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Abstract

Eukaryotic gene expression begins with transcription of genomic DNA into messenger
RNA, carried out by the multi-subunit enzyme RNA polymerase 11 (Pol II) with the help
of numerous transcription factors. Transcription initiation requires recruitment of Pol II
to the promoter DNA by bound transcription factors, however accessibility to genomic
DNA is hindered due to its compaction into nucleosomes. Therefore, cells have evolved
a set of ATP-hydrolyzing enzymatic complexes, chromatin remodelers, that reposition
nucleosomes, thereby providing regulated access to the underlying DNA.

This thesis focuses on understanding the molecular mechanisms of transcription initiation
and nucleosome remodeling. Since both processes are characterized by large conforma-
tional changes and a high flexibility of nucleoprotein complexes, standard high-resolution
structural methods are hindered and instead direct visualization in real time is required
as provided by single molecule techniques.

In the first part of this work, I used single molecule fluorescence resonance energy transfer
(smFRET) experiments, Nano-Positioning System (NPS) analysis and x-ray crystallo-
graphic information to determine the three-dimensional architecture of a minimal Pol II
open promoter complex (OC) consisting of promoter DNA, TBP, Pol IT and general tran-
scription factors TFIIB and TFIIF. In the OC, TATA-DNA and TBP reside above the
Pol II cleft between clamp and protrusion domains. The TFIIB core domain is displaced
from the Pol II wall, where it is located in the closed promoter complex. Furthermore, I
directly observed the downstream DNA to be dynamically loaded into and unloaded from
the Pol II cleft at a timescale of seconds. These results uncover large overall structural
changes during the initiation-elongation transition.

In the second part, I applied the same experimental approach to determine the location
of the three constituting domains of chromatin remodeler Chd1l (Chromodomain-helicase-
DNA-binding protein 1) in a Chd1l-nucleosome complex that exhibited intrinsic dynamics.
The NPS results allowed me to construct a preliminary model of the Chdl-nucleosome
complex, in which the DNA-binding domain is associated with extranucleosomal DNA at
the nucleosome entry site, the tandem chromodomains are located below the entry site
close to histone H4 tail and the ATPase motor binds nucleosomal DNA between dyad
and superhelical location +1. Furthermore, I used smFRET to follow in real-time the
structural dynamics of nucleosomal DNA during Chdl catalyzed repositioning. FRET
time trajectories revealed gradual and bidirectional translocation of nucleosomal DNA by
Chd1 and the data allowed me to propose a model for the remodeling mechanism of Chdl1,

which involves formation and propagation of a DNA loop.






Zusammenfassung

Eukaryotische Genexpression beginnt mit der Transkription von genomischer DNS zu
Boten-RNS durch die RNS Polymerase 11 (Pol II), welche die Hilfe zahlreicher Transkrip-
tionsfaktoren benotigt. Initiation der Transkription erfordert die Rekrutierung der Pol II
zum Gen-Promoter durch dort gebundene Transkriptionsfaktoren. Jedoch ist der Zugang
zur genomischen DNS erschwert durch ihre Verpackung in Nukleosomen. Um regulierten
Zugang sicher zu stellen sind Zellen mit ATP-hydrolisierenden enzymatischen Komple-
xen, so genannten Chromatin Remodelers ausgestattet, die in der Lage sind Nukleosomen
entlang der DNS zu verschieben.

Das Ziel dieser Dissertation ist es die molekularen Mechanismen der Transkriptions-
Initiation und der Nukleosom-Repositionierung aufzuklédren. Beide Prozesse sind durch
grofle Konformationsdnderungen und eine hohe Flexibilitdt der involvierten Protein-DNS
Komplexe charakterisiert, so dass Strukturaufklarung mittels hochauflésender Standard-
Methoden (z.B. Rontgen-Kristallographie) erschwert ist. Anstelle dessen ist eine direkte
Visualisierung in Echtzeit erforderlich, so wie es Einzelmolekiil-Methoden bieten.

Im ersten Teil dieser Arbeit wurde mit Hilfe von Fluoreszenz-Resonanz-Energietransfer
(FRET) Experimenten einzelner Molekiile, Nano-Positioning System (NPS) Analyse und
rontgen-kristallographischen Informationen die dreidimensionale Architektur des offenen
Pol II Promoterkomplexes (Open Complex, OC) bestehend aus Pol II, Promoter-DNS,
TBP und Transkriptionsfaktoren TFIIB und TFIIF aufgeklart. Dabei konnte der dyna-
mische Ladungsprozess der Transkriptionsblase in die Pol II cleft auf einer Zeitskala von
Sekunden direkt beobachtet werden. Die Ergebnisse kldren umfassende Konformations-
umwandlungen auf, die wiihrend des Ubergangs von der Initiations- zur Elongationsphase
der Transkription stattfinden.

Im zweiten Teil wurde dieselbe Methodik verwendet, um die unterschiedlichen Doménen
des Remodelers Chdl (Chromodomain-helicase-DNA-binding protein 1) relativ zu einem
Nukleosom zu positionieren. Die untersuchten Chd1-Nukleosom Komplexe zeigten struk-
turelle Flexibilitat. Mit Hilfe der NPS Ergebnisse konnte ein vorldufiges Modell fiir die
Achitektur eines Chd1-Nukleosom Komplexes erstellt werden. Dariiber hinaus wurden sm-
FRET Experimente verwendet, um die strukturellen Verdnderungen der nukleosomalen
DNS wéhrend Repositionierung durch Chdl in Echtzeit zu verfolgen. Die beobachteten
dynamischen FRET Trajektorien wurden mit Hilfe von Hidden Markov Modeling Analyse
quantitativ untersucht. Auf Basis der Ergebnisse konnte ein Modell fiir den Mechanismus
der Repositionierung erstellt werden, der die Ausbildung und das Propagieren einer DNS

Schleife involviert.
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Introduction

The polymeric deoxyribonucleic acid (DNA) of every cell encodes information that is es-
sential to the development and maintenance of life. This information is passed on during
gene expression from the DNA via ribonucleic acid (RNA) to proteins, as first enunci-
ated in the central dogma of molecular biology by Francis Crick in 1958 (published in
Nature in 1970 [1]). The underlying fundamental biological processes, namely DNA repli-

cation, transcription and translation, are found in all three kingdoms of life (Figure 0.0.1).

Replication Transcription Translation
(Cpna > RNA ——", PROTEIN

DNA Polymerase RNA Polymerase Ribosome

Figure 0.0.1.: Central dogma of molecular biology describing the directional flow of information
from DNA via RNA to protein [1].

Transcription of protein-coding genes into messenger RNA (mRNA) is a complex and
intricately regulated process that controls cell growth and differentiation [2]. It proceeds
through multiple steps and is customarily divided into three stages designated initiation,
elongation and termination.

In eukaryotes, the synthesis of mRNA is carried out by RNA Polymerase II (Pol 1) along
with a large set of protein factors that specifically interact with Pol II during the differ-
ent stages and oftentimes possess regulatory functions. Most importantly, Pol II requires
the assistance of general transcription factors (GTFs) TFIIB, TFIID, TFIIE, TFIIF and
TFIIH, which localize the enzyme at proper promoter sequences and enable transcription
initiation by facilitating conformational changes essential to Pol II activity. During tran-
scription initiation, Pol II is recruited to the promoter by GTFs followed by formation of
the closed promoter complex (CC) [3, 2, 4]. In addition to GTFs, recruitment of Pol II
to the promoter is greatly influenced by the Mediator complex, and DNA-binding tran-
scription activators. Subsequently, DNA surrounding the transcription start site (T'SS) is
melted by the helicase activity of TFIIH and inserted into the active center cleft of Pol II.
The resulting open promoter complex (OC) enables RNA synthesis, which triggers release
of the GTFs and conversion of the OC to a stable elongation complex (EC).
Transcription requires genomic DNA to be accessible to the transcription machinery to
bind the promoter and translocate along the gene during mRNA synthesis. This is pro-

vided in bacteria, where DNA exists in its bare form. However in eukaryotes, genomic
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DNA is packaged into chromatin through the interaction with histone proteins, which oc-
cludes stretches of DNA thereby creating obstacles to all DNA associated processes such as
transcription, replication and DNA repair. The basic unit of chromatin is the nucleosome,
formed by wrapping of about 147 bp of DNA in 1.65 turns around an octameric complex
of core histones, a central (H3-H4)2 hetero-tetramer and two peripheral H2A-H2B dimers
[5]. Arrays of nucleosomes are further compacted into higher order structures such as the
30 nm chromatin fiber. On one hand, chromatin restricts inappropriate access to DNA
and allows condensation and organization of the ~2 m long genomic DNA such that it fits
the microscopic dimensions of a cell nucleus, ~10 ym in diameter. However, at the same
time chromatin provides another layer of regulation since it can actively participate in
controlling access to the underlying genomic information. To this aim, cells are equipped
with a set of specialized chromatin remodeling complexes that use the energy of ATP
hydrolysis to modify the structure of chromatin. Remodelers reposition, destabilize, eject
or restructure nucleosomes, thereby allowing rapid and regulated access to the underlying
genomic DNA [6]. Remodelers are recruited to specific loci on chromatin where their
action is needed through covalent modifications of histone tails, so-called histone marks.
These marks are placed by histone modifying enzymes, which in turn are recruited by
Pol II itself via its long C-terminal domain (CTD) and CTD-associated factors [7]. This
manifests a strong interplay between chromatin remodeling and transcription and shows
that an understanding of the mechanisms of chromatin remodeling is crucial for a better
understanding of transcriptional regulation.

My work focuses on the two processes of transcription initiation and nucleosome reposi-
tioning. Both processes have been extensively studied using functional biochemical as-
says as well as structural analysis mainly by x-ray crystallography or electron microscopy,
which has greatly advanced our understanding of the underlying mechanisms. However,
many open questions remain and the applied traditional methods are limited in finding
answers, because of the size, complexity, heterogeneity and flexibility of transcription ini-
tiation intermediates and remodeler-nucleosome complexes. Biochemical analysis has the
limitation of monitoring the properties of large ensembles, thereby obscuring individual
behaviors and occluding heterogeneity that might exist between different populations of
molecules. X-ray crystallography requires the complex of interest to be captured in a crys-
tal, which is impossible if complexes within a sample are heterogeneous in composition or
conformation or if they contain too many flexible domains. Finally, traditional structural
methods only provide a static picture of otherwise dynamic processes and hence cannot
be used to study structural dynamics.

Both processes, initiation of transcription and nucleosome remodeling involve large multi-
protein complexes and are characterized by large conformational changes. Therefore, anal-
ysis of underlying mechanisms requires the direct visualization of individual complexes in
real time as provided by single molecule techniques.

Single molecule Forster resonance energy transfer (smFRET) is ideally suited to struc-



turally analyze flexible domains and conformational changes within macromolecular com-
plexes, because it allows to measure distances in real-time between two dye molecules
attached to the complex [8, 9]. Amongst others, it has been successfully applied to the
analysis of transcription initiation complexes of the bacterial [10, 11] and mitochondrial
[12] RNA polymerase and to the study of nucleosome dynamics [13] and remodeling [14].
By trilateration of several smFRET derived distances, a region of unknown position can
be located with respect to known positions within a complex [15, 16, 17, 18, 19]. However,
experimental uncertainties associated with smFRET measurements affect the determined
most likely positions and must be accounted for by computing a three-dimensional proba-
bility density function (PDF) for each position. The recently established Nano-Positioning
System (NPS) computes such PDFs using smFRET data in combination with x-ray crys-
tallographic information and Bayesian parameter estimation [20].

NPS analysis of Pol II transcription elongation complexes has revealed the position of
the 5-end of exiting RNA [15], the influence of TFIIB on RNA position [20], and the
course of nontemplate and upstream DNA [21]. NPS was recently extended to include a
global data analysis to improve localization accuracy (global NPS), and the docking of

macromolecules of known structure [22].

This thesis

In this thesis, I apply smFRET experiments and global NPS analysis to explore the
mechanism of two fundamental processes during eukaryotic gene expression: transcrip-
tion initiation by S.cerevisiae RNA Pol IT and nucleosome repositioning by the S.cerevisiae
remodeler Chdl (Chromodomain-helicase-DNA-binding protein 1).

In the first part, I used smFRET and global docking NPS analysis to uncover the dynamic
architecture of a minimal Pol II OC consisting of promoter DNA, TBP, TFIIB, TFIIF
and Pol II. The results uncovered large overall structural changes during the transcription
initiation-elongation transition and an intrinsically dynamic nature of the Pol IT OC.

In the second part, I applied smFRET to explore the structural dynamics of nucleosomes
during binding and remodeling by individual Chd1l remodelers in real-time. Processive,
bidirectional translocation of nucleosomal DNA was observed and a remodeling mech-
anism was proposed that involves formation and propagation of a DNA loop over the
histone octamer surface. Moreover, using smFRET together with global docking NPS
analysis, I examined the architecture of a Chdl-nucleosome complex. Intrinsic dynamics
were observed and the different functional domains of Chdl could be mapped to different
parts of the nucleosome.

In summary, the studies presented in this thesis shed light on the molecular mechanisms
underlying transcription initiation and nucleosome remodeling and present a significant
contribution to a better understanding of both processes. Moreover, they emphasize the
suitability and great potential of smFRET and global NPS analysis to the structural and

mechanistic investigation of complex and dynamic processes of gene expression.
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Organization of the chapters

In chapter 1, I introduce the biological background of this thesis by presenting the
basics of transcription by eukaryotic RNA polymerase II, chromatin structure and
dynamics as well as chromatin remodeling. Besides, I briefly present single molecule

studies of transcription and nucleosome remodeling.

In chapter 2, I introduce the physical background of the methods and phenomena
applied in this thesis: Fluorescence, Forster resonance energy transfer, total internal
reflection fluorescence microscopy (TIRF), Hidden Markov Modeling (HMM) and

Bayesian data analysis.

In chapter 3, I present my work on transcription initiation. In this study smFRET
experiments and global NPS analysis are applied to uncover the dynamic architec-

ture of a minimal Pol IT open promoter complex.

In chapter 4, I focus on nucleosome repositioning catalyzed by the chromatin remod-
eling complex Chdl. I present smFRET experiments that elucidate the structural
dynamics of nucleosomes induced by Chdl as well as smFRET experiments com-
bined with global NPS analysis that decipher the architecture of a Chd1l-nucleosome

complex.

An outlook (chapter 5) on future experiments concludes this thesis.
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1. Transcription and Chromatin

1.1. Structure and function of RNA polymerase Il

Transcription is the first and most highly regulated step in gene expression. It is carried
out by DNA-dependent RNA polymerases that use genomic DNA as template for the
synthesis of RNA. The existence of RNA polymerases was first discovered independently
by Jerard Hurwitz [23] and Samuel Weiss [24] in 1960. While prokaryotes have only one
RNA polymerase responsible for transcription of all genes, transcription in eukaryotes
is carried out by three different RNA polymerases: Pol I, Pol II and Pol III. Moreover,
a forth type of RNA polymerase, Pol IV, exists in plants [25, 26]. Each polymerase is
responsible for the transcription of a specific set of RNAs. Pol I synthesizes 5.8S, 18S and
288 ribosomal RNAs, Pol II produces messenger RNAs from all protein-coding genes and
small nuclear RNAs and Pol IIT synthesizes transfer RNAs and other small RNAs. All
three polymerases are multisubunit protein complexes and comprise 14 (Pol I, 589 kDa),
12 (Pol 11, 512 kD) and 17 (Pol III, 693 kD) subunits [27]. 10 subunits form the enzyme

core, with which the remaining peripheral subunits interact.

1.1.1. The RNA polymerase |l transcription cycle

Transcription of protein-coding genes into messenger RNA (mRNA) is a complex and
intricately regulated process that controls cell growth and differentiation [2]. It proceeds
through a number of distinct, well ordered steps that form the so-called transcription
cycle (Figure 1.1.1) [28, 2]. The transcription cycle can be roughly divided into three

stages designated initiation, elongation and termination.

Transcription initiation

Transcription initiation at eukaryotic protein-coding gene promoters is a multi-step pro-
cess that is highly regulated through the involvement of over a hundred of protein factors
[29, 30]. First, gene specific activators recognize and bind to enhancer motives that are
mainly located upstream of the gene within an upstream-activating sequence. Oftentimes,
a gene is controlled by the combined action of multiple activators, which increases the
level of regulation. Activators then recruit coactivators such as the large 20-subunit SAGA

complex or the 25-subunit Mediator as well as chromatin remodelers and histone modify-
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Figure 1.1.1.: The RNA polymerase II transcription cycle.

ing enzymes, such as ISWI, RSC, SWI/SNF, RSC, INO80, CHD (see section 1.2.3). Those
enzymes alter the structure of chromatin to make the core promoter accessible [7, 31].
Subsequently, general transcription factors (GTFs) TFIIA, -B, -D, -E, -F and -H assemble
at the promoter and recruit Pol II to form the pre-initiation or closed promoter complex
(PIC/CC) [3, 2, 4]. Pol II, TFIIB, TFIIF, and the TFIID subunit TATA box-binding
protein (TBP) suffice to form a minimal CC [32]. Upon CC formation, promoter DNA
surrounding the transcription start site (TSS) is melted by the ATP-hydrolyzing helicase
domains of TFIIH and inserted into the active center cleft of the polymerase resulting
in the open promoter complex (OC). The minimal OC sufficient for promoter-dependent
transcription in vitro is constituted of Pol II, TBP and TFIIB and is stimulated by the
presence of TFIIF [33] (see section 1.1.3 for details about the function of TFIIB, TBP
and TFIIF). The OC enables RNA synthesis, which triggers release of the general TFs
and conversion of the OC to a stable elongation complex (EC). With the help of TFIIB,
Pol II finds the TSS and starts mRNA synthesis. When the nascent transcript exceeds a
length of about seven nucleotides, Pol II enters the elongation phase and escapes the pro-
moter (promoter clearance) [34]. Most of the initiation factors are left behind as so-called

promoter-bound scaffold, which greatly facilitates reinitiation by another Pol II [2].

Transcription elongation

During the elongation phase, Pol II moves along the gene with single nucleotide steps
and processively produces an RNA transcript, complementary to template DNA. This
precursor mRNA product is further processed by capping and splicing enzymes in a co-
transcriptional manner (see below) to yield the final mRNA template for protein synthesis.
Promoter-proximal pausing and backtracking of Pol II can interrupt the elongation pro-
cess and elongation factors such as TFIIS are required to reactivate Pol II [35]. The
long C-terminal domain (CTD) of Pol II Rpbl, which consists of multiple heptapeptide
(YSPTSPS) repeats, is subject to differential phosphorylation during transcription elon-
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gation resulting in a distinct, temporally changing phosphorylation pattern, named CTD
code. The CTD code determines the factors that associate with the Pol II elongation
complex ensuring RNA processing (RNA capping and splicing enzymes) as well as the
covalent modification of chromatin (histone-modifying enzymes) [36, 37]. In turn, post-
translational modifications of histone tails recruit chromatin remodeling enzymes that are
required to enable Pol II to transcribe through chromatin [7]. In this way, the CTD code

plays a key role in orchestrating the interplay between transcription and chromatin [38].

Transcription termination

Termination of transcription occurs when the transcription machinery encounters the
poly-A site at the 3’ end of a gene (reviewed in [39]). The full-length RNA transcript is
cleaved and polyadenylated and both processes have been extensively studied [40]. How-
ever, the mechanisms underlying transcription termination are still poorly understood.
Following termination, Pol II is released from the template DNA and can enter facilitated

reinitiation through association with the promoter bound scaffold complex [41].

1.1.2. Structure of the Pol Il elongation complex

Crucial for an understanding of the mechanism of transcription is the knowledge of the
structure of the transcription machinery. On this account, extensive research effort over
the past decades has been concentrated on determining the structure of Pol II in different
stages of transcription (reviewed in [27]) and most recently, in complex with key general
transcription factors [42, 43, 44, 45, 46]. The first insight into the structure of Pol II
was provided by the laboratory of Roger Kornberg in 1991. The overall shape of Pol
II was revealed by electron microscopy at 16 A resolution [47]. Ten years later, near
atomic models of the 10 subunit Pol II core [48] and Pol II in complex with a DNA-RNA
scaffold [49] were uncovered at 2.8 and 3.3 A resolution in the same laboratory. During
the following years, the picture was rounded off by the elucidation of the structures of
the complete 12 subunit Pol II including the Rpb4/7 heterodimeric subcomplex at 4.2
A resolution [50] and of the complete elongation complex including its interaction with
NTPs and TFIIS at 4 A [51]. In the following, T will describe the structure of Pol II in
more detail. Since my study of the Pol II open promoter complex using smFRET and
NPS analysis is based on the crystal structure of the complete Pol II elongation complex
(EC), I will focus on this structure.

Pol II consists of a 10-subunit core enzyme and a peripheral heterodimer of subunits
Rpb4 and Rpb7 that can dissociate from the core [52] (Figure 1.1.2). The Pol II core
captures a crab claw-like structure with the two largest subunits Rpbl and Rpb2 forming
opposite sides of a positively charged cleft and remaining subunits being assembled in the
periphery (Figure 1.1.2). The Rpbl side of the cleft forms a mobile clamp, which leads to
two different conformations of the free Pol II core, an open and a closed one. However, in

the presence of a nucleic acid scaffold, the clamp is stabilized in its closed conformation
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B template DNA
nontemplate DNA
B product RNA

top

Figure 1.1.2.: Structure of the complete 12-subunit RNA polymerase II elongation complex
(pdb ID: 1Y1W, [51]). Two views, the top view (left) and side view (right), are shown with
Pol II subunits Rpb1-12 color coded as indicated in the schematic illustration on the right.
Template DNA, nontemplate DNA, and product RNA are shown in blue, cyan, and red,
respectively. The active site magnesium ion is shown as magenta sphere. In the schematic
illustration (right), the translocation of RNA, DNA and Pol II is indicated by a red, blue
and gray arrow, respectively.

[63, 49]. The active site, defined by a persistently bound metal (Mg) ion, is located in a
pore at the floor of the cleft. The EC contains a nucleic acid scaffold with an 11 nt melted
region, the transcription bubble. The template DNA strand in the melted region binds to
the DNA active cleft and is hybridized to about 8 nt of the RNA transcript emerging from
the active site. It is aligned such that the 3’-end of the growing RNA is localized next to
the active site. The template DNA nucleotide at the active center is numbered +1 and
all nucleotides ahead of Pol II that remain to be transcribed are given positive ascending
numbers (downstream). The template DNA nucleotide that base-pairs the 3’-end of the
growing RNA is numbered -1, and all nucleotides that have been transcribed already
are numbered with negative integers (upstream). NTPs enter Pol II via the NTP entry
channel, bind the enzymatically active site and interact with template DNA +1. If the
NTP is complementary to the template DNA nucleotide, a covalent bond with the growing
RNA 3’-end is established under release of a pyrophosphate ion. Subsequently, the DNA-
RNA hybrid translocates upstream by one nucleotide to allow for binding of the next
NTP (Pol II translocates downstream, see arrows in schematic illustration, Figure 1.1.2).
Nascent RNA exits Pol II through the RNA exit channel. In the elongation complex
structure, template DNA (4+9)-(-10), nontemplate DNA (42)-(49) and 10 nucleotides of
nascent RNA, 7 of which base-paired to template DNA (-1)-(-8), could be observed. Due
to flexibility, other parts of the used nucleic acid scaffold could not be detected in the

x-ray crystallographic structure.
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1.1 Structure and function of RNA polymerase II

1.1.3. Specific function of initiation factors comprised in a minimal Pol Il OC:
TFIIB, TBP and TFIIF

In the absence of complete structural information of Pol II initiation complexes, different
aspects about the specific function of each GTF during initiation come from numerous
structural and functional biochemical studies. I will introduce existing knowledge about
the three factors TFIIB, TBP and TFIIF, which are contained in the minimal Pol II open
promoter complex studied in chapter 3.

TFIIB has a crucial role in initiation as it is required for the formation of the CC and
its transition to the OC and EC. It recruits Pol II to the promoter by binding with its
N-terminal zinc ribbon (B-ribbon) domain to the Pol IT dock domain [45, 54] and with its
C-terminal (B-core) domain comprising two cyclin folds [55] to the promoter DNA, TBP
[55] and the Pol II wall [42]. The region connecting the B-ribbon with the B-core forms
two elements, the B-linker and B-reader, which are apparently involved in DNA opening
[42] and TSS selection [56, 57, 58], respectively. TFIIB is displaced upon EC formation
[34]. Recently, the structure of the Pol II-TFIIB complex, in which all except for the
C-terminal cyclin fold of TFIIB is visible, was solved and led to a model of the CC [42].
TBP as part of the TFIID complex [59, 60] binds specifically the TATA box core promoter
motif, which is in mammals most commonly found at position -31 or -30 relative to the
TSS [61, 62]. The crystal structure of a TBP-TATA complex showed that TBP binds with
its concave surface to the eight base pairs of the TATA box, bending the DNA by ~80°
towards its major groove [63]. Beside TBP, TFIID contains 14 TBP-associated factors
(TAFs) that interact with gene specific activators, thereby giving TFIID the role of a
coactivator.

TFIIF is required for initiation [64], for stable PIC formation [61] and for start site
selection [65, 66, 67]. It binds Pol II tightly and is associated to about 50 % of Pol II
in yeast cells [68]. Moreover, it prevents nonspecific interaction of Pol II with DNA [69].
The architecture of the Pol II-TFIIF complex was recently investigated by a combination
of crosslinking and mass spectrometry and TFIIF was shown to bind to the Rpb2 side
of Pol II, in particular to the lobe and protrusion domains [70]. Furthermore, TFIIF can
modulate the activity of open complexes by either repressing or stimulating initiation
[71]. The response to TFIIF was shown to be dependent on the sequence of template
DNA within the melted region, however nothing is known about the underlying molecular

mechanism.

1.1.4. Single molecule studies of transcription

Single molecule techniques have greatly advanced our understanding of transcription by
RNA polymerases by shedding light on the dynamics and heterogeneity of different as-
pects of the transcription cycle that escape traditional biochemical bulk methods or x-ray

crystallography (recently reviewed in [72, 73]). Due to the complexity of the eukaryotic
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Pol II transcription machinery, most single-molecule studies have focused on the bac-
terial enzyme. Bacterial RNA polymerase (RNAP) consists of 5 subunits (8°, 8, 2 «
monomers and w), which are similar in structure and sequence to subunits Rpb1, Rpb2,
Rpb3, Rpbll, and Rpb6 of the eukaryotic RNA Pol II. Bacterial and eukaroytic RNA
polymerases exhibit striking structural similarities in their overall shape (crab claw-like
structure with central DNA-binding cleft) and the relative positions of subunits [74, 75].
Bacterial RNAP only requires one transcription initiation factor, sigma, which tremen-
dously eases initiation studies compared to the eukaryotic system.

Transcription initiation has been the subject of several studies. Atomic force microscopy
(AFM) was used to probe the overall shape of open promoter complexes of the E. coli
RNAP. An architecture was revealed, in which the promoter completely wraps around
the polymerase over 270° involving extensive contacts of the upstream DNA with the
RNAP surface [76]. Further, two studies explored the early conformational dynamics
during abortive transcription initiation by bacterial RNAP using smFRET and magnetic
tweezers [10, 11]. Abortive initiation involves cycles of synthesis and release of short RNA
transcripts (up to 7 nt) that occur until RNAP produces a longer RNA product enabling
promoter escape. Both studies demonstrated that initial transcription proceeds through
a scrunching mechanism, in which RNAP remains fixed on the promoter DNA, but pulls
downstream DNA into itself, thereby keeping extra DNA inside. In this way, energy of
NTP hydrolysis is stored in order to break RNAP free from its tight contact with the
promoter later on during promoter escape. Moreover, smFRET using confocal and TIRF
microscopy was applied to study the transitioning of E. coli RNAP from initiation to
elongation and the extent of sigma retention [77, 78]. A FRET dye pair was placed on the
sigma factor and on upstream or downstream template DNA and changes in smFRET
of actively transcribing complexes were observed. These studies showed that sigma is
retained during transcription elongation and hence, sigma release is not required for pro-
moter escape.

Transcription elongation has been extensively studied by single-molecule force spectroscopy
using optical tweezers and details of the kinetics of translocation, pausing and backtrack-
ing by RNA polymerase could be elucidated. Bacterial RNAP was found to stall at a force
of 25 pN, however translocation velocity was largely independent of applied force below
that maximal force [79]. Translocation by RNAP was interrupted by stochastic paus-
ing events [79, 80, 81] that were intermediary to irreversible RNAP arrest [80]. Lower
nucleotide concentrations were shown to result in a decreased translocation velocity and
an increased probability for pausing [82]. Moreover, an investigation of the sequence de-
pendency of pausing suggested that pausing occurs at DNA sequences similar to known
regulatory pause sequences [83]. As the resolution of optical tweezers improved, more
detailed studies of RNAP pausing became possible and RNAP backtracking was directly
observed [84, 85]. In 2007, optical tweezers were for the first time applied to eukaryotic
yeast RNA Pol IT and three times smaller stalling forces were detected (7 pN) compared
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to the bacterial RNAP due to a greater tendency to backtrack [86]. Transcription elon-
gation factor TFIIS, which activates Pol II to cleave the 3’-end of backtracked RNA, was
demonstrated to increase the stall force of Pol II by 3-fold suggesting that the low me-
chanical strength of Pol II is part of the mechanism of transcriptional regulation. In our
lab, smFRET in combination with Nano-Positioning System (NPS) analysis was used to
study the conformation of regions of the Pol II EC that are not visible in the Pol II EC
crystal structure [20, 15]. In this way, the position of the 5-end of exiting RNA [15], the
influence of TFIIB on RNA position [20], and the course of nontemplate and upstream
DNA [21] could be revealed.

Transcription termination is the least investigated phase of transcription. Only few stud-
ies exist, which probe the importance of mechanical force on termination by the bacterial
RNAP using optical tweezers [87, 88] and the kinetics of transcription termination using

tethered particle motion assays with immobilized bacterial RNAP [89].

Recently, single molecule studies of transcription were brought to a new level by inves-
tigating the interplay between transcribing RNA polymerases and nucleosomes. Optical
tweezers were used to observe yeast Pol II during transcription of a DNA template con-
taining a single nucleosome [90]. Pol II was observed to pause in front of the nucleosome
and wait for transient unwrapping of the nucleosomal DNA (breathing, see section 1.2.2)
in order to invade the nucleosome rather than actively disrupt DN A-histone contacts. Fur-
ther, by means of AFM the presence of looped transcriptional intermediates were observed
providing insights into the histone transfer process during transcription through nucleo-
somes [91]. A fraction of transcribed nucleosomes was remodeled into hexasomes. Another
optical tweezers study used the DNA unzipping technique to determine the position of
polymerase and nucleosome upon transcription for a defined time. The bacterial RNAP
was used as a model system, even though it does not encounter nucleosome obstacles in
vivo. RNAP performed backtracking by 10-15 bases when it encountered a nucleosome,
however backtracking was reduced in the presence of a trailing polymerase suggesting that
the presence of multiple polymerases in vivo facilitates transcription through nucleosomes
[92].

Even though these more complex in vitro experiments combining the transcription process
with nucleosomal compaction of DNA describe a more realistic situation, they are still
only capable of providing a simplistic mechanistic picture and it remains to be seen how it
has to be adapted to describe the complexity within organisms. In recent years, as a result
of fast advances in live-cell imaging technologies, it has become possible to apply single
molecule fluorescence microscopy to cells and directly observe individual transcription
events in single living cells [93, 94, 95]. Studies on the direct detection of nascent mRNA
uncovered transcriptional bursting in mammalian cells [95] and bacteria [93], however, sin-

gle, uncorrelated transcription-initiation events in yeast [96, 97]; further a high cell-to-cell
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variability of mRNA production and an inherently probabilistic nature of the transcrip-
tion process (intrinsic noise). Moreover, transcription of mRNA in yeast was correlated
with the diffusion and binding behavior of a corresponding transcription factor, which
revealed that transcription initiation of the investigated gene was dependent only on the
success of the transcription factor in its search for its particular promoter binding site
[97]. Two different approaches were applied to label mRNA. The first labeling approach
is single RNA fluorescence in situ hybridization (RNA-FISH), in which a fluorescently
labeled DNA oligomer probe, complementary to the mRNA of interest, is added to fixed
cells and hybridization leads to labeling of the RNA of interest. The second approach is
the MS2- or PP7-stem loop technique, which has the advantage that it does not require
fixation of cells and can therefore be applied in living cells. In this labeling technique,
nascent RNA can be detected by genetically inserting a cassette into the untranslated
region (UTR) of the gene of interest, which codes for several repeats of a hairpin binding
site of the PP7 or MS2 bacteriophage coat protein. As the cassette is transcribed by Pol
II, RNA stem loops form and are bound by the PP7/MS2-fluorescent protein fusion con-
structs that are constitutively coexpressed and hence serve as fluorescent tag. Such single
molecule, single cell investigations will pave the way to a more mechanistic understanding

of the dynamics of transcription regulation in the complex cell environment.
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(Metaphase)

Figure 1.2.1.: Chromatin organization in eukaryotes. The different levels of DNA compaction
are presented.

1.2. Chromatin structure and dynamics

1.2.1. Chromatin organization in eukaryotes

In eukaryotic cells, genomic DNA is packaged into a compact nucleoprotein form called
chromatin. Chromatin not only allows compaction and organization to make genomic
DNA fit into the cell nucleus, but also provides regulatory functions by controlling DNA
accessibility. It contains multiple levels of DNA compaction as presented in Figure 1.2.1.
The first level of compaction is the 11 nm fiber, which resembles beads on a string [98]. It
consists of nucleosomes (beads), the basic packing unit of chromatin, connected by linker
DNA (string). In the nucleosome, about 147 bp of DNA are wrapped in 1.65 turns of a
flat, left-handed superhelix around a core histone octamer (Figure 1.2.2). Each octamer
is composed of two H3-H4 dimers bridged together as a stable tetramer and flanked by
two separate H2A-H2B dimers [5, 99]. Histones are rich in basic amino acids, which
provides the basis for a stable assembly with negatively charged DNA. The minor groove
of the DNA double helix faces inwards and interacts with histones approximately every
10 bp, leading to fourteen contact sites within 147 bp of nucleosomal DNA. Protruding

from the nucleosome core particle are the N-terminal histone tails, which are rich in basic
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Histone tails

H2A || H2B

Figure 1.2.2.: Crystal structure of the nucleosome core particle [99]. Nucleosomal DNA (gray) is
wrapped around a core histone octamer consisting of a (H3-H4)2 tetramer (red, brown)and
two peripheral H2A-H2B dimers (beige, orange). The dyad (superhelical location 0), the
center of nucleosomal DNA through which the pseudo C2 axis of the nucleosome runs, is
indicated in black. Superhelical locations (SHL) 1-7 on the first turn of nucleosomal DNA are
marked by yellow circles (major grooves). The interaction sites between DNA and histones
are situated at SHLs 0.5, 1.5,..., 6.5 (minor grooves).

amino acids and subject to covalent posttranslational modifications (reviewed in [100]).
Beyond the core histones, linker histone H1 can bind internucleosomal linker DNA at the

entry/exit site of the nucleosome, thereby creating the chromatosome.

On the next level of chromatin organization, nucleosomal arrays are compacted into 30 nm
chromatin fibers. The structure of the 30 nm chromatin fiber remains unknown and dis-
crepancies exist between proposed structural models [101]. During mitosis, chromatin has
to be further compacted beyond the 30 nm fiber into the highly condensed chromosomes.
In turn, during interphase the structure of chromatin is heterogeneous: while specific
genomic regions contain highly condensed chromatin (heterochromatin) inhibiting the
transcription machinery, others contain relatively uncondensed chromatin (euchromatin)
accessible to factors that bind and act on DNA. However, even euchromatin that mainly
consists of uncondensed nucleosomal arrays, can severely impede transcription [102, 103]1
and, in turn, also heterochromatin exhibits heterogeneity and is plastic. To facilitate
transcription of nucleosomal DNA, cells are equipped with a set of specialized multi-
protein chromatin remodeling enzymes that use the energy of ATP hydrolysis to modify

the structure of chromatin (section 1.2.3).

INote that nucleosomes not necessarily impede transcription since Pol II was reported in biochemical
and single molecule studies to be able to transcribe through nucleosomes [104, 105, 90, 92].
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1.2.2. Nucleosome stability and dynamics

The nucleosome is characterized by 14 interaction sites every ~10 bp between the in-
dividual DNA minor grooves and the histones [5]. At each site, an arginine is inserted
deep into the negatively charged minor groove of the DNA and several hydrogen bonds
between the histone main chains and DNA phosphates are established. None of the in-
teractions between DNA and histones is sequence specific, but nonetheless, the stability
of a nucleosome, defined as the relative free energy for nucleosome assembly, depends
on the sequence of nucleosomal DNA [106, 107] and varies by more than 4 kcal mol™*.
This sequence dependency stems from the intrinsic curvature and bendability of cer-
tain DNA sequence motives, which have to be arranged such that the sharp bending of
DNA within the nucleosome is facilitated. DNA sequences that generate a curved DNA
structure favoring nucleosome formation are characterized by 10 bp periodic AA/TT/TA
dinucleotides oscillating in phase with each other and out of phase with 10 bp periodic
GC dinucleotides. A/T sequences prefer minor groove sites facing the histone octamer
and G/C rich sequences favor major groove sites facing outwards. As a consequence of
differences in nucleosome stability, DNA sequence also determines nucleosome positioning
in vitro and in vivo [108, 109]. Nucleosome positioning has been studied recently also on
the single molecule level using a high throughput single molecule fluorescence technique
that involved long DNA curtains [110]. In a selection experiment for DNA sequences that
exhibit high affinity for histone octamers, and concomitantly high nucleosome positioning
power, the 601-sequence was identified as exceptionally strong nucleosome positioning se-
quence [111]. This sequence will be used in all nucleosome experiments presented in this
thesis.

A detailed map of the interactions between DNA and histones was constructed in a
single molecule study that employed optical tweezers to mechanically unzip single DNA
molecules containing a positioned nucleosome [112]. A 5 bp periodicity of interactions was
observed to be enveloped by three broad regions of strong interactions. The strongest in-
teraction was found at the dyad and the other two approximately 40 bp away from the
dyad at both sides. Unzipping up to the dyad allowed recovery of a canonical nucleosome,
however unzipping beyond the dyad led to removal of the histone octamer from the DNA.
These results were in consistency with an earlier study probing nucleosome dynamics dur-
ing unwrapping using optical tweezers [113].

The crystal structure of the nucleosome core particle gives the impression of a static and
unchangable assembly. However, nucleosomes hold inherent dynamic properties. Nucleo-
somal DNA, most of the time buried inside the nucleosome, can be transiently exposed by
spontaneous unwrapping. This so-called nucleosome breathing was first revealed in bio-
chemical assays that probed the accessibility of internal sites on the nucleosomal DNA to
restriction enzymes [114]. Later, nucleosome breathing was confirmed by single molecule
FRET studies of freely diffusing and surface immobilized nucleosomes using confocal and

TIRF microscopy, respectively [13, 115]. Recently, acetylation of lysine 56 of histone H3,
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present as posttranslational modification in vivo, was shown to increase breathing of DNA
by 7 fold near the entry/exit site of the nuclesome [116].

In addition to these transient conformational changes, there is recent evidence for alterna-
tive nucleosome structures [117]. All existing crystal structures are extremely similar with
tightly packed DNA ends near the entry/exit site. However the crystal lattice formation
itself selects for such compact state. Many nucleosomes exhibit structural features that
are not compatible with crystal formation or that lead to fragile crystals that diffract
poorly. This suggests that a structural variability of nucleosomes exists in solution. A re-
cent single molecule FRET study directly proved the existence of an open conformational
nucleosomal state even for stable nucleosomes containing the strong positioning sequence
601 at intermediate salt concentration (600 mM NaCl) [118]. This open state is charac-
terized by a partial dissociation of the H2A-H2B dimers from the H3-H4 tetramer near
the dyad while remaining bound to the DNA. The possibility that the default structure
of a nucleosome in solution does not resemble the crystal structure has to be considered

in studies of nucleosome repositioning.

1.2.3. Chromatin remodeling complexes

Chromatin remodeling enzymes are large, mostly multisubunit complexes that use the
energy of ATP hydrolysis to modify the structure of chromatin, thereby allowing rapid
and regulated access to the underlying genomic DNA. All remodeling complexes are mem-
bers of the Swi2/Snf2 family of proteins and share as part of their catalytic subunit a
conserved DNA-dependent ATPase domain, which belongs to the superfamily 2 (SF2) of
DNA translocases [119]. The ATPase domain consists of two parts, DExx (ATPase lobe
1) and HELICc (ATPase lobe 2), that are connected by an insertion [6]. Dependent on
unique accessory domains flanking the ATPase domain, remodelers are seperated into four
distinct families, namely Swi/Snf (mating type switching/sucrose non-fermenting), ISWI
(imitation switch), CHD (chromodomain helicase DNA-binding) and INOS80 (inositol).
The individual families are conserved from yeast to human, although some variation in
their detailed protein composition exists. Figure 1.2.3 shows the domain structure of the

core ATPase subunit of the four families of chromatin remodelers.

Chromatin remodelers affect the structure of chromatin in different ways and the follow-
ing remodeling reactions have been identified, both in vivo and in vitro (reviewed in [6]):
sliding or repositioning of histone octamers to a new position on the DNA, partial local-
ized unwrapping of nucleosomal DNA, ejection of histone octamers, ejection of H2A-H2B
dimers as well as exchange of H2A-H2B dimers for alternative dimers containing histone
variants such as H2A.Z (termed Htzl in S. cerevisiae). The first three remodeling reac-
tions lead to exposure of part of the nucleosomal DNA initially occluded by the histone
octamer, whereas the latter two reactions result in an altered composition of the nucleo-

some itself. Moreover, remodelers have been found to assist in chromatin assembly and
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Figure 1.2.3.: Families of chromatin remodelers as defined by the domain structure of their
catalytic subunit [6]. All families share a conserved ATPase domain that is split in two parts
(DExx and HELICc) and connected by either a short insertion in the case of SWI/SNF,
ISWI and CHD remodelers or by a long insertion in the case of INO80 remodelers. Each
family is further defined by a distinct combination of accessory domains flanking the ATPase
domain: SWI/SNF remodelers contain a C-terminal bromodomain (light green) and an N-
terminal HSA (Helicase-SANT) domain (dark green), ISWI remodelers contain a C-terminal
HAND-SANT-SLIDE domain (cyan, light blue, dark blue), CHD remodelers contain N-
terminal tandem chromodomains (magenta) and INO80 remodelers contain an N-terminal
HSA domain.

induce spacing of nucleosomes within nucleosomal arrays.

Different members of one family can have very different functions with the diversity being
mainly imparted by attendant subunits, however some trends can be elaborated: Mem-
bers of the SWI/SNF family are able to slide and eject nucleosomes, but lack a role in
chromatin assembly. Sliding by SWI/SNF remodelers leads to randomized nucleosome
positions on a nucleosomal array. In contrast, most ISWI type remodelers were found to
slide nucleosomes to create evenly spaced nucleosomal arrays, thereby promoting chro-
matin assembly and repressing transcription. Also CHD family members were shown to
optimize spacing of nucleosomal arrays and assist in chromatin assembly by sliding and
ejecting nucleosomes, however most CHD remodelers were shown to have an activating
effect on transcription. Only the CHD remodelers Mi-2 and NuRD were shown to have
repressive roles. Finally, remodelers of the INO80 family were shown to promote tran-
scription activation and DNA repair, to act as nucleosome spacing enzymes as well as to
insert the variant histone H2A.Z by replacing H2A-H2B dimers with H2A.Z-H2B.

1.2.4. The CHD family of chromation remodelers

Chromatin remodelers of the chromodomain-helicase-DNA-binding (CHD) family consist
of one to ten subunits and are characterized by the presence of tandem chromodomains
(chromatin organization modifier) in the N-terminal region of the catalytic subunit of the
protein [120, 121]. The chromodomain is an evolutionarily conserved sequence motive

involved in regulation of chromatin structure and transcriptional regulation. It was first
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identified as shared region of the epigenetic repressor proteins heterochromatin protein
1 (HP1) and Polycomb (Pc) [122]. Since then, chromodomains have been found also
in ATP-dependent chromatin remodelers, histone acetyltransferases and histone methyl-
transferases. Members of the CHD family are found from yeast to plants to mammals.

The CHD family is divided into three subfamilies according to the presence or absence of
additional domains. The first subfamily is defined by a DNA-binding domain located in
the C-terminal region and preferentially binding AT-rich sequences [123]. The subfamily
consists of S. cerevisiae Chdl, which is the only CHD family member in yeast, as well
as Chdl and Chd2 proteins from higher eukaryotes. The second subfamily includes the
proteins Chd3 (Mi-2«) and Chd4 (Mi-23) as well as D. melanogaster Mi-2 and is defined
by the absence of the DNA-binding domain but the presence of an N-terminal PHD (plant
homeo domain) Zn-finger-like domain. Members of the second subfamily, Chd3 and Chd4,
are part of large complexes consisting of seven proteins that are all associated with tran-
scriptional repression and that were termed NuRD due to their nucleosome remodeling
and histone deacetylase activities. The third subfamily contains the proteins Chd5-Chd9
and is characterized by additional functional motives in the C-terminal region, including
paired BRK domains, a SANT-like domain, CR domains and a DNA-binding domain.

1.2.5. Chromodomain-helicase-DNA-binding protein 1 - Chdl

Chromodomain-helicase-DNA-binding protein 1 (Chdl) is the founding member of the
CHD family of chromatin remodelers and was first identified in mouse as a DNA-binding
protein containing in addition a paired chromodomain [124]. Chdl is conserved from
yeast to humans and is the only member of the CHD family of remodelers present in
yeast. It is a monomeric remodeler [125] with a molecular weight of 168 kDa and hence
significantly smaller than remodelers of the SWI/SNF or INO80 families that consist of
up to 15 subunits with molecular weights of around 1-2 MDa [126]. Biochemical stud-
ies showed that Chdl proteins assemble and evenly space nucleosomal arrays as well as
slide mono-nucleosomes towards the center of a short DNA fragment [127, 128], similar to
ISWI-type remodelers [129, 130, 131]. In wvivo studies associated Chdl with active gene
transcription by RNA polymerase II, particularly at the level of elongation and termina-
tion: Chdl was shown to localize to regions of decondensed chromatin (interbands) and
high transcriptional activity (puffs) in Drosophila melanogaster polytene chromosomes
[123], to be associated with the transcription elongation factors FACT, Rtfl and Spt5 at
transcribed genes [132, 133, 134] and to participate in transcriptional termination [135].
Moreover, Chd1l was recently linked to transcription initiation since it was shown to be
recruited by the Mediator coactivator complex, which controls assembly of the RNA poly-
merase II preinitiation complex [136]. In S. cerevisiae, Chdl is partially redundant with
the action of other spacing enzymes such as Iswl [137] and a recent genome-wide study
demonstrated that the combined action of Iswl and Chdl is required to maintain regular

nucleosome organization. Moreover, Chdl was shown to be important for deposition of
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the histone variant H3.3 marking active chromatin in D. melanogaster [138], and promote
nucleosome disassembly in S. pombe [139]. In mice it was shown to be essential for open

chromatin in order to maintain pluripotency of embryonic stem cells [140].

Chdl1 is comprised of a characteristic double chromodomain motive N-terminal to the
Snf2 ATPase domain and a C-terminal DNA-binding domain [124, 141] (Figure 1.2.4A).
In the following, I will discuss the function and structure of the individual domains of
Chdl. Even though the structure of the complete remodeler could not be solved so far,
several atomic structures of different portions of Chdl are available.

Numerous studies have focused on understanding the role of the tandem chromodomains
of Chdl: In human, Chdl chromodomains were found to specifically bind to methylated
lysine 4 in histone H3 tails (H3K4me2 and H3K4me3), which might specifically target the
function of Chdl to regions of active transcription marked by H3K4me3 [142, 143, 144].
No interaction of Chdl was found with unmodified H3K4 or other methylated lysines
in H3 tails. In contrast, the tandem chromodomains of S. cerevisiae Chdl do not bind
methylated H3K4 peptides [143, 142, 144] and the chromodomains of D. melanogaster
Chd1 are not required for chromatin localization of Chdl [145] to actively transcribed
regions.

Atomic structures exist for the isolated tandem chromodomains of human and yeast Chdl
(NMR structures, [144]; x-ray crystal structures, [146, 142]) revealing a structural poly-
morphism that might be responsible for the differing affinity of the two chromodomains
to methylated H3K4. Moreover, the crystal structure of a fragment of S. cerevisiae Chdl
encompassing the tandem chromodomains as well as the ATPase domain was recently
solved and is shown in Figure 1.2.4B [147]. This structure shed light on how the chro-
modomains negatively regulate the ATPase activity of the Snf2 domain: In the crystal
structure, the ATPase motor (red, blue) was observed in an inactive conformation, since
the ATPase lobes captured an open conformation that would not allow ATP hydrolysis
and since an acidic helix joining both chromodomains (helical linker or chromo-wedge,
yellow) occluded the DNA-binding surface of the motor. However, this chromodomain-
ATPase interface was shown to be essential for the ability of Chd1 to discriminate between
nucleosomes and naked DNA. A model was proposed (Figure 1.2.4B, bottom), in which
the specific interaction of a nucleosome with Chd1 stabilizes the helical linker of the chro-
modomains in an ungated position that enables the ATPase motor to achieve a closed,
ATP-hydrolysis competent conformation and therefore allows Chdl to slide the nucleo-
some. A recent crosslinking study demonstrated that the ISWI ATPase domain captures

such closed, catalytically competent conformation [148].

The DNA-binding domain of Chdl comprises about 270 residues C-terminal to the Snf2
ATPase domain (residues 1009-1274) and binds to about 20 bp of DNA without sequence
specificity but a preference for poly(dA-dT) and poly(dI-dC) sequences [149, 141]. It
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Figure 1.2.4.: Atomic structures of the different Chd1l domains. (A) Domain structure of Chd1.
(B) Top: Crystal structure of a portion (residue 142-939) of Chdl encompassing the tandem
chromodomains and the ATPase domain (pdb ID: 3MWY, [147]). The two ATPase lobes
shown in red and blue are flanked by the double chromodomain (yellow) and an extended
C-terminal bridge (gray). Bottom: A schematic of the crystal structure is shown in the
gated conformation with the helical linker of the chromodomains locking the ATPase motor
(left) and in the proposed ungated, catalytically competent conformation that is captured
upon interaction with a nucleosome and in which the helical linker is displaced and the
ATPase cleft has closed. (C) Crystal structure of the DNA-binding domain of Chd1 (residue
1006-1274) in complex with a dodecameric DNA duplex (pdb ID: 3TED, [149, 150]). SANT
(purple), SLIDE (dark green), helical linker-1 (magenta, HL1) and -2 (light green, HL2) and
B-linker (dark rose, SL) regions are marked. Images were prepared using Chimera [151].

is essential for the stable association with nucleosomes which requires the presence of
extranucleosomal DNA, as well as for the nucleosome centering activity of Chd1. However,
it was shown that the native DNA-binding domain can be replaced by foreign DNA-
binding domains without losing remodeling activity [152]. Furthermore, target sequences
recognized by the foreign DNA-binding domains introduced into the extranucleosomal
DNA dictated the direction of sliding by Chdl, which suggests that the affinity of the
DNA-binding domain of Chdl for extranucleosomal DNA is the key determinant for the
direction of sliding.

In a recent study, the DNA-binding domain of S. cerevisiae Chdl was found to contain a
SANT (SWI3, ADA2, N-CoR and TFIIB) and SLIDE (SANT-like ISWI domain) domain
analogous to the DNA-binding domain (HAND-SANT-SLIDE domain) of ISWI family
remodelers [149, 153]. The fact that both Chdl and ISWI remodelers act as spacing

enzymes and have shared and redundant functions in vivo suggests that the common
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SANT-SLIDE motive plays an important role in the nucleosome organizing activities. A
recently solved crystal structure of the DNA-binding domain of Chdl in complex with
DNA revealed the interaction of surfaces on the SLIDE and SANT domains with a straight
DNA duplex consistent with the preference of Chdl to bind extranucleosomal DNA [150]
(Figure 1.2.4C). Unlike the minor groove binding observed for the SANT and SLIDE
domains of Iswl [154], the SANT-SLIDE motive of Chdl interacts with both major and
minor groove of the DNA, thereby establishing a distinct angle between DNA and protein.
As a result, the SANT-SLIDE domains of Chd1l span a shorter stretch of DNA than those
of Isw1, which could be responsible for the distinct spacing characteristics of both enzymes:
While Chd1 establishes spacing with a nucleosome repeat length of about 162 bp, ISWI
family remodelers generate nucleosomes spaced 175-200 bp apart [127, 137].

Even though most enzymatic and regulatory functions of Chdl essential for nucleosome
remodeling can be allocated to the three characteristic domains introduced above, it was
recently shown that residues in between the ATPase motor and the DNA-binding domain,
when altered, greatly reduced the sliding ability of Chd1l. These residues therefore appear
to play a role in coupling nucleosome stimulated ATP hydrolysis to nucleosome sliding
[155].

1.2.6. Mechanisms of nucleosome repositioning and spacing

A nucleosome is held together by 14 histone-DNA contacts that require a total of about 12-
14 keal mol™" to be broken [156]. This explains the slow rates of translocation of histone
octamers along DNA by thermal diffusion and of spontaneous disruption of nucleosomes
[157]. Cells have evolved specialized ATP-dependent chromatin remodelers equipped with
the capability to overcome these energetic barriers and slide nucleosomes along DNA,
thereby providing regulated access to the underlying DNA. However, the mechanism that
allows remodelers to couple hydrolysis of ATP to the breakage of histone-DNA contacts
without a full disruption of the nucleosome is not well understood. Two distinct models
(with slight variations) have been proposed for the remodeling mechanism that both re-
quire only a subset of histone-DNA contacts to be broken at a time, preventing disruption
of the nucleosome and providing a cost-efficient way of sliding nucleosomes.

The model first proposed, the twist-diffusion model, is based on the observations that the
DNA twist within nucleosome core particles can alter [158] and that the Snf2 ATPase do-
main of remodelers, being bound to one face of the DNA, can move DNA by 1 or 2 bp at a
time [159, 160]. In the twist-diffusion model, a twist defect in the DNA is pushed into the
nucleosome by the ATPase domain near the nucleosome entry site. This twist then prop-
agates over the octamer surface by one-dimensional diffusion resulting in a corkscrew-like
movement of the DNA and a remodeling step size of 1 bp [107, 161, 162] (Figure 1.2.5A B).

However, numerous recent experiments have questioned remodeling via diffusion of a

twist defect in DNA: In a set of biochemical crosslinking studies, the ATPase domain of
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Figure 1.2.5.: Proposed models of nucleosome repositioning mechanism. (A) Schematic illus-
tration of a mono-nucleosome used for remodeling experiments with one short and one long
linker DNA. The important elements are labeled. (B) Schematic illustration of the proposed
twist-diffusion model [107, 161]. (C) Schematic illustration of the proposed loop-recapture
model. The concerted action of a DNA-binding domain (DBD, dark blue) associated with
the linker DNA at the entry site and a translocation domain (Tr, green) located near the
dyad generates a small DNA loop that propagates over the nucleosome surface. The remod-
eler is anchored to the histone octamer via the hinge domain (H, light blue). Figure adapted
from [6, 163]

ISWI remodelers was shown to interact with nucleosomal DNA around two turns from
the dyad at superhelical location 2 (SHL2, on the same gyre as long linker DNA), pro-
viding a direct physical connection of ATP hydrolysis with this region of nucleosomes
[164, 165, 166, 167]. Consistent with this finding, single-stranded gaps introduced at
SHL2 were shown to block sliding of the gapped sites towards the dyad for ISWI remod-
elers, [166, 165, 168], Chdl [152] and the catalytic subunit of the SWI/SNF remodeler
RSC [169]. Note that a similar gap introduced at SHL-2 on the opposite side of the dyad
did not have any effect on Chdl catalyzed sliding [152]. Moreover, the HAND domain of
ISWI remodelers was shown to contact the nucleosomal DNA right at the entry site of
the nucleosome and the SLIDE domain was mapped to the extranucleosomal DNA about
30 bp outside the nucleosome core suggesting that this DNA-binding domain senses the
length of extranucleosomal DNA. Remodeling by ISWI remodelers was shown to accumu-

late remodeling products with nucleosomes being preferentially repositioned by a multiple
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of 10 bp from their initial position, consistent with the 10 bp periodicity of DNA-histone
contacts within the nucleosome [166, 165]. Furthermore, it was shown that ISWI remod-
elers can slide a nucleosome that has a bead tethered to the nucleosomal DNA near the
nucleosomal dyad by 40 - 50 bp [170]. This questions the degree of twist formation during
remodeling. As a result of these observations, the nowadays favored loop-recapture (or
wave-ratchet-wave) model was proposed for DNA translocation over the histone octamer
surface (Figure 1.2.5A,C).

In the loop-recapture model, the remodeler binds the nucleosome core with its ATPase
domain (translocation domain) engaging the DNA about 2 turns from the dyad and
the C-terminal DNA-binding domain contacts the DNA linker at the nucleosome en-
try site. In addition, a hinge domain anchors the remodeler to the histone octamer.
An ATP-dependent conformational change triggered by the ATPase domain causes the
DNA-binding domain to push DNA from the linker on the entry site into the nucleosome
thereby creating a DNA loop/wave. The ATPase domain then pumps DNA towards the
nucleosome dyad [171] and the DNA loop finally propagates around the nucleosome by

one-dimensional diffusion and is released on the nucleosome exit site.

Remodelers of the ISWI family as well as Chd1l share the ability to evenly space nucleo-
somal arrays. Recently, the structure of two members of the ISWI family, yeast ISW1a
and human ACF (ATP-dependent chromatin assembly factor), in complex with a nu-
cleosome were solved by electron microscopy [154, 172] yielding important insights into
the mechanism of nucleosome spacing. ISWla (A ATPase) was found to bind two DNA
linkers at once and interact with a nucleosome in two different conformations dependent
on the extranucleosomal DNA. If the nucleosome contained linker DNA at both sides,
both linkers were bound by a single ISW1a, however if the nucleosome contained only
one linker, two nucleosomes were bridged by two copies of ISW1a.? In combination with
crosslinking data as well as crystal structures of ISWla(AATPase) alone and bound to
DNA, a mechanism for nucleosome spacing was proposed, in which a single ISWla re-
modeler uses a dinucleosome substrate and its own physical dimensions as a ruler to set
the spacing between two adjacent nucleosomes.

In contrast, Snf2h, the catalytic subunit of human ACF, was shown to bind a single nu-
cleosome as a dimer with both monomers being located at opposite sites around 2 turns
from the dyad (SHL +2/-2) [172]. The DNA-binding domain of Snf2h (HAND-SANT-
SLIDE) as well as extranucleosomal DNA was not visible in the structure. Binding of the
ATPase to SHL +2/-2 as well as the cooperativity of nucleosome binding by the two Snf2h
monomers was dependent on their nucleotide state. In combination with biochemical and
single-molecule data (see section 1.2.7), a model was proposed in which both monomers
continuously sample their linker DNA, yet translocation of the nucleosome occurs mainly

towards the longer linker DNA since longer extranucleosomal DNA stimulates the ATPase

2Note that this binding behavior could be artificial and an effect of the experimental conditions during
electron microscopy.
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activity of the associated Snf2h remodeler. The end product of this competition model is
a nucleosome with DNA linkers of similar length or an evenly spaced nucleosomal array.
In summary, these results suggest that two remodelers of the same ISWI family, even
though they share the same functional domains, use a different remodeling mechanism
to evenly space nucleosomes. It remains to be shown if the distinction is real or if both

models can be converged into one.

1.2.7. Single molecule studies of nucleosome remodeling

To date, the detailed remodeling mechanisms employed by the different families of re-
modeling enzymes remains unclear. The application of single molecule techniques will be
crucial for a progress in our understanding, since they allow for the direct observation of
remodeling of individual nucleosomes in real time. To date, only few single molecule stud-
ies of nucleosome remodeling exist (reviewed in [173, 174]). Two studies employed optical
and magnetic tweezers to examine the action of RSC and SWI/SNF remodelers on bare
DNA and nucleosome templates [175, 176]. The formation of DNA loops was revealed
with the loop sizes ranging from 20-1200 bp (100 bp in average). Smaller loops could not
clearly be resolved from instrument noise and it remains to be shown whether remodeling
involves also or even primarely loops smaller than 20 bp. In addition, for the first time
RSC complexes were shown to translocate on DNA with high speeds (200 bp s™!) and for
considerable distances (420 bp in average) [176]. In another optical tweezers study, DNA
unzipping was applied to examine the location and structure of nucleosomes remodeled
by SWI/SNF [177]. Nucleosomes were found to be displaced bidirectionally resulting in
a continuous position distribution with a characteristic repositioning distance of 28 bp.
Moreover, repositioned nucleosomes remained their canonical structure.

Recently, the first single molecule FRET study was published examining the dynamics of
nucleosome remodeling by individual ACF complexes [14]. A double labeled nucleosomal
construct was used that allowed for the direct observation of nucleosome translocation by
a decrease in FRET efficiency, since one fluorophore was attached to the end of the short
DNA linker at the nucleosome exit site (3-N-78 nucleosomes) and the other one to histone
H2A which remains at a fixed position during remodeling. ACF was observed to induce
gradual translocation of nucleosomes towards the center of the DNA interrupted by well-
defined, ATP-dependent pauses. Moreover, bidirectional processive movement by ACF
was observed on nucleosomes with long DNA linkers on both sides (78-N-78 nucleosomes).
The observed processive back-and-forth movement was explained by the coordinated ac-
tion of two ACF monomers, that are bound to opposite sides of a nucleosome and oriented
for translocation in opposing directions [172, 14].

These first studies indicate the great potential of single molecule techniques applied to

nucleosome remodeling, which is waiting to be further exploited in future experiments.
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2. Physical basics

In this chapter I give an introduction into the physical basics of the methods used in this
thesis. First, I introduce the basics of the optical phenomena fluorescence and fluorescence
resonance energy transfer. Then, I discuss the phenomenon of total internal reflection
that was exploited in the used TIRF microscope setup, which is introduced afterwards.
Subsequently, 1 give an overview of Hidden Markov Modeling and its application to the
analysis of dynamic FRET trajectories and finally, I discuss the basics of Bayesian data

analysis that is applied in the global Nano-positioning system used in my studies.

2.1. Fluorescence

2.1.1. Basics

In 1845, John F. W. Herschel reported on the “...superficial colour presented by a homo-
geneous liquid internally colourless...” [178]. What he had observed was the emission of
fluorescence by a solution of quinine sulfate. However, it was only seven years later that
George G. Stokes published the first physical description of this optical phenomenon and
introduced the term fluorescence after the mineral fluorite, which Stokes had found to be

able to convert invisible ultra-violet radiation into visible light [179].

Fluorescence describes the spontaneous emission of light accompanied by the transition
of a molecule from the first or a higher excited electronic singlet state (Si, S2...) to the
ground state So [180, chapter 1]. The excited electronic state is usually populated via
absorption of energy in the form of light. A Jabtoriski diagram as shown in Figure 2.1.1A
illustrates fluorescence and other possible energy transitions a molecule can undergo upon
excitation by light. Initially, the fluorophore is present in its electronic ground state with
low vibrational excitations. Through absorption of a photon of sufficiently high energy, the
molecule is transferred into a higher vibrational energy level of the first excited electronic
state Si. Since this electronic transition occurs on the time scale of femtoseconds, which
is fast compared to the nuclei movement, the nuclear coordinates can be assumed as fixed
(Franck-Condon principle). Caused by collisions with solvent molecules, the molecule
then relaxes within picoseconds to the lowest vibrational state of the first excited elec-
tronic state (internal conversion, IC).

From there, different radiative and non-radiative processes can occur. The molecule can

decay within nanoseconds into a higher vibrational level of the electronic ground state
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Figure 2.1.1.: Schematic illustration of fluorescence and involved processes. (A) Jablonski di-
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agram as schematic illustration of the possible energetic transitions of a fluorophore upon
absorption of light. The energies of the electronic ground state (Sg) and the first electronically
excited state (S1) are shown (thick horizontal lines) together with the associated vibrational
states (thin horizontal lines). Absorption (blue), fluorescence (green) and phosphorescence
(red) are shown as solid arrows and radiation-less energy transitions are shown by dotted or
dashed gray lines (IC, internal conversion; ISC, inter system crossing). vVegc, frequency of
excitation photon; Ve, fi, frequency of emitted fluorescence; vey, pn, frequency of emitted
phosphorescence. See main text for description of processes. (B) Absorption (solid blue) and
fluorescence emission (dashed green) spectrum of a typical fluorophore, Atto532 (Atto Tec,
spectrum downloaded from www.atto-tec.de). The emission spectrum presents the mirror
image of the absorption spectrum. Further, the stokes shift between absorption and emission
is visible.



2.1 Fluorescence

by spontaneous emission of a photon of frequency vem,si (fluorescence) and relax further
by internal conversion to the vibrational ground state. Alternatively, the molecule can
dissipate its excess energy and return to the electronic ground state by non-radiative pro-
cesses such as quenching through collision or complex formation with other molecules.
Furthermore, spin conversion can occur and the molecule transfers to the first triplet
state T1 (inter system crossing, ISC). Since relaxation of the triplet state T1 back to the
singlet ground state is spin forbidden, the T; state is relatively long-lived and emission of
a photon of frequency vem, pn from the Ti state occurs at a low rate (phosphorescence).
Another consequence of the longer lifetime of the Ty state is its increased photochemical
reactivity that gives rise to irreversible photo-oxidation and permanent bleaching of the
molecule [181].

The phenomenon of fluorescence displays several general characteristics: Fluorescence is
about four orders of magnitude slower than vibrational relaxation and hence, emission of
fluorescence always occurs from the vibrational ground state of the first excited electronic
state. As a result, the fluorescence emission spectrum is independent of the excitation
wavelength (Kasha’s rule). Moreover, the vibrational levels of the electronic ground state
So and the excited electronic state S; are similarly spaced as a result of the unchanged
nuclear geometry (Franck-Condon principle). Therefore, the emission spectrum is usu-
ally an approximate mirror image of the absorption spectrum with similar vibrational
structures (Figure 2.1.1B). Finally, since absorption and emission occur usually from the
vibrational ground state of the respective electronic state but into an excited vibrational
state, the emitted photon has a lower energy than the absorbed photon. As a consequence
the fluorescence spectrum is shifted to longer wavelengths relative to the absorption spec-
trum [180, chapter 1] (Figure 2.1.1B). The difference between the maximum wavelength
of absorption and emission is called the Stokes shift and it is crucial for the application
of fluorescence to study single molecules, since it allows for the spectral separation of the
emitted photons from the excitation light.

Fluorophores, i.e. molecules that are able to fluoresce, are characterized by three different
parameters. The absorption or extinction coefficient € is a measure for the probability that
a photon will be absorbed by the fluorophore. The quantum yield @ describes the ratio
of the average number of emitted photons to the average number of absorbed photons. It

can be expressed in terms of rates as

T

where I' is the rate to emit a photon and k,, is the rate of the total of non-radiative
processes [180, chapter 1]. The third parameter is the fluorescence lifetime 7, which is the
average time the molecule spends in the excited state and is the inverse of the fluorescence

decay rate I'.
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2.1.2. Fluorescence anisotropy

Absorption of a photon involves the coupling of the absorption transition dipole mo-
ment of the fluorophore with the electric field of the incident photon. The transition
dipole moment of a fluorophore has a particular orientation relative to its molecular axes.
Therefore, the probability of electromagnetic coupling between the electric vector of the
incident photon and the transition dipole of the fluorophore depends on the relative angle
between them and is highest, when both moments are oriented in parallel at the instant
of absorption (photoselection). In turn, the polarization of the electric field of the emit-
ted photon is determined by the orientation of the emission transition dipole moment of
the fluorophore at the instant of photon emission. In solution experiments, excited fluo-
rophores, that are mostly oriented parallel to the electric field of light during excitation,
lose their preferential orientation with time by orientational diffusion before emitting a
photon. Hence, the extent of polarization of the emitted light decays in time. The corre-
lation between the polarizations of the incident and the emitted photons can be quantified

by the steady-state fluorescence anisotropy r, given by

I -1

= 2.2
" I”+2]-L’ ( )

where ) and I, denote the intensities of fluorescence light with polarization parallel
and perpendicular to the polarization of the excitation light, respectively. In biological
applications, fluorophores are often attached to large macromolecules via flexible linkers
and therefore exhibit constrained orientational and spatial mobility, which leads to an
increased anisotropy. Moreover, the time dependent decay of anisotropy is bi-exponential
due to the different time scale of rotational motion of the fluorophore and the large

macromolecule, to which it is attached.

2.1.3. Fluorescence Resonance Energy Transfer (FRET)

When two fluorophores are in close proximity (usually < 10 nm), their electronic systems
can interact with each other and through dipolar coupling, excited state energy of one flu-
orophore (donor) can be transferred radiation-less to the other fluorophore (acceptor) in
a photophysical process called Fluorescence resonance energy transfer (FRET). Theodor
Forster was the first to give a quantum mechanical description of the FRET process,
which is therefore often also referred to as Forster resonance energy transfer [182, 183].
The Forster theory considers fluorophores as infinitely small point emitters and this ap-
proximation only holds well for inter-fluorophore distances larger than the size of the
electronic system of the fluorophores. The FRET process is illustrated in the Jablonski
diagram in Figure 2.1.2A. The donor fluorophore is initially excited by absorption of a
photon of frequency ves. followed by a transfer of the excitation energy through long
range dipol-dipol interaction without emission of a photon to the acceptor fluorophore.

Effectively, the donor is quenched into the ground state and the acceptor is simultane-
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Figure 2.1.2.: Schematic illustration of FRET. (A) Jabloniski diagram of the FRET process.
The electronic and vibrational states of a donor fluorophore and an acceptor fluorophore
are shown. Upon absorption of a photon by the donor fluorophore, its excited state energy
can be transfered to the acceptor fluorophore through dipolar coupling (lines between both
term systems). In this way, the donor fluorescence is quenched and instead the acceptor
emits a photon of frequency vep, 4 during relaxation to its ground state. (B) Fluorescence
emission (dashed green) and absorption spectrum (solid blue) of the donor dye are shown
together with absorption (solid red) and fluorescence emission spectrum (dashed dark red)
of the acceptor fluorophore. The spectral overlap of the donor emission spectrum and the
acceptor absorption spectrum is shaded in gray.

ously excited. Finally, the acceptor decays to its ground state by emitting a photon of
frequency vem, 4. Since energy has to be conserved during the FRET process, an overlap

of the donor emission and the acceptor absorption spectrum is required (Figure 2.1.2B).

The energy transfer between two fluorophores can be expressed by a characteristic rate
krreT, Which is given by
R 6
krrer(r) = kp (%’) ; (2.3)

where r is the distance between the donor and acceptor, Ry is the characteristic Forster
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Figure 2.1.3.: Dependency of the FRET efficiency on the donor-acceptor distance r calculated
from equation 2.4 with a Forster distance of Rg = 60 A.

distance and kp is the rate of fluorescence emission by the donor in the absence of an ac-

ceptor, which is inversely related to the fluorescence lifetime of the donor o by kp = 1/mp.

Since FRET is competing with other processes that depopulate the excited electronic
state S1 of the donor, the efficiency of energy transfer FrreT can be expressed as ratio of

the rate of FRET kpgrer to the sum of rates of all competing processes:

krrRET 1 (2.4)

E = = .
e L (r/R)®

Equation 2.4 shows that the efficiency of energy transfer Ergrgr is strongly dependent
on the distance r between donor and acceptor dye. Therefore, FRET is often used as a
molecular ruler to measure distances between different sites on macromolecules, as first
proposed by Lubert Stryer [184]. This application is facilitated by the fact that FRET is
valid in the distance range between approximately 10 to 100 A, a length scale comparable

to the size of biological macromolecules.

2.1.4. Forster distance

The Forster distance, also called Forster radius, is a characteristic parameter for every
donor-acceptor pair and is defined as the distance between donor and acceptor that yields

a FRET efficiency of 50 % (Figure 2.1.3). It is given (in A) by

(2.5)

o 1
5 A°emM Qp-k*-J(N)\°
nm? Na-n4 ’

Ry = (8.79~1O
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Figure 2.1.4.: Relative orientation of the transition moments of a donor-acceptor fluorophore
pair.

where Qp is the quantum yield of the donor, x? is the orientation factor determined
by the relative orientation of the transition moments of both fluorophores, J(\) is the
spectral overlap between the donor emission and the acceptor absorption spectrum, n is
the refractive index of the medium surrounding the fluorophores and N4 is the Avogadro
constant ().
In order to derive the distance r between a given donor-acceptor pair from the measured
FRET efficiency, the respective Forster distance Ro has to be calculated, which in turn
requires that all parameters determining Ry are known. The refractive index n is usually
assumed to be close to that of water (n = 1.33). The parameters .J()), k%, Qp are distinct
for every donor-acceptor dye pair and strongly depend on the molecular environment of
the dyes, which is usually the surface of a particular biomolecule of interest to which they
are attached via flexible linkers. Therefore, these parameters have to be determined for
every acceptor-donor dye pair individually.
The quantum yield of the donor is determined by comparison with standard fluorophores
such as Rhodamine 101. The spectral overlap J(A) is calculated from the spectral density
of the donor emission fluorescence intensity, fp(A), and the absorption spectrum of the
acceptor as a function of the excitation wavelength, ea (), by

I3 drfo(MNea(MA?

J= IRV (2.6)

For a given relative orientation of the transition dipole moments of acceptor and donor

fluorophore, the orientation factor x? can be expressed as

K2 = (cosap — 3 cosbp cos GA)2 . (2.7)

Here, ¥ap is the angle between the donor emission transition dipole moment and the ac-
ceptor absorption transition dipole moment and fp and 64 are the angles between these

dipoles and the line connecting donor and acceptor (Fig. 2.1.4).
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The values of xk? can range from 0 (perpendicular dipole moments) to 4 (parallel dipole
moments). If a random orientation of donor and acceptor dipole moments can be assumed
due to rotational diffusion prior to energy transfer, x? is equal to 2/3.

In general, the orientation factor x? is a critical parameter in the quantitative deter-
mination of distances from FRET efficiencies, since it cannot be measured easily, but
assumption of a wrong value for x? results in serious distance errors [185]. However, it is
possible to set limits on the range of x2? by determining the steady-state anisotropies of
donor and acceptor dye molecules, which is used in the global Nano-Positioning System

analysis applied in this thesis (section 2.5).

2.1.5. Site-specific fluorescent labeling of proteins

Most biological applications of FRET require the efficient attachment of a fluorophore to
a specific site of a protein. For the studies presented in this thesis, site-specific protein
labeling is absolutely essential.

Generally, labeling is achieved by using fluorophore derivatives that can specifically react
with a functional group present in the biomolecule. In order to preserve the biological
function of the protein, direct attachment of the fluorophore is avoided and instead a flex-
ible linker, usually composed of a chain of multiple methylene groups, is used to tether
the fluorophore to the protein.

Two widely used traditional protein labeling strategies are based on the naturally oc-
curring amino acids cysteine and lysine, which have suitable functional groups in their
side chain. Cysteine contains a thiol group that can specifically react with a maleimide
derivative of a fluorophore and lysine holds an amino group, which reacts with an N-
succinimidyl ester derivative of a fluorophore to a stable amide bond. However, lysine is a
very common amino acid in proteins and hence, only unspecific labeling can be achieved
by this approach. Labeling via cysteine-specific chemistry is well suited for proteins that
have only one accessible cysteine. Yet, many proteins contain more than one cysteine
residue and as a consequence, prior to labeling, all but one cysteines need to be removed
by site-directed mutagenesis (mostly by replacing cysteine by serine, which is similar in
size and structure). This approach is applicable to a number of proteins (such as TBP or
Chdl, used as labeled single cysteine mutants in this work), however, such point muta-
tions oftentimes negatively influence and modify the function, structure and stability of
a protein and in this case different strategies are required.

In recent years, numerous alternative labeling methods have been developed presenting
a substantial progress compared to cysteine-specific chemistry. A common feature of the
new approaches is the use of genetically encoded residues or small peptide tags that are
introduced into the protein and that can be specifically labeled post-translationally in
a bio-orthogonal way. One new approach is the Sfp phosphopantetheinyl transferase-
catalyzed labeling, which requires the insertion of an 11-amino acid peptide tag, called

ybbR-tag, into an unstructured region of the protein [186, 187]. Upon expression of the
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protein containing the tag, Bacillus subtilis Sfpl can transfer a fluorophore from coenzyme
A to a specific serine residue in the ybbR-tag during formation of a phosphopantetheinyl
linker. This strategy was used in the present work to label transcription factor 1IB, as
presented in chapter 3. A similar strategy is based on the incorporation of a genetically
encoded 6-amino acid peptide tag into a protein [188]. The peptide tag contains a cys-
teine that is converted in vivo into an aldehyde by co-expressed formyl-glycine-generating
enzyme (FGE) [189]. The aldehyde group then serves as an exclusive target for mild and
highly efficient (~100%) labeling with a hydrazide derivative of the fluorophore of choice.
Another method, which unlike the previous ones can only terminally label proteins, is the
intein-mediated protein ligation (IPL), which requires the N- or C-terminal fusion of the
protein of choice to an intein protein. The intein tag can self-catalyze its excision from the
protein as well as the ligation of the newly created free protein terminus to a peptide that
is supplied in solution and labeled with the desired fluorophore. The highlight of recent
advances was the development of a method to encode unnatural amino acids with diverse
physicochemical and biological properties genetically in bacteria, yeast and mammalian
cells [190, 191]. The amber nonsense codon (UAG) was used to specify a novel amino acid
and an orthogonal tRNA:aminoacyl-tRNA-synthetase pair was taken from archaea and
modified such that the aminoacyl-tRNA-synthetase could acylate the orthogonal tRNA
with the unnatural amino acid but not with endogenous amino acids. Using this method,
an unnatural amino acid with the desired chemical functionality can be introduced at
any site into the protein and subsequently bound to a fluorophore in a post-translational

reaction.

2.1.6. Single molecule fluorescence

The first optical single molecule detection was demonstrated in 1989 by W.E. Moerner
and L. Kador, who observed the absorption spectrum of single pentacene molecules em-
bedded in a host crystal of p-terphenyl at liquid helium temperatures [192]. One year
later, M. Orrit and J. Bernard used the same system to detect single pentacene molecules
by their fluorescence excitation spectrum [193]. However, for the biological application of
single molecule fluorescence, the ability to observe fluorophores at room temperature and
in aqueous conditions is absolutely required. This was first achieved in 1995 by the use of
total internal reflection fluorescence (TIRF, see section 2.2) microscopy [194]. One year
later, single molecule FRET (smFRET) was introduced by Taekjip Ha and coworkers [8].
Since then, single molecule fluorescence techniques have revolutionized biological research
by giving mechanistic insights into elementary molecular processes previously unattain-
able [9].

Single molecule approaches provide a number of major advantages compared to ensem-
ble techniques. Oftentimes, samples are heterogeneous either in a static way due to the
coexistence of different subpopulations of molecules or because of the dynamic switching

of molecules of an ensemble between different states in a stochastic, asynchronous man-
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ner. In both cases, only average values of the experimental observables can be obtained
by ensemble methods and dynamics as well as heterogeneity are obscured. In contrast,
single molecule approaches allow to distinguish between the individual behavior of single
molecules and hence subpopulations can be easily resolved. In addition, due to the high
time resolution of single molecule fluorescence techniques, structural dynamics of individ-
ual molecules can be observed in real time providing a dynamic view of complex biological
processes.

The major step towards the detection of the fluorescence signal from single fluorophores
was the efficient suppression of background noise by a reduction of the detection volume.
This can be achieved in two major ways: Total internal reflection fluorescence microscopy
uses an evanescent wave for fluorescence excitation thereby reducing the detection volume
to an ~100 nm thin layer on the surface of the glass slide. For application of TIRF mi-
croscopy, the sample has to be immobilized on the surface of the measurement chamber
and all molecules in one field-of-view can be observed simultaneously over an extended
period of time. This method was applied throughout this thesis and is discussed in more
detail in section 2.2. The other way to decrease the detection volume is realized in a con-
focal microscope, where the sample is excited with focused laser light and the excitation
volume is decreased by the use of a pinhole ensuring elimination of out-of-focus light. In
this way, a single spot in solution is detected, which has to be scanned in order to con-
struct an image. In confocal microscopy, molecules are freely diffusing through solution
and can therefore only be observed during the instant they pass through the detection
volume.

Fluorophores used for smFRET need to meet a number of requirements. First, in order
to achieve a high signal-to-noise ratio, fluorophores should be bright and yield a high
photon count rate. Moreover, since the observation of a single molecule over an extended
period of time is possible, fluorophores should last long (high photostability, slow pho-
tobleaching) and not show any temporal fluctuations of fluorescence intensity such as
photoblinking. The fast progress in the field of single molecule fluorescence in recent
years has stimulated the development of new fluorophores and measurement conditions
(oxygen scavenging system, see section 4.6.13) that meet these stringent demands and

will further improve single molecule detection.

2.2. Total internal reflection fluorescence microscopy (TIRFM)

Total internal reflection fluorescence microscopy (TIRFM) is a widely used method to
detect fluorescence and FRET on the single molecule level. It was first developed for
cell imaging [195], but with improved detection technologies, has also become applicable
to single molecule experiments [194, 8]. TIRFM makes use of the unique properties of
an evanescent wave that is created, when light is not refracted (Figure 2.2.1A, blue) but
totally internally reflected at an optical interface. Total internal reflection occurs, when

light strikes the interface between a media of higher refractive index ny (e.g. glass, n =
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Figure 2.2.1.: Optical geometry for total internal reflection. (A) For an incident angle 61 <
Ocrit, the light beam is refracted on the interface between media 1 with higher refractive
index nj and media 2 with lower refractive index ns and penetrates into media 2. At the
critical angle 6., the light beam refracts at an angle of 90° and propagates along the
interface. (B) For incident angles 61 > 6., refraction does no longer occur and instead the
incident light beam is totally internally reflected at the interface. Thereby, an evanescent
field is created that decays exponentially along the z-axis.

1.5) and a media of lower refractive index ne < n1 (e.g. water, n = 1.3) at an incident
angle exceeding the critical angle 0cr;; (Figure 2.2.1A,B).
Snell’s law describes the relation between the refractive indices n1 and n2 and the angles

01 and 602 of the incident and the emergent light beam, respectively, as

ny - sinfy = ny - sin fs. (2.8)

From this relation, the critical angle ..+ can be derived as

0.rit = arcsin (@> . (2.9)

ni
When total internal reflection occurs, the light intensity penetrates a short distance per-
pendicular to the interface into the media with lower refractive index (water) and a
so-called evanescent wave is generated. This evanescent wave is a standing wave with the
same frequency as the incident light that has its maximum intensity at the interface (at
the surface of the glass slide) and exponentially decays with increasing distance in the
z-direction (Figure 2.2.1B), as described by

E(z) = E(0)-e /% (2.10)

E(0) is the energy of the evanescent wave at the interface and E(z) is the energy at a
distance z perpendicular to the interface. The penetration depth d of the evanescent wave
is dependent on the wavelength of the incident light beam A, the angle of incidence 6;

and the refractive indices of both media, ni and ns, and is given by
A 2 . 2\ —1/2
d= ym (nlsm91 — nQ) . (2.11)
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As a consequence of this exponentially decaying evanescent field, only fluorophores located
within ~100 nm from the glass surface are excited, as opposed to molecules freely diffusing
in the bulk solution at distances exceeding 100 nm. In this way, background signal is
efficiently suppressed and the signal-to-noise ratio is increased such that single molecules

can be detected.

2.2.1. Experimental setup

TIRF microscopy is most commonly realized in one of two different ways. In objective-type
TIRFM, laser light is focused off-axis onto the back focal plane of an objective, which
causes the light to be incident on the glass-water interface at an angle above the critical
angle. Both emission and excitation light pass through the same objective and hence, the
excitation light is always aligned with the collection optics. A dichroic filter spectrally
separates excitation from emission. In prism-type TIRFM, which is used in this work, the
excitation and emission pathways are separated. The excitation light is guided through a
prism attached to the backside of the quartz glass slide, to which the sample is immobi-
lized. The light strikes the water/quartz glass interface at an angle above the critical angle
(here 74°) such that it is totally internally reflected away from the objective. Through the
objective opposite to the prism, the fluorescence emission is collected, filtered to remove
unwanted light and imaged on a low-noise EMCCD camera. The advantage of objective-
type TIRFM is its suitability for life cell experiments that are usually cultivated in open
dishes. In turn, prism-type TIRM offers a better signal-to-noise ratio and therefore is

preferentially used for in vitro single molecule experiments.

All smFRET experiments presented in this thesis were performed on a prism-type TIRF
microscope homebuilt by a former PhD student of our laboratory, Robert Lewis. I will
give a brief presentation of the TIRFM setup, however an elaborate description can be
found in the PhD thesis of R. Lewis [196].

The TIRFM setup consisted of three different excitation sources: a frequency-doubled
Nd:YAG laser (532 nm, Spectra-Physics) for the excitation of donor fluorophores, a diode
laser (637 nm, CUBE 635-25C, Coherent) for the direct excitation of acceptor fluorophores
as well as a diode pumped frequency doubled solid state laser (491 nm, Cobolt calypso) for
bleaching background fluorescence prior to the actual measurement. All laser beams were
collimated using individual telescopes, combined spatially by dichroic mirrors and guided
through an acousto-optic tunable fiber (AOTF, Opto-FElectronic). The AOTF allowed for
selection of the laser wavelength used for excitation, control of the laser intensity as well
as control of the duration of excitation. After passing the AOTF, the excitation light was
focused onto the prism at an incident angle of approximately 74° in order to achieve total
internal reflection. The prism ( Thorlabs), coated with immersion oil, was mounted on the
quartz glass slide of the measurement chamber (see subsection 2.2.2), to which the fluores-

cent probe was immobilized. The illumination area was about 70 x 35 pum? with a power

40



2.2 Total internal reflection fluorescence microscopy (TIRFM)

. v LAZ v
Diode programmable - EM-CCD
637 nm sequence camera
—>  generator

Nd-YAG ZY T

532 nm L

DPSS Q'?D S

491 nm
L DM

M

Sample chamber

M IM

Figure 2.2.2.: Schematic illustration of the experimental prism-type TIRFM setup (adapted
from [196]). M, mirror; DM, dichroic mirror; L, lens; AOTF, acousto-optic tunable filter; A,
aperture; F, emission filter; O, objective; PD, 4-segment photo diode; T, telescope.

density of 1.5 yW/um?. Upon excitation of the sample, fluorescence intensity of donor
and acceptor dye was collected through a water-immersion objective (Plan Apo 60X, NA
1.2, Nikon) and directed to an intensified, back-illuminated EMCCD camera (iXon DU-
897E-CS0-BV, Andor). Two different detection channels were created by blocking one
half of the EMCCD-chip using an aperture in the image plane and spatially separating
donor and acceptor fluorescence by using a dichroic mirror (Chroma 645DCXR). Addi-
tionally, emission filters in detection path of both channels isolated emission wavelengths
from 550-610 nm (green channel, Omega Optical 3RD550-610) and from 660-760 nm (red
channel, Chroma HQ710-100M). Due to a 120 times magnification through a lens assem-
bly, one pixel corresponded to 133 x 133 nm.

During an experiment, the observation area was scanned by moving the measurement
chamber with a micrometer stage (Thorlabs) in x- and y-direction (not shown in Fig-
ure 2.2.2). The z position of the sample chamber was controlled by a piezo stage (not
shown in Figure 2.2.2), which was embedded in a focus-hold system [197]. This system
consisted of an IR laser that was focused through the objective onto the measurement
chamber. The back-reflected beam returned through the objective, was separated from
the emission light by reflection on a dichroic mirror and was imaged onto a four-segment

photo diode incorporated into a feedback loop with the piezo stage. When molecules
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on the surface of the measurement were in focus, the IR laser stroke the center of the
photo diode. Deflection from the center induced the piezo stage to move the chamber in
z-direction until the focus was reestablished. A syringe pump (Harvard Apparatus, PHD
2000 Infuse/Withdraw) was used to load sample or exchange buffer during the course of
an experiment.

Due to the AOTF, different excitation schemes were possible. Oftentimes, the sample
was excited solely with the green laser and movies with 400 frames and an integration
time per frame of 100-33 ms were acquired. Alternatively, green and red excitation, cor-
responding to FRET excitation and direct acceptor excitation, could be alternated with
a frequency of 10-100 Hz in so-called ALEX (alternating laser excitation) measurements
[198]. This alternation is particularly important when dynamics in the FRET time tra-
jectories are observed. Such dynamics can be caused by either conformational changes
within the investigated molecules or by fluctuations in acceptor brightness and acceptor
blinking. ALEX allows for the discrimination between these two possible causes and pre-
vents misinterpretation of dynamic FRET trajectories. Most smFRET experiments for
the NPS analysis of Pol II open complexes (chapter 3) and Chdl-nucleosome complexes
(chapter 4.4) were performed with a constant green excitation of the samples. However,
all experiments investigating the nucleosome dynamics during binding and remodeling of
Chd1 (chapter 4.3) were carried out in the ALEX mode.

2.2.2. Preparation of flow chamber for smFRET measurements

PEG-passivated flow chambers were constructed in a similar procedure as published pre-
viously [199]. A detailed description of the chamber design and preparation can be found
in the dissertations of two former PhD students, R. Lewis and A. Andrecka [200, 196].

Briefly, quartz glass slides (Baumbach) and coverslips ( Thermo Scientific) were thoroughly
cleaned by boiling first in detergent (Hellmanex II, Hellma) and after that in ultra-pure
water (Millipore Simplicity 185). Subsequently, slides were rinsed with ultra-pure water
and dried in nitrogen flow. Remaining dust and other particles on the surface of the slides
were oxidized using a butane gas torch. In the next step, quartz slides were silanized by
incubation in a 2% (vol/vol) solution of (3-aminopropyl)-triethoxysilane (Sigma-Aldrich)
in acetone for 15 min at room temparature, followed by rinsing with ultra-pure water and
blow-drying in the nitrogen flow. During this silanization, the quartz glass surface was
functionalized with amino groups, which allowed for covalent attachement of long-chain
PEG molecules, functionalized with amino-reactive succinimidyl-groups, in the next step.
For PEGylation, a solution of mPEG-succinimidyl-propionate (400 mg/ml, MW 5 kDa,
Laysan Bio, Inc.) and biotin-PEG-N-hydroxysuccinimid (15 mg/ml, MW 3.4 kDa, Laysan
Bio, Inc.) in carbonate-bicarbonate buffer at pH 9.4 was prepared and applied to the
quartz glass slides for 1 hour at room temperature. To remove excess PEGylation reagent,

the quartz slides were again rinsed thoroughly with ultra-pure water and dried in nitrogen
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Figure 2.2.3.: Flow chamber design for snFRET measurements on homebuilt TIRF microscope
setup. (A) Schematic illustration of assembly of quartz glass, Nescofilm and coverslip to
create the flow channel, into which fluorescent sample can be injected. The quartz glass
slide is coated at the bottom with PEG/PEG-biotin such that in the final chamber it is
accessible to the sample for immobilization. (B) Picture of the complete flow chamber. The
main components are labeled. During TIRF measurements, a prism attached to a metal
holder is mounted on top of the chamber and fixed with two screws (see screw threads on
the upper front part of metal frame).

flow. Finally, each PEGylated quartz slide was assembled together with a pre-cut sealing
film (Nescofilm) and a coverslip such that the Nescofilm matched the holes in the quartz
slide (Figure 2.2.3A). The assembly was then heated to 130 °C for about one minute to
allow for the thermoplastic Nescofilm to seal the flow channel created between the holes
in the quartz slide. During heating, the assembly of slides and film was weighted down to
prevent the formation of air bubbles in the film. In the last step, the flow channel assembly
was mounted into a customized holder and inlet and outlet tubings (ID: 0.58 mm, OD:
0.96 mm) were screwed onto the holes of the quartz glass slide (Figure 2.2.3B).

The PEG /biotin-PEG coating had two different purposes during experiments. On one
hand, surface-bound long-chain PEG molecules passivated the glass slide by preventing
non-specific interaction with proteins and DNA. On the other had, the sparsely distributed
biotinylated-PEG molecules provided a means to immobilize fluorescent probes through
biotin-neutravidin-biotin attachment. For the latter purpose, flow chambers were first
rinsed with phosphate buffered saline (PBS) and then incubated with a 0.5 mg/ml solution
of neutravidin (Invitrogen) in PBS for 15 min at room temperature. During this time,

neutravidin bound to the biotin molecules exposed by the PEG coating and after flushing
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out excess neutravidin, biotinylated fluorescent probes could be attached to the surface

bound neutravidin.

2.3. Acquisition, processing and analysis of smFRET data

Data was acquired in the form of movies using the Andor SOLIS software (V4.15, An-
dor). Thereby, the electron multiplier gain of the EMCCD camera was enabled and set
to 225, the pre-amplifier gain was set to 5x and the readout rate was usually set to 3
MHz at 14 bit. Generally, in smFRET experiments for the NPS analysis of Pol II open
complexes (section 3) and of Chdl-nucleosome complexes (section 4.4), short sif-movies
were recorded with a total duration of 40 s and an integration time of 100 ms per frame
(10 Hz frame rate, 400 frames). However, when nucleosome remodeling by Chdl was
investigated (section 4.3), long movies were acquired with a total of 1200-2000 frames to
follow the FRET dynamics over an extended period of time. The integration time was
set to either 100 ms yielding a total movie duration of 120-200 s, or, in order to observe
faster dynamics, to 33 ms resulting in a total movie duration of 40-67 s. Long movies
were saved as tif-files due to the smaller size compared to sif-files.

The acquired data was analyzed using two different custom-written MATLAB (The Math-
Works) programs. Short sif-movies were processed and analyzed with the software SM
FRET V5.7 written primarily by the former PhD student Robert Lewis and a very de-
tailed description of the software can be found in his dissertation [196]. Long tif-movies
were processed and analyzed with the software Trace Intensity analysis (TRACY'), which
was developed in the laboratory of Prof. Don Lamb (LMU Munich) by the PhD students
Gregor Heiss and Martin Sikor. An elaborate description of TRACY can be found in the
PhD thesis of Gregor Heiss [201].

Both programs had a similar workflow with a fully automated routine to find FRET
pairs, extract fluorescence intensities of donor and acceptor fluorophores, calculate the
local background and finally correct the fluorescence intensities. Subsequently, individual
FRET pair fluorescence trajectories could be examined manually and FRET efficiency
trajectories were computed for selected traces. In the following, I will describe in more
detail the different steps of the workflow, thereby addressing differences between the two

analysis programs.

Mapping

In the used TIRF setup, the fluorescence signals of donor and acceptor were spectrally
separated with the help of dichroic mirrors and the separated images were projected onto
different regions of the EMCCD chip (or later during this work onto two different cameras).
Therefore, the first step of data processing was to overlap the images of both channels.
Since non linear distortions introduced through optical abberations were always present,

complete overlap could only be achieved by application of an image transformation map
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consisting of translation and dilation operations. To create such map, fluorescent beads
with a broad emission spectrum, which could therefore be detected in both channels simul-
taneously, were immobilized in the measurement chamber and imaged. In the resulting
images of both channels, fluorescent spots were localized and spots belonging to the same
molecule were identified. From matching pairs of fluorescent spots, a transformation map
was generated. The identification of corresponding fluorescent peaks was done manually
in the SM FRET program, but automatically with the option to manually interfere in
TRACY.

Identification of molecules

In the next step, a peak-finding algorithm was applied to detect the positions of single
fluorescent molecules in the movies. Slightly different strategies were applied by the two
software solutions. In SM FRET, the first 25 frames of the acceptor channel and frames
16-38 of the donor channel were averaged and the absolute minimum of counts per pixel
of the entire movie was subtracted from each pixel. The local background was determined
by identifying the local minimum in each square of a 16 x 16 pixel grid and this coarse
grid of local minima was homogenized through a 20 x 20 pixel image filter and subtracted
from the actual image. After scaling of intensities to a range from 0-255, the image was
scanned pixel by pixel and all intensities below a certain threshold intensity (manually
selected, between 95 % and 99.5 % of the absolutely highest intensity) were set to 0. Then,
the image was scanned by a 7 x 7 pixel mask box to identify the location of local maxima
with intensities higher than the threshold. Molecules that did not have a round shape or
were in proximity to another molecule were discarded. It is important to note that the
search for molecules was performed in the red acceptor channel after green excitation.
(In ALEX movies, molecules were searched in the red channel after red excitation and
in the red channel after green excitation and only if a molecule was present in both, it
was considered.) The corresponding molecule in the donor channel was determined after
application of the transformation map. In turn, in the TRACY software, a threshold was
directly applied to the averaged image (