalan numbers [74]:

(2n)!

(n+ 1)! n! (2.28)

n:

The probability of such a trajectory can be calculated if the probabilities of stepping
forward (p) and backward (¢q) are known [75]. These probabilities can be calculated in terms
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of Pol II's forward (k) and backward (k) stepping rates in the backtracked state:

ky ky
e

p (2.29)

Combining equations [2.28 and [2.29, we can write the probability of having a paused
trajectory with 2n + 1 steps:

P(n) = 20! ( i )nH( L )n (2.30)

(n+1)!n! kf-i-kb kf—l-kb

The probability density () is calculated based on the probability of each trajectory
P(n) and the distribution of times associated with that trajectory P(t | n):

W(t) = f% P(n)- P(t | n). (2.31)

The time durations for taking 2n + 1 Poisson steps, P(t | n), is described by the Gamma
distribution, with a time decay constant at each step depending on the sum of the forward
and reverse rates, k¢ + ky:

(k’f + kb)2n+1 e—(kf+kb)t
(2n)!

From the definition of ¢(t) (equation [2.31), and the equations describing P(n) and
P(t | n) above, we can write the full expression for the pause durations distribution:

B 00 (271)' k’f n+1 kb n n(kf +kb)2n+1 ef(kf+kb)t
v(t) =3 ((n+1)! = (kf+kb> (kf+kb> £ 5 (2.33)

n=0

P(t |n)=1t"

(2.32)

Simplifying the expression above and incorporating the definition of the modified Bessel
function of the first kind (I):

L(z) = nf% (n+11) (;)Ml , (2.34)

I'nl

allows us to rewrite this equation in the closed-form solution cited in the main text:

ky e—(k’f—i-k‘b)t
vlt) = [ net i) (2.35)

The complete dynamics of backtracking are described as the function of the forward
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and backward stepping rates ky and k;, which are themselves functions of the intrinsic rate
of diffusing while backtracked kg, and the applied force F' according to an Arrhenius-type
equation:

k= koexp(F -d/kgT) and ky, = koexp(—F - d/kgT), (2.36)

with the distance to transition state (d) taken here to be 0.5 bp.

While force always biases the random walk, the force dependence of any one base-pair
step is relatively small. Because the distance to transition state d is very small (0.5 bp,
corresponding to 0.17 nm), a large force must be exerted to yield a significant bias to the
individual forward and reverse stepping rates. For instance, if even a 10-pN force is applied,
the energetic bias provided by the force is F'-d = 1.7 pN - nm, which is small compared with
thermal fluctuations (kg7 = 4.1 pN - nm).

Because short pauses consist mostly of very short backtrack excursions (~1-2 bp), they
display apparent force insensitivity. In contrast, since longer pauses are comprised of many
more steps, the effect of force on these pauses is compounded. Therefore, diffusive back-
tracking gives rise to two apparent pausing regimes that were interpreted before as resulting
from different pausing mechanisms [73].

The backtracking model correctly identifies the distribution of all pauses as short as 1
second in duration (Figure , showing that all such pauses can be considered as backtrack
excursions that recover through the same mechanism.
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Chapter 3

Determinants of the Nucleosomal Barrier

As underlined in Chapter [I| the histone proteins contain two important regions: the
histone-fold domains and the histone tails. The histone-fold domains make direct contacts
with the DNA and organize it into the superhelical structure specific to the nucleosome [16].
The histone tails don’t generally make such specific contacts with the DNA, but they are
highly positively charged and can stabilize the nucleosome further. Both of these regions,
but especially the tails, are the target of many post-translational modifications associated
with gene expression [76]. In addition, the sequence of the DNA wrapped around the his-
tones promotes pausing in certain regions of the nucleosome [34) 35], thus modulating the
nucleosomal barrier.

Here, we investigate how each of these three factors—the histone tails, the specific histone-
DNA contacts, and the DNA sequence—contributes directly to the barrier that the nucleo-
some imposes on transcription elongation by RNA polymerase II.

3.1 Transcription of Nucleosomes Containing Modified
Histones

It has long been known that acetylation of histone tails leads to increased rates of tran-
scription of chromatin-derived templates [77], and that acetylated histones are associated
with transcriptionally active genes in vivo [78]. Acetylation and other covalent modifications
such as methylation, phosphorylation and ubiquitination, are known to play diverse roles,
including demarcation of heterochromatin [79-82], gene activation and silencing [8T], 83, [84]
and delimiting chromatin boundaries during replication [85] [86]. The proposed histone code
of epigenetic regulation [18, [87] predicts that particular combinations of histone modifications
serve as regulatory markers indirectly through their specific affinities for effector proteins.
The identification of modular bromo- and chromodomain-containing proteins [88, 89], which

Portions of the work described in this chapter were conducted with Toyotaka Ishibashi, Yueh-Yi Wu,
and Manchuta Dangkulwanich, and are used with their permission.
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recognize and act on specific patterns of histone modifications, lends great support to this
model; however, a variety of evidence suggests that, in addition to their role in the epigenetic
code, certain histone modifications may also play an important role in the direct regulation
of transcription elongation by modulating the affinity between histones and DNA.

Biochemical studies of transcription through nucleosomes have revealed that histone tails
play an important role in establishing a barrier to transcription in the absence of other factors;
when the histone tails are either acetylated or removed by proteolytic cleavage, the nucleo-
somal barrier to transcription is significantly reduced [90, O1]. In addition, DNA wrapped
around acetylated histones has increased DNase I sensitivity compared to non-acetylated hi-
stones [92], 93], and acetylation also reduces the mechanical stability of chromatin templates,
allowing these templates to be more easily unwrapped by the application of mechanical force
[94]. Acetylation of histone tails results in the neutralization of the net positive charge of
lysine side-chains. It has been speculated that this reduction in positive ionic character
reduces the affinity between the core histones and DNA, resulting in a ”loosening” of the
DNA wrapped into a nucleoosme.

We explore the direct effect of the tails on transcription by using recombinant histones
that have been expressed without the tail domains. To understand how much of the tails’
effect is mediated through their positive charges, we use nucleosomes with mock-acetylated
histone tails, that is tails containing point substitutions of lysines to glutamines.

In order to examine the importance of direct histone-DNA contacts on the nucleosomal
barrier, we take advantage of Sin (Swi-independent) mutants of histones H3 and H4, which
partially relieve loss-of-function mutations of the chromatin remodeling complex SWI/SNF
(switch/sucrose nonfermentable) [95]. The structures of many of Sin-mutant nucleosomes
have been obtained by X-ray crystallography [96]. Class I Sin mutants, specifically H4 R45A
and H3 T118H, target specific protein-DNA contacts along the DNA minor groove. These
single amino acid mutations result in minimal structural changes to the nucleosome. How-
ever, this minor reorganization of the protein structure changes the hydrogen-bond distance
between the protein and many of the DNA phosphates. Each of the above mutants leads
to increased mobility of the nucleosome on DNA [96], suggesting that the DNA has reduced
affinity for the mutant histones, and that the mutants partially rescue SWI/SNF mutations
by lowering the nucleosomal barrier to transcription.

We reconstitute core nucleosomes using the H4 R45A and H3 T118H Sin mutant histones
(see Section for details), and then directly observe transcription through these mutant
particles using the experimental methods presented in Chapter 2] Throughout the rest of
the text we refer to these mutant nucleosomes as Sin H4 and Sin H3 respectively.

Using the experimental setup described in Chapter [2| Figure [2.1], we followed the trajecto-
ries of single Pol II elongation complexes in real time as they transcribe through each of these
modified nucleosomes. Since we were interested in investigating how the dynamics of tran-
scription is modulated by the nucleosomal modifications, we performed the single-molecule
experiments at a moderately permissive salt concentration, 300 mM KCI. Representative
traces are presented in Figure [3.1] and show the general trends of transcription for each
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Figure 3.1: Transcription through modified nucleosomes. Position of Pol II during
single-molecule transcription of (a) bare DNA (black) and unmodified nucleosomes (red),
(b) tailless (blue) and mock-acetylated (green) nucleosomes, (c) Sin H3 (purple) and Sin
H4 (cyan) mutant nucleosomes. Traces that passed the NPS region are shown on the left
and traces that arrested at the nucleosome are on the right.

construct. For each trace where Pol II has completed transcription of the NPS, we identified
the regions of pausing and active elongation, and we quantified the pause durations and the
number of pauses per base pair (pause density), as described in Section .

As shown in Chapter , transcription on bare DNA (Figure , black) has portions of
fast translocation, punctuated by pauses which are short in duration. In this experimen-
tal setup, most Pol II elongation complexes (87%) transcribed to the end of the template
(Figure [3.2p).

Transcription through unmodified nucleosomes (Figure , red) sits at the opposite side
of the spectrum. Elongation is interrupted by very long pauses, and the total time it takes
to cross the nucleosome varies from tens of seconds to a few minutes. Often these pauses
turn into arrests, so only 52% of polymerases manage to overcome the nucleosomal barrier

(Figure [3.2b).
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Figure 3.2: Arrest probabilities for modified nucleosomes. Position of terminal arrest
on the DNA template, as determined from single-molecule trajectories at 300 mM KCI for:
(a) bare DNA, and (b) unmodified, (c) tailless, (d) mock-acetylated, (e) Sin H4, (f) Sin
H3 nucleosomes.

Overall transcription through tailless and acetylated nucleosomes is faster than through
unmodified nucleosomes (Figure 7 blue and green respectively), with crossing times that
are generally under one minute. In fact, the average pause duration for traces that crossed the
NPS for tailless nucleosomes (6.6+0.7 s) is much closer to that of bare DNA (4.8£0.8 s) than
to the mean pause duration for transcription through unmodified nucleosomes (10.741.2 s).
This observation suggests that the histone tails affect pause recovery during passage through
the nucleosomal barrier. The pause durations for acetylated nucleosomes are in between
tailless and unmodified, with a mean much closer to unmodified nucleosomes (8.1£1.1 s),
suggesting that the lysine charges on the histone tails constitute only a small part of the
interaction of the tails with DNA. Both the removal and acetylation of the tail result in
an increased efficiency in crossing the NPS, : 59% for acetylated nucleosomes, and 65% for
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tailless nucleosomes (Figure and Figure respectively), in agreement with previously
published results obtained using classical biochemistry transcription assays [91]. Moreover,
there is a reduction of the arrests in the entry region of nucleosomes with modified tails
(Figure and Figure [3.2c&d).

The effect of the Sin mutations on nucleosomal transcription is the greatest, decreasing
even further the time it takes to cross the nucleosome (Figure ), to values that are
generally under 30 seconds. Pause durations were also shorter on average for the Sin mutants
compared with unmodified nucleosomes (7.7+0.9 s for Sin H4 and 6.4%+1.1 s for Sin H3).
Correspondingly, these mutations increase the probability of Pol II to pass the nucleosome
to 71% for Sin H4 and 72% for Sin H3 (Figure[3.2p&f), in agreement with recently published
reports [97].

Note that the ability of the Sin mutations to weaken the nucleosomal barrier is much
larger than that of the tailless or acetylated nucleosomes. This finding is quite surprising,
considering that the Sin mutants differ only by one amino acid from to the unmodified nu-
cleosomes, while the tailless nucleosomes are missing ~25% of the total mass of the histones.
These results point to the importance of the specific contacts that the histone-fold domains
make with the DNA into setting the nucleosomal barrier.

3.2 The Histone Tails Gate the Nucleosome Entry

- .

—bare DNA
—unmodified nucleosome
—tailless nucleosome

o
o
@
o
©
o
©

o
e}
©
[}

entry region central region

o
o
o
'S

o
o
=

—bare DNA
—unmodified nucleosome
—tailless nucleosome —tailless nucleosome

%200 3300 3400 3500 3600 3700 0 20 40 60 0 20 40 60
position (bp) pause duration (s) pause duration (s)

cumulative probability

©
[N}

—bare DNA
—unmodified nucleosome

o
[

mean pause density (bp-1)
o
¢ 2 ¢
N
cumulative probability

o
o

Figure 3.3: Tails affect pausing in the nucleosome entry region. (a) Pause density as
a function the position of Pol II’s active center on the template. The nucleosome entry /exit
regions are shaded yellow, and the central region is shaded gray. (b) Pause durations in the
entry region of the nucleosome. (c) Pause durations in the central region of the nucleosome.

A closer look at the data reveals that the effect of the nucleosomal modifications is not
global, but circumscribed to certain regions along the DNA wrapped around the histone
octamer.
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For tailless nucleosomes, most of the changes in transcription dynamics are concentrated
at the entry region of the nucleosome (Figure . We define the entry region as consisting
of the DNA segment bound to the H2A/H2B dimer (position -75 to -35 with respect to
the dyad), as well as of an additional segment (35 base pairs) of the DNA immediately
preceding it. We include this additional DNA to the definition of the entry region for two
reasons: because the leading edge of the polymerase reaches the nucleosome ~20 bp before
the active center [48], and because previous experiments suggest that the tails bind the DNA
outside the NPS organized around the core nucleosomal particle [49)].

Accordingly, we observe that the number of pauses in this region is significantly de-
creased for tailless nucleosomes (Figure ) Moreover, the pauses in the entry region are
significantly shorter for tailless nucleosomes (Figure [3.3p). In the central region, both pause
densities and pause durations are slightly reduced by tail removal, indicating that the tails
might have a small effect on the stability of the central region as well. However, this differ-
ence is not statistically significant, and it is much smaller than the large effect of tail removal
on the entry.
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Figure 3.4: Transcription through acetylated nucleosomes. (a) Pause density as a
function the position of Pol II’s active center on the template. The nucleosome entry /exit
regions are shaded yellow, and the central region is shaded gray. (b) Pause durations in the
entry region of the nucleosome. (c) Pause durations in the central region of the nucleosome.

The effect of mock acetylation of the tail domains seems to be quite small both for
pause densities and for pause durations. While we do see a reduction in the pause dura-
tions in the entry region (Figure [3.4p), pause densities in this region are not significantly
different from the unmodified nucleosome (Figure ) As expected, the pausing in the
central region doesn’t differ from unmodified nucleosomes either. As before, we conclude
that the interactions between DNA and the lysines we mutated in this study only constitute
a small component of the interaction of the tails with DNA. These results suggest that, most
likely, acetylation at these residues in wvivo serves as a target for binding of specific chro-
matin remodeling factors to the nucleosome rather than representing a direct mechanism for
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attenuation of the nucleosomal barrier.

3.3 Histone-DNA Contacts at the Dyad

3.3.1 Sin H4 Mutant: Strong Localized Effect
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Figure 3.5: Sin H4 nucleosome destabilized at the dyad. (a) Pause density as a
function the position of Pol II's active center on the template. The nucleosome entry and
exit regions are shaded yellow, and the central region is shaded gray. (b) Pause durations
in the entry region of the nucleosome. (c) Pause durations in the central region of the
nucleosome.

In contrast to the effects observed during transcription through tailless and acetylated
nucleosomes, the major effect of the Sin H4 mutant on the pause density was in the region
immediately before the dyad, which in the unmodified nucleosome constitutes the major
barrier to transcription. In agreement with these observations, the pause durations were
significantly shorter for the Sin H4 mutant in this central region (Figure ) Since we
map the position of the active center of the polymerase on DNA, we conclude that this major
change occurs when the leading edge of the polymerases reaches the dyad of the nucleosome
(roughly 15 bp ahead of the active center). In contrast to this strong effect at the dyad, pause
densities in the entry region during elongation through Sin H4 nucleosomes were very similar
with those through the unmodified nucleosomes (Figure ) The pause durations at the
entry region were also not significantly different between unmodified and Sin H4 nucleosomes
(Figure [3.5¢).

The effects of the Sin H4 R45A mutation are then localized around the region containing
the mutated amino acid. This observation agrees with the crystal structure of the Sin H4
nucleosome, which shows that the change from an arginine to an alanine results in an empty
minor groove of the DNA contacting this point.
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3.3.2 Sin H3 mutant: Widespread Effects

We have also attempted to divide the pausing data for transcription of the Sin H3 nucle-
osomes into functional regions. However, since we observed a decrease in pause numbers and
durations in all regions of the nucleosome (entry, central, and exit), we concluded that the
Sin H3 mutation destabilizes the nucleosome overall. Therefore, we proceeded to analyzing
the pausing characteristics over the entire nucleosomal region as a whole.
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Figure 3.6: Sin H3 destabilized overall. (a) Pause density as a function the position of
Pol IT’s active center on the template. (b) Pause durations in the entire nucleosomal region.

For the Sin H3 nucleosome, the mean pause density in the nucleosomal region was much
lower than for the unmodified nucleosome—especially in the central region (Figure )
Moreover, immediately after Pol II passes the dyad region, the pause density decreased
close to the value achieved on bare DNA, suggesting that the Sin H3 modification leads to
an increased dissociation of the histones once the polymerase has cleared the dyad. Pause
durations for the Sin H3 nucleosome were also shorter than in the unmodified nucleosome,
not only in the central region, but throughout the entire NPS (Figure )

The widespread effects that we observe for Sin H3 suggest that this mutation produces
a change in the packing of the histones, and thus in their ability to organize the DNA into
a nucleosome. Indeed, the crystal structure of Sin H3 T118H [96] and molecular dynamics
simulations of the DNA wrapped around this mutant [98] show that the change from threo-
nine to the bulkier histidine leads to a rearrangement of two alpha helices—belonging to H3
and H4 respectively. One end of the H3 helix containing the mutated amino-acid is in the
vicinity of the dyad, and its other end contacts the DNA two double-helical turns away. The
H4 helix is affected because the Sin H3 mutation disrupts hydrogen bonding between the
H3 T118 and the neighboring H4 R45, pushing the H4 R45 further into the minor groove.
The effect of the Sin H3 mutation could be transmitted via these helices throughout the
nucleosome to produce the observed overall changes in transcription kinetics.
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3.4 Changes in the Nucleosome Wrapping Equilibrium

We apply the model developed in Chapter [2| to analyze pausing in the different nucleo-
somal regions. This allows us to dissect in a piece-wise manner the changes in dynamics of
the modified nucleosomes that give rise to the observed effects on transcription.

We have proved that pausing on bare DNA is well described by a diffusive backtracking
model. In this model the polymerase enters a pause when the 3’ end of the RNA becomes
misaligned with the active center of the polymerase. During the paused state, Pol II diffuses
back and forth on DNA with a rate ky. Elongation resumes once the polymerase diffuses
back to its original elongation-competent position on the RNA-DNA hybrid. We have also
shown that a wrapped nucleosome prevents both elongation and backtrack recovery. The
effect of the fluctuations on transcription can be summarized by a single parameter: the
probability of finding the nucleosome unwrapped, v, = ky/ (ki + kv ).

We use the previously determined value of diffusion during backtracking on bare DNA,
ko = 1.3 s7%, and extract values describing the local wrapping equilibrium of the modified
nucleosomes (7,) by fitting the distributions of pause durations for these nucleosome con-
structs. Since we want to compare these results with those of the wrapping-unwrapping
equilibrium measured in the absence of Pol II (presented in the next section), we convert
the 7, to a wrapped equilibrium constant, K, as follows:

k 11—,

Bu _ 3.1
b (3.1)

K, =

Table 3.1: Nucleosome local equilibrium during transcription The relative wrapping
equilibrium constant, KZ€etve is computed with respect to the unmodified nucleosome.
Values that changed significantly for the modified nucleosomes compared to the unmodified
one are in red.

entry region central region
K, J Relative || g [ Relative
unmodified 0.63 [0.2-1.5] 1 0.67 [0.53-0.83] 1
tailless 0.20 [0-0.43] 0.31 0.63 [0.38-1] 0.94
acetylated 0.25 [0-0.67] 0.40 0.63 [0.38-1] 0.94
Sin H4 0.67 [0.56-0.83] 1.1 | 0.28 [0-0.43] 0.41
Sin H3 0.32 [0.23-0.43] 0.51 0.32 [0.23-0.43] 0.47

As presented in Table[3.1] the absence of the tails decreases the local wrapping equilibrium
constant of the nucleosome by a factor of 3 in the entry region, but does not significantly affect
the dyad region. Sin H4 | by comparison, leads to a decrease in the wrapping equilibrium
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by a factor of 2.5 near the dyad, but does not affect the entry into the nucleosome. Lastly,
Sin H3 decreases the wrapped constant by a factor of 2 everywhere along the NPS.

3.5 Independent Measurements of Changes in Nucle-
osome Fluctuations

We wondered whether the effects we observe on transcription through the modified nucle-
osomes are a direct effect of changes in the intrinsic DNA-histone wrapping and unwrapping
rates or whether Pol II contributes significantly to the destabilization of these nucleosomes.
Moreover, so as to obtain a picture of the dynamic changes induced by the histone mutations
in each specific scenario, we would also like to know which rate is the one that changes: the
unwrapping or the re-wrapping rate of DNA to histones.
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Figure 3.7: Nucleosome dynamics in the absence of Pol II. (a) Experimental setup for
single-molecule nucleosome dynamics experiments. (b) Example of hopping events between
the wrapped state (red) and the unwrapped one (gray).

In order to answer these questions, we probed the stability of nucleosomes by observing
them unwrap and rewrap under force in the absence of the polymerase, using the setup shown
in Figure 3.7h. In these type of experiments, as the force is increased, the DNA unwraps
from the nucleosome in two steps (see Figure . The first step, which happens around
3-4 pN, is called the outer wrap, and is identified as the release of DNA from the H2A /H2B
dimers. The second step, which takes place at a higher force (above 5 pN) and is called the
inner wrap, corresponds to the central DNA wrapped around the H3/H4 tetramer. In other
words, the outer wrap represents the entry/exit regions of the nucleosome and inner wrap
represents the central region [47]. By holding the positions of the optical traps fixed such
that the force applied to the nucleosome is in the correct range, we can observe unwrapping
and rewrapping transitions of the nucleosome (Figure ) either of the entry-exit regions or
of the central region. The results of these experiments are summarized in Tables [3.2] and [3.3]

We observe the same changes (shown in red) in the wrapped equilibrium constant of
modified nucleosomes compared to unmodified ones KFeatve  ag we saw in our transcription
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Table 3.2: Nucleosome hopping rates in the entry region
ke (s7Y | F(pN) | N || ky (s7Y) | F (pN) | N K, K [elative
unmodified | 0.1840.18 | 4.0+0.6 | 131 || 1.1+0.2 | 3.7+£0.5 | 100 || 6.2+1.7 1
tailless too fast - - too slow - - 0
acetylated | 0.154+0.22 | 3.7+0.6 | 88 || 0.44+0.4 | 3.7+0.4 | 36 | 2.4+1.0 0.39
Sin H3 1.2040.12 | 3.3+0.2 | 294 || 1.04+0.2 | 3.0+0.2 | 170 || 0.94+0.2 0.15
Sin H4 0.15£0.22 | 3.841.1 | 84 || 0.9+£0.2 | 4.24+0.9 | 149 || 6.14+1.7 0.99
Table 3.3: Nucleosome hopping rates in the central region
ke (s7Y | F(pN) | N || ky (s7Y) | F(pN) | N K, Kl
unmodified | 0.434+0.15 | 7.4+0.6 | 177 || 4.840.2 | 6.840.4 | 134 || 11.04+2.6 1
tailless 0.984+0.15 | 7.4+0.3 | 172 || 7.4+0.2 | 7.3+0.2 | 142 || 7.6+1.7 | 0.69
acetylated | 0.454+0.26 | 7.44+0.2 | 63 | 3.24+0.6 | 6.840.2 | 14 || 7.24+4.6 | 0.65
Sin H3 0.33+0.30 | 7.7£0.5 | 50 | 1.6£0.4 | 7.54+0.4 | 33 | 5.0+2.4 | 0.45
Sin H4 0.3940.15 | 7.3+£0.8 | 184 || 1.2+£0.2 | 7.1+0.6 | 88 || 3.1+0.8 | 0.28

experiments. These results strongly suggest that the polymerase does not directly influence
the wrapping/unwrapping equilibrium, but most likely simply exploits local nucleosome
fluctuations.

From these experiments we notice that the Sin mutations decreases only the re-wrapping
rates of the nucleosome in the central region. This result helps explain why other laboratories
have noticed a decrease in the efficiency of upstream histone transfer during transcription for
this mutant [97]. Sin H3 also shows an increase in the unwrapping rate in the entry region,
which rationalizes the reduced overall pausing we observe in our transcriptional data.

The results with the tailless nucleosomes are perhaps more surprising. First of all, we
notice an increase in both the unwrapping and the re-wrapping rates in the central region, but
their ratio, which determines the equilibrium constant, is very similar with that of unmodified
nucleosomes. This result indicates that the tails affect fluctuations of the nucleosome near
the dyad, but don’t affect the overall stability of this region, and therefore don’t significantly
affect transcription. Secondly, in 300 mM KCI we couldn’t detect unwrapping under force
of the entry/exit regions for the tailless nucleosomes. However, these regions are protected
against micrococcal nuclease digestion for the tailless nucleosomes at this salt concentration
(data not shown), which means that the entry region of the NPS is associated with histones.
We interpret these observations as indicative that this outer region unwraps so fast in 300
mM KCI under the addition of force that it is outside our experimental measurement range.

Since we still wanted to test the trends in stability of the entry region for tailless nucleo-
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Figure 3.8: Unwrapping of the nucleosome entry region. Probability of observing a
distinct unwrapping event of the entry region of the nucleosome (measured in 40 mM KCI).

somes, we performed the nucleosome mechanical manipulation experiments at a lower ionic
strength, 40 mM KCI. In these conditions, while 91 + 6% of unmodified nucleosomes showed
an outer wrap, only 56 £ 10% of the acetylated nucleosomes and as little as 13 = 8% of the
tailless nucleosomes had an outer wrap (Figure .

increased for Sin H3&tailless ’

‘ku

entry region

? b P> \ oy
decreased for tailless&acetylated Loy o \ central region
Ekw

decreased for Sin H3&Sin H4
increased for tailless

Figure 3.9: Summary of nucleosome fluctuations changes. Half of the crystal structure
of the nucleosome, with the DNA in the entry region in green, the DNA in te central region
in grey, H2A in yellow , H2B in red, H3 in blue, and H4 in green.

These results match our transcription observations that the entry point in the nucleosome
is highly destabilized for tailless nucleosomes and moderately for acetylated nucleosomes. As
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expected, for the Sin H3 nucleosome we also saw a change in the probability of observing
the unwrapping of the outer wrap—only 56 & 25% of Sin H3 nucleosomes showed an outer
wrap. For the Sin H4 nucleosome, 70 + 19% of the molecules showed rip associated with
the entry/exit region, which is not significantly different from the unmodified nucleosome,
as expected.

Even at this low ionic strength we didn’t see any re-wrapping events of the entry region for
the tailless nucleosomes, suggesting that while unwrapping happens very fast, re-wrapping
is a very slow event in the absence of the tails. This dramatic decrease in the re-wrapping
rates in the entry region suggests another function for the tails, that of helping in docking
the outer segments of the nucleosomal DNA to wrap around the histone core.

Our findings about the changes we observe in the wrapping-unwrapping fluctuations for
the modified nucleosomes are summarized in Figure [3.9]

3.6 The Nucleosome Amplifies Sequence-Dependent
Pausing

So far, when analyzing pausing, both on bare DNA and at the nucleosome, we assumed
that:

1. The DNA landscape is uniform, with no difference between GC-rich or AT-rich regions.
2. The polymerase can backtrack unimpeded arbitrarily far on the DNA template.

We do not believe that these two assumptions accurately represent reality, but they were
convenient, as they helped us coarse grain the problem. Despite these simplifications, we
managed to extract important insights from the experimental data presented so far. We
discovered that the polymerase does not actively separate DNA from histones, but rather
exploits nucleosomal fluctuations to ratchet its way through the nucleosome. We have also
shown how these fluctuations are modulated both by the tails and by direct contacts of the
histone fold domains with DNA.

However, with the improved precision in determining the position of Pol IT on the DNA
template gained by aligning the stall site as well as the runoff position (described in detail in
Section [2.8)), we can now see non-uniformities in pausing even on bare DNA (Figure[3.10). We
notice an increase in the number and durations of pauses at two positions on the template—
around 3300 and right after 3500—relative to other locations on DNA. The first region is
located before the NPS and, since that DNA never interacts with the histones, unsurprisingly,
the number and duration of pauses are the same for the experiments performed with or
without a nucleosome. The second region of increased pausing occurs right before Pol II
reaches the nucleosome dyad. Interestingly, in the latter case, pausing at the nucleosome
follows the same trends as pausing on bare DNA, but the magnitude of this sequence specific
pausing is amplified by the nucleosome.
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Figure 3.10: Sequence-dependent pausing. Pausing characteristics as a function of the
position of the active center of the polymerase on the DNA template. (a) Pause density
with a nucleosome (red line) and on bare DNA (solid black line). (b) Mean pause durations
with (red) and without (black) a nucleosome present.

We note that the increase in pause number correlates with an increase in pause duration
at a given transcriptional position (Figure|3.10). These data imply that at certain positions
there is an increased tendency to pause, accompanied by a slow recovery from this paused
state.

3.7 A Simple Model of Sequence-Dependent Pausing

What exactly about the DNA or RNA sequence affects the propensity of the polymerase
to enter a pause more readily and also prevents recovery from a pause? Since transcriptional
pausing is a knob for gene expression control, the subject has been intensely studied and
debated over the last 30 years (see [99] for a review). It has been shown that the stability
of the RNA-DNA hybrid and the structure of the nascent RNA are important factors in
determining sequence-dependent pausing [T00HI02]. However, despite important progress in
kinetic modeling of transcriptional pausing [103] [104], a consensus has not been reached on
how to predict pauses given a DNA sequence to be transcribed.

We use our experimental data to add some insight to the pausing problem. As mentioned
in Chapter 2] Pol II pauses can be very well described by a backtracking model. In this model,
pauses start when the 3" end of the RNA becomes misaligned with the active center of Pol
I1, followed by a back-and-forth translation of the entire elongation bubble on DNA. A pause
ends when Pol II realigns its active center with the 3’ end of the DNA.

The initial fraying of the 3’ end of the RNA could be promoted by a weak, AU-rich RNA-
DNA hybrid. This model would predict an increased pause density on AT-rich sequences.
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However, we don’t see such a correlation between the AT content in our sequence (Figure
[3.11] green dashed) and the measured pause density (Figure [3.10p). In fact, there seems to
be a better (though not perfect) correlation between increased pausing and increased GC-
content of the DNA sequence. One could argue that because GC-rich sequences are harder
to open, they could slow down translocation, and since elongation is in kinetic competition
with pause entry, GC-rich regions would thus increase the number of pauses. However, such
a model would not explain why pauses also get longer in these regions.
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Figure 3.11: DN A sequence composition. The percentages of AT and GC base pairs are
plotted along the DNA sequence that serves as a template in our experiment. Shading is the

same as in Figure

We now turn to the other candidate for modifying pauses, the structure of the growing
RNA chain as it exits behind the polymerase. If an RNA hairpin forms right outside of
the RNA exit channel, it prevents the polymerase from backtracking (Figure 3.12). In
order to take a step back on DNA, Pol II would have to break at least the first base pair
in this structure. The existence of a hairpin would then decrease the number of pauses
by preventing the first backtracking step, and at the same time slow the rate of moving
back during a backtrack, by placing a barrier to these excursions. So the RNA secondary
structure matches our data at least qualitatively. In this model, the increased number of
pauses correlates to sequences with no immediate hairpins behind Pol II, while the regions
with strong RNA hairpins show decreased pause numbers and durations.

While it is satisfying that we have a hypothesis for sequence-dependent pausing that
matches the data qualitatively, we would like to reach a quantitative agreement between
hairpin formation and pausing. To accomplish this task properly, we need to be able to
predict the folded structure of the RNA behind the polymerase at each step during tran-
scription. This type of computational problem [I05] is not trivial for two reasons: because
it involves folding of large RNA molecules, and because the RNA behind the polymerase
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does not necessarily fold to its minimum energy structure, as depicted in Figure [3.12] At
each step during transcription, only a portion of the total transcript exists behind the poly-
merase, and parts of it will have already folded up to this point in time. As the polymerase
adds an additional base to the nascent RNA, this base could base pair with any of the free
bases in the intermediate RNA transcript, but the addition of the new base is unlikely to
lead to the disruption of already formed RNA structures. The structure of the RNA folded
co-transcriptionally in this manner (Figure 3.12b) can look very different from the mini-
mum energy structure obtained were the full RNA allowed to equilibrate starting from the
completely unfolded state (Figure [3.12h).

a. 3 b. DNA

5 RNA

Figure 3.12: Proposed connection between RNA structure and transcription. (a)
Minimum-energy RNA secondary structure. (b) The native RNA chain folds as the poly-
merase advances on DNA. The secondary structure formed co-transcriptionally differs from
the minimum-energy one. The formation of local RNA hairpins behind Pol II prevent its
backtracking.

Because of these computational difficulties, for now we turn to coarse graining the problem
again (though to a different level this time). Remember that in Chapter [2| we characterized
pausing on bare DNA using a single parameter, the diffusion rate of Pol II on the template
while backtracked (ko). We now describe the contribution of the sequence (most likely acting
through RNA hairpins) as an average energy barrier to backtracking associated with each
region of the template: AG,,. In the absence of any external force or bias, and assuming
a homogeneous DNA landscape with no hairpins, the forward and backward rates of Pol II
moving on DNA during backtracking were taken to be equal:

]{Jf = k‘o and k)b = ]{70, (32)

The presence of a hairpin behind Pol II only modifies the backward rate (kp), in a way
that reflects the height of the barrier to breaking the hairpin:

ki = ko and k, = koe 8Cwea/keT (3.3)

In our experiment, we are also applying a forward force on the polymerase, so the rates
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of stepping during a backtracked pause become:
kf — koeF-d/kBT and kb — koefF-d/chTe*AGseq/chT7 (34)

Note that instead of introducing a barrier to backtracking through AG,.,, we could
have naively tried to fit the pauses in different regions on the template with a modified
ko. However, this idea doesn’t work even at a qualitative level. In the regions with longer
pauses, the diffusion on DNA (k) has to be small to match the slow pause recovery. But since
diffusion into a pause directly competes with elongation, a decrease in kg predicts a smaller
pause density, in disagreement with the larger number of pauses observed experimentally in
these regions.

We first use this sequence-dependent phenomenological model to fit the pause durations
in different regions for AG.,, as shown in Figure . We concentrate on the regions around
the nucleosome positioning sequence, since our overarching goal is to understand how the
nucleosome exploits sequence-dependent pausing to retard the polymerase. For each region
(entry, central and exit into the NPS), we fit the pause durations for ky and AGs.,. All
the AG,., energies are calculated with respect to the sequence of highest pausing (i.e. the
central region of the NPS, right before the dyad), which is set to zero by default. We use this
approach because we reason that the region with most pausing must have the least amount
of structure.
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Figure 3.13: Fits of sequence-dependent pause durations. Cumulative distributions
of pause durations in different regions of the NPS: (a) entry, (b) central, and (c) exit. Fits
of the model presented in the text are shown as dashed lines.

It is rewarding that the fitting of the data obtained by this model predicts that, as may
be expected, the intrinsic value of Pol II diffusion on DNA (k) is the same for all regions.
The values of the average barrier that the RNA structure imposes on backtracking are very
low—between 0.5 and 0.8 kgT. These sequence-dependent barrier energies correspond to a
decrease in the backtracking rate (k) by roughly a factor of 2.
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For pausing at the nucleosome, we keep the ky and AG,, determined for each region,
and fit for the probability of finding the nucleosome locally unwrapped, 7,. This value
doesn’t change much between the entry and central regions, indicating that the histone-
DNA interactions are uniform along the NPS. The apparent increase in the unwrapping
equilibrium that we see in the exit region might reflect the fact that in some cases, the
histones are removed from DNA after Pol I passes the nucleosome dyad (see Chapter [4]).

We test our model further by checking the predictions it makes—with the parameters
we just determined—for the number of pauses in each region. As shown in Figure [3.14] the
pause density predictions capture the correct trend and are within error of the experimental
data. As expected, the model performs worst for the nucleosomal data in the exit region.
As already mentioned, this discrepancy may be due to the fact that after Pol II passes the
dyad the histones have a high probability of detaching from DNA, fact that we have not
incorporated into our pausing model.

~—0.03f—Dbare DNA

'@ —nucleosome

=

2 0.02t

(]

©

[0)]

[72])

>

T 0.01t

C

(]

(O]

£ z

%200 3400 3600

position (bp)

Figure 3.14: Predictions of sequence model for pause numbers. Experimental pause
density along the DNA template (continuous lines), and predictions of the model described
in the text (shaded regions).

While the phenomenological fits we have been performing so far to describe the effect of
the sequence on pausing are a useful exercise, what we would really like to have is a direct
way of quantitatively connecting the DNA sequence with the experimental data. To achieve
this, we plan to perform more experiments that would prove beyond doubt that the effect of
the sequence on pausing is mediated through the structure of the nascent RNA chain (see
Chapter . At the same time, we are trying to develop a more detailed theoretical model
to predict sequence-dependent pausing, as described in more detail in Chapter [5
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3.8 Biological Implications and Predictions

We have found that the histone tails mainly gate the access into the nucleosomal region.
While removal or acetylation of the tails don’t have a dramatic effect on the overall efficiency
of transcription, the state of the tails could be an important factor in regulating access to
chromatin remodeling factors in this region. For instance, histone chaperones or specific
domains of chromatin remodeling factors could bind the tails and sequester them away from
the nucleosome core particle, thus opening the gate into the nucleosome for ATP-dependent
remodeling factors. Once bound to the nucleosome, these remodeling factors could perturb
its structure further, and facilitate the action of RNA and DNA polymerases. Indeed, this
might be an important part of the remodeling mechanism of NURF (nucleosome remodeling
factor) and SWI/SNF complexes [106].

Our results with the Sin mutants proved that histone-DNA contacts around the dyad
are extremely important for the stability of the nucleosome, and thus for the barrier it
poses to transcription elongation. Disruption of as little as one contact in the dyad region
can greatly weaken the nucleosomal barrier. We speculate that there must exist remod-
eling/transcription factors that bind to the nucleosome and disrupt one of these contact
points in order to make the nucleosomal DNA easily accessible to Pol II and other DNA-
translocating motors. The histone chaperone Asfl (Anti-silencing function 1), which in ad-
dition to performing other functions in the cell also mediates chromatin disassembly during
transcriptional elongation, is a good candidate for employing such a mechanism [107].

Lastly, our results on sequence-dependent pausing and the amplification of this effect by
the nucleosome, while still preliminary, raise the question of about the degree of correlation
between nucleosome positioning sequences and pausing sites. We plan to check wether the in-
creased pausing that we see in the central region of the nucleosome is a general characteristic
of nucleosome positioning sequences.

3.9 Appendix: Materials and Methods

3.9.1 Purification and Assembly of Modified Nucleosomes

Tailless, mock-acetylated, and Sin yeast histone proteins containing the deletions or sub-
stitutions indicated Tables and respectively were cloned and expressed in F.
coli. They were purified and assembled into octamers in the same manner as unmodified
histones [68]. Nucleosomes were assembled onto the high-affinity 601 nucleosome positioning
sequence [43] using salt dialysis reconstitution [69).
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Table 3.4: Tailless histones sequences. Deleted sequences are shown in red.

H2A: MSGGKGGKAGSAAKASQSRSAKAGLTFPVGRVHRLLRRGNYAQRIGSGAP
VYLTAVLEYLAAEILELAGNAARDNKKTRIIPRHLQLAIRNDDELNKLLG
NVTIAQGGVLPNIHQNLLPKKSAKATKASQEL

H2B: MSAKAEKKPASKAPAEKKPAAKKTSTSTDGKKRSKARKETYSSYIYKVLK
QTHPDTGISQKSMSILNSFVNDIFERIATEASKLAAYNKKSTISAREIQT
AVRLILPGELAKHAVSEGTRAVTKYSSSTQA

H3: MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGT
VALREIRRFQKSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQ
ESVEAYLVSLFEDTNLAATHAKRVTIQKKDIKLARRLRGERS

H4: MSGRGKGGKGLGKGGAKRHRKILRDNIQGITKPAIRRLARRGGVKRI
SGLIYEEVRAVLKSFLESVIRDSVTYTEHAKRKTVTSLDVVYAL
KRQGRTLYGFGG

Table 3.5: Mock-acetylated histones sequences. L—(Q mutations are shown in red.

H2A: MSGGQGGQAGSAAKASQSRSAKAGLTFPVGRVHRLLRRGNYAQRIGSGAP
VYLTAVLEYLAAEILELAGNAARDNKKTRIIPRHLQLAIRNDDELNKLLG
NVTIAQGGVLPNTHQNLLPKKSAKATKASQEL

H2B: MSAKAEKKPASQAPAEQKPAAKKTSTSTDGKKRSKARKETYSSYIYKVLK
QTHPDTGISQKSMSILNSFVNDIFERIATEASKLAAYNKKSTISAREIQT
AVRLILPGELAKHAVSEGTRAVTKYSSSTQASSSTQA

H3: MARTKQTARQSTGGQAPROQQLASQAARKSAPSTGGVKKPHRYKPGT
VALREIRRFQKSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQ
ESVEAYLVSLFEDTNLAATHAKRVTIQKKDIKLARRLRGERS

H4: MSGRGQGGQGLGQGGAQRHRQILRDNIQGITKPAIRRLARRGGVKRI
SGLIYEEVRAVLKSFLESVIRDSVTYTEHAKRKTVTSLDVVYAL
KRQGRTLYGFGG
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Table 3.6: Sin mutant histones sequences. Point mutations are shown in red.

H3 T118H: MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGT
VALREIRRFQKSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQ
ESVEAYLVSLFEDTNLAAITHAKRVHIQKKDIKLARRLRGERS

H4 R45A: MSGRGKGGKGLGKGGAKRHRKILRDNIQGITKPAIRRLARRGGVKAI
SGLIYEEVRAVLKSFLESVIRDSVTYTEHAKRKTVTSLDVVYAL
KRQGRTLYGFGG

3.9.2 Analysis of Nucleosome Wrapping/Unwrapping Events

In order to determine the wrapping-unwrapping rates of the nucleosomal DNA, we loaded
histone octamers on a 2964 bp DNA fragment containing the 601 nucleosome positioning
sequence. This DNA fragment was obtained by PCR from a modified pUC19 plasmid [10§]
using DNA primers modified with biotin and digoxigenin respectively at their 5’ ends. These
modifications allowed us to tether the DNA containing the mononucleosomes between two
beads that were anti-digoxidening and streptavidin-coated respectively. We recorded the
nucleosome fluctuations at 2000 Hz using a dual-trap optical tweezers setup (Figure ),
and found the wrapping and unwrapping transitions (Figure ) by running a t-test analysis
on these data, as described previously [109] [110].
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Chapter 4

The Fate of the Nucleosome During
Transcription

In wvivo, transcription elongation can disrupt chromatin [I11], with outcomes ranging
from partial loss to complete removal and exchange of histones [I12H114]. These changes
can affect subsequent rounds of transcription as well as other chromatin-related processes.
Additionally, the fate of the nucleosome during in vivo transcription is complicated by the
action of histone chaperones and chromatin remodeling factors.

It is therefore of interest to first understand the fate of the histones during eukaryotic
transcription in a simpler, in vitro system, with the hope that we can build on this knowledge
to understand the in vivo complexity of this process. However, because of the difficulties
in performing transcription with eukaryotic polymerases (which normally require an entire
host of transcription factors to initiate), initial studies inquiring into the fate of the nu-
cleosome used the phage SP6 RNA polymerase. These experiments have shown that upon
transcription by the phage polymerase, the histone octamer moves upstream by 40-95 base
pairs [115, 116]. It was later proved that transcription by the eukaryotic RNA Polymerase
III (Pol IIT)—the enzyme that transcribes the tRNAs—leads a similar outcome [117]. Sur-
prisingly, more recent experiments suggested that transcription through a nucleosome by Pol
IT leads to H2A /H2B dimer loss |35, [11§], and the formation of a hexamer whose position on
DNA is unchanged [35]. Despite extensive work on characterizing the nucleosomal barrier
[35], B7, 38, TT5HI21], there is still little mechanistic understanding of how transcription dy-
namics affects histone turnover, and little basis for rationalizing the differences in outcome
among these polymerases.

Moreover, the histone transfer process for all these polymerases is believed to involve
looping of the DNA template, but claims of template looping for Pol II have so far relied on
indirect evidence [119].

Portions of this chapter were submitted for publication in L. Bintu, M. Kopaczynska, C. Hodges, L.
Lubkowska, M. Kashlev, and C. Bustamante. The Elongation Rate of RNA Polymerase Determines
the Fate of Transcribed Nucleosomes. Used with permission.
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In this chapter, we follow the fate of the histone proteins during transcription. First, we
use a modified version of the single-molecule experiment described in Chapter [2] to check
for the presence of the histones behind Pol II after transcription. While informative, this
experiment only provides a yes-no type of answer for the histone transfer question. For
a more detailed, direct picture of the transcriptional intermediates and different outcomes
of transcription, we turn to Atomic Force Microscopy (AFM). We developed methods that
make it possible to image concurrently the polymerase and the nucleosome, and to obtain
snapshots of individual Pol II-nucleosome complexes before, during and after transcription.
This method allows us to answer questions regarding the outcome of transcription as well
as the mechanism of histone transfer.

4.1 Histone Transfer is Force-Sensitive

The core histones in a nucleosome can remain associated with the DNA after transcription
by being transferred upstream of the polymerase [53, [116) 118, 120]. A transient DNA loop
[116, 117] might allow the histones of a partially unwrapped nucleosome to make contact
with upstream DNA behind the polymerase. The probability of forming a DNA loop through
thermal fluctuations and, therefore, that of histone transfer in this model, should be sensitive
to forces as low as 0.2 pN [122]. We designed a construct that stops the polymerase in
a mechanically stable conformation after it has passed the nucleosome (Figure {4.1h, see
Section for details). This strategy allowed us to determine the dependence of histone
transfer on applied force.
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Figure 4.1: Histone transfer is sensitive to force. (a) Experimental setup that allows
us to check for the presence of the nucleosome after transcription. The polymerase (blue) is
stopped at the end of the template by a piece of crosslinked DNA (orange). The nucleosome,
if transferred, should be on the upstream DNA between the two beads. (b) Force-extension
curves of transcribed DNA. Pulling curves are shown in red and relaxation curves are in
black. (c) Frequency of histone transfer as a function of applied force during transcription.
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Figure 4.2: Model for the force dependence of histone transfer. Nucleosomal tran-
scription begins as Pol II partially unwraps the nucleosome through a ratcheting action
that locks local breathing of the nucleosome in the open conformation. At low forces (top
pathway), DNA thermal fluctuations lead to a looped state in which the histones contact
the DNA upstream of Pol II, allowing for histone transfer behind the polymerase. Histone
transfer is followed by rewrapping of the nucleosome behind the polymerase. In contrast,
at higher forces (bottom pathway), DNA fluctuations are highly constrained, so a loop is
unlikely to form. In this scenario, histone transfer cannot happen; the histones must either

slide along the DNA or detach in order for the polymerase to advance. The nucleosomal
positioning sequence is shown in red.

transcription
e

We first monitored transcription of the nucleosomal region at forces between 3 and 5
pN, and then pulled on the transcribed DNA when Pol II reached the end of the template.
Ramping the force between 1 and 20 pN after halting the polymerase allowed us to obtain
force-extension curves of the upstream (transcribed) DNA template (Figure [.1p). If histone
transfer occurred during transcription, then a nucleosome will be positioned upstream of Pol
I1, and the force-extension curve will show the characteristic unwrapping of the nucleosome’s
inner wrap.

Very few molecules displayed nucleosome unwrapping transitions (2 out of 20) despite
marked transcriptional pausing in the nucleosomal region; instead, most showed reversible
monotonic force extension curves, indicating that no nucleosome was present behind the
polymerase (Figure ) In contrast, when transcription proceeded in bulk before tether
formation so that the DNA template was not under tension during transcription, we ob-
served a significant increase in the fraction of complexes with nucleosomes upstream of the
polymerase (25 out of 42, p < 0.0025, Fisher’s exact test), indicating that histone transfer

had occurred (Figure [4.1f).
Histone transfer was not significantly affected by an eight-fold excess (50 ng/L) of com-
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petitor DNA (Figure 4b), a concentration sufficient to capture displaced histones [116]. We
conclude that histones are transferred in cis to DNA upstream of Pol II upon nucleoso-
mal transcription, as the looping model proposes, and that tension inhibits formation of
the looped DNA intermediate necessary for transfer. This interpretation is consistent with
the reduced pause density observed as the polymerase advances through the nucleosome
(Chapter , because either the core histones detach from the DNA, are transferred to DNA
upstream of the enzyme, or are pushed to a lower-affinity (i.e. higher 7,) downstream se-
quence.

This force dependence supports a model in which histone transfer is mediated through
DNA looping between the partially unwrapped nucleosome downstream of the polymerase
and the upstream DNA template, as shown in Figure 4.2,

4.2 Direct Imaging of Nucleosomal Transcription

In order to test the looping model of histone transfer more thoroughly, we used direct
imaging by AFM. This method allowed us to obtain snapshots of Pol II and the nucleosome
during different stages of transcription. Pol II elongation complexes were assembled on a 96
bp DNA template [35, 53] and ligated to 574 bp of DNA containing a single nucleosome loaded
on the 601 nucleosome positioning sequence (NPS) [43]. Complexes prepared in this manner
were incubated either in the absence (“stalled sample,” Figure ) or presence (‘“chased
sample,” Figure [4.3p) of nucleotide triphosphates (NTPs), then fixed with formaldehyde,
deposited on mica, and imaged using AFM, as described in detail in Section [4.8]

5nm 5nm

b.

Figure 4.3: Snapshots of transcription. (a) stalled (no NTPs added) and (b) chased
samples (all four NTPs added).

We measured the lengths of the different segments of free DNA (i.e. the DNA not covered
by protein), as well as the heights of the proteins for complexes that have both the nucleosome
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Figure 4.4: Lengths and heights measurements. The height profile of an example
complex (inset) is plotted along the DNA path as black circles. The Pol IT and nucleosome
heights are fit to Gaussians shown in purple and blue respectively. The free DNA segment
lengths (black part of the fit) are defined as the lengths of the paths that start two standard
deviations away from the centers of the proteins.
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Figure 4.5: Pol IT activity observed by AFM. The relative position of the polymerase on
DNA is plotted for Pol II-nucleosome complexes in (a)the stalled samples or (b) the chased
ones. Here, relative position is calculated as the length of the upstream arm (measured from
the center of the polymerase to the end of DNA) divided by the total length of the DNA.

and the polymerase, as shown in Figure (see Section 4.8 for details).

Because Pol II has a significantly larger molecular weight (~550 kDa) than the nucleosome
(~190 kDa), it is possible to unambiguously distinguish the two complexes by their different
sizes in the images (Figure [4.3] and Figure [4.4]).

The position of the polymerase in stalled samples is centered at the start site of transcrip-
tion (Figure [1.5h). In contrast, after addition of all four nucleotides, Pol II is distributed
along the entire length of the DNA template (Figure ), indicating that transcription has
ensued.
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4.3 Changes in Position of the Histones

To determine which complexes in the chased sample have completed transcription through
the nucleosome, we made use of the fact that the DNA upstream of the nucleosome, con-
taining the start site of Pol II, is about three times longer than the DNA downstream of
the nucleosome. When Pol II is on the long arm and does not contact the nucleosome,
we reason that transcription has not yet proceeded into the nucleosomal region, and label
these nucleosomes as “untranscribed”. Conversely, when Pol II is on the short arm, we infer
that transcription through the nucleosome was completed, and we deem these nucleosomes

“transcribed” (Figure [4.6)).
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Figure 4.6: Separating transcribed and untranscribed nucleosomes. All distances
(x, d, y) are measured as fractions of the total DNA length. x and y are the positions of
Pol IT and the nucleosome to the closest DNA end. d is the distance between the polymerase
and the nucleosome. (a) If x+d+y=1, the nucleosome is identified as untranscribed. (b) If
x=d+y, the complex is tagged as intermediary and is used for the free length calculations
in Figure 2c if Pol IT and the nucleosome are within 5 nm of each other. (c) If y=d+x, the
nucleosome is identified as transcribed.

Note that in order to correctly identify transcribed nucleosomes, we assume that even if
their positions change from the original NPS, they remain on the same half of DNA after
transcription. This assumption is justified because for complexes identified as untranscribed
in the chased sample, the position of the nucleosome is unchanged compared to untranscribed
nucleosomes imaged in the absence of Pol II (Figure 4.7h, p = 0.3, t-test).

In order to get an accurate measurement of the changes in position of the nucleosomes
(see Section for details), we compared the length of the free DNA segment upstream
of transcribed nucleosomes (Figure [1.7b, red) to that of untranscribed nucleosomes from a
sample without Pol II (Figure [4.7b, blue). The distribution for transcribed nucleosomes is
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Figure 4.7: Nucleosome position. (a) The length of the downstream free DNA segments
for untranscribed nucleosomes (red) and complexes without Pol II (blue). (b) The length of

the upstream free DNA segment for transcribed nucleosomes (red) and complexes without
Pol IT (blue).

broader and there is a modest but statistically significant shift to shorter lengths (6 nm,
p < 0.001, t-test). The broadening of the transcribed distribution and the partial overlap
with the corresponding distribution from untranscribed nucleosomes suggests that while some
of the nucleosomes are placed at the same location after transcription, others (approximately
20% ) move immediately upstream of their original position (Figure ) The average shift
of the population lying to the left of the original distribution is 24 nm (72 bp).

The shift in the positions of some of the transcribed nucleosomes that we observe might
seem contradictory with previous results [35] that report no change in position. However,
in those experiments, the position of the nucleosome was measured using a gel shift assay.
With that method, the type of broadening in the distribution of nucleosome positions that
we observe would appear as an increased thickness of a band in a gel; the thickness of the
nucleosomal band is very sensitive to contrast in the image and is thus not usually reported
in these types of assays. In addition, the previous experiments use the 5S nucleosome posi-
tioning sequence, which has two possible positions for the nucleosome; this makes any results
about nucleosome position changes after transcription harder to disambiguate. In contrast,
we use the 601 sequence, which uniquely positions the nucleosome. Overall, we report that
the majority of the nucleosomes don’t change position, in agreement with previous results.
The small changes that we see in the position distribution represent a refinement of the
previous result, and point to the advantage of using single-molecule assays.

This upstream relocation of the histones is consistent with previously proposed looping
models of histone transfer [53| 116, [120].
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4.4 Looping of the Template During Histone Transfer

In models of DNA looping during nucleosomal transcription, the histones from a partially
unwrapped nucleosome situated downstream of the transcribing polymerase are assumed
to simultaneously contact a DNA segment upstream of the polymerase forming a loop.
According to such models, this process eventually leads to the transfer of histones behind
the polymerase and permits transcription to resume. In agreement with this idea, we find
many intermediate complexes where Pol II is in the process of transcribing the nucleosome
that show the histones contacting the DNA segments both upstream and downstream of

Pol II (Figure [4.8h).
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Figure 4.8: DNA looping during histone transfer. (a) AFM images of complexes
where the histones contact both the upstream and downstream DNA. (b) Free DNA length
in the presence of NTPs (all concentrations) for complexes where Pol II has not yet reached
the nucleosome and (c) for complexes where Pol II is in the process of transcribing the
nucleosome. Numbers indicate the means and standard deviations. Insets show the presumed
structures of each population, with Pol II in blue, DNA in black, and histones in brown; the
pink shading reflects broadening of the molecules due to the AFM tip.

The distribution of total free DNA lengths for intermediate complexes where Pol II is in
the process of transcribing the nucleosome is different from that of complexes where Pol II
has started transcribing but has not yet reached the nucleosome (p = 0.009, Kolmogorov-
Smirnov test). Because the free-DNA lengths distribution for these intermediate complexes is
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not well described by a single Gaussian (p = 0.03, Lilliefors test), we fit this distribution with
two Gaussians (Figure[.8¢). The main peak is identical with the corresponding distribution
for complexes where Pol II has started transcribing but has not yet reached the nucleosome
(Figure ) The second peak corresponds to an additional population of intermediates
where the DNA outside the polymerase-nucleosome complex is shorter by ~30 nm. We
interpret this shortening as evidence that the template in the proximity of the nucleosome
participates in a loop that facilitates histone transfer behind the polymerase, and that cannot
be resolved because of the broadening effect of the AFM tip (inset, Figure [£.8k). The
estimated size of these DNA loops (~90 bp) is smaller than the persistence length of DNA
(~150 bp) and they may be facilitated by the putative 90° bend that Pol II introduces in
its DNA template [20, 211 [118].

4.5 Dimer Dissociation

As Pol II advances onto the nucleosomal template, the DNA is being detached from the
core histones, exposing them to the surrounding conditions. Since the octamer consists of a
collection of positively charged histone proteins, it is unstable at salt concentrations under
1 M [123],[124]. Thus, unless the core histones contact another piece of DNA that could neu-
tralize their charges and stabilize their association, the octamer may dissociate with partial
loss of its components. Indeed, loss of an H2A/H2B dimer and the formation of a hexas-
ome upon transcription by Pol II has been reported previously [35] [IT8]. Consistent with
these results, we observe a reduction in the apparent physical size of transcribed nucleosomes

(Figure [4.9).

Figure 4.9: Particles with reduced heights. Images illustrating changes in the size of
the nucleosomes upon transcription. The nucleosomes with reduced height are shown next
to regular size nucleosomes, for comparison.

The height of the transcribed nucleosomes (Figure ) consists of two populations:
one similar to untranscribed nucleosomes (3+0.4 nm, Figure ) and the other one cor-
responding to subnucleosomal particles with lower height (2.1£0.3 nm). In order to check
the identity of the transcribed particles with decreased height, we reconstituted and imaged
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Figure 4.10: Transcription leads to hexamer formation. Histograms of nucleosome
heights for (a) untranscribed nucleosomes and (b) transcribed nucleosomes at all NTPs
concentrations. (c) Heights of tetramers compared with those of octamers. (d) Height of
nucleosomes destabilized by incubation in high salt (1 M KCl). We identify the three peaks
as tetramers, hexamers and octamers.

tetramers, using the same methods as for octamers, except we omitted H2A and H2B addi-
tion. As shown in Figure [£.10f, the height of tetramers, 1.6+0.2 nm, is significantly lower
than that of the transcribed particle, 2.140.3 nm. Moreover, when we destabilize the nu-
cleosomes by incubating them in 1 M KCI, we obtain 3 nucleosomal species, consistent with
octamers, hexamers and tetramers (Figure ) The height of the middle peak, which
we identify as a hexamer, matches the height of the subnucleosomal particles resulting from
transcription.

Most significantly, we find that the fraction of smaller subnucleosomal particles observed
after transcription depends on the rate of elongation. When transcription was performed
at low NTP concentrations (100 pM), only 104+3% of the transcribed nucleosomes were
converted to hexasomes (Figure ) Increasing the N'TPs concentration to 200 pM
NTP augments the percentage of hexasomes to 17+3% (Figure [4.11p). At saturating NTPs
(1000 puM), 254+5% of the transcribed nucleosomes were converted to hexasomes (Fig-
ure [£.11f). No changes were observed in the sizes of untranscribed nucleosomes in these

samples (Figure |4.11p-c).
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Figure 4.11: Histone transfer outcome depends on the speed of transcription.
Nucleosome height for molecules where Pol I has not passed the nucleosome in (a) 100 pM
NTPs, (b) 200 uM NTPs, and (c) 1000 pM NTPs. Height of transcribed nucleosomes at
(d) 100 uM NTPs, (e) 200 uM NTPs, and (f) 1000 pM NTPs.

4.6 Kinetic Model of Histone Transfer

These findings indicate that a kinetic competition exists between the net rate of nucle-
osome unwrapping during elongation (k,.), octamer transfer (k;), and dimer dissociation
(kg) during transcription through the nucleosome (Figure 4a). Initially, as the nucleosome
partially unwraps during Pol II advancement, enough of the histone core is exposed to al-
low contact with the upstream DNA through a temporary DNA loop, but not so much as
to cause H2A /H2B dissociation. During slow transcription (100 pM NTPs), this partially
exposed histone intermediate lasts long enough to allow transfer of the intact octamer onto
the upstream DNA. However, if the rate of transcription is increased slightly, more of the
nucleosome will unwrap and, as enough of the histone core becomes exposed, dimer dissoci-
ation starts competing with octamer transfer to the upstream DNA. Under these conditions,
representative for transcription at 200 pM and 1000 uM NTPs, both octamers and hex-
amers can be found as a result of transcription. Finally, when the rates of transcription
are even higher, enough DNA is unwrapped from the surface of the histone core that the
complete histone detachment from DNA greatly outcompetes the rates of histone transfer
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and histone-histone dissociation, thus leading to bare DNA formation.

N base pairs 147-N base pairs
octamer octamer
looping & ktT looping & s
transfer transfer
Kue kue kue Kue kue
unwrapping & elongation kdl dimer bare DNA
dissociation
]
Kue Kue
— —
kt| looping &
transfer
hexamer

Figure 4.12: Histone transfer model. Kinetic scheme of transcription and histone transfer.
Pol II in blue, H2A /H2B dimers in red, H3/H4 dimers in brown, DNA in black.

From the kinetic scheme shown in Figure we can compute the probabilities of oc-
tamer, hexamer, and bare DNA formation upon transcription as a function of three compet-
ing rates: the net rate of nucleosome unwrapping during elongation (k.,.), octamer transfer
(ki), and dimer dissociation (k;). The competition between these rates occurs at every step
during transcription, so we also need to include in the model the number of base pairs that
need to be unwrapped to allow octamer transfer, but no dimer dissociation (NN). During
the unwrapping of these first N base pairs of the nucleosome, the histone core is stable and
H2A /H2B dissociation doesn’t take place until further unwrapping occurs. Since the nucle-
osome wraps 147 base pairs [10], the model assumes that for the remaining M = 147 — N
base pairs, the histone core can do one of three things: transfer as an octamer, undergo
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dimer dissociation or further peel away from the DNA in an elongation-dependent manner.

We can compute the probabilities of each outcome — octamer, hexamer, or bare DNA-
by calculating the probability of each possible path in the kinetic scheme, and then summing
over these paths. For instance, in order to obtain a hexamer, we have to first unwrap and
elongate through the first NV base pairs of the nucleosome. The probability of choosing further
unwrapping and elongation versus octamer transfer in this first part of the kinetic scheme is
[kue/ (Kue + K¢)]¥. Once the dimer can dissociate, we move in the second part of the kinetic
scheme, where both transfer and dissociation compete with continued DNA unwrapping from
the surface of the histones followed by elongation. In this part of the scheme, Pol II can
transcribe a variable number of base pairs m, with probability [kye/ (ki + kue + kq)]™, before
the dimer dissociates with probability kq/(k; + kue + kq). Afterwards Pol 1T can transcribe
another variable number of base pairs i, with probability [ku./(kue + k¢)]?, before histone
transfer leads to hexamer formation behind the polymerase with probability k;/(kye + k¢).
Constructed in this manner, the probabilities of obtaining hexamer (P.,), octamer (P,q),
or bare DNA (Py;.) are:

Phex = Mi Mfm ke )" Fue " ka ke \' (K
hew = m=0 i=0 kue + k:t kt + kue + kd kt + kue + kd kt + kue k:ue + kt

P, = NZ_l kue " kt + ]wz_l kue o kue " kt
ot ke + ki ) \ i + ke Kue + Ky ki + ke + ka ) \ ke + kue + kg

n=0 m=0

Pbarezl_Poct_Phex

Note that the first sum in the expression for octamer formation (P,) comes from tran-
scribing the first IV base pairs of the nucleosome (the first part of the kinetic scheme), while
the second sum represents transcription through the rest of the nucleosome (second part of
the kinetic scheme).

If we close the sums, we can rewrite:

P _ k’ue N kd + kt . kue M . kue . (4 1)
T\ Ky + Foue kit ka | kit ka \ K+ kue + ka ki + ke ‘

Fue " (_ka ki b \"
P,=1-— + : 4.2
t (ktJrkue) (ktJrkd ke + ka (lct+k;ue+kd> (42
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kue + kt

In our case, since the nucleosome contacts 147 base pairs of DNA, M = 147 — N, the
probabilities of observing a hexamer (Pj.;), an octamer (P,y), or bare DNA (Py..) after
transcription can be re-written as:

P - k"ue N kd + kt k'ue =N . kue M (4 4)
et =\ Ky + ke kit kg ki kg \ k4 Ky + ky ky + ke '

k‘ue N+M
Pyare = ( ) (43)

P o 1 i kue N k:d + kt kue TN (4 5)
ot K + ke ke +ka ket ke \F+ kue + ka '
kue 147
Poore = 4.6
b (ku T kt> (4.6)

These expressions show a direct competition between the average rate of elongation at
each base pair and histone transfer on one hand, and between dimer dissociation and hi-
stone transfer on the other. As elongation becomes faster, and thus more disruptive, the
probability of complete histone removal and the resulting production of bare DNA (Py.)
should increase monotonically, while the production of transferred octamers (P,.) should
instead decrease monotonically. Significantly, this model predicts that the probability of
hexamer formation should increase from low and moderate Pol II elongation rates because
as the rate of elongation-dependent octamer unwrapping increases, the probability of histone
dissociation effectively competes with that of octamer transfer, enhancing the production of
hexamers as observed in this study (first term in P, dominates). However, as the rate of
elongation and nucleosome unwrapping increases further, the rate of histone dissociation is
outcompeted by the rate of complete histone removal and the production of hexamers should
attain a maximum and eventually decrease (the last term in P, dominates).

Note that for small k. (as is the case for Pol II), we can ignore terms of order N + M,
so the probability of transcription resulting in bare DNA is negligible, and the probabilities
of octamer and hexamer transfer simplify to:

kue N kd kue " kd
P ex = d Poc =1-
h (kt+kue> Ty o+ g D ot <kt+kue> ki + ka
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4.7 Predictions and Implications of the Kinetic Model

To test this model, we sought to determine the rates involved in this process. The net
rate of nucleosome unwrapping during elongation is equal to the average overall velocity of
transcription through the nucleosome, which at saturating NTPs (1000 pM) is kye = 1 bp/s
[53]. Since the average Km of Pol II for NTP hydrolysis is 100 xM (Section [4.9)), we can use
Michaelis-Menten kinetics to estimate the net rates of transcription through the nucleosome
at 200 M and 100 M NTPs; this analysis yields about, 0.7 bp/s and 0.5 bp/s for these two
rates, respectively. Finally, to determine the rate of H2A /H2B dimer loss for pre-assembled
octamers directly exposed to the salt concentration used in these studies (300 mM KCl),
we performed an ensemble FRET-based assay with fluorescently labeled H2B and H4 [124].
These experiments gave k; = 0.027 + 0.001 s~ (Section .
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Figure 4.13: Predictions of the histone transfer model. Hexamer (red) and octamer
(blue) transfer probabilities, as well as bare DNA formation (green) are plotted as a function
of the net nucleosome unwrapping rate during elongation. Experimental data are shown as
circles; the shaded areas represent the model predictions, with the width reflecting uncer-
tainties in k; and NNV, as indicated in the text. The black line marks the elongation rate for
the faster polymerase Pol III.

Fit of the experimental data (Figure shows that this simple competition model
captures correctly the details of hexamer and octamer transfer probabilities, as well as that
of complete histone removal, if the initial DNA unwrapped region allowing only octamer
transfer is N = 40 £5 bpand the rate of histone transfer is k, = 0.02 £ 0.005 s~*. Notice
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that the value of N obtained here is consistent with the amount of DNA contacted by the
H2A /H2B dimer (~30 bp), and that the rate of transfer is quite comparable to that of dimer
dissociation. For histone transfer, the rate-limiting process is most likely the actual hand-off
of the histones from the downstream to the upstream DNA, as looping resulting from DNA
bending fluctuations is known to be much faster [125].

This competition model also explains why faster polymerases produce a mix of octamers
and bare DNA but yield little or no hexamers upon transcription. For instance, the major-
ity of Pol III complexes complete transcription through a nucleosome in approximately 30
seconds (kye = 5 bp/s [117], vertical black line, Figure [£.13)), so we predict that octamer
transfer is likely — approximately 40%. To obtain hexasomes, on the other hand, two slow
processes have to occur before Pol III can finish transcription: dimer dissociation and his-
tone transfer, making the probability of hexamer transfer very unlikely, approximately 10%,
under these fast transcription conditions. The rest of the molecules (about 50%) are pre-
dicted to lead to complete removal of the histones, in agreement with the published results
[117]. Moreover, transcription by the even faster SP6 polymerase also leads to the formation
of octamers and bare DNA, without hexamer formation, with the percentage of bare DNA
increasing as the speed of elongation is increased [116].

Gene regulation in vivo may result from the modification of any one of the competing
rates involved in elongation on a nucleosomal template. In particular, elongation factors that
increase the net transcription rate of Pol II through the nucleosome would result in an in-
creased probability of complete histone removal from DNA. Alternatively, dimer dissociation
from the partially unwrapped octamer could be faster for certain histone variants of H2A
[126], or in the presence of histone chaperones that bind the dimer, increasing the probability
of hexasome formation. Such transcription-induced alterations in chromatin structure may
affect gene expression by reducing/eliminating nucleosomal barriers for future transcription
elongation events [I18|, [I19] or by altering the accessibility of transcription factor binding
sites [127]. The findings communicated here might also be relevant to other processes that
involve advancement of molecular motors through DNA wrapped in nucleosomes, such as
processive DNA replication and chromatin remodeling [128].

4.8 Appendix: Materials and Methods

4.8.1 Mechanically Stable Arrest of Pol II for Pulling Curves

We developed a way to halt the polymerase immediately after observing it transcribe
nucleosomal DNA by ligating an inter-strand linked DNA at the end of the DNA template.
Inter-strand linked DNA was obtained by incubating 10 nM 200-bp HindIII-digested DNA
with 0.1 mg/mL trioxsalen at 25°C under UV exposure at 247 nm for 40 minutes. This
DNA was purified with a HiSpeed Plasmid Mini Kit (Qiagen), concentrated with SpeedVac
(Fisher/Thermo Scientific) and ligated to the DNA template 98 bp downstream of the NPS
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(at position 3709 bp) in 10-fold excess before preparation of elongation complexes.

For comparison of nucleosome unwrapping counts after transcription, we applied Fisher’s
exact test (the two-tailed version). This nonparametric statistical test also requires no knowl-
edge of the underlying probability distributions, and is suitable for comparisons between
categorical data sets of small sample sizes.

4.8.2 Sample Preparation for AFM

TDS + RNA9
Anneal RNA to template DNA: —
lPol ||
Bind Pol 1T to DNA/RNA hybrid: —
lNDS
Anneal non-template DNA: —D

lloaded nucleosome, ligase, ATP

Ligate pre-loaded nucleosome: —D Q

stalled complex
l ATP, CTP, GTP, UTP

Chase: %_Q

chased complex

Figure 4.14: Assembly of Pol II elongation complexes with nucleosome.

His-tagged Pol II (S. cerevisiae) [67] was assembled on a 96 bp DNA fragment as pre-
viously described [53], and the resulting elongation complexes were ligated to downstream
DNA containing a nucleosome as shown in Figure [£.14] The 574 bp DNA template was
prepared by PCR from a modified pUC19 plasmid containing the 601 nucleosome position-
ing sequence [108]. Octamers were reconstituted from recombinant yeast histones [68] and
loaded onto the template DNA using salt dialysis [69]. The assembly and ligation were per-
formed in TB40 (20 mM HEPES pH 7.8, 40 mM KCI, 10 mM MgCl2, 10 pM ZnCI2, 1 mM
B-mercaptoethanol). Chasing was performed in TB300 (similar to TB40, except with 300
mM KCl instead of 40 mM KCI), supplemented with 1000 M NTPs (unless otherwise spec-
ified) and 1 uM pyrophosphate, at 25°C for 30 minutes. Following transcription, samples
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were fixed with 1% (w/v) formaldehyde for 2 hours at room temperature, and then dialyzed
into TB40.

In the sample referred to as untranscribed nucleosomes, the 96 bp double stranded DNA
was ligated in excess to the 574 bp nucleosomal DNA in the absence of Pol II.

4.8.3 Image Acquisition and Processing

For deposition, the samples were diluted in TB40 to 2 nM DNA concentrations, placed
on freshly cleaved ultra-clean mica (Grade V, Ted Pella, Inc.), and incubated at room tem-
perature for ~2 minutes. The mica discs were then rinsed with purified 18.2 M) deionized
water and dried using a gentle N, gas flow, perpendicular to the mica surface. AFM mea-
surements were performed with a Multimode AFM Nanoscope V (Veeco Instruments Inc.,
Santa Barbara, CA, USA) equipped with a type E-scanner (10-micron x 10-micron x 2.5-
micron vertical range). The samples were imaged in tapping mode using a commercial silicon
cantilevers (Nanosensors), with a high-resonance frequency in the range of 260-410 kHz and
a spring constant of 46 N/m. Images (512 x 512 pixels) were captured in the trace direction,
at a scan size of 1.5 uM x 1.5 uM, with a scan rate of 1.5 Hz. The imaging amplitude
(amplitude set-point) of the cantilever was maintained by the feedback circuitry to 80-85%
of the free oscillation amplitude and the scan angle was maintained at 0. All samples were
measured at room temperature in air, at a relative humidity of 30%.

Image processing and data analysis were performed using Matlab (The MathWorks, Nat-
ick, MA), with software based on ALEX [129, 130]. We imported the images into Matlab,
automatically masked all the points higher than 9 nm, and flattened the images by subtract-
ing from each line a polynomial of degree 2 fit to that line. We then identified all the objects
higher than 0.2 nm in this flattened image, used these points as a mask, and performed a
new line by line flattening on the original with a polynomial of degree 4.

For each complex, the DNA path (passing through the proteins) was digitized and fit
by a polynomial of degree 3 [129]. The polymerase and nucleosome center positions were
recorded as the centers of the highest and second highest Gaussians respectively along the
identified DNA path (Figure ) The nucleosome heights were measured as the maximum
height in a 4-nm box centered at the position of the nucleosome, to correct for cases when the
DNA path does not pass through the center of the nucleosome. To account for small height
variation among different depositions, we corrected the height of transcribed nucleosomes
using the height of untranscribed nucleosomes as a standard. In the chased samples, we
first identified the molecules that have Pol II but where Pol II has not yet crossed the
nucleosome, as described in Figure[4.6 We fit the heights of these untranscribed nucleosomes
with a Gaussian function for each sample (different tip and deposition), and shifted all these
distributions such that the Gaussian peak of each one was at 3 nm (which is the height
we get when imaging nucleosomes alone with high frequency tips). Finally, we shift all the
other nucleosome heights in that sample by exactly the same amount as the untranscribed
nucleosomes. In general, this correction shift is between 0.2-0.8 nm for each sample, with



CHAPTER 4. THE FATE OF THE NUCLEOSOME DURING TRANSCRIPTION 70

the higher shifts for samples imaged with low frequency tips.

We use the length of free DNA (DNA not covered by protein) to estimate the position
of the nucleosome on the template. Before Pol II passes the nucleosome, it covers part the
upstream arm of the nucleosome; in contrast, after transcription, the upstream arm of the
nucleosome is completely unobscured. Therefore, in order to obtain an accurate measurement
of the length of the upstream arm of the nucleosome before transcription, we imaged a sample
that lacks the polymerase, but has a full length template containing the nucleosome.

Percentages of hexamers were calculated as the fraction of transcribed particles with
heights under 2.4 nm. Amounts of bare DNA are estimated as the percentage of molecules
without nucleosomes in the chased samples minus the corresponding percentage in the stalled
samples.

4.9 Appendix: Measurements of the Kinetic Rates

4.9.1 Elongation Rate Dependence on the NTPs Concentration

15
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Figure 4.15: Elongation rate as a function of NTPs concentration. Overall velocity
of Pol IT on bare DNA is measured as a function of NTP concentration (red). The theoretical
fit to the Michaelis-Menten equation is shown in black.

We measure the dependence of transcription velocities on the NTPs concentration from
single-molecule trajectories obtained using optical tweezers as described in Chapter 2] These
experiments are performed in TB300, supplemented with 1M PPi and 50, 100, 200 or
1000 uM NTPs. We fit the experimental data (Figure with the Michaelis-Menten
equation:
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[NTP]

m, and determine Km =99 £ 50 /JJM

U = Umax

Even though the dependence of transcription velocity on the NTPs concentration is
measured on bare DNA, we expect the K, for NTPs hydrolysis to remain the same for
transcription thorough the nucleosome. The average overall velocity of transcription through
the nucleosome is equal to the net rate of nucleosome unwrapping during elongation (k).
This rate depends on the time spent in active elongation (feongation) and the time spent
pausing (tpausing) Over a stretch of DNA that contains L base pairs:

L

telongation + tpausing

kue =

When we increase the NTPs concentration, thus increasing the nucleotide addition rate
(and implicitly the active elongation rate, k. = L) by a factor of f, the elongation

telongation

time and the pausing time both decrease by the same factor f, as follows:

new __ new _
ke - f ’ ke = elongation — telongation/f

While this change is obvious for the elongation time, which depends directly on the
nucleotide addition rate, the proof requires slightly more work for the pausing time. The
average pausing time is equal to the number of pauses (Npause) multiplied by the average
pause duration (fpause):

tpausing = Npause : tpause
The average pause duration doesn’t depend on the NTP concentration, since pause re-
covery is independent of nucleotide addition:

new  __
tpause - tpause

However, the number of pauses changes with NTPs concentration, since pause entry (k)
competes directly with active elongation (k.):

k
x L
ke +k, ke

Npause , since the pausing rate is much smaller than the elongation rate.

This means that when we increase the nucleotide addition rate by a factor f, we decrease
the number of pauses by f:

k;zew = f . ke = N = Npause/f

pause
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Therefore, the total time spent pausing changes by the same factor as the nucleotide
addition rate when we modify the NTPs concentration:

tgzzfsing - Ng;:f;e ’ t;:ﬁse - (Npause/f) ' tpause = tpausing/f

We can now compute the new unwrapping and elongation rate in terms of the old one:

Enew — L _ L —
ue new new
elongation + pausing telongation/f + tpausing/f

f : kue-

In summary, if we change the rate of elongation on bare DNA by a factor f by modifying
the NTP concentration, the overall rate of transcription through the nucleosome changes by
the same factor:

KE = f ke = k1Y = f Ky

This result allows us to use the K, determined on bare DNA to estimate the elonga-
tion rates through the nucleosome at different NTPs concentrations based on the rate of
elongation through the nucleosome at saturating NTPs.

4.9.2 Measurement of H2A /H2B Dimer Dissociation Rate
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Figure 4.16: Kinetics of dimer dissociation. FRET-based assay for observing the kinetics
of octamer dissociation in the absence of a complete DNA wrap.

In order to determine the rate of histone octamer dissociation in the absence of com-
plete DNA wrapping, we used previously described techniques to FRET-label recombinant
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yeast histones [124]. Briefly, we cloned, expressed, and purified two recombinant yeast
mutant histones: H4 T71C and H2B T112C, then separately labeled H4 T71C histones
using fluorescein-5-maleimide (F5M), and H2B T112C histones with 7-diethylamino-3-(4’-
maleimidylphenyl)-4-methylcoumarin (CPM). By convention, residue numbering is given
relative to the homologous residues in the Xenopus histones. FRET-labeled histone oc-
tamers were prepared from both F5M- and CPM-labeled mutant histones using salt dialysis
reconstitution.

FRET-labeled histone octamers were incubated in a buffer containing 20 mM tris-HCI,
pH 7.4, 5 mM 2-mercaptoethanol, and variable salt concentrations (2 M NaCl, 1 M NaCl, 600
mM NaCl, or 300 mM NaCl). Measurement of the dissociation rate was made by observing
the increase in normalized donor fluorescence, with 385-nm excitation (2-nm slit width),
and donor emission monitored at 460 nm (2-nm slit width). The concentration of histone
octamers was 0.15 pM, and we estimate our mixing time to be under 5 s.

Increase in donor fluorescence (i.e. decay of FRET) was not observed at 2 M NaCl,
indicating that the histone octamers were completely stable at 2 M NaCl without a complete
DNA wrap. At 1 M NaCl and 600 mM NaCl, we observed an exponential decay consistent
with a rate of 0.0041 4 0.0001 s~!. In contrast, a much faster decay of 0.027 4 0.001 s~} was
observed at 300 mM NaCl, indicating that 2-3% of the histone octamers dissociate every
second in the absence of DNA.
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Chapter 5

Conclusions and Future Directions

5.1 Sequence-Dependent Pausing

The work on the sequence dependence of pausing presented in Chapter |3|is still a project
in progress. We are currently performing single-molecule transcription experiments on AT-
rich and GC-rich templates in order to tease out the effects of the sequence composition on
transcription.

We also intend to confirm experimentally the importance of the RNA structure on
the dynamics of transcription (especially through the nucleosome) by adding ribonucleases
(RNases) to our single-molecule transcription assay. It has already been proven that diges-
tion of the nascent RNA chain prevents backtracking [37]. If our hypothesis that most of the
sequence-dependent pausing we observe is mediated by the structure of the RNA is correct,
we should see a disappearance of the peaks in pausing on bare DNA. Pausing should become
uniform along the sequence in this case. We also predict that pausing at the nucleosome,
while increased compared to bare DNA, should be much more uniform, lacking the strong
peak right before the dyad.

At the same time we are developing a theoretical model that builds on previous attempts
to predict the regions of increased transcriptional pausing given a DNA sequence [T03HI05].

5.2 Transcription Elongation Factors

In vivo, transient pauses and arrests at nucleosomal DNA are suppressed by elongation
factors, which increase the net rate of transcription. Several eukaryotic elongation factors
have been identified, among them TFIIS, TFIIF, ELL, Elongin, and FACT [29, (30}, 1311 132].
Some, like TFIIS, interact directly with the polymerase to rescue pauses [39, 45]. Others,
like FACT, are chromatin-specific elongation factors that act upon nucleosomes to facilitate
transcription [133, [134].

It would be interesting to investigate the effect of these factors on the dynamics of nucle-
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osomal transcription at the single-molecule level. These experiments would allow for mea-
surement of individual pause times, transcription velocity, pause density and backtracking
extent. Such data could lead to the development of mechanochemical models that describe
the mechanisms by which these factors impact the dynamics of nucleosomal transcription.

5.3 Chromatin Remodeling Factors

The strong barrier that nucleosomes pose for Pol II allows for rich regulation of tran-
scription through chromatin in vivo, where histone chaperones, chromatin assembly factors,
and ATP-dependent chromatin remodeling factors promote elongation [30]. Some chromatin
related factors, such as FACT, use their histone chaperone activity to facilitate transcription
through chromatin by removing one H2A /H2B dimer [134] [135].

On the other hand, the mechanism of ATP-dependent chromatin remodeling factors
during transcription is more complex and less understood. Chromatin remodelers, such as
SWI/SNF and RSC, are involved in transcriptional regulation in vivo [136], and mutations
of SWI/SNF are synthetically lethal with TFIIS mutations, suggesting a complementary role
for chromatin remodelers and elongation factors [137]. It has also recently been shown that
SWI/SNF and RSC greatly increase the rate of transcription through mononucleosomes in
vitro [138]. These chromatin remodelers translocate along DNA and move nucleosomes by a
combination of intranucleosomal loop formation and nucleosome sliding [108] [139], making
nucleosomal DNA more accessible. In addition, they can also remove one H2A /H2B dimer
[128), 140], lowering the barrier to transcription.

However, regulation of transcription through chromatin might involve more than inter-
actions of remodelers with nucleosomes. For instance, RSC increases the probability of
nucleosomal passage to a greater extent than SWI/SNF even though the two are homolo-
gous proteins [138]. This difference may arise because RSC interacts directly with the Rpb5
subunit of Pol IT [I41].

The single-molecule methods presented in the preceding chapters could serve as tools for
studying the effect of various remodeling factors on the dynamics of transcription through
the nucleosome.

5.4 Concluding Thoughts

As a physicists approaching biological problems, I work by the principle that Lord Kelvin
stated so eloquently more than 100 years ago [142]: “When you can measure what you are
speaking about and express it in numbers you know something about it, but when you
cannot measure it, when you cannot express it in numbers, your knowledge is of a meagre
and unsatisfactory kind; it may be the beginning of knowledge, but you have scarcely, in
your thoughts, advanced to the stage of science, whatever the matter might be.”
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As scientists in general strive to attain a better quantitative description of complex
biological phenomena, it is very satisfying to discover apparently intricate and perplexing
processes that can be rationalized and even made predictable by simple underlying physical
principles. Each of the main chapters of this work provides one such story.

We find that nucleosome dynamics have a significant effect on transcription by RNA
polymerase, and that, in turn the elongation rate of the polymerase affects the fate of the
nucleosome. QOur observations and analyses add a new stone to the foundation of gene
expression understanding.
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